THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 15, pp. 10715-10726, April 11, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

No Amelioration of Uromodulin Maturation and Trafficking

Defect by Sodium 4-Phenylbutyrate in Vivo
STUDIES IN MOUSE MODELS OF UROMODULIN-ASSOCIATED KIDNEY DISEASE™

Received for publication, November 21, 2013, and in revised form, February 13,2014 Published, JBC Papers in Press, February 24, 2014, DOI 10.1074/jbc.M113.537035
Elisabeth Kemter*', Stefanie Sklenak®, Birgit Rathkolb™", Martin Hrabé de Angelis*", Eckhard Wolf*,

Bernhard Aigner’, and Ruediger Wanke!

From the *Chair for Molecular Animal Breeding and Biotechnology, Gene Center, Ludwig-Maximilians-Universitét Miinchen, 81377
Munich, Germany, SGerman Mouse Clinic, Institute of Experimental Genetics, Helmholtz Zentrum Miinchen, 85764 Neuherberg,
Germany, YGerman Research Center of Diabetes Research (DZD), Helmholtz Zentrum Miinchen, 85764 Neuherberg, Germany, and
linstitute of Veterinary Pathology, Center for Clinical Veterinary Medicine, Ludwig-Maximilians-Universitét Miinchen,

80539 Munich, Germany

disease (UAKD).

ylation of several NF-«B pathway components was increased.

\_

(Background: In vitro studies suggested the chemical chaperone 4-PBA as treatment of uromodulin-associated kidney
Results: 4-PBA did not ameliorate uromodulin maturation defects in two UAKD mouse models. Renal abundance/phosphor-

Conclusion: 4-PBA failed to cure UAKD in vivo but deteriorated kidney function.
Significance: NF-kB pathway was revealed as a potential target for UAKD treatment.

J

Uromodulin (UMOD)-associated kidney disease (UAKD)
belongs to the hereditary progressive ER storage diseases caused
by maturation defects of mutant UMOD protein. Current treat-
ments of UAKD patients are symptomatic and cannot prevent
disease progression. Two in vitro studies reported a positive
effect of the chemical chaperone sodium 4-phenylbutyrate
(4-PBA) on mutant UMOD maturation. Thus, 4-PBA was sug-
gested as a potential treatment for UAKD. This study evaluated the
effects of 4-PBA in two mouse models of UAKD. In contrast to
previous in vitro studies, treatment with 4-PBA did not increase
HSP70 expression or improve maturation and trafficking of
mutant UMOD in vivo. Kidney function of UAKD mice was actu-
ally deteriorated by 4-PBA treatment. In transfected tubular epi-
thelial cells, 4-PBA did not improve maturation but increased the
expression level of both mutant and wild-type UMOD protein.
Activation of NF-«kB pathway in thick ascending limb of Henle’s
loop cells of UAKD mice was detected by increased abundance of
RelB and phospho-IkB kinase a/, an indirect activator of NF-kB.
Furthermore, the abundance of NF-kB1 p105/p50, NF-«kB2 p100/
p52, and TRAF2 was increased in UAKD. NF-kB activation was
identified as a novel disease mechanism of UAKD and might be a
target for therapeutic intervention.

Uromodulin-associated kidney disease (UAKD)? is a domi-
nant hereditary disorder caused by mutations of the uromodu-

* This work was supported by the German Research Foundation (DFG grant
KE1673/1-1) and by Infrafrontier Grant 01KX1012.

"To whom correspondence should be addressed: Chair for Molecular Ani-
mal Breeding and Biotechnology, Gene Center, Ludwig-Maximilians-
Universitat Mnchen, Feodor-Lynen Str. 25, D-81377 Munich, Germany.
Tel.: 49-89-2180-76802; Fax: 49-89-2180-76849; E-mail: kemter@Imb.
uni-muenchen.de.

2 The abbreviations used are: UAKD, uromodulin-associated kidney disease;
UMOD, uromodulin; IKK, IkB kinase; TALH, thick ascending limb of Henle's

APRIL 11,2014 +VOLUME 289-NUMBER 15

lin (UMOD) gene and comprises medullary cystic kidney
disease type 2 (MCKD2; OMIM #603860), familial juvenile
hyperuricemic nephropathy (FJHN; OMIM #162000), and glo-
merulocystic kidney disease (GCKD; OMIM #609886) (1-3). In
about 80% of UAKD cases, earliest symptoms are hypourico-
suric hyperuricemia, frequently associated with gout, com-
monly diagnosed in the late teenage years or in young adults (1,
4, 5). Furthermore, a mild defect in urinary concentration abil-
ity and a usually strong decrease of urinary uromodulin excre-
tion are present. UAKD is progressive and can lead to end-stage
renal disease at an age ranging between 25 and >70 years with
the need of renal replacement therapy (4, 6, 7). Histomorpho-
logical kidney alterations usually comprise diffuse tubulointer-
stitial fibrosis with moderate inflammatory cell infiltration,
tubular atrophy, and intracytoplasmic accumulation of uro-
modulin in tubular cells (4, 8). In about one-third of the
patients, uni- or bilateral renal cysts are diagnosed (7).

Allelic UMOD variants causing UAKD are rare and have to
be differentiated from common allelic variants of the UMOD
gene. In various genome-wide association studies, common
allelic UMOD promoter variants were identified to be associ-
ated with increased risk of chronic kidney disease and other
complex traits, such as hypertension and kidney stones (for
review, see Ref. 4). These risk variants of the UMOD promoter
were recently identified to increase UMOD expression and
secretion, which leads, by influencing salt reabsorption in the
kidney, to increased risk of developing hypertension and
chronic kidney disease (9).

Uromodulin is selectively expressed in cells of the thick
ascending limb of Henle’s loop (TALH) and of the early distal

loop; ER, endoplasmic reticulum; 4-PBA, 4-phenylbutyrate acid; DAB, 3,3-
diaminobenzidine tetrahydrochloride dihydrate; FE, fractional excretion;
HSP70, heat shock protein 70; MTC, murine proximal tubular epithelial cell;
ANOVA, analysis of variance.
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convoluted tubules (10). It is a highly glycosylated protein pro-
cessed in the endoplasmic reticulum (ER) and Golgi apparatus,
translocated to the luminal cell membrane, and released in the
urine by proteolytic cleavage. So far, >70 different UAKD-
causing UMOD mutations have been published, of which all but
four (in-frame deletions) lead to amino acid substitutions (4, 7,
11). Mutant uromodulin isoforms exhibit a protein maturation
defect and are retained in the ER (12, 13). ER retention of
mutated UMOD is considered as a key step in the pathogenesis
of UAKD (4). Analyses of kidney biopsies of UAKD patients
revealed a hyperplastic ER in TALH cells with overexpression
of BiP and PD], indicative of ER stress (8, 14, 15). ER hyperplasia
and activation of ER-resident molecular chaperones (e.g. BiP)
and foldases represent cellular counteractions of unfolded pro-
tein response to increase folding capacity of the ER (16). Gain-
of-toxic function of uromodulin mutations may lead to disturb-
ance of ER homeostasis in tubular cells, to kidney dysfunction,
and finally to UAKD (17).

