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ABSTRACT

Therapeutic effect of periostin-binding DNA aptamer on
autosomal dominant polycystic kidney disease

Background: Autosomal dominant polycystic kidney disease (ADPKD) is a genetically inherited
disease in which the kidney generates multiple cysts, eventually leading to decline in kidney function.
Periostin, a matricellular protein, is highly overexpressed in cyst-lining epithelial cells of ADPKD
compared with normal tubule cells. Periostin accumulates in the extracellular matrix adjacent to
ADPKD cysts, binds to the aV/B3, aV/B5 integrin ligand, and upregulates the protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) pathway via activation of the integrin-linked kinase
(ILK). Aptamers are oligonucleotides that have the ability to inhibit the activity of specific target
proteins by binding to proteins. In this study, the therapeutic effect of periostin-binding DNA
aptamer (PA) in ADPKD was investigated.

Methods: In vitro, WT9-7 cells treated with PA were evaluated for changes in mRNA and protein
expression levels of periostin and fibrosis-related molecules, and changes in the degree of ILK
pathway activation. Cyst measurements were also performed to compare cyst growth of WT9-7 cells
and control treated with PA. In vivo, PKD1 systemic-knockout mice were employed as the ADPKD
model. 8-week and 12-week old mice were sacrificed to observe kidney cyst growth. Mice were
given intraperitoneal administration of vehicle or PA via intraperitoneal osmotic pumps for a total
duration of 4 weeks, starting at postnatal 4 weeks. Changes in cystic disease parameters, expression
levels of periostin and fibrosis-related molecules, and changes in the degree of ILK pathway
activation after treatment of PA were examined.

Results: In the fluorescence-activated cell sorting analysis, Cy3-labeled PA was shown to
successfully bind to WT9-7 cells. Treatment of WT9-7 cells with PA (200 nM) attenuated the
mRNA and protein expressions of fibrosis-related molecules that included periostin, fibronectin,
and type I collagen, without affecting cell viability. This was mediated by attenuation of the
AKT/mTOR signaling pathway activated by ILK in WT9-7 cells, as shown by decreased expressions
of phosphorylated-ILK, phosphorylated-AKT, phosphorylated-mTOR, and phosphorylated-ERK



upon treatment of WT9-7 cells with PA. Additionally, PA ameliorated cell growth in WT9-7 cells.
In vivo studies revealed that morphological cystic changes in the kidneys of ADPKD mice were
observed as early as 8 weeks. Treatment of PKD! systemic-knockout mice with PA (500 pg/kg/d)
for 4 weeks starting at postnatal 4 weeks ameliorated cyst growth and attenuated the expressions of
fibrosis-related molecules. These effects were accompanied by attenuation of ILK pathway
activation in the kidneys of PKD1 systemic-knockout mice.

Conclusions: This study provides evidence that periostin acts as a key mediator of cyst proliferation
in ADPKD, and treatment with a DNA aptamer that binds specifically to periostin may be considered
as a modality to slow cyst growth and fibrosis in ADPKD.

Key words : autosomal dominant polycystic kidney disease; periostin; aptamers, nucleotide; cysts



[. INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the fourth leading cause of kidney
failure and the most common inherited kidney disease.'* ADPKD is characterized by generation of
multiple cysts, which grow in size and number. Cyst burden is directly correlated with the
progression of kidney function decline, and most patients eventually develop end-stage kidney
disease by the sixth decade of life.* To date, tolvaptan, a vasopressin 2 receptor antagonist, is the
only drug approved for the treatment of ADPKD. Although it has moderate efficacy,’ it is a drug
not without tolerability and safety issues such as polyuria and the potential for severe liver toxicity.>®

The pathophysiology of ADPKD involves the mutation of PKD/ and PKD2, genes that encode
polycystin-1 and polycystin-2, respectively.” Polycystin-1 and polycystin-2 form a signaling
complex implicated in a variety of cell functions, which leads to progressive enlargement of renal
cysts that has features similar to neoplasms such as aberrant cell proliferation, disordered
extracellular matrix composition and deposition, and increased angiogenesis. The polycystin
proteins are also involved in intracellular calcium homeostasis, where the loss of polycystin function
leads to decreased intracellular calcium concentration.” This results in the eventual activation of
mammalian target of rapamycin (mTOR), which results in the hyperproliferation of renal tubular
cells and subsequent production of inflammation and fibrosis-related proteins, and eventual decline
in kidney function.!

Indeed, studies have indicated that mTOR activity is low in the normal human kidney but
strongly upregulated in renal cyst-lining epithelial cells in ADPKD.!! Moreover, mTOR inhibition
via rapamycin treatment of rodent PKD models not only resulted in inhibition of renal cyst growth,
but also induced regression of kidney size, and preservation of kidney function.!!"!” This led to the
proposal that mTOR inhibitors, such as sirolimus and everolimus, may be used in patients with
ADPKD to retard kidney disease progression. Although animal models evaluating the use of mMTOR
inhibitors have been encouraging, clinical trials investigating the efficacy and safety of these mTOR
inhibitors in patients with ADPKD have been largely disappointing.'®?° For example, in two
randomized clinical trials evaluating the efficacy and safety of sirolimus and everolimus, although
the administration of mTOR inhibitors resulted in lesser increases in kidney parenchymal volume,

but they failed to show any benefits in slowing the progression of kidney impairment, and their



administration was associated with higher rates of drug-specific adverse events such as bone marrow
suppression, mucositis, dyslipidemia, and peripheral edema.'®!

Recent studies have further elucidated the pathophysiology of ADPKD, revealing that periostin
may play an important role in protein kinase B (AKT)/mTOR activation via stimulation of integrin-
linked kinase (ILK). Periostin is a matricellular protein secreted by cyst-lining cells in ADPKD that
binds to the components of the extracellular matrix (ECM), including type I collagen and
fibronectin.?!"?* Periostin transmits signals from the ECM to the cell by binding to cell surface
integrins, resulting in changes in cell adhesion, proliferation, migration, survival, and tissue
angiogenesis.>*? In adults, its expression is limited to collagen-rich tissues and in various cancer
cells, such as breast, lung, and colon cancer.?#?%2%30-34 Although periostin does not stimulate renal
cell proliferation in normal renal cells, in ADPKD cells, however, periostin accumulates within the
ECM adjacent to cysts upon secretion by ADPKD cyst-lining cells.?® In fact, periostin was found to
be one of the most highly differentially expressed genes in human ADPKD cells compared with
normal tubule cells.** Not only do the poorly differentiated renal tubular cells of ADPKD kidneys
overproduce periostin, the resultant increase in kidney mass and intracystic pressure also stimulates
further production of periostin from the renal tubular cells.?® Periostin binds to the aV/B3, aV/B5
integrin ligand and stimulates ILK, which triggers acceleration of cell proliferation and in vitro cyst
growth of ADPKD cells. In a slowly progressive model of renal cystic disease involving pcy/pcy
mice, knockout of the periostin gene expression not only reduced the number of cysts and cystic
area, but also showed a significant reduction in the levels of a key mTOR downstream component,
suggesting a potential role of periostin in the activation of the AKT-mTOR signaling axis.3¢

