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ABSTRACT

Background Aberrant microRNA (miRNA) expression affects biologic processes and downstream genes
that are crucial to CKD initiation or progression. The miRNA miR-204-5p is highly expressed in the kidney
but whether miR-204-5p plays any role in the development of chronic renal injury is unknown.

Methods We used real-time PCR to determine levels of miR-204 in human kidney biopsies and animal
models. We generated Mir204 knockout mice and used locked nucleic acid-modified anti-miR to knock
down miR-204-5p in mice and rats. We used a number of physiologic, histologic, and molecular techniques
to analyze the potential role of miR-204-5p in three models of renal injury.

Results Kidneys of patients with hypertension, hypertensive nephrosclerosis, or diabetic nephropathy
exhibited a significant decrease in miR-204-5p compared with controls. Dahl salt-sensitive rats displayed
lower levels of renal miR-204-5p compared with partially protected congenic SS.138N%¢ rats. Administer-
ing anti-miR-204-5p to SS.13%N2 rats exacerbated interlobular artery thickening and renal interstitial
fibrosis. In a mouse model of hypertensive renal injury induced by uninephrectomy, angiotensin Il, and a
high-salt diet, Mir204 gene knockout significantly exacerbated albuminuria, renal interstitial fibrosis, and
interlobular artery thickening, despite attenuation of hypertension. In diabetic db/db mice, administering
anti-miR-204-5p exacerbated albuminuria and cortical fibrosis without influencing blood glucose levels. In
all three models, inhibiting miR-204-5p or deleting Mir204 led to upregulation of protein tyrosine phos-
phatase SHP2, a target gene of miR-204-5p, and increased phosphorylation of signal transducer and
activator of transcription 3, or STAT3, which is an injury-promoting effector of SHP2.

Conclusions These findings indicate that the highly expressed miR-204-5p plays a prominent role in safe-
guarding the kidneys against common causes of chronic renal injury.
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CKD represents a substantial disease burden world-

. . . R Received October 23, 2019. Accepted April 9, 2020.
wide. CKD manifests as reduced kidney function

and progressive renal damage. The asymptomatic
nature and lack of effective diagnosis at the early
stage of the disease predispose the patients to high
risk of developing ESKD and cardiovascular com-
plications. Diabetes and hypertension are two lead-
ing causes of CKD and ESKD worldwide.!-3 The
prevalence of diabetes is increasing, which contrib-
utes to an increase of patients with CKD and ESKD.
The renal pathologies caused by diabetes include
thickening of glomerular basement membrane,
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mesangial expansion, nodular sclerosis, and advanced diabetic
glomerulosclerosis.# As the second common cause of CDK
and ESKD, hypertensive renal injury is characterized as hyper-
tensive nephrosclerosis, which may include arteriolosclerosis,
interstitial inflammation and fibrosis, tubular atrophy and
loss, and lesions of FSGS.>

MicroRNAs (miRNAs) are a group of small noncoding
RNAs approximately 22 nucleotides long that have important
roles in the post-transcriptional regulation of their target gene
expression.®” Approximately 2000 miRNAs that are predicted
to regulate a majority of protein-coding genes have been
identified in humans.® A variety of miRNAs are specifically
abundant in the kidney and the dysregulation of miRNAs is as-
sociated with the development of several kidney diseases.®%-13
Aberrant miRNA expression plays an important role in CKD by
affecting multiple biologic processes and downstream genes that
are critical to disease initiation or progression.!4-17

We previously performed a small RNA deep-sequencing
analysis of human kidney biopsy specimens from patients di-
agnosed with hypertensive nephrosclerosis.!® The miRNA
miR-204-5p exhibited the largest downregulation among all
miRNAs detected. miR-204-5p also is one of the most abun-
dantly expressed miRNAs in these human kidneys. However,
the functional role of miR-204-5p in the kidney is largely un-
known. In this study, we further analyzed the expression of
miR-204-5p in human kidney biopsy specimens from people
with hypertensive or diabetic injury and investigated the func-
tional significance of endogenous miR-204-5p in the develop-
ment of hypertensive and diabetic renal injury and the molec-
ular mechanisms involved in three animal models.

METHODS

Human Kidney Biopsy Samples

Protocols involving the use of human materials and medical in-
formation for miR-204-5p measurements were approved by the
Institutional Review Board at Shanghai Jiao Tong University Af-
filiated Sixth People’s Hospital. Records at the pathologic archive
at Shanghai Jiao Tong University Affiliated Sixth People’s Hospital
from 2015 to 2017 were searched to identify subjects diagnosed
with hypertensive nephrosclerosis or diabetic nephropathy with-
out any other type of renal injury and control subjects diagnosed
with minimal or no renal injury (Supplemental Table 1). The
hypertension group of subjects were further divided into those
who were hypertensive with or without nephrosclerosis. The con-
trol subjects were biopsied because of hematuria with or without
mild albuminuria. The control subjects did not have hypertension
or diabetes. Kidney biopsy blocks were cut into 10-pwm sections.
Total RNA was extracted from three sections from each subject
using the miRNeasy FFPE Kit (Qiagen) as described previously.'?

