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Autosomal dominant tubulointerstitial kidney disease (ADTKD) is a rare inherited disorder characterized
by progressive loss of kidney function, nonsignificant urinalysis and tubulointerstitial fibrosis. ADTKD
progresses to end stage renal disease (ESRD) in adulthood. The classification of ADTKD is an evolving
concept and the agreement is now that, due to the overlap in terms of phenotype characteristics, this
should be based on the involved gene. The umbrella term ADTKD therefore includes different conditions
as follows: ADTKD-UMOD, ADKTD-MUC1, ADTKD-REN, and ADTK-HNF1B, with ADTKD-SEC61A1 and
ADTKD-DNAJB11 as a further rare and atypical diagnosis recently described.

The employment of next-generation sequencing (NGS) as a diagnostic tool in patients with familial kidney
disease has improved the diagnostic accuracy in this field with ADTKD now being considered the third
genetic cause of renal disease worldwide after autosomal dominant polycystic kidney disease (ADPKD)
and Alport syndrome.

On average, the disease pathogenesis is similar across the different subtypes, With the exception of
HNF1B, the different mutated genes give rise to misfolded proteins leading to cellular stress and cyto-
toxicity. Research is now focused in better defining the underlying mechanism of fibrosis to guide ther-
apeutic interventions.

The aim of this review is to discuss how the knowledge of ADTKD has evolved in the last decades, with
emphasis on the clinical features, molecular diagnosis, and pathogenic aspects of the different diseases
included under the ADTKD term.
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A DTKD is a rare genetic renal disorder character-
ized by nonsignificant urinalysis and tubu-
lointerstitial fibrosis, in the absence of significant
glomerular lesions, leading to ESRD in adulthood.""
In the last century, the most frequent term to describe
this clinical entity was medullary cystic kidney disease
(MCKD), first introduced in the 1945 by Smith, who
described a girl with anemia, medullary cysts and ure-
mia.’ In the 1970s, due to clinicopathologic similarities
with nephronophthisis (NPH), MCKD was considered to
be part of the same disease spectrum, named NPH-MCKD
complex, despite some important differences such as age
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of onset of the renal disease (childhood in NPH; adult-
hood in MCKD), extrarenal involvement (tapeto-retinal
degeneration in NPH; gout in MCKD), and inheritance
pattern (dominant in MCKD; recessive in NPH)."” In the
1990s, the identification of a different genetic back-
ground for MCKD and NPH definitively clarified the 2
entities. Most recessive NPH cases carried a homozygous
deletion of the NPHPI gene6 and additional causing
genes were subsequently identified; all NPH genes
encode for proteins of the primary cilia.” In the same
decade, 2 loci for autosomal dominant MCKD, MCKDI
and MCKD2, were mapped on chromosome 1q21 and
chromosome 16p12, respectively.s’q Of interest, a locus
for FJHNI, a clinical phenotype very similar to MCKD,
was mapped on 16p12 overlapping the MCKD2 locus. "’
In 2001, UMOD disease variants were found to be asso-
ciated with both FJHN1 and MCKD2, providing evi-
dence that MCKD2 and FJHN1 were allelic disorders.""
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Figure 1. Shared and hallmark clinical features of the different types of ADTKD. ADTKD, autosomal dominant tubulointerstitial kidney disease;
CAKUT, congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; ESRD, end stage renal disease; NDD, neuro-

developmental delay; yo, year.

Of note, the genetic cause of MCKD1 remained un-
identified for a long time and only in 2013 were variants
of the MUCI gene detected as a cause for this disease.'”
To add complexity, a wide genetic heterogeneity of
FJHN was subsequently discovered as follows: FJHN2,
caused by pathogenic variant in the REN"’; FJHNS3,
mapped to chromosome 2p22.1-p21 (gene not yet iden-
tified)'’; and FJHN4 caused by pathogenic variants in
the SEC61A1 gene.15 Finally, an atypical form of FJHN,
associated with renal cysts and diabetes, was found to
be caused by pathogenic variant in the HNFIB gene.'

Because the common feature of these diseases is
tubulointerstitial fibrosis, the unifying definition of
ADTKD was proposed (Figure 1). In 2015, a subclassi-
fication, according to the detected pathogenic variants
in the 4 known causative genes (ADTKD-UMOD,
ADTKD-MUCI, ADTKD-REN, ADTKD-HNFIB) was
adopted, following a consensus KDIGO conference.'
After this KDIGO conference, other rare ADTKD
genes were identified, namely SEC61AI and DNAJBII,
the latter being associated with a phenotype over-
lapping ADPKD and ADTKD.”'” Because pathogenic
variants in UMOD, MUCI, REN, and HNFIB are
detected only in about 50% of the ADTKD probands,
other causative genes are yet to be identified; for such
cases the term ADTKD-not otherwise specified for “not
otherwise specified” was proposed.

For an uncommon disease such as ADTKD, the
prevalence is difficult to establish because cases are few
and hard to diagnose. Recent new molecular diagnostic
approaches with NGS analysis and large international
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cohort studies led to the identifying new cases of
ADTKD. It is estimated that ADTKD-UMOD alone
accounts for 3% of genetic cause of renal disease
worldwide, ranking as the third genetic cause of ne-
phropathy after ADPKD and Alport syndrome.'’
Moreover, ADTKD-MUCI is the second most preva-
lent ADTKD form, thus, considering the difficulty of
identifying MUCI pathogenic variants through genetic
testing because it escapes NGS techniques, total
ADTKD prevalence could be higher.18

In thisreview we will discuss genetic, clinical features
and disease mechanisms of the following 6 different forms
of ADTKD, further classified according to the underlying
genetic defect: ADTKD-UMOD, ADTKD-MUCI, ADTKD-
REN, ADTKD-HNFIB, ADTKD-SEC61A1, and ADTKD-
DNAJBI1. Common and disease-specific clinical features
of known ADTKD forms are illustrated in Figure 1
and 2.

