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ABSTRACT

Autosomal dominant polycystic kidney disease (ADPKD), one of the most common monogenetic
disorders, is characterized by kidney failure caused by bilateral renal cyst growth. MicroRNAs (miRs)
have been implicated in numerous diseases, but the role of these noncoding RNAs in ADPKD pathogenesis
is still poorly defined. Here, we investigated the role of miR-21, an oncogenic miR, in kidney cyst growth.
We found that transcriptional activation of miR-21 is a common feature of murine PKD. Furthermore,
compared with renal tubules from kidney samples of normal controls, cysts in kidney samples from
patients with ADPKD had increased levels of miR-21. cAMP signaling, a key pathogenic pathway in PKD,
transactivated miR-21 promoter in kidney cells and promoted miR-21 expression in cystic kidneys of
mice. Genetic deletion of miR-21 attenuated cyst burden, reduced kidney injury, and improved survival of
an orthologous model of ADPKD. RNA sequencing analysis and additional in vivo assays showed that miR-
21 inhibits apoptosis of cyst epithelial cells, likely through direct repression of its target gene programmed
cell death 4. Thus, miR-21 functions downstream of the cAMP pathway and promotes disease progression
in experimental PKD. Our results suggest that inhibiting miR-21 is a potential new therapeutic approach to
slow cyst growth in PKD.
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Autosomal dominant polycystic kidney disease
(ADPKD), caused by mutations of either PKDI or
PKD2, is among the most common monogenetic
disorders and the fourth leading cause of ESRD in
the United States. ADPKD is characterized by the
presence of innumerable fluid—filled cysts that are
lined by epithelial cells.’»? The cyst epithelial cells
exhibit abnormalities in proliferation, apoptosis,
and fluid secretion, which result in the expansion
of cysts, eventually causing kidney failure. Aberrant
activation of numerous signaling pathways under-
lies the progression of ADPKD. In particular, cAMP
signaling has been shown to play a key role in kid-
ney cyst growth. cAMP levels are increased in
ADPKD, and inhibiting this pathway slows cyst
growth in both mice and humans.>-¢ However,
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despite recent progress, the pathogenesis of
ADPKD is incompletely understood.

MicroRNAs (miRs) are a class of conserved, small
noncoding RNAs that regulates post—transcriptional
gene expression.” miR biogenesis begins in the nu-
cleus, where RNA-polymerase II-dependent tran-
scription of miR gene results in the production of a
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long transcript called primary microRNA (pri-miR). Pri-miRs
are processed by enzymes Drosha and Dicer to eventually pro-
duce approximately 22-nucleotide-long mature miRs. Nucleo-
tide sequences 2—8 at the 5" end of a mature miR are collectively
referred to as the seed sequence. Watson—Crick base pairing be-
tween the seed sequence and complementary sequences located
primarily in the 3’ untranslated regions of target mRNAs results
in translational repression of the target mRNAs.8 miRs have been
implicated in normal kidney development and the pathogenesis
of many kidney diseases, including polycystic kidney disease
(PKD).>-12

We have previously shown that the miR-17~92 cluster
promotes kidney cyst growth.” However, whether other miRs
also regulate PKD pathogenesis is not known. The goal of this
study was to determine whether miR-21, an oncogenic
miR,!314 modulates cyst growth in ADPKD. We found that
miR-21 promotes PKD progression and that the manipulation
of miR-21 expression to induce cyst epithelial cell apoptosis
may be a novel therapeutic approach for ADPKD.

RESULTS

miR-21 Is Upregulated in PKD

We have previously performed microarrays and identified
miRs that are aberrantly expressed in a nonorthologous mouse
model of PKD (Ksp/Cre;Kzf3aF/ ¥ mice).® Quantitative real-
time PCR (qPCR) validation of this dataset revealed that
miR-21 was among the most robustly upregulated miRs in
28-day-old Kif3a mutant kidneys compared with control kid-
neys (Figure 1A). Therefore, we decided to study the role of
miR-21 in greater detail. We determined whether miR-21 is
upregulated in orthologous models of PKD. miR-21
expression was analyzed in 21-day-old Pkhd1/Cre;Pkd2"'"
(Pkd2-knockout [KO]) mice, 10-day-old Ksp/Cre;Pkd]F/F
(Pkd1-KO) mice, two orthologous genetic models of ADPKD,
and 28-day-old Ksp/Cre;Hnf-1B8"" (Hnf-1B-KO) mice, an or-
thologous model of renal cysts and diabetes. Pkd1-KO and
Hnf-1B-KO mice develop an early-onset and rapidly fatal
form of PKD. Pkd2-KO mice develop comparatively less ag-
gressive cystic kidney disease and represent a relatively long—
lived model of PKD. qPCR analysis revealed that the expres-
sion of miR-21 was increased by approximately sixfold in
Pkd2-XKO kidneys, fourfold in Pkd1-KO kidneys, and fivefold
in Hnf-1B8-KO kidneys compared with their respective age—
matched controls (Figure 1A). Thus, miR-21 upregulation is a
common feature of the murine form of PKD.

To determine whether the upregulation of miR-21 is as-
sociated with cyst initiation or cyst expansion, we charac-
terized Pkd2-KO mice in greater detail. Kidney cysts begin to
form at postnatal day (P) 14 in Pkd2-KO mice and rapidly
expand by P21 and P28 (Supplemental Figure 1A). Compared
with kidneys from control mice, expression of miR-21 was
increased in kidneys from 21- and 28-day-old Pkd2-KO
mice but not in kidneys from 14-day old Pkd2-KO mice
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(Supplemental Figure 1B). These results indicate that miR-
21 upregulation is associated with cyst expansion rather
than cyst initiation.

