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Introduction: Dent disease is an X-linked recessive disorder associated with low molecular weight pro-
teinuria (LMWP), nephrocalcinosis, kidney stones, and kidney failure in the third to fifth decade of life. It
consists of Dent disease 1 (DD1) (60% of patients) because of pathogenic variants in the CLCN5 gene and
Dent disease 2 (DD2) with changes in OCRL.

Methods: Retrospective review of 162 patients from 121 different families with genetically confirmed DD1
(82 different pathogenic variants validated using American College of Medical Genetics [ACMG] guide-
lines). Clinical and genetic factors were compared using observational statistics.

Results: A total of 110 patients had 51 different truncating (nonsense, frameshifting, large deletions, and
canonical splicing) variants, whereas 52 patients had 31 different nontruncating (missense, in-frame,
noncanonical splicing, and stop-loss) changes. Sixteen newly described pathogenic variants were found
in our cohort. Among patients with truncating variants, lifetime stone events positively correlated with
chronic kidney disease (CKD) evolution. Patients with truncating changes also experienced stone events
earlier in life and manifested a higher albumin excretion rate than the nontruncating group. Nevertheless,
neither age of nephrocalcinosis nor CKD progression varied between the truncating versus nontruncating
patients. A large majority of nontruncating changes (26/31; 84%) were clustered in the middle exons that
encode the voltage CIC domain whereas truncating changes were spread across the protein. Variants
associated with kidney failure were restricted to truncating (11/13 cases), plus a single missense variant
previously shown to markedly reduce CIC-5 functional activity that was found in the other 2 individuals.

Conclusion: DD1 manifestations, including the risk of kidney stones and progression to kidney failure, may
relate to the degree of residual CIC-5 function.
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See Commentary on Page 1127 phenotype are, to date, genetically unresolved with no
specific gene implicated.”® However, characteristic DD
D ent disease (DD) is an X-linked recessive proximal features (nephrocalcinosis, LMWP) can be associated
renal tubulopathy characterized by LMWP, with other monogenic causes of kidney stone disease,’
hypercalciuria, and hypophosphatemia. Nephrocalci- and X-linkage can be difficult to establish if a detailed
nosis, kidney stones, hematuria, and progressive CKD pedigree is unavailable.’
are also common."” DD is caused by pathogenic vari- CLCNS consists of 15 exons (13 coding exons)® that
ants in CLCN5 (DD1; OMIM #300009; ~60% of cases) encode the voltage-gated chloride transporter CIC-5. This
and OCRL (DD2; OMIM #300555; ~ 20% of cases). protein is largely expressed in the proximal tubule and o.-
The remaining ~25% of cases with an apparent DD intercalated cells of the collecting duct, predominantly in
early endosomes.” Therefore, the phenotype of DD1 ap-
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55902, USA. E-mail: Lieske.John@mayo.edu path?gfgnc CLCN5 variants have been described to
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phenotype variability among DDI1 patients that could
potentially be influenced by the effects of specific muta-
tions on protein processing and folding in the endo-
plasmic reticulum, failure of endosomal acidification,
abnormal subcellular localization of the protein, and/or
production of a nonfunctional protein that reaches the
plasma membrane but exhibits reduced membrane cur-
rents.”*>*® Therefore, in the current study we examined
DD1 genotype-phenotype correlations among patients in
the Rare Kidney Stone Consortium DD registry, focusing
on kidney stone events, nephrocalcinosis, urinary cal-
cium and protein excretion, and CKD progression.

The Study Cohort

The Mayo Clinic Institutional Review Board approved
this study. Patients enrolled in the Rare Kidney Stone
Consortium DD Registry as of January 1, 2021, were
included.'” All patients provided informed written
consent at the time of enrollment.