In Situ Hybridization
In situ hybridization (ISH) was performed on formalin-fixed,
paraffin-embedded sections of human kidney biopsy
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Significance Statement

Several microRNAs have been shown to play significant roles in the
development of renal injury. The microRNA miR-204-5p is highly
enriched in the kidney but its involvement in chronic renal injury is
unknown. In this study, the authors report that miR-204-5p abun-
dance is significantly decreased in kidney biopsy samples from
patients with hypertension, hypertensive nephrosclerosis, or di-
abetic nephropathy. They also found, in a rat model of salt-sensitive
hypertension, a mouse model of hypertension, and a mouse model
of type 2 diabetes, inhibition of miR-204-5p, or deletion of the
Mir204 gene results in upregulation of an injurious molecular
pathway and substantial exacerbation of renal injury. These findings
provide evidence of a prominent role for miR-204-5p in safe-
guarding the kidneys against common causes of chronic renal

injury.

specimens using carboxyfluorescein-labeled probes (Servio
Tech, Wuhan, China) for miR-204-5p and scrambled control
as described previously.?° Briefly, tissue sections (5 wm) were
cleared in xylenes and rehydrated using an ethanol gradient.
The sections were then exposed to 30 minutes of proteinase K
(20 mg/ml) treatment at 37°C. After 1 hour of prehybridiza-
tion buffer treatment at 37°C, the sections were incubated
with the probe (concentration 8 ng/ul) at 40°C overnight.
After washing, the slides were developed with 4',6-diami-
dino-2-phenylindole solution in the dark for 8 minutes to
stain the nucleus. Images were captured with fluorescence
microscopy (Eclipse Ti-SR, Nikon, Japan). 4',6-Diamidino-
2-phenylindole signals were examined with excitation
wavelength 330-380 nm and emission wavelength 420 nm.
Carboxyfluorescein signals were examined with excitation
wavelength 465-495 nm and emission wavelength
515-555 nm.

Rat Model of Hypertensive Renal Injury

All experimental procedures involving animals were approved
by the Institutional Care and Use Committee of the Medical
College of Wisconsin or Shanghai Jiao Tong University Affil-
iated Sixth People’s Hospital. Male salt-sensitive (SS) and con-
genic SS-13°N?¢ rats were generated as described previ-
ously.21-22 All rats were bred and housed in an American
Association for Accreditation of Laboratory Animal Care—
accredited animal care facility at the Medical College of Wis-
consin with free access to water and a custom AIN-76A puri-
fied rodent chow containing 0.4% sodium chloride (NaCl)
(Dyets, Bethlehem, PA).23:24 Experiments were performed
on 6-week-old male rats. A gel-filled catheter attached to a
BP telemetry transmitter (Data Sciences International) was
implanted into the right carotid artery for chronic measure-
ment of BP as described previously.2>-26 BP data were
collected, stored, and analyzed using Dataquest A.R.T. 4.0
software (Data Sciences International). After a 7-day recovery
period and 3 days of stable baseline BP recording, rats were
switched to a high-salt diet containing 4.0% NaCl for 14 days
before the rats were euthanized for tissue collection.
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Generation of Mir204 Knockout Mice

Mir204 gene knockout mice were generated using a bacterial
artificial chromosome-based targeting vector to delete the entire
coding sequence of Mir204. The presence of the targeted allele was
determined by long-range PCR, followed by Southern blotting. See
Results for characterization of this knockout model. The mouse
colony was maintained using heterozygous Mir204 '~ breeders.

Mouse Model of Hypertensive Renal Injury

The left kidney was removed from the mouse at the age of
9 weeks and telemeters (model PA-C10; Data Sciences Interna-
tional) were implanted in the right carotid artery at the age of 10
weeks. The procedure of recovery, BP recording, food change, and
tissue collection was similar to the protocol for rats. Angiotensin II
(Ang IT) was subcutaneously infused for 14 days at a dose of 1 ug/kg
per minute by osmotic minipump (Alzet 1002; Durect Corpora-
tion) after 3 days of baseline BP recording.?”28 Mice were switched
to the 4% NaCl diet when the Ang II infusion was initiated.

Mouse Model of Diabetic Nephropathy

Db/db mice, provided by Nanjing Institute of Biomedicine,
were used as a model of type 2 diabetes and diabetic nephrop-
athy. Db/m mice were used as control for db/db mice. Anti-
miR treatment was started at 12 weeks of age as described
below. Urine samples were collected every 2 weeks. Tissues
were collected at 24 weeks of age.

In Vivo Administration of anti-miR

Locked nucleic acid (LNA)-modified anti-miR was used to
knock down specific miRNAs iz vivo, in a manner similar to
that reported previously.!4 Rats received intraperitoneal injec-
tions of LNA anti-miR-204-5p or LNA-scrambled anti-miR at
2 mg/kg just before the initiation of the high-salt diet and then
again after 7 days on the high-salt diet. Db/db mice received
intraperitoneal injections of LNA anti—-miR-204-5p or LNA-
scrambled anti-miR at 2 mg/kg once a week for 12 weeks.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was purified from animal tissue specimens using the
chloroform/TRIzol method according to the manufacturer’s pro-
tocol. miR-204-5p abundance was quantified using a TagMan
miRNA Assay Kit (catalog number 4440887, assay identifier
000508; Life Technologies) as described before.2? RNU6B (catalog
number 4440887, assay identifier 001093; Life Technologies) or 5S
ribosomal RNA was used as the normalizer. Real-time PCR anal-
ysis for mRNA was performed using SYBR Green chemistry as
described previously.3%-3! B-Actin or 18S ribosomal RNA was used
as the internal normalizer. Sequences of custom-designed primers
are shown in Supplemental Table 2.