Insights into the role of periostin in the activation of the periostin-ILK-AKT-mTOR signaling
axis have lead to further studies involving the inhibition of the integrin pathway. Although
pharmacological inhibition or shRNA knockout of ILK in ADPKD cells suppressed AKT/mTOR
activation and subsequent cell proliferation, ILK knockout mice eventually developed kidney
fibrosis, tubular dilation, apoptosis, and kidney failure by 10 weeks, suggesting that some activity
of the ILK pathway may be required for kidney cell survival and epithelium maintenance. However,
reduced ILK expression in a rapidly progressive model of ADPKD not only decreased AKT/mTOR
activity, cell proliferation and growth, but also showed improved kidney function and survival.’’
Furthermore, conditional inactivation of integrin-f1 in collecting ducts resulted in inhibition of

PKDI-dependent cystogenesis with a concomitant suppression of fibrosis and preservation of



kidney function,3® suggesting that drugs that target the integrin signaling pathway may be effective
for slowing kidney disease progression in ADPKD.

Aptamers are oligonucleotides composed of DNA or RNA single strands that can bind to specific
target proteins. Their ability to inhibit the activity of specific target proteins by their protein-specific
binding ability has led to the application of aptamers in various clinical fields.?® Aptamers are
produced chemically and have shown to be relatively bio-stable, thus resulting in lower production
costs, and more convenient storage and distribution compared to antibodies.** Due to these
advantages of aptamers, they have been considered promising drug candidates in various diseases,
such as diabetes, human immunodeficiency virus infection, and macular degeneration.***> In more
recent experimental studies, aptamers that specifically bind to periostin have been shown to not only
inhibit breast cancer cell growth and metastasis,* but they have also been shown to attenuate kidney
fibrosis under diabetic conditions,** and suppress peritoneal dialysis-induced peritoneal fibrosis.*

Hence, in this study, the therapeutic effect of periostin-binding DNA aptamer (PA) in ADPKD

was investigated both in vitro and in vivo.



II. MATERIALS AND METHODS

2.1. Periostin-binding DNA aptamer

A modified DNA systematic evolution of ligands by exponential enrichment (SELEX)
procedure was used to select periostin-specific aptamers.*#¢ PAs were constructed by Aptamer
Sciences Inc. (Pohang, South Korea), as previously reported.** Sequences of the aptamers used in
this study are shown in Table 1. Aptamers were prepared in two forms: Cy3-labeled aptamer, and
polyethylene glycol (PEG)-conjugated aptamer. The Cy3-labeled PA were prepared by labeling Cy3
to the 5” end of the aptamer. The Cy3-labeled PA was used to evaluate the periostin-specific aptamer
attachment in in vitro studies. The PEG-conjugated PA was prepared by conjugating 40 kDa PEG
to the 5° end, and inverted dT to the 3° end to increase its in vivo biological stability. The PEG-

conjugated PA was used for in vivo studies.

2.2. Cell culture and treatment of HK-2 and WT9-7 cells

Human kidney-2 (HK-2) cells (American Type Culture Collection, Manassas, VA, USA) and
WT9-7 cells (American Type Culture Collection, Manassas, VA, USA), an immortalized cell line
originally derived from a human ADPKD kidney,*’ were both cultured at 37°C in a humidified 95%
air/5% CO, atmosphere in a Minimum Essential Medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% Fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis,
MO, USA), 10,000 U/mL penicillin, and 10,000 pg/mL streptomycin (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). The WT9-7 cells, originated from a non-dilated tubule, possess
proximal tubular characteristics. They are heterozygous for a truncating PKD! gene (Q2556X) and
possess the full-length form of polycystin-1.4748

For periostin knockdown experiments, periostin siRNA (Dharmacon, Lafayette, CO, USA),
negative control scramble siRNA (Dharmacon, Lafayette, CO, USA), and positive control GAPDH
siRNA (Bioneer, Daejeon, South Korea) were used. Periostin siRNA was transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.
Briefly, 6 uL of Lipofectamine 2000 was diluted in 1 mL of Opti-MEM I Reduced Serum Medium
(Invitrogen, Carlsbad, CA, USA), incubated for 15 min at room temperature (RT), and mixed with



periostin siRNA. After a 15 min incubation at RT, the mixture was added to each well of WT9-7
cells, which were plated at a density of 5 x 10° cells/well into six-well plates the day before, and the
medium was changed after 24 h. The doses of periostin siRNA for this study were determined based

on preliminary experimental results.

2.3. Fluorescence-activated cell sorting analysis of WT9-7 cells

ADPKD cells were centrifuged at 500 g for 5 min and washed twice in an isotonic, calcium, and
magnesium free-phosphate buffered saline (PBS) buffer to remove residual growth factors in the
medium. A final concentration of 1 x 107 cells/mL was re-suspended and incubated with 200 nM
Cy3-labeled PA containing binding buffer (PBS including 5 mM MgCl,). Samples of 100 pL were
used per assay (1 x 10° cells) into each 1.5 mL tube for staining. Flow cytometric analysis of surface
staining intensity was performed using an FACSVERSE System (BD Biosciences, Franklin Lakes,
NJ, USA) and signals were obtained from a blue laser. Analysis of the results was conducted using

FACSuite software (BD Biosciences, Franklin Lakes, NJ, USA).

2.4. Cyst measurements

The 3D culture was performed using Matrigel matrix (Corning, NY, USA) to assess cyst
formation. For cyst formation, WT9-7 cells (1 x 103 cells/well) were trypsinized and resuspended
as a single-cell suspension in type I collagen solution and transferred to 24-well plates on preformed
Matrigel. The plate was incubated for 15 min at 37°C to promote gelation. Following this, 500 pL
of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) with 20% FBS was added. After cell attachment to the gel, additional Matrigel was added to
the cells to form a sandwich-like pattern. Cells were maintained in 3D culture at 37°C and
humidified 5% CO,. To promote cyst proliferation, 10 uM forskolin (Sigma-Aldrich, St. Louis, MO,
USA), a cyclic adenosine monophosphate agonist, was added to the medium at day 0. After the
induction of cyst formation with forskolin, HK-2 and WT9-7 cells were treated with or without 200
nM PA from days 0 to 10, and the medium was changed every 2 days. To quantify cyst growth in
response to treatments, between 10—12 images of individual cysts, chosen at random, were obtained

at 20x magnification from each well on day 10, using the confocal LSM700 Zeiss microscope and



Zeiss camera (Zeiss Microscopy GmbH, Jena, Germany). Diameters of all captured spherical cysts
were analyzed using ImagelJ software ver. 1.49 (National Institutes of Health, Bethesda, MD, USA;

accessible online at http://imagej.net/ij).

