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Abstract

Background Renal bilateral fluid filled-cyst in polycystic kidney disease (PKD) is associated with abnormal epithelial
cell proliferation and transepithelial fluid secretion which leads to end-stage renal disease (ESRD). A chalcone derivative,
isoliquiritigenin (ISLQ), has been shown to have various pharmacological properties. Since several studies have shown that
ISLQ could inhibit CFTR channel activity, it is interesting to see whether it can inhibit renal cyst enlargement. The present
study was aimed to determine an inhibitory effect and the mechanism of chalcone derivatives on MDCK cyst progression
and Pkdl mutant cells.

Methods MDCK cyst growth and cyst formation experiments, MTT assay, Ussing chamber experiment, BrdU cell prolifera-
tion assay and western blot analysis were performed in this study.

Results Among four compounds of chalcone derivatives tested, CHAL-005 (100 uM) was found to inhibit MDCK cyst
growth in a dose-dependent manner without cytotoxicity. It inhibited short-circuit current of chloride secretion as well as
CFTR protein expression in MDCK cells. CHAL-005 significantly suppressed cell proliferation. In addition, CHAL-005
strongly reduced phosphorylation ERK1/2 and phosphorylation S6 kinase in MDCK and Pkd! mutant cells. Interestingly,
CHAL-005 activated phosphorylation of AMP kinase protein expression in MDCK and PkdI mutant cells.

Conclusion CHAL-005 slowed MDCK cyst progression by inhibiting CFTR expression and reducing ERK1/2 and mTOR/
S6K signaling pathways as well as activating AMPK expression. Therefore, a chalcone derivative could represent as a
promising drug candidate for polycystic kidney disease intervention.
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a common renal inherited disorder, caused by mutation
of either PKDI or PKD2 gene encoding polycystin-1 and
polycystin-2 protein, respectively [1]. The characteristics
of PKD is the proliferation and accumulation of fluid-filled
cysts along the nephron [2]. The numerous fluid-filled cysts
destroyed normal renal parenchymal cells leading to the loss
of renal function and ending up with end-stage renal disease
[3]. Currently, Tolvaptan (V2R antagonist) was approved
for treating PKD [4]. However, the side effects of this drug
urgent need to find the new candidate for retarding cystogen-
esis in PKD.

It is known that cystic fibrosis transmembrane conduct-
ance regulator (CFTR) chloride channel activity is involved
in fluid secretion in PKD pathophysiology [5]. Of note,
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several compounds which inhibited CFTR channel activ-
ity and expression could slow renal cyst enlargement both
in an in vitro and in vivo model of PKD [6-8]. In addition,
it was found that several complex pathways including the
upregulation of Raf/MEK/ERK pathway [9, 10] and mTOR/
S6K signaling pathway [11] were involved in cyst-lining
epithelial cell growth. In contrast, the activation of AMP
kinase, a cellular energy sensor, was found to strongly retard
renal cystogenesis in a mouse model of PKD through the
inhibition of both CFTR channel and mTOR/S6K signaling
[12]. Therefore, the combination of target therapies might
be more effective for the inhibition of renal cyst enlargement
in PKD intervention.

Chalcone derivatives have found to possess several phar-
macological properties such as anti-inflammation [13], anti-
proliferation [14], and anticancer [15]. In addition, there was
a report that chalcone derivatives have an anti-diarrheal
effect by inhibition of CFTR though the activation of AMPK
activity [16]. Chalcone isoliquiritigenin (ISLQ) was found
to inhibit ERK1/2 and mTOR signaling in adenoid cystic
carcinoma cell [17]. Moreover, the chalcone ISLQ derivative
has been shown to inhibit CFTR activity in human colonic
epithelial (T84) and MDCK cells [18]. However, the mecha-
nism of chalcone derivatives to slow an in vitro cyst progres-
sion on fluid secretion and cell proliferation pathway was
unclear. Therefore, this present study was aimed to deter-
mine the inhibitory effect and the possible mechanisms of
chalcone derivatives on fluid secretion and cell proliferation
using an in vitro model of PKD.

