Nephrology

Baishideng Publishing Group Inc



W\ |/ [

kidney disease
Patil A, Sweeney Jr WE, Pan CG, Avner ED

Contents Volume 7 Number 5 September 7, 2018
ORIGINAL ARTICLE
Basic Study
96 A small molecule fibrokinase inhibitor in a model of fibropolycystic hepatorenal disease

Paka P, Huang B, Duan B, Li JS, Zhou P, Paka L, Yamin MA, Friedman SL, Goldberg ID, Narayan P

108 Unique interstitial miRNA signature drives fibrosis in a murine model of autosomal dominant polycystic

Raishidenge ~ WIN | www.wjgnet.com I

September 7, 2018 | Volume 7 | Issue5 |



Contents

World Journal of Nephrology
Volume 7 Number 5 September 7, 2018

ABOUT COVER

Editorial Board Member of World Journal of Nephrology, Jacob A Akoh, MD,
Doctor, Department of Surgery, Derriford Hospital, Plymouth PL6 8DH, United
Kingdom

AIM AND SCOPE

World Journal of Nephrology (World ] Nephrol, WJN, online ISSN 2220-6124, DOI: 10.5527)
is a peer-reviewed open access academic journal that aims to guide clinical practice and
improve diagnostic and therapeutic skills of clinicians.

IWJN covers topics concerning kidney development, renal regeneration, kidney
tumors, therapy of renal disease, hemodialysis, peritoneal dialysis, kidney transplanta-
tion, diagnostic imaging, evidence-based medicine, epidemiology and nursing, Priority
publication will be given to articles concerning diagnosis and treatment of nephrology
diseases. The following aspects are covered: Clinical diagnosis, laboratory diagnosis, dif-
ferential diagnosis, imaging tests, pathological diagnosis, molecular biological diagnosis,
immunological diagnosis, genetic diagnosis, functional diagnostics, and physical diagno-
sis; and comprehensive therapy, drug therapy, surgical therapy, interventional treatment,
minimally invasive therapy, and robot-assisted therapy.

We encourage authors to submit their manuscripts to IWJN. We will give priority
to manuscripts that are supported by major national and international foundations and
those that are of great basic and clinical significance.

INDEXING/ABSTRACTING

World Journal of Nephrology (W]N) is now abstracted and indexed in PubMed, PubMed
Central, China National Knowledge Infrastructure (CNKI), and Superstar Journals

Database.

EDITORS FOR
THIS ISSUE

Responsible Electronic Editor: Han Song
Proofing Editor-in-Chief: Lian-Sheng Ma

Responsible Assistant Editor: Xiang i

Responsible Science Editor: Ying Dou
Proofing Editorial Office Director: Jin-I.ei Wang

NAME OF JOURNAL
World Journal of Nephrology

ISSN
ISSN 2220-6124 (online)

LAUNCH DATE
February 6, 2012

EDITORIAL BOARD MEMBERS
All editorial board members resources online at http://
www.wjgnet.com/2220-6124/ editotialboard htm

EDITORIAL OFFICE

Jin-Lei Wang, Director

World Journal of Nephrology

Baishideng Publishing Group Inc
7901 Stoneridge Drive,

Suite 501, Pleasanton, CA 94588, USA

Telephone: +1-925-2238242

Fax: +1-925-2238243

E-mail: editorialoffice@wjgnet.com

Help Desk: http:/ /www.f6publishing.com/helpdesk
http:/ /www.wjgnet.com

PUBLISHER

Baishideng Publishing Group Inc

7901 Stoneridge Drive,

Suite 501, Pleasanton, CA 94588, USA

Telephone: +1-925-2238242

Fax: +1-925-2238243

E-mail: bpgoffice@wjgnet.com

Help Desk: http:/ /www.f6publishing.com/helpdesk
http:/ /www.wjgnet.com

PUBLICATION DATE
September 7, 2018

COPYRIGHT

© 2018 Baishideng Publishing Group Inc. Articles pub-
lished by this Open-Access journal are distributed under
the terms of the Creative Commons Attribution Non-
commercial License, which permits use, distribution,
and reproduction in any medium, provided the original
work is properly cited, the use is non commercial and is
otherwise in compliance with the license.

SPECIAL STATEMENT

All articles published in journals owned by the Baishideng
Publishing Group (BPG) represent the views and opin-
ions of their authors, and not the views, opinions or
policies of the BPG, except where otherwise explicitly
indicated.

INSTRUCTIONS TO AUTHORS
http:/ /www.wignet.com/bpg/gerinfo/204

ONLINE SUBMISSION
http:/ /www.f6publishing.com

JRaishideng®

WIN | www.wjgnet.com

1I

September 7, 2018 | Volume 7 | Issue5 |




wdJnN

World Journal of
Nephrology

Submit a Manuscript: http:/ /www.f6publishing.com

DOI: 10.5527 /wijn.v7.i5.96

World | Nephrol 2018 September 7; 7(5): 96-107

ISSN 2220-6124 (online)

Basic Study
A small molecule fibrokinase inhibitor in a model of
fibropolycystic hepatorenal disease

ORIGINAL ARTICLE

Prani Paka, Brian Huang, Bin Duan, Jing-Song Li, Ping Zhou, Latha Paka, Michael A Yamin, Scott L Friedman,

Itzhak D Goldberg, Prakash Narayan

Prani Paka, Brian Huang, Bin Duan, Jing-Song Li, Ping Zhou,
Latha Paka, Michael A Yamin, Itzhak D Goldberg, Prakash
Narayan, Department of Research and Development, Angion
Biomedica Corp., Uniondale, NY 11553, United States

Scott L Friedman, Icahn School of Medicine, 1 Gustave L. Levy
Place, New York, NY 10029, United States

ORCID number: Prani Paka (0000-0002-4638-8202); Brian Huang
(0000-0001-8645-5142); Bin Duan (0000-0003-3302-1900); Jing-
Song Li (0000-0002-7982-7152); Ping Zhou (0000-0001-9467-6834);
Latha Paka (0000-0003-2795-3592); Michael A Yamin
(0000-0001-6086-5047); Scott L Friedman (0000-0003-1178-6195);
Itzhak D Goldberg (0000-0002-9070-6925); Prakash Narayan
(0000-0002-7007-0245).

Author contributions: Narayan P, Paka P, Yamin MA, Paka
L and Friedman SL substantially contributed to the conception
and design of the study, acquisition, analysis and interpretation
of data; Goldberg ID has contributed for funding acquisition
and scientific advice; Narayan P drafted the article related to the
intellectual content of the manuscript; Paka L made revisions for
the reviewer’s comments for the final version of the article to be
published; Paka P, Huang B and Zhou P also performed in vitro
work; Duan B and Li JS performed animal care, experimental
dosing, pre and post-surgical procedures in animal models; all
authors reviewed and approved the final version of the article to
be published.

Institutional animal care and use committee statement:
Angion’s Animal Welfare Assurance # A4532-01. All the study
protocols were designed to minimize pain and distress to the
animals and were reviewed approved by our Angion’s animal
care and use committee.

Conflict-of-interest statement: Dr. Narayan reports in addition,
Dr. Narayan has a patent null issued.

Data sharing statement: Angion Biomedica is a for-profit
small business engaged in developing therapeutics for unmet
medical needs. In keeping with corporate policy, data and research
resources generated by the company are proprietary. Once all

Jaishideng® W]N I WWW.ngnet.COm

96

intellectual property that results from the generation of the data
and research resources is protected via filing of patents, data and
research resources generated will be made available.

ARRIVE guidelines statement: The authors have read the
ARRIVE guidelines, and the manuscript was prepared and revised
according to the ARRIVE guidelines.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative Commons
Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms,
provided the original work is properly cited and the use is non-
commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Manuscript source: Unsolicited manuscript

Correspondence to: Prakash Narayan, PhD, Research
Scientist, Department of Research and Development, Angion
Biomedica Corp., 51 Charles Lindbergh Blvd., Uniondale, NY
11553, United States. pnarayan@angion.com

Telephone: +1-516-3261200

Received: March 25, 2018
Peer-review started: March 25, 2018
First decision: April 10,2018
Revised: July 11, 2018

Accepted: August 11, 2018

Article in press: August 11, 2018
Published online: September 7, 2018

Abstract

AIM

To evaluate the novel platelet-derived growth factor
receptor and vascular endothelial growth factor receptor
dual kinase inhibitor ANG3070 in a polycystic kidney
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disease-congenital hepatic fibrosis model.

