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published March 7, 2018; doi:10.1152/ajprenal.00346.2017.—Auto-
somal dominant polycystic kidney disease (ADPKD) is a life-threat-
ening, highly prevalent monogenic disease caused by mutations in
polycystin-1 (PC1) in 85% of patients. We have previously identified
a COOH-terminal cleavage fragment of PC1, PC1-p30, which inter-
acts with the transcription factor STAT6 to promote transcription.
STAT6 is aberrantly active in PKD mouse models and human
ADPKD, and genetic removal or pharmacological inhibition of
STAT6 attenuates disease progression. High levels of IL-13, a
STAT6-activating cytokine, are found in the cyst fluid of PKD mouse
models and increased IL-13 receptors in ADPKD patient tissue,
suggesting that a positive feedback loop exists between IL-13 and
STAT6 is activated in cystic epithelial cells and contributes to disease
progression. In this study, we aimed to identify genes aberrantly
regulated by STAT6 to better understand how increased IL-13/STAT6
signaling may contribute to PKD progression. We demonstrate that
the expression of periostin, galectin-3, and IL-24 is upregulated in
various forms of PKD and that their aberrant regulation is mediated by
IL-13 and STAT6 activity. Periostin and galectin-3 have previously
been implicated in PKD progression. We support these findings by
showing that periostin expression is increased after IL-13 treatment in
kidney epithelial cells, that galectin-3 expression is increased after
injecting IL-13 in vivo and that IL-24 expression is upregulated by
both IL-13 treatment and PC1-p30 overexpression in mouse and
human kidney cells. Overall, these findings provide insight into the
possible mechanisms by which increased IL-13/STAT6 signaling
contributes to PKD progression and suggest potential therapeutic
targets.
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INTRODUCTION

Polycystic kidney disease (PKD) is characterized by renal
fibrosis and the progressive expansion of numerous, fluid-filled
cysts, which eventually displace and destroy normal renal
parenchyma. Autosomal dominant polycystic kidney disease
(ADPKD) is the most prevalent type of PKD, affecting be-
tween 1:500–1:1,000 individuals in the United States. A ma-
jority of ADPKD patients have mutations in the PKD1 gene,
which encodes the large, multipass transmembrane protein,

polycystin-1 (PC1) (9, 23, 65). Since its discovery, the normal
and pathologic function of PC1 has been studied extensively,
resulting in the identification of a multitude of protein interac-
tions and downstream signaling pathways. However, the sig-
naling pathways that are the most significant in the pathogen-
esis of ADPKD, and to the normal purpose of PC1, have
remained unclear (65).

Signaling through STAT6 is one of the dysregulated path-
ways associated with PC1 in ADPKD (39, 47). Previously, we
identified that the COOH-terminal cytoplasmic domain of PC1
interacts with the transcription factor STAT6 and the coacti-
vator p100 (39). Under normal conditions, full-length PC1 has
been found to localize to the primary cilium in renal epithelial
cells. However, when conditions change, such as with fluid
flow cessation, previous studies have shown that the cytoplas-
mic tail of PC1 is cleaved, resulting in the release of the soluble
fragment PC1-p30 (10). This fragment then translocates to the
nucleus, where it can coactivate transcription with STAT3 and
STAT6 (39, 62, 74), as well as TCF and CHOP (42).

Canonical STAT6 signaling is initiated by the binding of
IL-4 or IL-13 to their corresponding receptor, which leads to
activation of STAT6 through tyrosine phosphorylation by a
receptor-bound JAK (22). STAT6 is known to drive transcrip-
tion of its own gene, the IL-4� and IL-13�1 receptor chains,
and the IL-4/IL-13 cytokines (31, 35), which can lead to a
positive feedback loop and persistent STAT6 pathway activa-
tion. We have previously reported that STAT6 is aberrantly
activated in the cyst-lining epithelial cells of PKD mouse
models and human ADPKD patients (39, 47). Our previous
work has also shown that there is increased expression of
the STAT6, IL-4� and IL-13�1 receptor chains in PKD, as
well as elevated levels of IL-13 in the cyst lumens. These
findings indicate that these genes are, indeed, transcriptional
targets of STAT6 in renal cysts and that the IL-13 signaling
pathway appears to be constitutively activated through a
positive feedback loop between the IL-4/IL-13 receptor and
STAT6 (47). Genetic ablation or pharmacological inhibition
of STAT6 decreases disease severity, indicating that aber-
rant STAT6 activation is at least a partial driving force of
renal cyst growth (47).

Given these previous data, we decided to investigate addi-
tional transcriptional targets of the IL-13/STAT6 signaling
pathway to better understand how their aberrant regulation may
promote PKD disease progression. We have recently identified
the polymeric immunoglobulin receptor (pIgR) as a protein
whose expression is regulated by the IL-13/STAT6 pathway in
PKD (48). In this study, we identified three IL-13/STAT6-
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regulated genes with known or potential links to renal cyst
growth: periostin, galectin-3, and IL-24. Periostin is a matri-
cellular protein that can bind extracellular matrix and integrins
to regulate cell signaling (6, 21, 37). Periostin has previously
been shown to promote cell proliferation and fibrosis in PKD
through integrin activation and to be upregulated in human
ADPKD (68, 69). Additionally, periostin has been shown to be
regulated by IL-4 and IL-13 in lung fibroblasts (64), suggesting
that increased IL-13 activity may be the source of aberrant
periostin expression in PKD.