Genetic Analysis

Genetic analysis was performed either by Sanger
sequencing of the 2 DD genes or via a kidney stone dis-
ease targeted next-generation sequencing panel that
included CLCN5.” All positive results by the targeted
next-generation sequencing were confirmed by Sanger
sequencing of the implicated CLCN5 exons. Variants
within CLCN5 were classified according to the ACMG
and American College of Pathologists guidelines.”” All
variants were described based on the transcript
NM_001127898.4 (mRNA, 9863 base pairs, 15 exons [13
coding], and a 2451 base pairs coding sequence encoding
an 816 aa protein),”' as listed in gnomAD version 2.1.1.
Exons are numbered from the first coding exon. Frame-
shifting indels, nonsense, and canonical splicing variants
were defined as truncating, whereas missense, in-frame
indels, noncanonical splicing variants, and stop-loss var-
iants were defined as nontruncating. Only patients with
molecularly confirmed DD1 were included in this study.

Clinical Phenotype

Clinical information was retrieved from the Rare Kid-
ney Stone Consortium DD Registry and/or medical re-
cord review. All laboratory measurements were
performed in clinical laboratories. Serum creatinine and
urine biochemical parameters (random or 24-hour urine
collections) were analyzed, including total protein, al-
bumin, 0-1 microglobulin, -2 microglobulin, citrate,
and calcium. This cohort consisted of both adults and
children, and therefore the estimated glomerular
filtration rate was calculated using the Full Age Spec-
trum equation.”” To pool data from children and adults,
all urine excretions for subjects <18 years old at the
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time of collection were normalized to the average adult
body surface area of 1.73 m” calculated from height and
weight using Du Bois and Du Bois formula®’

CKD was classified according to the K/DOQI CKD
staging system.”’ Family history of confirmed DDI,
CKD, lifetime stone events, and nephrocalcinosis were
also abstracted. All clinical stone events in a subject’s
lifetime were ascertained from clinician medical record
review (with or without imaging), including symp-
tomatic events (pain, gross hematuria, or infection
attributed to stones), spontaneous passage, or a uro-
logic procedure for stone management were combined
as lifetime stone events. The age of first stone forma-
tion, nephrocalcinosis by imaging, and CKD stage 3 or
greater were obtained. Diagnostic urine parameters
were extracted at the first time point they were avail-
able from the medical record.

Statistical Analysis

Continuous variables are reported as median and inter-
quartile range (IQR), and categorical variables as per-
centages. Fisher's exact test was used to compare
categorical and binominal clinical data between the 2
groups (patients with truncating vs. those with non-
truncating variants). Concordance of proteinuria and
hypercalciuria was defined by clinical thresholds of 150
mg/d for proteinuria and 300 mg/d for hypercalciuria.
Individuals who had a proteinuria level greater than 150
mg/d and a hypercalciuria levels of more than 300 mg/d
within families containing 2 or more individuals were
considered to have the phenotypes. In addition, stone
events were assessed by the presence or absence of
kidney stones throughout the patient’s lifetime during
the follow-up period. One Proportion Z-test was used to
compare low (0%—50%) and high (51%—100%) concor-
dance in families regarding the presence of kidney stones,
proteinuria, and hypercalciuria. The variable of “CKD
stages 3, 4, and 5” is an ordinal variable that we used a
numeric coding scheme to represent (absence of CKD,
CKD stage 1 or 2 = 0; CKD stage 3a = 1; CKD stage 3b = 2;
CKD stage 4 = 3; and CKD stage 5 = 4). In addition,
“lifetime stone events” was a continuous variable with
the number of events experienced per each individual.
Spearman rank test was used between urine parameters in
Table 1 (the entire cohort) and in Table 2 (the cohort
divided by genotype category) and the outcomes of CKD
and lifetime stone events. Given the skewed data distri-
bution, nonparametric tests, like Mann-Whitney U test,
were used to compare continuous values. Kaplan—Meier
survival analysis was employed to differentiate kidney
survival of the 2 groups for the onset of CKD stage 3
(estimated glomerular filtration rate 30-59 ml/d per
1.73 m?), or CKD stage 5 (estimated glomerular filtration
rate <15 ml/d per 1.73 m®), and age of nephrocalcinosis
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Table 1. Correlations between urine biochemistry of the entire
cohort and the outcomes of lifetime stone events and chronic kidney
disease