To determine the specific location of miR-21 expression in
cystic kidneys, we performed miR in situ hybridization using a
locked nucleic acid (LNA) —modified probe against miR-21.
Compared with renal tubules in wild-type mice, the expres-
sion of miR-21 was elevated in cyst epithelial cells of Pkd2-KO
mice (Figure 1B). miR-21 expression was not observed in renal
tubules of miR-21 KO mice or cyst epithelial cells of Pkd2-
miR-21 double-KO mice, indicating that the anti-miR-21
LNA probe specifically detects miR-21 (Figure 1B). These re-
sults indicate that cysts are the primary source for increased
levels of miR-21 in PKD. Next, we used the anti-miR-21 LNA
probe to determine miR-21 expression in kidney samples from
normal humans and patients with ADPKD (n=4). Compared
with renal tubules in normal human kidney samples, miR-21
expression was increased in tubular cysts in kidney samples
from patients with ADPKD (Figure 1C). Thus, miR-21 upre-
gulation is also observed in human ADPKD.

cAMP Signaling Pathway Transactivates miR-21 in
Kidney Cells

miRs can be upregulated because of increased transcription or
enhanced post—transcriptional processing of pri-miR tran-
scripts. We found that expression of pri-miR-21 transcript
was increased >2.5-fold in Pkd2-KO, Pkd1-KO, and Hnf-13-
KO kidneys compared with their respective controls (Figure 2,
A—C). Thus, increased transcription underlies miR-21 upre-
gulation in mouse models of PKD. In mice, the miR-21 gene is
located within exon 12 of Vmpl. However, the expression of
Vmpl (exons 9 and 10) did not change in Pkd2-KO, Pkd1-KO,
or Hnf-1B-KO kidneys compared with their respective con-
trols, suggesting that miR-21 transcription is activated inde-
pendently of Vmpl in cystic kidneys (Figure 2, A—C). To
understand the mechanisms by which miR-21 transcription
is regulated, we characterized the mouse miR-21 promoter.
The promoter for human miR-21 has been mapped,!> and
alignment of this sequence with the mouse genome
identified a 419-bp conserved region in intron 10 of Vmpl
(Figure 2D, Supplemental Figure 2). Incorporation of data
from the mouse Encyclopedia of DNA Elements Project revealed
that the 419-bp region corresponds to marks of an active pro-
moter in kidney, including the presence of histone H3 lysine 4
trimethylation and histone H3 lysine 27 acetylation, hypersensi-
tivity to DNase I enzyme, and RNA-polymerase II binding (Sup-
plemental Figure 2). To assess functional transcriptional activity,
we cloned the 419-bp region in intron 10 of Vmp1 into a lucif-
erase reporter plasmid. Compared with an empty plasmid, the
plasmid containing the putative miR-21 promoter exhibited
>200-fold higher luciferase activity in mIMCD?3 cells (Figure
2E). Reversing the orientation of this region reduced luciferase
activity by >60% (Figure 2E). Taken together, these results in-
dicate that the 419-bp region in intron 10 of VmpI functions as a
unidirectional miR-21 promoter in kidney cells.
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Figure 1. miR-21 is upregulated in PKD. (A) gPCR analysis showing increased expression of mature miR-21 transcript in kidneys of
28-day-old Kif3a-KO, 21-day-old Pkd2-KO, 10-day-old Pkd1-KO, and 28-day-old Hnf-18-KO mice compared with their respective controls
(n=3-9 for all groups). *P<0.05 (error bars represent SEM). (B and C) In situ hybridization (ISH) was performed using an LNA-modified
anti-miR-21 probe. The slides were counterstained with nuclear fast red to mark nuclei. (B) Representative ISH images of wild-type,
Pkd2-KO, miR-217"", and Pkd2-miR-21-KO kidneys are shown. Expression of miR-21 (blue) was increased in cysts of Pkd2-KO mice
compared with renal tubules of wild-type mice. miR-21 expression was absent in renal tubules of miR-217/" mice and kidney cysts of
Pkd2-miR-21-KO mice, indicating specificity of the anti-miR-21 probe. (C) ISH was performed on kidney sections from four different
normal human kidney (NHK#1- NHK#4) and ADPKD (ADPKD#1-ADPKD#4) samples. Compared with renal tubules in NHK samples,
expression of miR-21 was increased in cysts in kidney samples from patients with ADPKD. gl, Glomerulus; WT, wild type. *P<<0.05 (error

bars represent SEM). Scale bars, 40 um.