2.5. Methylthiazoletetrazolium assay

The methylthiazoletetrazolium (MTT) (Abcam, Cambridge, UK) assay is an indicator of the
number of metabolically active cells and is therefore a measure of cell viability, proliferation, and
cytotoxicity.* To assess the cell cytotoxicity and cell proliferation upon treatment of the WT9-7
cells with PA, WT9-7 cells were cultured in 96-well culture plates. Phenol red-free DMEM with 1
mg/mL of MTT reagent were added to each well after the experimental periods, and then incubated
at 37°C for 3 h in humidified 5% CO,. After incubation, 150 uL of MTT solvent were added to each
well. The culture plate was then wrapped in foil, and then shaked on an orbital shaker for 15 min.
Optical density (OD) was measured with a microplate reader (SpectraMax 340, Molecular Devices,
San Jose, CA, USA) at a wave length of 590 nm. The OD of the control group cells was assigned a
relative value of 100. For the assessment of cell cytotoxicity and cell proliferation, cells were
incubated with vehicle control (PBS), 10, 100, 200, and 400 nM of PA. Percentage cell cytotoxicity
was calculated by (100 x (control — sample)) / control. For the assessment of cell proliferation,

absorbance was measured at 590 nm to calculate the number of viable cells.

2.6. Total RNA extraction and reverse transcription

For HK-2 and WT9-7 cells, 700 pL of RNAiso reagent (Takara Bio Inc., Kusatsu, Shiga, Japan)
were added to the cell culture dish, and the suspension was collected and homogenized for 5 min at
room temperature (RT). Kidney samples were rapidly frozen using liquid nitrogen and homogenized
by mortar and pestle thrice with 700 pl of RNAiso reagent. 160 pl of chloroform was subsequently
added to the homogenized samples of the cells and kidneys. The mixture was then shaken vigorously
for 30 s, stored for 3 min at RT, and centrifuged at 12,000 rpm for 15 min at 4°C. Among the
separated layers, samples from the aqueous layer was transferred to a fresh tube, precipitated by
adding 400 pL of isopropanol, and pelleted by centrifugation at 12,000 rpm for 30 min at 4°C. The

RNA precipitate was washed with 70% ethanol, air-dried for 2 min, and dissolved in sterile diethyl



pyrocarbonate-treated distilled water. The quantity and quality of extracted RNA were assessed
using spectrophotometric measurements at 260 and 280 nm wavelengths.

A Takara cDNA synthesis kit (Takara Bio Inc., Kusatsu, Shiga, Japan) was used to obtain first
strand cDNA. Reverse transcription was conducted using 2 pg of total RNA extracts with 10 uM
random hexanucleotide primer, | mM dNTP, 8 mM MgCl,, 30 mM KCl, 50 mM Tris-HCI at pH
8.5, 0.2 mM dithiothreithol, 25 U RNase inhibitor, and 40 U PrimeScript reverse transcriptase. The
mixture was then incubated for 10 min at 30°C, and for 1 h at 42°C, followed by incubation for 5

min at 99°C for enzyme inactivation.

2.7. Real-time quantitative polymerase chain reaction

Using the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA,
USA), a mixture with a total volume of 20 pL, containing 10 pL. SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA), 5 uL of reverse transcribed cDNA, and 5 pmol sense
and antisense primers. The primer sequences used in this study are described in Table 1. The optimal
primer concentrations were determined from the results of preliminary experiments. All polymerase
chain reactions started with an initial heating step for 9 min at 95°C, and ended with a final extension
for 7 min at 72°C after repetitive cycles. The quantitiative real-time polymerase chain reaction
(qPCR) was performed under the following conditions: 35 cycles of denaturation for 30 min at
94.5°C, annealing for 30 s at 60°C, and extension for 1 min at 72°C. Each sample was run in
triplicate in separate tubes and a control without cDNA was also run in parallel with each assay.
After qPCR, the temperature was increased from 60 to 95°C at a rate of 2°C/min to construct a
melting curve. The cDNA content of each specimen was determined using a comparative CT method
with 2-24CT_ The results were given as the relative expression normalized to the expression of 18S

rRNA and expressed in arbitrary units.



Table 1. Primer sequences used for real-time qPCR

Genes Sequence (5° — 3°)

188 Forward ACCGCGGTTCTATTTTGTT
(human) Reverse CGGTCCAAGAATTTCACCTC
Periostin Forward GGCACCAAAAAGAAATACT
(human) Reverse GGAAGGTAAGAGTATAT
Fibronectin Forward AACCTACGGATGACTCGTGC
(human) Reverse TGAATCACATCTGAAATGACCAC
Type I collagen Forward ACTGGTACATCAGCCCGAAC
(human) Reverse TACTCGAACGGGAATCCATC

18S Forward CGCTTCCTTACCTGGTTGAT
(mouse) Reverse GGCCGTGCGTACTTAGACAT
PKDI Forward ACCAGAGTGCTGCCATCTTC
(mouse) Reverse TTCATCCGCTCCACAGTGAC
Periostin Forward GGCACCAAAAAGAAATACT
(mouse) Reverse GGAAGGTAAGAGTATAT
Fibronectin Forward ACAGAGCTCAACCTCCCTGA
(mouse) Reverse TGTGCTCTCCTGGTTCTCCT

Type I collagen Forward TCAATTGCTCCGGCCGCTG
(mouse) Reverse CCAGCGTCTGAAGTAGGTTGTGGG

2.8. Western blot analysis

Expression levels of periostin, fibronectin, type I collagen, B-actin, phosphorylated-ILK, ILK,
phosphorylated-AKT, AKT, phosphorylated-mTOR, mTOR, phosphorylated-ERK, and ERK, were
examined using Western blot analyses. Protein samples from HK-2 and WT9-7 cells, and harvested
kidney tissue from mice were prepared using lysis buffer containing sodium dodecyl sulfate (SDS)
sample buffer [2T SDS, 10 mM Tris-HCI, pH 6.8, 10% (vol/vol) glycerol]. Aliquots of protein
samples were mixed with Laemmli sample buffer, and then heated at 100°C for 5 min, and subjected
to electrophoresis in a 8—12% polyacrylamide denaturing (SDS containing) gel. Proteins were then
transferred to a Hybond-ECL membrane in a Hoeffer semidry blotting apparatus (Hoeffer
Instruments, San Francisco, CA, USA), and the membrane was then incubated in blocking buffer A
[1 x TBS, 0.1% Tween 20, and 5% nonfat milk] for 30 min at RT, followed by an overnight
incubation at 4°C with an appropriate dilution of primary antibodies specific to periostin (Abcam,