Therapies of UAKD other than the symptomatic corrections
of hyperuricemia and of water and electrolyte imbalance are
not available (4). Treatment of hyperuricemia for prevention of
gout can be efficiently done by xanthine oxidase inhibitors like
allopurinol and febuxostat, by uricosuric drugs like probenecid,
or by benzbromarone (5, 18). However, treatment of hyperuri-
cemia does not prevent disease progression and deterioration
of kidney function in UAKD (5). UMOD maturation retarda-
tion in the ER and ER overload represent the central patho-
mechanism in UAKD, a member of the ER storage diseases (4).
Thus, novel therapeutic strategies for UAKD focus on improve-
ment of ER capacity and function, and this approach might
delay disease progression. Two independent in vitro studies
postulated a positive effect of the chemical chaperone sodium
4-phenylbutyrate (4-PBA) on mutant UMOD protein matura-
tion, suggesting that 4-PBA might reduce ER retention of
UMOD and might ameliorate UAKD (19, 20). The present
study evaluated the effects of 4-PBA in Umod"**’T and
Umod“*** mutant mice, two recently described models of
UAKD (17, 21).

EXPERIMENTAL PROCEDURES

Animals—Umod"**’" and Umod“*** mutant mice were
generated by N-ethyl-N-nitrosourea (ENU) mutagenesis as
described previously (17, 21). Both Umod mutant mouse lines
exhibit the key features of UAKD like maturation defect and
retention of uromodulin in the hyperplastic endoplasmic retic-
ulum of TALH cells and impaired kidney function with mild
defect in urinary concentration ability, reduced fractional
excretion of uric acid, and reduced uromodulin excretion. Both
mouse lines were maintained on the C3HeB/Fe] (C3H) genetic
background and housed in a specific pathogen-free mouse
facility as previously described (17, 21). All mice received food
(V1124-3, Ssniff, Soest, Germany) and water ad libitum, and
mouse husbandry was performed under standard environment
conditions (22 * 2°C, 40-50% relative humidity, 12-h light/
dark cycle). All animal experiments were approved and carried
out in accordance with the German Animal Welfare Act with
permission from the responsible veterinary authority.
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Experimental Schedule of Administration of 4-PBA in Vivo—
In vivo administration of the chemical chaperone 4-PBA with
the drinking water in male homozygous Umod"**’" mutants,
male homozygous Umod“**F mutants, and their male wild-type
littermates started at an age of 2 months. At this age the UAKD
phenotype is already clinically present in Umod mutant mice of
both lines, but is in an early disease stage where no progressed
morphological kidney alterations like interstitial fibrosis, tubu-
lar atrophy, or infiltrates of inflammatory cells are present.
Drug administration was performed for 60 * 4 days. Pharma-
ceutical-grade 4-phenylbutyric acid sodium salt (Scandinavian
Formulas, water solubility 0.62 g/ml) was dissolved in drinking
water and administered at a daily dosage of 1 g/kg body weight.
4-PBA solutions were renewed every third day. Mice of the
placebo groups received drinking water without the supple-
ment. Body weights of mice were measured weekly, and water
intake was measured per cage after each solution change. Blood
sampling was performed at day O before the start of the exper-
iment and at days 30 * 4 and 60 * 4 at the mid and the end of
the experiment. On day 56 * 4, the mice were individually
transferred to metabolic cages (Tecniplast, no. 3600M021).
After a conditioning period of 2 days to the metabolic cages,
water consumption and urine excretion was assessed for 2 days.
On day 60 =* 4, the animals were anesthetized for retro-orbital
blood collection followed by necropsy.

Clinical Chemical Analyses—Analyses of blood and urine
parameters were carried out as described previously (17, 22).
Plasma creatinine values were determined enzymatically
(Biomed), whereas urine creatinine concentration was deter-
mined by the Jaffé method.

Analyses of Urine and Kidney Function—Urine osmolality
was determined by freezing point depression analysis. Daily
excretion of solutes was measured. Calculations of creatinine
clearance and of fractional excretion of a solute x (FEx) was
performed as described previously (17, 23).

Administration of 4-PBA in Vitro—Immortalized murine
proximal tubular epithelial cells (MTCs) (24) were donated
by G. Wolf and cultured on collagen-coated plates in DMEM
high glucose medium containing 10% fetal calf serum (FCS),
1% penicillin/streptomycin, and 1% insulin/transferrin/sele-
nium. Transfection of MTCs (passage 6) was performed by
Nucleofection™ (Lonza, program U12) with the constructs
pcDNA3-Umod™, pcDNA3-Umod***’", and pcDNA3-
Umod=??F, and stable clones were generated by G418 selec-
tion (2 mg/ml). Two stable clones per construct (with high
and with medium UMOD expression) were selected for fur-
ther analyses.

Isolation of primary kidney cells was performed by digest
with 0.1% (w/v) collagenase II (Invitrogen) for 30 min at 37 °C
after mincing kidneys of homozygous Umod***”" mutant,
homozygous Umod“*** mutant, or wild-type mice. After gently
pressing the digested renal tissue through a 100-um cell
strainer, a second digest with 0.1% (w/v) collagenase II and 7.5
units/ml DNase I for 30 min at 37 °C was performed. Finally,
undigested tubular fragments and glomeruli were removed by
filtration through a 40-um cell strainer, and cell suspension was
seeded on collagen-coated plates or 8-well slides (BD Biosci-
ences) in DMEM/Ham’s F-12 supplemented with 20% FCS, 1%
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penicillin/streptomycin, 1% sodium pyruvate, 1% nonessential
amino acids, and 1% insulin/transferrin/selenium.

Treatment of MTC clones with 4-PBA was performed at pas-
sages 12—19. The doses of drug supplement were tested in pilot
studies. Seeding of cells on collagen-coated 12-well plates, vol-
ume of culture medium, and duration of treatment were stan-
dardized. Treatment of MTC clones was performed on two
different stably transfected Umod"*-MTC clones and on
each of three different MTC clones stable-transfected with
Umod™**"" or Umod“**". Treatment of primary kidney cells
was performed on eight-well slides.

Morphological Analysis—Histological analyses of kidneys
were performed as described previously (21). Paraffin sections
were stained with hematoxylin and eosin, Masson-Trichrom,
and periodic acid-Schiff-silver. Immunohistochemistry was
performed using the following primary antibodies: rabbit poly-
clonal antibody against human Tamm-Horsfall protein (H-135;
Santa Cruz Biotechnology), rat monoclonal antibody against
mouse uromodulin (clone 774056; R&D Systems), rabbit poly-
clonal antibody against HSP70 (Cell Signaling), rabbit mono-
clonal antibody against RelB (C1E4, no. 4922, Cell Signaling),
and rabbit monoclonal antibody against phospho-IKKa/ (Ser-
176/180) (no. 2697, Cell Signaling). Immunoreactivity was visu-
alized using 3,3-diaminobenzidine tetrahydrochloride dihy-
drate (DAB) (brown color) or using Vector Red Alkaline
Phosphatase Substrate Kit I (red color). Nuclear counterstain-
ing was done with hemalum.

For immunofluorescence analyses of cells, the following pri-
mary antibodies were used: polyclonal goat antiserum against
human uromucoid (MP Biomedicals) and polyclonal rabbit anti-
GRP78/BiP IgG (Abcam). Fluorescence analyses were performed
using a confocal laser scanning microscope (LSM 710, Zeiss).