cAMP signaling plays akey role in PKD pathogenesis. cAMP  CREB binding sites, suggesting that cAMP signaling regulates
activates protein kinase A (PKA), which in turn, phosphor-  the expression of miR-21. To test this hypothesis, we first
ylates CAMP response element binding protein (CREB) and  determined whether CREB binds to the miR-21 promoter.
promotes its transcriptional activity. Bioinformatic analysis =~ Chromatin immunoprecipitation (ChIP) was performed
revealed that the miR-21 promoter harbors four conserved  using an antibody against CREB and control IgG. Semi-qPCR
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Figure 2. cAMP signaling mediates miR-21 upregulation. gPCR analysis showed that the expression of pri-miR-21 was increased in
kidneys of (A) 21-day-old Pkd2-KO, (B) 10-day-old Pkd1-KO, and (C) 28-day-old Hnf-18-KO mice compared with their respective
controls, indicating that transcriptional activation of miR-21 underlies its upregulation in cystic kidneys. In contrast, the expression of
Vmp1 did not change in kidneys of Pkd2-KO, Pkd1-KO, or Hnf-18-KO mice compared with their respective controls, indicating that
miR-21 is activated independently of Vmp1 in cystic kidneys (n=3-6 for each group). (D) Schematic depiction of genomic organization
and cross-species conservation of the miR-21 locus is shown. The mouse miR-21 (blue box) is located in exon 12 (gray box) of Vmp1. A
419-bp conserved region (green box) located in intron 10 of Vmp1 was identified as the putative mouse miR-21 promoter. To assess
transcriptional activity, the 419-bp region (green box) was cloned into a pGL3-basic vector to generate pGL3-miR-21-Pr plasmid. The
orientation of the region was reversed in pGL3-miR-21-PrFlp construct. (E) Luciferase activity of the indicated pGL3 reporter plasmids in
mIMCD3 cells is shown. (F) ChIP was performed using an antibody against CREB and control I1gG. Semi-qPCR analysis of the im-
munoprecipitated DNA revealed that CREB binds specifically to the miR-21 promoter. No PCR product was observed in IgG control.
(G) The CREB binding sites in miR-21 promoter were deleted to generate the pGL3+CB-del1 and pGL3+CB-del2 reporter plasmids.
CREB binding sites 1 and 2 were deleted in CB-del1 construct, and CREB binding sites 3 and 4 were deleted in CB-del2 construct.
Luciferase activity of the indicated pGL3 reporter plasmids in mIMCD3 cells is shown. (H) mIMCD3 cells were transfected with pGL3-
miR-21-Pr plasmid and treated with increasing doses of H89 to inhibit PKA activity. Luciferase activity of pGL3-miR-21-Pr plasmid
decreased with increasing doses of H89. (I, J) Four-week-old Pkd27""525 mice were treated with vehicle (n=4) or mozavaptan (n=5), a
vasopressin receptor antagonist that decreases renal cAMP levels, for 3 months. Vmp1 expression was unchanged between the two
groups. (I, J) However, the expression of pri-miR-21 and mature miR-21 transcript was significantly decreased in mozavaptan-treated
mice compared with vehicle-treated mice. *P<0.05 (error bars represent SEM).
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analysis of immunoprecipitated DNA showed enrichment of
CREB binding to mouse miR-21 promoter compared with
control IgG (Figure 2F). To test whether CREB binding results
in functional regulation, we generated luciferase reporter con-
structs of miR-21 promoter, in which CREB binding sites were
deleted. Compared with constructs containing wild-type
miR-21 promoter, constructs containing CREB mutant miR-
21 promoter displayed decreased luciferase activity in renal
epithelial cells (Figure 2G). Thus, CREB binds to miR-21 pro-
moter and regulates its transcriptional activity. Next, we
determined whether PKA is needed for miR-21 expression.
Administration of H89, a chemical inhibitor of PKA, reduced
luciferase activity of miR-21 promoter in mIMCD3 cells (Fig-
ure 2H). Taken together, these studies strongly suggest that
cAMP signaling directly transactivates miR-21 expression in
kidney epithelial cells.

To determine whether cAMP signaling also regulates
miR-21 transcription in the context of PKD, we first analyzed
miR-21 promoter activity in a previously described Pkd2™~'~
kidney epithelial cell line.1® Compared with an empty plasmid,
the plasmid containing the miR-21 promoter showed
>10-fold higher luciferase activity in Pkd2~'~ cells (Supplemental
Figure 3A). Compared with constructs containing wild-type
miR-21 promoter, constructs containing CREB mutant miR-
21 promoter displayed decreased luciferase activity in Pkd2™'~
cells (Supplemental Figure 3B). Moreover, administration
of H89 also reduced luciferase activity of miR-21 promoter in
Pkd2™'~ cells (Supplemental Figure 3C). Thus, similar to
mIMCD3 cells, cAMP also regulated miR-21 promoter activity
in Pkd2 '~ cells. Next, we determined whether cAMP-mediated
regulation of miR-21 is observed in vivo in cystic kidneys. Four-
week-old Pkd2~""52* mice, an orthologous model of ADPKD,
were treated for 3 months with either vehicle (n=4) or mozavap-
tan (n=>5). Mozavaptan is a selective vasopressin-2 receptor an-
tagonist that decreases renal cAMP levels and attenuates cyst
growth.!” qPCR analysis revealed that the expression of pri-
miR-21 was reduced by approximately 30% (P=0.03) and that
the expression of mature miR-21 transcripts was reduced by 50%
(P=0.01) in kidneys of mozavaptan—treated Pkd2™"""*** mice
compared with vehicle-treated Pkd2 ™52 mice (Figure 2, 1
and J). Consistent with the notion that cAMP signaling regulates
miR-21 independent of its host gene Vmpl, mozavaptan treat-
ment did not affect Vmp1 expression. Collectively, these results
suggest that the cAMP signaling pathway promotes miR-21 tran-
scription in the context of PKD.

Deletion of miR-21 Attenuates Cyst Growth in an
Orthologous Model of ADPKD

The increased levels of miR-21 in PKD may be functionally
significant or simply represent an innocuous correlate of cyst
growth. To distinguish between these possibilities, we analyzed
mice with gain-of-function and loss-of-function alleles of
miR-21 and studied the effects of genetic deletion of miR-21 in
amouse model of ADPKD. Generation of CAG-miR-21 trans-
genic mice has been previously described.!®* These mice
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overexpress miR-21 four- to sixfold over normal levels in all tis-
sues, including the kidney. CAG-miR-21 mice are viable, fertile,
and born in expected Mendelian ratios. Hematoxylin and eosin
staining of kidney sections from 8-week-old CAG-miR-21 mice
revealed normal kidney histology (Supplemental Figure 4). Thus,
overexpression of miR-21 by itself is not sufficient to produce
kidney cysts. Next, we analyzed miR-21"'"" mice.!8 miR-21"""
mice are also viable and fertile and exhibit normal kidney histol-
ogy and function (Supplemental Figure 5). Thus, deletion of miR-
21 by itself also does not produce kidney cysts.

