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Renal cysts are the defining feature of autosomal dominant polycystic kidney disease (ADPKD);
however, the substantial interstitial inflammation is an often-overlooked aspect of this

disorder. Recent studies suggest that immune cells in the cyst microenvironment affect ADPKD
progression. Here we report that microRNAs (miRNAs) are new molecular signals in this crosstalk.
We found that miR-214 and its host long noncoding RNA Dnm3os are upregulated in orthologous
ADPKD mouse models and cystic kidneys from humans with ADPKD. In situ hybridization revealed
that interstitial cells in the cyst microenvironment are the primary source of miR-214. While
genetic deletion of miR-214 does not affect kidney development or homeostasis, surprisingly,

its inhibition in Pkd2- and Pkd7-mutant mice aggravates cyst growth. Mechanistically, the
proinflammatory TLR4/IFN-y/STAT1 pathways transactivate the miR-214 host gene. miR-214, in
turn as a negative feedback loop, directly inhibits TIr4. Accordingly, miR-214 deletion is associated
with increased TIr4 expression and enhanced pericystic macrophage accumulation. Thus, miR-214
upregulation is a compensatory protective response in the cyst microenvironment that restrains
inflammation and cyst growth.

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is among the most common monogenic dis-
orders (1, 2). Mutations of PKDI or PKD?2 genes are the principal cause of ADPKD (3). Nearly 50% of
individuals with ADPKD develop end-stage renal disease requiring kidney transplantation or dialysis.
Despite recent significant progress, the pathogenesis of this disorder is still not fully understood, and
treatment options are limited.

Large, fluid-filled, renal tubule—derived cysts are the clinical hallmark of ADPKD. Decades of research
support the pivotal role of dysregulated cyst epithelial signaling in promoting cyst growth (3). However,
an often-overlooked aspect of ADPKD is the presence of interstitial inflammation and fibrosis. Cysts are
surrounded by many types of immune cells, including M2-like macrophages and cytotoxic T (CD8") and
helper T (CD4%) cells, as well as cells of nonimmune origin, such as interstitial/stromal cells (4). How this
altered pericystic microenvironment affects cyst progression is a question of significant interest. Several
studies have reported that eliminating M2-like macrophages attenuates PKD progression in animal models
(4-8). In contrast, removing CD8" T cells from an ADPKD mouse model or excluding stroma from in vitro
PKD organoid cultures aggravates cyst growth (9, 10). Thus, while M2-like macrophages are pathogenic,
other cells in the cyst microenvironment, such as CD8" T cells and stromal cells, may be protective (9). The
extent and complexity of this interplay among the various cells in the niche and the underlying pathogenic
or protective molecular signals are not fully known.

MicroRNAs (miRNAs) are short noncoding RNAs that bind to target mRNAs and inhibit their
expression (11, 12). Many miRNAs are aberrantly expressed in cyst epithelium, where they mediate cyst
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epithelial dysfunction (13). For example, we have reported that the miR-17 miRNA family promotes pro-
liferation and metabolic reprogramming of cyst epithelia (14). On the other hand, miR-21 aggravates
cyst growth by suppressing cyst epithelial apoptosis (15). Others have found that miR-192/194 inhibits
cyst epithelial dedifferentiation (16). Notably, our work has already resulted in the development of an
anti-miR-17 drug (17). However, the full scope and impact of aberrant miRNA expression in PKD are
still unknown, especially whether miRNAs regulate other aspects of PKD pathogenesis, such as the cyst
microenvironment. Considering their potential therapeutic implications, the goal of this study was to
identify novel miRNA modifiers of ADPKD progression.

miR-214, an evolutionarily conserved miRNA, is derived from a long noncoding RNA (IncRNA)
called dynamin 3 opposite strand (DNM30S) (18). We have previously performed global transcriptomic
analysis to identify differentially expressed miRNAs and IncRNAs across various PKD mouse models
(14, 19). Analysis of these data sets revealed that both miR-214 and its host IncRNA Dnm3os are upreg-
ulated in multiple PKD models. miR-214 has been linked to inflammation signaling pathways and is
found in cells in the tumor microenvironment (20-23). These observations prompted us to examine the
role of miR-214 in ADPKD more closely. We reasoned that miR-214 functions in the cyst microenviron-
ment and regulates PKD progression.

Here, we show that miR-214 transcriptional activation is observed in both mice and humans with PKD.
The miR-214 host transcript is expressed in stromal cells in the developing kidney and in cells surrounding
kidney cysts. miR-214 functions to restrain cyst-associated inflammation and the accumulation of patho-
genic mannose receptor 1-positive (MRC1*) macrophages. Our work suggests that miR-214 is a protective
molecular signal arising in the cyst microenvironment that attenuates cyst growth.

Results

miR-214 and its host IncRNA DNM3OS are upregulated in mouse and human PKD. miR-214 is derived from
DNM30S, an evolutionarily conserved, antisense transcript located in the 14th intron of the protein-coding
gene DNM3 (Figure 1A). We have previously generated independent miRNA microarray and IncRNA-
Seq data sets using the Ksp/Cre Pkd " (Pkd1-KO) and Pkhd1/Cre Pkd2"" (Pkd2-KO) orthologous genetic
models of ADPKD. The PkdI-KO model is a developmental ADPKD model in which Ksp/Cre-medi-
ated Pkdl deletion occurs in developing renal tubules beginning at around E14.5. In contrast, Pkhd1l/
Cre-mediated recombination within the kidney is observed exclusively in collecting ducts. Recombination
is observed in a small subset of collecting ducts at PO, but by P7 100% of collecting ducts demonstrate Cre
activity. Thus, the Pkd2-KO model can be considered an early postnatal ADPKD model (24). Analysis of
these previous data sets revealed that both miR-214 and Dnm3os are upregulated in Pkd1-KO and Pkd2-KO
mouse models (Figure 1A) (14, 19). Therefore, we decided to examine miR-214 more closely in the con-
text of ADPKD. We began by validating the microarray and RNA-Seq data. Quantitative real-time PCR
(Q-PCR) analysis showed that miR-214 and Dnm3os levels were increased by 93% and 106%, respectively,
in 35-day-old Pkd2-KO kidneys compared with age-matched control kidneys (Figure 1, B and C). Similarly,
in kidneys of a slowly progressive ADPKD mouse model, which harbors a hypomorphic mutation in the
Pkd] gene (PkdI%¢/RY), miR-214 and Dnm3os were upregulated by 412% and 230%, respectively (Figure 1, B
and C) (25). We extended these observations to human tissues and found that miR-214 and DNM30S were
increased by 127% and 135% in cystic kidney tissue from individuals with ADPKD compared with normal
human kidneys (Figure 1, D and E). Thus, the upregulation of Dnm3o0s and miR-214 is a common feature
of mouse and human PKD.