ADTKD-UMOD

Previously known as FJHN1 or MCKD2, ADTKD-
UMOD (OMIM #162000) is the most frequent form of
ADTKD. A nation-wide epidemiologic survey con-
ducted in Austria revealed a prevalence of 1.7 cases of
ADTKD-UMOD per million in the population.'” In a
recent large exome-sequencing study, 0.3% of patients
with chronic kidney disease (CKD) were found to have
ADTKD-UMOD disease.'” Recently, data from 2 large
ADTKD registries, including 726 ADTKD patients
suggested that ADTKD-UMOD is the most frequent
subtype of ADTKD, showing a prevalence of 37%.”
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Figure 2. Age at onset of renal and extrarenal manifestation in different types of ADTKD according to the mutated gene. ADTKD, autosomal
dominant tubulointerstitial kidney disease; CAKUT, congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; ESRD,

end stage renal disease; RTI, respiratory tract infections; yo, year.

Clinical Manifestations

ADTKD-UMOD patients usually develop slowly pro-
gressive asymptomatic elevations of serum creatinine
concentration between the second and the fourth
decade of life. Urinalysis is negative with bland urinary
sediment and mild proteinuria.” A defective urinary
concentration is present although not clinically rele-
vant. Histology is usually unspecific and may mimic
focal segmental glomerulosclerosis”'; electron micro-
scopy may reveal uromodulin accumulation as large
intracellular deposits (fibrillar or amorphous material)
in the endoplasmic reticulum (ER) of the thick
ascending limb (TAL) of Henle's 100p22,23 (Figure 3).
Ultrasonography may reveal renal cysts whereby the
kidney size is usually normal but declines with disease
progression.” Heterogeneity in ESRD age of onset has
been reported. In a recent large international study, the
median age at onset was 47 years (range 18-87) and
women had significantly better renal survival.”* In the
ADTKD cohort, including the European and USA
ADTKD registries, the median age at onset of ESRD
was 54 years (range 25 to >70 years); prognosis was
confirmed to be worse in men with a more rapid
progression  to ESRD.” Hyperuricemia is frequent
(70-80% of patients) and usually precedes CKD. Gout
develops at a median age of 27 years and more
frequently affects men, with a prevalence variable from
24% to >70% of patients.'¥*****°
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Diagnosis

The definitive diagnosis can be established by genetic
testing showing a heterozygous pathogenic variant in
UMOD gene (11 exons)." In the past, molecular testing
approach included single-gene testing performed by
Sanger sequencing. Recently, NGS analysis of a multi-
gene panel, including UMOD and other genes of in-
terest have been more frequently employed (Table 1).
To date, >130 pathogenic variants in UMOD gene have
been described with the most frequently reported be-
ing missense changes, clustered in exons 3 and 4,
resulting in the replacement of cysteine residues and
leading to misfolding of the uromodulin protein
(Table 1).>'%2

Disease Mechanism

UMOD is a kidney-specific protein, produced by the
epithelial cells in the TAL of Henle and by the initial
part of the distal convoluted tubule.””** UMOD plays a
key role in water homeostasis. In the tubule, UMOD
polymerizes into gel-like structures contributing to
water permeability of TAL; moreover, UMOD regulates
the activity of the renal outer medullary potassium
channel”” and of the sodium-potassium-chloride co-
transporter.”’ Of note, by inhibiting calcium oxalate
crystallization, UMOD exerts a protective role against
nephrolithiasis’' and its biochemical properties make it
a candidate for being a host defense factor involved in

Kidney International Reports (2022) 7, 2332-2344
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Figure 3. ADTKD-UMOD kidney biopsy. (a) Light microscopy shows lymphocytic infiltrate associated with interstitial fibrosis and tubular atrophy
(hematoxylin and eosin stain). (b) Immunohistochemical examination with anti-UMOD antibody shows intracellular aggregates of mutant UMOD

in tubular cells.

clearing bacteria from the urinary tract.”> UMOD seems
also to have an immunomodulatory function, trapping
pro-inflammatory molecules and modulating neu-
trophilic migration in the setting of acute kidney
injury.”'34 Finally, recent studies suggest that serum
and urinary levels of UMOD can be considered surro-
gate markers of kidney function and nephron mass.””*

UMOD disease-causing variants affect the biosyn-
thesis of the protein, leading to protein misfolding,
aberrant intracellular trafficking and ER retention of
the mutant protein, supporting the designation of
ADTKD-UMOD as a storage disease.””*’ In renal biopsy
of ADTKD-UMOD patients UMOD accumulates in
large intracellular aggregates that colocalize with ER
markers, leading to expansion of ER stacks.”””’ Intra-
cellular retention is consistent with the reduced level of
uromodulin in urine and blood of ADTKD-UMOD pa-
tients.”’” Several in vitro and in vivo models of mutant
uromodulin expression have clearly established ER
retention of mutant uromodulin as the primary effect of
UMOD pathogenic variants. In particular, several
models reported the induction of ER stress and of the
unfolded protein response (UPR), a cellular response
aimed at restoring ER homeostasis.’*"’ The accumula-
tion of the misfolded protein leading to chronic ER
stress of TAL cells is likely to be at the basis of the
observed defect in mitochondria biogenesis and func-
tion and of a maladaptive suppression of autophagy.”
In all mouse models of ADTKD-UMOD, ER retention
and aggregation of mutant uromodulin is followed
by progressive renal damage, i.e., tubulointerstitial
fibrosis with inflammatory cell infiltration and tubule
dilation, urinary concentrating defect, and renal fail-
ure, hence recapitulating the clinicopathologic features
of ADTKD-UMOD.””**** This phenotype is not re-
produced in UMOD-knockout mices establishing the

