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Abstract
Crystallin zeta (CRYZ) is a phylogenetically restricted water-soluble protein and provides cytoprotection against oxidative stress
via multiple mechanisms. Increasing evidence suggests that CRYZ is high abundantly expressed in the kidney where it acts as a
transacting factor in increasing glutaminolysis and the Na+/K+/2Cl– cotransporter (BSC1/NKCC2) expression to help maintain
acid–base balance and medullary hyperosmotic gradient. However, the mechanism by which CRYZ is regulated in the kidney
remains largely uncharacterized. Here, we show that CRYZ is a direct target of farnesoid X receptor (FXR), a nuclear receptor
important for renal physiology. We found that CRYZ was ubiquitously expressed in mouse kidney and constitutively expressed
in the cytoplasm of medullary collecting duct cells (MCDs). In primary cultured mouse MCDs, CRYZ expression was signif-
icantly upregulated by the activation and overexpression of FXR. FXR-induced CRYZ expression was almost completely
abolished in the MCD cells with siRNA-mediated FXR knockdown. Consistently, treatment with FXR agonists failed to induce
CRYZ expression in the MCDs isolated from mice with global and collecting duct–specific FXR deficiency. We identified a
putative FXR response element (FXRE) on the CRYZ gene promoter. The luciferase reporter and ChIP assays revealed that FXR
can bind directly to the FXRE site, which was further markedly enhanced by FXR activation. Furthermore, we found CRYZ
overexpression in MCDs significantly attenuated hypertonicity-induced cell death possibly via increasing Bcl-2 expression.
Collectively, our findings demonstrate that CRYZ is constitutively expressed in renal medullary collecting duct cells, where it
is transcriptionally controlled by FXR. Given a critical role of FXR in MCDs, CRYZ may be responsible for protective effect of
FXR on the survival of MCDs under hypertonic condition during dehydration.
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Introduction

Crystallins are water-soluble proteins discovered by Morner
in 1894 as the main structural proteins of the vertebrate eye
lens [17]. There are two main classes of these proteins. The
first class is constituted by α (alpha),β (beta), and γ (gamma)
crystallins, important for the refractive index and transparency
of the vertebrate eye lens. The second class is phylogenetically
restricted and taxon-specific. It consists of ζ (zeta), λ (lamb-
da), ρ (rho), η (eta), τ (tau), μ (mu), ω (omega), ι (iota), υ
(ypsilon), ɛ (epsilon), and δ (delta) crystallins, important for
both eye lens and other tissues [6]. Among phylogenetically
restricted crystallins, crystallin ζ (CRYZ) is expressed in the
lens and many tissues out of the lens [14], suggesting CRYZ
may play an important role in many physiological processes.

CRYZ is endowed with enzyme and nucleic acid–binding
activities. CRYZ is unique due to its ability to act as a
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moonlighting protein with NADPH: quinone oxidoreductase
and mRNA stabilizing activity [14]. As an enzyme, CRYZ is
structurally related to alcohol dehydrogenase [4] but function-
ally related to NADPH:quinone oxidoreductase (QOR) [19].
Upon binding to the NADPH, CRYZ preserves the reducing
environment and provides protection from oxidizing agents
and quinones [3, 16, 20]. It has been recently reported that
CRYZ also exerts protective role against lipid peroxidation
products [18]. As an mRNA-binding protein, CRYZ can bind
and stabilize Bcl-xL and Bcl-2 mRNA to provide resistance to
apoptosis [8, 9, 13], suggesting that CRYZ may protect cells
against various stress-induced cell death.

In addition to the lens, CRYZ is highly expressed in the
kidney, where it may play an important role in regulating renal
function [14]. It has been reported that CRYZ increases
glutaminolysis via binding and stabilizing glutaminase
(GLS) mRNA to increase NH4+ production and secretion
and HCO3− biosynthesis and reabsorption in response to ac-
idosis in the proximal tubules [24]. CRYZ also increases the
expression and activity of the Na+/K+/2Cl− cotransporter
BSC1 by binding and enhancing its mRNA stability in the
medullary thick ascending limbs (mTALs) [23], therefore in-
creasing NH4+ reabsorption in mTALs and helping maintain
the medullary hyperosmotic gradient. Therefore, CRYZ may
be critical in the regulation of the acid–base balance and urine
concentration.

