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Background:Mutations of Tamm-Horsfall protein (THP) cause hereditary kidney diseases with unclear mechanisms.
Results: Cysteine-altering THP mutants bind, trap, and reduce the apical release of wild-type THP, effects that can be amelio-
rated by various chemical chaperones.
Conclusion: Intermolecular interactions between mutant and wild-type THP may affect disease phenotype.
Significance: Chemical chaperones may be of therapeutic value in THP mutation-caused diseases.

Correct folding of a nascent polypeptide in the lumen of the
endoplasmic reticulum (ER) into a three-dimensional confor-
mation is a crucial step in the stability, intracellular trafficking,
and targeting to the final destination of a protein. By transiently
and stably expressing human-relevant mutants of Tamm-Hors-
fall protein in polarized Madin-Darby canine kidney cells, we
show here that a cysteine-altering mutation in the evolutionally
conserved cysteine-rich domain had more severe defects in ER
exit and surface translocation and triggered more apoptosis
than a cysteine-altering mutation outside the domain. Both
mutants were able to specifically bind and trap the wild-type
Tamm-Horsfall protein (THP) and prevent it from exiting the
ER and translocating to the cell surface. This explains at least
partly why in patients with THP-associated diseases there is a
marked urinary reduction of both the mutant and the wild-type
THP. Exposure of mutant-expressing cells to low temperature
(30 °C), osmolytes (glycerol, trimethylamine N-oxide, and
dimethyl sulfoxide), and the Ca2�-ATP inhibitor thapsigargin
only slightly relieved ER retention and increased surface target-
ing of the mutants. In contrast, sodium 4-phenylbutyrate and
probenecid, the latter a uricosuric drug used clinically to treat
gout, markedly reduced ER retention of the mutants and
increased their surface translocation and secretion into the cul-
ture media. The rescue of the THPmutants was associated with
the restoration of the level and subcellular localization of cyto-
solic chaperoneHSP70. Our results reveal intricatemechanistic
details that may underlie THP-associated diseases and suggest
that novel therapeutics enhancing the refolding ofTHPmutants
may be of important value in therapy.

Tamm-Horsfall protein (THP2; also named uromodulin) is a
kidney-specific protein made by the epithelial cells lining the

thick ascending limb of the loop of Henle (1–4). Within these
cells, THP is synthesized on the rough endoplasmic reticulum
(ER).After proper folding,modificationwith highmannose gly-
comoieties, and addition of a C-terminal glycophosphatidyli-
nositol, the protein exits the rough ER and transits to the Golgi
apparatus where it is further modified with complex-type car-
bohydrates and then destined for the apical plasma membrane
(5, 6). Mature THP is believed to anchor via its glycophosphati-
dylinositol tail onto the luminal leaflet of the lipid bilayer of the
apical membrane of the thick ascending limb of the loop of
Henle, although a recent study found the protein also to be
associated with the primary cilia and the mitotic spindle poles
of these tubular cells (7). Apically located THP is eventually
released by proteases and/or phospholipases into the urine
where it constitutes themost abundant urinary protein inmost
mammals (8–10). Evidence is mounting from genetically engi-
neered models that urinary THP is indispensable for urinary
tract defenses as its loss predisposesmice to urinary tract infec-
tions and mineral crystallization (11–18). The exact role(s)
THP plays in renal physiology remains somewhat enigmatic.
Recent genetic linkage studies show that certain polymor-
phisms of the THP gene have strong association with chronic
kidney disease and nephrolithiasis in humans (19–22).
Among the key structural features of THP is its high cysteine

content. Of the 590 amino acid residues in the mature protein
(excluding the signal peptide and glycophosphatidylinositol
consensus sequence), 48 are cysteines. Many of these cysteines
are thought to be involved in forming disulfide bridges that
stabilize the conformation of the protein. In particular, the cys-
teines inside the so-called “domain of 8 cysteines” (D8C) appear
to be the most conserved among several structurally related
proteins (23). It has been postulated that these 8 conserved
cysteines can form four pairs of disulfide bonds and that failure
to do so could lead to deleterious effects during the initial phase
of THP synthesis. However, concrete experimental evidence is
lacking. THP also has a tendency to polymerize via its zona
pellucida domain and interdomain linker regions (24, 25).
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However, at which stage of THP synthesis the intermolecular
interactions take place and whether intermolecular disulfide
bonds play a role in this process are unknown.
The importance of THP in renal diseases had not been fully

appreciated until mutations of this protein were discovered in a
group of hereditary diseases encompassing familial juvenile
hyperuricemic nephropathy, medullary cystic kidney disease
type II, and glomerulocystic kidney disease (4, 26–29). Trans-
mitted in an autosomal dominantmanner, these complex tubu-
lointerstitial diseases share several clinical features including
salt wasting, inability to concentrate urine, high serumuric acid
and gout, and progressive renal failure. However, it is also rec-
ognized that despite a shared genetic cause, i.e. mutations in a
single (THP) gene, tremendous heterogeneities exist among
different disease entities, renal pathology, disease onset, and
timeline of progression to renal failure (30–32). It has been
suggested that THP mutation-associated renal diseases are a
disease complex or a syndrome and that they are probablymore
appropriately labeled as “uromodulin storage diseases” (28).
A compilation of the THPmutations identified to date shows

that over 90% are missense mutations, and over 60% affect the
cysteines (6, 33). Given the general importance of disulfide
bridges in stabilizing protein conformation, it has been hypoth-
esized that THP mutations, in particular cysteine-altering
mutations, can result in THP misfolding and delayed or failed
ER exit (23). This has indeed turned out to be the case. When
transfected into cultured epithelial cells, considerable amounts
of mutation-bearing THPs become trapped in the ER. The
mutants are not as efficient as their wild-type counterpart to
reach the cell surface and be released into the media (6, 30,
34–36).
Notwithstanding the significant advances, several issues

remain to be elucidated. For instance, are cysteines within the
D8C conformationally more pivotal than those outside the
domain? In other words, will replacing a cysteine in D8Cwith a
non-cysteine residue lead to a more profound effect(s) than
replacing one outside? With rare exceptions, THP mutations
affect only one of the parental alleles, leaving the other allele (i.e.
wild type) unaffected. Because both alleles of most genes are
transcribed, this implies that the protein product of themutant
THP allele may exert a dominant-negative effect on the protein
product of the wild-type THP allele. Patients with THP muta-
tion-related diseases do have a profound reduction of not only
the mutant but also the wild-type protein in the urine (35, 37,
38). Is this due to a reduced synthesis of the wild-type THP
because of mutant-caused ER stress, or can it also be attributed
to a trapping effect due to mutant/wild-type THP interaction?
Additionally, because normal THP is located not only at the
apical plasma membrane but also at the mitotic spindle poles
(7), would a mutated THP compromise cell division and hence
proliferation? Moreover, given the fact that THP mutation-
caused diseases belong to the ER storage diseases, it will be
important to explore whether there are potential therapeutics
that can be used to improve the folding and cell surface target-
ing of THP mutants. A range of experimental conditions
including permissive temperatures, osmolytes, small mole-
cules, and chemical chaperones has been evaluated for several
non-THP ER storage diseases (39, 40). Will THP mutants

respond to some of these conditions, and if so, what is the
underlying cellular mechanism(s)? The present study was
designed to address some of these questions.