Next, we determined the location of miR-214 expression in WT and cystic kidneys. We analyzed
the single-cell RNA-Seq data set generated using E18.5 mouse kidneys (26). This analysis revealed that
Foxd1-derived stromal cells of nonimmune origin are the primary cell type that expresses DnmJ3os in kidneys
(Figure 1F). We also synthesized an RNA probe that detects miR-214 host transcript DnmJ3os. In situ hybrid-
ization, using this probe, demonstrated abundant Dnm3os expression in cortical and medullary stromal cells
of embryonic mouse kidneys (Figure 1G, higher magnification images are provided in Supplemental Figure 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.133785DS1).
Epithelialized renal tubules did not exhibit Dnm3os expression. Similarly, in 2-day-old postnatal kidneys,
Dnm3os was also expressed in stromal cells but not in renal tubules. In kidneys from adult mice, the Dnm3os
signal was less pronounced. Indeed, in agreement with these findings, a query of publicly available RNA-
Seq data sets demonstrated robust DnmJ3os expression in WT embryonic kidneys, which markedly decreased
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Figure 1. miR-214 and its host IncRNA DNM30S are upregulated in ADPKD. (A) IncRNA-Seq tracks showing upregulation of miR-214 and Dnm3os in 10-day-
old Pkd1-KO (red tracks) and 21-day-old Pkd2-KO kidneys (red tracks) compared with their respective age-matched control kidneys (blue tracks). (B and C)
Q-PCR analysis showing Dnm3os and miR-214 upregulation in kidneys from 21-day-old Pkd2-KO mice (green circles, n = 6) and 6-month-old Pkd1?/?¢ mice
(blue circles, n = 6) compared with kidneys from their respective age-matched control mice (black circles n = 3-4). (D and E) DNM30S and miR-214 expression
was also increased in cystic kidney tissue from individuals with ADPKD compared with normal human kidney (NHK) tissue. ADPKD: n = 9 for DONM30S and

n =16 for miR-214. NHK: n = 6 for DNM30S and n = 20 for miR-214. (F) T-distributed stochastic neighbor embedding plot of single-cell RNA-Seq from E18.5
kidney shows that stromal cells are the primary cellular source of Dnm3os. (G) In situ hybridization showing Dnm3os expression in stromal cells of E15.5 and
2-day-old postnatal kidney (P2). Dnm3os signal was reduced in kidneys from 16-day-old mice (P16). Dnm3os expression in kidneys of P16 Pkhd1/Cre Pkd2f
(Pkd2-KQ), 6-month-old Pkd1R%/R¢, and P18 Pkd1"/R" mice is shown at the bottom. Dnm3os expression was predominantly observed in cells surrounding cyst
epithelia. Scale bars: 100 um; Student’s unpaired t test (B, C, D, and E); error bars indicate standard error of the mean (SEM).

with maturation and was not detected in 8-week-old mouse kidneys (Supplemental Figure 2). Next, we
assessed Dnm3os expression in cystic kidney tissue from 3 mouse models of ADPKD: (a) 21-day-old Pkd2-
KO, (b) 6-month-old PkdI*/%¢| and (c) 18-day-old Pkd /R mice. Consistent with our observations in WT
kidneys, we observed Dnm3os expression in cells surrounding the cysts but not in epithelial cells lining the
cysts (Figure 1F and Supplemental Figure 1). Thus, miR-214 host transcript is developmentally regulated,
and stromal cells are the primary source of miR-214 in both WT and cystic kidneys.

miR-214 deletion aggravates cyst growth in the Pkd2-KO mouse model of ADPKD. Our observations thus far sug-
gest an intriguing possibility that miR-214 modulates cyst growth by regulating the cyst microenvironment.
To examine the role of miR-214 in ADPKD models, we first generated miR-214~~ mice. Using homologous
recombination strategy, we produced mice that harbor JoxP sites flanking the miR-214 coding region within
the Dnm3os gene. These mice were bred with pCMV-Cre transgenic mice to delete miR-214 in the germline
(Supplemental Figure 3A). Q-PCR analysis confirmed that miR-214 was indeed absent in kidneys of miR-
2147~ mice. As expected, deleting miR-214 did not affect the expression of the Dnm3os transcript upstream
of miR-214 (Supplemental Figure 3B). We noted that miR-214~ mice bred in Mendelian ratios and lived
an average life span. Histological analysis of kidneys from adult miR-214~ mice revealed normal glomeru-
lar and tubular architecture (Supplemental Figure 3C). miR-214~~ mice also displayed normal hepatic and
biliary morphology (Supplemental Figure 3C). Moreover, serum creatinine, blood urea nitrogen (BUN), and
serum aminotransferase levels were unchanged between miR-214”~ and WT control mice (Supplemental
Figure 3D). Thus, miR-214 is dispensable for mouse development as well as kidney and liver homeostasis.