Although it has been previously reported that CRYZ can be
repressed at transcriptional level by p53 [2], the underlying
mechanisms involved in the regulation of CRYZ expression
in the kidney remains largely uncharacterized. As a ligand-
activated transcription factor, farnesoid X receptor (FXR) be-
longs to the superfamily of nuclear hormone receptor [28].
FXR is expressed at high level in liver and small intestine,
where it controls lipid, glucose, and bile acid metabolism [1,
5]. FXR is also highly expressed in renal tubules and plays an
important role in renal physiology [11, 29]. We and other
groups have demonstrated that FXR activation protects kidney
from ischemia reperfusion damage via reducing inflammation
and oxidative stress [7] and increases the survival of the med-
ullary collecting duct cells (MCDs) under hypertonic stress
condition via decreasing cell apoptosis [27]. Importantly, It
has been previously reported that crystallin α-A is a direct
target gene of FXR in human hepatocytes [10]. These findings
suggest that FXR may induce CRYZ expression to exert its
antioxidative and antiapoptotic effect in renal tubular cells.

In the present study, we show that CRYZ is constitutively
expressed in renal collecting ducts. FXR activation induces
CRYZ expression in primary cultured medullary collecting
duct cells (MCDs) isolated from wild-type mice, but not from
the mice with global and collecting duct–specific FXR gene
knockout. We also provide evidence that CRYZ is a novel
FXR target gene in the MCDs and its overexpression signifi-
cantly attenuates hypertonicity-induced cell death possibly via

increasing Bcl-2 expression. These findings uncover a previ-
ously unknown function of FXR in the regulation of CRYZ
expression in the kidney and suggest CRYZ may be respon-
sible for protective effect of FXR on the survival of MCDs
under hypertonic condition during dehydration.

Methods and materials

Chemicals and reagents

Chenodeoxycholic acid (CDCA), GW4064, supplements, and
media for cell culture were bought from Sigma-Aldrich (St
Louis, MO, USA). Primary antibodies used in this study were
those against FXR (orb156973, Biorbyt, Cambridge, United
Kingdom), CRYZ (NBP2-16017, Novus Biologicals, CO,
USA), Bax (ab182734, Abcam, Cambridge, United
Kingdom), Bcl-2 (3498S, CST, Danvers, MA, USA), and β-
actin (BM0627, Boster, Wuhan, China). FXR siRNA was
synthesized by Genepharma (Shanghai, China), while
Lipofectamine 3000 reagent kit was obtained from
ThermoFisher Scientific (Waltham, MA, USA).

Animals and genotyping

All the animals (C57BL/6 mice) used in the present study
were maintained on a 12-h dark/12-h light cycle at a control
temperature of 22–24 °C and 50–60% humidity. Mice were
free to access food and water ad libitum. Wild-type (WT),
global FXR knock-out (FXR−/−), and AQP2-cre-mediated
collecting duct–specific FXR knockout (CD-FXR−/−) mice
were generated and genotyped as previously reported [27,
28] (Supplementary Figure 1). Male mice aged 10–14 weeks
were used for primary culture of MCDs. Animal experiments
were approved by the Ethical Committee of the Dalian
Medical University and conformed to international guidelines
for animal usage in research.

Culture and treatment of primary medullary
collecting duct cells

Primary medullary collecting duct cells (MCDs) were isolated
from wild-type and global and collecting duct–specific FXR
gene knockout mice according to an optimized protocol of our
group [28]. The cells were then grown in DMEM/F12 (1:1)
medium which contains 5 pM 3,3,5-triiodo-L-thyronine, 50
nM hydrocortisone, 5 mg/L transferrin, 1 nM sodium selenate,
and 20% FBS. The osmolality of the control medium was 300
mOsm, and the hyperosmotic medium was 600 mOsm
(80 mM NaCl and 120 mM urea). At 80–90% confluence,
the cells were treated for 12 h with the synthetic FXR agonist
GW4064 or naturally occurring agonist CDCA at various
concentrations, or transfected with a CRYZ expression vector.
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Real-time PCR

Reagent of TRIZOL (Biotek, Beijing, China) was used for the
extraction of total RNA from mouse primary MCD cells.
Total RNA (2 μg) was used for cDNA synthesis by using
the RevertAidTM cDNA Synthess Kit (Fermentas, USA) ac-
cording to the protocol of manufacturer’s. The cDNA was
used as a template for RT-PCR along with SYBR Green
Mix (Bio-Rad, Hercules, CA, USA). The optimized reaction
conditions were as following: an initial denaturation at 95C
for 5 min, and then 36 cycles of 94 °C incubation 30 s, 60 °C
annealing for 30 s and 72 °C extension for 30 s, with a final
extension for 5 min at 72 °C. For loading normalization, an
internal control (GAPDH) was used, and the quantification
was obtained based on the threshold cycle number (Ct).
Each sample was run in triplicate, and each experiment was
done three times. The list of primer pairs used for amplifying
mouse genes interested was shown in Supplementary Table 1.