Kidney International Reports (2022) 7, 2332-2344

mechanism of action of UMOD pathogenic variants as
mostly a gain-of-toxic function.”” This effect could be
exerted intracellularly due to ER retention but also
extracellularly. Mutant uromodulin excretion was
indeed detected in patients carrying uromodulin
pathogenic variants and the presence of mutant uro-
modulin on the plasma membrane was shown to
interfere with the polymerization of the wild-type
isoform through formation of large extracellular ag-

gregates.46 Nevertheless, a loss-of-function effect

Table 1. Genetics and molecular diagnosis of ADTKD

Pathogenic
Gene OMIM# Chr Exons variants

Molecular analysis
methods

UMOD 191845 16p12.3 11  Single nucleotide variants: Sanger sequencing

- 95.3% missense and/or NGS
pathogenic variants analysis
- 89.6% located in

exon 3

muci 168340 1922 8 Mostly a cytosine
duplication within a
domain of VNTR
leading to a frameshift

pathogenic variant
Single nucleotide

Mass spectometry
or SNaPshot
mini-sequencing

REN 179820 1932.1 10 Sanger sequencing

variants in the and/or NGS
prosegment, signal analysis
peptide and mature
peptide
HNFIB 189907 17q12 9 42% sequence Sanger sequencing
substitutions and/or NGS and
49% whole gene MLPA or copy
deletions number variation

6% duplications analysis

SEC6TA] 617056 3021.3 12 Single nucleofide Sanger sequencing

variants and/or NGS
analysis
DNAJBIT 618061 3g27.3 10 Single nucleotide Sanger sequencing
variants and/or NGS
analysis

ADTKD, autosomal dominant tubulointerstitial kidney disease; Chr, chronosome; MLPA,
Multiplex Ligation-dependent Probe Amplification; NGS, next-generation sequencing;
VNTR, variable number of tandem repeats.
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possibly secondary to loss of the integrity of TAL
cells, may determine a defect in urinary concentration
and a reduction in sodium reabsorption, leading to
hypovolemia. The volume depletion can subsequently
increase the reabsorption of uric acid in the proximal
tubule, causing a lower fractional excretion of urate
and hyperuricaemia, as observed in UMOD knockout
mice.”’

Though the primary effect of UMOD pathogenic
variants (ER retention and ER stress) has been largely
documented, its downstream effects are less known.
Inflammation is likely to play an important role in
disease onset because inflammatory markers have been
recognized in ADTKD mouse model at very early stage
well before the induction of fibrosis and renal
damage.”’

Onset and progression of the disease in mouse
models depend on the pathogenic variant type and its
allelic status.” In human,s there is high interfamilial
and intrafamilial variability of clinical parameters, such
as the age at ESRD, making it difficult to establish a
clear genotype-phenotype correlation. Nevertheless,
gene dosage effect seems to be present also in humans,
because the few individuals carrying UMOD patho-
genic variants in homozygosity present a more severe
disease.”® Moreover, a recent study analyzing the
clinical characteristics associated with 125 UMOD
pathogenic variants identified the male sex and the
severity of trafficking defect of mutant uromodulin
(scored in cell models) as risk factors for earlier age at
ESRD.”*

Management

No specific therapy is available for ADTKD-UMOD.
Treatment includes management of gout and of CKD.
No conclusive evidence suggests a benefit on CKD
progression of allopurinol, which can prevent gouty
arthritis attacks. The management of hypertension,
hyperphosphatemia, anemia, and ESRD is similar to
that proposed to patients with other causes of CKD.
ADTKD patients are good candidates for renal trans-
plantation, because the genetic disease does not
recur."”” Only few trials of pre-clinical therapeutic
interventions have been reported so far. Interestingly
disease progression was reduced in a knock-in mouse
model of ADTKD-UMOD after anti-inflammatory
treatment with TNFR:Fc, a tumor necrosis factor-o
inhibitor,41 supporting a role for inflammation in
disease onset and progression. More recently,
BRD4780, a small molecule first identified for ADTKD-
MUCI treatment (see below), was shown to induce
mutant uromodulin degradation in cellular models."’
The effectiveness of this molecule still needs to be
tested in vivo.
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ADTKD-MUC1

The true prevalence of ADTKD-MUCI, previously
known as MCKDI, is difficult to estimate, as pathogenic
variants in MUCI, not detected by NGS analysis,
require specialized genetic testing not routinely per-
formed.? For these technical difficulties, the disease was
mapped in 1998 on chromosome 1q21,% but the causa-
tive gene MUCI (7 exons) was identified only 15 years
later."” According to the 2 large ADTKD registries from
Europe and United States, ADTKD-MUCI is the second
most frequent form of ADTKD, representing 35% of
UMOD-negative families, with an estimated overall
prevalence of 21%."