We next evaluated the role of miR-214 in the context of ADPKD. We bred Pkhdl-Cre Pkd2V* mice
with miR-214~ mice to eventually generate PkhdI-Cre Pkd2"" miR-214""* (Pkd2-KO) and Pkhdl-Cre Pkd2V1
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miR-214"~ (Pkd2-KO miR-214"") mice. Q-PCR analysis confirmed that compared with WT kidneys, Pkd2
expression was equally reduced in both Pkd2-KO and Pkd2-KO miR-2147- kidneys, indicating equivalent
Pkd2 recombination (Figure 2A). On the other hand, miR-214 expression was increased in Pkd2-KO kidneys
compared with WT kidneys, whereas its expression was abolished in kidneys of Pkd2-KO miR-214"~ mice
(Figure 2B). Next, we prospectively followed a cohort of Pkd2-KO (N = 22) and Pkd2-KO miR-214"- (N =
21) mice to monitor disease progression. Unexpectedly, Pkd2-KO miR-214~~ mice succumbed to their disease
much earlier than Pkd2-KO mice (Figure 2C). Whereas Pkd2-KO mice lived for 110 days, the median survival
of Pkd2-KO miR-214~~ mice was reduced by 40% to only 70 days. To determine whether this reduction in
survival was due to an aggravated cyst burden, we sacrificed a second cohort of 35-day-old mice. Indeed, the
kidney weight/body weight ratio (KW/BW) was increased by 24%, and H&E staining of kidney sections
demonstrated more cysts in Pkd2-KO miR-214- kidneys compared with Pkd2-KO kidneys (Figure 2, D and
E). BUN level was increased in Pkd2-KO miR-214"~ mice compared with Pkd2-KO mice, but this difference
did not reach statistical significance (Figure 2F). Taken together, these results suggest that miR-214 deletion
aggravates PKD progression in Pkd2-KO mice.

miR-214 deletion enhances cyst-associated inflammation. To gain insights into how miR-214 inhibition
promotes cyst growth, we began by comparing global transcriptome profiles of Pkd2-KO and Pkd2-KO
miR-214~~ kidneys (n = 3). Nine hundred seventy-two transcripts were differentially expressed between
the 2 groups (Figure 3A). Unbiased pathway analysis showed that the major consequence of miR-214
deletion was the activation of tissue immune response and inflammation pathways (Figure 3B). Interstitial
inflammation, in particular, the accumulation of macrophages around the cysts, is implicated in promot-
ing cyst growth (4). Therefore, we next assessed whether miR-214 affects the quality of cyst-associated
inflammation. Q-PCR analysis showed that miR-214 deletion in Pkd2-KO kidneys was associated with the
upregulation of M2-like macrophage markers, arginine 1 (47g), monocyte chemotactic protein 1 (Mcpl),
mannose receptor 1 (Mrcl), and chitinase-like 3 (YmI) (Figure 3C). Western blot analysis also demonstrat-
ed increased MRC1 expression in Pkd2-KO miR-2147~ kidneys compared with Pkd2-KO kidneys (Figure 3,
D and E). Moreover, immunofluorescence analysis revealed increased MRC1* macrophage accumulation
around cysts in Pkd2-KO miR-214"~ kidneys compared with Pkd2-KO kidneys (Figure 3F). Conversely, we
found that treating RAW 264.7 cells (a macrophage cell line) with miR-214 mimics decreased the expres-
sion of M2-like macrophage markers (Supplemental Figure 4). Interestingly, miR-214 deletion did not
affect the expression of markers of M1-like macrophages, T cells, or fibroblasts (Supplemental Figure 5).
Thus, miR-214 deletion is associated with enhanced cyst-associated inflammatory response and augments
MRC1* macrophage accumulation in the cyst microenvironment.

miR-214 functions in the inflammation signaling pathways. Considering that miR-214 removal increases
cyst-associated MRC1* macrophages, we reasoned that miR-214 may function to restrain inflammation
signaling pathways. We began by identifying the upstream regulators of Dnm30s/miR-214 expression.
We tested whether miR-214 expression is regulated by the proinflammatory (TLR4 and IFN-y/STAT1)
or antiinflammatory (IL-4/STAT6/3) pathways. Treating mouse embryonic fibroblast (MEF) cells with
lipopolysaccharide (LPS) to activate TLR4 signaling promoted Dnm3os expression (Figure 4A). Moreover,
we found that TLR4 signaling also promotes Dnm3os expression in vivo. We treated WT and T7r4»¢
mice with LPS and measured Dnm3os expression 24 hours later. T/r4#*¢ have a spontaneous mutation in
Tir4 at the LPS response locus that makes them resistant to LPS. While LPS treatment increased DnmJ3os
expression in WT kidneys by 131% (Figure 4B), we did not observe LPS-mediated activation of Dnm3os in
kidneys of TIr4*»? mice (Figure 4B). We found that the IFN-y/STAT1 pathway is upregulated in multiple
mouse models of ADPKD (Supplemental Figure 6), and treating MEF or RAW 264.7 cells with IFN-y
also induced Dnm3os expression (Figure 4C). Moreover, IFN-y treatment enhanced Dnm3os promoter
activity in promoter luciferase assays. This stimulatory effect of IFN-y was lost when cells were treated
with the Statl inhibitor fludarabine (Figure 4D). As an independent validation of our observations, anal-
ysis of ChIP-Seq data from the ENCODE database showed that treating human cancer cells (K562 cell
line) with IFN-y results in direct Statl binding to the Dnm3os promoter region (Supplemental Figure 7).
In contrast, IL-4 treatment failed to activate Dnm3os or miR-214 expression in MEF or RAW 264.7 cells
(Supplemental Figure 8). Thus, the proinflammatory (TLR4/ IFN-y/STAT1), but not the antiinflamma-
tory (IL4—STAT6/3), signaling pathway activates miR-214 expression.