Western blot analysis

The RIPA lysis buffer containing the protease inhibitor and
PMSF was used to extract proteins frommouse primaryMCD
cells. The concentrations of protein were determined with the
use of the Protein Assay kit (Pierce BCA Thermo Scientific,
Waltham, MA, USA). Equivalent amounts of sample protein
(30∼60 μg) mixed with 5× or 6× loading buffer were run on
10–12% SDS/PAGE gel and then transferred to a nitrocellu-
lose membrane (Thermo Scientific, Waltham, MA, USA).
The nonspecific binding were block by incubation in 5%
skimmed milk powder at room temperature for 1 h. After
blocking, the membranes were incubated with selected prima-
ry antibodies (1:1000) at 4 °C overnight. Primary antibody
incubation step was followed by three times of washing with
TBS-T buffer for 5 min. The membrane was then incubated
with HRP-conjugated secondary antibodies (ABclonal
Technology, Woburn, MA, USA) for 1 h. After washed for
three times with TBST, the signals were detected with the
chemiluminescence substrate (sc-2048, Santa Cruz
Biotechnology, Dallas, TX, USA). For densitometric analysis
and protein expression level quantification, the Image J soft-
ware (Rawak Software Inc. Germany) was used.

Immunohistochemistry

Mouse kidneys were isolated and fixed with 4% paraformal-
dehyde (PFA), dehydrated, and embedded in paraffin. Thin
sections of 3 μm were prepared from the blocks. After
dewaxing and rehydration, the sections were quenched in
3% H2O2 to remove endogenous hydroxyl peroxidase activi-
ty. Incubation with 5% BSA for 30 min was performed to
block nonspecific binding. After overnight incubation at 4
°C with indicated primary antibody, secondary antibody

conjugated with a horseradish peroxidase (Zhong-shan
Golden Bridge, Beijing, China) was added and incubated for
30 min at 37 °C. Counterstaining with hematoxylin was per-
formed, and for the detection of the antigen–antibody interac-
tion, peroxidase diaminobenzidine (DAB) was used.

Immunofluorescence

MCD Cells were grown at an appropriate confluence, incu-
bated with 4% PFA for 15 min on a shaking platform at room
temperature for fixation. After washed with PBS, the cells
were permeabilized with 0.1% Triton X-100 in PBS for 10
min. Blocking by 5% BSA for 10 min was proceeded by the
incubation with the primary antibody overnight at 4 °C. After
washing, the cells were incubated with appropriate dyLight
488- (green) or dyLight 594 (red)–conjugated secondary anti-
bodies for 30 min at 37 °C. For nucleus staining, DAPI (4', 6'-
diamidino-2 phenylindole) was used. Images were taken using
a confocal microscope.

Infection with adenovirus and transfection with siRNA

Mouse primary MCD cells were culture in 6-well plates at 60–
70% confluency. To overexpress FXR, the cells were infected
with an adenovirus carrying a cDNA encoding a full-length
human FXRα2 (Ad-hFXRα2) or an adenovirus carrying a
cDNA encoding GFP (Ad-GFP) for 24 h at 15MOI (multiplic-
ity of infection) dose [26] (Supplementary Figure 2). To knock-
down the endogenous FXR mRNA expression, the cells were
transfected with either FXR siRNA (FXR-siRNA) or scramble
siRNA (NC-siRNA) (100 nM) with Lipofectamine® 3000 re-
agent (Invitrogen, Carlsbad, CA, USA) according to the stan-
dard protocol. After 24 h of transfection, the cells were isolated
for RNA and protein extraction. The oligonucleotides of
siRNA specific for FXR were designed and synthesized by
Suzhou GenePharma Co., Ltd (Suzhou, China). The siRNA
sequences were as follows: (1) NC-siRNA: sense 5′-UUC
UCC GAA CGU GUC ACG UTT-3′, antisense 5′-ACG
UGA CAC GUU CGG AGA ATT-3′; (2) FXR-siRNA: sense
5′-GCC GUG UAC AAG UGU AAG ATT-3′, antisense 5′-
UCU UAC ACU UGU ACA CGG CTT-3.