Western Blot Analyses—Twenty-four-hour urine samples,
standardized for equal creatinine levels, were analyzed for uro-
modulin content as described previously (21). MTCs were lysed
in Laemmli extraction buffer, protein concentration was deter-
mined by a BCA assay, and equal protein amounts (10 ug) of
denatured cell lysate per lane were separated in 8% SDS-poly-
acrylamide minigels. Equal amounts of supernatant of cells cul-
tured under standardized conditions were used for analysis of
their UMOD content.

TALH segment density in the kidney is highest in the outer
medullar region. The outer medulla was obtained after cutting
each fresh kidney of 4-month-old mice along the midsagittal
plane into two halves and further into transverse sections and
by removing the cortex and inner medulla. After homogeniza-
tion of the outer medulla in Laemmli extraction buffer and
determination of protein concentration by BCA assay, 15 ug of
denatured tissue lysate per lane was separated in 10% or 12%
SDS-polyacrylamide minigels and blotted on PVDF mem-
branes. Equal loading was controlled by Ponceau staining.

The following primary antibodies were used: rabbit poly-
clonal antibody against human Tamm-Horsfall protein (H-135;
Santa Cruz Biotechnology), rabbit polyclonal antibody against
BiP (no. 3183), rabbit monoclonal antibody against GAPDH
(no. 2118), rabbit polyclonal antibody against IKK« (no. 2682),
rabbit monoclonal antibody against phospho-IKKa/B (Ser-
176/177) (C84E11, no. 2078), rabbit polyclonal antibody against
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NEF-kB1 p105/p50 (no. 12540), rabbit polyclonal antibody
against NF-«kB2 p100/p52 (no. 4882), rabbit monoclonal anti-
body against NF-«B p65 (no. 4764), rabbit monoclonal anti-
body against RelB (C1E4, no. 4922), rabbit polyclonal antibody
against TRAF2 (no. 4712), and rabbit polyclonal antibody
against TRAF3 (no. 4729) (all antibodies except for Tamm-
Horsfall protein were bought from Cell Signaling). Bound anti-
bodies were visualized using ECL reagent (GE Healthcare). Sig-
nal intensities were quantified using ImageQuant (GE
Healthcare). Standardization of equal loading was referred to
the signal intensities of GAPDH of the corresponding PVDF
membrane.

Statistical Analysis—Data are shown as the means = S.D. as
indicated. Data were analyzed by using an unpaired Student’s ¢
test or two-way ANOVA as indicated using Sigma Plot 12.0.
Holm-Bonferroni correction for multiple comparisons was
performed where indicated.

RESULTS

Clinical and Clinical-Chemical Findings in Placebo and 4-PBA-
treated UAKD Mouse Models and Wild-type Controls

Umod Mutant Versus Wild-type Mice after Placebo Treat-
ment—Four-month-old homozygous mutants (Umod"**"" and
Umod<?>) receiving drinking water without supplement (pla-
cebo treatment group) had significantly increased plasma urea
levels and plasma lipase activities compared with correspond-
ing wild-type control animals, whereas plasma triglyceride con-
centrations were significantly decreased (Table 1, Fig. 1A).
Additionally, plasma calcium levels were mildly increased in
Umod=** mutant mice compared with wild-type mice. Umod
mutants of both lines exhibited distinctly reduced body weight,
significantly reduced urine osmolality combined with slightly
increased urine volume, significantly increased urinary calcium
excretion and fractional excretion (FE) of calcium as well as
reduced urinary excretion of phosphate and reduced FE; and
FE, .. when compared with wild-type mice (Table 2, Fig. 1B).
Furthermore, Umod"*F mutants exhibited increased 24-h uri-
nary potassium excretion versus wild-type mice. These findings
are in line with earlier published effects of mutant UMOD
expression on clinical-chemical parameters of plasma and
urine in both Umod***"" and Umod“*** mutant mice repre-
senting models for UAKD (17, 21). Umod“*F mutants exhib-
ited a more severe UAKD phenotype than mutants of the
Umod®**”" mouse line (21).

Umod Mutant Versus Wild-type Mice after 4-PBA Treatment—
After 2 months of administration of 4-PBA at an age of 4
months, Umod***”" mutants and Umod“**" mutants displayed
distinctly higher plasma levels of urea, creatinine, and calcium
as well as higher plasma lipase activities and decreased plasma
triglyceride levels compared with wild-type controls (Table 1,
Fig. 14). Furthermore, 4-PBA-treated Umod“*** mutant mice
exhibited a significantly increased plasma chloride concentra-
tion compared with wild-type controls. A mild increase of
plasma potassium concentration was detected in 4-PBA-
treated Umod***’" mutants compared with corresponding
wild-type controls.
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TABLE 1

Plasma data at an age of 4 months of placebo mice or after 2 months of 4-PBA administration

Age of mice analyzed: 4 months. Data are the means * S.D. n = 6 -19 per genotype. P, inorganic phosphate; ALAT, alanine aminotransferase (EC 2.6.1.2); ASAT, aspartate
aminotransferase (EC 2.6.1.1). 2-Way ANOVA: a, b, ¢, p < 0.05; aa, bb, cc, p < 0.01; aaa, bbb, ccc, p < 0.001; a, 4-PBA versus placebo of the same genotype; b, homozygous
mutant versus wild type of the same treatment group; ¢, homozygous Umod“?** mutant versus homozygous Umod"**’" mutant of the same treatment group.

Wild-type Umod***”" homozygote Umod“*** homozygote

Plasma parameters Placebo 4-PBA Placebo 4-PBA Placebo 4-PBA
Na™ (mmol/liter) 1559 + 3.1 154.3 + 3.6 151.7 * 6.6” 156.4 + 2,370 155.5 * 4.3¢ 156.1 = 1.9
K" (mmol/liter) 4.07 = 0.29 3.94 * 0.19 4.15 + 0.40 4.21 = 0.32%% 4.22 + 0.59 3.98 = 0.26
CI~ (mmol/liter) 114.6 = 1.9 1135+ 2.8 111.8 + 4.1° 114.5 + 1.5 113.9 = 3.7 116.2 + 1.1%%*
Ca®" (mmol/liter) 2.30 = 0.07 2.21 *+ 0.08% 2.32 +0.15 2.34 *+ 0.09%" 2.37 = 0.074%° 2.36 = 0.11%%*
P, (mmol/liter) 2.39 = 0.44 2.11 = 0.31 2.64 = 0.70 1.94 + 0.36% 2.30 = 0.56 1.92 + 0.26%
Total protein (g/liter) 51.1+18 51.3 +2.7 496 + 3.8 52.3 = 1.74 52.1 = 2.4¢ 52.6 = 1.7
Creatinine (wmol/liter) 9.00 = 1.92 8.00 = 1.32 9.86 = 0.96 9.93 + 1.30%%* 9.46 = 1.83 9.45 *+ 1.11°
Urea (mmol/liter) 10.15 = 1.16 11.02 *+ 1.29 20.54 + 2.36%%° 20.49 + 2.21%%° 23.08 + 2.53b05¢ 25.99 + 2,95%ambbbece,
Cholesterol (mmol/liter) 3.56 = 0.42 3.20 = 0.42¢ 3.41 * 0.16 3.31 * 0.24 3.76 *+ 0.25% 3.45 + 0.25°
Triglycerides (mmol/liter) 1.72 + 0.87 1.67 * 0.60 1.04 * 0.27° 1.25 + 0.51° 0.80 = 0.2427* 0.93 = 0.23%7<¢
ALAT (units/liter) 32.1 = 14.2 38.7 * 24.0 29.3 = 8.7 43.1 = 44.8 28.1 = 6.4 31452
ASAT (units/liter) 56.1 = 14.5 68.7 = 48.9 485+ 54 72.3 = 55.2 65.8 = 29.5 58.3 = 8.1
Lipase (units/liter) 456 + 7.5 439+ 7.8 54.2 * 5.5°> 49.8 + 8.2° 56.1 = 6.0°%" 55.9 = 4,700