To study therole of miR-21 in the context of PKD, we deleted
miR-21 in an orthologous mouse model of ADPKD. miR-
217'" mice were bred with Pkhd1/Cre;Pkd2"" transgenic mice.
The first and second generation progeny were intercrossed to
eventually generate Pkhd1/Cre;Pkd2"/";miR-21""" (Pkd2-KO)
and Pkhd1/Cre;Pkd2"*;miR-21"/~ (Pkd2-miR-21-KO) mice.
qPCR analysis revealed that, compared with control mice,
miR-21 expression was increased in Pkd2-KO kidneys,
whereas its expression was abolished in Pkd2-miR-21-KO
mice (Supplemental Figure 6A). In contrast, Pkd2 expression
was equally reduced in kidneys of both Pkd2-KO and Pkd2-
miR-21-KO mice compared with control mice, indicating
that a similar level of cre-loxP recombination efficiency was
observed in Pkd2-KO and Pkd2-miR-21-KO mice (Supple-
mental Figure 6B). Pkd2-miR-21-KO mice showed reduced
cyst growth compared with Pkd2-KO (Figure 3A, Supplemen-
tal Figure 7). Kidney weight-to-body weight ratio and number
of cysts were reduced and overall survival was improved in
Pkd2-miR-21-KO mice compared with Pkd2-KO mice (Figure
3, B-D). Serum creatinine level was numerically lower in
5-month-old Pkd2-miR-21-KO mice compared with Pkd2-KO
mice; however, this difference was not statistically significant
(Supplemental Figure 6F) (P=0.07). Expression of renal tu-
bule injury markers, Kiml and Ngal, was reduced by approx-
imately 50% in Pkd2-miR-21-KO kidneys compared with
Pkd2-KO kidneys (Figure 3, E and F). Analysis of Pkhd1/
Cre;Pkd2"F;miR-21""" (Pkd2-miR-21-het-KO) revealed that
deleting one allele of miR-21 was also sufficient to reduce
kidney size and improve survival (Supplemental Figure 8).
Thus, deletion of miR-21 attenuates cyst growth in an orthol-
ogous mouse model of ADPKD.

miR-21 Promotes Survival of Cyst Epithelial Cells

through Inhibition of Programmed Cell Death 4

To explore the mechanisms by which miR-21 promotes cyst
growth, we performed global gene expression profiling by
sequencing mRNA (RNA-Sequencing [RNA-Seq]) from Pkd2-
KO and Pkd2-miR-21-KO kidneys (P21; n=3). Analysis of the
RNA-Seq data revealed that 673 protein-coding genes were
differentially expressed between the two groups (P<0.05).
The differentially expressed genes were further analyzed using
the Ingenuity Pathway Analysis software. Functional annota-
tion clustering revealed that cell death and survival were
among the top activated cellular functions in Pkd2-miR-21-
KO kidneys compared with Pkd2-KO kidneys (Figure 4A).

MicroRNA-21 Inhibits Cyst Cell Apoptosis 2323
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Figure 3. Deletion of miR-21 attenuates cyst growth in an orthologous model of
ADPKD. (A) Hematoxylin and eosin staining of kidneys from three different 21-day-old
Pkd2-KO (left panel) and Pkd2-miR-21-KO (right panel) mice is shown. All images were
acquired at the same magnification. (B) Kidney weight-to-body weight ratio (KW/BW)
and (C) the number of cysts were reduced in Pkd2-miR-21-KO mice (blue) compared
with Pkd2-KO mice (red). (D) Kaplan-Meier survival curves of Pkd2-miR-21-KO (blue
line) and Pkd2-KO (red line) mice. Overall survival of Pkd2-miR-21-KO mice was im-
proved compared with Pkd2-KO mice (Mantel-Cox log rank, P=0.04). (E and F) gPCR
analysis showed that the expression of kidney injury markers Kim71 and Ngal was
decreased in kidneys of 21-day-old Pkd2-miR-21-KO mice compared with Pkd2-KO

mice. Error bars represent SEM.

miR-21 is known to inhibit apoptosis and promote survival of
malignant cells in various types of cancer.!3-14 Moreover, in-
ducing apoptosis has been shown to slow cyst growth in mouse
models of ADPKD.!® Therefore, we reasoned that deleting
miR-21 retards cyst growth by enhancing apoptosis of cyst
epithelial cells. We used the terminal deoxynucleotidyl trans-
ferase—mediated digoxigenin-deoxyuridine nick—end labeling
(TUNEL) assay to detect cyst epithelial cells that were under-
going apoptosis. Kidneys from miR-21"'" mice did not reveal
any TUNEL-positive cells, indicating that deletion of miR-21
is not sufficient to induce spontaneous apoptosis of normal
kidney cells (Supplemental Figure 9A). In contrast, apoptosis
was increased by approximately fivefold in cyst epithelial cells
of Pkd2-miR-21-KO mice compared Pkd2-KO mice, indicat-
ing that deleting miR-21 in the context of PKD markedly up-
regulates apoptosis (Figure 4, B and C). miR-21 is known to
promote proliferation, and increased rate of proliferation is
thought to underlie cyst growth. Surprisingly, we found that
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there was no difference in the number of
proliferating cyst epithelial cells between
Pkd2-KO and Pkd2-miR-21-KO mice
(Supplemental Figure 10, A and B). Fur-
thermore, the expression of proprolifera-
tive miR-21 target genes Cdc25a, Cdk2,
and E2f2 was not different (Supplemental
Figure 10, C-E) between Pkd2-KO
and Pkd2-miR-21-KO mice. Thus, delet-
ing miR-21 promotes apoptosis of cyst ep-
ithelial cells but does not affect their
proliferation.

Next, we identified a direct miR-21
target that may be relevant to apoptosis
and kidney cyst growth. Programmed cell
death 4 (Pdcd4) is a direct target of miR-
F 21 and a novel tumor suppressor that pro-
motes apoptosis.20-25 Pdcd4~’~ mice are
born in normal Mendelian ratios and do
not exhibit any overt pathology for the first
few months of life. However, by approxi-
mately 80 weeks, these mice develop
abdominal masses, which have been char-
acterized as lymphoma of primary B cell
origin. The median lifespan of Pdcd4 '~
is reduced to 101 weeks compared with
the 115- to 150-week lifespan of C57/BL6
mice.2¢ Interestingly, in addition to the dis-
seminated lymphoma, approximately 50%
of Pdcd4™'~ mice exhibit multiorgan cysts
that involve kidney, ovary, and prostate
compared with 14% in the Pdcd4™'* litter-
mates. Thus, it is possible that miR-21
promotes cyst growth through direct re-
pression of Pdcd4. qPCR analysis revealed
that Pdcd4 expression did not change in
miR-21""" kidneys compared with control
kidneys (Supplemental Figure 9B). In contrast, the expres-
sion of Pdcd4 was significantly increased in Pkd2-miR-21-KO
kidneys compared with Pkd2-KO kidneys (Figure 4F). Thus,
like apoptosis, miR-21-mediated inhibition of Pdcd4 expres-
sion is also observed in cystic kidneys but not in the normal
kidneys. To determine whether miR-21-mediated repression
of Pdcd4 occurs in cyst epithelial cells, we stained kidney sec-
tions from Pkd2-KO and Pkd2-miR-21-KO mice with an anti-
Pdcd4 antibody. Quantification revealed that the number of
Pdcd4—positive cyst epithelial cells was increased more than three-
fold in Pkd2-miR-21-KO mice compared with Pkd2-KO mice
(Figure 4, D and E). To further examine the miR-21-Pdcd4-
apoptosis axis in PKD, we analyzed the Pkd2-miR-21-Het-KO
mice. Compared with Pkd2-KO mice, Pkd2-miR-21-Het-KO
mice also displayed increased apoptosis and enhanced expression
of Pdcd4 (Supplemental Figure 9, C-E). Taken together, these
results suggest that miR-21 promotes cyst growth, at least in
part, through direct repression of Pdcd4 in cyst epithelial cells.