Luciferase reporter assay

Mouse CRYZ gene promoter–driven luciferase reporter was
constructed. Briefly, mouse CRYZ promoter region was ampli-
fied from tail-derived genomic DNA of a C57BL/6 mouse. The
mouse CRYZ promoter region containing the fragment – 1000
to approximately − 10 bp was amplified by PCR with the for-
ward primer 5′-CCA CAG GTT CCA GGA GTT CTT-3′ and
the reverse primer 5′- CGC GCT AAC CCA ATC ACT GT-3′.
The amplified fragment was cloned into the luciferase reporter
gene vector PGL3Basic (Promega,Madison,WI, USA), and the
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resultant construct designated CRYZ-Luc was sequenced to val-
idate the orientation and sequence. MCD cells were allowed to
grow to 60–70% confluence and were transfected with the
CRYZ-Luc reporter for 24 h using the Lipofectamine® 3000
Transfection Reagent. Following 6-h incubation with GW4064
(2.5 μM) or CDCA (50 μM), the cells were harvested in the
luciferase lysis buffer provided by the manufacture for the detec-
tion of luciferase activity by a luminometer (Turner
BioSystems), which was normalized with renilla luciferase ac-
tivity. Transfection experiments were performed in triplicate.
Data were represented as fold induction over reporter gene alone.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was done using
the SimpleChIP® Plus Enzymatic Chromatin IP Kit (Magnetic
Beads) (#9005 Cell Signaling Technology, Boston, MA, USA)
based on the manufacturer’s standard protocol. The primary
MCD cells were treated with GW4064 (2.5 μM) for 12 h and
then incubated with 1% formaldehyde at 37 °C for 10 min to
fixed the cells. The cells were scratched pelleted, and lysed in
lysis buffer provided the manufacture. DNA was cut by soni-
cation to fragments of 200–900 bp and diluted in the dilution
buffer. Positive control (Input) was kept from 1% of the diluted
cell supernatant. The chromatin was precleared with enzyme
and was incubated at 4 °C overnight with an antibody directed
against FXR (PP-A9033A, Perseus Proteomics, Shanghai,
China). The immuno-complexes were eluted and treated to
reverse histone-DNA crosslinks. The purified DNA sample
was used as a template. The region between − 889 and −
708 bp of mouse CRYZ gene promoter was amplified using
the following primers: 5′-AGG AGG CTG GAA GTT TCA
CTC A-3′ (sense), 5′-TGT AAC CTG CAA TCC TTT CCT
CATT-3′ (antisense). Two percent agarose gel was used for the
visualization of 181 bp of the PCR products.

Cell viability assay

Cell viability of the MCDs was evaluated by the CCK-8 assay
kit obtained from Dojindo (Kumamoto, Japan). Ten microli-
ters of CCK-8 reagent was added to the cells, which were then
seeded in a 96-well plate in a humidified 5% CO2 atmosphere
at 37 °C for 2 h. The optical density (OD) was measured with
a microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA) at 450 nm.

Statistical analysis

Statistical analysis was performed using PRISM. Results were
presented as means ± standard error of the mean (SEM).
Comparisons were performed by t test, with statistical signif-
icance set at a p value of < 0.05. Variations between the
groups were examined by means of one way ANOVA.

Results

CRYZ is constitutively expressed in mouse renal
medullary collecting ducts

Real-time PCRandwestern blot assayswere utilized to determine
the expression levels of CRYZ in mouse renal cortex and medul-
la. The results showed that CRYZ was ubiquitously expressed in
mouse kidney (Fig. 1a and b). Immunohistochemistry study fur-
ther revealed that CRYZ is constitutively localized in many renal
tubules, especiallymedullary collecting duct cells (Fig. 1c). These
findings suggest that CRYZ is constitutively express inmedullary
collecting duct cells where it might play an important role in these
cells.

CRYZ is expressed in primary cultured medullary
collecting duct cells

Mouse primary medullary collecting duct (MCD) cells were
cultured and used for confirming constitutive CRYZ expression.
CRYZ mRNA and protein expression was observed in three
preparations of mouse MCDs as assessed by RT-PCR (Fig.
2a) and immunoblot assays (Fig. 2b). Immunofluorescence anal-
ysis further revealed that CRYZ protein wasmainly expressed in
the cytoplasm of MCD cells (Fig. 2c). These findings demon-
strate that CRYZ is constitutively present in MCDs where FXR
is also coexpressed.