Western Blot

Protein extraction and Western blot analysis were performed
as previously described.?”32 The primary antibodies used were
rabbit anti—-phosphorylated signal transducer and activator of
transcription 3 (anti—p-Stat) mAb (#9145, dilution 1:1000; Cell
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Signaling Technology) and mouse anti-Stat3 mAb (#9139, dilu-
tion 1:1000; Cell Signaling Technology). The secondary antibodies
were goat anti-rabbit I[gG-horseradish peroxidase (sc-2004, dilu-
tion 1:10,000; Santa Cruz Biotechnology) and goat anti-mouse
IgG—horseradish peroxidase (sc-2005, dilution 1:10,000; Santa
Cruz Biotechnology). Coomassie Blue staining was used to nor-
malize the abundance of specific proteins.

Histologic and Immunohistochemical Analysis

The collected kidney was fixed with a 10% buffered formalin
solution. Kidneys were paraffin embedded and 3-um sections
were mounted. Sections were stained with Masson trichrome
stain to highlight the casts and the fibrotic tissue as previously
described.?0:33 Stained slides were scanned by NanoZoomer
digital pathology scanner and analyzed blindly using MetaMorph
image analysis software. Approximately ten to 15 interlobular ar-
teries were included from a randomly chosen section, and the av-
erage was used for statistical analysis. The total vascular area and
lumen area of interlobular arteries were measured and wall/lumen
area ratio was calculated to determine the relative median wall
thickness as described previously.3>34 Interstitial fibrosis and tubu-
lar casts were determined by quantifying the area of extracellular
matrix protein—containing tissue or the blocked tubules filled with
protein as a percentage of total tissue area.2333> Mesangial matrix
index was estimated as described previously.3¢ Immunohistochem-
istry analysis was performed on formalin-fixed, paraffin-embedded
sections of kidneys following the procedures we described previ-
ously.20:33 Kidney sections were immunostained with anti—p-Stat3
(#9145, dilution 1:200; Cell Signaling Technology) and anti-Stat3
(#9139, dilution 1:200; Cell Signaling Technology).

Biochemical Assays

Urinary albumin was quantified using an Albumin Blue 580
(Molecular Probes) fluorescence assay following the manufac-
turer’s protocol. Serum creatinine was measured using a commer-
cial kit (#65340; Abcam) and blood glucose was monitored using
a glucose meter (Accu-Chek; Roche). Activated STAT3 (p-STAT3)
in tissue or cell lysate was measured using an ELISA kit
(#126458; Abcam). Src activity (phospho-Src) was measured
with an ELISA kit (Raybiotech, Norcross, GA).

Statistical Analysis

Results are expressed as mean=SEM. Data were analyzed us-
ing t test or one-way or two-way ANOVA followed by Holm—
Sidék post hoc test. A Pvalue <0.05 was considered statistically
significant.

RESULTS

miR-204-5p Levels Are Lower in Kidney Biopsies from
Patients with Hypertension, Hypertensive
Nephrosclerosis, or Diabetic Nephropathy

The abundance of miR-204-5p was measured with real-time
PCR in kidney biopsy specimens from patients with
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hypertension or hypertensive nephrosclerosis, as well as pa-
tients with diabetic nephropathy. Kidney biopsy samples with-
out overt histologic pathologies were used as controls. Clinical
characteristics of patients with hypertension or hypertensive
nephrosclerosis have been described previously.!® The average
BP levels of the last three visits in the hypertension group
(systolic/diastolic BP, 142+4/87*2 mm Hg; n=8) and hyper-
tensive nephrosclerosis group (144+3/90+3 mm Hg; n=32)
were higher than that in the control group (114+2/73=1 mm
Hg; n=10; P<<0.05). Urinary albumin-creatinine ratios were
225*36 mg/g in controls, 195+58 mg/g in the hypertension
group, and 444+69 mg/g in the hypertensive nephrosclerosis
group. Demographic and clinical characteristics of patients
with diabetic nephropathy are shown in Supplemental Table 1.

miR-204-5p was downregulated in kidneys of patients with
hypertension or hypertensive nephrosclerosis (Figure 1A), as
well as in patients with diabetic nephropathy (Figure 1B),
compared with their control human subjects. In the hyperten-
sion study (Figure 1A), miR-204-5p is decreased in both hy-
pertensive groups regardless of the presence of hypertensive
nephrosclerosis, which suggests the decrease of miR-204-5p in
hypertension might precede overt renal injury. The minor

strand miR-204-3p was not detectable in these biopsy specimens
using real-time PCR. ISH analysis indicated that miR-204-5p was
widely expressed in glomeruli and tubules in human kidneys
(Figure 1C). miR-204-5p signals appeared to decrease in the
glomeruli in the patients compared with control human sub-
jects. However, the signals were not completely lost in any cell
type and the ISH analysis was not sufficiently quantitative to
definitively identify cell types in which miR-204-5p expression
was downregulated in the patients.