Clinical Manifestations

Main clinical features are indistinguishable from
ADTKD-UMOD, including slowly progressive CKD,
nonsignificant urinalysis, dominant inheritance, and
hyperuricemia or gout.”” In the first large study per-
formed, Bleyer et al. Described a variable age of onset
of ESRD (mean age 45 years; range 1680 years) and a
rapid progression to dialysis in the third decade of
life.”” In the cohort derived from European and USA
ADTKD registries, the renal disease appeared to be
more severe in patients with ADTKD-MUCI when
compared with ADTKD-UMOD, with higher preva-
lence of ESRD (58% vs. 44%) and earlier onset of ESRD
(36 years vs. 46 years). In addition, gout was less
frequent in ADTKD-MUCI (26%) compared with
ADTKD-UMOD (79%).>

Diagnosis

The diagnosis of ADTKD-MUCI is based on the iden-
tification of a heterozygous MUCI pathogenic variant.
The molecular testing for ADTKD-MUCI is challenging
because the mutational hotspot is a large variable
number of tandem repeats of MUCI gene that escapes
detection by standard sequencing techniques.'” The
most common pathogenic variant is a cytosine dupli-
cation within a stretch of 7 cytosines within 1 unit of
variable number of tandem repeats sequence. Other
mutations involve the addition of a guanosine residue
or loss of 2 cytosine residues. All disease-causing var-
iants result in the same frameshift (fs) change leading to
the synthesis of a frameshifted protein that is prema-
turely terminate (MUC1-fs). MUCI pathogenic variants
are not identified using gene panels or whole exome
sequencing and alternative methods of detection (mass
spectrometry or SnaPshot mini-sequencing) have been
developed (Table 1)."*”'”’ Unfortunately, current
MUCI testing techniques are able to identify only the
most frequent pathogenic variant that involves cyto-
sine but not the others. To our knowledge, MUCI
testing is available in few laboratories in Europe and US

Kidney International Reports (2022) 7, 2332-2344
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(Broad Institute of MIT and Harvard, Cambridge,
Massachusetts, United States; First Faculty of Medicine,
Charles University, Prague, Czech Republic; Fundacio
Puigvert, Barcelona, Spain; and Laboratorio di Bio-
chimica Clinica, Azienda Ospedaliera Universitaria di
Novara, Italy).

An alternative nongenetic disease diagnostic tool has
been suggested, using immunohistochemistry for the
specific detection of the MUCI1-fs peptide on kidney
biopsy specimens or on urinary exfoliated cells of pa-
tients. The immunodetection of MUCI-fs could be
applicable to selected patients for molecular diagnosis
and can provide diagnosis in patients in whom the
pathogenic variant is different from the cytosine
insertion as well as in renal transplant patients, because
mucin 1 is also produced by the bladder cells of
transplant recipient.”*”’

Disease Mechanism

The MUCIgene encodes mucinl, a transmembrane
glycoprotein expressed on the apical surface of many
epithelial cells, including breast, lung, intestine, and
kidney, providing a protective barrier.” Mucinl is
also involved in cellular signaling.” In the kidney,
mucin 1 is expressed on TAL, distal convoluted tu-
bule, and collecting duct.””® The abnormal MUC1-fs
neo-peptide accumulates in the cytoplasm of tubular
epithelial cells, where it accelerates cell death, deter-
mining tubulointerstitial fibrosis and CKD.””’ All
MUCI pathogenic variants lead to the same aberrant
protein, suggesting that MUCI-fs protein is central in
the pathogenesis. Because knockout Mucl mices are
characterized by the absence of a developmental
phenotype,”’® ADTKD-MUCI is likely caused by a
gain-of-function effect of pathogenic variants. How
the abnormal MUCI-fs protein causes progressive
tubulointerstitial renal damage is poorly understood,
as well as why the pathogenic variant produces an
abnormal phenotype only in the kidney, despite its
presence in several tissues. An important step toward
the elucidation of the mechanisms of pathogenesis in
ADTK—MUCI was recently achieved in in vitro and
in vivo models of MUCI-fs expression, demonstrating
that MUC1-fs accumulates intracellularly in the ER-
Golgi intermediate compartment, leading to activa-
tion of the ATF6 branch of the unfolded protein
response. Through small molecule screening, a new
lead molecule, BRD4780, was identified, able to
selectively bind TMED9 receptor, which has a key
role in the retention of MUCI1-fs in the ER-Golgi in-
termediate compartment. The binding BRD4780-
TMEDY releases MUCIl-fs that is re-routed toward
the lysosome for degradation, thus clearing MUCI-fs
from the cells.”’

Kidney International Reports (2022) 7, 2332-2344
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Management

No specific therapy is available for ADTKD-MUCI. The
newly identified lead molecule BRD4780 which, by
selectively binding TMED9, induces the removal of
mutant protein MUCIl-fs could represent a potential
approach for ADTKD-MUCI. Importantly, this mole-
cule was found to be effective (at least in vitro) in other
toxic proteinopathies characterized by intracellular
retention of misfolded proteins, such as ADTKD-
UMOD."