Most of the urinary parameters of 4-PBA-treated Umod
mutants were similarly altered as in the placebo treatment
group (Table 2, Fig. 1B). 4-PBA-treated Umod mutants dis-
played reduced body weight, reduced urine osmolality com-
bined with slightly increased 24-h urine volume, increased uri-
nary excretion and FE of calcium, reduced urinary excretion of
phosphate, and reduced FE ., in comparison to 4-PBA-treated
wild-type mice. Furthermore, daily excretions of sodium and
potassium as well as FE,. were increased in Umod mutants of
both mouse lines. Additionally, Umod“*** mutants, which
exhibited a more severe UAKD phenotype than mutants of the
Umod™**"" mouse line, excreted more urea and creatinine in
their 24-h urine and had a strongly decreased FE, when com-
pared with 4-PBA-treated wild-type controls.

Umod Mutant Mice after 4-PBA Versus Placebo Treatment—
Additional clinical-chemical plasma parameters showed trends
to be altered by 4-PBA treatment of Umod mutants compared
with their genotype-matched placebo-treated counterparts
(Tables 1 and 2, Fig. 1). In Umod mutant mice of both lines,
4-PBA treatment led to a mild but significant increase of plasma
chloride levels and to a distinct decrease of the plasma concen-
trations of inorganic phosphate. Furthermore, 4-PBA-treated
Umod=**F mutant mice exhibited a significantly higher plasma
urea concentration compared with placebo-treated mice of the
same genotype, indicating worsening of renal function by
4-PBA in the more severely UAKD affected mutant mouse line
Umod<*>F.

In the setting of UAKD, long term administration of 4-PBA
led to significantly increased 24-h urinary excretion of sodium
in Umod mutants from both lines when compared with the
placebo-treated Umod mutants of the same genotype. Urine
osmolality was significantly reduced, and urine volume excre-
tion was increased in 4-PBA-treated versus placebo-treated
Umod***”" mutant mice. In contrast, urine osmolality of
Umod“**" mutants receiving 4-PBA was significantly increased
when compared with placebo-treated mice of the same geno-
type. However, as the UAKD phenotype is more pronounced in
Umod“?** mutants compared with Umod***’" mutants, urine
excretion volume was still distinctly higher and urine osmolal-
ity was distinctly lower in Umod“**" mutants when compared
with Umod***’" mutants after placebo treatment, and this ge-
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notype difference was attenuated after 4-PBA treatment. Further
striking alterations of kidney function of Umod“*** mutants
due to 4-PBA treatment were a significant reduction of urinary
excretion of phosphate and of FE,. Additionally, urinary excre-
tion of potassium was increased in 4-PBA-treated Umod"**"™
mutants. In 4-PBA-treated Umod“**" mutants, 24-h urinary
excretion of calcium, FE,, and FE;, were increased when com-
pared with the values of the genotype-matched placebo-treated
mice.

Wild-type Mice after 4-PBA Versus Placebo Treatment—In
4-PBA-treated wild-type mice, plasma calcium and cholesterol
levels tended to be lower than in wild-type mice after placebo
treatment (Table 1, Fig. 1A4). Furthermore, long term oral
administration of 4-PBA in young adult wild-type mice resulted
in a slight but significant decrease of urine osmolality and in a
distinct decrease of 24-h urinary excretion of phosphate and of
FE,,.. (Table 2, Fig. 1B).

4-PBA-treated Umod“**" Versus 4-PBA-treated Umod***”"
Mutant Mice—Umod**" mutants of the 4-PBA treatment
group exhibited, besides the more prominent reduction of body
weight also present in mice of the placebo group, significantly
stronger reductions of FE;, and FE,, ., when compared with
4-PBA-treated Umod"**”T mutant mice (Table 2, Fig. 1B).
These results indicate the more pronounced UAKD phenotype
in Umod=*F mutants and a stronger effect of 4-PBA treatment
in this line.

Progression of UAKD during 4-PBA and Placebo Treatment—
At an age of 2 months, before testing the putative therapeutic
effect of 4-PBA, renal dysfunction of homozygous mutants
(Umod™**"" and Umod“*>F) was already clinically evident by
distinctly increased plasma urea concentrations in mutants
compared with age-matched wild-type controls (Table 3). With
increasing age, mutant mice of both lines exhibited a continu-
ous increase of plasma urea concentrations irrespective of
treatment group (Fig. 2). However, the relative increase of
plasma urea levels between 2 and 4 month of age was signifi-
cantly more pronounced in 4-PBA-treated versus placebo-
treated Umod<?*F mutant mice. Of note, plasma urea concen-
trations of Umod“*** mutants were distinctly higher than those
of Umod***’" mutants in both the 4-PBA and the placebo
treatment groups. This reflects the more severe UAKD pheno-
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FIGURE 1. Effect of placebo and 4-PBA treatment on plasma and urine parameters in wild-type and Umod mutant mice. A, clinical-chemical plasma
parameters. B, urinary parameters of kidney function. Data are presented in Tukey’s box plot (whiskers go 1.5 times the interquartile range or to the hlb%hest or

lowest point, whichever i |s shorter), with outliers represented as dots. n = 619 per genotype and treatment group. 2-way ANOVA: “><, p < 0. 05 aa
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,4-PBA versus placebo of the same genotype; %, homozygous mutant versus wild-type of the same treatment group; , homozygous

Umod®®* mutant versus homozygous Umod**?”" mutant of the same treatment group.

type in the Umod“**" mutant mouse line, which is in line with

previous results indicating that renal dysfunction is more pro-
nounced in Umod“*** mutant mice than in age-matched
Umod"**’" mutants.

Effect of 4-PBA Administration on Urinary Uromodulin
Excretion and TALH Morphology

One characteristic of UAKD represents the reduced urinary
uromodulin excretion due to the dominant negative effects of
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amino acid-changing /M OD mutations on protein maturation
and secretion. As shown earlier, urinary UMOD excretion was
strongly decreased in Umod mutant mice, with the extent of
decrease being more pronounced in Umod“*** mutant mice
than in Umod™?*”" mutant mice of the same allelic status (17,
21). After 4-PBA treatment for 2 months, homozygous mutant
mice had a reduced UMOD excretion compared with wild-type
mice, and the reduction of UMOD excretion was more pro-
nounced in mutants of the Umod“**" mouse line than in the
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TABLE 2

Urine parameters at an age of 4 months of placebo mice or after 2 months of 4-PBA administration

Age of mice analyzed: 4 months. Data are the means * S.D., standardized to 25 g body weight. n = 6 19 per genotype. 2-Way ANOVA: 4, b, ¢, p < 0.05; aa, bb, cc, p < 0.01;
aaa, bbb, ccc, p < 0.001; a, 4-PBA versus placebo of the same genotype; b, homozygous mutant versus wild type of the same treatment group; ¢, homozygous Unod“***

mutant versus homozygous Umod***’" mutant of the same treatment group.