Knockdown of miR-204-5p Exacerbates Renal Injury in
$5.138N2¢ Rats Fed a High-Salt Diet

We used animal models to test the hypothesis that endogenous
miR-204-5p is protective against chronic renal injury. The Dahl SS
rat is a commonly used model of human SS forms of hypertension
and renal injury.3738 The SS.13°™*° rat is a congenic strain that
was derived from the SS rat and develops substantially milder SS
hypertension and renal injury.2-223° miR-204-5p abundance was
measured in the renal cortex of SS rats and $S.13"™*° rats that
were maintained on a 0.4% NaCl diet or had been switched to a
4% NaCl diet for 3 or 7 days. miR-204-5p abundance was signif-
icantly lower in SS rats compared with SS.13"?° rats treated with
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Figure 1. miR-204-5p is downregulated in kidneys of patients with hypertension, hypertensive nephrosclerosis, or diabetic ne-
phropathy. miR-204-5p abundance was measured in human kidney biopsy specimens using quantitative PCR or detected using ISH. (A)
Renal miR-204-5p abundance in hypertension and hypertensive nephrosclerosis. =10 for control, n=8 for hypertension, and n=32 for
hypertensive nephrosclerosis. *P<0.05, versus control, one-way ANOVA followed by Holm-Sidék post hoc test. (B) Renal miR-204-5p
abundance in diabetic nephropathy. n=7 for control and n=10 for diabetic nephropathy. *P<0.05, versus control, t test. (C) Repre-
sentative ISH images in kidney biopsy from a control subject. Zoomed-in images with miR-204-5p probe show miR-204-5p expression

in a glomerulus and tubules. Scale bar, 100 um.
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the 4% NaCl diet for 7 days (Figure 2A), suggesting the higher
level of miR-204-5p in SS.13°™2° might protect the rats from salt-
induced hypertension or renal injury as compared with SS rats. To
examine this possibility, LNA-modified scrambled anti-miR or
anti-miR-204-5p oligonucleotide was administered to SS.13"*
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rats by intraperitoneal injection. The detectable abundance of
miR-204-5p in the renal cortex and outer medulla was signifi-
cantly lower in the anti-miR-204-5p group compared with the
scrambled anti-miR group (Figure 2B). Mean arterial pressure
(MAP) was increased by approximately 15 mm Hg compared
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Figure 2. Knockdown of miR-204-5p did not significantly influence the development of modest hypertension in SS.13%N2% rats fed a

high-salt diet. (A) miR-204-5p abundance in the renal cortex in SS rats compared with protected SS.13%V2% rats fed a 4% NaCl diet for 3
or 7 days (n=6/group). *P<0.05, two-way ANOVA followed by Holm-Sidék test. (B) miR-204-5p abundance in the kidneys of $S.138N2¢
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Figure 3. Knockdown of miR-204-5p exacerbates renal injury in $5.135N% rats fed a high-salt diet. (A) Representative kidney sections
with trichrome staining showing interstitial fibrosis (blue) in the cortex and outer medulla of $5.13%V2¢ rats at the end of the treatment
protocol shown in Figure 2B. Scale bar, 200 um; original magnification, X100. (B) Area of interstitial fibrosis, based on trichrome
staining, as percentage of total kidney section area. n=12 in scrambled anti-miR group, n=9 in anti-miR-204-5p group. *P<0.05,
compared with scrambled, t test. (C) TGF-B8 and COL1AT mRNA abundance in the renal cortex normalized to B-actin and expressed as
fold of the average level in the scrambled anti-miR group. n=12 in scrambled anti-miR group, n=9 in anti-miR-204-5p group. *P<0.05,
compared with scrambled. (D) Representative trichrome staining of kidney sections showing cast in tubules of outer medulla. Scale bar,
1000 um; original magnification, X25; t test. (E) The blocked tubules filled with protein (red) content was quantitated in the outer
medulla and expressed as percentage of total area. n=12 in scrambled anti-miR group, n=9 in anti-miR-204-5p group, P=0.05, t test.
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Figure 4. Knockdown of miR-204-5p leads to upregulation of SHP2 and p-STAT3 in SS.138N2 rats. (A) SHP2 mRNA was quantified
with real-time PCR in the renal cortex at the end of the treatment protocol shown in Figure 2B and expressed as fold of the average
level in the scrambled anti-miR group. n=12 in scrambled anti-miR group, n=9 in anti-miR-204-5p group. *P<0.05, compared with

scrambled anti-miR group, t test. (B) Western blot analysis of STAT3

and p-STAT3 in kidney tissues at the end of the treatment protocol

shown in Figure 2B, t test. (C) Quantification of p-STAT3/STATS3 ratios based on Western blot and expressed as fold of the average ratio
in the scrambled anti-miR group. n=12 in scrambled anti-miR group, n=9 in anti-miR-204-5p group. *P<0.05, compared with
scrambled group, t test. (D) Representative photomicrographs of immunohistochemistry analysis of STAT3 and p-STAT3 in kidneys at
the end of treatment protocol shown in Figure 2B. Primary antibody was omitted in the negative control. Scale bar, 50 um; image

maghnification, 20 X. Arrows point to representative nuclei stained

with the baseline in both groups after the rats were switched to the
4% NaCl diet for 2 weeks (Figure 2C). Knockdown of miR-204-
5p did not significantly influence salt-induced changes in MAP,
systolic pressure, or diastolic pressure (Figure 2, C and D).

We next examined the kidneys for histologic features of
renal injury including fibrosis and thickening of arterial walls.

positive for p-STAT3.