Galectin-3 is a �-galactoside-binding lectin that is expressed
in developing kidneys (7, 78) and has been shown to be
upregulated (44) and promote fibrosis (24) after kidney injury.
The protein has also been found to localize to cystic epithelial
cells in both the cpk mouse model (11) and human autosomal
recessive polycystic kidney disease (ARPKD) (78). Addition-
ally, in a large clinical study, galectin-3 blood concentrations
were found to be increased in diabetes and cardiovascular
patients with progressive renal impairment (15). In macro-
phages, galectin-3 is required for their alternative (M2) acti-
vation by IL-4. IL-4 leads to increased expression of galectin-3
in macrophages independent of STAT6 but dependent of PI3K
activation (40, 45). We hypothesized that elevated IL-13 in
renal cyst fluid may promote IL-4/IL-13 receptor activation
and subsequently, increased galectin-3 expression in PKD.

Lastly, IL-24 has been shown to play a role in wound
healing, tissue integrity, and the response of epithelial cells to
infections (50). The interleukin is also a regulator of apoptosis
and cell death in cancer cells (14) and is known to signal
through STAT3 (1), which is also overactivated in PKD (74).
Together, these findings suggested that IL-24 might be impor-
tant in PKD; however, to our knowledge, IL-24 has not been
previously linked to the pathogenesis of PKD.

In this study, we found that periostin, galectin-3, and IL-24
are upregulated in multiple mouse models of PKD and that
IL-13/STAT6 signaling plays a substantial role in their aber-
rant expressions. These findings suggest that the IL-13/STAT6
pathway orchestrates a complex set of cellular responses in
renal epithelial cells that may play a role in injury repair under
normal conditions, when its activity is properly regulated.
However, when IL-13/STAT6 signaling is constitutively acti-
vated, such as in PKD, this pathway appears to promote renal
cyst growth and disease progression. Identifying the pathways
and genes connected to aberrant IL-13/STAT6 signaling in
PKD may lead to novel therapeutic avenues.

MATERIALS AND METHODS

Cell lines and reagents. Mouse inner medullary collecting duct
(IMCD) cells were cultured in DMEM/F12 50:50 with 10% FBS
(Omega Scientific, Tarzana, CA) and penicillin-streptomycin (Medi-
atech, Manassas, VA). Human embryonic kidney (HEK) 293 T and
human kidney (HK2) cells were cultured in DMEM, supplemented
with 10% FBS, L-glutamine, and penicillin-streptomycin. For authen-
tication, cell lines were frequently replaced from low-passage frozen
stocks, and their morphology was monitored. Testing to rule out the
presence of mycoplasma was done by DAPI staining and fluores-
cence microscopy. All cells were originally obtained from American
Type Culture Collection (Manassas, VA). Mouse and human IL-4
were obtained from R&D Systems (Minneapolis, MN). Mouse IL-13
was obtained from Cell Signaling Technology (Danvers, MA). Hu-
man IL-13 was obtained from eBioscience (San Diego, CA). Pyridone
6 (Sigma-Aldrich) was diluted in DMSO and applied to cells to a final

concentration of 500 nM. A plasmid for the expression of PC1-p30
has been described previously (62) and has been made available
through Addgene (plasmid no. 41520). It contains the sequence from
4107 to 4303 of human PKD1 followed by COOH-terminal Myc/His
tags.

Animals. All animal studies were performed in accordance with the
University of California, Santa Barbara, Institutional Animal Care and
Use Committee. Mice were maintained in standard vivarium condi-
tions. Wt/bpk and STAT6�/� (Jackson Laboratories, Bar Harbor,
ME) were crossed, as previously described (44). The human ADPKD
orthologous Pkd1cond/cond:Nestin-Cre mouse model has been de-
scribed previously (30, 55, 59). The Pkd1cond/�:Nestin-Cre mouse
model is distinct in that it has a conditional and a knockout Pkd1
allele. Wild-type C57/BL6 mice were purchased from Jackson Lab-
oratories and allowed to acclimate for 1 wk before intraperitoneal
injection of IL-13.

Animals were euthanized with ketamine/xylazine overdose solu-
tion followed by cervical dislocation. Tissues were harvested and
fixed in 4% paraformaldehyde for 4 h twice, followed by dehydration
in increasing concentrations of alcohol for 2 h twice each (70%, 95%,
and 100%), 2 h in toluene, and then embedded for 4 h twice in
paraffin.

Antibodies. Well-validated antibodies from commercial vendors
used in this study include anti-mouse periostin/OSF-2 (clone 345613)
(R&D Systems, Minneapolis, MN), anti-mouse galectin-3/MAC-2
(clone M3/38) (American Type Culture Collection, Manassas, VA),
anti-mouse IL-24 (clone 303308) (R&D Systems), anti-human IL-24
(AF1965) (R&D Systems), anti-phospho-STAT6 (Tyr-641) (sc-
11762) (Santa Cruz Biotechnology, Dallas Texas), anti-STAT6 (sc-
621) (Santa Cruz Biotechnology), �-actin (Sigma-Aldrich, St. Louis,
MO), and HRP-conjugated secondary antibodies (Jackson Immunore-
search, West Grove, PA). All antibodies were additionally validated
by confirming that they recognize their antigens in bands of the
expected molecular weights by immunoblotting.

