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Abstract: Dent disease-1 (DD-1) is a rare X-linked tubular disorder characterized by low-molecular-
weight proteinuria (LMWP), hypercalciuria, nephrolithiasis and nephrocalcinosis. This disease
is caused by inactivating mutations in the CLCN5 gene which encodes the voltage-gated CIC-5
chloride/proton antiporter. Currently, the treatment of DD-1 is only supportive and focused on
delaying the progression of the disease. Here, we generated and characterized a Clcn5 knock-in
mouse model that carries a pathogenic CLCN5 variant, c. 1566_1568delTGT; p.Val523del, which
has been previously detected in several DD-1 unrelated patients, and presents the main clinical
manifestations of DD-1 such as high levels of urinary b2-microglobulin, phosphate and calcium.
Mutation p.Val523del causes partial CIC-5 retention in the endoplasmic reticulum. Additionally,
we assessed the ability of sodium 4-phenylbutyrate, a small chemical chaperone, to ameliorate
DD-1 symptoms in this mouse model. The proposed model would be of significant value in the
investigation of the fundamental pathological processes underlying DD-1 and in the development of
effective therapeutic strategies for this rare condition.

Keywords: Dent disease-1; knock-in mouse model; sodium 4-phenylbutyrate; low-molecular-
weight proteinuria

1. Introduction

Dent disease is a monogenic proximal tubulopathy linked to the X chromosome
that is characterized by an incomplete renal Fanconi syndrome, low-molecular-weight
proteinuria (LMWP), hypercalciuria, nephrocalcinosis and nephrolithiasis. Between the
third and fifth decade of life, more than two-thirds of patients reach end-stage renal
disease (ESRD) [1]. This disease mainly affects male children; female carriers are usually
asymptomatic, although a few cases have been described in girls and young women
presenting a partial or even complete phenotype due to a skewed inactivation of the X
chromosome [1-5]. Approximately 60% of cases are caused by mutations in the CLCN5
gene (Dent disease-1, DD-1), which encodes for the CIC-5 chlorine/proton exchanger,
located mostly in early endosomes of the proximal tubule [3,6-8].

The mechanism by which mutations in the CLCN5 gene induce DD-1 remains unclear.
Traditionally, and given the nature of the CIC-5 protein, the most widespread hypothesis is
a defect in endosome acidification, which is essential for ligand dissociation and correct
sorting along the endocytic pathway, although some studies have shown the existence
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of pathogenic mutations that do not cause endosomal acidification damage [9,10]. In the
year 2000, the first Clenb knock-out (KO) mice were generated; the Jentsch and Guggino
models, which exhibited the phenotypic characteristics of DD-1 [11,12]. The studies carried
out in both models showed that the inactivation of CIC-5 caused a loss of the endocytosis
process, both in the fluid and in the receptor-mediated phases, and a loss of the expression
of megalin and cubilin in the cell membrane of proximal tubule cells, which would explain
the presence of LMWP [11-13]. On the other hand, CIC-5 function is needed to preserve
suitable endosomal pH and chloride concentration in the proximal tubule (PT). Although
CIC-5 is mainly co-localized with vacuolar H*-ATPase in renal cells, it is not obvious how
it modulates its activity [8,14]. In these KO mouse models, the expression of vacuolar H*-
ATPase is preserved but altered expression has been reported in some DD-1 patients [11,15].
Recently, the importance of functional coupling between CIC-5 and V-ATPase for proper
endosomal acidification and maturation has been confirmed [16]. Additionally, there is
increased evidence that CIC-5 and other ion exchangers of the CIC family exchange one H*
for two CI™ anions, and that CIC-5 is required to support constant import of protons by the
V-ATPase [17].

In 2010, Novarino et al. generated a Clcn5 knock-in (KI) mouse [9]. Unlike KO mice,
where gene expression is null, KI mice generally express a mutated protein. These KI
models are used as a complementary or alternative strategy to the KO mouse and have
several applications, including the study of the physiological role of the specific disease-
causing mutation in humans. In this KI model, a mutation, p.Glu211Ala, not detected in
any patient, was introduced. This variant uncouples C1~ /H* transport, thereby converting
the mutant protein into a C1~ channel. This KI mouse presented the same phenotype as
the KO mouse. However, normal levels of endosomal acidification were observed, which
implies that damage to this mechanism does not provide a sufficient explanation of what
happens in DD-1 [9].

We cannot discard other mechanisms by which loss of CIC-5 might modify membrane
traffic such as via effects on lipid composition or dynamics [18]. A study that compared
gene expression in dissected PTs of CIC-5 KO and WT mice described that the majority
of pathways considerably affected are related to lipid metabolism, and particularly to
fatty acid and cholesterol metabolism [19]. Nevertheless, transcriptional changes in lipid
metabolism genes have not been established in DD-1 patients.