(52}
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Figure 4. miR-21 promotes survival of cyst (Cy) epithelial cells and inhibits Pdcd4. (A)
RNA-Seq analysis was performed to identify genes that are differentially expressed in
kidneys of 21-day-old Pkd2-miR-21-KO mice compared with Pkd2-KO mice (n=3).
Functional annotation clustering of differentially expressed genes was performed
using the Ingenuity Pathway Analysis software. The top five molecular and cellular
functions predicted to be changed in Pkd2-miR-21-KO kidneys compared with Pkd2-
KO kidneys are shown. (B) Kidney sections from 21-day-old Pkd2-miR-21-KO and
Pkd2-KO mice were stained using the TUNEL assay to label Cy epithelial cells that
were undergoing apoptosis (green with arrows). (C) Quantification of number of Cy
epithelial cells undergoing apoptosis in Pkd2-miR-21-KO mice compared with Pkd2-
KO mice is shown. (D) Kidney sections from 21-day-old Pkd2-miR-21-KO and Pkd2-KO
mice were stained with an antibody against Pdcd4 (green with arrows). (E) Quantifi-
cation of Pdcd4—positive Cy epithelial cells in Pkd2-miR-21-KO and Pkd2-KO mice is
shown. (F) gPCR analysis showing increased expression of Pdcd4 in kidneys of 21-day-
old Pkd2-miR-21-KO mice compared with Pkd2-KO mice. **P<0.001; *P<0.05 (error
bars represent SEM).
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orthologous mouse model of ADPKD was
not known.28 Moreover, the specific loca-
tion within the cystic kidney that contrib-
utes to elevated levels of miR-21 was also
not known. We characterized multiple
commonly used mouse models of PKD, in-
cluding orthologous genetic models of
ADPKD, and found that miR-21 upregula-
tion is a common feature of murine PKD.
In situ hybridization revealed that cyst ep-
ithelial cells were the primary source for
increased miR-21 levels in cystic kidneys.
Furthermore, we found that miR-21 levels
were also increased in cysts in kidney sam-
ples from patients with ADPKD. Consis-
tent with our findings, miR expression
profiling has shown that miR-21 levels are
increased in cells originating from cysts of
end stage human ADPKD kidneys.?° Thus,
collectively these observations strongly
suggest that miR-21 upregulation is a com-
mon feature of both rodent and human
forms of PKD.

Deregulated expression of multiple
miRs is observed in PKD,%27-30 but the un-
derlying mechanisms are not well under-
stood. Depending on the disease process,
miR-21 can be upregulated because of ei-
ther increased transcription or enhanced
post—transcriptional processing of pri-
miR-21 transcripts.3!>32 We found that
transcriptional activation was the major
cause for miR-21 upregulation in the con-
text of PKD. In humans, miR-21 is located
on chromosome 17q23.2 immediately
downstream of the protein-coding gene,
VMPI. miR-21 has been found to be gen-
erated through two independently regu-
lated transcripts in human cancer cell
lines.1>-33 The first transcript (VMPI-
miR-21) is an alternatively spliced VMPI
transcript that originates at exon 1 of
VMPI and ends downstream of miR-21.
This transcript is regulated through the
VMP1 promoter. The second transcript
originates at intron 10 of VMPI and is reg-
ulated through a unique miR-21 promoter
located in the intron 10 of VMPI. The

DISCUSSION

Our work suggests that miR-21 is a novel regulator of PKD
pathogenesis. As a firstline of evidence, we show that miR-21 is
upregulated in PKD and that cAMP signaling drives miR-21
expression in cystic kidney. miR-21 is upregulated in non-
orthologous rat models of PKD?7; however, its expression in

J Am Soc Nephrol 27: 2319-2330, 2016

relative contribution of the VMPI-dependent or VMPI-
independent mechanisms to the final mature miR-21 transcript
levels varies on the basis of the type of tissue/cells or the disease
state. We found that the expression of Vimp1 was not increased
in cystic kidneys, suggesting that, in the context of PKD, miR-
21 is regulated independently of Vmpl. The unique miR-21
promoter that regulates miR-21 expression independently of
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VMPI has been mapped in human cancer cell lines. However,
the orthologous mouse miR-21 promoter was poorly charac-
terized. Alignment of the human miR-21 promoter sequence
with the mouse genome identified an evolutionarily conserved
region in intron 10 of Vmpl gene. We confirmed that this
region possesses the various hallmarks of a promoter that is
transcriptionally active in the kidney, including the ability to
drive unidirectional luciferase activity in kidney cells. Acti-
vated cAMP-CREB signaling is a key pathologic feature of
PKD. Interestingly, the miR-21 promoter harbors four con-
served CREB-binding sites. Moreover, in human glioblastoma
cell lines, CREB small interfering RNA treatment decreases
miR-21 expression.3* However, whether CREB directly regu-
lates miR-21 promoter activity is not known. We have deter-
mined that CREB physically binds to the miR-21 promoter in
mouse kidney cells, and mutating CREB binding sites or in-
hibiting cAMP signaling reduces the transcriptional activity of
miR-21 promoter. Furthermore, we found that inhibiting
cAMP signaling also inhibits miR-21 expression in a mouse
model of ADPKD. Thus, collectively, our data strongly suggest
that the cAMP-CREB pathway directly promotes miR-21 tran-
scription in the context of PKD.