Wild-type Umod***”" homozygote Umod“*** homozygote

Urine parameters Placebo 4-PBA Placebo 4-PBA Placebo 4-PBA
Body weight (g) 29.7 +2.0 30.7 = 2.7 26.9 + 1.2 26.3 + 1.5 24.2 + 2,1bbece 224+ (.70bbece
Urine volume (ml/day) 12*03 14*03 1.5*06 2.3+ 0.544bb? 2.9 + 0.7°0b< 2.7 +1.0"
Urine osmolality (mosmol/kg H,0) 3667 + 576 3175 * 370 2919 =+ 4944° 2350 *+ 390PPP 1667 = 327¢Pbecc 2073 * 437400
Na* (umol/day) 286.3 + 61.7 337.4 * 84.1 289.4 + 53.2 400.3 + 87.8°%* 313.1 =535 424.6 + 94,94t
K* (umol/day) 4953 + 92.3 535.8 = 121.8 508.0 = 147.5  659.7 = 141.6*"*  652.1 = 84.4">¢ 704.9 + 161.1°7*
Cl™ (umol/day) 508.8 = 86.3 486.6 + 114.5 4534 *+ 84.8 512.6 = 114.3 485.0 * 62.7 509.2 = 98.9
Ca®" (umol/day) 2.6 +0.3 3.0+ 1.1 7.8 = 1.5%%° 9.5 *+ 3.4 7.6 = 2.3%0° 10.3 + 3.49@bbb
Mg+ (umol/day) 42.5+7.8 39.7 *22.1 404 + 146 38.1 = 20.0 46.6 + 15.4 48.7 = 18.6
P, (umol/day) 160.3 = 33.2 104.5 = 55.5 958 * 64.1° 58.4 =+ 43.5" 108.4 = 59.5" 20.7 = 31.20a@bbb
Creatinine (umol/day) 6.0+ 1.2 59 +20 59+0.8 6.8+ 1.8 6.5+ 0.8 7.3+ 1.9°
Urea (mmol/day) 2.7+03 2.6 *06 26+05 29+06 2.9+ 04 3.1+05°
Glucose (umol/day) 3.1+£04 35+ 1.1 23+04 36*+19 3.3*1.6 33+28
Creatinine clearance 867.4 +457.1  932.8 + 3423 653.2 +113.5  725.5 = 206.7 688.2 + 166.8 696.7 + 178.4
FE\. 0.29 =0.12 0.31 = 0.08 0.31 = 0.03 0.40 = 0.12° 0.29 = 0.06 0.36 = 0.08“
FEy 18.6 + 6.1 19.3 + 4.7 20.3 = 5.1 24.3 = 6.9° 229 %58 23.5 = 5.2°
FE, 0.71 = 0.26 0.61 =0.16 0.67 = 0.08 0.68 = 0.16 0.62 = 0.14 0.58 = 0.12
FE., 0.18 = 0.06 0.19 = 0.05 0.56 = 0.10”"  0.63 = 0.26"*" 0.46 = 0.14"** 0.59 = 0.227%*
FE,, 10.86 = 3.56 7.57 £ 523 6.07 = 3.88" 5.29 * 4.75 7.12 = 4.34° 1.42 =+ 1.99@bbbe
FE, .. 40.9 = 12.9 34.1+83 21.7 + 54500 21.9 *+ 4.6" 18.5 = 3.5"% 16.2 = 4.3%00<

TABLE 3 In Vitro Assays

Plasma data of 2-month-old mice

Data are the means = S.D. n = 19-33 animals per genotype. P;, inorganic phos-
phate; ALAT, alanine aminotransferase (EC 2.6.1.2); ASAT, aspartate aminotrans-
ferase (EC 2.6.1.1). Student’s ¢ test with Holm-Bonferroni correction: b, ¢, p < 0.05;
bb, cc, p < 0.01; bbb, ccc, p < 0.001; b, homozygous mutant versus wild type; c,

homozygous Umod“**" mutant versus homozygous Unod***"* mutant.
umodAZZTI' umodCQSF
Plasma parameters Wild-type homozygote = homozygote
Na™ (mmol/liter) 148.5 = 3.8 148.5 3.0 148.5 + 4.5
K* (mmol/liter) 3.93 034 421+029” 4.00=*0.33
Ca** (mmol/liter) 2.34*+0.07 234 *0.07 2.36 = 0.11
Cl™ (mmol/liter) 109.8 =22 1102 £1.9 110.8 £ 3.7
P, (mmol/liter) 258+ 036 257036 233+ 029
Total protein (g/liter) 498 +26 483+ 1.9° 49.1 =23
Creatinine (umol/liter) 857 = 1.59 9.6 * 1.61 8.64 = 1.53
Urea (mmol/liter) 9.67 + 1.17 14.0 = 1.9°"*  16.1 = 2.67%><
Cholesterol (mmol/liter) 3.40 = 0.28 3.25 * 0.24 3.21 = 0.20”
Triglycerides (mmol/liter) 1.31 = 0.53 1.24 + 0.48 1.07 £ 0.33
ALAT (units/liter) 282100 304 *16.1 34.4 + 10.0°
ASAT (units/liter) 412+49 418+51 46.3 + 6.0°0¢
Lipase (units/liter) 52.8 £10.2 51.9*11.0 54.3 + 8.6

Umod***"" line (not shown). A putative beneficial therapeutic
effect through a molecular chaperone is expected to attenuate
the protein maturation defect and to increase the urinary
UMOD excretion. However, Umod mutant mice of both lines
treated with the molecular chaperone 4-PBA had similar uri-
nary uromodulin contents as genotype-matched mutant mice
of the placebo group (Fig. 3A4).

A morphological characteristic of UAKD is the intracyto-
plasmic accumulation of uromodulin in the hyperplastic endo-
plasmic reticulum in TALH cells. Uromodulin accumulation in
the perinuclear compartment of TALH cells was demonstrated
in placebo-treated Umod mutant mice of both lines but also
after 4-PBA treatment (Fig. 3B). Furthermore, ultrastructural
alterations of TALH cells such as perinuclear stacked lamellar
structures were similar in 4-PBA and placebo-treated Umod
mutant mice (not shown). In earlier analyses, these perinuclear
lamellar structures were identified as hyperplastic endoplasmic
reticulum where intracytoplasmic uromodulin retention and
accumulation take place (21).
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Effect of 4-PBA on Uromodulin Secretion and Expression in
Stably Transfected MTCs—In view of published in vitro effects
of 4-PBA (19, 20), stably transfected clones of the immortalized
murine kidney cell line MTC (24) expressing wild-type or
mutant UMOD were generated. Mature uromodulin protein
was detected in supernatant of MTCs stably transfected with
wild-type, A227T mutant, or C93F mutant uromodulin expres-
sion vectors. There were differences of the uromodulin content
in the supernatant between different stably transfected cell
clones irrespective of the type of transfected Umod variant
(not shown). 4-PBA administration (1 mM-5 mm) to UMOD
expressing MTCs for 48 h led to an increase of uromodulin
content in supernatant compared with control containing no
4-PBA in the culture medium (Fig. 44). There was a correlation
between concentration of 4-PBA and amount of uromodulin in
the culture medium with higher concentrations of up to 5 mm
4-PBA, resulting in a higher uromodulin content in the super-
natant. However, the increased uromodulin secretion was not
due to improved protein maturation efficiency but was paral-
leled by an increase of uromodulin expression as demonstrated
by increased uromodulin content in cell lysates. This effect was
observed for stably transfected MTC clones irrespective of the
type of transfected Umod variant. The intracellular content of
both mature and immature uromodulin was increased, and this
was particularly seen in Umod mutant-transfected MTCs.