FXR activation and overexpression induces CRYZ
expression in primary MCD cells

In order to test whether FXR regulates CRYZ expression in
MCDs, we treated the cells with an endogenous FXR agonist
CDCA (50 μM) and a synthetic specific FXR agonist
GW4064 (2.5 μM) for 12 h. Activation of FXR by either
CDCA or GW4064 significantly increased CRYZ expression
at bothmRNA and protein levels as compared with the vehicle
control (DMSO) (Fig. 3a–c). Consistently, adenovirus-
mediated FXR overexpression (Supplementary Figure 2) also
markedly upregulated CRYZ mRNA and protein expression
as compared with control Ad-GFP (Fig. 3d–f). These findings
demonstrate that FXR activation by its agonists CDCA and
GW4064 and FXR overexpression dramatically increases
CRYZ expression in MCD cells.

FXR silencing reduces CRYZ expression in primary
MCDs

To test whether FXR knockdown can decrease the expression
of CRYZ, we used siRNA-mediated approach to specific
knockdown FXR mRNA expression. As shown in Fig. 4,
siRNA-mediated FXR silencing markedly reduced FXR ex-
pression at mRNA (Fig. 4a) and protein (Fig. 4b, c) levels. As

1634 Pflugers Arch - Eur J Physiol (2020) 472:1631–1641



expected, FXR silencing significantly decreased CRYZ
mRNA expression as assessed by real-time PCR (Fig. 4a).
Consistently, FXR knockdown markedly suppressed CRYZ

protein expression as determined by western blot assay (Fig.
4b, c) and immunofluorescence (Fig. 4d), respectively. These

OM Cortex IM 

CRYZ

-actin 

35kDa

43kDa

b
a

c

2PQAZYRC IgG

Medulla Medulla Medulla

Fig. 1 CRYZ is constitutively expressed in renal medullary collecting
ducts. C57BL/6 mouse kidney was used for detecting CRYZ expression.
a Real Time-PCR analysis of CRYZ mRNA expression in renal cortex,
outer medulla (OM), and IM (inner medulla). Data are presented as mean
± SEM. *P < 0.05, **P < 0.01 vs. cortex. n = 4. b Western blot assay
showing CRYZ protein levels in renal cortex, OM, and IM. c

Immunohistochemistry study demonstrating the localization of CRYZ
protein in renal medullary collecting ducts. Aquaporin 2 (AQP2) staining
was used as a marker for the collecting ducts. IgG staining was used as a
negative control. Arrows indicate renal tubules with CRYZ expression
(left) and AQP2 expression (right)

DAPI

GAPDH

CRYZ

1 2 3

b

-actin

CRYZ

1 2 3

ca

DAPI/CRYZ

35kDa

43kDa

Fig. 2 CRYZ is expressed in primary cultured medullary collecting duct
(MCD) cells. Mouse primary MCD cells were cultured and used for
detecting CRYZ expression. a RT-PCR analysis of CRYZ mRNA ex-
pression, n = 3. bWestern blot assay showing CRYZ protein expression,

n = 3. c Immunofluorescence analysis showing cytoplasmic localization
of CRYZ protein (green). β-actin was used as a loading control. DAPI
was used to stain the nuclei (blue)
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NC-siRNA

DAPI/CRYZ

FXR-siRNA

NC-siRNA FXR-siRNA

FXR

β-actin 

CRYZ 35kDa

43kDa

56kDa

Fig. 4 Effect of FXR silencing on the expression of CRYZ. Primary
cultured medullary collecting duct cells were transfected with FXR-
siRNA or scrambled siRNA (NC-siRNA) (100 nM) for 24 h. a
Quantitative PCR demonstrating that FXR-siRNA effectively silenced
FXR expression and reduced CRYZ expression levels. b Western blot
assay showing that both FXR and CRYZ protein levels were markedly

decreased after FXR-siRNA treatment. c Quantification of FXR and
CRYZ protein levels in (b); d Immunofluorescence study showing a
marked reduction in CRYZ protein levels (green). Data are represented
as the mean ± SEM. *p < 0.05 vs. siRNA-NC, n = 4. β-actin was used as
an internal control

e

a

d
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f

CDCADMSO GW4064

CRYZ

β-actin 

35kDa

43kDa

CRYZ

β-actin 

Ad-GFP Ad-hFXRα2

35kDa

43kDa

α

Fig. 3 FXR activation and overexpression induce CRYZ expression in
primary cultured medullary collecting duct cells. Primary MCD cells
were treated with CDCA (50 μM) and GW4064 (2.5 μM) for 12 h, or
infected with Ad-hFXRα2 (15 MOI) for 24 h. a Real-time PCR analysis
showing the mRNA levels of CRYZ in the MCDs treated with GW4064
and CDCA. ***p < 0.001 vs. DMSO, n = 6; bWestern blot assay show-
ing the protein levels of CRYZ in the MCDs treated with CDCA and