METHODS

At 6 wk of age, PCK rats were randomized to vehicle or
ANG3070 for 4 wk. At 10 wk, 24 h urine and left kidneys
were collected and rats were continued on treatment
for 4 wk. At 14 wk, 24 h urine was collected, rats were
sacrificed, and liver and right kidneys were collected for
histological evaluation. For Western blot studies, PCK
rats were treated with vehicle or ANG3070 for 7 d and
sacrificed approximately 30 min after the last treatments.

RESULTS

Compared to the wild-type cohort, the PCK kidney
(Vehicle cohort) exhibited a marked increase in kidney
and liver mass, hepato-renal cystic volume, hepato-renal
fibrosis and hepato-renal injury biomarkers. Intervention
with ANG3070 in PCK rats decreased kidney weight,
reduced renal cystic volume and reduced total kidney
hydroxyproline, indicating significantly reduced rental
interstitial fibrosis compared to the PCK-Vehicle cohort.
ANG3070 treatment also mitigated several markers of
kidney injury, including urinary neutrophil gelatinase-
associated lipocalin, kidney injury molecule-1, cystatin
C and interleukin-18 levels. In addition, this treatment
attenuated key indices of renal dysfunction, including
proteinuria, albuminuria and serum blood urea nitrogen
and creatinine, and significantly improved renal function
compared to the PCK-Vehicle cohort. ANG3070 treatment
also significantly decreased liver enlargement, hepatic
lesions, and liver fibrosis, and mitigated liver dysfunction
compared to the PCK-Vehicle cohort.

CONCLUSION

These results suggest that ANG3070 has the potential to
slow disease, and may serve as a bridge toward hepato-
renal transplantation in patients with fibropolycystic
disease.

Key words: Congenital hepatic fibrosis; Cyst; Fibrosis;
Autosomal recessive polycystic kidney disease; Kidney;
Liver; Therapy

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: In autosomal recessive polycystic kidney disease
(ARPKD)-congenital hepatic fibrosis (CHF), a genetically
acquired and congenital disease, approximately 20-30%
of affected patients succumb within the first 1-2 mo of
life, with pulmonary insufficiency secondary to renal
enlargement as the primary cause of death. For children,
nephrectomy and dialysis or kidney liver transplant is
often warranted by approximately ten years of age. Other
than transplantation, there is no cure for ARPKD-CHF. We
report that platelet-derived growth factor and vascular
endothelial growth factor are the intermediaries between
the cystic and fibrotic components of progressive
fibropolycystic disease and ANG3070, a novel dual kinase
inhibitor therapy that may serve as an interesting bridge
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toward hepato-renal transplantation in patients with
ARPKD-CHF.

Paka P, Huang B, Duan B, Li JS, Zhou P, Paka L, Yamin MA,
Friedman SL, Goldberg ID, Narayan P. A small molecule
fibrokinase inhibitor in a model of fibropolycystic hepatorenal
disease. World J Nephrol 2018; 7(5): 96-107 Available from:
URL: http://www.wjgnet.com/2220-6124/full/v7/i5/96.htm DOI:
http://dx.doi.org/10.5527/wjn.v7.i5.96

INTRODUCTION

The highly aggressive fibropolycystic disease, autosomal
recessive polycystic kidney disease (ARPKD) - congenital
hepatic fibrosis (CHF), is characterized by the formation
and expansion of fluid-filled cysts in the kidneys, en-
largement of the kidneys and progressive fibrosis of
both the kidney and the liver'™. Caroli's disease, which
manifests as cystic dilatation of the intrahepatic ducts,
often accompanies ARPKD-CHF™!, Afflicted children that
survive past two years of age more often than not require
renal and/or hepatic transplantation by age ten. The
need for transplantation is driven as much by progressive
organ dysfunction as by significant enlargement of the
diseased organ(s) accompanied by severe pain™.

Aberrant signaling by tyrosine kinases, including
platelet-derived growth factor (PDGF) and vascular
endothelial growth factor (VEGF) and their receptors
(R), PDGFR and VEGFR/KDR, respectively, has been
implicated in the formation and expansion of renal cysts.
A PDGF-driven ciliopathy and/or overexpression of PDGF
in the cyst lining and adjacent tubules are thought to, in
part, drive renal cystic disease™”.. Cowley et a® posited
that elevated and abnormal c-myc proto-oncogene exp-
ression drives ARPKD; c-myc expression is controlled by
PDGF™.

VEGF-driven angiogenesis is also thought to contribute
to the growth of renal cysts, and inhibition of VEGFR/
KDR signaling is associated with decreased tubule cell
proliferation, decreased cystogenesis, and blunted renal
enlargement™®*!, Nevertheless, the role of VEGF in
fibropolycystic disease is more controversial, with at least
two reports suggesting that this growth factor might be
associated with disease mitigation?. Aside from their
roles in renal cyst formation and expansion, it is being
recognized in ARPKD-CHF that aberrant PDGF and VEGF
signaling are also associated with extracellular matrix
deposition in the liver and kidney™**.,

The PCK rat model is a well-established and well-
characterized model that resembles human polycystic
kidney and liver disease™®. In the present study, we
employed the PCK rat model to evaluate the therapeutic
effects of ANG3070 on hepato-renal fibropolycystic disease.
ANG3070 is an orally bioavailable, highly water-soluble,
small molecule PDGFR and VEGFR/KDR inhibitor that binds
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its target receptors with nanomolar affinity but exhibits
limited interaction with other receptor tyrosine kinases
as described by Panicker et a/”’and Narayan et a/*®.

MATERIALS AND METHODS

Animal model

All studies relating to animals were approved by the
Angion Biomedica animal use and care committee. Four
week old male PCK/CrljCrl-Pkhd1°*/Crl rats and age-
matched male Sprague-Dawley (wild-type) rats were
purchased from Charles River Labs (Wilmington, MA)
and acclimatized for a week with a standard laboratory
diet and water ad libitum at Angion prior to starting
experiments. The PCK rat model includes ARPKD and
autosomal dominant polycystic kidney disease (ADPKD).
Many of the biochemical and morphological changes
using these PCK rat models closely resemble human
hepato-renal fibro polycystic disease!™®. We will use the
best-characterized PCK rat model to establish therapeutic
efficacy and the time window of our novel dual kinase
inhibitor, ANG3070. PCK rats exhibit renal pathology
starting from 4 wk of age with continuous progression of
hepato-renal fibropolycystic disease with aging!®*”’.

Sample size
Upon consultation with a biostatistician and based on
formal power analysis, we expect a 30%-50% reduction
in hepato-renal injury and pathology with ANG3070 treat-
ment vs vehicle cohort, with a 30% standard deviation
in each group and 80% power required to observe P <
0.05. Ten to 14 PCK rats were required for each group.
The total rats used in three separate experiments =
approximately 18 wild type SD rats and 68 PCK rats. Some
animals (PCK, n = 2; wild-type, n = 4) were sacrificed at 6
wk of age to confirm disease pathology. The PCK rats were
then randomized to vehicle (water, n = 14) or ANG3070 (25
mg/kg, PO, BID; n = 14). Drug dose and dosing schedule
was based on data (not shown) from previous studies
in models of chronic kidney disease. At 10 wk of age
(i.e., after 4 wk of drug treatment), 24 h urine was
collected, animals were anesthetized with isoflurane
(2%), a midline incision was made and the left kidney
was removed for analysis. Animals were then returned
to their cages and allowed to recover. At 14 wk of age
(i.e., after 8 wk of drug dosing), 24 h urine was collected,
animals were anesthetized, and the right kidney and liver
were removed. For Western blot studies, 10 wk old male
PCK rats were treated with vehicle or ANG3070 (25 mg/
kg, PO, BID) for 7 d and sacrificed approximately 30 min
after the last vehicle/drug administration. Kidneys were
collected and stored in formalin and liquid No.

Cystic index

Cystic index (i.e., the percentage of renal parenchyma
occupied by cysts) was quantified using two independent
blinded observers in hematoxylin and eosin (H and E)
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- stained kidney sections using digital planimetry (NIS
Elements Viewer) as described previously™®. The data
from the two observers were averaged for each kidney.

Tissue and biomarker analysis

Body weight, kidney and liver masses were determined.
Serum aspartate aminotransferase (AST), alanine
aminotransferase (ALT), blood urea nitrogen (BUN) and
serum creatinine (SCr) were measured by Northwell
laboratory (New Hyde Park, NY). Proteinuria was measured
using a modified Bradford and Lowry Bio-Rad protein
assay and expressed as mg/24 h urine. Microalbuminuria
(Abcam ELISA) was expressed as pg/24 h urine. Levels of
neutrophil gelatinase-associated lipocalin (NGAL) (BioPorto
Diagnostics, http://www.bioporto.com), cystatin C (R and
D Systems, http://www.rndsystems.com), interleukin-18
(IL-18) (Biomedical Assay, http://www.biotechist.com)
and kidney injury molecule-1 (KIM-1) (BioTrend, http://
www.biotrend.com) were determined in urine samples
using an enzyme-linked immunosorbent assay. Kidney
and liver hydroxyproline, markers of tissue fibrosis, were
measured from tissue homogenates'*®! and expressed
as ug/kidney or ug/liver.