Effect of 4-PBA on Uromodulin Expression in Kidney Cells of
Umod Mutant Mice in Vitro and on HSP70 Expression in TALH
Cells in Vivo—To further elucidate the putative effect of 4-PBA
to ameliorate mutant uromodulin maturation and to resolve ER
hyperplasia, primary kidney cells of Umod mutant mice were
cultured for 48 h in the presence of either 2 mm 4-PBA, 5 mm
4-PBA, orwithoutdrugsupplementation. Double-immunofluo-
rescence analyses were performed to identify UMOD-positive
TALH cells, to localize UMOD, and to visualize the ER by the
ER chaperone BiP (Fig. 4B). Of note, prominent BiP signals
localizing to the enlarged ER were present in TALH cells of
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FIGURE 2. Development of plasma urea levels during 4-PBA treatment. Comparison of the plasma urea concentrations of mice at the beginning of the trial
(age of mice: 2 months), after T month of treatment (age of mice: 3 months), and at the end of the 2-month duration of therapeutic testing of 4-PBA (age of mice:
4 months). Data are presented in Tukey’s box plot (whiskers go 1.5 times the interquartile range or to the highest or lowest point, whichever is shorter), with
outliers represented as dots.n = 11-19 per genotype, treatment group, and age group, except n = 8 of placebo group of homozygous Umod“**F mutants (age
2 and 3 months), n = 2-3 of placebo group of 2- and 3-month-old homozygous Umod”?*’" mutants, and n = 6 of placebo group of 4-month-old homozygous
Umod"**’T mutants. The relative increases of plasma urea concentrations with age compared with that of an age of 2 months are indicated. Student’s t test with
Holm-Bonferroni correction: “°, p < 0.05; 9%%%, p < 0.01; “9%%®, p < 0.001; ¢, plasma urea concentration of 3-month-old versus 2-month-old mice of the same
genotype and treatment group; °, plasma urea concentration of 4-month-old versus 2-month-old mice of the same genotype and treatment group.
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FIGURE 3. Evaluation of the in vivo effect of 4-PBA treatment on mutant
uromodulin maturation and trafficking defect. A, on Western blot analysis,
uromodulin abundance in urine, standardized on equal creatinine, of six mice
per Umod mutant mouse line and treatment group were analyzed and com-
pared with the UMOD abundance of a wild-type mouse of the placebo treat-
ment group. Urinary uromodulin protein excretion was reduced in 4-PBA and
placebo-treated Umod mutant mice compared with placebo-treated wild-
type mice. Furthermore, the uromodulin excretion with urine was much more
decreased in homozygous Umod“®*" mutant mice than in homozygous
mutant mice of the Umod”?*”" mutant mouse line. Compared with genotype-
matched mice of the placebo control group, Umod mutant mice of both lines
receiving 4-PBA for 2 months excreted similar amounts of UMOD protein with
urine as placebo control mice. B, staining patterns of uromodulinin TALH cells
were similar in placebo control mice and 4-PBA-treated mice of the same
genotype group. TALH cells of wild-type mice exhibited a diffuse cytoplasmic
uromodulin immunopositivity with enforcement of the luminal membrane.
In contrast, TALH cells of Umod mutant mice of both lines displayed a strong
paranuclear immunopositivity for UMOD irrespective of kind of treatment.
The chromogen was DAB; nuclear staining was done with hemalum.

R

Umod mutant mice. No obvious effect of 4-PBA on uromodulin
retention and BiP signal in TALH cells of Umod mutant mice
was observed.

Ma et al. (20) reported an impact of the heat shock protein
HSP70 in amelioration of protein maturation of mutant uro-
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FIGURE 4. Evaluation of the in vitro effect of 4-PBA on mutant uro-
modulin-expressing cells. A, an increased concentration of administered
4-PBA to UMOD-expressing MTCs for 48 h led to an increased uromodulin
contentin supernatant compared with control containing no 4-PBA in the
culture medium irrespective of the type of UMOD protein (native or
mutant) expressed. In parallel to the increased UMOD content in superna-
tant by 4-PBA administration, the abundance of UMOD protein in cell
lysate also increased irrespective of the type of UMOD protein (native or
mutant) expressed. Furthermore, immature UMOD signals appeared to be
stronger in the mutant protein expressing MTCs than in the wild-type
UMOD protein-expressing cells and was increased after administration of
higher 4-PBA concentrations. B, 4-PBA administration (5 mm) for 48 h on
primary kidney cells of a homozygous Umod*??’T mutant mouse did not
lead to obvious changes of prominent perinuclear UMOD (green color) and
BiP (orange color) immunofluorescent signals in TALH cells compared with
placebo control cells. Thus, no obvious effect of 4-PBA on uromodulin
retention and BiP signal intensity in TALH cells of Umod mutant mice was
seen in vitro.
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FIGURE 5. Effect of 4-PBA on HSP70 protein abundance in TALH cells of
Umod mutant mice. HSP70 protein immunopositivity was predominantly
detected in collecting duct cells of the renal papilla. In the outer medulla, the
HSP70 protein was predominantly detected in collecting duct cells, but
(nearly) no expression of HSP70 could be observed in uromodulin-expressing
TALH cells. There were no obvious differences in HSP70 immunostaining pat-
tern and intensity between different Umod genotypes or treatment groups
(placebo control group versus 4-PBA group). The chromogen DAB for HSP70
and Vector RED for UMOD were used; nuclear staining was done with
hemalum. The age of the mice analyzed was 4 month.

modulin in transfected MDCK cells by 4-PBA in vitro. There-
fore, we analyzed the protein abundance of HSP70 in kidneys of
UAKD-affected Umod mutant and wild-type mice. HSP70 was
predominantly expressed in collecting duct cells of the renal
papilla, but its abundance was only very weak or absent in
TALH cells irrespective of genotype (Fig. 5). After administra-
tion of 4-PBA for 2 months, HSP70 immunostaining pattern
and intensity were similar irrespective of genotype when com-
pared with placebo control mice.

Analysis of Unfolded Protein Response Pathway in TALH Cells
of Umod Mutant Mice

To elucidate the mechanism of unfolded protein response
pathway in TALH cells in the setting of UAKD, protein abun-
dances of factors of the NF-«B pathway were analyzed. There-
fore, the renal segment with predominance of TALH cells, the
outer medulla, was prepared (Fig. 6A4). The lysates contained a
high amount of TALH segments, which was confirmed by the
>2-fold increase of the ER protein BiP in Umod mutant mice of
both lines compared with wild-type controls. In Umod mutant
mice, protein abundances of p105 and p50 of NF-«B1 were
significantly increased in the outer medulla compared with that
of wild-type mice (Fig. 6B). A 2-fold increased abundance of
p100 and p52 of NF-kB2 and an at least 3-fold increased abun-
dance of RelB was detected in UAKD-affected mice compared
with wild-type controls, whereas minor alterations of protein
abundance of NF-«kB p65 were observed. Analyses of upstream
factors of the NF-«B pathway revealed increased abundances of
phospho-IKKa/f and TRAF2 in Umod mutant mice of both
lines compared with wild-type mice. Protein abundances of
IKKa and TRAF3 were similar in all genotype groups.