EXPERIMENTAL PROCEDURES

Construction of Expression Vectors

A full-length cDNAencodingmouseTHP in pCMV-Sports 6
vector was obtained fromAmerican Type Cell Culture (ATCC,
Manassas, VA). To help distinguish THP mutants from wild-
type (WT) THP in co-transfection studies, we chose to intro-
duce into THP cDNAwell characterized small tags (i.e. hemag-
glutinin (HA; 9 amino acids) or FLAG (8 amino acids)) for
which specific antibodies were commercially available. To
avoid potential untoward effects and after pilot analyses, we
selected a tag insertion site between residues 59 and 60 of the
THP, a site significantly away from the signal peptide cleavage
site, cysteine residues, and Asn-linked glycosylation sites. PCR
was carried out using the THP cDNA as the template with a
sense primer at the 5�-end of the coding region of the THP
cDNA (5�-AGAGTGTAAAGGATGGGGATC-3� (S-1)) and
an antisense primer that spanned residues 59/60 and contained
the HA sequence (5�-GTC CTC ACA CAC CAG CCC AGC
GTA ATC TGG AAC ATC GTA TGG CTA ATC ACC AGT
GAA GCC GGT C-3� (AS-1) where the underline denotes the
HA complementary sequence). A parallel round of PCR was
carried with a sense primer complementary to AS-1 (5�-ACC
GGC TTC ACT GGT GAT TAC CCA TAC GAT GTT CCA
GATTACGCTGGGCTGGTGTGTGAGGAC-3� (S-2)) and
an antisense primer complementary to the 3�-end of the coding
region of the THP cDNA (5�-CCA TCA TTG AAC CAT GAA
GAT C-3� (AS-2)). Products of the two rounds of PCR were
mixed in equal proportions, denatured, reannealed, and
extended to full length using a DNA polymerase reaction mix-
ture. A third round of PCR was performed using primers S-1
and AS-2 to generate a full-length THP cDNA containing the
HA tag, and the PCR product was subcloned into pGEM-T
vector (Promega, Madison, WI) and then cloned into mamma-
lian expression vector pcDNA3.0 between the SacII and NotI
sites. The introduction of FLAG tag into THP cDNA followed
identical procedures at the same site (between residues 59 and
60) with the exception that FLAG-specific primers were used at
the insertion site.
Site-directed mutagenesis to mutate codons 126 and 217 of

THP was carried out using as template pcDNA3.0 vector bear-
ing the THP-HA or the THP-FLAG using a QuikChange kit
from Stratagene (La Jolla, CA). The primer pairs used were as
follows: (i) for codon 126: sense, 5�-GCCCTGGCCACCCGT
GTCAACACAG-3�; antisense, 5�-CTGTGTTGACACGGG
TGG CCA GGG C-3� where the underline denotes the con-
verted cysteine to arginine (C126R); and (ii) for codon 217:
sense, 5�-ATG GCT GAG ACC GGT GTG CCC GTC C-3�;
antisense, 5�-GGACGGGCACACCGGTCTCAGCCAT-3�
where the underline indicates converted cysteine to glycine
(C217G). The modified cDNAs were completely sequenced to
establish the presence of theHAandFLAG tags, the presence of
specific mutations (i.e. C126R and C217G), and the absence of
PCR-introduced artifact. A total of seven expression vectors
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were created: WT-no tag, WT-HA, WT-FLAG, C126R-HA,
C126R-FLAG, C217G-HA, and C217G-FLAG (see Fig. 1).

Transient and Stable Transfection

The Madin-Darby canine kidney (MDCK) cell line (ATCC)
was expanded in low glucose Dulbecco’s minimal essential
medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum and 100 �g/ml streptomycin at 37 °C with 5%
CO2. RT-PCR, Western blotting, and immunofluorescence
staining did not detect any endogenous THP expression in this
cell line. For transient transfection, 5 � 104 cells were plated
into 24-well cell culture plates, and 16 h later, the attached cells
were transfected separately with the aforementioned seven
expression vectors using Lipofectamine 2000 (Invitrogen) at a 2
�g of DNA/2 �l of reagent ratio per 1 � 105 cells. For transient
co-transfection, a 1:1 ratio (1 �g/1 �g) of the co-transfected
plasmids was used.
For obtaining stably transfected clones, overnight cultures of

MDCK cells were transfected with the aforementioned plas-
mids following the same procedure. Forty-eight hours later, the
culture medium was switched to DMEM containing G418 at a
final concentration of 1 mg/ml. The cells were maintained in
this condition with a change of fresh medium every 2 days for a
week. The surviving cells were digestedwith 0.25%EDTA, tryp-
sin and diluted to �100 cells/10-cm culture dish for continued
culture in the G418 selective medium for 4 more weeks. Single
cells were then selected for subculture and expansion into sta-
ble cell lines.

Fluorescence-activated Cell Sorting

Live MDCK Cells Transfected with WT and Mutated THPs—
Stably transfected cells that had been subcultured for 48 h were
collected in DMEM with 10% fetal bovine serum to 1 � 106
cells/ml. The cells were incubated at 4 °C for 30 min with a
chicken anti-HAantibody (1:1,000 dilution;Millipore, Billerica,
MA). After washing, the cells were incubated at 4 °C for 30 min
with goat anti-chicken FITC (1:500 dilution; Abcam). After fur-
ther washing, the cells were incubated at room temperature for
10 min with 7-aminoactinomycin D to exclude nonviable cells.
Cell sorting was carried out by flow cytometry (FACSCalibur)
and analyzed with CellQUEST software (both from BD
Biosciences).
Cell Cycle Distribution—Stably transfected MDCK cells

expressingWTTHP,WT-HA, C126R-HA, or C217G-HA (1�
105 cells for each line) were cultured for 48 h. Harvested cells
were fixed in 100% ice-cold ethanol and after washing were
treated with RNase (30 mg/ml) and then with 1 mg/ml pro-
pidium iodine followed by fluorescence-activated cell sorting
(FACS) analysis.
Apoptotic Cells—Annexin V-PE Apoptosis Detection Kit I

(BD Bioscience) was used to quantify apoptotic cells. Briefly,
stably transfectedMDCK cells expressing theWT-HA, C126R-
HA, or C217G-HA were cultured for 48 h. The cells were
washed twice in ice-cold PBS, washed once in 1� “binding
buffer,” and then supplemented with 5 �l of annexin V-phyco-
erythrin and 5 �l of 7-aminoactinomycin D (in 100 �l of cell
suspension (1 � 105 cells)). The FACS was performed accord-
ing to the manufacturer’s instructions.