GW4064. c Quantification of CRYZ levels in (b) was performed. ***p <
0.001 vs. DMSO, n = 3; (d) Real-time PCR assay demonstrating that FXR
overexpression induced CRYZ expression. ***p < 0.001 vs. control, n =
6; e Western blot analysis and f quantification of CRYZ protein expres-
sion in the MCDs infected with Ad-hFXRα2. ***p < 0.001 vs. Ad-GFP,
n = 6. Data were presented as mean ± SEM, β-actin was used as an
internal control
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findings suggest that reduced FXR expression leads to de-
creased CRYZ abundance in MCD cells.

FXR activation fails to induce CRYZ expression
in primary MCDs isolated from conventional and renal
collecting duct-specific FXR−/− mice

To further confirm FXR can directly induce CRYZ expression
in MCDs, conventional FXR gene knockout mice (FXR−/−)
and renal collecting duct-specific FXR knockout mice (CD-
FXR−/−) mice were generated as we previously reported [28]
(Supplementary Figure 1). We then cultured primary MCDs
from wild-type (WT) mice and FXR−/− and CD-FXR−/− mice
and treated with CDCA (50 μM) and GW4064 (2.5 μM) for
12 h. As expected, CDCA and GW4064 treatment induced
CRYZ expression in MCDs cultured from the WT (FXR+/+)
mice but failed to induce CRYZ expression at both mRNA
and protein levels in MCDs cultured from FXR−/− and CD-
FXR−/− mice (Fig. 5a–c). Similarly, although CDCA and
GW4064 treatment increased CRYZ mRNA and protein ex-
pression in control (FXRf/f) mice, it had little effect in CD-
FXR−/− mice (Fig. 5d–f). Together, these data indicate that

treatment of CDCA and GW4064 induces CYRZ expression
in an FXR-dependent manner.

CRYZ is a direct target gene of FXR

The PROMO 3.0 software was used for analyzing potential
FXR binding sites in mouse CRYZ gene promoter region. A
putative FXRE sequence between − 759 and approximately −
748 bp upstream to the transcription start site was identified
(Fig. 6a). To confirm the binding of FXR to the CRYZ gene
promoter, the plasmid of CRYZ-Luc was constructed and
transfected into MCD cells in the absence or presence of
GW4064 or CDCA. The luciferase reporter assay showed that
both CDCA and GW4064 treatment significantly increased the
transcription activity of the CRYZ-Luc reporter (Fig. 6b), sug-
gesting FXR activationmay increase the transcription of CRYZ
gene. To further confirm the binding of FXR to the CRYZ gene
promoter, we utilized the oligonucleotide-directed site-specific
mutagenesis technique and generated a mutant CRYZ gene
promoter–driven luciferase reporter (mutant CRYZ-Luc) with
the potential FXRE site between − 759 and approximately −
748 bp disrupted (Fig. 6a). As expected, both GW4064 and

e
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d

cb

f

CRYZ

β-actin

DMSO GW4064 CDCA DMSO GW4064 CDCA

FXR+/+ FXR -
/-

35kDa

43kDa

CRYZ
β-actin 

DMSO GW4064 CDCA DMSO GW4064 CDCA

FXR f/f CD-FXR -/-

35kDa

43kDa

Fig. 5 FXR activation fails to induce CRYZ expression in primary
cultured MCDs of conventional and renal collecting duct–specific
FXR−/− mice. Primary MCDs were isolated from wild-type mice
(FXR+/+), FXR knockout mice (FXR−/−), FXRf/f mice and renal
collecting duct–specific FXR−/− mice (CD-FXR−/−). The MCDs were
treated with GW4064 (2.5 μM) or CDCA (50 μM) for 12 h. a Real-
time PCR analysis showing that FXR activation by CDCA and
GW4064 significantly induced CRYZ expression in FXR+/+ mice, but
not FXR−/− mice. **p < 0.01 vs. FXR+/+ DMSO, n = 4; b Immunoblot
analysis and c quantification of CRYZ protein levels. FXR activation

increased CRYZ protein levels in FXR+/+ mice, but not in FXR−/− mice.
***p < 0.001 vs. FXR+/+ DMSO, n = 4. d Real-time PCR analysis show-
ing that FXR activation by CDCA and GW4064 significantly induced
CRYZ expression in FXRf/f mice, but not CD-FXR−/− mice. **p < 0.01
vs. FXRf/f DMSO, n = 4; e Western analysis and f quantification of
CRYZ protein levels. FXR activation increased CRYZ protein levels in
FXRf/f mice, but not in CD-FXR−/− mice. ***p < 0.001 vs. FXR+/+