Urine parameter Chronic kidney disease Lifetime stone events

24-hr urine calcium (mg/d) n: 104 n: 26
r 0.3 r.0.5
P02 P 0.01
24-hr fofal urine protein (gram/d) n: 51 n: 20
r: 0.3 r: 0.1
P.0.12 P 0.9
24-hr Urine Phosphorus (mg/d) n: 51 n: 26
r0.2 r.0.4
P:0.08 P: 0.06
Urine calcium/creatinine ratio n: 121 n: 20
r: 0.1 r04
P 0.7 P 0.08

n, number; P, P-value; r, correlation coefficient.

Subjects less than 18 years of age were extrapolated to average adult size (mg/1.73 m%
d). “CKD stage” is an ordinal variable with values ranging from 0 to 4 and has been
treated as such in the analysis. “Lifetime stone events” is a continuous variable rep-
resenting the actual number of stone events an individual has experienced through last
follow-up.

“Chronic kidney disease” is an ordinal variable with values ranging from 0 to 4 and has
been treated as such in the analysis. “Lifetime stone events” is a continuous variable
representing the actual number of stone events an individual has experienced through
last follow-up.

Table 2. Correlation analysis of predictors and outcomes,
comparing patients with truncating and with nontruncating variants

Lifetime stone  Chronic kidney

Variant group Urine parameter events disease
Truncating group 24h urine calcium mg/d n: 18 n: 68
n: 110 r.0.4 r0.2
P 0.02 P 0.11

24h urine phosphorus m/d n: 12 n: 32

r.0.6 0.2

P. 0.04 P. 0.67

Total urine protein gram/d n: 5 n: 43

r. 0.1 r 03

P: 0.85 P. 0.04

Calcium/creatinine ratio n: 16 n:79

r.0.4 r:0.1

P 0.07 P 0.6

Nonfruncating group 24h urine calcium mg/d n: 8 n: 37
n: 52 r.0.34 r0.13
P 0.46 P. 0.62

24h urine phosphate mg/d n:8 n: 20

r:0.2 r-0.2

P. 0.63 P. 0.50

Total urine protein gram/d n: 5 n: 24

r.-0.2 r.0.2

P 0.71 P 0.28

Calcium/creatinine ratio n: 33 n: 43

r. 0.1 r:0.1

P05 P 0.6

n, number; P, P-value; r, correlation coefficient.

Subjects less than 18 years of age were extrapolated to average adult size (mg/1.73 m%/
d). “CKD stage” is an ordinal variable with values ranging from 0 to 4 and has been
treated as such in the analysis. “Lifetime stone events” is a continuous variable rep-
resenting the actual number of stone events an individual has experienced through last
follow-up.

“Chronic kidney disease” is an ordinal variable with values ranging from 0 to 4 and has
been treated as such in the analysis. “Lifetime stone events” is a continuous variable
representing the actual number of stone events an individual has experienced through
last follow-up.
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(that is, when first detected by available imaging). Sta-
tistical analyses were performed using BlueSky statistics
software V. 7.20 (BlueSky statistics LLC, Chicago, IL,
USA), and a P-value < 0.05 was accepted as statistically
significant.

RESULTS

Genetic Makeup of the Cohort

All variants were scored according to ACMG guidelines
as pathogenic or likely pathogenic (see Supplementary
Table S1), except for c.1802G>A (p.Gly601Asp), which
was scored as a variant of unknown significance. Thus,
this family was excluded from subsequent genotype-
phenotype analyses, and the remaining 162 patients
with DD1 from 121 kindreds were included in our
analysis. Most patients were recruited from the USA
(73.3%; 85 pedigrees, 114 patients), including 6
pedigrees commercially genotyped (GeneDx, Inc) and
79 recruited and genetically screened at Mayo Clinic
under a research protocol. An additional 17 patients
(10.3%; 12 pedigrees) were recruited from the Uni-
versity of Padua, Italy; and 31 patients (22.4%; 26
pedigrees) from the University of Seoul, South Korea.