Immunofluorescence Labeling and Western Blotting

Transiently or stably transfected cells were fixed either in 4%
PBS-buffered paraformaldehyde at room temperature (RT) for
15 min to produce non-permeabilized cells or in an ice-cold
methanol/acetone mixture (1:1 ratio) on ice for 15 min to pro-
duce permeabilized cells. After blocking of nonspecific sites
with 3%bovine serumalbumin in PBS at RT for 30min, the cells
were incubated with chicken anti-HA (1:500 dilution) followed
by goat anti-chicken FITC to detect HA-tagged THP. Alterna-
tively, the cells were incubated with rabbit anti-FLAG (1:500
dilution) followed by goat anti-rabbit rhodamine. For double
staining, the two staining systems were combined. For the
assessment of whether THP mutant expression in MDCK cells
would have a general negative effect on the cell surface target-
ing of endogenous membrane proteins, mouse monoclonal
antibody against GP135, a well established cell surface marker
of MDCK cells, was used as an internal control during double
immunofluorescence staining (courtesy of Dr. George Ojakian
of SUNY Downstate Medical Center, Brooklyn, NY; Ref. 41).
For caspase 3 staining, permeabilized, stable cell lines express-
ingWT-HA, C126R-HA, and C217G-HAwere exposed to rab-
bit anti-caspase 3 antibody (1:200 dilution; Cell Signaling Tech-
nology, Danvers, MA) and then to goat anti-rabbit rhodamine.
For detection of heat shock protein 70 (HSP70), 1 � 104 stably
transfected MDCK cells expressing WT-HA, C126R-HA, or
C217G-HA were treated with low temperature, sodium 4-phe-
nylbutyrate (4-PBA), and probenecid for 48 h. The cells were
permeabilized and double stained with primary antibodies
mouse anti-HSP70 (1:200 dilution; Millipore) and rabbit anti-
THP (1:500; Ref. 42) followed by secondary antibodies goat
anti-mouse FITC and goat anti-rabbit rhodamine.
ForWestern blotting, protein samples were dissolved in SDS

loading buffer containing 10%�-mercaptoethanol and resolved
by SDS-PAGE (10% acrylamide gel for THP and chaperones,
12% gel for caspase 3, and 4–12% gradient gel for the co-immu-
noprecipitation (IP) experiment (see below)). After electropho-
resis, the proteins were electrotransferred onto the Immobilon
PVDF membrane, incubated consecutively with primary and
horseradish peroxidase-conjugated secondary antibodies, and
visualized by an enhanced chemiluminescence method. All
antibodies against the ER chaperones were obtained from Cell
Signaling Technology and used after dilutions (rabbit anti-
ERp57, 1:500; rabbit anti-calnexin, 1:500; rabbit anti-calreticu-
lin, 1:500).

Co-immunoprecipitation

Stably transfected MDCK cells harboring a mutated THP
(either C216R-HAorC217G-HA)were secondarily transfected
with a plasmid containing the wild-type THP cDNA (WT-
FLAG). After 48 h, the cells were lysed with radioimmune pre-
cipitation assay buffer (1% (octylphenoxy)polyethoxyethanol,
50mMTris/HCl, pH7.4, 150mMNaCl, 0.5%deoxycholate, 0.1%
SDS, 2 mM EDTA, and 0.5 mM PMSF). The lysate was centri-
fuged, and the supernatant was incubated with a rabbit anti-
FLAG antibody (2 �g of antibody/100 �g of total protein) at
4 °C for 1 h. The mixture was then supplemented with 20 �l of
Protein G PLUS-agarose and incubated on a rocker platform at
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4 °C overnight. The agarose beads were collected by centrifu-
gation at 1,000� g at 4 °C for 5min andwashed four times with
PBS. After the final wash, the beads were resuspended in 1�
electrophoresis loading buffer, boiled for 3 min, and subjected
to SDS-PAGE. Western blotting was carried out using chicken
anti-HA antibody followed by goat anti-chicken HRP. In a
reverse co-immunoprecipitation experiment, the same protein
lysate was incubated with a chicken anti-HA antibody followed
by identical precipitation procedures; Western blotting was
done using a rabbit anti-FLAG antibody and goat anti-rabbit
HRP.

Enzyme-linked Immunoabsorbent Assay

ELISA was used to quantify THP released into the culture
media. Briefly, microtiter wells were coated with 200 �l of
media from cells cultured for 6, 20, 30, 40, and 60 h, and
unbound proteins were removed by washing the wells with
PBS. The following solutions were then added consecutively
with intervening washing steps: (i) blocking solution (3% milk
made in PBS), (ii) sheep anti-THP antibody (1:3,000 dilution),
and (iii) rabbit anti-sheepHRP (1:6,000 dilution). After the final
wash, substrate for HRP was added and developed for 20 min
after which the reaction was stopped by the addition of 2 M

H2SO4. The plates were read at 450 nm, and readings were
plotted against a standard curve generated using purified THP
from pooled healthy human urine.

Phospholipase C Treatment

For assessingwhethermutantTHPs interactwith and reduce
the cell surface targeting ofWTTHP, stably transfectedMDCK
cells (1� 105/well) expressing the FLAG-taggedWTTHPwere
transfected with HA-tagged THP mutants (2 �g each of
C126R-HA or C217G-HA). As a control, the same stably trans-
fectedMDCK cells expressing the FLAG-taggedWTTHPwere
transfected with HA-tagged WT THP (WT-HA). Forty-eight
hours later, the cells were washed and incubatedwith phospho-
lipase C (Sigma) in PBS (3 units/100 �l of cell suspension) at
37 °C for 4 h. The supernatant was collected by centrifugation
at 1,000� g for 5min, and the same volume of each supernatant
(10 �l/well) was subjected to ELISA using rabbit anti-FLAG as
the primary antibody. Because HA standard was not available,
OD readings at 450 nm were used to represent the relative
abundance of phospholipase C (PLC)-cleavable WT-FLAG.

Proteosome Inhibition

MDCK cells stably transfected with C126R-HA or
C217G-HA were cultured for 24 h and then changed to fresh
DMEM or DMEM plus proteasome inhibitor MG132 (Sigma)
(43) to a final concentration of 10�M.Cell culture continued for
another 12 h before the cellswere fixed in 4%paraformaldehyde
at 4 °C for 10min followed by permeabilization in 0.05% Triton
X-100 at 4 °C for 10min. Double immunofluorescence staining
was then carried out using anti-HAand anti-HSP70 followed by
secondary antibodies conjugated with Alexa Fluor 488 and
Alexa Fluor 594.

Rescue of THP Mutants by Low Temperature, Osmolytes, and
Chemical Chaperones

Stably transfected MDCK cells were cultured for 16 h in low
glucose DMEM containing 10% fetal bovine serum, 100 IU/ml
penicillin, 100 �g/ml streptomycin, and 1 mg/ml G418. The
cells were washed three times with serum-free low glucose
DMEM and treated with fresh DMEM containing 10% fetal
bovine serum and each of the following conditions/agents: 1)
low temperature (30 °C); 2) 1% glycerol; 3) 5 mg/ml trimethyl-
amine N-oxide (Sigma-Aldrich); 4) 1% DMSO; 5) 1 �M thapsi-
gargin (Sigma); 6) 10 mM sodium 4-phenylbutyrate (Biovision);
and 7) 1mg/ml probenecid. The cells were cultured for another
48 h and then subjected to immunofluorescence staining and
FACS using chicken anti-HA antibody. In parallel experiments,
the culture media were subjected to ELISA using sheep anti-
THP as the primary antibody and purified human THP as a
standard. Finally, treated cells were analyzed for the expression
of selected protein chaperones byWestern blotting and immu-
nofluorescence staining using antibodies against ERp57 (1:500
dilution; Cell Signaling Technology), calnexin (1:500; Cell Sig-
nalingTechnology), calreticulin (1:500; Cell SignalingTechnol-
ogy), and HSP70 (1:500; Millipore).