KO mice models have been very useful for understanding the pathogenesis of DD-1;
however, as they do not express the CIC-5 protein, their use for the development of thera-
peutic approaches has been limited. More recently, a DD-1 KO mouse model was generated
using CRISPR-Cas9 technology and used to test kidney delivery of human CLCN5 cDNA
in a lentivirus-mediated gene therapy strategy. However, the therapeutic effects initially
observed disappeared after the third month and were not recovered, probably due to the
activation of the immune response against the transgenic product [20].

At the moment, there is no specific therapy for DD-1 patients, only supportive mea-
sures aimed at slowing the progression of kidney disease. Eventually, patients that progress
to ESRD undergo hemodialysis followed by kidney transplantation [1,2]. No drug has
been developed for this rare pathology, and there are currently no pharmacological clinical
trials related to DD-1 (EU Clinical Trials Register https:/ /www.clinicaltrialsregister.eu/,
NIH Clinical Center Trials https://clinicaltrials.gov/, WHO Clinical Trials Search Por-
tal https:/ /www.who.int/ clinical-trials-registry-platform /the-ictrp-search-portal, all ac-
cessed on 20 April 2024).

Here, we present the generation and characterization of a new Clcn5 KI mouse model
carrying mutation p.Val523del, which has been detected in several unrelated patients from
different countries [21-25], hence it may be a possible mutation hotspot of the CLCN5 gene.
This mutation causes the deletion of valine 523, located in the P helix of the CIC-5 protein
that is involved in the conformation of the CIC-5 homodimer. Therefore, it is expected that
this deletion may result in destabilization of the structure or the prevention of interaction
between the two monomers [26,27]. On the other hand, it has been shown that mutation
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p-Val523del reduces CIC-5 expression both at the mRNA and protein levels [28], and elec-
trophysiological studies of this mutation in HEK293 cells demonstrated that it resulted
in the complete elimination of currents [21]. Additionally, we studied the potential effect
of sodium 4-phenylbutyrate (4-PBA) in this model in order to ameliorate the effects of
the disease. Various studies have shown that the use of low-molecular-weight chemical
chaperones can alleviate the symptoms of several renal, cardiovascular, neurological, en-
docrine and respiratory diseases [29-34]. Previous assays have shown that 4-PBA treatment
significantly reduced 24 h urinary albumin excretion in the urine of mice with acute kidney
injury [33]. Its therapeutic potential has been established in models of different diseases
in vivo and in vitro, where it has been shown that it attenuates endoplasmic reticulum
stress and decreases apoptosis and pyroptosis in renal tubule cells, as well as renal inter-
stitial fibrosis [35-38]. The lack of animal models for DD-1 that express a mutant CIC-5
protein and mimic the phenotype of this disease hinders the study of disease mechanisms
and the evaluation of potential new therapies. Addressing this gap would be of great value
in the investigation of DD-1. Our main objective was to develop an animal model for DD-1
that would be useful for the preclinical evaluation of molecules with therapeutic potential,
such as low-molecular-weight chaperones. Our KI model complements the existing ones
and provides a tool for the study of possible treatments aimed at recovering the phenotype
of the CIC-5 protein.

2. Results
2.1. Generation of Clcnb Val523del Knock-in Mice

Clenb Val523del KI mice were generated by homologous recombination in ES cells
to create a mutant allele (PolyGene Transgenetics, Riimlang, Switzerland) (Figure 1A).
Southern blot analysis of Sphl-digested DNA derived from six potentially positive ES
clones resulted in a band of 12.3 Kb that confirmed the correct homologous recombination,
as opposed to the band of 15.4 Kb, which corresponds to the size of the normal allele
(Supplementary Figure S1). The positive clones were injected into C57BL/6 ES blastocysts,
implanted in pseudo pregnant females and chimera mice were generated. Chimeras were
bread to germ-line Flp-expressing mice for neomycin cassette removal. The quantification
obtained by the average of two independent Western blots carried out showed that, unlike
the KO models, the KI model expressed the mutant CIC-5 protein and also in the same
amount as the WT, as shown in Figure 1D.

2.2. Genotyping

Sequencing analysis of genomic DNA of the mice generated showed that the KI mice
had a deletion of the TGT nucleotides corresponding to the loss of valine 523 in the CIC-5
protein (Figure 1C). These nucleotides do appear in WT mice. In the case of females, the
carriers presented a double reading from the deletion, which corresponds to the overlap of
the WT and the mutated allele (Figure 1B).

