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We investigated whether microRNA-150 (miR-150)-based
RNA interference (RNAi) ameliorates tubular injury and
tubulointerstitial fibrosis. Mice injected with folic acid devel-
oped tubulointerstitial fibrosis at day 30. miR-150 levels were
increased at day 7 and peaked at day 30. At day 30, protein
levels of o-smooth muscle actin, fibronectin (FN), and
collagen 1 (COL-1) were increased, while suppressor of cyto-
kine signal 1 (SOCS1) was decreased. Kidneys manifested
increased macrophage numbers and increased expression of
potential mediators: interferon-vy, interleukin-6, and tumor
necrosis factor-o.. Locked nucleic acid-anti-miR-150, started
prior to or after tubular injury and administered twice
weekly for 4 weeks, reversed renal inflammation and
fibrosis. In HK-2 cells, co-culture with macrophages
increased miR-150 expression and decreased SOCSI1. Janus
kinase (JAK) and signal transducer and activators of tran-
scription (STAT) pathway-related proteins p-JAK1, p-JAK2,
p-STAT1, p-STAT3, and pro-fibrotic genes encoding
a-smooth muscle actin, FN, and COL-1 were all upregulated.
The miR-150 antagonist reversed these transcriptional
changes. Lastly, in renal biopsies from patients with chronic
interstitial fibrosis, renal miR-150, and pro-fibrotic gene
expression and macrophage numbers were increased, while
SOCS1 expression was decreased. In conclusion, miR-150-
based RNAI is as a potential novel therapeutic agent for tu-
bulointerstitial fibrosis, suppressing the SOCS1/JAK/STAT
pathway and reducing macrophage influx.

INTRODUCTION

The prevalence of chronic kidney disease (CKD) is approximately
8%-16% worldwide and CKD is the 16th most common cause of
death.! Renal tubulointerstitial fibrosis (TIF) is common pathologic
feature of all CKD.? To date, there are few effective therapeutics to
prevent or retard progression of TIF. We may reduce the prevalence
of CKD through a deeper understanding the pathogenesis of TIF and
by identifying novel therapeutic agents that target key mediators of
renal fibrosis.

aaaaaa

MicroRNAs (miRNAs or miRs) are recognized as critical contributors
to kidney diseases.”> We have identified miR-150 as the most over-
expressed miRNA in renal biopsies from patients with lupus nephritis
and have reported that miR-150 promotes renal fibrosis by downre-
gulating suppressor of cytokine signal 1 (SOCSI) in kidney resident
cells in vitro. Subsequently, Guan et al.” reported that in renal
ischemia/reperfusion model, miR-150 promotes kidney fibrosis by
activating fibroblasts as a signal from injured tubular epithelial cells.
Transfection of miR-150 into young mesangial cells promotes cell ag-
ing.® Acute kidney injury (AKI) induced by ischemia/reperfusion is
attenuated in miR-150 knockout mice.” Renal miR-150 levels are
increased in minimal change disease cases with poor prognosis
compared, to those with good outcome; as these cases often represent
unsampled focal segmental glomerulosclerosis, this suggests an asso-
ciation of miR-150 with renal fibrosis.'° In addition, plasma and uri-
nary miR-150 have emerged as potential progression biomarkers in
CKD patients, including those with diabetic kidney disease.''™"*
Taken together, these findings suggest that miR-150 contributes to
the pathogenesis of various scarring kidney diseases and is an
intriguing and novel therapeutic target.

Recently RNA interference (RNAi) has opened a new avenue to
develop novel drugs for human diseases.'* In terms of identifying
miR-targeted RNAi for treating kidney diseases, many miRs have
been reported to be altered in animal models. The inhibitors of
miR-21, miR-192, miR-27a, miR-215, miR-34a, miR-29a, or miR-
25 ameliorate diabetic nephropathy in mice.”>*° In other animal
models, the miR-132 antagomir reduces interstitial myofibroblast
numbers in mice with unilateral ureteral obstruction,”’ miR-30b in-
hibitor ameliorates lipopolysaccharide-induced AKIL** miR-709
antagonist attenuates cisplatin-induced AKI in mice,”’ and miR-34a
inhibitor alleviates multi-organ injury after ischemia/reperfusion
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injury in pregnant rats.”* Recently, we reported that locked nucleic
acid (LNA)-anti-miR-150 ameliorates lupus nephritis and focal
segmental glomerulosclerosis arising from glomerular injury in

25,26

mouse models. However, it remains unclear whether miR-150-

based RNAi can attenuate TIF initiated from renal tubular damage.