Trichrome staining showed knockdown of miR-204-5p signif-
icantly exacerbated fibrosis in the renal cortex and outer me-
dulla (Figure 3, A and B). TGF-B is a central contributor to
renal fibrosis. Collagen type I accumulation is a hallmark of
renal fibrosis. Real-time PCR analysis showed that the expres-
sion of TGF-B and collagen type I al (COL1Al) were

(F) Representative trichrome staining of kidney sections showing interlobular arteries. Scale bar, 25 um; original magnification, X400.

(G) The wall/lumen area ratio of interlobular artery. n=12 in scramb
scrambled anti-miR group, t test.
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Figure 5. Mir204 knockout delays the development of hypertension in uninephrectomized mice treated with Ang Il and a high-salt
diet. (A) miR-204-5p abundance in renal cortex from Mir204~'~ (n=10), Mir204™’~ (n=8), and wild-type (WT) littermate (n=12) mice
using real-time PCR. *P<0.001 versus wild type, *P<0.001 versus Mir204*'~, one-way ANOVA followed by Holm-Sidék test. (B-D)
MAP, systolic BP (SBP), and diastolic BP (DBP) in Mir204='~ (n=10), Mir204™"~ (n=8), and WT littermate (n=12) mice. *P<0.05
compared with WT littermates at the same time points, two-way repeated measure ANOVA followed by Holm-Sidak test.

significantly elevated in the kidneys of the anti-miR-204-5p group
(Figure 3C). The tubular cast region of the outer medulla tended
to be larger in the anti-miR-204-5p group than in the scrambled
anti-miR group (Figure 3, D and E). Proteinuria was not signif-
icantly different between the two groups (12.0*+1.4 versus
11.0£1.5 mg total protein/mg creatinine; NS).

The wall/lumen ratio of interlobular artery was signifi-
cantly increased in the anti-miR-204-5p group, which is a
salient feature of hypertensive renal injury (Figure 3, F and G).
The difference in the wall/lumen ratio between the treated and
control groups was approximately 25%, which is substantial. Pre-
vious studies reported differences of approximately 15% in the
wall/lumen ratio between kidneys in SS rats exposed to up to a
40 mm Hg difference in perfusion pressure for 2 weeks.>

Together, these data indicated that knockdown of miR-204-
5p exacerbated renal injury in $S.13°™?° rats that developed
modest hypertension on a high-salt diet.

Knockdown of miR-204-5p Leads to Upregulation of
SHP2 and p-STAT3 in §5.138N26 Rats

Protein tyrosine phosphatase nonreceptor type 11 (SHP2) is a
proven, direct target of miR-204-5p.#° SHP2 can activate the
tyrosine kinase Src and STAT3, which is known to contribute
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to renal interstitial fibrosis.*!-43> SHP2 mRNA abundance and
the activities of STAT3 as measured by the ratio of phosphor-
ylated STAT3 over total STAT3 were significantly upregulated
in the renal cortex in the anti-miR-204-5p group (Figure 4,
A-C). Immunohistochemistry analysis indicated STAT3 was
predominantly localized to the cytoplasm with sporadic nu-
clear staining in the tubulointerstitial compartment. p-STAT3
was mainly localized to the nucleus, which appeared to be
increased in the anti-miR-204-5p group (Figure 4D). These
data indicated that knockdown of miR-204-5p led to upregu-
lation of SHP2 which might activate the Src-STAT3 pathway in
the kidneys of $S.13°™?° rats fed the high-salt diet.

Mir204 Knockout Exacerbates Renal Injury and
Upregulates SHP2/p-STAT3 in Uninephrectomized
Mice Treated with Ang Il and a High-Salt Diet

We investigated whether miR-204 influenced the development
of hypertensive renal injury in models other than the one de-
rived from the SS rat. A mouse model with deletion of the
miR-204 coding sequence was developed using classic homol-
ogous recombination in mouse embryonic stem cells.*4 In
brief, the 68-bp pre-miRNA sequence of murine Mir204, the
gene coding for both the -5p and -3p strands of miR-204, was
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Figure 6. Mir204 knockout exacerbates renal injury and upregulates target SHP2/p-STAT3 pathway in uninephrectomized mice
treated with Ang Il and a high-salt diet. (A) Representative trichrome staining of kidney sections showing interstitial fibrosis (blue) in
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precisely removed to generate the Mir204 knockout allele
(Mir204~'7). This allele was subsequently bred into the
C57BL/6] background for at least ten generations to reach
the congenic state. We confirmed the absence of miR-204-5p
in the kidney of Mir204'~ mice and observed significant re-
duction of miR-204-5p abundance in Mir204"'~ mice
compared with wild-type littermates (Figure 5A). Changes
of miR-204-3p abundance in the knockout mice followed
the same pattern as miR-204-5p.

Hypertension and hypertensive renal injury were induced
in these mice using uninephrectomy, Ang II, and a high-salt
(4% NaCl) diet. C57BL/6] mice are highly resistant to the de-
velopment of hypertensive renal injury. The combined treat-
ment is necessary to induce renal injury.#>4¢ The combined
treatment did not significantly change miR-204-5p levels in
the renal cortex of wild-type mice (1.020.03 in untreated mice
versus 0.92+0.04 in the combined treatment group, n=4 and
5, NS). Ang II and the 4% NaCl diet increased MAP by up to
approximately 50 mm Hg in uninephrectomized Mir204™'~
mice and wild-type littermates over 2 weeks (Figure 5B).
The increase of MAP as well as systolic BP and diastolic BP
was significantly attenuated in Mir204~'~ mice for several
days shortly after the initiation of the treatment (Figure 5,
B-D).