ADTKD-REN

ADTKD-REN, previously known as FJHN2, is due to
disease-causing variants in the REN gene (10 exons,
chromosome 1).2'59 The human renin precursor is
synthesized in the juxtaglomerular cells in the juxta-
glomerular apparatus of the kidney as a 406 amino acid
pre-prorenin, composed of a 23 amino acid N-terminal
signal peptide, a 43 amino acid prosegment, and a
340 amino acid mature renin peptide. Renin has a key
role in the renin-angiotensin-aldosterone system,
which exhibits multiple biological functions, including
vascular tone modulation, renal sodium and potassium
handling, erythropoiesis, and cardiac hypertrophy.*’
ADTKD-REN is a very rare condition because so far,
30 families, including 111 affected individuals have
been described.®’

Clinical Manifestations
ADTKD-REN is a condition with onset in childhood;
rarely, REN pathogenic variants can cause an adult,

61,62 ..
Most clinical, labora-

milder form of the disease.
tory, ultrasonographic, and histologic findings are
nonspecific, except for a decreased immunostaining for
renin in the juxtaglomerular apparatus.” Nevertheless,
some features appear to be relatively characteristic,
being attributed to a decreased secretion of renin. Due
to low renin and aldosterone levels, ADTKD-REN pa-
tients may experience some degrees of hypotension and
hyperkalemia.””®* Children are at increased risk of
acute kidney injury, particularly in case of volume
depletion and use of NSAIDs, as a consequence of the
combination of low renin activity, volume depletion,
and prostaglandin inhibition.”°' Recently, a large in-
ternational retrospective cohort provided clinical and
genetic data on 111 individuals from 30 families with
heterozygous REN disease-causing variants; 69 pa-
tients harbored a REN pathogenic variant in the signal
peptide region; 27 in the prosegment; and 15 in the
mature renin peptide. Differences in the severity of the
clinical manifestation of the disease were observed ac-
cording to the position of the pathogenic variant. Pa-
tients harboring the pathogenic variant in the signal
peptide and prosegment region were most severely
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affected, with clinical onset during childhood of kid-
ney failure and anemia. In these groups most patients
have estimated glomerular filtration rate <60 ml/min
per 1.73 m”> at earliest presentation, suggesting that
decreased kidney function is present at birth and
therefore can be noted in the first weeks of life. Despite
early onset, childhood and adolescence renal function
tended to be relatively stable, although decreased.”!
The presence of hypoproliferative anemia is thought
to be secondary to low erythropoietin levels. Interest-
ingly, anemia resolves as the child enters adolescence,
probably due to the rise in sex steroid production
enhancing erythropoietin production.”®" Patients with
REN disease-causing variants in the mature peptide
showed a milder course of the disease with gout in
early adulthood or CKD later in life.”” Differences in the
median age at ESRD were also observed among the 3
groups of patients, with patients with pathogenic
variants in the signal peptide and prosegment reaching
ESRD earlier (57 years and 62 years, respectively) than
the patients with pathogenic variants located in the
mature protein (68 years).”'

Diagnosis

Findings suggestive of ADTKD-REN are very early
onset of CKD, which can be found at 3 or 4 years of age
or even earlier; hypoproliferative anemia beginning
early in life (1 year or 3 years) and resolving during
adolescence; and hyperuricemia and gout, usually in
the second decade of life. Urinalysis reveals a bland
urinary sediment and low degree proteinuria. Renal
ultrasonography is nondiagnostic, showing normal or
small kidneys. Plasma renin and plasma aldosterone are
low; serum potassium is mildly elevated.”' Though
renal biopsy may show nonspecific features of tubu-
lointerstitial fibrosis, immunostaining for renin in the
granular cells of the juxtaglomerular apparatus may be
>1301 The final diagnosis may be established
by genetic testing. Because pathogenic REN disease-
causing variants are mostly single nucleotide variants,
standard methods of genetic testing may be used, in-
cluding both Sanger and NGS sequencing (Table 1).”*"%?
To date, a total of 16 disease-causing variants have been
identified as follows: 8 (50% of total pathogenic variants,
70% of the families) map in the signal peptide; 3 in the
prosegment (19% of total pathogenic variants, 13% of
the families); and 5 (31% of total pathogenic variants,
17% of the families) in the mature part of renin.®'

decreased.

Disease Mechanism

Renin is synthesized as pre-prorenin that is trans-
located into the ER where it is processed to prorenin
by cleavage of the signal peptide. In addition to the
signal peptide (which directs the insertion of the
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nascent pre-prorenin into the translocation channel in
the ER), pre-prorenin contains a prosegment, located
after the signal peptide that assists in protein folding
and the mature renin peptide.”’ Homozygosity or
compound heterozygosity for loss-of-function REN
pathogenic variants causing complete loss of renin
synthesis were first described in 2005 in autosomal
recessive renal tubular dysgenesis, a very rare condi-
tion leading to perinatal mortality.”’ In 2009, Zivna
et al."’ reported heterozygous dominant pathogenic
variants in the REN gene, resulting in reduced pro-
renin and renin biosynthesis and secretion. In this
setting, production of wild-type renin occurs via 1
allele, enabling kidney development but causing
symptoms of low renin activity, such as mild hypo-
tensive state, hyperkalemia, anemia and renal tubu-
lointerstitial fibrosis.'*** The molecular mechanisms of
renal fibrosis are not fully understood. Pathogenic
variants affecting the signal sequence are associated
with an impaired co-translational insertion in the ER of
the mutated pre-prorenin, which is aberrantly located
in the cytoplasm.”'”””®" Mutant renin due to patho-
genic variants affecting the mature renin is retained in
the ER, likely due to protein misfolding, and induces
ER stress and activation of the unfolded protein
response in vitro that may possibly lead in vivo to
accelerated cell death, tubulointerstitial fibrosis, and
progressive loss of kidney function.”””** REN patho-
genic variants in the prosegment led to deposition of
prorenin and renin in the ER-Golgi intermediate
compartment, decreasing prorenin secretion.””"""