2.3. Phenotypic Characterization of Clend Val523del Knock-in Mice

The Clcn5 Val523del KI mice (KI) were fertile, the number of offspring per litter was
normal, as was the percentage of females and males. No survival studies were performed,
since the experiment ended at four months of age, although one litter was maintained for
eight months and showed no differences in aging compared to WT mice. All mice selected
for characterization were males. The evolution of size was measured by weight, in which
no significant changes were observed (Figure 2A). In addition, as shown by the data on
water and food ingested, the KI mice did not show significant differences when it came to
feeding (Figure 2B,C). Since LMWP (measured as (3-2-microglobulin), increased calcium
and phosphate excretion in urine and increased diuresis are some of the indicators of DD-1,
these parameters were measured and compared between KI and WT mice (Figure 2D-G).
The reflected values in Figure 2A—G correspond to the mean and standard deviation.
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Figure 1. Generation of Clcnb Val523del knock-in. (A) Schematic representation of the gene targeting
strategy. The diagram shows the wild-type (WT) Clcn5 locus, targeting vector and targeted locus
after FIt homologous recombination. The targeted construct contained the Clcn5 homologous regions
(exons 8 to 12 and flanking exons) with the TGT 1566—-1568del mutation (*) in exon 10 and an FTR-
flanked neomyecin cassette (Neo) inserted in intron 9. After homologous recombination, this cassette
was excised by Flt recombination. (B) Examples of electropherograms of direct DNA sequencing of
PCR products containing the deletion site in exon 10 of WT mouse, KI and carrier female, respectively.
The arrow indicates region of overlap between WT and mutant sequences (C) Deletion of nucleotides
1566-1568 (TGT) leads to the loss of valine 523 in the CIC-5 protein. Nucleotides in red are those
affected by the deletion (D) Western blot of CIC-5 expression in kidney and quantification.

LMWP, expressed as [3-2-microglobulin excretion (Figure 2D), was 18-fold higher in
the KI model compared to the WT group (p < 0.0001). Furthermore, 3-2-microglobulin
excretion in the KI model was doubled at day 31 after the beginning of the experiment
(Supplementary Table S1). KI mice excreted 75% more calcium at T31 compared to the
WT group (p < 0.05) (Supplementary Table S1), and the calcium excretion increased 8%
as the experiment progressed (Figure 2E). At T21, we observed a significant difference in
the phosphate excretion data in the KI group (p < 0.01) (Figure 2F), compared to the WT
group, as is shown in Supplementary Table S1. This trend was maintained throughout the
experiment, at the end of which, a 15% increase was observed, unlike in the WT group, in
which the data remained stable. This significant difference reached its maximum at T31
(p < 0.05), when the KI mice excreted twice as much calcium as the WT group.
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Figure 2. Phenotype of the Clcn5 Val523del knock-in mouse model. (A-G) Comparison between KI
and controls of weight, food and water intake, LMWP ([3-2-microglobulin), calciuria, phosphaturia
and diuresis. The bars correspond to the mean and standard deviations. Orange and green bars
correspond to KI and control (WT) mice, respectively. *, **, *** and **** correspond to p < 0.05, p < 0.01,
p <0.001 and p < 0.0001 vs. Control.

A progressive increase in urine output was observed as the experiment progressed,
as shown in Figure 2G. At T31, a significant increase in the urinary excretion of the KI
model was observed with respect to the WT group. In this case, the KI group excreted
approximately 59% more than the WT group (p < 0.01). The results divided by interquartile
range are shown in Supplementary Figure S2, where it is observed that KI mice present
polyuria, LMWP, hypercalciuria and hyperphosphaturia, especially in medium ranges,
compared to WT mice.

2.4. Effect of 4-PBA in the Phenotype of Knock-in Clcn Val523del Mice

We then studied the effect of 4-PBA in 3-2-microglobulin excretion, diuresis, calciuria,
phosphaturia, weight, food intake and water intake of the KI mice. All mice selected for
treatments and control experiments were males. As in the characterization results, the
values represented in Figure 3 correspond to the mean and standard deviation of the results
of the KI treated (KI T) and KI untreated (KI U) mice. (Figure 3) The results of the treated
and untreated WT groups are shown in Supplementary Figure S3, where a significant
increase in phosphaturia was found in the treated group (p < 0.01). No differences were
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observed in weight and food intake results in the treated (KI T) and untreated (KI U) groups
(Figure 3A,B). A significant reduction in water intake was observed in KI T mice at T31
compared to KI T mice at TO (p < 0.05) (Figure 3C).
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Figure 3. Results of 4-PBA treatment of the Clcn5 Val523del mouse model. (A-G). Comparison of
weight, food and water intake, LMWP, calciuria, phosphaturia and diuresis between KI treated (KI T)
and untreated (KI U) mice. The bars correspond to the mean and standard deviations. Striped and
unstriped bars correspond to KI T and KI U mice, respectively. * and ** correspond to p < 0.05 and
p <0.01 vs. Untreated /KI T TO vs. KI T T31.