Renal interstitial fibrosis in these mice was much milder
than that in SS.13®~?¢ rats. Nevertheless, Mir204 '~ mice had
significantly more interstitial fibrosis compared with
Mir204™'~ and wild-type littermate mice (Figure 6, A and
B). Consistent with that, TGF-8 mRNA abundance was sig-
nificantly higher in Mir204~'~ mice (Figure 6C). COL1Al
mRNA tended to be higher in the knockout mice, but the
difference did not reach statistical significance. Albuminuria,
an index of renal injury, was increased in all three groups at the
end of the 2-week treatment. The increase of albuminuria was
significantly exacerbated in Mir204 '~ and Mir204*'~ mice
compared with wild-type littermates (Figure 6D). Serum cre-
atinine levels did not differ significantly between the three

genotypes (0.31+0.07, 0.35%0.28, and 0.23%0.03 mg/dl in
Mir2047'", Mir204™'~, and Mir204~'~ mice, respectively;
n=7 for each genotype, NS).

The wall/lumen area ratio in interlobular artery was signif-
icantly higher in Mir204~'~ and Mir204*'~ mice compared
with wild-type littermates (Figure 6, E and F). The difference
between the knockout and wild type was approximately 30%,
which, again, was substantial as it was in the case of §S.138N26
rats treated with anti-miR-204-5p. The exacerbation of renal
injury, as measured by all of the indexes described above, oc-
curred despite similar or even lower levels of hypertension in
Mir204~"~ and Mir204™'~ mice (Figure 5, B-D).

mRNA abundance of SHP2 was significantly higher in the
renal cortex of Mir204~'~ mice compared with Mir204™'~
and their wild-type littermates (Figure 6G), consistent with
SHP2 being a target gene of miR-204-5p. Similar to the find-
ings in the rat model, the activation of STAT3 was significantly
enhanced in Mir204~'~ mice (Figure 6H).

Knockdown of miR-204-5p Exacerbates Albuminuria
and Renal Injury and Enhances SHP2/p-STAT3 in
Diabetic Mice

We next examined the role of endogenous miR-204-5p in the
development of chronic kidney injury in diabetic db/db mice,
a commonly used mouse model of diabetes and diabetic ne-
phropathy. miR-204-5p levels in the renal cortex were signif-
icantly higher in db/db mice compared with control db/m
mice (1.0+0.2 in db/m versus 1.7*0.2 in db/db, n=5,
P<0.05). We administered scrambled anti-miR or anti—-miR-
204-5p oligonucleotide in db/db mice intraperitoneally once a
week for 12 weeks. The anti-miR-204-5p treatment signifi-
cantly decreased real-time PCR—detectable levels of miR-204-
5p in the renal cortex (Figure 7A). Compared with control db/
m mice, db/db mice exhibited hyperglycemia and obesity,
which were not altered by the anti-miR-204-5p treatment
(Figure 7, B and C). Compared with control db/m mice, db/
db mice exhibited higher kidney weight and increased

renal cortex and outer medulla at the end of the treatment protocol shown in Figure 5B. Scale bar, 100 um; original magnification,
X200. (B) Area of interstitial fibrosis, based on trichrome staining, as percentage of total kidney section area. n=5 for each group,
*P<0.05 compared with wild-type (WT) littermates, one-way ANOVA followed by Holm-Sidak test. (C) TGF-8 and Col1al mRNA
abundance in the renal cortex normalized to B-actin and expressed as fold of the average level in the WT littermate group. n=8 for
Mir204*'~ mice, n=10 for Mir204~'~ mice, and n=12 for WT littermates. *P<0.05, compared with WT littermates, one-way ANOVA
followed by Holm-Sidak test. (D) Mir204 knockout exacerbates albuminuria in uninephrectomized mice treated with Ang Il and a high-
salt diet. Shown is 24 hours of urinary albumin excretion. n=12, n=8, and n=10 for WT, Mir204"'~, and Mir204~'~, respectively.
*P<0.05 compared with WT littermates, one-way ANOVA followed by Holm-Sidak test. (E) Representative trichrome staining of kidney
sections showing interlobular arteries at the end of the treatment protocol shown in Figure 5B. Scale bar, 20 um; original magnification,
X400. (F) Quantification of the wall/lumen area ratio of interlobular artery. n=5 for each group. *P<0.05, compared with WT litter-
mates, one-way ANOVA followed by Holm-Sidak test. (G) miR-204-5p target gene SHP2 mRNA was quantified with real-time PCR in
the renal cortex at the end of the treatment protocol shown in Figure 5B and expressed as fold of the average level in the WT littermate
group. n=8 for Mir204*'~ mice, n=10 for Mir204~'~ mice, and n=12 for wild-type littermates. *P<0.05, compared with WT litter-
mates, one-way ANOVA followed by Holm-Sidak test. (H) Western blot analysis of STAT3 and p-STAT3 in renal cortex at the end of the
treatment protocol, and quantification of p-STAT3/STATS3 ratios based on Western blot and expressed as fold of the average ratio in
the WT littermate group. n=8 for Mir204*'~ mice, n=10 for Mir204~'~ mice, and n=12 for wild-type littermates. *P<0.05, compared
with WT littermates, one-way ANOVA followed by Holm-Sidak test.
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Figure 7. Treatment with anti-miR-204-5p exacerbates albuminuria in diabetic db/db mice without changing blood glucose. (A) miR-
204-5p abundance, (B) Blood glucose, (C) body weight, (D) kidney weight, (E) urinary albumin, and (F) serum creatinine were measured