Histopathology and immunohistochemistry
Formalin-fixed kidney and liver sections from PCK and/
or wild-type rats were stained with Masson’s trichrome
or Picrosirius red to visualize collagen deposition in
these tissues. The presence of multiple large and
small cysts in the kidney and highly dilated irregular-
shaped ducts in the liver, characteristic of this model of
fibropolycystic kidney and liver disease, made it difficult
to quantify fibrosis using histochemical stains. These
stains therefore acted instead as a visual aid for the
presence and location of matrix deposition in this model.
Kidneys were also stained with anti-phospho PDGFR
antibody (Antibody #3161, Cell Signaling) conjugated
to horseradish peroxidase to visualize the presence and
location of the activated receptor in this model of renal
disease.

Western blot analysis

As described by Takikita-Suzuki et al*®, the frozen kidney
tissue was homogenized on ice in buffer containing Tris-
HCl (20 mmol/L; pH 7.5), ethylenediamine tetraacetic
acid (1 mmol/L), NaCl (140 mmol/L), Nonidet P-40
(1%), aprotinin (50 pg/mL), NaF (50 mmol/L), sodium
orthovanadate (1 mmol/L) and phenylmethyl sulfonyl
fluoride (1 mmol/L). Homogenized tissue was centrifuged
for 30 min at 15000 rpm at 4 °C. Supernatant was collect-
ed and protein concentrations were measured using the
method of Bradford. After 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the protein was
transferred to a nylon membrane (Amersham Pharmacia
Biotech, Buckinghamshire, England, United Kingdom).
Blocking was performed for 2 h in phosphate-buffered
saline (PBS) solution containing 5% (w/v) skim milk,
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Figure 1 Renal characteristics in the PCK rat. A: Renal sagittal sections from 6 wk old wild-type (WT, Sprague-Dawley) and PCK rats showing an enlarged renal
parenchyma and the medulla almost completely occupied with numerous cysts in the latter; B, C: At this time point, both kidney mass (B) and kidney-to-body mass

ratio (C) were greater in the PCK rat ("P < 0.01, vs WT).

followed with incubation with anti-a smooth muscle actin
(a-SMA; Abcam) or anti-pPDGFRB (Antibody #3161, Cell
Signaling) antibodies, followed by an appropriate HRP-
conjugated secondary antibody (Cell Signaling). Proteins
were detected using an enhanced chemiluminescence kit
(Amersham/GE Healthcare, United Kingdom). Densitome-
tric analysis for pPDGFRB was performed with normalization
to GAPDH.

Statistical analysis

Data are presented as mean * SD. Between-group
effects were analyzed by one-way analysis of variance
followed by Tukey’s post-hoc test. A P-value < 0.05 is
considered significant.

RESULTS

ANG3070 slows progressive kidney pathophysiology

Four-week treatment study: By approximately 6 wk
of age, kidneys from PCK rats were enlarged and filled
with numerous cysts (Figure 1). Both renal mass and
renal-to-body mass ratio in PCK rats were significantly
greater compared to the wild-type, age-matched
cohort (Figure 1). By 10 wk of age, PCK rats (treated
with vehicle, i.e., 0.5 mL water, PO, BID) exhibited
significant renomegaly compared to the wild-type cohort.
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Intervention with ANG3070 from weeks 6-10 was asso-
ciated with a reduction in renal mass, renal-to-body
mass ratio and renal cystic index (Figure 2). Compared
to kidneys from wild-type animals, kidneys from PCK rats
exhibited increased fibrosis, evidenced by increased tissue
hydroxyproline content with ANG3070 treatment of the
PCK rat associated with a reduction in renal hydroxyproline
content (Figure 2). In addition to its effects on renal
morphology, ANG3070 therapy was associated with the
mitigation of kidney injury demonstrated by a reduction
in 24-h urine NGAL and urine KIM-1 and amelioration of
renal dysfunction, evidenced by reduced proteinuria and
reduced albuminuria (Figure 2).

Eight-week treatment study: The effects of 8 wk of
ANG3070 treatment were obvious in both kidneys and
livers harvested from 14 wk old animals. At this time, the
average kidney mass in the PCK rat (vehicle cohort) was
several fold that of its wild-type counterpart and cystic
index was approximately 30%. Nevertheless, a reduction
in renal mass, renal-to-body mass ratio and cystic index
was observed with drug treatment. At 14 wk of age, in
addition to severe renal cyst formation, kidneys from PCK
rats exhibited interstitial fibrosis evidenced by trichrome
staining. The dominating presence of large cysts made
analysis of the trichrome-stained area impractical, and
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Figure 2 ANG3070 therapy attenuates renal mass, cystic index, renal injury, fibrosis and renal dysfunction. A, C: By approximately 10 wk of age, PCK rats
[vehicle (Veh) cohort] had significantly larger renal mass and renal-to-body mass ratio (A) and increased cystic index (C) compared to the age-matched WT cohort
("P < 0.01); B: Representative hematoxylin and eosin (HE)-stained renal sagittal sections (B) from PCK + Veh and a PCK + ANG3070 rats demonstrating cystic
distribution across the renal parenchyma. Treatment of PCK rats with ANG3070 from weeks six to ten was associated with reduced kidney mass and kidney-to-body
mass ratio (A) (*P < 0.01, vs PCK + Veh); C: Treatment with ANG3070 reduced renal cystic index (°P < 0.01, vs PCK + Veh); D: Total kidney hydroxproline (a marker
of collagen) content was increased at week ten in the PCK (Veh) rat, treatment with ANG3070 was associated with a reduction in this marker of kidney fibrosis ("P <
0.01, vs WT; °P < 0.01, vs PCK + Veh); E, F: Compared to the WT cohort, PCK (Veh) rats exhibited renal injury evidenced by increased urine neutrophil gelatinase-
associated lipocalin (NGAL) (E) and urine kidney injury molecule-1 (KIM-1) (F) (°P < 0.01, vs WT). Treatment with ANG3070 was associated with a reduction in these
urinary markers (E and F) of renal injury; G, H: Renal dysfunction, evidenced by elevated proteinuria (G) and albuminuria (H) was reduced with ANG3070 treatment (‘P
<0.01, vs PCK + Veh). HYP: Collagen marker.
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Figure 3 ANG3070 attenuates renal pathology and fibrosis in the PCK rat. A, B and D: By week 14, kidney mass (A), kidney-to-body mass ratio (B) and renal
cystic index (D) were several-fold higher in PCK [vehicle (Veh)] rats compared to the WT cohort (°P < 0.01, vs WT). ANG3070 therapy from weeks 6-14, mitigated
renomegaly (A and B); C: Representative H and E-stained renal transverse sections from PCK + Veh and a PCK + ANG3070 rats demonstrating cystic distribution
across the renal parenchyma at week 14; D: Treatment with ANG3070 reduced renal cystic index (‘P < 0.01, vs PCK + veh); E: Representative Masson’s trichrome
stained renal sections from PCK rats showing scarring within the renal interstitium (arrows) of PCK rats; F: Total kidney hydroxyproline (HYP-a marker of collagen)
content was increased at week 14 in the PCK (Veh) rat ("P < 0.01, vs WT). Treatment with ANG3070 was associated with a reduction in HYP, marker of kidney fibrosis
(*P<0.01, vs PCK + Veh).