Materials and methods
Reagents and compounds

Chalcone derivatives were synthesized and their identities
were checked by spectroscopic data [16]. Collagen type I
(PureCol) was purchased from Advanced BioMatrix (Fre-
mont, CA, USA). DMEM/Ham F-12, penicillin, streptomy-
cin, and FBS were purchased from Invitrogen (Carlsbad,
CA, USA). Interferon vy, blasticidin, GlyH101, and ECL-
solution were obtained from Calbiochem (San Diego, CA,
USA). Primary antibodies including anti-CFTR, anti-
p-ERK1/2 (Thr202/Tyr204), anti-t-ERK1/2, anti-pS6K
(Thr421/Ser424), anti-t-S6K, anti-p-AMPK (Thr172), anti-
AMPKa, anti-fB-actin, were purchased from Cell Signaling
(Beverly, MA, USA). Protease inhibitor was obtained from
Roche (Indianapolis, IN, USA).

Cell cultures and treatments

Madin-Darby canine kidney (MDCK) type I cells [19] were
kindly give from Prof. David N. Sheppard, University of

Bristol, Bristol, UK. Mouse renal cystic epithelial cells
PkdI™'~ (PH2, heterozygous) and Pkdl ™~ (PN24, homozy-
gous) cells [10] were kindly give from Prof. Stefan Somlo,
Yale University School of Medicine, Connecticut, USA.
Cells were cultured in DMEM/F-12 Ham medium supple-
mented with 10% FBS, 5 pg/ml insulin, 5 pg/ml transferrin,
5 pg/ml selenium X, 100 U/ml penicillin, and 100 ug/ml
streptomycin, and 5 ug/ml interferon y for Pkdl mutant cells.
These cells were grown at 37 °C and 33 °C, respectively,
in a humidified atmosphere with 5% CO, 95% O,. Cells
were trypsinized with 0.25% trypsin and centrifuged at 600 g
before seeding.

MDCK cyst experiment

Type I MDCK cells were added in an individual well of a
24-wells plate and suspended in 0.4 ml of 3.0 mg/ml ice-cold
collagen supplemented with 10% 10X minimum essential
medium (MEM), 27 mM NaHCO,, 10 mM HEPES, 100
U/ml penicillin, and 100 pg/ml streptomycin (pH 7.4 with
NaOH) as described previously [7]. For MDCK cyst growth
experiment, MDCK cyst photographs were captured at
10 X magnifications using an inverted microscope (Nikon,
TE 2000-S) at day 6. Then, the MDCK media containing
chalcone derivatives (100 uM) and forskolin (10 uM) were
incubated with cysts. The MDCK media containing forsko-
lin and test compounds were changed every 2 days for 6 days
onwards. Photographs of individual cyst were taken before
adding the test compounds. Cyst diameter (UM) was meas-
ured using the Image J software. For MDCK cyst formation
experiment, the MDCK media containing forskolin (10 uM)
with either CHAL-005 (100 uM) or GlyH-101 (50 pM)
were incubated with cysts for 6 days onwards. MDCK cyst
photographs were captured at 10 X magnifications using
an inverted microscope (Nikon, TE 2000-S) at day 6. Cyst
diameter > 50 pM were counted as cyst colonies and cyst
diameter < 50 pM were count as non-cyst colonies.

Cell viability assay

The 20,000 cells of MDCK were seeded and grown for 24 h
in 96-wells plate. Four chalcone derivative compounds at
doses of 100 pM were added and incubated for 24 h. Media
containing test compounds were removed, and adherent cells
were exposed to serum free media containing 10% MTT
solutions (5 mg/ml) for 4 h in humidified atmosphere of 5%
CO,, 95% O, at 37 C. Then, the serum-free media contain-
ing MTT were removed and 100 pl of DMSO was added.
The absorbance of the solution was measured at 530 nm
and percentage of cell viability was expressed as 100% of
control.
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Cell proliferation assay

Cell proliferation assay was measured using BrdU cell pro-
liferation kit (Calbiochem, San diego, CA, USA). MDCK
cell (8000 cells) were seeded in 96-wells plate in DMEM/
Ham’s F-12 media supplemented with 10% FBS and ITS-
supplement and grown for 24 h. Then, cells were incubated
with serum free media in the presence or absence of CHAL-
005 at doses of 1-100 uM for 24 h. BrdU reagent was added
at 18 h later and incubated for 6 h. Blasticidin (20 pg/ml)
treatment was used as a positive control. The absorbance
was measured at 490 nm by automated microplate reader and
BrdU cell proliferation was calculated as 100% of control.