A total of 82 different pathogenic variants were
observed in this cohort. Missense variants were the most
common (34%), followed by frameshifting (28%) and
nonsense (21%) (Figure 1). Truncating pathogenic vari-
ants (n = 51) included canonical splicing, nonsense, and
frameshifting duplications and deletions, including
several multiexon, copy number variant deletions. The
31 nontruncating pathogenic variants included missense,
in-frame deletion or duplication, noncanonical splicing,
and a stop-loss variant (c.2450A>G; p.Ter817Trpext46-
Ter). Among the truncating changes, 43 in our cohort
were found in more than 1 family and/or described in the
prior literature, and 9 were present in only 1 family. The
most common truncating variant was p.Arg98Ter, found
in 5 families. Most nontruncating pathogenic variants
(n = 26) were present in multiple families or previously
described, whereas 5 were only present in 1 family,
including 2 newly described (Figure 2). Missense variant
p-Ser314Leu was the most abundant, found in 9 families.
Overall, 17% were unique variants and 83% recurrent
pathogenic variants.

Truncating mutations were distributed throughout
CLCN5 and the protein encoding domains of CIC-5
(Figure 3). However, nontruncating mutations were
largely clustered in the middle exons encoding the
voltage CIC domain of the protein (Figure 4). Sixteen
newly described pathogenic variants were identified,
including 3 copy number variant deletions, 4 canonical
splicing, 3 nonsense, 3 frameshifting deletions, 2
missense, and 1 in-frame deletion. All variants and their

Kidney International Reports (2023) 8, 1220-1230
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Figure 1. Prevalence of 82 unique pathogenic variant types (a) and mutation groups (b) among the 121 families in the study. Missense mutations
(n = 27), frameshift mutations (n = 23) and nonsense mutations (n = 17) were most frequent followed by canonical splice site mutations (n = 6),
copy number variants (CNV; n = 5), in-frame dup/ins (n = 2), noncanonical splicing (n = 1), and stop-loss (n = 1).

ACMG classification are presented in Supplementary
Table S1.

Clinical Characteristics
Initial data were collected as available at the time of
clinical DD diagnosis, or the first available data after
that date. Thirteen individuals had data for just one
visit. The median (IQR) age at diagnosis was 14 (10-23)
years. The median (IQR) follow-up period was 5 (1.5—
12) years, and the median (IQR) age at last available
follow-up was 17 (11.8-28) years.

At the last available follow-up visit, nephrocalci-
nosis was present in 67% of patients with truncating
variants and in 55% of patients with nontruncating

5
Nontruncated

variants (Table 3). LMWP was documented in 97% of
the patients with truncating variants and 96% of those
with nontruncating variants. Hypercalciuria was pre-
sent in 81% and 78% of patients with truncating
versus nontruncating, respectively. Kidney stone
events by the last follow-up were present in 22% of
patients with truncating variants versus 18% of the
patients with nontruncating variants (Figure 5).
Among the entire cohort, associations between
urine parameters and the clinical outcomes of lifetime
stone events and CKD progression are summarized in
Table 1. Urine calcium excretion (mg/d) positively
associated with lifetime stone events (P 0.01),
whereas urine phosphorus excretion (mg/d) did not

I  F

b L

Truncating

———

0 10

20

1 Unique

30
H Recurrent

40 50

Figure 2. Comparison of the number of families with recurrent versus unique pathogenic variants in the truncating and nontruncating groups.
Recurrent indicates more than 1 family within our cohort and/or with variants previously described in the literature; Unique indicates the variant

present just in 1 family in our cohort.