Western blot analysis. Protein lysates were created with lysis buffer
containing, 2% SDS, 20% glycerol, 50 mM DTT, 1:300 phosphatase
inhibitor cocktail 2 and 3 (Sigma Aldrich), 1:1,000 protease inhibitor
cocktail (Sigma Aldrich), in 50 mM Tris pH 6.8. Lysates were
separated at 100 V for 60 min and transferred on ice at 100 V for 100
min onto nitrocellulose membranes. Membranes were blocked in
either 5% BSA or 5% milk in TBS with 0.05% Tween-20 (TBST) for
45 min at room temperature with agitation, then washed in TBST, and
then incubated with the primary antibody in 1% BSA or 1% milk in
TBST overnight at 4°C with rotation. The following day, membranes
were washed in TBST and incubated in HRP-conjugated secondary
antibody in 1% BSA or 1% milk in TBST for 45 min and then washed
in TBST. Membranes were imaged using the Azure c300 imager or
radiographic film.

Semiquantitative and quantitative RT-PCR. IMCD cells were in-
cubated with equivalent volume of vehicle control (DPBS), 100 ng/ml
mouse IL-4 or 100 ng/ml mouse IL-13. HK2 cells were incubated with
equivalent volume of vehicle control (DPBS), 10 ng/ml human IL-4 or
10 ng/ml human IL-13. Following cytokine treatment, total RNA was
isolated using RNeasy Plus mini kit (Qiagen, Valencia, CA). Alter-
natively, total RNA was isolated from HEK293 T cells transfected
with green fluorescent protein or PC1-p30 (TurboFect; Thermo Fisher
Scientific, Pittsburgh, PA). Two micrograms of total RNA was used to
make cDNA using M-MLV reverse transcriptase (Promega, Madison,
WI), followed by quantitative PCR (qPCR) using GoTaq qPCR
Master Mix (Promega) and the Stratagene Mx3000P real-time PCR
System (Agilent Technologies, Santa Clara, CA). The following
primers were used for quantitative PCR: human IL24, fwd 5=-
TCATCGTGTCACAACTGCAA-3= and rev 5=-GGCGCTGCTTA-
AAGAATGAC-3=; mouse periostin, fwd 5=-AGGGATTCGAAC-
CCGGAGTCAC-3= and rev 5=-TTTGAAGGTGCTGCCACGAA-
CA-3= (56); canine galectin-3, fwd 5=-TCCACTTTAACCCA-
CGCTTC-3= and rev 5=-TTCCCAGTTTGCTGATTTCC-3= (51); hu-
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man IL-24, fwd 5=-TCATCGTGTCACAACTGCAA-3= and rev 5=-
GGCGCTGCTTAAAGAATGAC-3=; mouse IL-24, fwd 5=-CAAGT-
GACAGGGGTGGTTCT-3= and rev 5=-GCTTTCACCAAAGCGAC-
TTC-3=; and cross species �-actin, fwd 5=-GAAGTGTGACGTTG-
ACATCC-3= and rev 5=-ACAGAGTACTTGCGCTCAGG-3= (4).
Semiquantitative RT-PCR performed using Taq 2� Master Mix (New
England BioLabs, Ipswich, MA).

Immunofluorescence. Five-micrometer sections from formalde-
hyde-fixed, paraffin-embedded kidneys were deparaffinized in xylene,
rehydrated through a graded series of ethanol, and then subjected to
antigen retrieval by pressure cooking in 10 mM sodium citrate, at pH
6. Sections incubated with blocking buffer (1% BSA in TBST) for 30
min at 37°C, followed by incubation in 0.1% Sudan Black B in 70%
ethanol for 20 min at 25°C to quench autofluorescence. Sections were
then washed in TBST and incubated overnight at 4°C with primary
antibody in blocking buffer. They were then incubated with FITC-
conjugated secondary antibody (Jackson Immunoresearch Laborato-
ries) and rhodamine-labeled Dolichos biflorus agglutinin (DBA; Vec-
tor Laboratories, Burlingame, CA) diluted in blocking buffer for 1 h
at 37°C, washed in TBST, followed by staining with 4=,6-diamidino-
2-phenylindole (DAPI) for 10 min at 25°C. Coverslips were mounted
using ProLong Gold Antifade Reagent (Life Technologies, Grand
Island, NY).

Microarray analysis. Total RNA was collected from HEK293 T
cells transfected with either a control plasmid or a plasmid encoding
PC1-p30 using RNeasy Plus mini kit (Qiagen, Valencia, CA). RNA
samples from six independent replicates of each condition were
analyzed by Illumina Beadchip microarray at the Sanford Burnham
Medical Research Institute core facility (La Jolla, CA). Briefly, the
RNA was amplified and labeled using the Illumina TotalPrep RNA
amplification kit (Life Technologies/Ambion) and were then analyzed
on a Human HT-12v4 48K BeadChip. The Illumina BeadChips were
analyzed using the manufacturer’s BeadArray Reader, and primary
data were collected using the supplied Scanner software. Data analysis
was done in three stages. First, expression intensities were calculated
for each gene probed on the array for all hybridizations using Illumi-
na’s BeadStudio 2 software. Second, intensity values were quality
controlled and normalized: quality control was carried out by using
the Illumina BeadStudio detection P value set to �0.05 as a cutoff.
This removed genes, which were effectively absent from the array
(that is, were not detected). All of the arrays were then normalized
using the normalize.quantiles routine from the Affy package in Bio-
conductor. This procedure accounted for any variation in hybridiza-
tion intensity between the individual arrays. Finally, these normalized
data were imported into GeneSpring and analyzed for differentially
expressed genes. The groups of biological replicates were described to
the software, and significantly different expressed genes were deter-
mined on the basis of the results of the Welch t-test (parametric test,
variances not assumed equal; P value cutoff 0.05), and fold difference
changes in expression level. Average quantities of IL-24 gene tran-
script and standard errors were calculated from the biological repli-
cates.