DMSO, n = 4. Data were presented as mean ± SEM. β-actin was used
as an internal control
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CDCA failed to increase the activity of the mutant CRYZ-Luc
(Fig. 6b). In support, the ChIP assay further revealed a single
band with the estimated size which perfectly matches the se-
quence between − 759 and approximately − 748 bp, indicating
FXR indeed directly binds to the consensus FXRE sequence
located within the CRYZ gene promoter. In addition, GW4064
treatment significantly enhanced the binding of FXR to the
CRYZ gene promoter (Fig.6c and d). These findings indicate
that CRYZ represents a novel target gene of FXR.

CRYZ protects MCDs from apoptosis under hypertonic
condition

To further investigate the CRYZ function in MCDs, we
overexpressed CRYZ under normal or hypertonic conditions
(Fig. 7c). The overexpression of CRYZ markedly improved
the morphological changes induced by hypertonic stress (600
mOsm) (Fig. 7a). In addition, the CCK-8 assay showed
CRYZ overexpression significantly reduced hypertonicity-
induced cell death in MCDs (Fig. 7b). To elucidate the under-
lying mechanism, the Bcl-2-associated apoptotic pathway was

determined by western blot assay (Fig. 7c). The results
showed that hypertonic condition significantly decreased
Bcl-2 protein level and increased Bax expression, which was
largely reversed by CRYZ overexpression. These observa-
tions support the cytoprotective effect of CRYZ under hyper-
tonic stress in MCDs.

Discussion

In the present study, we show that CRYZ is constitutively
expressed in renal collecting ducts, where FXR is also
colocalized [27, 28]. In normal renal MCD cells, FXR activa-
tion via its specific agonists or FXR overexpression via an
adenovirus-mediated approach induces CRYZ expression,
while siRNA-mediated FXR silencing markedly reduces
CRYZ expression. In addition, in renal MCD cells isolated
from global FXR gene deficient mice or renal collecting
duct–specific FXR knockout mice, FXR agonist treatment
has little effect on CRYZ expression. Mechanistically, FXR
can directly bind to a putative FXRE site located in the
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-759

a

b d

+1

INPUT

IgG

FXR

DMSO GW4064
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Promoter

CRYZ mutated 
Promoter TCTTATAGTTCA

Fig. 6 FXR activation significantly enhances the activity of mouse
CRYZ gene promoter. a Schematic structure of CRYZ gene and
sequence comparison between wild-type and mutated FXRE site. DNA
sequence analysis revealing a potential FXRE-like site within the proxi-
mal promoter region of CRYZ gene located between − 759 and − 748 bp
upstream from the transcription start site. The wild-type promoter frag-
ment and the promoter fragment with the FXRE site mutation were used
for the construction of the CRYZ-Luc reporter and mutant CRYZ-Luc
reporter, respectively. b GW4064 (2.5 μM) and CDCA (50 μM) treat-
ment for 6 h significantly increased the luciferase activity of the wild-type

CRYZ-Luc reporter in primary MCD cells, but not the mutated CRYZ-
Luc reporter. **p < 0.01, ***p < 0.001 vs. DMSO, n = 6; c ChIP assay
showing FXRbinding to the FXRE-like site inmouse CRYZ promoter. A
predicted PCR amplification band of 181 bp was evident and confirmed
by sequencing. Note: GW4064 treatment significantly increased FXR
binding to the CYRZ gene promoter. Input, positive control; FXR, anti-
FXR antibody precipitated DNA; IgG, IgG precipitated DNA as negative
control; d GW4064 treatment significantly increased the binding of FXR
to the FXRE site in the MCDs as assessed by semiquantitative PCR. **p
< 0.01 vs. DMSO, n = 4. Data are represented as the mean ± SEM
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promoter region of CRYZ gene, thereby increasing CRYZ
transcription. Given the critical role of FXR in maintaining
renal medullary cell survival under hypertonic conditions
and antiapoptotic properties of CRYZ, our findings suggest
that FXR may exert its protective effect in renal medulla via
inducing CRYZ expression in medullary collecting ducts.