the extent of renal extracellular matrix deposition was ANG3070 mitigates liver lesions: In addition to
therefore estimated biochemically in renal homogenates. fibropolycystic kidney disease, PCK rats exhibit features
Compared to the wild-type cohort, the PCK kidney (vehicle of CHF and Caroli’s disease, including hepatomegaly
cohort) exhibited a marked increase in hydroxyproline and ductal fibrosis with highly dilated intrahepatic ducts.
content. Intervention with ANG3070 reduced renal Upon sacrifice (i.e., approximately 14 wk of age), these
fibrosis, evidenced by a decrease in total PCK kidney characteristics of CHF and Caroli's disease were seen in
hydroxyproline content (Figure 3). Equally important, PCK rats. Livers showed dilated intrahepatic ducts which
treatment with drug reduced renal injury, as evidenced were surrounded by matrix deposition, visible using H and
by decreased 24-h urine - NGAL, KIM-1, cystatin C E and Picrosirius red stains (Figure 5). Furthermore, frank

and IL-18 levels and attenuated key indices of renal hepatomegaly was evident in the PCK (vehicle) cohort.
dysfunction including proteinuria, albuminuria, BUN and Although there was no increase in ALT (PCK vs wild-type,
SCr (Figure 4). data not shown), AST was elevated. Treatment with
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Figure 4 ANG3070 attenuates renal injury biomarkers and renal dysfunction. A-D: Compared to the WT cohort, at 14 wk of age, PCK [vehicle (Veh)] rats
exhibited severe renal injury evidenced by increased urine - neutrophil gelatinase-associated lipocalin (NGAL) (A), kidney injury molecule-1 (KIM-1) (B), cystatin C (C)
and interleukin-18 (IL-18) (D) (°P < 0.01, vs WT). Treatment with ANG3070 was associated with a reduction in these urinary markers (A-D) of renal injury (*P < 0.01,
vs PCK + Veh); E-H: Renal dysfunction, evidenced by elevated proteinuria (E), albuminuria (F), blood urea nitrogen (BUN) (G) and serum creatinine (SCr) (H), was
reduced with ANG3070 treatment (°P < 0.01, vs WT; °P < 0.01, vs PCK + Veh).
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Figure 5 ANG3070 attenuates hepatic lesions, fibrosis and improves liver function in the PCK rat. A: Compared to the WT cohort, multiple, highly dilated bile
ducts (arrows) are visible in H and E-stained PCK [vehicle (Veh)] livers by week 14; B: Representative Picrosirius red-stained liver showing ductal fibrosis (arrows)
in the PCK (Veh) cohort; C-F: At sacrifice, PCK rats (Veh) exhibited increased liver mass (C), liver-to-body mass ratio (D) and aspartate aminotransferase (AST) (E)
compared to the WT cohort. Total liver hydroxyproline content was also increased in the PCK rat (F). Treatment with ANG3070 was associated with a reduction in AST

(E), hepatic lesions and fibrosis (HYP: Collagen marker) (A, B, C and F) (°P < 0.01, vs WT: °P < 0.01, vs PCK + Veh).
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Figure 6 ANG3070 decreases phosphorylated platelet-derived growth factor receptor in the PCK rat kidney. A: Western blot analysis of kidney homogenates
showed intense phosphorylated platelet-derived growth factor receptor (pPDGFR) levels in the PCK + vehicle (Veh) cohort compared to the WT and PCK + ANG3070
cohorts. A similar expression profile was seen with the fibrotic marker a smooth muscle actin (SMA) in these kidneys. GAPDH expression is shown at the bottom; B:
pPDGFR in renal homogenates from 10 wk old WT, PCK + Veh and PCK + ANG3070-treated animals was visualized with anti-PDGFR-o antibody and submitted to
densitometric analysis with normalization to GAPDH. ANG3070 treatment was associated with a marked reduction in phosphorylated PDGFR levels (P < 0.01, vs WT:

‘P <0.01, vs PCK + Veh).

ANG3070 reduced liver mass, liver-to-body mass ratio,
AST and total liver hydroxyproline content (Figure 5).

ANG3070 pharmacodynamics: It has been reported
that the cystic milieu is enriched in growth factors such
as PDGF, The presence of multiple large and extensive
cysts made immuno-histochemical quantification of
pPDGFR impractical. Therefore, to determine whether
the salutary effects of ANG3070 are associated with
inhibition of this target, we evaluated the levels of
pPDGFR together with the fibrotic marker o-SMA in renal
homogenates from wild-type and vehicle- or ANG3070-
treated PCK rats. As seen in Figure 6, compared to kidneys
from wild-type animals, kidneys from the vehicle-treated
PCK animals exhibited increased levels of both pPDGFR
and o-SMA. In comparison to the PCK + Veh cohort,
kidneys from the PCK + ANG3070 cohort exhibited
decreased pPDGFR and a-SMA levels. Densitometric
analysis of Western blots of renal homogenates from
wild-type vs vehicle-treated PCK rats exhibited increased
pPDGFR intensity, an effect that was reduced with
ANG3070 treatment (Figure 6).

ANG3070 safety/toxicology profile: ANG3070 was
efficacious and no potential toxic effects were observed
in several rodent models. As detailed below, to date,
there is no evidence of toxicity (liver or renal) in mice or
rats dosed repeatedly over several weeks with ANG3070.
In hundreds of mice and rats dosed several weeks
with 150 mg/kg ANG3070 (PO, QD), there were no
excursions in BUN (Veh 73 mg/dL; ANG3070 69 mg/dL)
or SCr (veh 0.36 mg/dL; ANG3070 0.35 mg/dL) with
ANG3070. In other rats dosed for 3 wk with ANG3070
(25 mg/kg, PO, BID x 3 wk), no excursions were seen
in liver enzymes vs vehicle-dosed rats (ALT - veh: 92 IU;
ANG3070: 61 IU; AST - Veh 158 IU; ANG3070 136 IU).
There were no adverse events reported in 14 d toxicology
studies in rats and dogs at nine-fold higher doses (450
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mg/d) (data not shown) than the efficaceous dose of
ANG3070 (50 mg/d) at which antifibrotic efficacy was
observed in fibropolycystic kidney disease-CHF. These
studies indicate that ANG3070 was safe and well-
tolerated without any potential toxic effects. In PCK
rats, treatment of ANG3070 for several weeks did not
increase sCR, BUN, AST and ALT. In fact, sCR and AST
were reduced with 3070 treatment. Overall ANG3070
was efficacious in decreasing kidney and liver fibrosis
with no potential toxic effects in other organs.

DISCUSSION

We herein report that intervention with the orally
bioavailable small molecule PAGFR and VEGFR dual
kinase inhibitor ANG3070 ameliorates fibropolycystic
disease progression in the PCK rat model of ARPKD-
CHF. Intervention with this drug mitigated renomegaly,
renal injury and renal dysfunction and fibrosis, effects
associated with reduced renal PDGFR phosphorylation.
Treatment with ANG3070 also reduced hepatic enlarge-
ment and fibrosis while improving liver function.

The formation and expansion of fluid-filled cysts
drive kidney enlargement, with both an increasing cystic
index and progressive extracellular matrix deposition
driving functional insufficiency in fibropolycystic ARPKD-
CHF™“#21 A genetically-acquired and congenital dis-
ease, approximately 20-30% of affected patients
succumb within the first 1-2 mo of life, with pulmonary
insufficiency secondary to renal enlargement as the
primary cause of death. For children making it past that
stage, nephrectomy and dialysis or kidney transplant
is often warranted by approximately ten years of
age!™?¥, Intervention at this age is driven both by renal
insufficiency and the need for a reduction in severe flank
pain due to highly enlarged kidneys. The hepatic lesion
in ARPKD-CHF is CHF resulting from a malformation of
the ductal plate secondary biliary strictures and periportal
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fibrosis, with the majority of patients also presenting
with hepatomegaly'**?®., Clinical studies in ARPKD-CHF
reveal that a subset of patients progress to hepatocellular
carcinoma'””’. Other than transplantation, there is no
cure for ARPKD-CHF.

Mutations in the human PKHD1 gene or mutations
in PKHD1 orthologs in rats and mice are required for
development of ARPKD-CHF. However, experimental
studies have identified that epithelial cells drive
changes in the renal interstitium, with alterations in the
cystic epithelia followed by changes in the interstitial
fibroblasts and progressive accumulation of extracellular
matrix. This ultimately leads to the development of
renal fibrosis within that organ®®*?!, Furthermore,
data from a number of studies suggest that growth
factors, including PDGF and VEGF, are the intermedia-
ries between the cystic and fibrotic components of
progressive fibropolycystic disease®™. A study™ in
the DBA/2FG-pcy mouse model of PKD suggests that
increased expression of PDGF-A and PDGF-B chains
may contribute to the progression of renal cystic lesions.
Qin et al*” reported impaired degradation of PDGFR in
renal cells from PKD mice. In the ORPK murine model
of PKD, responses to PDGF by fibroblasts, in which
ciliary assembly is defective, are abnormal. In fact,
Norman et al" identified a paracrine, PDGF-mediated
regulatory loop between inner medullary collecting duct
epithelial cells and medullary fibroblasts, highlighting
the importance of tubular epithelial-interstitial fibroblast
interactions in PKD. Compared to age-matched normal
fibroblasts, PKD fibroblasts demonstrate an enhanced
proliferative response to PDGF, synthesize more fibroblast
growth factor, and elicit more rapid and persistent tyrosine
phosphorylation of intracellular proteins. Consistent
with these reports, pPDGFR signaling in our hands
appeared to be increased in PCK rats compared to the
wild-type cohort. PDGF activation was accompanied by
upregulation of the fibrotic marker aSMA and matrix
deposition in the renal interstitium. ANG3070 treatment
decreased pPDGFR signaling and aSMA expression,
indicating a decrease in fibrosis.