RESULTS

Cysteine-altering Mutation in D8C of THP Causes More
Severe ER Retention and Less Cell Surface Translocation than
Another Outside of Domain—To better understand the molec-
ular and cellular effects of THP mutations and to set the stage
for testing novel therapeutics for THPmutation-associated dis-
eases, we constructed a series ofmammalian expression vectors
bearing (i) a WT THP cDNA, (ii) a THP cDNA harboring a
missense mutation at codon 126 that converted cysteine to
arginine (i.e. C126R), and (iii) a THP cDNA harboring a mis-
sense mutation at codon 217 that converted cysteine to glycine
(i.e. C217G). Notably, Cys-126 resides in the third EGF-like
domain of THP, whereas Cys-217 resides within the evolution-
arily conservedD8C (23). These twomutants were selected also
because they are frequently present in human THP mutation-
caused diseases (28, 44). To facilitate the distinction between
the mutant THP and the WT THP, we engineered small tags
(HA or FLAG) that have been well characterized in vitro and in
vivo into the WT and mutant THP. After pilot analyses, we
selected the site between residues 59 and 60 as the tag insertion
site, which was away from the signal peptide cleavage site, cys-
teine residues, and Asn-linked glycosylation sites. Transient
transfection of these vectors into polarizedMDCKcells showed
that the HA- or FLAG-tagged THP translocated to the cell sur-
face as efficiently as the tagless THP as evidenced by the immu-
nofluorescence staining of non-permeabilized cells (Fig. 1A)
and live cell sorting (Fig. 1B; also see later text). This indicated
that the presence of the tags did not affect THP biosynthesis,
intracellular trafficking, and cell surface targeting. In stark con-
trast, the two THPmutants (C126R and C217G) had consider-
ably lower cell surface staining in non-permeabilized cells, and
their intracellular staining in permeabilized cells was predom-
inantly perinuclear (Fig. 1A). Large irregular aggregates were
also apparent. These results are consistent with several pub-
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lished reports in which THP mutants at different sites were
transiently expressed in MDCK and non-MDCK cells (6, 30,
34–36). Although both the THP mutants we tested became

trapped in the ER, the severity was different: the C217Gmutant
had more profound perinuclear staining and weaker cell sur-
face staining than theC126Rmutant (Fig. 1A). FACS analysis of

FIGURE 1. Localization of WT and mutated THP in transiently and stably transfected MDCK cells. A, cultured MDCK cells were transiently transfected with
WT THP or THP bearing point mutations at two independent sites (i.e. C126R and C217G). Transfected cells were subjected to immunofluorescence staining
under non-permeabilized or permeabilized conditions. B, left four panels, stably transfected cell lines harboring untagged wild-type THP or HA-tagged WT THP,
C126R THP mutant, or C217G THP mutant were subjected to fluorescence-activated cell sorting using anti-THP antibody (for untagged wild-type THP) or
anti-HA antibody (for all HA-tagged proteins) in conjunction with a FITC-labeled secondary antibody. M1 denotes the window of sorted live cells. Right panel,
a bar diagram summary of the left four panels (means � S.E.). C, detection of THP secreted in culture media by ELISA (left panel) (means � S.E.) and Western
blotting (right panel) using an anti-HA antibody. Culture media from stably transfected cell lines harboring HA-tagged WT and mutated THP (C126R or
C217G) were collected at 6, 20, 30, 40, and 60 h postsubculture and were normalized based on the same cell numbers at each time point as indicated.
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stably transfected cells confirmed such a mutant-dependent
difference in that only 7% of the cells harboring C217G
expressed the protein on the cell surface compared with 16% of
the cells harboring C126R (Fig. 1B). In further support of this,
the amounts of THP released into the culturemedia at different
time points of the stable cultures were markedly different
between the two mutants (Fig. 1C). Both ELISA and Western
blotting showed that over a 60-h culture period there was a
steady increase in the concentrations of the WT-HA, a slower
increase of C126R-HA reaching a detectable level by 40 h, and
no increase at all of C217G over the entire period (Fig. 1C).
These results, combined with those reported earlier (6, 30,
33–36), strongly suggest that THP mutations at different loca-
tionsmay exert different effects on protein folding, ER exit, and
cell surface translocation and that mutations inside the evolu-
tionally conserved D8C, particularly those altering the cys-

teines, may alter the conformational structure of THP more
profoundly than those outside the domain.
Mutant THP Binds to and Traps Wild-type THP—To deter-

mine whether the mutated THP was capable of binding WT
THP, thus exerting a dominant-negative effect, we carried out
transient co-transfection of MDCK cells with (i) the plasmid
encoding FLAG-taggedWTTHP (WT-FL) alongwith the plas-
mid encoding HA-tagged C126R THP mutant (C126R-HA)
and (ii) the plasmid encoding WT-FL along with the plasmid
encoding HA-tagged C217G THP mutant (C217G-HA). Co-
transfection of WT-FL and WT-HA was done in parallel as a
control. Although, as expected, cells expressing both WT-FL
andWT-HA exhibited exclusively cell surface staining (Fig. 2A,
top panel), those cells expressing both WT-FL and C126R-HA
exhibited perinuclear staining of not only C126R-HA but also
WT-FL (Fig. 2A,middle panel, arrows, yellow color). The same