FXR is a member of the superfamily of nuclear receptor
and activated by endogenous bile acids [15]. FXR is abun-
dantly expressed in the liver and small intestine, where it ex-
erts a variety of biological functions important for bile acid,
glucose, and lipid metabolism [30]. FXR is also found to be
expressed at high level in the kidney, especially medullary
collecting ducts [27, 28]. We and others have previously
shown that collecting duct FXR is critical in the maintenance
of sodium and fluid homeostasis [12, 22, 28]. Recently, it has
been reported that FXR is critical for the survival of MCD
cells under hyperosmotic stress with the underlying mecha-
nism incompletely characterized [27]. We also provide evi-
dence that CYRZ is a novel FXR target gene in the kidney. In
addition, we found that CRYZ act as an antiapoptotic protein
under hypertonic condition in medullary collecting duct cells.
Our findingsmay help uncover the underlyingmechanisms by

which FXR protects the cells in hypertonic renal medulla
through the induction of CRYZ expression.

Unlike most of other crystallins, CRYZ is endowed with
enzyme and nucleic acid–binding activities [14]. As an en-
zyme, CRYZ is structurally related to alcohol dehydrogenase
[4] but functionally related to NADPH:quinone oxidoreduc-
tase (QOR) [19]. Upon binding to the NADPH, CRYZ pro-
vides protection from oxidizing agents and quinones [3, 16,
20] and lipid peroxidation products [18]. As an mRNA-
binding protein, CRYZ can bind and stabilize Bcl-xL and
Bcl-2 mRNA to protect the cell against apoptosis under vari-
ous stresses [8, 9, 13]. In the present study, we show that
CRYZ is expressed in medullary collecting duct cells, which
are vulnerable to hypoxic and hyperosmotic stress. Due to its
antioxidant and antiapoptotic activities, CRYZ may play an
important role in maintaining renal MCD cell viability under
dehydration condition. This issue warrants further
investigation.

CRYZ has been previously reported to be expressed in
both eye lens and other tissues [14]. In tissues out of the lens,
the kidney has the most abundant CRYZ expression. It has
been previously shown that CRYZ is localized in the proximal
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Fig. 7 CRYZ protectsMCDs from apoptosis under hypertonic condition.
a Effect of CRYZ overexpression on cell morphology in MCDs. b CCK-
8 analysis showing the difference of cell viability between control (mock)
and CRYZ overexpression groups under normal (300 mOsm) and hyper-
tonic conditions. Data represent the mean ± SEM. n = 6 for each group.
****p < 0.0001, the CRYZ group compared with the mock group under

normal condition; #### p < 0.0001, the mock group under hypertonic
condition vs. the mock group under normal condition; ††††p < 0.0001,
the CRYZ group compared with the mock group under hypertonic con-
dition. c Western blot analysis demonstrating the effect of CRYZ over-
expression on the protein levels of Bcl-2 and Bax
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tubule cells, where it promotes glutaminolysis to help produce
HCO3− and NH4+ in response to acidosis [21, 24, 25]. CRYZ
is also expressed inmedullary thick ascending limbs (mTALs)
and increases the expression and activity of the Na+/K+/2Cl−

cotransporter BSC1 via a posttranscriptional mechanism [23]
thereby increasing NH4+ reabsorption in mTALs and main-
taining the medullary hyperosmotic gradient. The present
study reports that CRYZ is also constitutively expressed in
the medullary collecting ducts. Given an important role of
the BSC2/NKCC1 in NH4+ excretion in the medullary
collecting ducts, it would be helpful to determine the cell types
with CRYZ expression and whether CRYZ induces BSC2/
NKCC1 expression as well under conditions with chronic
metabolic acidosis.

In summary, in the present study, we report that CRYZ is
constitutively expressed in renal medullary collecting ducts.
FXR activation and overexpression induce CRYZ expression
in primary cultured medullary collecting duct cells (MCDs)
isolated from wild-type mice but not from the mice with glob-
al and collecting duct–specific FXR gene knockout. We also
show that CRYZ is a novel FXR target gene in the MCDs
where it protects MCDs from hypertonicity-induced cell
death. These findings uncover a previously unknown function
of FXR in the regulation of CRYZ expression in the kidney
and suggest CRYZmay be responsible for protective effect of
FXR on the survival of MCDs under hypertonic condition in
response to dehydration.
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