Cambridge, UK), fibronectin (Dako, Glostrup, Denmark), type I collagen (Southern Biotech,



Birmingham, AL, USA), B-actin (Sigma-Aldrich, St. Louis, MO, USA), phosphorylated-ILK (Cell
Signaling Technology, Danvers, MA, USA), ILK (Cell Signaling Technology, Danvers, MA, USA),
phosphorylated-AKT (Cell Signaling Technology, Danvers, MA, USA), AKT (Cell Signaling
Technology, Danvers, MA, USA), phosphorylated-mTOR (Cell Signaling Technology, Danvers,
MA, USA), mTOR (Cell Signaling Technology, Danvers, MA, USA), phosphorylated-ERK (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), or ERK (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). The membranes were washed three times for 10 min in 1 x TBS with 0.1% Tween-20 and
incubated in buffer A containing a 1:1,000 dilution of horseradish peroxidase-linked goat anti-rabbit
or anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Several washes were done,
and the membrane was developed with a chemiluminescent reagent (ECL; Amersham Life Science,
Arlington Heights, IL, USA). ImageJ ver. 1.49 (National Institutes of Health, Bethesda, MD, USA;
accessible online at http://imagej.net/ij) was used to quantify the band intensities. Changes in the

optical densities of the bands of the treated groups relative to control cells or tissues were analyzed.

2.9. Animal study and treatment

The protocols for animal experiments were approved by the Committee for the Care and Use of
Laboratory Animals at Yonsei University College of Medicine, Seoul, Republic of Korea. Mice
were housed in a temperature-controlled room and given access to food and water ad libitum
throughout the study period. All animal experiments were conducted in accordance with the
Principles of Laboratory Animal Care (NIH Publication no. 85-23, revised 1985).

To establish the PKDI systemic-knockout mice model, PKDI floxed-allele female mouse
(Jackson Laboratories, Bar Harbor, ME, USA) and tamoxifen-inducible Cre protein expressing
tamoxifen-CreER male mouse (Jackson Laboratories, Bar Harbor, ME, USA) were mated. In order
to induce PKDI systemic-knockout, adult mice, 3—4 months of age, were treated with 5 mg
tamoxifen for three consecutive days, using a feeding needle. Weaning mothers, 3—6 months of age,
received a similar treatment starting at postnatal day 4 of the progeny, and these newborn mice
received tamoxifen via breast-feeding from the mother. To check for successful PKDI gene knock-
out, genotypes were assessed by PCR analysis of genomic DNA from mouse toe lysates using the
Jackson Laboratory primer (Jackson Laboratories, Bar Harbor, ME, USA).

To observe the morphological changes in PKD! systemic-knockout ADPKD mice kidney, 8-



and 12-weeks old mice were sacrificed while anesthetized with Zoletil (10 mg/kg; Virbac, Carros,
France). The kidneys were extracted, of which one was used in real-time PCR and Western blot
analysis for observation of mRNA and protein expression, respectively, and the other was 10%
formalin-fixed, paraffin-embedded, and stained for morphological analysis.

To observe the effects of treatment with PA, all newborn mice were implanted with
intraperitoneal osmotic pumps at postnatal 4 weeks for intraperitoneal administration of vehicle
(PBS) or PA. The study group was split into four groups. In the wild-type (WT) group, mice were
injected with diluent. In the WT + PA group, the PA (500 pg/kg/d) was administered
intraperitoneally. In the PKD group, mice were injected with vehicle. In the PKD + PA group, the
PA (500 pg/kg/d) was administered intraperitoneally. The dose of PA was selected based on the
protocols of previous studies.**3 Vehicle or PA was administered using an Alzet Model osmotic
pump (Durect Corp., Palo Alto, CA, USA) starting at postnatal 4 weeks for 4 weeks before sacrifice.
Kidneys of mice were removed and used in real-time PCR and Western blot analysis for observation

of mRNA and protein expression, respectively.

2.10. Periodic Acid-Schiff stain

To evaluate the morphological changes of mice kidney tissue, formalin-fixed, paraffin-
embedded mice kidney slices were stained with Periodic Acid-Schiff (PAS) (Sigma-Aldrich, St.
Louis, MO, USA) dye for routine histological examination. Images were taken with an Olympus
DP73 microscope (Olympus Corp., Tokyo, Japan). PAS staining was performed with dissolved
paraffin placing the tissue slides in a 60°C incubator for at least 30 min. Subsequently, sequential
rehydration process was done with xylene and 100%, 95%, and 90% alcohol. After washing the
slides with distilled water for 7 min to soak the periodic acid, the slides were reacted in Schiff’s
solution for 15 min. Modified Mayer’s Hematoxylin counterstaining was performed after the
dehydration process. The PAS-stained tissues were used to observe the morphological changes in
PKD] systemic-knockout ADPKD mice kidney. For percentage cystic area from PAS slides, the
perimeters of the sections from digitally acquired images were outlined using the positive selection
pen, while excluding the medullary regions. The white and colored areas of the image were derived
from the positive pixel count algorithm. For percentage-positive pixels in images, a total of eight

20x fields of view from the kidney cortex were analyzed and averaged for each mouse, using ImageJ
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software ver. 1.49 (National Institutes of Health, Bethesda, MD, USA; accessible online at

http://imagej.net/ij).

2.11. Statistical analysis

Experimental data were analyzed using GraphPad Prism ver. 9.4 (GraphPad Software, San Diego,
CA, USA). Data are expressed as means =+ standard errors of mean. One-way analysis of variance
(one-way ANOVA) was performed and was followed by the Tukey test and student’s #-test for
multiple and single comparisons, respectively. A P-value <0.05 was considered statistically

significant.
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III. RESULTS

3.1. Confirmation of DNA aptamer binding to periostin in WT9-7 cells

and its effect on cell viability

To determine whether the PA attached specifically to periostin, fluorescence-activated cell
sorting (FACS) analysis was conducted to demonstrate that the PA attached specifically to periostin
in WT9-7 cells. A Cy3-labeled PA was used to evaluate the amount of PA that attached to periostin
expressed in WT9-7 cells. Compared to the negative control, WT9-7 cells treated with Cy3-labeled
PA showed an increase in the Cy3-positive fraction of the total WT9-7 cell count (88.3%). The Cy3-
positive fraction was significantly abrogated (15.4%) by periostin siRNA (100 nM) transfection,
suggesting that the PA specifically binds to periostin expressed by WT9-7 cells (Figure 1A), without
affecting cell viability (Figure 1B).
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Figure 1. Specific attachment of periostin-binding DNA aptamer to periostin expressed in
WT9-7 cells and its effect on cell viability. FACS analysis was performed in WT9-7 cells treated
with periostin siRNA (100 nM) and Cy3-labeled PA (200 nM). (A) The Cy3-positive fraction was
significantly increased in WT9-7 cells treated with the Cy3-labeled PA, which was significantly
abrogated by periostin siRNA transfection. (B) Cell viability following treatment with PA at
different doses indicate that cell viability was not affected at different doses of PA.