Kidney International Reports (2023) 8, 1220-1230

1223




TRANSLATIONAL RESEARCH

MG Arnous et al.: Characterization of Dent-1 Cohort Including Genotype

( )\ ® L utation affecting known @ _mutation does not affect the
@l T functional domain 1} known functional domain
o —
z —%
© A
o —
- >
] 0
] o & — —
= = 5 __ 2 @ - 5 S0l &
K = e 7R Lo~ ol |z T nTRT
gl laeslE=llas TE||o Lo —~& 5~ i = 7 = ] b Eag ol
5 R wnl|Th ol = =] T B & =R 3G =TT .2 ) = = " SRgER
ERE ] | o g | RO w??awrx.;;_\»—§ AR @ T 2o o O SE3 ST 2 E5EKR| | 2RON3n
I N E B BRI EREHIE R L IR A R N EIREEER
© - i o o~ 3 = o — 28 £k o = ® 5
229 c a|] 2 © T ol N R Lo b, w S5 5 EalxE 3 cw| o ~teE 282
PRI IR HEREY IR =1 ] O3|lg@al= SR 503 < En29 . > F = 4 5 et
AN IR R IR B R R E R R S8553 S |5e<||el (822353
st llagdllagllE=s=lazle 2335853~ L2 53533 s8sd = 22| |lo ad g=38 =
o] I st | RER 0] B ol | R ERCR -8 O B BT W LR et iFoa S | S| |2 (58372 hR
2235(828| 73|58 5128|3338 (55883 |53 |s8sE s8is 3l le2g|l3] 858838
o - < Q | AN Al-O | < o= & S o 3 ST a2 o n - ~ INESY ©
2 SRS 8||gR|05815 782|125 ([080g2| |25 |Bg5e g128 gl 885 (3] |8YSRES
= L el © © 3 2 = o g o 09 5 HAE R N
=l 23q||lsalea(|23 888|553 ¢||Sagd [aa] [zaag SRR al [J8N§[|N8] [§¢<°SXT
= G5 B9 Q Sol|lSEFNGE 3 e s At il H © < < < <
© 1wt @ meollo ofe e < S B PR A EREIT R ) S
S [ERRS IS P} G G < ¢ o \ )
b4 b
n
zZ
g
(8]
*
220
0 L 752|802
Voltage CBS
0 200 400 600 816aa
Topology — 124 [ P —— 816
Cytoplasmic [ =
Transmembrane T EE TR TR m
Intramembrane 2 - [ ]|

Figure 3. Location of truncating pathogenic variants (frameshift, nonsense, noncanonical splicing, and CNV) along the entire length of CLCN5

and its known functional domains.
*Novel variants are in red color

significantly correlate with lifetime stone events (P =
0.06) or CKD risk (P 0.08). Total urine protein
excretion (g/d) was not associated with CKD pro-
gression (P 0.12) or lifetime stone events (P
0.9). The urine calcium/creatinine ratio did not
correlate with CKD (P = 0.7) or with lifetime stone
events (P = 0.08).

Among subjects with truncating mutations, lifetime
stone events positively correlated with urine calcium
excretion (P = 0.02) and urine phosphorus excretion
(P = 0.04). CKD progression positively correlated with
total urine protein excretion (P = 0.04). Interestingly,
among patients with truncating variants, a greater

number of lifetime stone events correlated with pro-
gression of CKD stage (r = 0.5, P = 0.02). Among
subjects with nontruncating mutations, lifetime stone
events and CKD progression did not correlate with
urine biochemistry (Table 2).

Genotype/Phenotype Correlations

A total of 110 patients had truncating, and 52 patients
had nontruncating pathogenic variants. No difference
was observed regarding age at diagnosis between the
truncating group and the nontruncating group (14 [8—
22.3] vs. 11 [7-17.5] years; P = 0.56) or at last available
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Figure 4. Location of nontruncating pathogenic variants (missense, in-frame [deletions, insertions], stop-loss, and noncanonical splicing) along
CIC-5 and its functional domains. The majority fall within middle exons encoding the voltage CIC domain of the protein.