RESULTS

Periostin overexpression in PKD is dependent on STAT6
activity. Periostin expression has been shown to be regulated
by IL-4 and IL-13 in lung fibroblasts (64). Periostin is known
to be upregulated in ADPKD and has been shown to increase
cell proliferation in the disease via integrin interactions (68).
Given these findings, we hypothesized that STAT6 activation
in renal epithelial cells may lead to increased periostin expres-
sion. To test this idea, periostin mRNA expression was ana-
lyzed by quantitative PCR in mouse IMCD cells after treatment
with IL-4 or IL-13. As shown in Fig. 1A, both IL-4 and IL-13
stimulation leads to increased periostin expression. Preventing

STAT6 activation with the JAK inhibitor pyridone-6 blunts the
IL-4/IL-13-induced periostin expression. These results suggest
that STAT6 activity is both necessary and sufficient for in-
creased periostin expression in this system.

To investigate the involvement of STAT6 in the regulation
of periostin in vivo, we analyzed kidney lysates from the
bpk/bpk and ADPKD orthologous Pkd1cond/�:Nestin-Cre
(Pkd1c/�) mouse models. Periostin was markedly upregulated
in the cystic kidneys of both the bpk/bpk (Fig. 1B) and the
Pkd1c/� (Fig. 1C) mouse models, compared with wild-type
controls, consistent with previous reports in the pcy/pcy mouse
model (69). Importantly, genetic ablation of STAT6 in crossed
bpk/bpk:STAT6�/� animals dramatically decreases the over-
expression of periostin compared with kidneys of bpk/bpk
animals that express STAT6 (Fig. 1B), demonstrating the
necessity of STAT6 activity for periostin upregulation. Next,
we investigated periostin expression by immunofluorescence
microscopy and found that it localizes predominantly to the
extracellular matrix surrounding renal cysts in bpk/bpk mice,
an effect that is largely eliminated in the bpk/bpk:STAT6�/�

animals (Fig. 1D). Given our previous findings that cyst growth
is diminished in bpk/bpk:STAT6�/� animals, compared with
unaltered bpk/bpk animals (47), these novel results suggest that
increased periostin expression may be a component of the
mechanism underlying STAT6-mediated renal cyst growth.
Lastly, we tested the ability of STAT6 to activate periostin
expression in wild-type mice injected with IL-13. Injection of
IL-13 led to an increase in phosphorylated STAT6 but no
increase in detectable periostin protein (Fig. 1E). Periostin
mRNA expression was analyzed in these mice by quantitative
PCR (Fig. 1F), showing a modest increase in periostin mRNA
in response to IL-13 treatment. The expression is, however,
still relatively low compared with the BPK mouse kidneys
(Fig. 1F). Taken together, these data indicate that STAT6
activation in vivo is necessary and sufficient for increased
periostin expression, but there may exist additional levels of
posttranscriptional regulation.

STAT6 activation contributes to elevated galectin-3 expres-
sion in PKD. Galectin-3 has previously been shown to be
upregulated in cyst-lining cells in human ARPKD and the
nonorthologous cpk mouse model (11, 78). We began by
investigating whether galectin-3 expression is also increased in
human ADPKD, in an orthologous PKD1 mouse model, and
the nonorthologous bpk model. We found that galectin-3 ex-
pression was elevated in the renal tissue of human ADPKD
patients (Fig. 2A), as well as, the bpk/bpk (Fig. 2B) and
orthologous Pkd1c/� (Fig. 2C) mouse models. This result
suggests that galectin-3 overexpression is a feature of many, if
not all, forms of renal cystic diseases independent of the
genetic cause.

The ablation of the STAT6 gene in bpk/bpk mice leads to a
marked reduction of galectin-3, compared with unaltered bpk/
bpk mice (Fig. 2B). However, this alteration does not com-
pletely eliminate the original galectin-3 upregulation in the
bpk/bpk mice (Fig. 2B), indicating that STAT6 activity is
important, but not completely required, for galectin-3 expres-
sion. We next analyzed kidney sections by immunofluores-
cence microscopy. In wild-type kidneys, galectin-3 expression
is primarily restricted to DBA-positive epithelial cells in the
collecting duct (Fig. 2D), consistent with previous reports (11,
78). In cystic kidneys of bpk/bpk mice, galectin-3 is strongly
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expressed in DBA-positive cysts but also in cysts that do not
express the collecting duct marker DBA and are likely derived
from other tubule segments. Galectin-3 localizes to the cyto-
plasm of cyst-lining cells (Fig. 2D), consistent with its reported
localization in human ARPKD and cpk mice (11, 78). Expres-
sion of galectin-3 in all cysts is strongly reduced, but not
completely eliminated, in kidneys of bpk/bpk:STAT6�/� mice
(Fig. 2D).