Abbreviations: SA, negative control scramble aptamer; siPeriostin, periostin siRNA; PA, periostin-

binding DNA aptamer; FACS, fluorescence-activated cell sorting.
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3.2. Periostin-bindng DNA aptamer attenuates fibrosis in WT9-7 cells

To determine whether blocking periostin signaling with the PA could attenuate fibrosis in WT9-
7 cells, the changes in the expression of periostin and fibrosis-related molecules were examined after
treatment of WT9-7 cells with different doses of PA (Figure 2). As shown in Figures 2A and 2B,
PA (200 and 400 nM) attenuated the mRNA and protein expressions of periostin, fibronectin, and
type 1 collagen. Upregulated mRNA levels of periostin, fibronectin, and type I collagen were
significantly attenuated by PA treatment in WT9-7 cells (Figure 2C). The increased protein levels
of periostin, fibronectin, and type I collagen were also significantly abrogated by PA treatment in
WT9-7 cells (Figure 2D). These results indicate that PA effectively mitigates fibrosis by inhibiting

the expression of periostin and fibrosis-related molecules in ADPKD cells.
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Figure 2. mRNA and protein expressions of fibrosis-related molecules are attenuated by
periostin-binding DNA aptamer treatment in WT9-7 cells. (A) Relative mRNA level
quantification of periostin, fibronectin, and type I collagen in WT9-7 cells at different concentrations
of PA (0, 100, 200, and 400 nM). PA (200 and 400 nM) significantly downregulated mRNA
expression levels of periostin, fibronectin, and type I collagen. (B) A representative Western blot
analysis of protein expression in WT9-7 cells at different concentrations of PA (0, 100, 200, and
400 nM). PA (200 and 400 nM) significantly attenuated protein expression levels of periostin,
fibronectin, and type I collagen. (C) Periostin, fibronectin, and type I collagen mRNA levels.
Treatment with PA (200 nM) significantly ameliorated periostin, fibronectin, and type I collagen
mRNA expression. (D) A representative Western blot analysis of protein expression in WT9-7 cells
with or without PA (200 nM). PA significantly downregulated protein expression levels of periostin,
fibronectin, and type I collagen in WT9-7 cells.

Note: *, P <0.05 vs. HK-2 or PA 0 nM; #, P <0.05 vs. WT9-7 control; ** P <0.01 vs. PA 0 nM.
Abbreviations: PA, periostin-binding DNA aptamer; HK-2, human kidney-2; con, control.
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3.3. Periostin-binding DNA aptamer treatment abrogates cyst growth in

WTO9-7 cells
The potential of PA to affect cyst growth in ADPKD cells was assessed using WT9-7 cells and

HK-2 cells as control. WT9-7 cells form cysts when cultured in a three-dimensional environment
with stimulation by the addition of forskolin promoting cyst swelling. PA significantly inhibited cyst
growth of WT9-7 cells by day 10 (Figures 3A and B). The mean cyst diameter of WT9-7 cells
treated with PA was significantly less than that of the vehicle control. Moreover, as shown in Figure
3C, treatment of WT9-7 cells with PA significantly reduced ADPKD cell proliferation compared to

vehicle-treated cells. These findings suggest that PA treatment abrogates cyst growth in WT9-7 cells.
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Figure 3. Periostin-binding DNA aptamer treatment ameliorates cell growth in

WT9-7 cells. (A) Representative photos show that PA significantly reduced cyst growth in WT9-7
cells at day 10. Bar = 200 um. (B) Mean cyst diameter of HK-2 and WT9-7 cells at day 10, treated
with either vehicle or PA. The mean cyst diameter of WT9-7 cells treated with PA was significantly
less than that of the vehicle control. (C) Effect of PA treatment on cell proliferation in WT9-7 cells.
Fold changes in proliferation index were significantly lower in WT9-7 cells treated with PA,
compared to vehicle control.

Note: *, P <0.05 vs. HK-2; #, P <0.05 vs. WT9-7 control.

Abbreviations: HK-2, human kidney-2; con, control; PA, periostin-binding DNA aptamer.
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3.4. Periostin-binding DNA aptamer treatment atenuates integrin-linked

kinase pathway activation in WT9-7 cells

To determine whether the anti-fibrotic effect of PA was mediated by attenuation of the signaling
pathway activated by ILK in WT9-7 cells, the changes in the expression of phosphorylated-ILK,
phosphorylated-AKT, phosphorylated-mTOR, and phosphorylated-ERK were examined after
treatment of WT9-7 cells with PA (Figure 4). When the cells were examined for phosphorylated-
ILK expression, PA treatment of WT9-7 cells attenuated expression levels of phosphorylated-ILK,
normalized to total ILK. Similar findings were observed for phosphorylated-AKT, phosphorylated-
mTOR, and phosphorylated-ERK. These results indicate that PA treatment attenuated ILK pathway
activation in WT9-7 cells, as shown by the downregulation of downstream components of the ILK

pathway.
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Figure 4. Periostin-binding DNA aptamer treatment attenuates ILK pathway activation in
WT9-7 cells. Representative Western blotting analysis of phosphorylated-ILK, phosphorylated-
AKT, phosphorylated mTOR, and phosphorylated-ERK. The increases in the protein levels of
phosphorylated-ILK, phosphorylated-AKT, phosphorylated mTOR, and phosphorylated-ERK were
significantly attenuated by PA, whereas total levels of ILK, AKT, mTOR, and ERK remain
unchanged. Quantification of phosphorylated-ILK to ILK ratio (p-ILK/ILK), phosphorylated-AKT
to AKT ratio (p-AKT/AKT), phosphorylated-mTOR to mTOR ratio (p-mTOR/mTOR), and
phosphorylated-ERK to ERK ratio (p-ERK/ERK) show attenuated expressions upon PA treatment.
Note: *, P <0.05 vs. HK-2; #, P <0.05 vs. WT9-7 control.