In the kidney, VEGF expression is most prominent
in glomerular podocytes and in tubular epithelial
cells, while VEGF receptors are mainly found on pre-
glomerular, glomerular, and peritubular endothelial cells.
Raina et al®® reported that anti-VEGF therapy in the
Han: SPRD rat, a model of ADPKD, was associated with
an exaggerated cystic response of the proximal tubules
and severe kidney injury. Huang et al® reported that
VEGF therapy in the Pkd1™" mouse model of ADPKD
was associated with robust benefits across a spectrum
of endpoints, with far more modest benefits evident
in the Cys1®’** mouse, a model of ARPKD. On the
other hand, it has been postulated that VEGF-driven
angiogenesis drives cyst cells to grow, and may be
responsible for increased vascular permeability and fluid
secretion into the cysts. In fact, data from clinical trials

Boishidenge ~ WIN | www.wjgnet.com

105

Paka P et al. A potential therapeutic for ARPKD-CHF

point to a relationship between circulating VEGF and
renal structural disease, including total renal volume,
cyst volume and cyst number, and are indicative of
a potential role for upregulated angiogenesis in early
renal cyst progression™®™, Finally, Jiang et a** postu-
lated that a pathogenic triumvirate, comprised by
hyperproliferation of cyst wall growth, pericystic fibrosis,
and inflammation, drives CHF/ARPKD progression.

ANG3070 is a proprietary, highly water-soluble,
orally bioavailable potent inhibitor of PDGF and VEGF/
KDR, which binds its targets with a Ka of approximately
5 nmol/L. In the PCK rat model of ARPKD-CHF, ANG3070
efficacy was observed across a spectrum of clinically-
relevant endpoints, including a decrease in renomegaly,
renal cystic index, renal injury markers, renal fibrosis and
improvement in kidney function. Importantly, intervention
with ANG3070, even after established renal disease
at both 10 and 14 wk (a time when renal pathology
is fairly advanced in the PCK rat), proved efficacious.
Taken together, these data indicate that ANG3070 has
therapeutic efficacy and slows a hallmark indicator of
disease progression in ARPKD-CHF via cystic expansion of
the kidney.

Another salient finding of this study was the effect
of ANG3070 in mitigating renal injury in this model of
ARPKD-CHF. Urinary markers of renal injury, including
NGAL, KIM-1, cystatin C and IL-18, were increased in the
PCK rat compared to wild-type controls. Previous studies
have described the elevation of such markers in models
of ARPKD-CHF. In fact, work by Nieto et al**! indicates
that BUN, SCr and 24-h urine IL-18 levels are biomarkers
for increasing cystic index and increasing renal mass
in the PCK rat. The fact that ANG3070 treatment
was associated with a reduction of these biomarkers,
including BUN, SCr and urine IL-18, not only suggests
that this drug attenuates kidney injury but also suggests
that it mitigates cystogenesis and renal expansion.

A pharmacodynamic exercise to confirm the me-
chanism of action of ANG3070 was undertaken in
renal homogenates from the wild-type and PCK cohorts.
Consistent with data from the aforementioned studies,
PDGFR signaling was enhanced in the PCK rat kidney,
evidenced by increased levels of pPDGFR. Administration
of ANG3070 to the PCK rat reduced renal phosphorylated
PDGFR levels, suggesting that the drug is indeed
engaging its target and that the salutary effects of
ANG3070 in the kidney are associated with inhibition of
PDGFR signaling.

In addition to its effects on the kidney, ANG3070
exhibited activity against the hepatic lesions that
accompany this disease. While hepatomegaly, elevated
serum AST and increased hepatic collagen content were
observed in the PCK rat at 14 wk of age, 8 wk treatment
with ANG3070 resulted in significant amelioration of
both liver pathology and liver dysfunction. This is an
important finding, in that not only can hepatomegaly
and hepatic fibrosis necessitate liver transplantation in
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ARPKD-CHF patients, but also that a cytokine-driven
feedback mechanism might exist between hepatic and
renal lesions in this disease. Needless to say, there
were some clear limitations to this study. Given the
historical challenges associated with demonstrating a
pharmacodynamic signature of VEGFR/KDR phospho-
rylation inhibition, we did not attempt to evaluate this
signaling mechanism in the kidney or liver. Finally, the
PCK rat is one model of ARPKD-CHF and it remains
to be determined whether ANG3070 exerts similar
effects in other models of this disease. In summary,
intervention with ANG3070 favorably impacted both
the renal and hepatic components in the PCK rat model
of fibropolycystic disease. These data suggest that
ANG3070 has the potential to slow ARPKD-CHF and may
serve as a bridge toward hepato-renal transplantation in
patients with fibropolycystic disease.

ARTICLE HIGHLIGHTS

Research background

In autosomal recessive polycystic kidney disease (ARPKD)-congenital hepatic
fibrosis (CHF), a genetically acquired and congenital disease, mutations in
the human PKHD1 gene or mutations in PKHD1 orthologs in rats and mice
are required for the development of ARPKD-CHF. Nevertheless, experimental
studies have identified that epithelial cells drive changes in the renal
interstitium, with alterations made to the cystic epithelia followed by changes in
the interstitial fibroblasts and progressive accumulation of extracellular matrix.
This leads to the development of renal fibrosis within the kidney and/or liver.
For children, nephrectomy and dialysis or kidney or liver transplant is often
warranted by approximately ten years of age. Other than transplantation, there
is no cure for ARPKD-CHF. We report that platelet-derived growth factor (PDGF)
and vascular endothelial growth factor (VEGF) are the intermediaries between
the cystic and fibrotic components of progressive fibropolycystic disease, and
that a PDGFR + VEGFR dual inhibitor can be a novel therapeutic approach.

Research motivation

The development of new therapies that prevent the transition from cystogenesis
to fibrosis or adenocarcinoma in advanced stages of ARPKD-CHF will have
tremendous clinical potential and decrease the number of hepato-renal
transplants in patients with ARPKD-CHF.

Research objectives

The main objectives of our studies were to evaluate a novel PDGFR and
VEGFR dual kinase inhibitor, ANG3070, in a PKD-CHF model. These studies
could lead to a novel therapeutic approach for fibropolycystic kidney disease.

Research methods

Renal pathology was confirmed in PCK rats at 6 wk compared to the age
and gender-matched wild type SD rats. At 6 wk of age, PCK rats were then
randomized to vehicle or ANG3070 for 4 wk. At 10 wk, 24 h urine and left
kidneys were collected and rats were continued on treatments for 4 wk. At 14
wk, 24 h urine was collected, rats were sacrificed, and liver and right kidneys
were collected for histological evaluation. For Western blot studies, PCK rats
were treated with vehicle or ANG3070 for 7 d and sacrificed approximately 30
min after the last treatments.

Research results
A well-characterized PCK rat model was used to study fibropolycystic kidney
disease. Compared to the wild-type cohort, the PCK kidney (Vehicle cohort)

Jaishideng® W]N I WWW.ngnet.COm

106

exhibited a marked increase in kidney and liver mass, hepato-renal cystic
volume, hepato-renal fibrosis and hepato-renal injury biomarkers. Intervention
with ANG3070 in PCK rats decreased kidney weight, reduced renal cystic
volume and reduced total kidney hydroxyproline, thus indicating significantly
reduced rental interstitial fibrosis compared to the PCK-Vehicle cohort.
ANG3070 treatment also mitigated several markers of kidney injury, including
urinary neutrophil gelatinase-associated lipocalin, kidney injury molecule-1,
Cystatin C and interleukin-18 levels. This treatment also significantly attenuated
key indices of renal dysfunction, including proteinuria, albuminuria and serum
blood urea nitrogen and creatinine, and improved renal function compared
to the PCK-Vehicle cohort. ANG3070 treatment also significantly decreased
liver enlargement, hepatic lesions, decreased liver fibrosis and mitigated liver
dysfunction compared to the PCK-Vehicle cohort. A dose-response study of
ANG3070 needs to be evaluated to establish a minimum dose for maximal
therapeutic efficacy in this PCK rat model.