The LMWP results showed a significant difference between the KI T and KI U groups
at T21 (p < 0.01) and T31 (p < 0.001) (Figure 3D). At T21, (3-2-microglobulin excretion
decreased from 799.7 ng/24 h in the KI U group to 181 ng/24 in the treated mice, which
represents a reduction of 77%. This reduction percentage was maintained at T31, where
a decrease from 936.1 ng/24 h in the KI U group to 219.8 ng/24 h in the KI T group was
observed (Figure 3D). The KI T group showed a significant reduction in (3-2-microglobulin
excretion at T21 (p < 0.001) and T31 (p < 0.001) (Figure 3D). At the end of the experiment, we
observed a decrease from 675.8 ng/24 h at TO to 219.8 ng/24 h at T31, which represents a
67% reduction. Regarding the WT mice, at T31, the excretion of the KI T group was six times
higher than the WT T group, which contrasts with the U groups, where the difference was
almost 20 times higher (Supplementary Tables S1 and S2). We performed a classification of
the individuals of both KI groups based on their level of LMWP, and we observed that as
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the experiment progressed, in the case of the KI U group the number of mice with medium
and high excretion values increased from 76% at TO to 95% at T31. In the KI T group, the
percentage of mice with medium and high LMWP excretion obtained at T0, as in the U
group, was 75%, however, at T31, the percentage of mice with medium to high excretion
values was 24%, which is a 71% reduction from the KI U group (Table 1).

Table 1. Percentage of KI treated and untreated mice classified based on their 3-2-microglobulin
excretion. The percentages at T0, T21 and T31 are shown. This classification was made by analysis of
quartiles, with low excretion being below the first quartile, average excretion between the second and
third quartiles, and high excretion above the last quartile.

TO T21 T31
Low Medium High Low Medium High Low Medium High
Untreated 23.8% 52.4% 23.8% 14.3% 57.1% 28.6% 4.8% 57.1% 38.1%
Treated 24.1% 51.7% 24.1% 68.9% 27.6% 3.4% 75.9% 13.8% 10.3%

Although there was no significant reduction in calcium excretion in KI T mice com-
pared to KI U, a reduction in the variability of the data was observed (Figure 3E). Fur-
thermore, when comparing the data from KI T mice with WT T mice, we observed that
at T21 and T31, the significant difference in calcium excretion with respect to WT mice
disappeared (Supplementary Table S2). Regarding the urinary phosphate levels observed
in Figure 3F, the KI T group presented an increase in urinary phosphate excretion at T31
compared to TO (p < 0.05). No differences were observed between the T and U groups at
T31, both in the KI model and in the WT groups (Figure S2 and Figure 3F). No differences
were observed in the diuresis of the KI T mice with respect to the KI U mice (Figure 3D),
although we did find, as in the calcium excretion data, that the polyuria presented at TO
with respect to the WT T mice, disappeared at T21 and T31 (Supplementary Table S2).
Supplementary Figure 54 shows the results of 4-PBA treatment in the KI model separated
by interquartile range. We observed that the reduction in LMWP occurred at all levels.
Calcium excretion was also significantly reduced at medium levels, whether we compare
between TO and T21 in the T group (p < 0.01) or when comparing between T and U groups
at T21 (p < 0.001).

The analysis of the characterization data showed a significant difference between both
groups (p = 0.017 *). The MANOVA analysis of the 4-PBA treatment results also showed a
significant difference between the KI T and KI U groups (p = 0.01 *). This difference was
higher in the 3-2-microglobulin data, in which the p-value at T21 and T31 was 0.005 ** and
0.008 **, respectively.