Management

In ADTKD-REN patients, in addition to the management
of progressive CKD and gout, anemia, hypotension and
hyperkalemia can be treated with erythropoiesis-
stimulating agents and fludrocortisone.”** Moreover,
considering that part of renin pathogenic variants lead
to prorenin accumulation in the early secretory
pathway, similarly to MUCI1-fs, a potential role for
BRDA4780 in this context may have a rational.”

ADTKD-HNF1B

HNFIB gene is a developmental gene located on chro-
mosome 17q12, coding for hepatocyte nuclear factor 1
homeobox B protein, which is required for tissue specific
gene expression in the epithelial cells of many organs,
including kidney, pancreas, liver, and genitourinary
tract. Heterozygous pathogenic variants of HNFIB gene
are responsible for a dominant inherited disease with
several renal and extrarenal phenotypes as exocrine
pancreatic failure, pancreatic hypoplasia, fluctuating
liver test abnormality, early-onset gout, and genital
tract malformations."”'® HNF1B-nephropathy is the
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umbrella term used to include the various kidney phe-
notypes of the disease, ranging from congenital anoma-
lies of the kidney and urinary tract, tubular transport
abnormalities, cystic renal disease and ADTKD.®>®?

Clinical Manifestations
HNF1B-disease is a condition with renal phenotype
varying according to the age at recognition. The pre-
valence of HNFIB pathogenic variants in children with
structurally abnormal kidneys is approximately 20%.
In the fetus, the most frequent phenotype is hyper-
echogenic kidneys.” In childhood, HNF1B-nephropathy
usually shows renal cystic hypodysplasia, congenital
anomalies of the kidney and urinary tract and tubular
transport disorders (hypomagnesemia, hypokale-
mia).”””" In the adult, the renal disease manifests as
ADTKD, associated with hyperuricemia and gout, and
varying degrees of renal impairment, from mild slow
progressive CKD to ESRD.’*®” The renal phenotype
described in adulthood is very similar to the one
observed in patients with ADTKD-UMOD, ADTKD-
MUCI, and ADTKD-REN. Nevertheless, whereas the
clinical manifestations of diseases caused by pathogenic
variants in UMOD, MUCI, and REN are usually confined
to the kidney, HNFIB pathogenic variants can result in
variable and associated renal manifestations, including
congenital anomalies of the kidney and urinary tract,
renal cysts, hypomagnesemia and hypokalemia. There-
fore, some authors suggested to confine the term ADTKD
only to those rare HNFI1B-related cases in which ubule-
interstitial fibrosis is the leading renal manifestation.' A
large spectrum of extrarenal manifestations can be asso-
ciated, such as MODY5, pancreatic hypoplasia, liver test
abnormalities, and genital tract malformations.®”°® Neu-
rodevelopmental disorders have also been described,
particularly in patients with chromosome 17q12 deletion
encompassing HNFI1B gene.z’(’”’8

Recently the mnemonic MAGIC LUCID has been
suggested to summarize the possible clinical manifesta-
tions of HNFI1B disease, including renal and extrarenal
manifestations (M= Hypomagnesemia; A= Autosomal
dominant; G= Genital tract abnormalities, including
bicornuate uterus, absent uterus, vaginal hypoplasia;
I= Incomplete penetrance; C= Cysts of the kidney and
other structural abnormalities, including multicystic
kidneys, fetal bilateral hyperechogenic kidneys, kidney
agenesis, and hypoplastic kidneys; L= Liver test ab-
normalities; U= Uric acid elevation; C= Chronic kidney
disease; I= Inherited; D= Diabetes and pancreatic
anomalies.).”"

Diagnosis
Clinical diagnosis of HNFIB-nephropathy is chal-
lenging, because the disease may mimic a variety of
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renal disorders. The presence of extrarenal manifesta-
tions is an important tool for early diagnosis. Although
the association of MODY with a heterogenous clinical
kidney disease is the core phenotype of HFNIB-asso-
ciated disease, a patient can present only 1 of the
possible clinical features. Moreover, it is possible to
observe in the same family a different clinical charac-
teristic for each member. The extreme variability, also
intrafamilial, and incomplete penetrance of clinical
features makes diagnosis of HNF1B-disease even more
challenging.z’“'(’9 For the final molecular diagnosis,
conventional sequence analysis for point pathogenic
variants should be combined with Multiplex Ligation-
dependent Probe Amplification or copy number vari-
ation analysis, to identify whole gene deletion, which is
the molecular defect identified in 40% to 50% of pa-
tients, occurring also in the context of the 17ql2
Recurrent Deletion Syndrome.z'67 In the remaining
cases, point pathogenic variant can be detected, 50%
being missense (Table 1). Interestingly, de novo patho-
genic variants are up to 30% to 50% of cases; thus,
the presence or not of a positive family history is
less significant for diagnosis than in other forms of
ADTKD.”*’

Mechanisms of Disease

HNFIB coordinates transcriptional networks regu-
lating nephrogenesis, renal tubular ion transport, and
transcription of numerous cystic disease genes
(PKHDI, PKD2, UMOD, and GLIS2).”°”’* This may
explain, in patients with HNFIB gene anomalies, the
frequent occurrence of congenital anomalies of the
kidney and urinary tract, renal cystic disease, hypo-
magnesemia and hypokalemia. The mechanism
whereby mutated HNFIB leads to renal fibrosis is not
fully understood.”’ However, recent data showed that
HNFIB is implicated in epithelial-mesenchymal tran-
sition,”* a process by which epithelial cells acquire
mesenchymal characteristics. Epithelial-mesenchymal
transition is essential for tissue regeneration and,
when sustained, is associated with fibro-genesis.
Because 50% of ADTKD-HNFIB patients are hetero-
zygous for full gene deletion, and the remaining have
truncating or missense pathogenic variants,” ADTKD-
HNFIB phenotype is likely to be caused by haplo-
insufficiency.