Next, we identified direct downstream targets of miR-214 in the context of PKD. We began by inter-
secting the RNA-Seq data (Pkd2-KO vs. Pkd2-KO miR-2147~ kidneys, n = 3 each group) with a list of
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Figure 2. miR-214 deletion aggravates cyst growth in Pkd2-KO mice. To determine the role of miR-214 in ADPKD,
we generated Pkd2-KO miR-214+/* (Pkd2-KQ) mice and Pkd2-KO miR-214-- mice. (A) Q-PCR analysis showing that
Pkd2 expression was reduced equally in Pkd2-KO (green circles, n = 8) and Pkd2-KO miR-214"/- (red circles, n = 8)
kidneys compared with noncystic control kidneys (black circles, n = 3), indicating equivalent recombination. (B)
Q-PCR analysis showed miR-214 upregulation in Pkd2-KO kidneys (green circles, n = 8) compared with control kid-
neys (black circles, n = 3). As expected, miR-214 expression was abolished in Pkd2-KO miR-214-/- mice (red circles,
n = 8). (C) Kaplan-Meier survival curves of Pkd2-KO miR-214-- mice (red line, n = 21) and Pkd2-KO mice (green line,
n = 20). The median survival was reduced in Pkd2-KO miR-214"/- mice compared with Pkd2-KO mice. (D) H&E-
stained kidney sections of 35-day-old Pkd2-KO and Pkd2-KO miR-214-/- mice are shown. (E) Kidney weight/body
weight (KW/BW) ratio and (F) BUN levels of 35-day-old Pkd2-KO miR-214-/- mice (n = 9-10) and Pkd2-KO (n = 8-9)
mice are shown. *P < 0.05; 1-way ANOVA, Tukey's multiple-comparisons test (A and B); Mantel-Cox test (C); Stu-
dent’s unpaired t test (E and F); error bars indicate SEM.

bioinformatically predicted, high-probability, direct mRNA targets of miR-214. In the process, we iden-
tified 56 mRNAs with conserved miR-214 binding sites in their 3' UTRs that were upregulated in Pkd2-KO
kidneys after miR-214 deletion (Figure 5, A and B). Pathway analysis again revealed that these putative
miR-214 targets were linked to inflammation-associated signaling cascades (Figure 5C). Interestingly, this
list included T/r4, raising the possibility that miR-214 functions as a negative feedback loop to restrain the
TLR4 signaling pathway. Corroborating the RNA-Seq data, Q-PCR analysis showed that 7/74 was upreg-
ulated by 38% in Pkd2-KO miR-214"- kidneys compared with Pkd2-KO kidneys (Figure 5D). Conversely,
miR-214 mimic treatment reduced 774 expression in mouse inner medullary collecting duct (mIMCD3),
MEF, and RAW 264.7 cells (Figure 5E). To further validate 7774 as a direct miR-214 target, we used CRIS-
PR/Cas9 to generate a monoclonal cell line with targeted deletion of the miR-214 binding site in 77r4 3’
UTRs (Tl*miR214) (see Methods and Supplemental Figure 9 for details). While we observed miR-214-medi-
ated repression of T7r4 in control cells (transfected Cas9 but no deletion of the miR-214 binding site), this
inhibition was abolished in T/*™&2! cell lines (Figure 5F).

In addition to TLR4, we identified 2 other miR-214 direct targets with connection to inflammation:
retinoic acid-related orphan receptor (RORC) and cyclic ADP ribose hydrolase (CD38). RORC is a nucle-
ar receptor transcription factor expressed in antiinflammatory macrophages (27). CD38 is a glycoprotein
found on the surface of many immune cells. Daratumumab, which is used to treat multiple myeloma, tar-
gets CD38 (28). We found that the expression of Rorc and Cd38 was increased by 74% and 59%, respective-
ly, in Pkd2-KO miR-214"~ kidneys compared with Pkd2-KO kidneys (Supplemental Figure 10). Conversely,
the expression of Rorc and Cd38 was reduced by 32% and 31% in miR-214 mimic—treated cells compared
with cells treated with scramble control (Supplemental Figure 10).

miR-214 deletion aggravates inflammation and cyst growth in a slowly progressive ADPKD model. Finally,
we asked whether the detrimental effects of miR-214 removal are also observed in a second slowly pro-
gressive ADPKD mouse model. To address this question, we deleted miR-214 in Pkd*¢/R¢ mice (25).
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Figure 3. miR-214 deletion augments cyst-associated inflammation. (A) Volcano plot showing 972 differentially expressed genes between Pkd2-KO
miR-214"/- and Pkd2-KO kidneys (n = 3/group). (B) Unbiased pathway analysis revealed that inflammation-associated pathways are among the top dysreg-
ulated pathways in Pkd2-KO miR-214"/- kidneys compared with Pkd2-KO kidneys. (C) Q-PCR analysis showed that the expression of M2-like macrophage
markers MrcT, Ccl2, Arg1, and YmT is increased in Pkd2-KO miR-214/- kidneys (n = 8) compared with Pkd2-KO kidneys (n = 8). Western blot (D) and quantifi-
cation (E) demonstrated increased MRC1 expression in Pkd2-KO miR-214-/- kidneys (n = 9) compared with Pkd2-KO kidneys (n = 9). (F) Immunofluorescence
staining revealed enhanced accumulation of MRC1* macrophages (red) surrounding cyst epithelial cells in Pkd2-KO miR-214"/- kidneys (n = 5). The sections
are costained with DAPI (blue). *P < 0.05; Student’s unpaired t test (C and E); error bars indicate SEM.