We further confirmed the relationship between IL-4/IL-13-
induced STAT6 signaling and increased galectin-3 expression
by injecting 8–10-wk-old wild-type (C57BL/6) mice with a
single dose of 1 �g recombinant mouse IL-4 or IL-13 and

tracking the changes in galectin-3 expression at various time
points. As shown in Fig. 2E, both IL-4 and IL-13 activate
STAT6 rapidly in vivo and lead to increased galectin-3 expres-
sion, peaking at ~24 h postinjection. Altogether, these results
indicate that galectin-3 expression is significantly driven by the
IL-4/IL-13/STAT6 pathway in the kidney, leading to overex-
pression in human ADPKD and mouse models.

IL-24 is overexpressed in PKD and regulated by both IL-13
signaling and the cleaved PC1 cytoplasmic tail (PC1-p30). We
have previously shown that PC1-p30 is, paradoxically, over-
expressed in human ADPKD kidneys (39, 62) and that PC1-
p30 can enhance STAT3 and STAT6 signaling (74). To iden-

Fig. 1. Elevated periostin expression in polycystic kidney disease (PKD) is dependent on IL-13 and STAT6 activity. A: quantitative PCR analysis of mouse
periostin from the inner medullary collecting duct (IMCD) cells treated 24 h with vehicle control (PBS), 100 ng/ml mouse IL-4 or 100 ng/ml mouse IL-13, or
with prior treatment of 500 nM pyridone-6 (P6). IL-13 treatment increases periostin expression (*P � 0.0001, one-way ANOVA with the Tukey post hoc test).
B: immunoblot analysis of periostin in postnatal day 17 wild-type, bpk/bpk and bpk/bpk:STAT6�/� mouse kidney tissue lysates (representative of n � 3). C:
immunoblot analysis of periostin in postnatal day 21 control (Pkd1	/c) and cystic (Pkd1c/�) mouse kidney tissue lysates (representative of n � 3). D:
immunofluorescence analysis of mouse periostin (green) and Dolichos biflorus agglutinin (DBA, red) in postnatal day 17 wild-type, bpk/bpk and bpk/bpk:
STAT6�/� mouse kidney sections. Nuclear staining with DAPI (blue) (scale bar � 100 �m). E: immunoblot of wild-type C57/BL6 mice injected with mouse
IL-13 and probed for periostin and phospho-Tyr641 STAT6 (representative of three experimental treatments). F: quantitative PCR for periostin expression in mice
from E.
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Fig. 2. IL-13 and STAT6 activity contribute to increased galectin-3 expression in polycystic kidney disease (PKD). Immunoblot analysis of galectin-3 expression
in normal and autosomal dominant (AD) PKD human patient kidney tissue lysates, from different patients per lane (A), postnatal day 17 wild-type, bpk/bpk and
bpk/bpk:STAT6�/� mouse kidney tissue lysates (B), postnatal day 21 control (Pkd1	/c) and cystic (Pkd1c/�) mouse kidney tissue lysates (samples from different
animals per lane) (C). D: immunofluorescence analysis of galectin-3 (green) and Dolichos biflorus agglutinin (DBA, red) in postnatal day 17 wild-type, bpk/bpk,
and bpk/bpk:STAT6�/� mouse kidney sections. Nuclear staining with DAPI (blue) (Scale bar � 100 �m). E: immunoblot analysis of galectin-3 expression in
wild-type C57BL/6 mouse kidney lysates after intraperitoneal injection of 1 �g of recombinant mouse IL-4 or IL-13. Galectin-3 signals were quantified
(performed using Image Studio software) and were normalized to actin with the resulting values indicated underneath each lane. The blots shown were quantified
from the same electrophoresis gel, but separated to improve presentation (representative of three experimental treatments).
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tify genes regulated by PC1-p30, we compared the gene
expression profiles by microarray analysis of HEK293 T
cells expressing PC1-p30 vs. controls (six replicates each).
No changes in expression of periostin or galectin 3 were
noted in this analysis. However, one of the most highly
upregulated genes was IL-24, which showed an increased
mean fold change of 3.1 (SE 
0.48) over control. This
regulation was confirmed by determining IL-24 mRNA
levels in HEK293 T cells by semiquantitative RT-PCR (Fig.
3A) and quantitative PCR (Fig. 3B).

To our knowledge, IL-24 has not been previously investi-
gated in PKD. However, a link between IL-24 and PKD may
be intriguing, as IL-24 expression has been shown to be
regulated by the binding of STAT6 to the IL-24 gene promoter
in immune cells (55). Furthermore, IL-24 binding to its recep-
tor leads to STAT3 activation (1), a transcription factor shown
by our laboratory and others to be aberrantly activated in PKD
mouse models and human ADPKD, and likely be involved in
promoting renal cyst growth (36, 62, 63).

To test whether IL-24 is regulated by IL-4/IL-13 signaling in
renal epithelial cells, we treated two different kidney cell lines,
mouse IMCD cells and human HK2 cells, with IL-4 or IL-13.
Analysis of mRNA expression by qPCR showed that IL-24
expression is significantly upregulated in response to IL-4/
IL-13 signaling in both cell lines (Fig. 3, C and D).

To test the necessity of STAT6 to activate IL-24 transcrip-
tion, we inhibited JAK-dependent STAT6 activation in HK2
cells with pyridone-6 before treatment with IL-4. Pyridone-6-
treated cells were unable to activate STAT6 following IL-4
treatment and showed a blunted expression of IL-24 (Fig. 3D).
These data indicate that STAT6 activation is required for IL-24
expression.