Management

In ADTKD-HNFIB patients, management should pay
attention to extrarenal manifestations, including
pancreatic dysfunction, genital tract malformations,
and neuropsychiatric symptoms. Basic knowledge on
how to modulate HNFIB expression or activity is still
very limited. Strategies aiming at increasing wild-type
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allele expression or activity could be very valuable in
view of therapeutic intervention, because nowadays no
specific therapy is available.

ADTKD-SEC61A1

ADTKD-SEC61A1 (previously FJHN4) is a very rare
disease, being reported in 2 families.'” Two additional
families with SEC61AI disease-causing variants have
also been reported with primary antibody deficiency
and unknown renal phenotype.”’

Clinical Manifestations

In 2016, Bolar et al. described 2 ADTKD families
harboring missense pathogenic variants in SEC61AI
gene, disrupting the function of the translocon pore.15
The first family presented slow progressive ADTKD,
anemia, hyperuricemia, and several extrarenal pheno-
types. Renal ultrasound revealed small cystic dysplastic
kidneys. Renal biopsy showed multiple foci of tubu-
lointerstitial lesions and glomerular sclerosis. The
affected members of the second ADTKD-SEC61A1 fam-
ily presented CKD, anemia, neutropenia, and early gout.
In 2018, Schubert e al.”” described 2 families with het-
erozygous SEC61AI pathogenic variants showing hypo-
gammaglobulinemia and early-onset respiratory tract
infections; the renal phenotype was not provided.

Diagnosis

ADTKD-SEC61A1 should be considered when, in addi-

tion to the presence of ADTKD, anemia, neutropenia,
s . . 2

and recurrent respiratory tract infections are observed.

The confirmatory diagnosis must be obtained by the

demonstration of the underlying genetic defect of

SEC61AI gene, using Sanger or NGS sequencing

2,15,75
(Table 1).

Mechanism of Disease

SEC61A1I gene (chromosome 3q21.3) encodes the sub-
unit alpha 1 of the heterotrimeric protein-conducting
channel SEC61, also, including beta (SEC61B) and
gamma (SEC61G) subunits. SEC61A1 is the major
component of the mammalian translocon, a complex
needed to transport newly synthesized secretory pro-
teins into the ER.””” The pathogenic variants affect the
selectivity and permeability of the pore of the trans-
locon channel, leading to SEC6l-channelopathy.
In vitro studies showed that altered structural proper-
ties of SEC61A1 induced by pathogenic variants cause
aggregation of the mutated SEC61¢ in the ER and
misrouting to the Golgi apparatus, leading to alter-
ations in post-translational modifications and folding of
various secretory and transmembrane proteins, including
uromodulin, mucinl, and renin.'>’® A recent study
demonstrated that ADTKD-SEC61A1 mutations lead to a
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signal peptide dependent impairment of protein ER
translocation, renin being one of the defective substrates,
and to a reduction of regulatory calcium transporters
(i.e. Oral and SERCAZ2) interacting with the SEC61 com-
plex.”” These events may induce ER stress (as in ADTKD-
REN, ADTKD-UMOD, and ADTKD-MUCI), leading to
apoptosis and ultimately to interstitial fibrosis."”

Finally, animal studies (zebrafish) suggested that the
SEC61 complex and its translocon function are neces-
sary for normal renal development.'” Of note, a similar
phenotype consisting of pronephros development
defect was also observed on expression of renin mu-
tants associated with ADTKD.®” Taken together, these
data expand the genetic spectrum of the tubulointer-
stitial kidney disorders, allowing to include pathogenic
variants of SEC61A1 (determining protein translocation
defects across the ER membrane) as a possible cause of
ADTKD.

Management

No specific therapy is available for ADTKD-SEC61AI.
Recently, it has been shown that treatment with the
small molecule sodium phenylbutyrate (an US Food and
Drug Administration approved drug for treatment of
urea cycle disorders) may reverse the impairment of
renin transport in ADTKD-SEC61AI, suggesting that
phenylbutyrate could be a potential early therapy for
ADTKD-SEC61A1.""

ADTKD-DNAJB11

ADTKD-DNAJBII is an atypical and very rare cause of
tubulointerstitial kidney diseases. Recently 7 families
were reported with 5 different heterozygous patho-
genic variants in DNAJBII gene. The transmission
pattern is consistent with autosomal dominant inheri-
tance. Renal phenotype in affected family members
mostly overlap clinical features of ADPKD with bilat-
eral small renal cysts, slightly enlarged kidneys, liver
cysts, and slowly progressive renal failure with ESRD
in the sixth to seventh decade. In some patients, renal
histologic revealed tubulointerstitial
fibrosis and in 1 family at least 3 patients showed gout.
Thus, the authors suggested aphenotype partly over-
lapping with ADPKD and ADTKD.”® Due to over-
lapping clinical phenotype with cystic kidney diseases,
the diagnosis could be established only with genetic
analysis confirming the presence of pathogenic het-
erozygous variant in DNAJBII gene, using Sanger or
NGS sequencing (Table 1).*>7*

examination

Mechanism of Disease
The DNAJBII gene encodes a cofactor of GRP78/BiP, a
major ER chaperone regulating folding, trafficking and
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degradation of secreted and membrane protein, thus
playing a major role in ER homeostasis.