3. Discussion

DD-1 lacks therapeutic options beyond those aimed at palliating its symptoms, so it is
important to develop a new strategy aimed at correcting or reducing the molecular effects
caused by CLCN5 mutations. As observed in the Western blot results presented in this
manuscript and in the studies carried out by Duran et al. [28], the p.Val523del mutation
affects the intracellular localization of the protein, but not its expression. The two existing
KO mouse models for DD-1 do not express the CIC-5 protein [11,12]; therefore, they have
not been used to test potential drug therapies. In the present study, we have generated a
KI mouse of the C57BL/6 strain carrying Clcnb deletion p.Val523del, located in exon 10.
This KI mouse expresses a mutated CIC-5 protein, so it could be useful for the study of
molecular effects caused by the mutation and to test pharmacological treatments. We first
verified that this mouse presented the phenotypic characteristics of DD-1. LMWP, which
affects 100% of DD-1 cases, as well as hypercalciuria and hyperphosphaturia, present in
80% and 30% of patients, respectively, have been considered for this characterization [2,39].
Body weight, the amount of food and water ingested, and the amount of urine excreted in
24 h were also monitored.
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LMWP was calculated by analyzing (3-2-microglobulin in mice urine at 24 h. This
low-molecular-weight protein is the most widely used for the calculation of LMWP in
humans [40]. Throughout the experiment, an increase in the 3-2-microglobulin excreted by
the KI mice was observed, indicating the progression of the disease. At 12 weeks of age,
75% of the KI mice presented LMWP. DD-1 is a pediatric disease, so all mice are expected
to have debuted with LMWP before adulthood. This lower percentage may be due to the
fact that C57BL/6 mice are often resistant to developing proteinuria [41]. This variability
could be a limitation for the applicability of our findings to other mouse models or to DD-1
patients. At 16 weeks of age, the percentage of mice with LMWP increased to 95%. Only
one mouse presented a normal LMWP value, although in the upper range. On average,
within 31 days, 3-2-microglobulin excretion was twice as high as at the beginning of the
experiment. Compared to WT mice, a 20-fold higher excretion of 3-2-microglobulin was
observed in the KI group at the end of the experiment. The great variability observed in
the data, which was around 150

%, should be noted as a limitation of this study. However, several studies have
shown that this variability also occurs in humans [40,42]. Likewise, the quantitative
data of clara cell protein (CC16) excretion in the Guggino KO model also showed high
variability [12]. Additionally, the total proteinuria calculated in mice of the C57BL/6 strain
showed a deviation of practically 100% [43]. Stechman et al. attributed this variability
in the murine models to random factors such as the social hierarchy, which can lead to
aggressions and, therefore, a higher level of stress or the changes in the behavior and
physiology of the animals when placed in the metabolic cages, even with a previous
period of acclimatization, a factor that has already been reported in other studies [44,45].
Furthermore, other stress factors in the animals, such as their handling by the researcher,
must also be considered [46—48]. The values of LMWP observed in our study are not
comparable to others described in the literature, since in both the Clcn5 KO models and
in other models on the C57BL/6 strain, LMWP was measured using other low-molecular-
weight proteins like CC16, non-quantitative measures of 3-2-microglobulin, or just as total
proteinuria [12,41,43].

The KI mouse group presented polyuria, with no significant differences in the amount
of water ingested. As in the 3-2-microglobulin data, polyuria increased as the experiment
progressed, unlike in the WT group, in which the values remained stable. An upward
progression was also observed in the calciuria and phosphaturia data of the KI group, in
addition to a significant difference in both cases compared to the WT group. An increase
in tubular PTH can induce an increase in 1-a-hydroxylase and therefore an elevation in
calcitriol, as observed in KO models and in patients with DD-1 [11,12]. At the intestinal
level, calcitriol would increase calcium absorption, so it would be expected that this in-
crease would produce hypercalciuria and nephrolithiasis. However, a decrease in 25(OH)D
endocytosis and a very significant increase in urine were also observed in KO mice, so it
is believed that the balance between 25(OH)D and stimulation of 1-x-hydroxylase, both
produced by a loss of CIC-5 function, would determine the presence or absence of hypercal-
ciuria and that this balance could depend on genetic or nutritional factors [3,11,12,49,50].
The NHE3 exchanger also appears to play an important role in receptor-mediated endocy-
tosis [51]. In this case, a reduction in its expression was also observed in both KO models
and in PTH-induced endocytosis in the Jentsch model and could also explain the cases of
metabolic alkalosis and hypokalemia in patients with DD-1 [3,52]. On the other hand, in the
Jentsch KO model, hyperphosphaturia was associated with decreased NaPi2a expression.
In KO models, PTH was found at normal levels in serum, but an increase of approximately
1.7-fold in urine was observed compared to WT mice, due to lack of internalization into the
cell due to loss of PTH and megalin, which led to the conclusion that phosphaturia in KO
mice could possibly be caused by decreased endocytosis of filtered PTH [3,11-13,49,52].