Next, we investigated IL-24 expression in various PKD
mouse models. To test the ability of IL-13 to activate IL-24 in
vivo, wild-type mice were treated with IL-13 followed by
analysis of IL-24 expression by quantitative PCR (Fig. 4A).
Treatment with IL-13 led to a time-dependent increase in IL-24
expression (Fig. 4A). Analysis of IL-24 mRNA expression by
semiquantitative RT-PCR from total kidneys revealed that
IL-24 mRNA is strongly overexpressed in both the bpk/bpk
and the ADPKD orthologous Pkd1cond/cond:Nestin-Cre mouse
models, compared with age-matched control kidneys (Fig. 4B).
We also found that IL-24 protein expression is significantly
increased in kidney lysates from the orthologous Pkd1c/�

mouse model, compared with wild-type controls (Fig. 4C),
verifying the changes seen in the mRNA expression. Increased
IL-24 expression was also observed in human ADPKD kidney
lysates compared with normal controls (Fig. 4D).

Additionally, we analyzed renal tissue sections from wild-
type and bpk/bpk mice by immunofluorescence microscopy to
visualize IL-24 protein in vivo. In wild-type kidneys, we
observed very little IL-24 staining (Fig. 4E). In contrast, we
detected strong IL-24 immunosignals in the protein casts
within renal cyst lumens in bpk/bpk mice (Fig. 4E). Costaining
with the distal tubule marker DBA revealed that IL-24 staining
is absent in DBA-positive cysts (Fig. 4E). To examine the
effect of STAT6 on the expression of IL-24, bpk/bpkSTAT6�/�

kidneys were analyzed by quantitative PCR (Fig. 4F). Deletion
of both STAT6 alleles led to a decrease in renal IL-24 expres-
sion compared with BPK mice expressing STAT6 (Fig. 4F).
These results suggest that IL-24 is expressed by epithelial cells
lining specific cysts and that it is secreted apically into cyst
lumens, where it may accumulate and stimulate cells in an
autocrine and paracrine fashion.

Fig. 3. IL-24 expression is upregulated after
PC1-p30 overexpression or IL-13 treatment.
A: semiquantitative RT-PCR of IL-24 from
PC1-p30 overexpression in HEK293 T cells.
RT, reverse transcriptase; nt, no template. B:
quantitative PCR analysis of IL-24 expres-
sion after overexpression of PC1-p30 in hu-
man embryonic kidney (HEK) 293 T cells
(*P � 0.05, one-tailed t-test). C: quantitative
PCR analysis of mouse IL-24 mRNA in
mouse inner medullary collecting duct
(IMCD) cells treated with vehicle control
(PBS) or 100 ng/ml mouse IL-13 (*P �
0.05, one-tailed t-test). D, top: quantitative
PCR of human kidney 2 (HK2) cells treated
with vehicle (PBS), 100 ng human IL-4 for
24 h with or without prior treatment with
500 nM pyridone-6 (P � 0.0002, one-way
ANOVA). D, bottom: immunoblot of HK2
cells treated with vehicle (PBS), 100 ng IL-4
for 1 h with or without 30 min prior treat-
ment with 500 nM pyridone-6 (representa-
tive of n � 3).
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DISCUSSION

The purpose of this investigation was to identify molecular
mechanisms that may explain how aberrantly activated IL-13
and STAT6 signaling in PKD contributes to renal cyst growth.
We found that periostin, a protein previously linked to disease
progression in PKD, is regulated by IL-13 and STAT6 signal-
ing in renal epithelial cells and in PKD mouse models. We
show that galectin-3 expression is elevated in multiple mouse
models of PKD and human ADPKD patients and that the
activity of the IL-13/STAT6 pathway play significant roles in
these changes. We found that the expression of the cytokine
IL-24, which had not been previously investigated in PKD, can
be regulated by PC1-p30 and IL-13 in renal epithelial cells, and
that IL-24 is upregulated in mouse models of PKD.

Periostin. We report that cultured renal epithelial cells
increase periostin expression in response to IL-4/IL-13, and is

inhibited by pyridone-6 (Fig. 1A), which is consistent with
previous data in other cell types (64, 80). Periostin has previ-
ously been shown to be highly overexpressed in renal tissue of
human ADPKD and ARPKD patients, and in the cpk, jck, and
pcy mouse models of PKD (68, 69). Our finding that periostin
is also strongly overexpressed in the bpk/bpk mouse model,
which has a defect in the Bicc1 gene (12), and the ADPKD
orthologous Pkd1c/� mouse model, which involves conditional
knockout and null-Pkd1 alleles, further solidifies these previ-
ous findings and suggests that periostin may be universally
overexpressed in most, if not all, forms of renal cystic diseases,
irrespective of the affected gene. We found that STAT6 gene
ablation in bpk/bpk mice leads to a substantial reduction of
periostin expression, to a level that is comparable to wild-type
kidneys (Fig. 1B). This suggests that STAT6 activity is abso-
lutely required for elevated periostin expression in renal cysts.