To have a more detailed view on the role of NF-«B pathway in
UAKD, the abundance of phospho-IKKa/ (Ser-176/180), rep-
resenting the active form of IKKa and IKKf, was analyzed
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immunohistochemically (Fig. 7A). In wild-type mice, phospho-
IKKa/B was predominantly and strongly detected in the baso-
lateral cytoplasmic compartment of collecting duct cells, but its
abundance in TALH cells was low. In Umod mutant mice, the
abundance of phospho-IKKa/B in TALH cells appeared similar
as in collecting duct cells. Furthermore, the staining pattern in
TALH cells differed between Umod mutant mice and wild-type
controls. A strong cytoplasmic basal and paranuclear staining
pattern of phospho-IKKa/B was present in TALH cells of
Umod mutant mice, and in wild-type mice the staining was
weak and apical-accentuated. RelB was immunohistochemi-
cally localized with variable staining intensity in the cytoplasm
and the nucleus of tubular cells (Fig. 7B). Whereas only few
tubular cells were detected containing RelB in wild-type mice,
the majority of tubular cells of the outer medulla of Umod
mutant mice were immunopositive for RelB, and the staining
intensity was stronger than in the corresponding region of wild-
type mice. Identification of TALH segment was enabled by
detection of UMOD.

DISCUSSION

Specific curative therapies for UAKD are not available.
Symptomatic treatment addresses correction of water and elec-
trolyte imbalances and of hyperuricemia but does not prevent
disease progression. The central disease mechanism of UAKD
is the protein maturation defect caused by mutant uromodulin
leading to UMOD retention in the ER and ER overload. Thus,
amelioration of protein maturation capacity by molecular
chaperons might represent a promising therapeutic approach
to reduce UMOD retention in ER of TALH cells and conse-
quently to reduce TALH dysfunction in UAKD. In vitro studies
demonstrated a positive effect of the chemical chaperone
4-PBA on mutant uromodulin maturation (19, 20).

4-PBA is an orally bioavailable aromatic short-chain fatty
acid and is used as United States Food and Drug Adminis-
tration-approved drug (Buphenyl®, Ucyclyd Pharma Inc,;
Ammonaps®, Orphan Europe of Immeuble “Le Guillaumet”)
for clinical use as an ammonia scavenger in long term treat-
ment of hyperammonemia in urea cycle disorders (25, 26).
4-PBA reduces ammonia levels in blood as it offers itself as an
alternative to urea synthesis to excrete waste nitrogen from the
body. It is converted to 2-phenylacetate and subsequently
excreted with urine as nitrogen-containing phenylacetylglu-
tamine in humans. Furthermore, a clinical effect of 4-PBA in
treatment of homozygous mutants suffering from B-thalasse-
mia was demonstrated (27) and also a putative curative effect of
4-PBA in spinal muscular atrophy is currently under critical
discussion (28, 29). Various studies demonstrated the effect of
the chemical chaperone 4-PBA in stabilizing protein conforma-
tion, improving ER folding capacity, facilitating the trafficking
of mutant proteins, reducing ER stress, modulating the un-
folded protein response, and thus improving protein homeo-
stasis in ER storage diseases (25, 30, 31). For instance, 4-PBA
has been shown to enhance in vitro and in vivo the adaptive
capacity of the ER and to improve systemic insulin action in the
setting of obesity-induced insulin resistance in type 2 diabetes
(30). Furthermore, trafficking of the cystic fibrosis transmem-
brane regulator with the mutation AF508 (CFTRAF508) was
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FIGURE 6. Analysis of unfolded protein response pathway in the outer medulla of Umod mutant mice. A, the high density of TALH segments in the outer
medulla was demonstrated by protein abundances of mature and immature UMOD and the increased abundance of BiP in Umod mutant mice compared with
wild-type mice. B, protein abundances of NF-kB1 p105/p50, NF-xB2 p100/p52, NF-«B p65, RelB, phospho-IKKa/3, IKKa, TRAF2, and TRAF3. Signal intensities of
the factors of NF-kB pathway were corrected for GAPDH signal intensities of the same PVDF-membrane, which was stripped several times to facilitate the
detection of multiple proteins. The mean of protein abundance of wild-type mice was set on a value of 1 (mean (wild-type) = 1). Student’s t test with
Holm-Bonferroni correction: p versus wild-type, *, p < 0.05; **, p < 0.01; ***, p < 0.001.

increased, and secretion of the mutant al-ATZ protein in
al-antitrypsin deficiency was enhanced by 4-PBA (32, 33).
Regarding the putative therapeutic effect of 4-PBA in the set-
ting of UAKD, two independent in vitro studies demonstrated
that mutant UMOD-transfected cells exhibited an increased
secretion of uromodulin in the supernatant and had an
enforced immunofluorescent uromodulin staining signal on
their cell membrane (19, 20). In the present study, however, we
were not able to demonstrate a positive effect of 4-PBA to
improve mutant uromodulin maturation in vivo in our UAKD
mouse models Umod***’" and Umod“**". Intracellular accumu-
lation of uromodulin in TALH cells was still present in Umod
mutant mice after two months of treatment with water-soluble
and orally bioavailable 4-PBA, and uromodulin excretion with
urine remained low at a similar range as in genotype-matched
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placebo-treated mice. 4-PBA is rapidly metabolized to phenyl-
acetate, and both components have short elimination half-lives
of 0.76 and 1.29 h in humans, respectively. Therefore, missing
bioavailability of 4-PBA to TALH cells has to be taken into
account as a potential explanation for the lack of a therapeutic
effect in our UAKD mouse models. However, this is unlikely as
administration with the drinking water ensured continuous
intake of 4-PBA throughout the day. Furthermore, effects of
4-PBA on some kidney parameters, like urine osmolality and
urinary excretion of phosphate, were clearly detected. Basseri et
al. (31) demonstrated an in vivo effect of 4-PBA on modulating
unfolded protein response and attenuating ER stress in adi-
pocytes using similar preparation, dosage, and oral administra-
tion of 4-PBA like we used in our study but changed drinking
water only weekly in contrast to half-weekly fresh preparation
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FIGURE 7.Immunohistochemical localization of factors of NF-«B pathway
in TALH cells of Umod mutant mice. A, phospho-IKKa/B was predominantly
detected in the basolateral cytoplasmic compartment of collecting duct cells.
In TALH cells of wild-type mice, a weak diffuse cytoplasmic immunopositivity
for phospho-IKKa/B was observed. In contrast, TALH cells of Umod mutant
mice exhibited a strong signal of phospho-IKKa/B in the cytoplasmic basal
and paranuclear compartment that signal intensity was in a similar range as
that of collecting duct cells. The chromogens DAB was used for phospho-
IKKa/B and Vector RED for UMOD; nuclear staining was done with hemalum.
The age of mice analyzed was 4 month. CD, collecting duct profiles. Wild-type,
Umod"* mouse; UAKD, homozygous Umod”*?’T mutant mouse. B, in wild-
type mice RelB was detected in few tubular cells in the cytoplasm with a
variable but predominantly weak staining intensity and in some nuclei. In
contrast to wild-type mice, tubular cells of Umod mutant mice exhibited a
stronger cytoplasmic and nuclear RelB staining intensity, and more tubular
cells were stained. UMOD immunohistochemistry enabled identification of
TALH segments. Serial kidney sections were used for RelB and UMOD immu-
nohistochemistry, and corresponding kidney regions are shown. The chro-
mogen was DAB, nuclear staining: hemalum. The age of the mice analyzed
was 4 months. Wild-type, Umod™* mouse; UAKD, homozygous Umod“***
mutant mouse.

made in our study. To further exclude the possibility that the
missing effect of 4-PBA in our in vivo study was due to insuffi-
cient bioavailability of the drug at the site of action, the TALH
cells, 4-PBA, was administered in vitro to culture medium of
freshly isolated kidney cells of Umod mutant mice for 48 h.
Again, 4-PBA was ineffective in attenuating uromodulin reten-
tion and ER hyperplasia in TALH cells isolated from kidneys of
Umod mutant mice.