FIGURE 2. Interaction of mutated THP with WT THP and resultant ER retention and reduced surface translocation of WT THP. A, co-expression of WT and
mutant THP by double transfection. Cultured MDCK cells were transiently transfected simultaneously with an FL-tagged WT THP and an HA-tagged mutant
THP (i.e. C126R or C217G (middle and bottom panels, respectively)). As a control, the cells were doubly transfected with an FL-tagged WT THP and an HA-tagged
WT THP (top panels). The transfected cells were then permeabilized and double immunofluorescence-stained using primary antibodies against FL and HA
followed by corresponding fluorescein-conjugated secondary antibodies (see “Experimental Procedures” for details). Arrows denote cell surface co-localiza-
tion of WT-FL and WT-HA (top right); peri-nuclear co-localization of WT-FL and C126R-HA (middle right); and peri-nuclear co-localization of WT-FL and C217G-HA
(bottom right). B, effect of THP mutant expression on the cell surface targeting of endogenously expressed GP135. MDCK cells doubly transfected with
WT-FL/WT-HA (top panels), WT-FL/C126R-HA (middle panels), or WT-FL/C217G-HA (bottom panels) were permeabilized and double immunofluorescence-
stained using primary antibodies against HA and GP135. Arrowheads denote surface membrane staining. C, demonstration of mutant and WT THP interaction
by co-immunoprecipitation. Stably transfected cell lines harboring either HA-tagged C126R or HA-tagged C217G THP mutant were secondarily transfected
with FL-tagged WT THP. IP was done using an anti-FL antibody followed by protein A-conjugated agarose beads. The precipitated products were detected by
Western blotting using anti-HA antibody. Singly transfected, mutant-THP bearing cells were used as negative controls (the first four lanes), whereas cells doubly
transfected with HA-tagged WT THP and FL-tagged WT THP were used as a positive control (the last lane). Reverse co-IP experiments were done using anti-HA
antibody (to pull down THP mutants) followed by Western blotting using anti-FL antibody. In both types of co-IP experiments, isotype, non-immune IgGs
(Non-I) were used as negative controls. Short lines at the left edges of both panels mark the positions of the molecular mass standard: from top to bottom, 95, 72,
and 55 kDa. Arrows and arrowheads mark the fully and under-glycosylated species, respectively, of THP. D, influence of mutated THP on membrane surface
translocation of WT THP as assessed by PLC treatment. MDCK cells stably transfected with FL-tagged WT THP were secondarily transfected with HA-tagged THP
mutants. Singly (as controls) and doubly transfected cells were then treated with PLC, and the supernatant was subjected to ELISA using primary anti-FL
antibody (Ab). Experiments were done in triplicate and data shown were means � S.E. Asterisks denote differences with statistical significance versus WT-FL (p �
0.05).
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phenomenonwas observedwhenC217G-HAwas co-expressed
with WT-FL (Fig. 2A, bottom panel, arrows). Such a trapping
effect appeared to be mainly the result of mutant THP/WT
THP interaction as the cell surface translocation of GP135, a
well established cell surface membrane protein endogenously
expressed by MDCK cells (41), was largely unaffected in
mutant-expressing cells (Fig. 2B). These data demonstrated for
the first time that the mutant THP interacts with the wild-type
counterpart in the lumen of ER, being responsible at least par-
tially for the ER retention of the WT THP (see later text).
To extend the immunofluorescence staining data, we per-

formed co-immunoprecipitation on stably transfected MDCK
cells harboring C126R or C217G that were secondarily tran-
siently transfected withWT-FL. An anti-FL antibody was used
for immunoprecipitation, and the precipitated products were
subjected to Western blotting using an anti-HA antibody to
determine whether the WT-FL was able to pull down mutant
THPs. We found that the anti-FL antibody pulled down (via
WT-FL/C126R-HA interaction) a minor (100-kDa) and a
major (�65-kDa) protein species that reacted with the anti-HA
antibody (Fig. 2C). The 100-kDa protein species corresponded
to the fully glycosylated, cell surface version of the THP as evi-
denced by co-transfection experiments with HA-tagged WT
THP and FL-taggedWT THP (last lane) that did not affect the
translocation of either protein. The 65-kDa protein species, on
the other hand, correspondedmost likely to the ER version that
lacked the complex-type glycosylation. The co-IP experiments
with the anti-FL antibody were highly specific because no pro-
tein was pulled down with singly transfected MDCK cells
expressing only the C126R-HA or C217G-HA and because no
protein was pulled down with an isogenic non-immune anti-
body. To take a step further, we used the same set of co-trans-
fected cells to carry out a reverse co-IP experiment using the
anti-HA antibody for co-IP and the anti-FL antibody forWest-
ern blotting to determine whether the mutant THPs were able
to pull down theWT-FL. This indeed turned out to be the case
(Fig. 2C, lower panel). More importantly, the fully glycosylated
WT-FL (i.e. the cell surface version) also accounted for only a
minor species of the precipitated WT-FL (arrow), again indi-
cating that the majority of the WT-FL was trapped in the ER
due to its interactionwith themutantTHPs. Finally, weassessed
whether the trapping effects of the THPmutants on theWTTHP
would lead to a reductionofWTTHPreleased into the solutionby
PLC, anenzyme that cleaves theglycophosphatidylinositol linkage
of THP (10). In this study, MDCK cells stably transfected with
WT-FL were secondarily transiently transfected with C126R-HA
orC217G-HA. Singly (controls) and doubly transfected cells were
then treated with PLC, and the supernatant was subjected to
ELISA using primary anti-FL antibody. A significantly reduced
level of WT-FL was noted in cells co-expressing the WT and
mutated THPs as compared with cells expressing the WT THP
onlyor cells expressingdifferently taggedWTTHP(Fig. 2D;aster-
isks, p � 0.05). An even more profound reduction of PLC-cleav-
ableWT-FLwas not observedmainly because of the relatively low
secondary transfection efficiency with the mutant THPs com-
paredwith the high level of stably expressing ofWTTHP. Collec-
tively, results from these independent but complementary exper-
iments established that mutant THP interacts with theWT THP

andprevents the latter fromexiting theERand translocating to the
cell surface.
Mutant THP Accelerates Apoptosis but Does Not Alter Cell

Proliferation—To assess whether the two THPmutants, which
were trapped in the ER, affected cell proliferation and apoptosis
and, if so, whether they did so to varied extents, we subjected
stably transfectedMDCK cells to FACS after propidium iodide
and annexinV labeling. The steady-statedistributionof all phases
of the cell cycle (G0/G1, S, and G2/M) of the cells expressing
C126R-HA or C217G-HA were indistinguishable from the cells
expressingWT orWT-HA, suggesting that the THPmutants did
not reduce cell proliferation (Fig. 3, A and C). In contrast, signifi-
cantly more cells expressing the mutants underwent apoptosis
than the cells expressing the WT THP (Fig. 3B, compare lower
rightquadrants; also seeFig. 3D).Of the twoTHPmutants,C217G
once again elicited more apoptotic responses (�10% of the cells)
than C126R (�6% of the cells). Western blotting (Fig. 3E) and
immunofluorescence staining (Fig. 3F) of caspase 3 independently
confirmed the cell sorting results.
Low Permissive Temperature and Osmolytes Enhance Cell Sur-