Fig. 4. IL-24 upregulation in polycystic kidney disease (PKD) mouse models. A: quantitative PCR of IL-24 from IL-13-treated C57/BL6 mice. B: semiquantitative
RT-PCR of extracted total RNA from wild-type and cystic kidney tissue of the bpk/bpk and orthologous Pkd1c/c mouse models. C: immunoblot analysis of IL-24
expression in wild-type (Pkd1	/c) and cystic (Pkd1c/�) mouse kidney tissue lysates (representative of n � 2). D: immunoblot of IL-24 from normal and PKD
human kidney lysates (representative of n � 3). E: immunofluorescence staining for IL-24 in wild-type and bpk/bpk mouse kidney sections (scale bar � 50 �m).
F: quantitative PCR from bpk/bpk mice with and without STAT6 expression (P values calculated using two-tailed t-test).
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On the other hand, STAT6 activity may not be sufficient for
periostin protein expression in normal kidneys. When normal
mice were challenged with a single dose of IL-13, we observed
a modest increase in periostin mRNA (Fig. 1F) but no detect-
able increase in periostin protein expression (Fig. 1E). The
explanation may simply be that more persistent STAT6 acti-
vation is required to lead to the accumulation of detectable
extracellular periostin protein levels. It is also possible that
periostin expression is regulated by additional posttranscrip-
tional mechanisms that may be unaffected by STAT6.

Crossing the pcy mouse model of PKD with periostin-null
mice leads to reduced renal cyst growth, proliferation, fibrosis,
and mTOR activity, as well as partial preservation of renal
function and extended survival (69). These findings are inter-
esting in light of our previous findings that STAT6 knockout
improves PKD disease progression in the bpk/bpk mouse (47).
Given that periostin expression is largely abolished in bpk/bpk
mice lacking STAT6 (Fig. 1B), it is plausible that some of the
beneficial effects of STAT6 inhibition or genetic ablation on
disease severity may be due to the loss of periostin expression.

The normal purpose of periostin upregulation in renal epi-
thelial cells after STAT6 activation remains unclear. Periostin
has been reported to have multiple functions, including the
promotion of epithelial to mesenchymal transition, fibrosis, and
cell proliferation (56, 68, 69), all of which, if aberrantly
upregulated, may play a role in PKD. Periostin is also known
to play a role in the development of the periodontal ligament
(25), cardiac valves (33), the kidney, and the ureter (60). The
protein has been linked to pathological roles in cancer (34, 43,
53) and to subepithelial fibrosis in bronchial asthma (64).

Periostin was found to undergo vitamin K-dependent post-
translational modification of glutamic acid residues to �-car-
boxyglutamic acid (Gla) (13). The ability of Gla to bind Ca2	,
as well as the high periostin expression in the periosteum,
suggests a role for periostin in tissue calcification, although it
is still unclear whether periostin promotes or prevents calcifi-
cation (18, 58). Interestingly, the vitamin-K-dependent enzyme
responsible for the Gla posttranslational modification, �-glu-
tamyl carboxylase, is expressed in kidney tubule epithelial
cells, and its enzyme activity is upregulated after kidney injury,
suggesting a role for a Gla-modified protein in kidney injury
(2, 19). In this regard, periostin expression is upregulated after
glomerular injury, as well as in chronic kidney diseases, where
it is secreted into urine and can serve as a biomarker (56, 57).
On the basis of the idea that cellular changes in PKD represent
the aberrant activation of changes that are normally activated in
response to renal injury (72, 73), we suggest that periostin
plays an important, yet currently undefined, role in renal injury
repair.

Galectin-3. Galectin-3 is a �-galactoside-binding lectin that
can be found in numerous subcellular locations, including the
nucleus, mitochondria, vesicles, and cytoplasm, and is known
to associate extracellularly with the cell surface and the extra-
cellular matrix (16). It has numerous ascribed roles in the
regulation of proliferation, apoptosis, cell adhesion, migration,
signaling, pre-mRNA splicing, transcription, and protein sort-
ing (16). Galectin-3 has also been shown to regulate M2
macrophage differentiation (40). In the kidney, galectin-3 is
expressed during renal development (7, 78). In adult kidneys,
galectin-3 is expressed at low levels in some distal or collecting
tubule cells (44, 78). Galectin-3-null mice are viable and have

only mild kidney defects, including a reduction of glomeruli by
~11% (5).

In this study, we demonstrate very strong upregulation of
galectin-3 in the kidneys of human ADPKD tissue (Fig. 2A),
the bpk/bpk (Fig. 2B), and ADPKD orthologous Pkd1c/� (Fig.
2C) mouse models. This finding is consistent with reported
galectin-3 overexpression in human ARPKD, multicystic dys-
plastic kidneys, the Han:SPRD Cy rat, and the cpk mouse
model (8, 11, 78), suggesting that this protein is highly ex-
pressed in most, if not all, renal cystic diseases, irrespective of
the affected gene. Furthermore, we show that treatment with
IL-4 and IL-13 increases galectin-3 expression in vivo (Fig.
2D), implying a direct link between STAT6 activity and
galectin-3 expression. However, in the bpk/bpk:STAT6�/�

mice, we observed a significant, but not complete, reduction of
galectin-3 protein expression, compared with the unaltered
bpk/bpk animals (Fig. 2B). This indicates that while STAT6 is
likely involved in the expression of galectin-3 in renal cysts, it
is not absolutely essential. Since the IL-4/IL-13 receptor also
signals to the PI3K pathway, in addition to STAT6, we suggest
that the upregulation of galectin-3 in PKD may also be depen-
dent on PI3K activation. This would be consistent with previ-
ous findings in immune cells, where IL-4 regulates galectin-3
expression through PI3K activation, independent of STAT6
(40). The reduced galectin-3 expression in the bpk/bpk:
STAT6�/� mice would then likely be the result of blunting the
positive feedback loop involving IL-13, the IL-4/IL-13 recep-
tor, and STAT6, which leads to decreased IL-13 in these mice
(47), and would, therefore, also blunt PI3K activation. There
are a variety of other mechanisms by which galectin-3 can be
regulated and, thus, may explain the remaining galectin-3
expression in the bpk/bpk:STAT6�/� kidneys. Mechanisms
reported to upregulate galectin-3 include hypoxia, via HIF-1�
(81), the transcription factors RUNX1 and RUNX2 (82), and
�1 integrin signaling (41, 71).