As a second line of evidence, we show that inactivation of
miR-21 attenuates disease progression in an orthologous
mouse model of ADPKD. These results directly implicate
miR-21 in pathogenesis of PKD. miR-21 has emerged as anovel
drug target for diseases that produce kidney fibrosis.!1-35-37
Anti-miR-21 drugs have been developed, and planning for
clinical trials to evaluate safety and efficacy of these drugs in
patients with Alport syndrome is underway. Our studies pro-
vide genetic proof of principle for preclinical testing of these
anti-miR-21 drugs as a new therapeutic approach for PKD. An
anti-miR-21 drug could potentially complement and even
have unique advantages over the currently available treatment
strategies. In addition to the cAMP pathway, many other cyst—
promoting signaling pathways (e.g., Jak/Stat and MAP/
extracellular signal-regulated kinase) are known to regulate
miR-21 expression.!3383° Therefore, downregulation of miR-21
could collectively inhibit the pathogenic effects of multiple cyst—
promoting signaling cascades. Although mozavaptan treat-
ment reduces miR-21 expression, it does not completely
inhibit its expression. Thus, it is possible that cotreatment
with mozavaptan (or tolvaptan) and anti-miR-21 drugs will
have synergistic therapeutic effects. Anti-miRs have a long
duration of action (as long as 4 weeks). Thus, these drugs
may need to be administered once every 3—4 weeks as opposed
to the current therapeutic strategies that involves taking med-
ications once or twice daily.

Finally, we provide a potential cellular and molecular
mechanism by which miR-21 may aggravate cyst growth.
miR-21 is known to inhibit apoptosis, particularly in the
context of various cancers.!?14 Consistent with its antiapop-
totic role, deleting miR-21 evoked marked apoptosis of cyst
epithelial cells. In contrast, the number of proliferating cyst
epithelial cells was not different between Pkd2-KO and
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Pkd2-miR-21-KO mice, suggesting that miR-21 deficiency
slows cyst growth specifically by inducing apoptosis. Although
miR-21 is predicted to target hundreds of mRNAs, inhibition of
only a subset of these targets is likely to underlie apoptosis of cyst
epithelial cell and cyst growth. Our data suggest that Pdcd4
could be one such PKD-relevant miR-21 target. Inactivation
of miR-21 resulted in increased expression of Pdcd4 in cyst
epithelial cells, suggesting that miR-21 inhibits Pdcd4 in cystic
kidneys. There is compelling evidence already showing that
Pdcd4 is a proapoptotic gene and a direct target of miR-21 in
cancer. In response to a variety of stimuli, Pdcd4-null tissues
and cells exhibit reduced apoptosis.?*4% miR-21 physically in-
teracts with an evolutionarily conserved site in the 3’ untrans-
lated region of Pdcd4 and inhibits its expression.!>4! A subset
of Pdcd4™'~ mice spontaneously develops kidney cysts,26 sug-
gesting that miR-21-mediated inhibition of Pdcd4 is a plausi-
ble mechanism to aggravate cyst growth. However, our studies
provide only correlative evidence in support of the miR-21-
Pdcd4-apoptosis axis as a pathogenic mechanism for cyst
growth. Whether Pdcd4 inhibition aggravates cysts growth
or re-expression of Pdcd4 attenuates cyst growth in a model
of PKD needs to be experimentally validated in future studies.
Furthermore, the cystic phenotype of Pdcd4™'~ mice is late
onset and not fully penetrant. Therefore, inhibition of Pdcd4
by miR-21 cannot fully explain the severe and fully penetrant
cystic phenotype of Pkd2-KO mice. Analysis of the RNA-Seq
data identified nine additional putative targets of miR-21 in
cystic kidneys (Supplemental Table 1). Thus, miR-21 likely
aggravates cyst growth through regulation of many other tar-
gets genes other than Pdcd4.

Our studies suggest a new therapeutic approach for PKD
that involves manipulating miR function to induce apoptosis of
cyst epithelial cells. Accumulating evidence suggests that
stimulating targeted apoptosis of cyst epithelial may have
beneficial effects. Treatment with either rapamycin#?-43 or Sir-
tuin 1 inhibitors*4 inhibits proliferation and induces apoptosis
of cyst epithelial cells, which collectively reduce cyst growth in
models of ADPKD. Recently, Fan et al.!® showed that directly
stimulating apoptosis of cyst epithelial cells, without affecting
their proliferation, is sufficient to slow cyst enlargement. Sec-
ond Mitochondrial Activator of Caspases is a key molecule
that promotes apoptosis by repressing the function of Inhib-
itor of Apoptosis proteins. Treatment with a Second Mito-
chondrial Activator of Caspases—mimetic drug did not affect
proliferation but triggered approximately fourfold more apo-
ptosis of cyst epithelial cells, which in turn, slowed cyst
enlargement.'® These observations provide support for our
conclusion that elevated apoptosis of cyst epithelial cells is a
potential mechanism by which miR-21 deficiency slows cyst
growth. However, the beneficial effects of inducing apoptosis
of mutant cyst epithelia could be easily counterbalanced by the
deleterious effects of inducing apoptosis of surrounding nor-
mal renal tubules. A distinctive feature of miR-21 expression
in cystic kidneys is that it is primarily upregulated in the cyst
epithelial cells but not in the surrounding normal tubules.
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Therefore, inhibiting miR-21 may represent a unique oppor-
tunity to target cyst epithelial cells. In contrast to observations
made by our group and Fan et al.,'° inhibiting apoptosis has
also been shown to slow cyst growth.4>4¢ These studies were
performed in nonorthologous rodent models that more
closely resemble the autosomal recessive form of PKD,
whereas the work of our group and Fan et al.!® was performed
in orthologous models of ADPKD. The differences in animal
models may partly help explain the divergent results. More-
over, ADPKD models exhibit none to very low levels of apo-
ptosis#’; thus, basal apoptosis is unlikely to be a major
contributor of cyst growth in these models.