Abbreviations: HK-2, human kidney-2; con, control; PA, periostin-binding DNA aptamer; LK,
integrin-linked kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; ERK,

extracellular signal-regulated kinase.
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3.5. Kidney cyst growth in PKD1 systemic-knockout mice

To observe the morphological changes in mouse models of ADPKD, 8-week and 12-week-old
mice were sacrificed, and their kidneys were examined. After the 8-week or 12-week experimental
period, the kidney and body weights were significantly higher in PKD/ systemic-knockout mice
compared to those of WT mice (Figure 5A). In addition, the mean serum creatinine and blood urea
nitrogen (BUN) levels were significantly higher in PKD/ systemic-knockout mice compared to
those of WT mice. Kidney and body weight, serum creatinine and BUN levels were significantly
higher in 12-week-old PKD! systemic-knockout mice compared to those of WT mice.

Histological examination of the kidneys from 2- and 3-months old mice showed rapid
progression of polycystic kidney disease (Figure SB), with the morphological cystic changes
observed as early as 8 weeks. The calculated cystic indices also significantly increased over time in
PKD1 systemic-knockout mice (Figure 5C). When the mRNA and protein expression levels were
observed, PKD1 systemic-knockout mice showed upregulation in levels of periostin and fibrosis-
related molecules over time (Figures SD and E). These findings suggest that kidney cyst growth in

ADPKD mice is accompanied by accumulation of periostin and fibrosis-related molecules.
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Figure 5. Kidney size, function, and mRNA and protein expression levels of fibrosis-related
molecules in PKD1 systemic-knockout mice. (A) Mean kidney weight to body weight 2CKW/BW)
ratio and kidney function parameter assessment in WT and PKD! systemic-knockout mice at
postnatal 2- and 3-months. Increased kidney size, and higher levels of serum creatinine and BUN
were observed in ADPKD mice, compared to that of WT mice. (B) Representative Periodic Acid-
Schiff staining of histological kidney sections in WT and PKD1 systemic-knockout mice at postnatal
2- and 3-months. Histological examination of the kidneys from 2- and 3-months old mice showed
rapid progression of polycystic kidney disease. Bar = 20 um. (C) Cystic indices (%) in WT and
PKD1 systemic-knockout mice at postnatal 2- and 3-months. The cystic indices were significantly
increased in ADPKD mice. (D) Relative mRNA level quantification of periostin, fibronectin, and
type I collagen in WT and PKDI systemic-knockout mice. ADPKD mice showed significantly
higher mRNA expression levels of periostin, fibronectin, and type I collagen, compared to that of
WT mice. (E) Representative Western blotting analysis of protein expressions in WT and PKD/
systemic-knockout mice at postnatal 2- and 3-months. ADPKD mice showed significantly higher
protein expression levels of periostin, fibronectin, and type I collagen, compared to that of WT mice.
Note: *, P <0.05 vs. WT; #, P <0.05 vs. PKD-2M; ** P <0.01 vs. WT.

Abbreviations: KW, kidney weight; BW, body weight; BUN, blood urea nitrogen; WT, wild-type;
ADPKD, autosomal dominant polycystic kidney disease.

23



3.6. Periostin-binding DNA aptamer treatment ameliorates cyst growth

and fibrosis in PKD1 systemic-knockout mice

To validate the findings of the in vitro study, the in vivo effect of PA on cystogenesis in ADPKD
was assessed using mouse models of ADPKD. The effect of PA treatment on kidney weight, kidney
cystic area, and kidney function parameters, including BUN and serum creatinine, were investigated
following treatment by intraperitoneal administration of PA (500 pg/kg/d) for 4 weeks in 4-week-
old mice. As shown in Figure 6A, compared with WT mice, increases in kidney weight, serum
creatinine and BUN levels in PKDI systemic-knockout mice were significantly abrogated by
treatment with PA. Results of histological examinations of the kidneys of WT and PKD/ systemic-
knockout mice, before and after PA treatment, are shown in Figure 6B. PA treatment in PKD/
systemic-knockout mice ameliorated cyst growth (Figure 6B), and significantly reduced the
calculated cystic index (Figure 6C).

Administration of PA showed significant attenuation in the expression levels of periostin,
fibronectin, and type I collagen mRNA and proteins (Figures 6D and 6E). PKD/ systemic-
knockout mice treated with PA exhibited significant attenuations in mRNA expressions of periostin,
fibronectin, and type I collagen (Figure 6D). Similar findings were observed in the Western blot
analysis (Figure 6E). These findings indicate that PA ameliorates cyst growth and fibrosis in

ADPKD mice by abrogating expressions of periostin and fibrosis-related molecules.
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Figure 6. Periostin-binding DNA aptamer treatment ameliorates kidney cyst growth and
attenuates fibrosis-related molecule expressions in PKD1 systemic-knockout mice. (A)
Changes in mean kidney weight to body weight (KW/BW) ratio and kidney function parameters
upon treatment of PA in WT and PKD/ systemic-knockout mice. Treatment of ADPKD mice with
PA significantly decreased kidney weight, serum creatinine and BUN levels. (B) Representative
Periodic Acid-Schiff stains of histological kidney sections in WT and PKD/ systemic-knockout
mice treated with or without PA. Histological examination of the kidneys from WT and PKD1
systemic-knockout mice treated with or without PA show that treatment with PA ameliorated
kidney cyst growth. (C) Cystic indices (%) in WT and PKD1 systemic-knockout mice treated with
or without PA. The cystic indices were significantly decreased in ADPKD mice treated with PA.
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Bar =20 pum. (D) Periostin, fibronectin, and type I collagen mRNA levels in the kidneys of WT
and PKD] systemic-knockout mice treated with or without PA. Periostin, fibronectin, and type I
collagen mRNA expressions were significantly increased in ADPKD mice compared with WT
mice. These increases were significantly abrogated by PA administration. (E) Representative
Western blotting analysis of protein expressions in WT and PKD1 systemic-knockout mice treated
with or without PA. The protein levels of periostin, fibronectin, and type I collagen were
significantly increased in ADPKD mice compared with WT mice. PA treatment significantly
ameliorated these increases in protein levels in ADPKD mice.

Note: *, P <0.05 vs. WT; #, P <0.05 vs. PKD-control.