face Translocation of Mutated THP—Because the mutated THPs
cause ER retention and apoptosis, it is likely that conditions ame-
lioratingproteinmisfoldingandenhancingERexitwill haveaben-
eficial effect on cells bearing such mutations. Although low per-
missive temperature and osmolytes had been tested previously
(39), fewhavebeentested forTHPmutants.Wethereforecultured
MDCK cells stably transfected with C126R-HA or C217G-HA in
low permissive temperatures (�37 °C) and in various concentra-
tions of osmolytes including glycerol, trimethylamine N-oxide
(TMAO), and DMSO. Fig. 4 shows the immunofluorescence
labeling and live cell sorting (FACS) via the cell surfaceTHPunder
the culture conditions that resulted in the maximal surface label-
ing (i.e.30 °C,1%glycerol, 5mg/mlTMAO,and1%DMSO).Com-
pared with non-treated cells, which had little if any cell surface
labeling under non-permeabilized condition, cells cultured under
the fourconditionsbecamemore intensely surface-labeled (Fig. 4).
Punctate surface labeling was seen with both glycerol and TMAO
treatments, whereas uniform surface labeling was associated with
low temperature and DMSO treatments. Consistent with the
increased surface labeling, there was generally a reduction of peri-
nuclear staining in all the conditions as evidenced by stainingwith
permeabilized cells. Overall, TMAO and DMSO treatments per-
formed slightly worse than low temperature and glycerol. Despite
their different degrees of ER retention and surface translocation,
the C126R-HA and C217G-HA mutants seemed to have
responded similarly to the four conditions (Figs. 4 and 6,A andC).
The increase in surface translocation also translated into an
increased release of mutated THPs into the culture medium as
evidenced by ELISA analysis (Fig. 6C). However, such increases
(e.g.�25%of theWTTHP) did not parallel the increase in surface
labeling (�50%) by FACS (Fig. 6A). This might have been due to
the fact that cells expressing even a small amount ofmutatedTHP
on the surface can be sorted, but in this case, only a small amount
of protein could be released into themedium. Another possibility
is that THPmutants that have translocated to the cell surface are
less efficiently cleaved than the WT THP, although the second
possibility is less likely based on our immunofluorescence staining
data.
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FIGURE 3. Cell cycle and apoptotic status of MDCK cells harboring THP mutants. MDCK cells stably transfected with WT THP, WT THP tagged with HA, or
mutated THP (C126R or C217G) tagged with HA were stained with propidium iodide (PI) and subjected to FACS (A) or incubated with annexin V (AnnV) followed
by FACS (B). The filled curves in A represent the G0/G1 (the first peak) and G2/M (the second peak) phases. The hatched curve represents the S phase. Bottom right
quadrants in B represent apoptotic cells. C and D, summary of cell cycle and apoptotic status. Data were means � S.E. E and F, Western blotting and
immunofluorescence detection of caspase 3 (Cas-3) showing higher levels of precursor (top band in E) and activated caspase 3 (middle and lower bands in E) in
MDCK cells expressing the THP mutants than in those expressing the WT THP. 7-AAD, 7-aminoactinomycin D; PE, phycoerythrin.
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Chemical Chaperones Significantly Improve ER Exit and Cell
Surface Targeting of Mutated THP—Although low permissive
temperature and osmolytes showedpositive effects on reducing

perinuclear accumulation of THP mutants and improving sur-
face translocation, these reagents/conditions are either toxic or
not suitable for in vivo applications (39). Additionally, their

FIGURE 4. Effects of permissive temperature and osmolytes on ER exit and cell surface translocation of THP mutants. MDCK cells stably transfected with
the two HA-tagged THP mutants (C126R (top three panels) or C217G (bottom three panels) underwent no treatment (NT) or were treated with low temperature
(LT; 30 °C), glycerol (GLY), TMAO, and DMSO. Forty-eight hours after treatment, non-permeabilized (NP) and permeabilized (P) cells were immunofluorescence-
stained with an anti-HA antibody. Alternatively, live cells underwent FACS using the anti-HA antibody, and nuclei were counterstained with DAPI. M1 in the
FACS panels represents sortable live cells (expressing surface THP).
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effects only seemed marginal (Figs. 4–6). We therefore evalu-
ated several chemical chaperones/small molecules for their
effects on the THP mutants using the same experimental sys-
tem. These included thapsigargin, a small molecule that inhib-
its Ca2�-ATPase and the Ca2�-dependent quality control

mechanism by the molecular chaperones (45); 4-PBA, a chem-
ical chaperone that increases the expression of heat shock pro-
teins (46); and probenecid, a drug used clinically to treat hype-
ruricemia (47). Fig. 5 shows the results from the best conditions
for each agent (i.e. 1 �M thapsigargin, 10 mM 4-PBA, and 1

FIGURE 5. Effects of small molecule chemical chaperones on ER exit and cell surface translocation of THP mutants. MDCK cells stably transfected with the
two HA-tagged THP mutants (C126R (top three panels) or C217G (bottom three panels) underwent no treatment (NT) or were treated with thapsigargin (Tha),
4-PBA, or probenecid (PR). Forty-eight hours after treatment, non-permeabilized (NP) and permeabilized (P) cells were immunofluorescence-stained with an
anti-HA antibody. Alternatively, live cells underwent FACS using the anti-HA antibody. M1 in the FACS panels represented sortable cells (expressing surface
THP).
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mg/ml probenecid). Of the three chemicals tested, thapsigargin
was highly cytotoxic; the rest were well tolerated by the cul-
tured cells. 4-PBA had comparable effects on reducing perinu-
clear staining and increasing the surface labeling of both C126R
and C217G (Fig. 5). Large sized and very strongly surface-la-
beled cells were observed with 4-PBA, a finding consistent with
those previously published (34). To our surprise, probenecid, a
drug that has been used empirically to lessen hyperuricemia
(48), dramatically increased cell surface labeling of the THP
mutants (Fig. 5). 4-PBA and probenecid also outperformed
thapsigargin in elevating the levels of mutated THPs in the cul-
ture media to about 50% of the level of WT THP (Fig. 6, B
and D).
Restoration of HSP70 Level Is Associated with Increased ER

Exit and Surface Translocation of THP Mutants—To investi-
gate whether the accumulation of THP mutants in the ER
affected the levels of key molecular chaperones and, more
importantly, whether chemical treatments that reduced
mutant accumulation in the ER correlated with chaperone
changes, we performed Western blotting and immunofluores-
cence staining ofMDCKcells expressing theTHPmutants. The
steady-state levels of ER chaperones including ERp57 and cal-
nexin were slightly lower in cells expressing the mutants
(C126R and C217G) than in those expressing no THP, tagless
THP, or differently taggedWT THP (Fig. 7A). The level of cal-
reticulin did not seem to differ significantly. In striking con-
trast, there was a marked reduction of cytosolic chaperone
HSP70 in cells expressing the two THPmutants (Fig. 7A). Cells
harboring the two THP mutants and cultured under low tem-
perature or in the presence of 4-PBA or probenecid had a com-
plete restoration of the level of HSP70 (Fig. 7B). The results
were confirmed by immunofluorescence staining, which

showed strong cytoplasmic HSP70 localization with a filamen-
tous configuration (Fig. 7C). These data suggest that the cyto-
solic HSP70may play an important role in the refolding and ER
exit of the THP mutants and in the improvement of their cell
surface translocation. To further study whether the apparent
disappearance of HSP70 from THP mutant-expressing cells
was due to a bystander effect of increased proteasome degrada-
tion of trapped THP mutants, we treated mutant-expressing
cells with a proteasome inhibitor, MG132 (43). This led to a
marked accumulation of HSP70 (Fig. 7D). Unlike HSP70 in low
temperature- and chemical chaperone-treated cells where it
was largely cytoplasmic and filamentous, HSP70 in cells treated
withMG132was primarily perinuclear, appeared as aggregates,
and had significant overlap with aggregated THPmutants (Fig.
7D). Additionally, the increased HSP70 inMG132-treated cells
was not associated with an increased cell surface staining of
mutant THP asmutant THP remained primarily perinuclear as
aggregates.