In conclusion, we have shown that miR-21 is a direct
downstream transcriptional target of cAMP signaling and that
its expression is increased in cystic kidneys. Upregulation of
miR-21 aggravates cyst growth, in part, by inhibiting apoptosis
and promoting the survival of cyst epithelial cells. A potential
mechanism by which miR-21 promotes cyst epithelia survival
may be through direct repression of Pdcd4. Our results
suggest a novel mechanism involving miRs and regulation of
proapoptotic genes in the pathogenesis of kidney cyst growth.
Our work also suggests that inhibiting miR-21 may represent a
new therapeutic approach for PKD.

CONCISE METHODS

Mice

Pkd2""F 48 pkd1*'F 47 Hnf-18"%,4° Kif3a™,5° miR-21"'7,18 CAG-
miR-21,'3 Pkhd1/Cre,>' Ksp/Cre,>? and Pkd2"V$?*' 753 mice were
used in this study and have been previously described. Equal numbers
of male and female mice were included in the analyses shown in
Figure 3 and Supplemental Figure 5. Mice were anesthetized under
approved protocols, blood was obtained by cardiac puncture, and the
right kidney was flash frozen for molecular analysis. The left kidneys
was perfused with cold PBS and 4% (wt/vol) paraformaldehyde and
then harvested. Kidneys were fixed with 4% paraformaldehyde for
2 hours and then, embedded in paraffin for sectioning. Sagittal sections
of kidneys were stained with hematoxylin and eosin for additional
analysis. Cyst index and cyst number calculations were performed
using Image]J analysis software as previously described.” Serum cre-
atinine was measured using capillary electrophoresis; BUN, aspartate
aminotransferase, and alanine aminotransferase were measured us-
ing the Vitros 250 Analyzer. Four-week-old Pkd2"*/~
treated with either mozavaptan (OPC31260) or vehicle for 3 months;
0.1% OPC31260 was added to ground rodent chow (LaDiet 5053). At
16 weeks of age, mice were anesthetized, and left kidneys were har-
vested for molecular analysis. All animal studies were approved by the

mice were

Institutional Animal Care and Use Committees at the University of
Texas Southwestern, the Mayo Clinic, and St. Jude’s Children’s Re-
search Hospital.

Human Specimens
Frozen ADPKD and normal human kidney specimens were provided

by the PKD Research Biomaterials and Cellular Models Core at the
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Kansas University Medical Center (KUMC). ADPKD kidneys were
obtained with the assistance of the KUMC Bio-Specimen Repository
Core. Kidneys were immediately sealed in sterile bags, submerged in
ice, and delivered to the laboratory. Normal kidneys unsuitable for
transplantation were obtained from the Midwest Transplant Network
(Kansas City, KS). The protocol for the use of surgically discarded
kidney tissues complies with federal regulations and was approved by
the Institutional Review Board at the KUMC.

In Situ Hybridization
Mouse kidneys were perfused with 4% paraformaldehyde and then,

submersed in 30% sucrose overnight followed by freezing with
optimal cutting temperature compound; 10-um frozen sections were
obtained and immersed overnight in 10% neutral buffered formalin.
The next day, sections were washed with PBS three times and then,
treated with proteinase K for 10 minutes at 37°C. Subsequently, Ex-
iqgon miRCURY LNA ISH FFPE Protocol (Exiqgon miRCURY LNA
ISH Optimization Kit 2 #90002) was followed with the following
optimization steps. Hybridization temperature of 53°C was used for
mouse tissue, and 55°C was used for human samples. Anti-Digoxigenin-
AP Fab fragment antibody was used at 1:800 dilution (11093274910;
Roche, Basel, Switzerland), and AP substrate was reapplied after 1 hour.
Slides were counterstained with nuclear fast red and then, mounted with
Eukitt mounting medium. Samples were allowed to settle overnight and
then, examined using light microscopy.

ChiP
ChIP assay was performed using the EZ ChIP Kit (EMD Millipore,

Billerica, MA) according to the manufacturer’s instructions using
mIMCD3 cells. Briefly, cells were cross-linked with 1% formaldehyde
for 15 minutes at room temperature. Chromatin samples were
extracted and sonicated; 5 ug either rabbit anti-CREBI (sc-186; Santa
Cruz Biotechnology, Santa Cruz, CA) or rabbit IgG (sc-2027; Santa
Cruz Biotechnology) was used for immunoprecipitation. Genomic
DNA was purified and amplified using the following primer set: for-
ward 5'-ACA TCC ATC ATA AGC CAT GAA-3' and reverse 5'-TTA
TCC AAA AAG AAT GCA TTA GCA-3'. The primer set used as a
negative control consisted of forward 5'-ACA GGA CGA TGA GTC
TGA GTG A-3' and reverse 5-' TGT GAC TGT TAG CTG AGC CAT
T-3'. The PCR product was subsequently visualized on 1% agarose
gel for quantification using 1% of input DNA for normalization.