Abbreviations: WT, wild-type; con, control; PA, periostin-binding DNA aptamer; KW, kidney
weight; BW, body weight; BUN, blood urea nitrogen; ADPKD, autosomal dominant polycystic

kidney disease.
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3.7. Periostin-binding DNA aptamer treatment attenuates integrin-linked

kinase pathway activation in PKD1 systemic-knockout mice kidneys

Finally, to determine whether the in vivo effects of PA in ADPKD mice was attributable to the
attenuation of ILK pathway activation in the kidneys of PKD/ systemic-knockout mice, WT and
PKD1 systemic-knockout mice treated with or without PA were examined for expression levels of
phosphorylated-ILK, phosphorylated-AKT, phosphorylated-mTOR, and phosphorylated-ERK. As
shown in Figure 7, the protein levels of phosphorylated-ILK, normalized to total ILK, was
significantly higher in PKDI systemic-knockout mice relative to WT mice. PA treatment
significantly abrogated these increases in PKD/1 systemic-knockout mice, as indicated by a decrease
in the phosphorylated-ILK to ILK ratio upon PA treatment. Similar findings were observed for
phosphorylated-AKT, phosphorylated-mTOR, and phosphorylated-ERK. These findings suggest
that treatment with PA attenuates ILK pathway activation in the kidneys of PKDI systemic-

knockout mice.
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Figure 7. Periostin-binding DNA aptamer treatment attenuates ILK pathway activation in
PKD1 systemic-knockout mice kidneys. Representative Western blotting analysis of
phosphorylated-ILK, phosphorylated-AKT, phosphorylated mTOR, and phosphorylated-ERK in the
kidneys of PKD1 systemic-knockout mice. The higher protein expression levels of phosphorylated-
ILK, phosphorylated-AKT, phosphorylated-mTOR, and phosphorylated-ERK in the kidneys of
PKD1 systemic-knockout mice, compared to that of WT mice, was significantly abrogated upon
treatment with PA. Levels of phosphorylated-ILK normalized to total ILK (p-ILK/ILK),
phosphorylated-AKT normalized to total AKT (p-AKT/AKT), phosphorylated-mTOR normalized
to total mTOR (p-mTOR/mTOR), and phosphorylated-ERK normalized to total ERK (p-ERK/ERK)
were decreased upon PA treatment of PKD1 systemic-knockout mice.

Note: *, P <0.05 vs. WT; #, P <0.05 vs. PKD-control.

Abbreviations: WT, wild-type; con, control; PA, periostin-binding DNA aptamer; ILK, integrin-
linked kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; ERK, extracellular

signal-regulated kinase.
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IV. DISCUSSION

The present study aimed to investigate the therapeutic effect of a DNA aptamer that binds
specifically to periostin, a matricellular protein that is known to be overexpressed in human ADPKD
cells compared with normal human kidney epithelial cells,?® in ADPKD. This was investigated using
WT9-7 cells in an in vitro model, and ADPKD mouse models in vivo. PA was observed to attach
specifically to periostin expressed in WT9-7 cells without affecting cell viability. PA treatment
successfully abrogated cyst growth and reduced the expressions of fibrosis-related molecules. This
was accompanied by attenuation of ILK pathway activation, which is known to be an important
mediator of periostin-induced ADPKD cell proliferation.®® Furthermore, the effect of PA
administration in ADPKD mouse models (PKDI systemic-knockout mice) was investigated.
Intraperitoneal administration of PA led to reductions in kidney weight and kidney cyst growth,
which was accompanied by attenuations in fibrosis-related molecule expressions and ILK pathway
activation in the kidneys of PKD1 systemic-knockout mice.

ADPKD is characterized by the formation and progressive expansion of numerous fluid-filled
cysts that cause massively enlarged kidneys.*® Kidney cysts are benign neoplasms that eventually
cause kidney dysfunction through extensive loss of functioning nephrons and replacement of normal
kidney parenchyma with fibrosis.’! Kidney cysts are formed due to not only intrinsic defects of
ADPKD cells, but also due to factors secreted into the extracellular environment that contribute to
cyst growth and development of interstitial fibrosis. In fact, when compared to normal human kidney
cells, ADPKD cyst cells showed overexpression of several structural and soluble extracellular
matrix components that included type I and type III collagen, periostin, and TGF-p. When periostin
mRNA levels in cells derived from ADPKD and normal kidneys were observed, periostin mRNA
expression was found to be 13.6-fold higher in ADPKD cells compared with normal kidney cells.?
In line with these findings, when compared with HK-2 cells, WT9-7 cells exhibited higher mRNA
and protein expression levels of periostin, fibronectin, and type I collagen.

Periostin belongs to a superfamily of TGF-p inducible proteins, and is mostly found in collagen-
rich tissues such as periodontal ligaments, periosteum, and cardiac valves.? and is highly expressed
in several tissues following injury.’? Regarding expression in the kidneys, periostin is expressed

within the nephrogenic zone only during kidney development, but it is not expressed in normal adult
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kidney.33 However, in ADPKD, periostin is highly overexpressed by cyst-lining epithelial cells and
accumulates within the ECM adjacent to cysts of ADPKD kidneys. Periostin is known to promote
cyst epithelial cell proliferation and accelerate cyst growth in vitro but does not affect proliferation
in normal human kidney cells. Indeed, when ADPKD cells were incubated with recombinant
periostin, not only did the number of ADPKD cells increase by approximately 25%, compared to
control, periostin also promoted cell cycle progression, and increased ADPKD cell proliferation 40%
above control.*> Similar to the findings of previous studies, WT9-7 cells that exhibited markedly
higher levels of periostin mRNA and protein expressions levels, compared to that of HK-2 cells,
showed notable cyst proliferation.

Previous studies have indicated that periostin acts as a ligand that binds to aV/B3 and aV/B5
integrins through its fascilin-1 domains.>* This integrin is also involved in TGF-B overexpression
and activation, which upregulates ECM production and promotes collagen cross-linking through
activation of lysyl oxidase.3>-¢ Other pathways that stimulate cyst growth, such as the local renin-
angiotensin system, chemokines, and other proinflammatory molecules, also promote TGF-B
activity in ADPKD, and therefore potentially further stimulates the periostin/aV-integrin/TGF-f
circular chain.’” Although the stimulation of the collagen fibrillogenesis by periostin maintains ECM

integrity and influences the biomechanical properties of connective tissues,>$¢

overexpression of
periostin is known to be associated with organ fibrosis.®'"®* In the present study, there was a
noticeable concomitant overexpression of structural ECM proteins that included fibronectin and type
I collagen, further supporting the notion that periostin directly interacts with components of the ECM
in ADPKD.?! Although PA treatment also appeared to downregulate the expression levels of
periostin in this study, periostin expression per se is regulated by integrin activation; therefore,
pharmacological inhibition of periostin-induced integrin activation by PA administration may have
abrogated the expression of periostin.