Ussing chamber experiment

MDCK cells (5% 10° cells/well) were seeded on Snapwell
inserts. MDCK media were changed every 2 days. On day 8,
media from the apical side of MDCK cell monolayer were
removed to form an air-liquid interface to enhance CFTR
expression in MDCK epithelia. On day 10, only MDCK
polarized epithelia monolayers with resistance > 2000 Ohm.
cm? were used for subsequent Ussing chamber experiments.
Apical chloride current measurements were performed as

previously described [7].
Western blot analysis

Western blot analysis was performed as described previously
[7, 20]. Briefly, MDCK, PkdI*~, Pkdl1™~ cells were lysed
with ice-cold RIPA buffer (50 mM Tris—HCI, 150 mM NaCl,
1 mM EDTA, 1% Triton-X 100, 1 mM NaF, 1 mM Na;VO,,
and 1 mM PMSF) containing protease inhibitor cocktail.
Samples were centrifuged at 10000 g and supernatant pro-
teins (40 pg) were separated in 8—10% SDS-PAGE gel. Then,
samples were transferred to a nitrocellulose membrane.
After blocking non-specific binding by 5% non-fat dry milk
at room temperature for 1 h, membranes were incubated with
primary antibodies of interested proteins overnight at 4 °C.
The membranes were washed by TBS-Tween 20 solution
3 times followed by incubation with secondary antibody for
1 h. After that the membranes were washed by TBS-Tween
20 solution 3 times, the band intensity of interested proteins
was developed by chemiluminescence (ECL solution).

Statistical analysis

The data of all experiment were expressed as mean + SEM.
The statistical significance of data between control and the
treatment groups was determined by one way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test,
and repeated measure ANOVA, where appropriate. A value
of P <0.05 was considered statistically significant.
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Results

Chalcone derivatives slowed MDCK cyst
enlargement

Previously, it was found that four chalcone derivatives
(CHAL-005, CHAL-006, CHAL-007, CHAL-011) could
inhibit chloride secretion mediated by forskolin in per-
meabilized MDCK cell monolayers (data not shown).
Therefore, these four compounds were examined for their
inhibitory effect on MDCK cyst enlargement. To rule out
the toxic effect, first, the effect of chalcone derivative com-
pounds on MDCK cell viability was examined prior to the
evaluation of their effects on MDCK cyst growth and cyst
formation. Using MTT assay, it was found that all chal-
cone derivatives tested had no effect on MDCK cell viabil-
ity (Fig. 1b). To further determine the inhibitory effect of
the chalcone derivative compounds on MDCK cyst pro-
gression, MDCK cells were suspended in the collagen gel
media with or without chalcone derivative compounds at
the concentration of 100 pM in the presence of forskolin
for 6 days (between day 6 and day 12). The result showed
that among four compounds examined, only CHAL-005
could significantly inhibit MDCK cyst growth compared
to that of control and GlyH-101 (a CFTR inhibitor)
(Fig. 1c). Then, the dose—response of an inhibitory effect
of CHAL-005 on MDCK cyst growth was performed. The
result showed that CHAL-005 could also slow MDCK cyst
growth in a dose-dependent manner (10-100 pM) (Fig. 1d,
f). To test whether an inhibitory effect of CHAL-005 on
inhibiting cyst colony, MDCK cyst formation experiment
was performed. It was found that CHAL-005 inhibited cyst
formation by 79% compared with the control group and
GlyH-101 (Fig. 1e). These results suggested that CHAL-
005 significantly inhibits MDCK cyst progression in a
dose-dependent manner without cytotoxicity. Therefore,
only CHAL-005, whose structure was showed in Fig. 1a,
was selected for further study on mechanism of actions
in slowing cyst progression in MDCK cells (in vitro) and
Pkd] mutant cells.