*Novel variants are in red color
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Table 3. Clinical endpoints in patients with truncating versus those with nontruncating variant groups
Group fype patients

Truncating n:110 Nontruncating n:52

pedigrees n:82 n:41 P-value
Clinical sfone events (yes/no) n: 23 (20%) n: 9 (18%) 0.87
Nephrocalcinosis

At first visit n: 35/69 (50%) n: 15/40 (38%) 0.12
At last, follow-up n: 46/69 (67%) n: 22/40 (55%) 0.11
Hematuria at the time of diagnosis (yes/no) n: 17 (15%) n: 18 (37%) <0.01
Family history of Dent disease-1 (N = pedigrees) n: 19/82 (23%) n: 4/41 (9%) <0.01
Family history of nephropathy (N = pedigrees) n: 21/82 (25%) n: 11/41 (26%) 0.88
Age atf 1st stone event (yr) 14 (10-20) 27 (21-27) 0.01
Lifetime stone events/yr 0.12 (.057-0.321) 0.38 (0.237-0.667) 0.06
Urine calcium/creatinine ratio (24h urine) 0.24 (0.14-0.33) 0.22 (0.15-0.42) 0.89
Urine citrate/creatinine ratio (24h urine) 0.56 (0.317-0.706) 0.47 (0.367-0.688) 0.77
Total urine protein (gram/24h urine)

At first visit 1.5 (0.7-1.87) 1.4 (0.7-2.2) 0.60
At last, follow-up 1.07 (0.6-1.6) 1.3 (0.8-2.1) 0.10
Urine albumin (mg/24h urine) 180.6 (119.15-279.5) 106.6 (74.45-176.95) 0.02
Low molecular weight proteinuria:

Alpha-TM mg/I 502.5 (321.5-602) 157 (71-522) 0.27
Beta-2 microglobulin mg/I 48.6 (30.9-62.6) 50.8 (38.7-61.6) 0.86

For nephrocalcinosis, individuals missing imaging were excluded from the analysis. Comparisons were between all individual subjects except for family history of DD1 and family history
of nephropathy which were between pedigrees.

follow-up visit (17.5 [11-23.8] vs. 17 [12-28.3] years;
P = 0.58). Thirteen patients (8%) developed kidney
failure at a median age of 35 years (IQR: 32.5-43.75); 11 of
these had truncating changes, including 1 family (2 in-
dividuals) carrying the variant p.Arg774Ter., and 2 un-
related individuals had the recurrent missense variant
c.941C>T (p. Ser3l4Leu).”” Multiple stone events in
more than 1 family member were reported in 4 families
with truncating changes (p.Arg774Ter, p. Phe758fs, p.
Arg4l7Ter, and p.Glu55fs) and in 1 family with a non-
truncating pathogenic variant (p.Gly330Val). Within

Truncating

u LMWP 97%

M Hypercalcuria 84%
Nephrocalcinosis 67%
Stone events 22%

M Kidney failure 10%

DD1 families of 2 or more confirmed cases, concordance
of kidney stone events, hypercalciuria (mg/d), and pro-
teinuria (g/d) were assessed. There was significant
concordance in families with 50% or more of their in-
dividuals with proteinuria (g/d) (P = 0.05), and hyper-
calciuria (mg/d) (P = 0.05) adjusted for age and body
surface area of 1.73 m>. However, familial concordance
for the presence of kidney stone events was not statisti-
cally significant (P = 0.18; Table 4)

Patients with truncating variants had a higher
albumin excretion and experienced symptomatic

Nontruncating
96%
78%
55%
18%
4%

Figure 5. Prevalence of clinical phenotypes at last follow-up in the truncating and nontruncating groups.
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Table 4. Concordance between families with 2 or more individuals confirmed for DD1

Phenotype Kidney stones P-value
% Concordance within the family 0%-50% 51%-100%
N. of families 8 14 0.18

0%-50%

Proteinuria P-value Hypercalciuria P-value

51%-100% 0%-50% 51%-100%

12 < 0.05 2 10 < 0.06

DD1, Dent disease 1.

stone passages at a younger age (Table 1). However,
patients with nontruncating variants had a greater
incidence of hematuria at the time of first presenta-
tion. There was no difference between the truncating
and nontruncating groups in lifetime stone events,
nephrocalcinosis, total urine protein (g/d) either
during the first visit or during the follow-up, pres-
ence of hypercalciuria, LMWP (-2 microglobulin or
0-1 microglobulin) (mg/d), or family history of CKD.
Families with truncating changes had a relatively
higher number of siblings and first-degree relatives
with a DD1 diagnosis than those with nontruncating
mutations.