We crossed PkdI*¢/R¢ mice with miR-214~~ mice to generate Pkd /%" mice in which miR-214 is present
(PkdIR/ES) and mice with deletion of either one or both alleles of miR-214 (Pkd%/k¢ miR-214™%), The
PkdIRC/RC miR-214™ group consisted of 4 PkdIR¢/R® miR-214~- mice and 8 PkdI*“/R¢ miR-214*/~ mice.
Unexpectedly, 2 PkdI*¢/R¢ miR-214~~ mice spontaneously died before 4 months of age, precluding the
analysis of their cystic phenotype. Q-PCR analysis showed that miR-214 expression was increased in
PkdI*“/R¢ mice kidneys, but it was reduced in PkdI%¢/R¢ miR-214™ kidneys (Figure 6A). We assessed the
cystic phenotype of a cohort of Ped IR/ and Pkd1%¢/*¢ miR-214™" mice by performing kidney MRIs at
4 months of age. Compared with PkdI%¢/¢ mice, MRI-assessed total kidney volume (adjusted to body
weight) was increased by 21% in 4-month-old PkdI*¢/R¢ miR-214™" mice (Figure 6, B and C). There was
no difference in phenotype between mice with deletion of either one or both alleles of miR-214. These
mice were sacrificed and kidneys were obtained for molecular analysis. The expression of miR-214 tar-
gets Tlr4 (up by 323%), Rorc (up by 183%), Cd38 (up by 364%), and Cd84 (up by 342%) was increased in
PkdIR¢/RC miR-214™" kidneys compared with PkdI%¢/R¢ kidneys (Figure 6D). Thus, similar to our obser-
vations in Pkd2-KO mice, miR-214 deletion increased inflammation and cyst burden in PkdIR¢/R¢ mice.

Discussion
The defining characteristic of ADPKD is the large, fluid-filled, kidney tubule—derived cysts. Abnormal
cellular signaling in renal tubules is undoubtedly the primary driving force for cyst formation. However,
several recent studies suggest that cells surrounding the cysts create a microenvironment that also affects
tubular cyst growth (5). The cyst microenvironment — perhaps analogous to cancer microenvironment —
is a heterogeneous cell population of immune and nonimmune origin. Initial studies have suggested a com-
plex niche where some cells promote (e.g., M2-like macrophages) while others abate (e.g., CD8* T cells)
cyst growth. Our work adds to this complexity and implicates miR-214 and, by extension, stromal cells as
new protective players in the cyst microenvironment.

‘We have provided several new insights linking miR-214 to ADPKD progression. First, miR-214 is robust-
ly and consistently upregulated both in murine and human forms of ADPKD. miR-214 is derived from the
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Figure 4. Proinflammatory TLR4 and IFN-y/STAT1 pathways transactivate the miR-214 host gene. (A) MEF cells were
treated with LPS for 24 hours to activate TLR4. Q-PCR analysis showed increased Dnm3os expression in LPS-treated
compared with vehicle-treated cells (n = 3). (B) Q-PCR analysis showed that Dnm3os expression was also increased in
kidneys of WT mice (n = 3) injected with LPS. In contrast, LPS treatment did not cause Dnm3os upregulation in kidneys
of TIr4**<@ mice (n = 3), which harbor a spontaneous mutation in TIr4 that makes them resistant to LPS. (C) MEF (n =

3) and RAW264.7 cells (n = 3) were treated with vehicle or IFN-y. Compared with vehicle, IFN-y treatment increased
Dnm3os expression in both MEF and RAW264.7 cells. (D) Dnm3os promoter contains a Stat1 binding site. Dnm3os
promoter luciferase reporter assays were performed to determine whether the IFN-y/STAT1 pathway directly affects
Dnm3os transcription. Relative luciferase activity of pGL3-Dnm3os (purple) and control pGL3-basic (black) was not dif-
ferent at baseline. Stimulation with IFN-y transactivated pGI3-Dnm3os but not the pGL3-basic control. Treatment with
Stat1inhibitor, fludarabine (Flud), reversed the IFN-y-mediated stimulation of pGL3-Dnm3os. *P < 0.05; Student’s
unpaired t test (A-C); 1-way ANOVA, Tukey's multiple-comparisons test (D); error bars indicate SEM.

IncRNA Dnm3os, which is also activated in ADPKD. A distinctive feature compared with the 2 other acti-
vated miRNAs, miR-17~92 and miR-21, that we have previously studied is miR-214’s unique cellular source.
Rather than cyst epithelial cells, stromal cells that surround the cysts produce this miRNA. Consistent with
our findings, data from the GUDMAP show that DnmJ3os expression is localized to mouse renal stromal cells
(29, 30). A cellular atlas of the developing human kidney based on single-cell RNA-Seq also pointed to inter-
stitial cells as the site of Dnm3os expression (31). Finally, miR-214 was identified as a kidney stroma-enriched
miRNA based on the analysis of a mouse model that lacks the miRNA biogenesis enzyme DICER1 only in
Foxd1-derived stromal cells (32). However, due to the drastic changes in signaling and cellular composition in
the cystic kidneys, it is possible miR-214 is also produced by other cells in the cyst microenvironment. Indeed,
Dnm3os and miR-214 expression is observed in macrophages and fibroblasts associated with cancer (33).