CHAL-005 inhibited apical chloride secretion
and CFTR expression in MDCK cell

The effect of chalcone derivative (CHAL-005) on CFTR-
mediated apical chloride secretion was determined by
short-circuit current measurement in basolaterally per-
meabilized MDCK cell monolayers. Of note, the CHAL-
005 at doses of 50-150 pM significantly reduced an api-
cal chloride current stimulated by 20 uM of forskolin
in a dose-dependent manner (Fig. 2). To determine the
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ern blot analysis was performed. Incubation MDCK cell  through the suppression of ERK1/2 and mTOR/S6K
monolayers with CHAL-005 at the concentrations between  signaling in MDCK cell and Pkd1 mutant cells

50 and100 uM for 24 h significantly suppressed CFTR

expression in these cells (Fig. 3). Taken together, these  An inhibitory effect of CHAL-005 on cell proliferation was
findings suggested that CHAL-005 inhibits MDCK cyst  investigated using BrdU cell proliferation assay. The results
progression, in part, by inhibiting CFTR chloride channel ~ showed that CHAL-005 (50-100 pM) markedly suppressed
activity and expression. cell proliferation in MDCK and PkdI mutant cells compared
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«Fig. 1 Effect of CHAL-005 on MDCK cyst progression. a The struc-
ture of CHAL-005 compound. b MDCK cell viability was assayed by
MTT assay. The graph represented cell viability after incubated with
DMSO (control) or CHAL-005, CHAL-006, CHAL-007, CHAL-
011 (100 uM) for 24 h (mean of percent control+SE, n=4, NS not
significant). ¢ An inhibitory effect of the chalcone derivative com-
pounds on MDCK cyst growth was shown. The graph represented
MDCK cyst diameter at day 12 after treatment with DMSO (control),
CHAL-005, CHAL-006, CHAL-007, CHAL-011 (100 uM), GlyH-
101 (50 pM) for 6 days onward (cyst diameter+SE, n>50 cysts,
four independent experiments, ***P<0.001, NS not significant). d
Dose-response of CHAL-005 on MDCK cyst growth was shown.
The graph represented MDCK cyst growth at day 12 after treatment
with CHAL-005 at doses of 0, 1, 10, 50, 100 uM for 6 days onward
(cyst diameter +SE, n>54-66 cysts, four independent experiments,
*P <0.05, ¥***P<0.001, NS not significant). e An inhibitory effect of
CHAL-005 on MDCK cyst formation was shown. The graph repre-
sented percent of MDCK cyst colonies at day 6 after treatment with
DMSO (control), CHAL-005 (100 uM), and GlyH-101 (50 pM) for
6 days (mean=+ SE, four independent experiments, n=4 well/condi-
tion, ***P <0.001). f Representative of light micrographs of MDCK
cyst growth in collagen gels was shown. Light micrograph was cap-
tured at day 6-12 after cell seeding of MDCK cell presenting with
10 uM of forskolin (control), 1, 10, 50, and 100 uM of CHAL-
005 were added for 6 days onward after cell seeding in gels. Scale
bar=100 uM and X 10 magnification

to that of the control (Fig. 4). To determine the mechanism
by which chalcone derivative compound (CHAL-005) sup-
pressed cell proliferation, western blot analysis of ERK1/2
and S6 kinase phosphorylation levels was performed. It was
found that CHAL-005 at doses between 10 and 100 pM sig-
nificantly diminished the expression of phosphorylation
ERK1/2 and S6K in MDCK cell (Fig. 5a—c). In addition,
CHAL-005 at doses 50-100 uM reduced the expression
of phosphorylation ERK1/2 and S6K in PkdI mutant cells
(Fig. 5d—i). Therefore, our findings suggested that CHAL-
005 slows MDCK cyst progression, in part, by suppressing
cell proliferation through the suppression of ERK1/2 and
mTOR/S6K signaling pathways.