Research conclusions

The development of new therapies that prevent the transition from cystogenesis
to fibrosis or adenocarcinoma in advanced stages of ARPKD-CHF will have
tremendous clinical potential. Studies indicate that PDGF and VEGF are the
intermediaries between the cystic and fibrotic components of progressive
fibropolycystic disease. We have identified and synthesized a novel small
molecule PDGFR + VEGFR/KDR dual kinase inhibitor, ANG3070, using
molecular modeling coupled with rational drug design, medicinal chemistry
and structure activity relationship. We have evaluated ANG3070 therapeutic
effects in a rat model of ARPKD-CHF and have proven it to be efficacious in
mitigating kidney and liver injury biomarkers and decreasing hepatic and renal
dysfunction. These studies could lead to the identification of a novel therapeutic
approach in slowing fibropolycystic disease and decreasing the number of
hepato-renal transplants in patients with ARPKD-CHF. These results suggest
that ANG3070 has the potential in slowing disease, and may serve as a bridge
toward hepato-renal transplantation in patients with fibropolycystic disease.

Research perspectives

The results of our studies suggest that ANG3070 has the potential therapeutic
effect of slowing disease, and may serve as a bridge toward hepato-renal
transplantation in patients with the fibropolycystic disease ARPKD-CHF.
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Abstract

AIM

To delineate changes in miRNA expression localized
to the peri-cystic local microenvironment (PLM) in an
orthologous mouse model of autosomal dominant
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polycystic kidney disease (ADPKD) (mcwPkd1™™).

METHODS

We profiled miRNA expression in the whole kidney and
laser captured microdissection (LCM) samples from PLM
in mcwPkd1™"” kidneys with Qiagen miScript 384 HC
miRNA PCR arrays. The three times points used are:
(1) post-natal (PN) day 21, before the development
of trichrome-positive areas; (2) PN28, the earliest
sign of trichrome staining; and (3) PN42 following the
development of progressive fibrosis. PN21 served as
appropriate controls and as the reference time point for
comparison of miRNA expression profiles.

RESULTS

LCM samples revealed three temporally upregulated
miRNAs [2 to 2.75-fold at PN28 and 2.5 to 4-fold (P
< 0.05) at PN42] and four temporally downregulated
miRNAs [2 to 2.75 fold at PN28 and 2.75 to 5-fold (P
< 0.05) at PN42]. Expression of twenty-six miRNAs
showed no change until PN42 [six decreased (2.25 to
3.5-fold) (P < 0.05) and 20 increased (2 to 4-fold) (P
< 0.05)]. Many critical miRNA changes seen in the LCM
samples from PLM were not seen in the contralateral
whole kidney.

CONCLUSION

Precise sampling with LCM identifies miRNA changes
that occur with the initiation and progression of renal
interstitial fibrosis (RIF). Identification of the target
proteins regulated by these miRNAs will provide new
insight into the process of fibrosis and identify unique
therapeutic targets to prevent or slow the development
and progression of RIF in ADPKD.

Key words: Inflammation; End-stage renal disease; Cysts;
Autosomal dominant polycystic kidney disease; miRNA;
Renal interstitial fibrosis
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Core tip: An essential and consistent histologic feature
of progressive autosomal dominant polycystic kidney
disease (ADPKD) is interstitial inflammation and fibrosis.
This study investigated miRNA expression in local peri-
cystic areas between cysts that become fibrotic as
the disease progresses. This study identifies a critical
limitation to whole organ transcriptomic approaches and
demonstrates that laser capture microdissection (LCM)
provides a means to overcome the dilutional factor
of whole organ miRNA analysis. The precision of LCM
provides a unique miRNA signature, which identifies
novel molecular and therapeutic targets that initiate and
drive interstitial fibrosis in ADPKD.

Patil A, Sweeney Jr WE, Pan CG, Avner ED. Unique interstitial
miRNA signature drives fibrosis in a murine model of autosomal
dominant polycystic kidney disease. World J Nephrol 2018; 7(5):
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD)
is characterized by bilateral fluid-filled tubular cysts
and progressive renal interstitial fibrosis (RIF). Renal
function remains relatively normal until RIF reaches a
tipping point, initiating a rapid decline of function leading
to end-stage renal disease (ESRD).

miRNAs play key roles in diverse biological processes
including cell division and death, intracellular signaling,
cellular metabolism, immunity, and RIF. miRNAs are known
to be involved in a variety of common human disorders
including RIF" 2,

ADPKD is a common life-threatening renal disease
that affects an estimated 12 million patients worldwide'..
ADPKD is a heterogenetic disease with mutations in
PKD1 (MIM173910) (16p13.3) and PKD2 (MIM173900)
(4922.1), which are responsible for approximately 80%
and 15% cases respectively, with the remaining cases
due to mutations at other rare loci™.

Although ADPKD is a systemic disorder, it is chara-
cterized by the progressive development and growth of
bilateral fluid-filled tubular cysts™®. Renal cyst formation
and expansion is followed by the development of RIF
that ultimately leads to ESRD. Half of all ADPKD patients
develop ESRD and require renal replacement therapy by
their fifth decade™”".

Therapies currently in clinical trials focus on increased
total kidney volume (TKV) as an indicator of disease
severity, with decreased TKV reflecting the success of
treatment®'%). However, an essential feature of the
disease is interstitial inflammation and fibrosis™**!, Such
interstitial changes lead to decreased TKV and strongly
correlate with a decline in kidney function.

Renal fibrosis is the key determinant of the progression
of all renal disease including ADPKD, irrespective of the
original cause, and dictates the eventual outcomef"***%,
As cystic lesions enlarge, they compress both normal renal
parenchyma and vascular elements between multiple
cysts, creating a peri-cystic local microenvironment (PLM)
that becomes fibrotic over time. The decline of renal
function and the development of ESRD correlate with the
progression of fibrosis in ADPKD"***'), Despite this link of
ESRD to fibrosis, there is virtually no therapy specifically
targeting fibrosis in ADPKD. This unmet clinical need
calls for additional studies and a better understanding of
the underlying mechanistic changes that lead to renal
fibrosis.

Recent published studies have identified an essential
role for miRNAs in the pathogenesis of both cyst formation
and fibrosis in polycystic kidney disease™’?!. miRNAs
are short noncoding RNAs that regulate gene expression
by reducing the translation of messenger RNAs!**?4,
miRNAs function in a diverse range of biological processes
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and demonstrate spatial and temporal expression
patterns'®®!. MicroRNAs have been associated with many
basic cellular processes as well as with a wide spectrum
of diseases!**?*!, In the kidneys, miRNAs have been
associated with renal development, homeostasis, and
physiological functions™*?*!. Aberrant miRNA expre-
ssion has been observed in mouse models of kidney
fibrosis*®**?, Notably, all previously published analysis
has been performed in either whole kidney or cell culture
models.

As cysts develop and enlarge, a local interstitial
microenvironment is created between enlarging tubular
cysts. This PLM is a complex milieu that integrates
reciprocal signals from resident interstitial cells, infiltrating
immune cells and proliferating cystic epithelial cells from
enlarging tubular cysts. A complex interplay of many
factors, including those driven by miRNA expression,
occurs within the PLM. miRNAs play a role in determin-
ing the balance between pro-fibrotic and anti-fibrotic
factors and how the dynamics of this balance drive the
development of fibrosis™®?®!, In this study, we delineate
changes in miRNA expression localized to the PLM in an
orthologous mouse model of ADPKD (mcwPkd1™™).
This model reliably demonstrates two phases of PKD:
(1) the development and progressive enlargement of
renal cysts, and (2) the development and progression
of RIF, leading to loss of renal function. This model
has a stable genetic background and permits both the
investigation of pathogenic mechanisms and testing of
potential therapeutic interventions. In the current study,
we identify a unique PLM miRNA signature that drives
fibrosis in this model.

MATERIALS AND METHODS

ADPKD mouse model (mcwPkd1™™)

The mcwPkd1™™ mice were generated as previously
described™. Briefly, insertion of a neo-cassette into
the Pkd1 allele (Pkd1nl) resulted in a cryptic splice
site that allowed approximately 20% expression of a
normal Pkd1 allele in homozygous Pkd1™™ mice!®”). In
contrast to homozygous Pkd1 knockout mice, which are
embryonically lethal, homozygous mcwPkd1™™ mice
are viable, with bilaterally-enlarged polycystic kidneys
by postnatal (PN) day 21, followed by the development
and progression of RIF and ESRD between PN120 and
PN150.

In the mewPkd1™™ mouse, renal cystic lesions begin
in utero, and TKV peaks by PN35. The initial appearance
of light, wispy trichrome staining occurs in PLM at PN28.

All animal experiments were conducted in accordance
with policies of the NIH Guide for the Care and Use of
Laboratory Animals and the Institutional Animal Care
and Use Committee (IACUC) of the Medical College
of Wisconsin. The protocols used in this study were
conducted under AUA 4379, which was approved by
the Medical College of Wisconsin IACUC committee. The
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Animal Welfare Assurance for the Medical College of
Wisconsin is A3102-01.