DISCUSSION

Location of THP Mutation and Severity of Phenotype—In an
effort to better understand the cellular mechanisms whereby
THPmutations exert their pathogenic effects, we concentrated
on two cysteine-altering mutations that were found in THP-
associated kidney diseases (28, 44). We selected these two
mutations because of their discrete locations with one in the
domain of 8 cysteines (C126R) and the other outside of it
(C217G) (23). However, we were still surprised by the extent to
which these twomutants differed in their ER retention, apopto-
sis induction, apical surface targeting, natural and PLC-assisted
release into the culturemedia, and entrapment of co-expressed
wild-type THP. In all these respects, C217G triggered far more

FIGURE 6. Comparison of effects of different treatments on cell surface translocation of two THP mutants. A and B, results summarized from FACS of
MDCK cells harboring the two THP mutants that had been treated with various conditions. C and D, extent of THP released into the cultured media subsequent
to various treatments. NT, no treatment; LT, low temperature; GLY, glycerol; Tha, thapsigargin; PR, probenecid. Data were means � S.E.
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severe phenotypes than did C126R (Figs. 1–3). Thus, our data
provide experimental evidence supporting the idea from
sequence analysis that the highly conserved cysteines within
D8Cmay bemore functionally pivotal and that their mutations
may cause worse structural deformation of THP and functional
abnormalities in the mutant-bearing cells.
Although not directly addressing the importance of D8C,

previous reports did note similar location-dependent effects
involving cysteine and non-cysteine mutations of THP. For
instance, Jennings et al. (36) found THP mutants C77Y and
N128S to be targeted mostly to the apical membrane of the
transiently transfected renal epithelial cell line LLC-PK1. In
contrast,Williams et al. (33) showed that all but one of the THP

mutants they expressed in HeLa cells (i.e. C32W, R185G,
D196N, C217W, and C223R) were trapped in the ER and failed
to reach the plasmamembrane. Quantitative experiments were
not carried out, however, to determine whether the two cys-
teine-altering mutations, i.e. C217W and C223R located in
D8C, fared worse in surface translocation than C32W located
outside D8C. Interestingly, the onlymutant, G488R, that trans-
located very efficiently to the cell surface was located in the
zona pellucida domain (33). In another study, Bernascone et al.
(6) transiently transfected HEK293 and MDCK cells with 12
THP mutants. They noted considerable variability of the
mutants to translocate to the plasma membrane with M229R
being 3 times as efficient as N128S. Because M229 is inside

FIGURE 7. Effects of different treatments on expression of ER molecular chaperones. A, determination of the steady-state levels of ERp57, calnexin,
calreticulin, and HSP70 in untransfected MDCK cells or MDCK cells stably transfected with vector only (pcDNA3.0), WT THP, HA-tagged WT THP, FL-tagged WT
THP, HA-tagged THP mutant (C126R), or another HA-tagged THP mutant (C217G). B, treatment with low temperature (LT), 4-PBA, and probenecid (PR)
dramatically up-regulated the level of HSP70 in cells expressing the THP mutants. C, immunofluorescence staining of HSP70 in untreated and chemical
chaperone-treated cells. MDCK cells stably transfected with WT THP and THP mutants (C126R or C217G) underwent no treatment (NT) or low temperature,
4-PBA, or probenecid treatment. The cells were permeabilized and doubly stained with anti-THP (red) and anti-HSP70 (green). D, MDCK cells stably transfected
with C126R-HA or C217G-HA were cultured in the presence of DMEM only or DMEM plus proteasome inhibitor MG132. The cells were then fixed, permeabilized,
and double immunofluorescence-stained with anti-HA (green) and anti-HSP70 (red).
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D8C, this raises the possibility that the more deleterious effects
caused by cysteine-altering mutations within D8C might not
apply to non-cysteine residues. Finally, Vylet’al et al. (30) cate-
gorized THP mutants into two groups based on results from
transfecting HEK293, MDCK, CHO, and AtT-20 cells: (i) those
capable of translocating to the cell surface (C32Y, M229R, and
C317Y) and (ii) those that were primarily retained in the ER
(C126R, P236L, and S273F). Because the C217G mutation was
not analyzed and quantitative assays were not performed, it was
unclear from this study whether D8C cysteines were more
important structurally than the cysteines located elsewhere.
Nevertheless, the data from the independent investigators,
together with ours, are strongly suggestive of a location-depen-
dent effect of THP mutations on the severity of the cellular
phenotype. Although the exact mechanism(s) underlying this
phenomenon requires further study, it is conceivable that
mutations at different locations may affect the conformation of
THP to different extents. This could translate into different
degrees of ER retention and ability to transit to the apical sur-
face. Mutations that are less capable of exiting the ER are likely
to elicit more severe ER stress and apoptosis, a scenario entirely
supported by our finding (Fig. 3). It should be noted that, given
these interesting results from the cell culture studies, in vivo
work such as transgenic expression of different mutants to
independently demonstrate the location dependence has yet to
be carried out. Additionally, the clinical relevance of this loca-
tion-phenotype relationship also needs to be validated. THP
mutations are known to be associated with at least three clini-
cally distinct diseases: familial juvenile hyperuricemic nephrop-
athy,medullary cystic kidney disease type II, and glomerulocys-
tic disease (27, 28, 31). Within each disease entity, the onset,
severity, renal pathology, and timeline of progression to renal
failure also vary considerably among different patient families.
The reason why different mutations in a single (THP) gene can
cause such a remarkable degree of phenotypic variability is cur-
rently unknown. Clearly, more systematic studies are required
to determine whether at least some of these variations are due
to site-dependent mutational events.
Intermolecular Interaction in ER as Factor of Dominant Neg-

ativity of THPMutation—It is well known that THPmutation-
related diseases are inherited in an autosomal dominant man-
ner. It also has been shown in patients bearing THP mutations
that not only is the mutated THP absent in the urine but the
WT THP is markedly reduced (35, 37, 38). Every autosome-
encoded gene has two alleles, both of which are transcribed in
most situations (49). Because of these reasons, the profound
reduction of the WT THP in patients’ urine implies that either
the synthesis of WT THP is adversely affected or the mutant
THP can interact with the WT THP at some point in their
biosynthesis and intracellular trafficking. Prior to our study,
however, this important issue had not been addressed. Our co-
transfection experiments demonstrated that the mutant THP
can in fact bind toWTTHPand cause the latter to be trapped in
the ER. This was evidenced by (i) double immunofluorescence
staining of co-transfected MDCK cells showing perinuclear
accumulation of the WT THP, (ii) co-IP and reverse co-IP
experiments showing direct binding between mutant and WT
THP and incomplete N-glycosylation of WT THP, and (iii)

reduced release of WT THP by PLC treatment in co-trans-
fected cells. The retention of WT THP by mutant THP via
specific intermolecular interactions was also supported by the
fact that the cell surface translocation of endogenously
expressed GP135, a cell surface membrane marker of MDCK
cells (41), was largely unaffected by the THP mutants (Fig. 2B).
It should be noted, however, that the retention effect of mutant
THP towardWTTHPwas incomplete, resulting in a portion of
WT THP to be localized to the cell surface. Such “escaped”
THP, although quantitatively insufficient, may still perform
certain levels of physiological functions. The varied amounts of
WT THP that are capable of escaping mutant THP could be
another basis for varied disease entities and phenotypic severity
of THP mutation-related diseases. Based on this reasoning,
mutations affecting both THP gene alleles would not have the
“escaping” effect and consequently may have a more severe
phenotype. This prediction turned out to be exactly the case.
Rezende-Lima et al. (50) showed in a family with familial juve-
nile hyperuricemic nephropathy and medullary cystic kidney
disease type II that homozygous carriers of C255Y had a much
earlier onset of hyperuricemia and faster progression to end
stage renal disease than the heterozygous carriers of the same
mutation. By demonstrating a trapping effect of amutatedTHP
toward its wild-type counterpart, we are by nomeans excluding
the global effects of the cytotoxicity of the mutant on the pro-
tein synthesis and trafficking in the host cells. It is likely that the
reduced cell surface translocation of the wild-type THP is a
combined result of both the cytotoxicity and the trapping effect
of the THP mutants.
Rescue of THP Mutants by Chemical Chaperones—It is