Time-to-event survival analysis by truncating status
suggested no difference in time to reach stage 3 CKD
(P = 0.16) or stage 5 CKD (kidney failure) (P = 0.28),
nor the age of first recorded nephrocalcinosis (P = 0.45)
(Figure 6).

DISCUSSION

This study analyzed a cohort of 162 patients with
genetically confirmed DD1, with all pathogenic vari-
ants categorized as likely pathogenic or pathogenic
using ACMG criteria. We identified truncating (fra-
meshifting deletions, insertions, and duplications,

including copy number variants, nonsense, and

canonical splicing) pathogenic variants in 62% and
nontruncating (missense, noncanonical splicing, in-
frame deletions, nonstop) in 38%, consistent with
prior reports."" Clinical outcomes did not vary greatly
when patients were compared as truncating versus
nontruncating; however, urinary calcium and protein
excretion predicted clinical outcomes in the truncating
(but not the nontruncating) group. Moreover, an in-
crease in the number of kidney stone events in patients
with truncating changes correlated with their risk of
progressive loss of kidney function (documented
decline in CKD stage).

One of the striking findings in this study was that
truncating variants were distributed throughout the
protein in no apparent pattern, whereas nontruncating
changes were mainly clustered in the voltage CIC
domain. Chang et al.”” previously investigated the
functional effect of representative mutations in
cultured mammalian cells and Xenopus oocytes. The
p-Ser314Leu missense variant exhibited a large reduc-
tion of CIC-5 current (90%) compared to wildtype,
whereas other missense changes were associated with
only minimal (p.Arg4l5Trp; —35%) or no
(p-Thr727Ser) change in current amplitude.””** The p.
Ser314Leu and p. Arg415Trp variants affect the voltage
CIC domain, which extends from 220 aa to 620 aa.
However, p.Thr727Ser is in the C-terminal cytoplasmic

Kaplan-Meier survival analysis
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Figure 6. Kaplan—Meier survival analysis of clinical phenotypes by variant type (truncating vs. nontruncating). Age at CKD stage 3a (eGFR <
60ml/min/1.73m?) (a), kidney failure (eGFR < 15ml/min/1.73 m?) (b), and nephrocalcinosis (c) are shown. eGFR, estimated glomerular filtration

rate.
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domain that extends from 623 aa to 816 aa. Therefore,
the location of p.Thr727Ser probably explains why it
does not alter channel function.

In the current study, 13 patients progressed to
kidney failure. Among these, 2 unrelated individuals
had the missense p.Ser314Leu change whereas the
remainder had truncating changes (p.Arg98Ter; p.
ArglO4Ter, p.IlelO6fs; p.Ilel59fsTer8; p.Trpl89Ter;
p.Gly582?; p-Ser756fs4Ter; p.Arg774Ter).“’27
Although there is no published data regarding the
functional effects of these truncating changes, it is
likely that they do not allow the generation of protein
product with any function. Thus, we hypothesize that
the risk of kidney failure is related to residual CIC-5
activity, and that missense changes resulting in com-
plete loss of protein function will be associated with a
greater CKD risk. Therefore, in vitro assays of the ef-
fects of specific variants (especially missense ones) on
protein function could be helpful to risk-stratify pa-
tients. The lack of a clear differentiation between the
truncating versus nontruncating variants and CKD risk
may be confounded by a variable mix of residual
protein function among the nontruncating variants,
and the young age of the cohort, both reducing power
for this particular analysis.