Sample preparation

Characterization of mcwPkd1™™ identified the time
points of interest for this study. Triplicate samples from
each of three time points were collected for analysis.
These time points include: PN21, before evidence of
collagen deposition with trichrome (controls); PN28,
where trichrome-positive PLM was first evident; and
PN42, when fibrosis was widespread. One kidney was
placed directly in 10% formalin and paraffin-embedded
(FFPE), and the contralateral kidney was flash frozen for
RNA isolation.

Laser capture microdissection (LCM)

Serial 10 um sections, at three different depths of the
FFPE tissue, were floated onto PEN® membrane slides
(Zeiss-415190-9081-000). A section from each of the
three groups was stained lightly with McLethie’s Trichrome
stain for fibrosis. This stained section was used to guide
LCM of its serial companion section. LCM of PN21 was
accomplished by taking areas between multiple cysts due
to the absence of trichrome-positive areas. The PN21
pre-fibrotic cystic kidney was used as the appropriate
control, because aged-matched wildtype kidney is devoid
of adequate interstitial areas for comparitive analysis
(Figure 1).

RNA extraction

After harvesting 300000 um2 of PLM, total (miRNA and
mRNA) RNA was extracted with Qiagen’s miRNeasy FFPE
kit (Qiagen #217504) according to the manufacturer’s
instructions. The isolated total RNA was converted to
cDNA using the miScript 1T RT Kit (Qiagen #218161),
according to the manufacturer’s instructions, and was
subsequently amplified using the miScript PreAMP
PCR kit (Qiagen #331452). The amplified cDNA was
used for reverse transcription PCR using the miRNome
miScript miRNA PCR Array (Qiagen #331222) to assess
changes in miRNA expression over time. miRNA profiling
of contralateral whole kidney samples was similarly
performed as described above.

Quality control

The quality of the samples was assessed by determining
the 260/280 ratios and RNA integrity numbers (RIN)
using the Agilent 2100 bioanalyzer and RNA 6000 Pico
kits, respectively. RNA samples with a 260/280 ratio >
1.6 yielded an RIN between 7 and 9. RINs > 7 passed
the internal RNA quality control test of the Qiagen
miRNA plates. Samples with a 260/280 ratio > 1.6
were analyzed immediately and had to pass the internal
controls of the plates to be included in our analysis.
The RIN of the samples was periodically obtained. In all
cases where the 260/280 ratio exceeded 1.6, RIN values
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Figure 1 Laser capture microdissection of the peri-cystic local microenvironment. A: Trichrome-stained section of a dominant polycystic kidney diseased
(ADPKD) kidney with representative laser capture microdissection (LCM) areas marked by red rectangles; B: Trichrome-stained section of an ADPKD kidney before

and after LCM.

exceeding 7.0 were obtained and passed the internal
controls of the Qiagen plates.

Trichrome staining

Slides were deparaffinized in xylene, then rehydrated
in 95% ETOH. Slides were then stained with McLethie’s
Trichrome (Newcomer Supply #9177), according to the
manufacturer’s instructions.

Statistical analysis

A total of three animals were included at each time
point (PN21, PN28 and PN42) for both the LCM and
whole kidney groups. Data were normalized for miRNA
expression to stably-expressed housekeeping genes
(SNORD68 and SNORD96A) at each time point. Whole
kidney miRNAs from contralateral kidneys were similarly
examined at PN21, PN28 and PN42.

Average CT values and the standard deviations for
the miRNAs expressed were examined. A sample size of
n = 3, sufficient for appropriate statistical analysis, was
selected. Data was analyzed using the Qiagen® online
portal and GraphPad® Instat 3. Data are expressed as
a change in expression for a particular miRNA (fold-
regulation) at PN28 and PN42 compared to PN21 for
both the PLM region and whole kidney. Only changes
+/- 2-fold are included in the analysis. P < 0.05 was
considered significant.

TargetScan and miRDB websites were used to
determine targets for the miRNAs.

RESULTS

More than 900 miRNAs were examined in the laser
captured PLM at the three different time points (PN21,
PN28, PN42). miRNA expression in PLM at two different
time points (PN28 and PN42) was compared with
PN21 in order to: (1) provide a relative change in the
expression of miRNAs during the onset of fibrosis; and
(2) reflect local micro-environmental changes with
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disease progression.

Whole kidney miRNA changes compared with PLM
miRNA changes

Whole kidney miRNA expression was compared to the
miRNA expression profiles obtained from laser captured
PLM samples at PN28 and PN42, with PN21 as a control
(Figure 2). The heat maps show major differences in
the expression levels of key miRNAs between the whole
kidney and PLM areas (Figure 2).

PLM miRNA changes with onset of fibrosis at PN28

The mechanism(s) by which miRNAs represses translation
allows us to make certain predictions. An increase in
miRNA expression would likely lead to a reduction in
the level of the target protein, and a decrease in miRNA
expression would yield an increase in the target protein.

In Figure 3A, there are three miRNAs that show
temporal increase in expression at PN28 and PN42. miR-
667-3p, miR-3074-5p and miR-7b-3p are upregulated 2
to 2.75-fold at PN28, and are further upregulated to 2.5
to 4-fold and reach statistical significance at PN42.

In Figure 3B, a similar comparison made for sequen-
tially downregulating miRNAs shows that a total of four
miRNAs that are downregulated at PN28 continue to
further decrease expression at PN42. miR-378a-3p, miR-
30e-5p, miR-30a-5p and miR-344f-5p are downregulated
2 to 2.75-fold at PN28, and are further reduced 2.75 to
5-fold and reach statistical significance at PN42.

PLM miRNA changes with progressive fibrosis at PN42
Figure 4 show the results of PLM miRNA changes at
PN42, which represents a stage of progressive fibrosis.

miRNAs with decreased expression > 2-fold at PN42
are shown in Figure 4A. miR-484, miR-455-3p, miR-
130a-3p, miR-93-5p, miR-106-5p and miRN-677-3p
are significantly downregulated in the range of 2.25 to
3.5-fold. miR-106-5p showed the largest decrease at
3.5-fold.
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Figure 2 Heat map comparing miRNA expression. Heat map showing comparative expression of a set of miRNAs at three different post-natal (PN) time points
(PN21, PN28 and PN42) for peri-cystic local microenvironmental regions and whole kidney samples (green represents downregulated miRNA expression, whereas
red represents upregulated miRNA expression).
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Figure 3 miRNA expression profiles. Expression profiles of a set of miRNAs at PN28 and PN42 that are temporally upregulated (A) and downregulated (B) when
compared with PN21 in peri-cystic local microenvironmental regions.

miRNAs with increased expression >2-fold at PN42 be able to identify critical elements necessary for the
are shown in Figure 4B. miR-409-3p, miR-762, miR-298- initiation and progression of fibrosis by using LCM to
5p, miR-149-5p, miR-186-5p, miR-125a-3p, mIR-331- capture and analyze changes in PLM areas at the specific
3p, miR-155-5p, miR-329-3p, miR-186-5p, miR-376c- time-points noted. PN21 PLM areas provided appropriate
3p, miR-665-3p, MiR-383-5p, miR-107-3p, miR-542-3p, controls, as they are devoid of fibrosis. Wild-type tissue
miR-672-5p, miR-32-5p, miR-96-5p, miR-503-5p and was not an appropriate control in this experiment because
miR-466d-3p are significantly upregulated (2 to 4-fold). it has minimal interstitial tissue that can be targeted
for LCM. The risk of contaminating the wild-type LCM
samples with epithelial tissue is unacceptably high.
DISCUSSION Many previous studies have examined miRNA
In ADPKD, despite massive increases in kidney size, expression in whole kidneys to study progressive renal
loss of renal function and progression to ESRD is largely ~ diseases!®*****), However, a critical limitation to trans-
dependent upon the development of renal fibrosis!. criptomic approaches of whole kidney is the kidney’s
In the mcwPkd1™ mouse, we discovered that fibrosis cellular complexity: arrays from whole kidney reflect
started in discreet areas between multiple cysts at PN28, the averaged= expression of 26 or more different cell
evidenced by light wispy trichrome-positive staining in types®¥, This limitation is exacerbated in the presence
sporadic areas between multiple cysts. Similar areas of inflammatory cells in diseased kidneys.
between multiple cysts were evident in PN21 kidneys, The most striking result of these studies was the
but they never showed positive trichrome staining. By difference in miRNA profiles from PLM and whole kidney
PN42, trichrome staining revealed a spread of the fibrosis as shown in cluster heat maps (Figure 2). The expression
outward from PLM. This suggested to us that we may of miRNAs in PLM is very different when compared to
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Figure 4 miRNA expression profiles. Expression profiles of a set of miRNAs with significantly decreased (A) and increased (B) expression at PN42 in peri-cystic

local microenvironmental regions compared with PN21.

whole kidney expression. These findings likely reflect
a dilution of important local changes in miRNAs when
whole kidney comparisons are made. The implication of
this is clear. Relying on whole kidney analysis may lead
one to make errors in interpreting miRNA data.