Compared to WT mice, our KI mice exhibited LMWDP, hypercalciuria, hyperphospha-
turia and polyuria. These results are comparable to the Guggino KO model [12], in which
the same phenotypic characteristics were observed, and unlike the Jentsch model [11],
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which did not present hypercalciuria. These data confirm that our KI Clcn5 Val523del
mouse is a good model for the study of DD-1 since it presents the main clinical characteris-
tics of the disease, especially LMWP. In addition, our model could be useful for the study
of possible therapeutic options that help mitigate the disease symptoms.

The deletion of valine 523 in CIC-5 causes, at least partially, an increase in stress in the
ER due to the partial retention and accumulation of the mutated protein [28]. This mutation
can also alter the endocytosis pathway and the ion transporter function of the protein. A
broader focus on these pathways could provide a more comprehensive understanding of
DD-1 pathology and treatment responses. Chemical chaperones are molecules capable of
stabilizing a target protein, allowing it to exit the ER and thus reducing reticular stress.
In this study, the therapeutic effect of one of these chaperones, 4-PBA, was evaluated in
the KI Clcnb Val523del model. The drug, 4-PBA, has been approved by the European and
American drug agencies for its current use for the treatment of metabolic diseases related
to the urea cycle, since it reduces ammonia and glutamine concentrations in plasma [53].
On the other hand, it has also been observed in some studies that 4-PBA helps stabilize
protein folding [31,33,38]. Its main mechanism of action is through the interaction of
its hydrophobic regions with the exposed hydrophobic segments of misfolded proteins,
preventing protein aggregation, promoting protein folding and preventing ER stress [54].
Evidence shows that 4-PBA modulates the misfolded protein response and acts as a histone
deacetylase inhibitor, modulating chromatin remodeling and transcription by increasing
histone acetylation [55] and regulating the expression of anti-apoptotic genes [56]. Its
therapeutic potential has been widely established as a potential anti-cancer agent and in
diseases caused by misfolded proteins, such as cystic fibrosis, thalassemia, spinal muscular
atrophy, type 2 diabetes mellitus, amyotrophic lateral sclerosis, Huntington’s disease,
Alzheimer’s disease and Parkinson’s disease [54,57-62]. In the kidney, it has been shown
to attenuate ER stress and decrease apoptosis in renal tubule cells and renal interstitial
fibrosis [35,36] and to reduce the concentration of albuminuria in mice with acute kidney
injury [33]. Therefore, we hypothesized that 4-PBA could be useful to reduce LMWP in
DD-1 patients with mutations that cause retention of the CIC-5 protein in the ER.

Drug repositioning offers several advantages over the search for new formulas to treat
a disease. One of the biggest problems with the discovery of new molecules is the lack
of security it offers [63]. According to data from Orphanet, only 10% of trials with new
molecules give a positive therapeutic effect on the disease, so the development of new
drugs aimed at treating rare diseases, due to their low prevalence, represents a very high
economic investment. In this case, 4-PBA has already shown its safety in preclinical and
human trials. In addition, the time required for its use as a possible treatment for DD-1
would be significantly reduced and the large financial investment required by new drugs
both in their development stage and in phases I and II of tests would not be necessary in
humans [63].

We observed a reduction of 77% in the excretion of 3-2-microglobulin in the KI T group,
which was maintained until the end of the experiment. In addition, the data variability was
reduced in these mice, going from 150% in the untreated group to 100% in the treated group.
On the other hand, a division by degree of LMWP was performed using the interquartile
range, in which the same behavior was observed in all groups, so there was no difference
in the action of 4-PBA depending on the degree of LMWP. Comparing the KI and the
WT group, LMWP is still observed in the KI T mice, but this difference goes from being
twenty times higher in the untreated group to six times higher in the treated group. As a
percentage, 24% of the KI T mice exhibited medium or high levels of 3-2-microglobulin
excretion at T31, in contrast to 95% observed in the untreated group. This reduction in
urinary 3-2-microglobulin may be due to two factors: the 4-PBA may be helping the correct
folding of CIC-5 and promoting its arrival at its destination, or as seen in previous studies,
treatment with 4-PBA produces a cellular increase in megalin and cubilin levels, both in
kidney lysate and in the plasma membrane [33]. It is possible to think that this increase in
megalin and cubilin may be due to the chaperone effect, although Mohammed-Ali et al.
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also found not only an increase in these receptors in the cell membrane, but also an increase
in mRNA levels, so further studies would be necessary in this regard [33]. The increase in
megalin and cubilin could replace the loss of these proteins occurring in DD-1, due to the
lack of recycling of the endosomes towards the membrane caused by the malfunction of
CIC-5[9,11-13]. In turn, this would produce an increase in the absorption of low-molecular-
weight proteins, so the treatment with 4-PBA could be useful for different cases of DD-1,
not just those in which the protein is retained in ER.