in db/m mice and db/db mice treated with anti-miR-204-5p or cont

rol scrambled anti-miR for 12 weeks. n=6 for each group. *P<0.05,

versus db/m group and ¥P<0.05, versus scrambled anti-miR treatment, one-way ANOVA followed by Holm-Sidak test.

albuminuria whereas the treatment with anti-miR-204-5p
further increased kidney weight and albuminuria in db/db
mice (Figure 7, D and E). Serum creatinine level was not dif-
ferent between the groups (Figure 7F).

Renal fibrosis and mesangial matrix index were higher in
db/db mice compared with control db/m mice (Figure 8,
A-C). Treatment with anti-miR-204-5p resulted in signifi-
cantly more fibrosis in renal cortical and outer medullary
regions and higher mesangial matrix index in db/db mice
compared with db/db mice treated with scrambled anti-
miR. Consistent with these findings, the mRNA abundance
of TGF-B1, COL1AIL, monocyte chemoattractant protein-1,
and P-selectin, fibrotic and inflammatory genes that are often
upregulated in diabetic kidney injury,!%-3¢ were elevated in the

JASN 31: 1539-1554, 2020

renal cortex of db/db mice compared with db/m mice and
further increased when db/db mice were treated with anti—
miR-204-5p (Figure 8D). The mRNA and protein abundance
of miR-204-5p target gene SHP2 and its downstream proinju-
rious effector, STAT3 activity, were higher in db/db mice com-
pared with db/m mice and further increased in db/db/mice
treated with anti-miR-204-5p (Figure 8, E and F). Similarly,
SHP2 target and STAT3 regulator Src activity and mRNA
abundance of SP1 and IL-6 receptor were higher in db/db
mice and further increased by the anti-miR-204-5p treatment
(Figure 8, G and H).

Lastly, we examined whether transfection with a miR-204-
5p mimic would mitigate injurious responses in cultured
mouse mesangial cells. Treatment with a high-glucose

miR-204 Prevents Renal Injury 1549
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Figure 8. Treatment with anti-miR-204-5p exacerbates renal histologic injury and upregulates SHP2 in diabetic db/db mice. (A)
Representative trichrome staining of kidney sections showing interstitial fibrosis (blue) in renal cortex and medulla in db/db mice after
12 weeks of treatment with anti-miR-204-5p or scrambled anti-miR. Scale bar, 100 um; original magnification, X200. (B) Semi-
quantitative analysis of interstitial fibrosis shown in (A). (C) Representative periodic acid-Schiff staining of kidney sections showing
mesangial expansion and extracellular matrix deposition and semiquantitative analysis in db/db mice after 12 weeks of treatment with
anti-miR-204-5p or scrambled anti-miR. Scale bar, 50 um; original magnification, X400. (D) Cytokine or chemokine mRNA abundance,
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medium significantly downregulated miR-204-5p in these
cells (Supplemental Figure 1A). This response is different
from the upregulation of miR-204-5p and the absence of
change that we observed in the renal cortex of db/db mice
and mice treated with uninephrectomy, Ang 11, and salt, re-
spectively. The finding suggests that miR-204-5p levels might
change in a variety of ways depending on the specific injurious
stimuli, the time course, or the tissue type involved. miR-204-
5p abundance may change as an insufficient compensatory
response in some cases but not others. The high-glucose treat-
ment also increased collagen IV a1l mRNA expression
(Supplemental Figure 1B). Pretreatment with a miR-204-5p
mimic significantly decreased collagen IV a1 mRNA levels in
cells treated with high glucose (Supplemental Figure 1B). This
effect of miR-204-5p mimic was accompanied by downregu-
lation of SHP2 protein and STAT3 activity (Supplemental
Figure 1, C and D).

DISCUSSION

This study demonstrates that endogenous miR-204 protects
the kidneys against chronic renal injury induced by diabetes
and hypertension, the two leading causes of ESKD. The pres-
ence of this new mechanism is supported by an analysis of
human kidney biopsies, studies using miR-204-5p knock-
down in a rat model, Mir204 gene knockout in a mouse model,
and miR-204-5p knockdown in diabetic db/db mice.