Moreover, when considering the periostin/aV-integrin/TGF-p positive feedback loop, and given
the important role of integrin and TGF-f in the pathogenesis of kidney fibrosis and subsequent
kidney function deterioration, interventions to regulate the deleterious effects of integrin or TGF-
could be considered. However, in a tamoxifen-inducible ADPKD mouse model, complete LK
knockout caused caspase-3-mediated anoikis, dilated cortical tubules with apoptotic cells in the
lumens, interstitial fibrosis, and death of the mice by 10 weeks of age, suggesting that some degree

of activity of the ILK pathway may be required for kidney cell survival and epithelium maintenance.
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Although a small-molecule ILK inhibitor was shown to reduce kidney fibrosis in a model of
obstructive nephropathy,* regulation of integrin via long-term use of an ILK inhibitor would need
to be considered with caution. Similar to integrin, although TGF-B1 is an important mediator in the
pathogenesis of kidney fibrosis and subsequent kidney function deterioration, TGF-B1 is also known
to be involved in various physiological processes, such as wound recovery and immune
reactions.®>% Moreover, TGF-B1 is located upstream of the TGF-Bl-induced fibrosis signaling
cascade, and therefore, inhibition of TGF-B1 is known to block various downstream intracellular
signaling pathways that are critical for cell survival.®”-% In this regard, long-term use of a TGF-B1
inhibitor may chronically suppress the immune system and stimulate loss of cell proliferation
regulation.®” Due to the important roles of integrin and TGF-B1 in cell survival and intracellular
signaling pathways, the fact that indirect regulation of these molecules via pharmacological
inhibition of periostin abrogated the expression of fibrosis-related molecules in WT9-7 cells and
ADPKD mice should be taken into account in this regard.

In the pathogenesis of ADPKD, several signaling pathways, including those regulated by cAMP,
growth factors, B-Raf/mitogen-activated protein kinase/ERK, mTOR, AKT, and integrins have been
implicated in aberrant cell proliferation and the relentless expansion of ADPKD cysts.!33370-76
Indeed, several previous studies have reported that inhibition of periostin downregulates mTOR by
inactivation of the ILK pathway. In periostin knockout mice, phosphorylation levels of the ribosomal
protein S6, a downstream target of the mTOR signaling pathway, was found to be significantly
decreased.*® Furthermore, mTOR is known to be activated downstream of ILK via AKT-dependent
phosphorylation of tuberin,”” and therefore, an ILK-AKT-mTOR signaling axis may be an important
mechanism underlying cyst cell proliferation in ADPKD cells. Consistent with the findings of
previous studies, the increased protein expression levels of phosphorylated-ILK, phosphorylated-
mTOR, phosphorylated-AKT, and phosphorylated-ERK in ADPKD cells and ADPKD mice, all of
which were abrogated upon pharmacological inhibition of periostin by the administration of PA,
further supports the presence of a signaling axis in the mechanism underlying periostin-stimulated
cyst cell proliferation.

In this regard, inhibitors that target the mTOR pathway could abrogate cyst proliferation and
subsequent kidney function deterioration in ADPKD. For example, in a ADPKD mouse model with
Cre-mediated deletion of the PKD/ gene, rapamycin treatment significantly improved cyst growth,

fibrosis, proliferation, apoptosis, and overall kidney function, suggesting that mTOR inhibition
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could benefit in the amelioration of the cystic phenotype in human ADPKD.!” However, in two
randomized clinical trials involving patients with ADPKD, administration of sirolimus and
everolimus, both of which are mTOR inhibitors, the rate of drug-specific adverse events, including
leukopenia, thrombocytopenia, hyperlipidemia, oral mucositis, and diarrhea, was higher in the
mTOR inhibitor treatment group.'®!® Furthermore, both drugs failed to slow polycystic kidney
growth and subsequent progression of kidney function impairment. In contrast to mTOR inhibitors,
DNA aptamers are single stranded oligonucleotides that are not only easy to modify for in vivo use,
but also have low manufacturing costs and fewer side effects.”” In the present study, a novel aptamer-
based approach was used to inhibit periostin, which successfully ameliorated kidney cyst growth in
ADPKD cells and ADPKD mice, and improved the kidney functions of ADPKD mice, by
attenuating the expressions of fibrosis-related molecules and ILK pathway activation. Although the
findings of this study suggest that DNA aptamers may also be effective in reducing kidney cyst
growth in human ADPKD, clinical trials are warranted to establish the degree of potential clinical
benefit and to weigh the risk-benefit of administering these therapeutic agents.

This study, however, is not without its limitations. Although PKD1 systemic-knockout in young
mice were induced by intraperitoneal injection of tamoxifen in mother mice on postnatal days 46,
and subsequent transfer of this tamoxifen to the pups via breast feeding, the amount of tamoxifen
delivered to the young mice may have varied. Furthermore, considering that the ADPKD mouse
model used in this study utilized tamoxifen-inducible Cre mice, differences in the amount of
tamoxifen actually delivered to the pups may have altered the degree of Cre-mediated PKD1I gene
disruption. Indeed, when the kidneys of young mice that received tamoxifen via breast-feeding from
the tamoxifen-treated mother were compared to that of the mother mice that received tamoxifen
individually and directly via oral administration, the kidneys of adult mice exhibited a two-fold
higher expression of Cre, compared to that of young mice.”® Therefore, the amount of tamoxifen
intake in young mice via breastfeeding may have varied, and thus, leading to differences in
efficiency of Cre-mediated PKD1 gene disruption. Secondly, the HK-2 and WT9-7 cells used in in
vitro experiments of this study both possess proximal tubular cell characteristics. However, the
nephron-segment in which the majority of cyst proliferation occurred in in vivo was not determined
in this study. Furthermore, although periostin is known to be produced by cyst-lining cells, which
eventually leads to accumulation of periostin in ECM adjacent to the cysts and within cyst fluid,?

further investigations into the specific nephron-segments that exhibited periostin overexpression
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would have provided further insights into targeting periostin as a target protein in the development
of therapeutic agents for ADPKD. Nevertheless, a global analysis of protein expression levels from
the Kidney Interactive Transcriptomics (available from www.humphreyslab.com/SingleCell)
indicates that transcript levels of periostin are expressed in all segments of the kidney tubules in
adult human kidneys, and therefore PA treatment could potentially exert a broad effect across several
nephron segments to slow cyst development. However, considering the differences in lifespan,
metabolism, kidney anatomy, involved nephron-segment, and genetic backgrounds of different
ADPKD mouse models, it would be difficult to perfectly recapitulate human ADPKD in in vivo
studies. Finally, although the findings of this study indicated that PA treatment attenuated the
expressions of fibrosis-related molecules, whether this translates to attenuations in the degree of
fibrosis in the kidneys of ADPKD mice remains undetermined; therefore, further experiments that

assess the changes in the degree of kidney fibrosis upon PA treatment are warranted.

V. CONCLUSION

In conclusion, the results of this study suggest that periostin acts as a key mediator of cyst
proliferation in ADPKD, and treatment with a DNA aptamer that binds specifically to periostin may
be considered as a modality to slow cyst growth and fibrosis in ADPKD. Although the findings of
this study provide further evidence for the use of DNA aptamers and targeting of periostin in the

treatment of ADPKD, clinical translation should be applied cautiously.
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