Another possibility is that the changes in galectin-3 expres-
sion between wild-type and bpk/bpk mice are not specific to
PKD, but rather a result of the substantial increases in inflam-
mation and fibrosis that are associated with PKD. Galectin-3 is
known to be involved in these processes through several
mechanisms. It promotes the mitogenesis of fibroblasts and
secretion of fibrotic proteins (16), and regulates macrophage
phenotypes by inducing M2 macrophage differentiation
through a positive feedback loop (40). Galectin-3’s involve-
ment in macrophage regulation is particularly relevant, given
the fact that M2 macrophages have been shown to be delete-
rious in PKD (28, 61). Galectin-3 upregulation is also associ-
ated with multiple inflammatory pathologies, including numer-
ous types of cancer, asthma, heart disease, obesity, arthritis,
and parasitic infections (17, 38, 52, 67, 75, 76). Galectin-3 is
expressed in the glomeruli of a systemic lupus erythmatosis
mouse model (27) and is strongly upregulated in tubule cells
after ischemia/reperfusion or folic acid injury in rats (44), and
unilateral ureteral obstruction (UUO) in mice (24). Galectin-
3-null kidneys show reduced fibrosis after UUO, although it is
believed that galectin-3 expressed by macrophages is respon-
sible for the promotion of fibrosis, as reintroduction of wild-
type macrophages increases fibrosis (24).

Despite the presumed positive role of galectin-3 in fibrosis,
this protein may paradoxically play an inhibitory role in renal
cyst growth. Galectin-3 has been shown to inhibit cyst growth
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in Madin-Darby canine kidney cells cultured in three-dimen-
sional matrices (3), and genetic loss of galectin-3 has been
shown to promote disease progression in the cpk mouse model
of PKD (11). Taken together, our results suggest that elevated
galectin-3 expression in PKD is driven by a combination of
IL-13-mediated STAT6 and PI3K activity, but the exact role of
galectin-3 in disease progression remains to be identified.

Interleukin-24. We found that overexpression of PC1-p30 or
treatment with IL-13 increases the expression of IL-24 in renal
epithelial cells (Fig. 3, A–D) and in vivo (Fig. 4A). Further-
more, we observed significant upregulation of IL-24 mRNA
and protein levels in human PKD, and mouse models of PKD
(Fig. 4, B–D). Interestingly, a microarray analysis of the
Han:SPRD Cy rat also revealed upregulation of the IL-24 gene
(8), indicating that IL-24 may be commonly overexpressed in
renal cystic disease. We observed a marked increase in IL-24
in bpk/bpk mice compared with wild-type controls. IL-1�,
which has been found in renal cyst fluid (20), has also been
reported to increase expression of IL-24, through p38 MAPK
activation (49), and may contribute to IL-24 expression in
PKD.

It is currently difficult to assign a role for IL-24 in PKD
because the physiological function of IL-24 has remained
largely unknown. Increased expression of IL-24 has been
found in several diseases, including psoriasis, rheumatoid ar-
thritis, and inflammatory bowel disease (1, 32, 54). When
artificially expressed using viral vectors, IL-24 has been shown
to be a strong inducer of cell death of tumor cells, which has
led to its evaluation as a clinical cancer therapeutic (14). Other
studies indicate that IL-24 is not a cell-death inducer by itself
but rather acts as a sensitizer to TLR-mediated cell death under
conditions of viral infection (77). Interestingly, activation of
CD14/TLR4 signaling has been proposed to play a role in the
pathogenesis of PKD (83). It is possible that IL-24 may
modulate TLR signaling in PKD and may contribute to the
high rate of apoptosis of cyst-lining cells.

IL-24 signals via two different heterodimeric receptor com-
plexes, IL-20R1/IL-20R2 and IL-22R1/IL-20R2, both of
which lead to activation of STAT3 (1, 70). Therefore, it is
possible that IL-24 contributes to the strong activation of
STAT3 observed in renal cysts (36, 62, 63). Furthermore, the
presence of IL-24 in cyst lumens (Fig. 4E) may suggest the
possibility of persistent IL-24-receptor/STAT3 activation.
However, it is currently unknown whether cyst-lining epithe-
lial cells express IL-24 receptors. The possible role of IL-24 in
STAT3 activation in PKD requires further investigation.

In conclusion, our findings suggest that aberrantly increased
STAT6 activity, via IL-13 signaling, in PKD leads to strong
overexpression of four proteins: periostin, galectin-3, IL-24
(this study), and the pIgR (48). These proteins are overex-
pressed in polycystic kidneys caused by a wide variety of
genetic defects, suggesting that IL-13 signaling, and subse-
quent STAT6 activation, may orchestrate a coordinated expres-
sion of a set of genes as a general feature accompanying renal
cyst growth. While the exact roles of periostin, galectin-3, and
IL-24 are still largely unclear, a common denominator among
their proposed functions is a role in the regulation of innate
immune responses. The IL-13/STAT6 signaling pathway is a
promising target for PKD therapy, especially since inhibitory
compounds are already being developed for the treatment of

asthma, in which IL-13 signaling is also aberrantly activated
(26, 29, 46).
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