Regarding urine excretion, no significant differences were observed between the KI T
and KI U groups, although the diuresis data of the KI T mice does not show the tendency
to increase over time that is seen in the KI U group. KI T data remained stable throughout
the experiment. Furthermore, in the comparison of the KI T mice with the WT T group,
we observed that the KI mice presented polyuria at the beginning of the experiment and
this significant difference was lost as the treatment with 4-PBA progressed. The results of
calcium excretion were similar to those of diuresis. No significant differences were observed
between the KI T and KI U groups, although the data did stabilize and the tendency to
increase over time presented by the KI U mice was lost. We have no suitable explanation
for this but perhaps it has to do with the fact that hypercalciuria is not a constant feature of
DD-1. In addition, although it was not significant, we observed a decrease of approximately
30% in the data at T21 that was maintained at T31. It is also worth highlighting the decrease
in the dispersion of the data of the KI T group. On the other hand, as in the diuresis data,
when comparing the KI T group with the WT T at TO, the KI mice presented a significant
increase in calcium excretion with respect to WT. This increase disappeared with treatment
at T21 and T31. Also, the two treated groups, KI and WT, started with lower phosphaturia
values than those of the untreated groups. In samples T21 and T31, an increase in excretion
was observed, in which the values were equal to the untreated group. To date, no other
study has described the effect of 4-PBA on these ions in urine.

In summary, our KI mouse model shows the main characteristics of DD-1 and is
therefore a suitable model for testing therapeutic drugs. KI mice treated with 4-PBA
exhibit significantly decreased (3-2-microglobulin excretion. Further work will be needed
to determine whether the treatment with 4-PBA reduces ER retention of the mutated CIC-
5 protein in the kidney of KI mice and to establish whether the reduction in LMWP is
directly related to a more efficient endocytosis process. Although interspecies variations in
drug metabolism should be considered and clinical trials should be conducted to confirm
the efficacy of 4-PBA in DD-1 patients, our results suggest that 4-PBA could be useful in
slowing the progression of DD-1 in patients with CLCN5 variant p.Val523del. Furthermore,
we propose that this chaperone could be suitable for DD-1 patients with other mutations
that result in partial or total retention of the CIC-5 protein in the ER.

4. Materials and Methods
4.1. Preparation of the Targeting Vector and Generation of Clen5 Val523del Knock-in Mice

C57BL/6 mice carrying the c¢.1566_1568delTGT; p.Val523del mutation in the Clcnb gene
were generated by PolyGene Transgenetics (Riimlang, Switzerland) using gene targeting in
ES cells. The targeting vector contained two Clcn5 homologous regions with the mutation
in exon 10 and an FTR-flanked neomycin resistance cassette (Neo) inserted in intron 9
(Figure 1A). For the construction of this vector, the Clcn5 homology regions were amplified
by PCR from a BAC DNA template (RP23-440N3), and the mutation was introduced by
overlap extension PCR. The construct was verified by DNA sequencing. The targeting
vector was then linearized with Xhol and electroporated into C57BL/6 ES cells. G418
was used to select for stable transfection. PCR, Southern blotting and sequencing were
used to screen and validate clones. Positive ES-cell clones were injected into C57BL/6
ES blastocysts to generate chimeric mice. Lastly, the FTR-flanked neomycin cassette was
excised by Flt recombination upon breeding with germ-line Flp-expressing mice. For this
work, the principle of the three Rs was followed. Males and females were separated from
each litter without there being more than six animals per cage at the time of carrying
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out the experiment. All mice were housed in ventilated cages in rooms with controlled
temperature, humidity and a 12 h light/12 h dark cycle. Water and food were supplied ad
libitum. These processes were performed in the laboratory animal facility of the University
of La Laguna. The study protocol and animal procedures were approved by the Comité de
Etica y Bienestar Animal (CEIBA) of University of La Laguna and the Direccién General
De Ganaderia de la Consejeria de Agricultura, Ganaderia, Pesca y Aguas del Gobierno
de Canarias.

4.2. Genotyping

Genotyping of mice was performed between 4 and 6 weeks of age by standard poly-
merase chain reaction (PCR) procedures on DNA derived from ear tacking. Both DNA ex-
traction and amplification were performed using the AccuStart™ II Mouse Genotyping Kit
(Quanta Biosciences, Beverly, MA, USA) following the manufacturer’s instructions and the
following PCR primers: E10genotF: 5-ACTGACTCCCATGCTTTGCT-3' and E10genotR:
5'-CATCACATCCATTGCCAGAG-3'. The obtained amplicons were purified with the
NucleoSpin™ Gel and PCR Clean-up Kit (Macherey Nagel, Dueren, Germany) and sent to
Macrogen Spain for sequencing. Sequences were compared in BLAST with the reference
sequence for Clcnb (AF134117.1).