The mechanism of hypercalciuria in DD1 is not
entirely clear.”'® However, it does not appear directly
related to CIC-5 protein function because this protein is
not involved directly or indirectly in calcium reab-
sorption in the proximal tubule. One potential mecha-
nism is that lack of parathyroid hormone reabsorption
in the proximal tubule results in secondary distal ef-
fects, notably increased formation of activated 1,25
vitamin-D.”*® The current study did not show a clear
differentiation between urinary calcium excretion in
the truncating versus nontruncating groups. However,
we observed an association between age of first kidney
stone event and truncating status. Therefore, more
easily defined clinical phenotypes (e.g., stones) may
reflect the underlying biology better than the urinary
biochemistries, which can exhibit biologic variability
and may not be frequently or repeatedly available.
Furthermore, the urinary biochemistry data are not
complete in this retrospective observational cohort,
perhaps limiting the ability to see genotype correla-
tions with the urinary calcium phenotype.

One might hypothesize that urinary calcium excre-
tion would correlate with kidney stone events and that
urinary protein excretion would correlate with CKD
risk. Indeed, these correlations were positive in the
truncating group, but not observed in the non-
truncating group. Although there were significant
correlations between the parameters and the outcomes
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in the truncating group, the correlation coefficient
suggested that the associations were not strong. In
addition, the underlying reason for these apparent
differences is not readily apparent. However, the
truncating group may represent a more homogeneous
population among whom CIC-5 protein function is
largely abolished. In contrast, the nontruncating group
is a mixture of patients with absent to poorly func-
tioning protein and those with significant residual ac-
tivity. Therefore, compensatory mechanisms may be
more effective in the nontruncating group and hence
reduce correlations of urinary calcium with harder
clinical outcomes. Furthermore, this study suggests
that strategies to effectively reduce urinary calcium
excretion might attenuate the risk of kidney stone
events, and possibly nephrocalcinosis, whereas strate-
gies that effectively reduce urinary protein excretion
might slow CKD progression, even perhaps in a subset
of the nontruncating group.

Recent studies suggest that CIC-5 is expressed in
podocytes and that focal global sclerosis is associated
with estimated glomerular filtration rate in DD1 patients
at the time of kidney biopsy.””” This observation
suggests the hypothesis that loss of CIC-5 protein ac-
tivity within podocytes influences DD1 CKD progres-
sion. In the current study, urinary albumin excretion
was higher in the truncating group. This might reflect
more complete loss of protein function and hence
greater podocyte dysfunction in this subset. Alterna-
tively, significant albuminuria can result when proximal
tubular reabsorption of filtered protein is reduced
resulting in a mixture of greater amounts of albumin
plus other proteins in the urine. Therefore, the increased
albuminuria in the truncating group might also reflect
complete loss of CIC-5 activity within the proximal tu-
bule. Indeed, urinary excretion of the low molecular
weight protein 0-1 microglobulin was also higher, albeit
nonsignificantly, in the truncating group.

Our study has several limitations. Clinical data were
extracted from clinical records and the breadth and
longitudinal nature of data were, in some cases, limited.
Moreover, the effect of medications on the urine pa-
rameters was not available in sufficient detail in the
records of our cohort to account for this potential
confounder. Furthermore, in vitro protein function data
to assess the nontruncating variants were limited. In
addition, the study’s retrospective nature and the dif-
ferences in the modality and timing of radiologic tests
across patients make it difficult to determine the exact
time of nephrocalcinosis onset. Nevertheless, we pre-
sent a detailed natural history of DD in a relatively
large number of DDI1 patients, and for the first time,
certain genotype-phenotype correlations. This study
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also increases our knowledge regarding the frequency
of recurrent variants as well as identifying several
novel changes as causes of DD1 and provides new
insight regarding the underlying etiology of certain
characteristic disease manifestations.

In conclusion, DD1 can be caused by many different
truncating and nontruncating CLCN5 variants.
Disease-causing truncating changes were localized
throughout the protein whereas nontruncating ones
were largely confined to the voltage CIC domain of the
protein. Variants associated with kidney failure were
restricted to truncating (11/13 cases), plus a single
missense variant in 2 individuals previously shown to
have markedly reduced functional activity. Therefore,
genotyping may provide prognostic information in
DDI; and in the future functional studies may add
prognostic value to genotyping when a missense
change is identified. Furthermore, data in this cohort
suggest that other disease manifestations including
kidney stone risk and progression to kidney failure are
related to the degree of residual CIC-5 function.
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