CHAL-005 stimulated AMP-activated protein kinase
in MDCK and Pkd1 mutant cells

It has been shown that an activation of AMPK strongly
retarded renal cystogenesis through the inhibition of CFTR
and mTOR/S6K expression in a mouse model of PKD [12].
Since CHAL-005 could reduce CFTR expression as well
as mTOR/S6K expression in MDCK cell, its action to slow
MDCK cyst enlargement may involve AMPK-dependent
mechanism. Thus, the effect of CHAL-005 on AMPK pro-
tein expression was determined. Using western blot analysis,
the result showed that CHAL-005 at dose of 100 pM stimu-
lated AMPK expression both in MDCK and Pkd] mutant
cells (Fig. 6). These results indicated that CHAL-005 retards
MDCK cyst progression through the stimulation of AMP-
activated protein kinase.
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Discussion

Chalcone, an a-f unsaturated ketone, has been shown to
possess several biological activities including antiprolif-
erative effect [21], anti-inflammatory effect [13], anti-
diarrheal effect [16], and antitumor effect [14]. Consider-
ing the effect of chalcone derivative, we performed the
experiment using MDCK cyst model to determine whether
chalcone derivative could retard renal cyst growth and cyst
formation in this in vitro model of PKD. An induction
of MDCK cyst model to mimic the renal cystogenesis in
PKD, MDCK cells were grown and suspended in three-
dimensional collagen gels containing forskolin [22]. Chal-
cone derivatives were incubated with MDCK cyst from
day 6 to day 12 onwards. Our results showed that among
four chalcone derivatives examined (CHAL-005, CHAL-
006, CHAL-007, CHAL-011), only CHAL-005 markedly
inhibited MDCK cyst enlargement without cytotoxicity.
Interestingly, the effect of CHAL-005 in reducing MDCK
cyst growth and cyst formation was much greater than
that of GlyH-101 (a CFTR inhibitor). This finding sug-
gested that CHAL-005 may slow MDCK cyst progression
not only through the inhibition of fluid secretion but also
through the inhibition of cell proliferation pathways as
well.

Transepithelial fluid secretion is an important mech-
anism for cyst enlargement. Several previous reports
revealed that CFTR chloride channel plays a major role
in drawing fluid into the cyst lumen [5, 19]. Inhibition
of CFTR function by CFTR inhibitor (thiazolidinone
and glycine hydrazide) could retard renal cystogenesis
in MDCK and ADPKD mouse model [6]. In the present
study, we demonstrated that CHAL-005 significantly
inhibited chloride current-mediated by forskolin in per-
meabilized MDCK cell monolayers in a dose-dependent
manner. Furthermore, our western blot analysis confirmed
that CHAL-005 significantly reduced CFTR expression
at doses between 50 and 100 uM in MDCK cell. This
result correlated well with the previous study showing the
ability of a chalcone ISLQ to retard MDCK cyst growth
by inhibiting CFTR channel activity [18]. The cell pro-
liferation pathways that trigger the cyst formation are
also important for PKD progression [3]. Inhibition of
several cell proliferation pathways could retard renal cys-
togenesis and improved renal function in cell and mouse
models of PKD [10, 11, 23]. In this study, we found that
CHAL-005 suppressed MDCK and Pkd! mutant cells
proliferation through the reduction of phosphorylation of
ERK1/2 expression. Moreover, it also significantly inhib-
ited mTOR/S6 kinase expression at doses between 10 and
100 uM after 24 h incubation both in MDCK and Pkd]
mutant cells. These findings suggested that CHAL-005
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cant)

inhibited cell proliferation through ERK1/2 and mTOR/
S6K expression. In line with this notion, chalcone ISLQ
was found to inhibit lung cancer cell proliferation and
migration through the suppression of PI3K/AKT/mTOR
signaling [21]. In addition, it was reported that ISLQ and
chalcone derivative significantly suppressed adenoid cystic
carcinoma cell growth via the inhibition of mTOR signal-
ing and ERK1/2 pathways by an upregulation of TSC2
protein [17]. Previous study reported that chalcone ISLQ
did not alter cAMP levels in human colonic epithelial
(T84) cells [18]. Therefore, the broad effects of CHAL-
005 in slowing MDCK cyst progression did not likely to
involve an alteration of intracellular cAMP level. Taken
together, CHAL-005 slowed MDCK cyst growth in part by
inhibiting CFTR expression and by reducing of ERK1/2
and mTOR/S6K signaling pathways.