The second and somewhat unexpected finding of our work is that miR-214 is a protective and com-
pensatory (albeit inadequate) signal emanating from the cyst microenvironment. Despite its upregulation,
removing miR-214 from the cystic milieu worsened disease progression. This effect was observed irrespective
of the type of gene mutation (Pkd! or Pkd2) or disease severity (aggressive or slowly progressing). To date,
drug development has been geared toward targeting abnormal cyst-promoting pathways. Our work suggests
an alternative approach that involves harnessing the therapeutic potential of the kidney’s natural cyst-attenu-
ating response. In this regard, an obvious but challenging question moving forward is whether drugs such as
miRNA mimics designed to further enhance miR-214 activity are beneficial in ADPKD. Similar to our find-
ings, miR-214 expression is increased in mouse models of acute kidney injury and fibrosis (34—-36). However,
miR-214 appears to produce divergent effects in kidney injury models. Whereas in mouse models, miR-214
deletion is beneficial, in a rat model of kidney injury, miR-214 inhibition is reported to be detrimental (35).
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Figure 5. miR-214 directly inhibits TLR4. (A) The approach used to identify direct miR-214 targets is shown. There were 2735 evolutionarily conserved
miR-214 mRNA targets based on the prediction by TargetScan software. Intersecting this list with RNA-Seq data identified 88 mRNAs that were
differentially expressed in Pkd2-KO miR-214-/- kidneys compared with Pkd2-KO kidneys. Among these, 56 mMRNAs were upregulated after miR-214
deletion in Pkd2-KO mice. (B) Heatmap showing upregulation of the 56 miR-214 targets in Pkd2-KO miR-214"/- (n = 3) compared with Pkd2-KO kidneys
(n = 3). TIr4 was identified as one of the putative miR-214 targets (red arrow). (C) Analysis of the 56 upregulated mRNAs demonstrated that inflamma-
tion-associated pathways are the predominant signature of miR-214 deletion. (D) Q-PCR analysis confirmed that T/r4 expression was upregulated in
Pkd2-KO miR-214-/- (red circles, n = 6) compared with Pkd2-KO kidneys (green circles, n = 6). (E) Q-PCR showing that, compared with scramble control,
treatment with miR-214 mimic repressed T/r4 expression in mIMCD3 (n = 6), MEF (n = 4), and RAW 264.7 cells (n = 5). (F) To further validate TIr4 as a
direct miR-214 target, we used CRISPR/Cas9 to generate a monoclonal mIMCD3 cell line with targeted deletion of the miR-214 binding site in TIr4 3’
UTRs (TIrAmiR214) Q-PCR analysis showed that miR-214-mediated T/r4 repression was abolished in T/rA™”R?% (n = 5) but not in control mIMCD3 cells (n =
4-5). *P < 0.05; Student’s unpaired t test (D-F); error bars indicate SEM.
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Finally, our work provides new insights into inflammation signaling in ADPKD. The canonical func-
tion of TLR4 signaling is in the innate immunity pathway against invading microbes (37). It is also
activated by aseptic tissue damage/injury and aids in tissue regeneration (38—40). However, persistent
TLR4 activation is often maladaptive. For example, TLR4 promotes kidney fibrosis in murine models
of chronic kidney injury (41). Similarly, aberrant TLR4 activation in the tumor microenvironment and
tumor-associated macrophages is thought to mediate anticancer immunity and cancer progression (42).
We found that TLR4 activates miR-214 transcription. In turn, miR-214 directly inhibits TLR4. This
miR-214-mediated negative feedback loop could function to dial down persistent TLR4 signaling and
limit the maladaptive response and disease progression. Interestingly, thematically similar results are
observed in a fish model of bacterial infection. Infection with Vibrio harveyi in miiuy croaker increases
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Figure 6. miR-214 deletion aggravates cyst growth in the Pkd7?*“/** model of ADPKD. The role of miR-214 was studied in a second ADPKD mouse model.
miR-214"/- mice were bred with Pkd7?"¢ mice to generate Pkd1’/"" mice (n = 7) and Pkd1*“R miR-214™t mice (n = 10) with deletion of either one (n =

8) or both alleles (n = 2) of miR-214. (A) Q-PCR analysis showed that compared with kidneys from WT mice (black circles, n = 3), miR-214 expression

was increased in kidneys of 140-day-old Pkd7’%"¢ mice (blue circles). miR-214 expression was reduced in kidneys of Pkd7?“/"® miR-214™ (orange circles)
compared with Pkd7?"¢ mice (blue circles). (B) MRI was performed to determine total kidney volume of Pkd1?*/?¢ mice (N = 7) and Pkd1*R¢ miR-214™t mice
(N =10) at 16 weeks of age. Representative MRI images corresponding to the mean of each group are shown. (C) Total kidney volume (TKV) normalized

to BW was increased in Pkd7?%? miR-214™ mice compared with Pkd1R“R¢ mice. (D) Q-PCR analysis showing upregulation of miR-214 target genes, TIr4,
Rorc, Cd38, and Cd84, in kidneys of 140-day-old Pkd1R/R¢ miR-214™ mice (N = 5) compared with Pkd7*?® mice (N = 4). *P < 0.05; 1-way ANOVA, Tukey's
multiple-comparisons test (A); Student’s unpaired t test (C and D); error bars indicate SEM.
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miR-214 expression (43). miR-214, in turn, restrains TLR signaling in this model by directly inhibiting
Myd88, an essential TLR adapter protein that mediates downstream NF-kB signaling. Consistent with
beneficial effects of miR-214 that we observed in ADPKD models, several studies have also reported
tumor-suppressive effects of miR-214 in various cancers (21, 44).

Our study has raised several questions that remain unanswered. First, our work implicates stromal cells,
but their role in ADPKD is unknown. Interestingly, a recent study found that removing interstitium enhanced
the cyst growth of PKD organoids (10). It is, therefore, tempting to speculate that the stromal cells that pro-
duce miR-214 have a broadly protective function in ADPKD. Our study should prompt a closer examination
of the role of stromal cells in tubular cyst growth. Second, while miR-214 deletion enhances cyst-associated
MRC1* macrophages, it is unclear whether this is a cell-autonomous or a nonautonomous effect. It is well-
known that some miRNAs are released by cells that synthesize them and can be taken up by neighboring
cells or even by cells at distant locations. Thus, miR-214 may be a paracrine signal that mediates the crosstalk
between stromal, immune, and cyst epithelial cells to modulate the cyst microenvironment. Third, how TLR4
signaling affects ADPKD progression is unknown. The prediction would be that in an opposite effect to
miR-214 deletion, loss of TLR4 will attenuate cyst growth. Fourth, as has been alluded to earlier, to validate
miR-214 as a therapeutic target, it will be essential to test whether increasing miR-214 expression attenuates
cyst growth. Finally, miRNAs generally regulate large gene networks. Therefore, miR-214 likely regulates
many other mRNA targets in addition to 7/74 in cystic kidneys. We identified several putative miR-214 targets
from our unbiased transcriptomic analysis and validated 2 other immune-related, direct miR-214 mRNA tar-
gets. Nevertheless, the full scope of the biological pathways regulated by miR-214 in ADPKD is not known.
Finally, miR-199a, which is cotranscribed with miR-214, and the host Dnm3os IncRNA itself, are implicated
in inflammation (20, 45). To what extent they modulate the ADPKD phenotype is unknown.