Evidence linking DNAJBII with ADPKD and
ADTKD have been found. Studies of DNAJBII1-null
human renal cortical tubular epithelial cells showed a
defective maturation process of the PKDI1 protein.
Moreover, histologic analysis of renal samples from
affected patients revealed abnormal intracellular
retention of uromodulin and mucinl linking DNAJB11
disease with pathogenic mechanism of tubulointer-
stitial disease.”®

Genetic Counseling

ADTKD is a Mendelian autosomal dominant disorder
where at-risk individuals have a 50% chance of
inheriting the disease. Genetic counseling should be
offered to all patients to discuss potential risks to
offspring, reproductive options, possible genotype-
phenotype correlation (i.e. location of pathogenic
variants in REN: in the signal peptide and proseg-
mature protein) and challenging intra-

familial phenotypic variability mainly for HNFIB
61,71

ment Vs.

disease.

Genetic testing is currently the only way to confirm
ADTKD and its subtypes. The most widely shared ge-
netic testing strategy consists of a stepwise approach as
follows: first, NGS analysis of a gene panel, including
ADTKD genes (UMOD, REN, HNFIB, SEC61All,
DNAJBII) and Multiplex Ligation-dependent Probe
Amplification analysis for HNFIB gene, in case of
negative result MUCI analysis if available should be
performed as last step.”'® It is important to explain
during genetic counseling that a negative result
does not exclude the diagnosis of ADTKD, because
rare variants could be missed with conventional
analysis and not all ADTKD genes have yet been
identified.

In all confirmed genetic cases, at-risk adult family
members, even if apparently healthy, can exclude or
confirm the presence of the disease through genetic
testing. Genetic screening should be mandatory for
family members who wish to donate a kidney.' In young
adults with childhood onset diseases (i.e. HNFIB dis-
ease) it is appropriate to inform them that the knowledge
of causative gene variant may allow preimplantation
genetic testing.

ADTKD-UMOD and ADTKD-MUCI become symp-
tomatic in adult age, thus presymptomatic genetic
screening in minors is not generally recommended.
Instead, presymptomatic screening of at-risk children
should be evaluated in families with pathogenic vari-
ants in REN, HNFIB, and SEC61AI that could be
associated with childhood onset disease.”'
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Figure 4. Common cellular pathway in ADTKD. SEC67A1, REN,
UMOD, MUC1 disease-causing variants effect on the early secretory
pathway, ranging from ER translocation defect (SEC61, REN), to
retention of mutant protein in the ER (UMOD, REN) or ER-Golgi in-
termediate compartment (MUC1-fs, REN). ER stress and induction of
the Unfolded Protein Response have been reported on expression of
the mutated genes, with the exception of renin mutations in the
prosegment for which no data are available yet. Intracellular
accumulation of UMOD, REN and MUC1-fs lead to a subsequent
decrease of their delivery to the apical plasma membrane
(UMOD,MUC1-fs) and/or of their secretion (UMOD,REN). Of note,
mutant uromodulin reaching the plasma membrane interferes with
the polymerization of wild-type protein. HNFIB coordinates several
transcriptional networks. It seems likely that the ADTKD-like
phenotype due to HNF1B pathogenic variants can be explained by
the absence of transcriptional activation of HNFIB target genes.
ADTKD, autosomal dominant tubulointerstitial kidney disease; ER,
endoplasmic reticulum; fs, frameshift.

Conclusion

ADTKD includes at least 6 different genetic forms
(ADTKD-UMOD, ADTKD-MUCI, ADTKD-REN, ADTKD-
HNFIB, ADTKD-SEC61AI, and ADTKD-DNAJBII) of
slowly progressive kidney disease, characterized by
tubulointerstitial fibrosis and tubular damage. In the past,
due to the bland urinary sediment and the nonspecific
features, many patients with ADTKD remained undiag-
nosed with these diseases being considered extremely
rare. With the identification of ADTKD causing genes and
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the increasing availability for genetic analysis, a number
of new ADTKD families has been identified; recent studies
suggest that ADTKD may be the third most common ge-
netic cause of ESRD after ADPKD and Alport syndrome."’
The identification of ADTKD causing genes also encour-
aged the exploration of intracellular pathways activated
by the encoded protein, revealing that most associated
ADTKD gene pathogenic variants effect on the early
secretory pathway (Figure 4). Currently, no approved
therapeutic option is available for ADTKD, other than
kidney replacement therapy when ESRD is established.
Because in the most common forms of ADTKD (UMOD,
MUCI, and REN) the pathogenesis can be mainly
explained by a gain-of-toxic function mechanism, thera-
pies aiming at decreasing mutant protein accumulation
may be effective. Alternatively, strategies aimed at
increasing expression or activity of the wild-type protein
wild-type could be beneficial for ADTKD-SEC61 and
ADTKD-HNFIB subtypes for which pathogenesis is
mainly related to a loss-of-function mechanism. The
recent advances in disease awareness and in the under-
standing of the disease mechanisms together with the
creation of international networks will help clinicians in
improving the diagnostic rates, the clinical management,
as well as the genetic counseling while allowing the
proper management of the disease and the prompt
enrolment in new therapeutic protocols.
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