Several studies have shown a role for miR-204 in processes
such as tissue development, cancer, light signaling, mainte-
nance of epithelial phenotype, and insulin regulation.47->!
miR-204 is the most highly expressed miRNA in the retinal
pigment epithelium and maintains the integrity of the retinal
pigment epithelium monolayer. This monolayer separates the
photoreceptors and their choroidal blood supply and is fun-
damentally important for photoreceptor survival in diabetic
retinopathy and age-related macular degeneration, a leading
cause of blindness. A mutation in the seed region of miR-204
was reported to be responsible for inherited retinal dystrophy
associated with ocular coloboma.>2

miR-204 is also highly expressed in the kidney compared
with other organs.>>>* However, the functional role of miR-
204 in chronic renal injury was unknown before this study.
Results from this study indicate that the high abundance of
miR-204 in the kidney is indeed functionally important in
protecting the kidney against hypertensive and diabetic renal
injury, two of the most common causes of chronic renal injury.
This conclusion is supported by data from several distinct
animal models of hypertensive and diabetic renal injury. Renal
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injury is worsened in Mir204~'~ mice although the early
phase of hypertension is attenuated. In other words, Mir204
knockout does not exacerbate hypertension in our model of
hypertension but it exacerbates renal injury. These findings
highlight the prominent role of miR-204 as an inherent mech-
anism safeguarding the kidneys from the injurious effect of
hypertension. Although both the -5p and -3p strands of miR-
204 are lost in the knockout mice, the knockdown experiment
in rats and db/db mice specifically targeted the -5p strand,
which is also the strand significantly downregulated in human
kidneys with hypertensive nephrosclerosis. These findings
suggest the -5p strand is likely the functionally important
strand of miR-204 in chronic renal injury.

The role of miR-204 in different types of hypertension and
tissue injury may depend on etiology and the tissues involved.
miR-204 attenuates pulmonary arterial remodeling and the
development of pulmonary arterial hypertension.* On the
other hand, miR-204 has been shown to promote endothelial
dysfunction and vascular endoplasmic reticulum stress via
downregulation of Sirtuin 1.°> Our data indicate miR-204
might promote hypertension in the uninephrectomy, Ang II,
and high-salt diet model but attenuate renal injury, including a
mitigation of interlobular artery thickening, in multiple mod-
els. Interlobular artery thickening is a common pathologic
finding in patients with hypertensive renal injury and may
contribute to renal tissue hypoxia as the disease progresses.
The protective effect of miR-204 on renal interlobular arteries
may involve attenuation of vascular remodeling.

Targeting of SHP2 by miR-204-5p and the subsequent in-
hibition of STAT3 provide a plausible explanation for the pro-
tective effect of miR-204-5p against chronic renal injury.
Interstitial inflammatory fibrosis is a major feature of chronic
renal injury that leads to functional and morphologic deteri-
oration of the kidney.5¢->7 Activation of STAT3 is mitogenic
and profibrotic in several tissues including the kidney.4143
SHP2 can activate Src and STAT3 and Src can activate
STAT3.4%:58 miR-204-5p may protect the kidney from fibrotic
injury by targeting SHP2 and suppressing the activation of
STAT3. The miR-204—SHP2-STAT3 pathway may also influ-
ence chronic renal injury by regulating the renal vasculature.>®
Studies performed in pulmonary arterial smooth muscle cells
have demonstrated that the downregulation of miR-204 ac-
counts for the cell proliferation and resistance to apoptosis
associated with pulmonary arterial hypertension.#® The spe-
cific cell type mediating the effect of miR-204 on chronic renal
injury remains to be identified, although the findings of this
study suggest more than one cell type might be involved.

The miR-204-SHP2-STAT3 pathway may not the only
pathway underlying the protective effect of miR-204 in

(E) SHP2 mRNA and protein abundance, (F) STAT3, and (G) Src activation measured by ELISA, and (H) SP1 and IL-6 receptor mRNA
abundance in the renal cortex of db/db mice after 12 weeks of treatment with anti-miR-204-5p or scrambled anti-miR. n=6 for each
group. *P<0.05, versus db/m group and *P<0.05, versus scrambled anti-miR treatment, one-way ANOVA followed by

Holm-Sidak test.
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chronic renal injury. We did not observe any upregulation of
SHP2 in Mir204™'~ mice compared with wild-type litter-
mates. Yet albuminuria and interlobular artery wall/lumen
ratio were significantly increased in Mir204"'~ mice. miR-
204-5p can target genes other than SHP2. Downregulation
of miR-204 was reported to enhance Runx2 expression and
vascular smooth muscle cell calcification.®® Wang et al.¢!
showed that miR-204 targeted TGF-f3 receptor 2 and SNAIL2.
miR-204 targets Sirtuin 1 lysine deacetylase in the vascula-
ture.®? In fact, rather than being injurious, SHP2 might be
protective against the signaling pathways downstream of
Ang [I-induced increases of reactive oxygen species in vascular
smooth muscle cells.®® In addition, STAT3 activation is regu-
lated by several pathways in addition to SHP2. In future stud-
ies, it would be important to investigate the role of other target
genes or pathways in the protective effect of miR-204 and how
the targeting of SHP2 by miR-204-5p interacts with other
pathways, including other miRNAs,'# in the molecular regu-
latory networks that ultimately underlie the development and
progression of chronic renal injury.

Pathophysiologic mechanisms of hypertensive and diabetic
renal injury have several overlaps. The role of miR-204-5p
might be part of the overlap. Downregulation of miR-204
has also been reported in advanced chronic allograft dysfunc-
tion and candidemia-induced kidney injuries.!>-04-¢7 These
findings, together with the findings of this study, suggest broad
relevance of miR-204 in kidney disease. It would be important
to understand how the kidney maintains a higher level of miR-
204 expression than other organs and how miR-204 expres-
sion is regulated in various types of renal injury in future
studies.
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