In conclusion, we report a cyst-attenuating role of miR-214 in ADPKD. miR-214 is a stromal
miRNA that is transactivated by proinflammatory signaling pathways. miR-214 functions to restrain
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cyst-associated inflammation by inhibiting TLR4. Thus, miR-214 is a protective molecular signal aris-
ing from the cyst microenvironment that attenuates cyst growth.

Methods

Mice. Ksp-Cre (46), Pkhd1-Cre (24), Pkd1"", Pkd2"" (47), PkdI*“/%¢ (25), miR-214"-, and C3H/HeJ (48) mice
were used in this study. The generation of PkhdI-Cre Pkd2"" miR-214"~ mice and PkdI*¢/R¢ miR214™ mice
is explained in the Results section. Ksp-Cre, Pkhd1-Cre, Pkd1"", Pkd2"", PkdI*¢/%¢, and miR-214~~ mice have
been maintained in a C57BL/6 background. Equal numbers of males and females were used in all studies.
In the case of PkdI-KO and Pkd2-KO mice, controls came from the same mouse line that lacks Cre recombi-
nase. In the case of PkdI7/%¢ mice, negative controls were age-matched mice of the same background. To test
whether TLR4 activation regulates miR-214 expression, we used C3H/HeJ mice, which have a spontaneous
mutation in 774 at the endotoxin (or LPS) response locus (77r4'*%) that makes these mice more resistant to
endotoxin. C3H/HeJ or WT mice received an i.p. injection of 16 mg/kg ultrapure LPS from Escherichia coli
0O111:B4 (Ultrapure LPS-EB: tlrl-3pelps, InvivoGen) that activates only the TLR4, but not TLR2, pathway or
vehicle and were killed after 24 hours. The ages at which mice were sacrificed are noted in the Results section
and figures. All experiments involving animals were conducted under the approval of the UT Southwestern
Institutional Animal Care and Use Committee.

Serum chemistries. BUN, aspartate aminotransferase, and alanine aminotransferase were measured
using the Vitros 250 Analyzer.

Human specimens. Frozen ADPKD and NHK specimens were provided by the PKD Biomarkers and
Biomaterials Core in the Kansas PKD Center at the Kansas University Medical Center (KUMC). Kidneys
were obtained with the assistance of the Biospecimen Resource Core in the University of Kansas Cancer
Center. In the operating room, the kidneys were immediately sealed in sterile bags, submerged in ice, and
delivered to the laboratory. The protocol for the use of surgically discarded kidney tissues complied with
federal regulations and was approved by the Institutional Review Board at KUMC.

Tissue harvesting and analysis. Mice were anesthetized using an approved protocol, and blood was
obtained by cardiac puncture. The right kidney was flash frozen for further analysis, and the left kidney was
perfused with cold 1x PBS and 4% (wt/vol) paraformaldehyde. The left kidney and liver were then bisect-
ed; one section was sent for paraffin embedding, and the other was frozen using OCT. Sagittal sections of
kidneys and liver were stained with H&E for analysis.

MRI. MRI and kidney volume calculations have been previously described (14). Briefly, MRI scans
were performed using a 7T small-animal MRI scanner (Varian Inc., Agilent Technologies) equipped with
a 40-mm Millipede RF coil (ExtendMR LLC). Animals received anesthesia (1%-3% isoflurane mixed in
medical-grade oxygen) via inhalation through nose cone and were placed supine headfirst with the kidneys
centered with respect to the center of the RF coil. MRI acquisitions were gated using respiratory trigger-
ing. The core temperature was kept at 28 * 1 degrees centigrade. Two-dimensional scout images on the 3
orthogonal planes (axial, coronal, and sagittal) were acquired to ensure the positioning was correct. For
kidney volume measurements, the high-resolution T2-weighted fast spin echo images were obtained on the
coronal sections by applying a 6-ms sinc presaturation pulse to remove the fat signal.

RNA isolation and Q-PCR. Total RNA was isolated from cultured cells or mouse kidneys using miR-
Neasy Mini kits (QIAGEN). First-strand cDNA was synthesized from mRNA using the Superscript First
Strand cDNA synthesis kit (Invitrogen, Thermo Fisher Scientific), and Q-PCR was performed using the
iQ SYBR Green Supermix (Bio-Rad). The Universal cDNA Synthesis kit from Exiqon was used for the
first-strand synthesis from miRNA. The samples were loaded in triplicate on a CFX Connect Real-Time
PCR Detection System (Bio-Rad). 18S and 5S RNA were used to normalize the expression of mRNA
and miRNA, respectively. Data were analyzed using the Bio-Rad CFX software. The sequences of the
PCR primers are shown in Supplemental Table 1.

RNA-Seq analysis. Strand-specific RNA-Seq libraries were prepared using the TruSeq Stranded Total RNA
LT Sample Prep Kit from Illumina (# = 3 biological replicates for all groups). After quality check and quanti-
fication, libraries were sequenced at the UT Southwestern McDermott Center for Human Growth and Devel-
opment 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 version 2.0.12 with the UCSC iGenomes GTF file from Illumina. Alignments with mapping quality less
than 10 were discarded. Expression abundance estimation and differential expression gene identification were
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done using edgeR. Genes with a P value less than 0.05 were considered significantly differentially expressed
between the 2 conditions. The identified genes were further subjected to Ingenuity Pathway Analysis (QIAGEN
Inc.) (49). TargetScan was used to identify conserved miR-214 target genes.