4.3. Western Blot

The expression of the murine CIC-5 protein in the kidney was analyzed by Western
blot to confirm its expression in the Clenb Val523del KI model. Total proteins were obtained
from kidney lysates from WT and KI mice and separated by 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to a 0.45 um
nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked with
5% nonfat milk powder in TBS buffer supplemented with 0.1% Tween 20 (Sigma-Aldrich,
St. Louis, MO, USA) for 1 h at room temperature under shaking. To detect the protein, a
CIC-5 Polyclonal Antibody (ThermoFisher Scientific, 1:1000, Waltham, MA, USA) was used.
Actin was taken as a constitutive WT protein and was detected using the 3-Actin Mouse
mAB antibody (Cell Signaling Technology, 1:1000, Danvers, MA, USA). The membrane
was analyzed in a Fusion Solo S chemiluminescence chamber (Vilber Lourmat, Collégien,
France) using EvolutionCapt software v18.02 (Vilber Lourmat, Eberhardzell, Germany).
Quantification of the bands was performed with the Fiji software (https://imagej.net/
accessed on 3 November 2023) [64] using the ROI Manager tool. The ratios represented
are between the WT mouse and the KI for CIC-5, and for actin. The ratio between CIC-
5 and actin was also obtained in both cases. The data obtained are the average of the
quantification of two independent Western blots carried out. A t-test was performed to
confirm whether significant differences existed.

4.4. Phenotypic Characterization

All mice selected for phenotypic characterization were males. At three months of
age (TO0), urine excreted in 24 h by 13 WT and 21 Clcnb Val523del KI mice was collected
using metabolic cages with 24 h of prior acclimatization, in addition to the amount of
water and food ingested in 24 h, individually. This collection was repeated 21 (T21) and
31 (T31) days later. Measurements related to the main phenotypic characteristics of DD-1
were performed on urine samples; 3-2-microglobulin excretion using the Mouse Beta-2-
Microglobulin ELISA Kit (Abcam, Cambridge, UK), calcium and phosphate, using the
Calcium Colorimetric Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) and Phosphate Assay
Kit (Sigma-Aldrich, St. Louis, MO, USA), respectively, and creatinine in serum and urine,
using the Mouse Creatinine ELISA Kit (My BioSource, San Diego, CA, USA). All assays
were performed following the manufacturers’ instructions.
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4.5. Treatment with 4-PBA

All mice selected for treatments and control experiments were males. Treatment with
4-PBA (Santa Cruz Biotechnology, Paso Robles, CA, USA) was administered in water for 31
days to 20 WT and 29 Clcn5 Val523del KI mice randomly assigned to four groups: WT and
KI mice receiving treatment (treatment group) and WT and KI mice receiving only water
(WT group). Due to the variability in the doses used in previous studies, an intermediate
dose of 250 mg/kg/day was established [65,66]. Serum (24 h) and urine samples were taken
to re-determine the values of the mentioned characteristic clinical parameters of DD-1.

4.6. Statistical Analysis

Due to the nature of this experiment, we sought to obtain sufficient statistical power of
the data to ensure the results. The sample size was calculated using the G*Power application
v 3.1.9.7 (Heinrich-Heine-Universitdt, Diisseldorf, Germany) [67] (https:/ /www.psychologie.
hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower accessed
on 3 November 2023). Due to the lack of data from previous studies in this regard, both the
mean and the variability of the groups were fixed with respect to the results obtained in
the analysis of a group of five mice from each group (WT and KI). Statistical analysis of the
results was performed with the GraphPad Prism 9 software v9.0.0 (GraphPad Software,
San Diego, CA, USA) (https:/ /www.graphpad.com/ accessed on 3 November 2023). For
all data, normality tests were performed. Subsequently, and based on the results of the nor-
mality test, parametric (one-way ANOVA) or non-parametric tests (Kruskal-Wallis) were
performed to compare groups. In addition, a multivariate analysis of variance (MANOVA)
was performed using SPSS software v29.0 (IBM, Armonk, NY, USA) to analyze the differ-
ence between groups and the effect of 4-PBA on them. The variables 3-2-microglobulin,
phosphaturia and calciuria were included in this analysis. On the other hand, the 3-2-
microglobulin data from treated and untreated KI mice were divided into low, medium or
high excretion groups established by the 25th and 75th percentiles. The statistical power of
this analysis was 0.93.
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