Cell metabolism is one of the targets for the treatment
of PKD [24]. AMP-activated protein kinase is a regulation
of cell sensing energy. In line with this notion, it was fund
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Fig.3 Effect of CHAL-005 on CFTR protein expression in MDCK
cells. a MDCK cells were incubated with CHAL-005 at all dose for
24 h and were performed by western blot analysis. Representative
bands of CFTR and B-actin were shown. b The band intensity was
represented as a histogram of indicated proteins in CHAL-005 at dose
of 0, 1, 10, 50, 100 pM in MDCK cells. Data were expressed as mean
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that PC1 regulated mTOR activity via phosphorylation of
ERK [25]. In addition, an upregulation of AMPK by met-
formin can downregulate ERK1/2 and mTOR activity in
Pkd1™"~ cell [26]. It has been revealed that an activation of
AMPK by metformin strongly slowed MDCK cyst growth
and rodent model of ADPKD by inhibiting mTOR/S6K
signaling as well as CFTR channel activity and expression
[12]. CHAL-005 was also demonstrated to retard MDCK
cyst enlargement by inhibiting CFTR activity and expres-
sion as well as suppressing mTOR/S6K signaling. There-
fore, CHAL-005 might exert its effect to slow MDCK cyst
progression via AMPK dependent mechanism. As expected,
CHAL-005 (100 pM) was found to significantly increase
the level of AMPK both in MDCK and Pkd! mutant cells.
This result was correlated with the previous study reported
that a novel chalcone derivative (CHAL-025) inhibits CFTR
chloride channel via AMPK activation and has antidiarrheal
effect in a mouse closed loop model of cholera toxin induced
fluid secretion [16]. Several lines of evidence suggested that
ISLQ stimulated AMPK-mediated GSK3f which protected
mitochondrial against iron-catalyzed oxidative stress [27].
In addition, ISLQ also had a cardioprotective effect against
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band intensity was represented as a histogram of indicated proteins in
CHAL-005 treated MDCK (b, ¢), PkdI*’~ (e, f), Pkdl™~ (h, i) cells
(0, 1, 10, 50, 100 uM). Data were expressed as mean of 100% con-
trol+ SE, four independent experiments, *P<0.05, **P<0.01, NS
not significant
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Fig.6 Effect of CHAL-005 on phosphorylation of AMP-activated
protein kinase expression in MDCK and Pkd/ mutant cells. MDCK
(a), PkdI™™ (c), Pkdl™" (e) cells lysates were performed by west-
ern blot analysis. Representative bands of p-AMPK, AMPKa, and
B-actin were shown. The band intensity was represented as a histo-

ischemic injury through the activation of AMPK [28].
Therefore, it is interesting to observe in the present study
that chalcone derivative (CHAL-005) also activated AMPK
expression which suppressed MDCK cyst progression.

The pharmacological effect of CHAL-005 to slow MDCK
cyst progression observed in the present study was found
to involve multitarget proteins. CHAL-005 at low con-
centration (10 pM) was significantly inhibit cell prolifera-
tion through the suppression of ERK1/2 and mTOR/S6K
expression. While, the high concentration of CHAL-005
(50-100 pM) was found to suppress CFTR expression and
activated AMPK expression, respectively. These combina-
tion effects of CHAL-005 in inhibiting cyst enlargement may
offer the effective treatment since it likely to suppress sev-
eral pathways of PKD pathogenesis. However, the detailed
mechanisms of CHAL-005 on CFTR, ERK1/2, mTOR, and
AMPK are further needed to elucidate.

In conclusion, the present study demonstrates novel
mechanisms by which CHAL-005 slows MDCK cyst pro-
gression. These occur via the stimulation of AMPK and
inhibition of CFTR, ERK1/2 and mTOR/S6K signaling.
However, further study is required to elucidate the detailed
mechanism of chalcone derivative (CHAL-005) on renal
cystogenesis in an in vivo model of PKD. Our findings sug-
gested that chalcone derivative (CHAL-005) could represent
as a drug candidate for the treatment of polycystic kidney
disease.

gram of indicated proteins in CHAL-005-treated MDCK (b), PkdI*/~
(d), PkdI™~ (f) cells (0, 1, 10, 50, 100 pM). Data were expressed as
mean of 100% control + SE, four independent experiments, *P <0.05,
*##P <0.01, NS not significant
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