Single-cell data analysis. The data set Combes et al. generated was obtained via the National Cen-
ter for Biotechnology Information’s (NCBI's) Gene Expression Omnibus under accession GSE108291
(26). The data were processed using the scran Bioconductor package (50). The data consisted of unfil-
tered feature-barcode matrices generated by running the CellRanger count pipeline. Cells were called
from empty droplets by testing for the deviation of the expression profile for each cell from the ambient
RNA pool (51). Cells with large mitochondrial proportions, i.e., more than 3 mean absolute deviations
away from the median, were removed. Cells were preclustered, a deconvolution method was applied to
compute size factors for all cells (52), and normalized log expression values were calculated. Variance
was partitioned into technical and biological components by assuming technical noise was Poisson dis-
tributed and attributing any estimated variance in excess of that accounted for by a fitted Poisson trend
to biological variation. The dimensionality of the data set was reduced by performing principal compo-
nent analysis and discarding the latter principal components for which the variance explained was less
than variance attributable to technical noise. Masking of biological effects by expression changes due
to the cell cycle phase was mitigated by blocking on this covariate. The cell cycle phase was inferred
using the pair-based classifier implemented in the cyclone function of scran. Corrected log-normalized
expression counts were obtained by calling the removeBatchEffect from the limma (53) Bioconductor
package with a design formula including G, and G,M cell cycle phase scores as covariates. Cells were
clustered by building a shared nearest neighbor graph (54) and executing the Walktrap algorithm (55).
We performed partition-based graph abstraction to model the connectivity between clusters (56). At
cluster resolution, the edge score threshold was varied until the graph was decomposed into connected
components. Evaluation of marker gene expression within the components permitted categorizing as
epithelium, leukocyte, erythrocyte, endothelium, and stroma. Differential gene expression analysis was
performed using the 2-part generalized linear model that concurrently models expression rate above
background and expression mean implemented in MAST (57). A one-versus-all strategy was employed
comparing each component to all other components.

In situ hybridization. We subcloned 918 bp of DnmJ3os into the pXY vector using the following prim-
ers: Dnm3os forward, TAGAATGTCGACTATGGTAAATTGTGATTTTCTGTGTGT, and Dnm3os
reverse, TAAGATGCGGCCGCACATTTTCTCCCAGAACTTTCTTTAAC, where the underlined
segments represent the Notl and Sall restriction enzyme sites. In situ hybridization was performed as
previously described (58).

Immunofluorescence staining. The anti-MRC1 antibody (Abcam 64693; 1:100 dilution) was used on
paraffin-embedded sections.

Western blot analysis. Total protein was extracted from mouse kidneys. Between 10 and 20 pg of protein
was loaded onto a 4%—15% polyacrylamide gel. The protein was transferred to a nitrocellulose membrane.
The membrane was blocked with 5% bovine serum albumin and probed overnight at 4°C with anti-MRC1
(Abcam 64693; 1:1000), anti-phospho-Statl (Abcam 29045; 1:1000), and anti-actin antibodies (Milli-
poreSigma a3854; 1:40,000). Goat anti-rabbit HRP-conjugated IgG was used as a secondary antibody
(Invitrogen, Thermo Fisher Scientific, G21234), and the blots were developed using SuperSignal West
Dura Extended Dilution substrate or enhanced chemiluminescence. The protein bands were quantified
using Quantity One imaging software from Bio-Rad.

Cell culture. mIMCD3, RAW264.7, and MEFs were obtained from ATCC and grown in DMEM
low-glucose medium supplemented with 10% FBS and maintained in 5% CO, atmosphere at 37°C.
RAW?264.7 cells were treated with IL-4 (MilliporeSigma) or IFN-y (Cell Signaling Technology) or 10 mM
miR-214 mimic (Dharmacon) for 48 hours.

Plasmids. Dnm3os promoter was amplified using the forward and reverse primers that introduced Mlul
and Xhol restriction sites at the 5’ and 3’ ends, respectively. The sequences of the forward and the reverse
primers were TAGAATACGCGTCAGTGTGGGTGCTTGAAGTC and TAGAATCTCGAGATTTC-
CAGTCTTGACGTGGC, where the underlined sequence is the Mlul and Xhol site, respectively. The
PCR product was ligated into the pGL3-basic plasmid to generate a pGL-Dnm3os plasmid.

Luciferase assay. MEF cells were plated in 6-well dishes (2 X 10° cells per well) and cotransfected with
0.6 pg pGL3 plasmids encoding Photinus luciferase and 0.02 pg pRL-CMV vector encoding Renilla.
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After 6 hours, cell medium was replaced with fresh medium containing 0.66 pg/mL of IFN-y (Cell Signal-
ing Technology) and/or 20 uM fludarabine (MilliporeSigma). Forty-eight hours later, the cells were lysed in
250 pL of passive lysis buffer, and 40 pL of the cell lysate was added to 96-well plates. Photinus and Renilla
luciferase activities were measured by using the Dual-Luciferase Reporter Assay System (Promega Corp.)
according to the manufacturer’s directions. All experiments were performed at least 3 times in triplicate.

Tlr4 3' UTR studies. sgRNAs were designed to induce Cas9-mediated DNA cleavage within the miR-
214 binding site in the 7/r4 3' UTR. sgRNAs were subcloned into pX330mCherry as previously described
(59). pX330mCherry plasmid containing an sgRNA specific to the 7/r4 miR-214 binding site was transfect-
ed into mIMCD3 cells. After 48 hours, mCherry-positive cells were FACS sorted and plated individually in
a 96-well plate. Colonies were screened for mutation of the 7/r4 miR-214 binding site using PCR and sub-
sequent sequencing. We used a cell line in which miR-214 binding was deleted as confirmed by sequencing.

Data availability. RNA-Seq data have been deposited in the NCBI's Gene Expression Omnibus reposi-
tory under accession number GSE137945.

Statistics. Data shown are the mean with error bars indicating the SEM. Statistical analysis was per-
formed using 2-tailed Student’s ¢ test for pairwise comparison or 1-way ANOVA followed by Tukey’s post
hoc test for multiple comparisons. Survival analysis was performed using the Mantel-Cox test. P < 0.05 was
considered statistically significant.

Study approval. All experiments involving animals were conducted under the approval of the UT South-
western Institutional Animal Care and Use Committee. The protocol for the use of surgically discarded
kidney tissues complied with the federal regulations and was approved the Institutional Review Board at
the University of Kansas Medical Center.
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