qPCR
Total kidney RNA was extracted using the Qiagen miRNeasy RNA

Extraction Kit (Qiagen, Germantown, MD). cDNA synthesis was
performed using an iScript cDNA Synthesis Kit or a Universal cDNA
Synthesis Kit from Bio-Rad (Hercules, CA) or Exiqon, respectively.
qPCR was performed using SybrGreen from Bio-Rad, Tagman from
Life Technologies (Carlsbad, CA), or ExiLent SYBR Green from
Exiqon. The following primers sequences were used: miR-21, Exiqon
#204230; pri-miR-21, Life Technologies #4427012; Pkd2-forward-5'-
CAC GAC AAT CAC AAC ATC C-3'; Pkd2-reverse-5'-GCG TGG
TAC CCT CTT GGC AGT T-3'; Havcr-forward 5'-AGC AGT CGG
TAC AAC TTA AAG G-3'; Havcr-reverse-5'-AGA GTT CTC TAT
CGT CAA GGA CA-3'; Len2-forward 5'-GCA GGT GGT ACG
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TTG TGG G-3'; Len2-reverse-5'-CTC TTG TAG CTC ATA GAT GGT
GC-3'; Pdcd4-forward 5'-ATG GAG GCC GTC TTA AAC CT-3';
Pdcd4-reverse 5'-TGC CTT GTA CCC AAA ACA AA-3'; Vmpl-
forward (exon 9) 5'-CTG TTT GAC CTG GCT GGA ATA-3'; Vmpl-
reverse (exon 10) 5'-CAA TGA AAG TCA CCA TCT GCT C-3';
Cdc25a-forward 5'-ACA GCA GTC TAC AGA GAA TGG G-3';
Cdc25a-reverse 5'-GAT GAG GTG AAA GGT GTC TTG G-3';
Cdk2-forward 5'-CCT GCT TAT CAA TGC AGA GGG-3'; E2F2-
forward 5'-ACG GCG CAA CCT ACA AAG AG-3'; and E2F2-reverse
5'-GTC TGC GTG TAA AGC GAA GT-3'.

RNA Sequencing
Strand-specific RNA-Seq libraries were prepared using the TruSeq

Stranded Total RNA LT Sample Prep Kit from Illumina. After quality
check and quantification, libraries were sequenced at the University of
Texas Southwestern McDermott Center using a Hiseq2500 Sequencer to
generate 51-bp single-end reads. Before mapping, reads were trimmed
to remove low-quality regions in the ends. Trimmed reads were mapped
to the mouse genome (mm10) using TopHat versioin 2.0.12 with the
UCSC iGenomes GTF file from Illumina.>* Alignments with mapping
quality <10 were discarded. Expression abundance estimation and
differential expression gene identification were done using edgeR>> or
Cuffdiff version 2.2.1.°¢ Genes with a P value <0.05 were deemed sig-
nificantly differentially expressed between the two conditions.

Plasmid Construction
The putative miR-21 promoter was PCR amplified using forward and

reverse primers that introduced Mlul and Xhol restriction sites at
the 5" and 3’ ends, respectively. The sequences of primers were
5'-TAGAATACGCGTGGCAAACATCCATCATAAGC-3" and 5'-TA-
GAATCTCGAGAGAGCCACTGCTATGTCAGGA-3', where the un-
derlined sequences are Mlul and Xhol sites, respectively. The 419-bp
PCR product was ligated into a pGL3-Basic Plasmid (Promega, Mad-
ison, WI) that was previously digested with both MIul and Xhol to
generate the pGL3+miR-21-Pr construct. Additional plasmids were
constructed using the same cloning strategy. The primer sequences
for the various constructs are as follows: pGL3+miR-21-Prflp:
forward primer 5'-TAGAATCTCGAGGGCAAACATCCATCA-
TAAGC-3' and reverse primer -5'-TAGAATACGCGTAGAGC-
CACTGCTAGTCAGGA-3' (the underlined sequences are Xhol and
MIul sites, respectively); pGL3-CB-dell: forward primer 5'-TAGAA-
TACGCGTGGCAAACATCCATCATAAGC-3' and reverse primer
5'-TAGAATCTCGAGGAAACTGCCCTCCCTCTCTC-3" (the
underlined sequences for pGL3-A and pGL3-B plasmids are Mlul
and Xhol sites, respectively); and pGL3-CB-del2: forward primer
5'-TAGAATACGCGTGGACTTAGATTGAGAAAGCACCTC-3" and
reverse primer 5'-TAGAATCTCGAGAGAGCCACTGCTATGT-
CAGGA-3' (the underlined sequences for pGL3-A and pGL3-B plas-
mids are MIul and Xhol sites, respectively). The sequences of all
constructs were verified by Sanger sequencing.

Luciferase Reporter Assays
mIMCD3 cells and Pkd2™'~ cells'® (gift from Stefan Somlo) were

plated in six-well plates (2X 10 cells per well) and cotransfected with
0.6 ug pGL3 plasmids encoding Photinus luciferase and 0.02 ug
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pRL-CMV vector encoding the Renilla luciferase. The cells were incu-
bated with increasing amounts of H89 (0, 15, 30, and 60 uM or 0, 5,
10, and 15 uM) for 16 hours and harvested 48 hours post-transfection
in 250 uL passive lysis buffer; 30 uL each sample lysate was added into
a 96-well plate, and the Photinus and Renilla luciferase activities were
measured using the Dual Luciferase Reporter Assay System (Prom-
ega) according to the manufacturer’s directions. All experiments were
performed at least three times in triplicates unless otherwise noted.

TUNEL and Immunofluorescence Staining
TUNEL assay was performed using the Promega Dead End Tunel

Flourometric System Kit per the manufacturer’s directions with the
following modification: the proteinase K treatment time was
extended to 15 minutes. The following antibodies were used on paraffin-
embedded sections for immunofluorescence staining: phosphohistone
H3 (1:400; H0412; Sigma-Aldrich, St. Louis, MO), Pdcd4 (1:300; 9535S;
Cell Signaling Technology, Danvers, MA), and Alexaflour goat anti—
rabbit 488 (1:500; al1070; Invitrogen, Carlsbad, CA).

Apoptosis and Proliferation Index
Quantification was performed by randomly selecting 10 X20 magni-

fication fields per sample and subsequently determining the percent-
age of positively stained cyst epithelial cells. The person performing
the quantification was blinded to genotype of kidney sections.

Statistical Analyses
Data shown are means+SEMs. The significance of differences be-

tween the means was calculated using the t test. ANOVA was used
for multiple comparisons followed by the Dunnett test to detect dif-
ferences between specific pairs of groups. Log-rank (Mantel-Cox)
test was the a priori planned comparison for survival differences,
which reflects the total survival experience; P<<0.05 was considered
statistically significant.

Accession Codes
The RNA-Seq data are available from the Gene Expression Omnibus

under accession number GSE69556.
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