The key miRNA changes noted in PLM, interestingly,
are involved in or have predicted targets that play a role
in the pathogenesis of either fibrosis, PKD or are unique.
miRNAs with decreased expression at PN28 and PN42
(Figure 3B) have predicted targets (listed in brackets)
as follows: miR-30a-5p and miR-30e-5p (Socs6, Timp2,
Rock2, Bcl6, Col9a3, Col13al, Smadi, Irf4) and miR-
378a-3p (Mapk). Timp2 inhibits extracellular matrix
proteolysis in multiple tissues, thus promoting fibrosis.
Rock2, Irf4 and BCL6 have known roles in macrophage
polarization, which plays an important role in the process
of both inflammation and fibrosis. Mapk is an important
mediator in the pathogenesis of PKD™*. The expression
of these miRNAs sequentially decreases at PN28 and
PN42, which correlates with worsening PLM fibrosis.
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Moreover, there are six additional interesting miRNAs
that have decreased expression in PN42 PLM (Figure
4). These miRNAs with their targets are as follows:
miR-484 (Tgfpr3, Fgfl), miR-455-3p (HB-EGF), miR-
130a-3p (TgfB2, Tgfprl, Tnf, Wntl, Ppary), miR-677-5p
(Col15al), miR-106b-5p and miR-93-5p (Fgf4, Vedfa,
Stat3, Mapk4, Mapk9, Hifla, Ppara, Col4a3, Col4a4).
Tgf3 and Tgffr are integral to the processing of fibrosis,
but are involved in late stages of progressive fibrosis®,
HB-EGF is a member of the EGF family of proteins and is
produced by monocytes and macrophages**"". Recently,
high urinary levels of HB-EGF are discovered in the
urine of patients with severe PKDP*™, Stat3 plays an
important role in the pathogenesis of PKD***?!, Hif1 has
roles in angiogenesis, fibrosis, and is closely tied to local
hypoxia®®!, which may be the direct result of expanding
cystic lesions.

Furthermore, PLM miRNAs with increased expression
at PN42 are shown in Figure 4A and their predicted
targets are as follows: miR-466d-3p (Smad7), miR-
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542-3p (Bmp7), miR-96-5p (BRaf, Nox4), miR-186-5p
and miR-329-3p (Usf2) miR-762 (Cx3cl1), miR-155-5p
(Socs1, Csfir), and miR-331-3p (Mmp13). Smad7 inhibits
TGF-B signaling by preventing formation of Smad2/
Smad4 complexes®*!l, BMP7 reduces extracellular
matrix formation and hence fibrosis'®!. With increased
expression of MiRNAs, the targets Smad 7 and BMP7 are
expected to decrease and hence promote fibrosis. Along
with these miRNAs, there are many other novel miRNAs
that should be considered for further investigation.

Realizing that all forms of fibrosis eventually involve
the TGF-B pathway, we anticipated we would see a
few unique differences in miRNA profiles at PN28,
the initiation point of fibrosis. We were surprised by
the degree of difference and the fact that some were
maintained at least through PN42, as seen in Figure 3.
Some changes may reflect differences in canonical and
non-canonical TGF-B signaling cascades. However, the
majority of differences are not likely due to different
TGF-B pathways but rather due to differences in method-
ology. Other changes may reflect key differences in
methodology utilized in this study.

A dilution effect created by using an organ with 26
different cell types must be considered when examin-
ing miRNAs in whole kidney samples. This has huge
implications in the pursuit of therapeutic interventions.
The heat map in Figure 2 demonstrates that while the
identification of miRNAs that change may be the same
with both techniques, the direction of change for some
miRNAs goes in opposite directions. This could lead
to a situation where a therapy based on whole organ
analysis could exacerbate the disease. More importantly,
LCM-obtained tissue is expected to represent the local
pathology of interest that is being studied.

Fibrosis seen in this ADPKD model is initially localized
to discrete areas between multiple cysts, which then
expand with the progression of disease. The PLM in
which fibrosis occurs undergoes multiple molecular and
cellular changes with disease progression. The PLM
areas isolated by LCM include locally proliferating cells
that likely have key roles in the process of fibrosis. The
changes preceding early fibrosis in the PLM of ADPKD
kidneys act as a trigger factor that then stimulate cells
locally to lay down collagenous extracellular matrix,
which causes fibrosis. The isolation of these areas with
LCM, as well as examining them at various stages before
and after the onset of fibrosis, offers unique insight into
this dynamic microenvironment.

Further work is required to identify the phenotypes
of these cells and their specific roles. A large number
of cells in PLM tissue from ADPKD are phenotypically
identified as macrophages. Their role in fibrosis has been
well studied and reported™”. Some or many of these
PLM miRNA changes may be directly or indirectly related
to macrophage changes that then drive the process of
fibrosis. miRNAs are known to modulate macrophage
activation and miRNAs are shown to be induced by
hypoxia/ischemia. With cyst expansion and compression
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of parenchyma between these expanding cysts, local
hypoxia and ischemic changes can be expected early in
the disease course of ADPKD. Whether such hypoxic/
ischemic changes drive the early changes in the cellular
make-up of the peri-cystic interstitium and drive PLM
miRNA changes remain to be investigated.

In conclusions, this study identifies a unique inter-
stitial miRNA signature that drives fibrosis in the new
mewPkd1™" model of ADPKD. Such changes in miRNA
profiles in ADPKD PLM obtained by LCM provide unique
insight into signaling in local areas where fibrosis begins.
These PLM miRNA changes are not seen in whole
kidney miRNA analysis. These PLM miRNAs have unique
predicted targets, and some have established roles in
hypoxia, proliferation, angiogenesis and fibrosis. Many
of the LCM miRNAs identified are unique and represent
new candidates for further study. This approach identifies
novel future molecular and therapeutic targets. Further
cell-specific miRNA expression studies will provide
valuable information in further identifying potential
therapeutic targets of fibrosis in ADPKD.

ARTICLE HIGHLIGHTS

Research background

Autosomal dominant polycystic kidney disease (ADPKD) is the most common
genetic renal condition, with an incidence of 1 in 500 to 1000 individuals.
ADPKD affects approximately 750000 people in the United States and 12.5
million people worldwide. Nearly 50% of ADPKD patients will develop kidney
failure that requires dialysis or transplantation. To date, clinical trials targeting
cyst growth (epithelial proliferation) have been largely ineffective in improving
or slowing the decline in renal function, despite reducing epithelial proliferation
and total kidney volume (TKV). Tolvaptan, the most promising therapy to date,
has an estimated cost of $744100 per year per quality-adjusted life-year gained
compared with standard care.

Research motivation

In ADPKD, as fluid-filled cysts develop and enlarge, a peri-cystic local micro-
environment (PLM) is created between the cysts, which become fibrotic over
time. TKV decreases with such fibrotic changes and has a strong correlation
with loss of renal function. Despite this connection between fibrosis and end-
stage renal disease (ESRD), there is no experimental or FDA-approved therapy
that specifically targets fibrosis in ADPKD.

Research objectives
To investigate miRNA expression in PLM between cysts that become fibrotic as
disease progresses.

Research methods

We employed LCM to analyze the miRNA profile of PLM at PN21, prior to any
morphometric sign of fibrosis (trichrome stain), and at two time points of increasing
degrees of fibrotic severity at PN28 (initiation) and PN42 (progression). These
results were compared to age-matched expression profiles of whole kidney
analysis of the miRNA expression profile.

Research results

The most striking result of these studies was the difference in miRNA profiles
from PLM and whole kidney, as shown in cluster heat maps. The expression of
miRNAs in the PLM was significantly distinct when compared to whole kidney
expression.

Research conclusions
Relying on whole kidney analysis may lead one to pursue not only the wrong
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miRNA, but may also lead to targeting a miRNA or protein that exacerbates the
disease process you are trying to ameliorate. Therefore, published data that
relies upon whole kidney transcriptomic analysis should be viewed with careful
skepticism. Identification of the molecular and cellular changes in the PLM will
lead to new therapeutic targets, with the potential to prevent the initiation or
slow the progression of fibrosis.

Research perspectives

This study presents a unique approach to identify novel molecular and
therapeutic targets that initiate and drive interstitial fibrosis in ADPKD. The use
of therapies targeting fibrosis alone or in combination with therapies targeting
epithelial proliferation will dramatically improve the quality of life of ADPKD
patients by extending the time to ESRD.
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