To evaluate the effect of 4-PBA on secretion of murine
UMOD A227T and UMOD C93F mutant protein and to repeat
published experiments indicating a positive effect of 4-PBA on
secretion of human uromodulin in vitro, we performed assays
on stably transfected MTCs. MTCs do not express endogenous
uromodulin protein but provide the maturation capacity for
GPI-linked secreted proteins thereby facilitating the interpre-
tation of maturation ability of the mutant protein. We obtained
various stable Umod-transfected MTC clones for each con-
struct (Umod™*, Umod***"", and Umod“**F) secreting variable
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amounts of uromodulin into the supernatant. There was no
relationship between the type of Umod mutation and matura-
tion efficiency of stably transfected cells. There were numerous
in vitro studies published analyzing the maturation time of uro-
modulin until secretion and the amount of protein secreted
into the supernatant by transfected cells. A common finding of
these studies was that all ZMOD mutations analyzed needed a
longer time period for protein maturation and that the effi-
ciency of protein maturation was different between different
UMOD mutations (3, 12—14, 34). However, these i vitro mod-
els were described to be not suitable to analyze potential disease
mechanisms downstream of mutant uromodulin retention as
the cellular models reported so far did not reproduce key cellu-
lar hallmarks of UAKD, which are mutant uromodulin aggre-
gation, ER membrane expansion, and ER dilation (4). In vitro
4-PBA administration to supernatant was reported to increase
secretion of both wild-type and mutant uromodulin, which was
also associated with stronger membrane labeling of uromodu-
lin of stably transfected cells (19, 20). In our in vitro studies we
also detected a strong increase of uromodulin secretion of both
wild-type and mutant protein after 4-PBA stimulation. But in
parallel the amount of intracellular uromodulin in MTCs was
also increased, indicating an increase of uromodulin synthesis
rather than changes in maturation efficiency of uromodulin.
There are numerous reports of 4-PBA as a well known histone
deacetylase inhibitor, which increases transcription of a num-
ber of genes (25, 35, 36). For instance, beneficial therapeutic
effects of 4-PBA due to its histone deacetylase inhibitor func-
tion were demonstrated for motor neuron survival in mice with
amyotrophic lateral sclerosis (35) or for treatment of different
types of tumors (25). The therapeutic effect of 4-PBA to correct
trafficking of mutant CFTRAF508 in cystic fibrosis epithelial
cells could be attributed to increased expression of some cyto-
solic molecular chaperones like heat shock protein 70 (HSP70)
(37). In consequence, increased UMOD content in supernatant
as well as in cell lysate of UMOD-expressing MTC clones in our
study might be caused by the histone deacetylase inhibition due
to 4-PBA administration increasing UMOD expression in a
dose-dependent manner.

The in vitro results obtained by 4-PBA testing on UMOD-
transfected cells might be highly dependent on the cell type
used for in vitro analyses. Ma et al. (20) reported a similar
steady-state expression of the molecular chaperone HSP70 in
mock-transfected and wild-type UMOD-transfected MDCK
cells, an immortalized collecting duct cell line, but a decrease of
HSP70 expression in UMOD mutant-transfected MDCK cells
and an increase of HSP70 expression in mutant UMOD-ex-
pressing cells up to the level of wild-type UMOD-expressing
cells after incubation with 10 mm 4-PBA. The heat shock pro-
tein HSP70 is predominantly expressed in the kidney in papil-
lary-collecting duct cells to protect these cells from hypertonic
stress present in the hypertonic environment of the renal
papilla (38). HSP70 protein abundance was low or absent in
TALH cells of both wild-type mice and Umod mutant mice,
indicating a minor relevance of this molecular chaperone in
uromodulin protein maturation in TALH cells in vivo. There-
fore, in vitro models of UMOD-transfected cells might be
unsuitable for testing putative therapeutic effects of drugs, as
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Rampoldi et al. (4) already described that these cell models are
not useful to analyze the molecular intracellular pathways in
UAKD.

Long term administration of 4-PBA had, besides changes in
phosphate levels (lower plasma phosphate levels and lower
24-h phosphate excretion with urine) and mild decrease of
urine osmolality, only minor effects on renal function of healthy
wild-type mice compared with untreated wild-type controls.
However, in the setting of UAKD, long term treatment with
4-PBA changed additional parameters of renal function, like
blood chloride and phosphate levels, urine osmolality, and renal
handling of some electrolytes like sodium. The most prominent
changes caused by 4-PBA treatment represented the strongly
reduced fractional excretion of phosphate in homozygous
Umod“*** mutant mice, exhibiting a more severe uromodulin
maturation defect and UAKD phenotype as compared with
Umod***”" homozygotes. Although a known function of
4-PBA is to act as nitrogen scavenger and thus to be able to
decrease plasma ammonia and urea levels, plasma urea concentra-
tions of 4-PBA-treated mice were similar to those of placebo-
treated genotype-matched controls or were even increased as in
homozygous Umod“**" mutant mice. Thus, 4-PBA treatment
rather resulted in a further deterioration of renal function in both
mouse models of UAKD than improving it.

To elucidate further therapeutic approaches to perform
curative treatment of UAKD, one open question is the analysis
of the predominant stress pathways that are activated by
mutant uromodulin maturation retardation and ER retention.
In our mouse models of UAKD, numerous factors of the NF-«B
pathway were increased abundant and/or activated, and the
activation of NF-«B pathway was localized in TALH cells of
Umod mutant mice. RelB was identified as the factor with the
highest increase of protein abundance in Umod mutant mice
compared with wild-type controls. Together with the increased
abundance of NF-«B2 p52 in Umod mutant mice, our data indi-
cate that the non-canonical NF-«B pathway, which predomi-
nantly targets activation of the p52/RelB NF-«B complex (39,
40), might be of special importance as disease mechanism in
UAKD.

In conclusion, our study demonstrated that, in contrast to
the reported amelioration of the maturation and trafficking
defect of mutant uromodulin in vitro, the chemical chaperone
4-PBA was ineffective to improve mutant uromodulin matura-
tion and TALH function in two mouse models of UAKD in vivo.
Activation of the NF-«B pathway in the thick ascending limb of
Henle’s loop cells of UAKD mice was demonstrated, identifying
a novel disease mechanism of UAKD and a potential target for
therapeutic intervention.
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