becoming increasingly clear that THP mutations, like muta-
tions of several other surface membrane proteins/receptors
that cause ER storage diseases, are not by themselves “loss-of-
function” mutations, but they rather impact indirectly on the
cellular functions by triggering ER stress/apoptosis and imped-
ing protein translocation to the cell surface (4, 28, 51, 52). For
this reason, conditions that help improve the folding of
mutated THP would be expected to have dual beneficial effects
on relieving the ER stress and increasing the rate of apical trans-
location of mutant and WT THP. Toward this goal, we evalu-
ated a range of conditions on stably transfected MDCK cells
expressing the C126R or C127G THPmutant. Among the con-
ditions tested were (i) low permissive temperature (30 °C),
which facilitates the escape of mutant proteins from the quality
control system of the rough ER (39, 53); (ii) cellular osmolytes
(glycerol, TMAO, andDMSO), a group of chemical chaperones
that are capable of hydrating the polypeptide side chains and
stabilizing mutant proteins to their native confirmation (39,
40); (iii) thapsigargin, a small molecule inhibitor of Ca2�-
ATPase that reduces available Ca2� in the ER and hence inhib-
its the Ca2�-dependent quality control mechanism by the
molecular chaperones (45); (iv) 4-PBA, a chemical chaperone
that stimulates heat shock protein expression (46); and (v) pro-
benecid, a uricosuric drug that has been used clinically to treat
hyperuricemia (47) but has never been shown to act as a chap-
erone. Of note, all conditions were well tolerated by cultured
MDCK cells except thapsigargin, which was highly cytotoxic,
causing severe cell death and detachment. Although an effec-
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tive agent for other proteinmutants (45, 54), such a high level of
cytotoxicity might preclude thapsigargin from clinical use for
THP-associated renal diseases. Although all treatments
increased the number of cells expressing the twomutant THPs
on the cell surface (ranging from 30 to 65% of that ofWTTHP),
the concentrations of THP in the culture media, which we
believe is a more accurate indicator for the amount of cell sur-
face THP, are more condition-dependent. Compared with the
WT THP, low temperature, TMAO, and DMSO only margin-
ally increased the THP secretion. Glycerol was more effective
for C126R than for C217G, raising the medium concentration
to about 45% of the WT THP. These data indicate that cellular
osmolytes, which improved the cell surface expression of
mutated�A-crystallin, cystic fibrosis transmembrane conduct-
ance regulator, AQP2, and podocin (40, 55–57), are not as
effective for THP mutations. In contrast, 4-PBA raised the
medium concentrations of C126R and C217G to 70 and 40% of
WT THP, respectively, a remarkable improvement over the
concentrations of these two mutants under non-treated condi-
tions (6 and 2%, respectively). Our results from 4-PBA treat-
ment are in general agreement with an earlier report showing a
�30% improvement of THP secretion of a deletion mutant
(529_555 del) and a missense mutant (G443A) of THP (34).
Weweremost intrigued by the surprising effects of probene-

cid on the two THPmutants. At a 1 mg/ml (3.5 �M) concentra-
tion, probenecid had an effect comparable with 4-PBA on
C126R and was slightly more effective than 4-PBA on C217G.
Althoughprobenecid is used clinically to reduce the serum level
of uric acid in disease entities now known to be caused by THP
mutations (27), protein folding was not among the postulated
mechanisms. Instead, the therapeutic effect of probenecid was
attributed to its ability to bind and inhibit organic anion trans-
porters responsible for uric acid reabsorption in the proximal
tubules (58). By demonstrating that probenecid can also
enhance the folding and apical translocation of mutated THP
here, our results reveal a novel mechanism by which probene-
cid reduces serum uric acid in patients with THP-associated
diseases by acting directly on and relieving the stress of the cells
of the thick ascending limb of the loop of Henle that harbor the
THPmutations. It will be interesting to see whether the effects
we observed here with cultured cells could be reproduced with
in vivomodels and humans.
Potential Role of Cytosolic HSP70 in Refolding THPMutants—

Although molecular chaperones play crucially important roles
in protein folding and quality control mechanisms (59–61),
their involvement, or the lack thereof, in misfolded THP
response and rescue has not been explored. By assessing the
chaperone expression using Western blotting analysis of
MDCK cells stably expressing the C126R and C217G THP
mutants, we found that the level of HSP70 was markedly
depressed in mutant-expressing cells compared with the WT
controls (Fig. 7, A and B). This profound reduction of cytosolic
HSP70 might be related to a bystander effect of heightened
proteasomal degradation triggered by the mutated THP that
was exported out of the rough ER. Indeed, blocking proteo-
somal protein degradation using a specific inhibitor, MG132,
led to a marked perinuclear accumulation of HSP70 along with
aggregated THP mutants in mutant-expressing cells (Fig. 7D).

The MG132-caused increase of cytosolic HSP70, however, was
not associated with an improved cell surface translocation of
the THPmutants, suggesting that raising the level of HSP70 by
blocking proteosomal degradation alone without improving
mutant folding does not significantly improvemutant targeting
to the cell surface. By contrast, treatment of the mutant-ex-
pressing cells with low temperature, 4-PBA, and probenecid
not only increased the cytosolic level of HSP70 but restored its
cytosolic localization to resemble that of WT THP-expressing
cells (Fig. 7C). As noted, these changes were associated with
significantly improved cell surface translocation of the THP
mutants (Figs. 4–6 and 7C). Therefore, the pharmacological
treatments might have improved the folding of the THP
mutants and accelerated their outward movement along the
secretory pathway, events that can in turn relieve the seques-
tration and proteasomal degradation of cytosolic HSP70. These
chemical chaperones are particularly attractive from a thera-
peutic standpoint as they might add to the heretofore relatively
limited treatment repertoire for THP mutation-associated
renal diseases.
Althoughnot as profound as the changes inHSP70, therewas

also a reduction of ER chaperones including ERp57 and cal-
nexin in cells expressing the THPmutant. The reason for this is
presently unclear, but it could be related to the fact that these
two proteins form a complex that is involved in disulfide for-
mation of Asn-linked glycoproteins. Because THP is a cysteine-
rich, heavily Asn-glycosylated protein, ERp57 and calnexin are
likely involved in its folding under normal circumstances.
When amispaired cysteine exits, as occurs in THPmutants, the
association between the mutant THP and the ERp57-calnexin
complex may be prolonged, thus triggering ER-associated deg-
radation, leading to a reduction of these chaperones. This is
akin to a situation found with a mutated vonWillebrand factor
(62). Additional experiments are clearly warranted to tease out
the exact mechanisms leading to the changes we observed in
cytosolic and ER chaperones and the relative contribution of
their restored levels to improved folding of mutated THP.
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