Here, we aimed to determine whether LNA-anti-miR-150 attenuates
TIF induced by folic acid in mice. We investigated the underlying
mechanisms by silencing overexpression of miR-150 in HK-2 cells
co-cultured with macrophages. We show for the first time the effect
of miR-150 based RNAI to reduced tubulointerstitial fibrosis and sug-
gest a possible mechanism of action.

RESULTS

Renal Expression of miR-150 from AKI to TIF following Folic Acid
Administration to Mice

AKI developed 2 days after folic acid injection, as indicated by the
elevated ratio of kidney weight to heart weight, serum creatinine
(Scr), and blood urea nitrogen (BUN). These parameters improved
by day 7 and returned to the baseline by day 30 (Figures 1A-1C).
At day 2, features of AKI were present: loss of proximal tubular cells
brush border, detachment of tubular epithelial cells, and modest in-
flammatory cells infiltrate were seen on periodic acid-Schiff (PAS)
stained sections. At day 7, cortical histological tubular dilation re-
mained and interstitial inflammatory cell numbers were increased,
and at day 30, medullary rays displayed patchy fibrosis and severe
infiltration of inflammatory cells (Figure 1D). The severe histological
fibrosis suggests transition of AKI to chronic interstitial fibrosis.
Importantly, miR-150 levels were increased at day 7 and remained
increased through day 30, as assessed by fluorescence in situ hybrid-
ization (FISH) and qPCR (Figures 1E and 1F).

Efficacy and Safety of LNA-Anti-miR-150 in TIF Mice

We have previously demonstrated that LNA-anti-miR-150 is deliv-
ered to mouse kidneys following systemic administration.*>*°
Therefore, we investigated the efficacy and safety of LNA-anti-
miR-150 in folic acid-induced TIF on day 30. Mice received eight
LNA anti-miR-150 doses, either prophylactically (on day 0 before
folic acid) or therapeutically (on day 2 after folic acid injection).
Review of Masson and PAS stained sections, as well as semiquanti-
tative analysis (Figures 2A-2D), revealed that both courses of LNA-
anti-miR-150 therapy decreased renal fibrosis, as indicated by
reductions in the area of scarred cortex, regions of patchy fibrosis
in the medulla, and the severity of inflammatory cell infiltrates.
Further, both prophylactic exposure to LNA-anti-miR-150 and ther-
apeutic use (starting after AKI) reduced renal overexpression of
miR-150 on day 30 (Figure 2E). LNA therapy appeared to lack

toxicity, as judged by stable body weight and stable kidney and liver
function (Figures SIA-1C).

Effect of LNA-Anti-miR-150 on Renal Pro-Fibrotic Genes in TIF
Mice

To investigate the underlying anti-fibrotic mechanisms LNA-anti-
miR-150 in mice with TIF, we examined the expression of selected
pro-fibrotic gene mRNAs and proteins, including a-smooth muscle
actin (a-SMA), fibronectin (FN), and collagen 1 (COL-1) in kidney
tissues. Levels of a-SMA, FN, and COL-1 mRNA were all increased
in TIF mice compared to control mice. These increased mRNA levels
were reduced by LNA-anti-miR-150, compared to the scrambled
LNA, with both prophylactic treatment and therapeutic use (Fig-
ure 3A). The same effect of LNA-anti-miR-150 was seen on the renal
protein levels of these pro-fibrotic genes in TIF mice on western blot-
ting and immunofluorescence staining, compared to the scrambled
LNA mice (Figures 3B and 3C).

Effect of LNA-Anti-miR-150 on Renal SOCS1 in TIF Mice

Our previous study reported that miR-150 promotes renal fibrosis by
downregulating anti-fibrotic SOCS1 as assessed by SOCS1 luciferase
reporter activity in human proximal tubular cells.’ In present study,
we further characterized renal SOCS1 expression in TIF mice. Renal
SOCS1 protein expression was downregulated up to 44% in folic-
acid-induced TIF compared to control mice. Both early and delayed
treatment with LNA-anti-miR-150 restored SOCS]1 levels to normal,
as assessed by western blotting and immunofluorescence staining,
while scrambled LNA had no effect (Figures 4A and 4B).

Effect of LNA-Anti-miR-150 on Renal Inflammation in TIF Mice

Macrophages are key contributors to the pathogenesis of tissue
inflammation and fibrosis.”’” In the present study, we examined the
effects of LNA-anti-miR-150 on macrophages. We measured renal
RNA expression of cytokines interferon-y (IFN-v), interleukin-6
(IL-6), and tumor necrosis factor (TNF-w), all of which are produced
by inflammatory cells including macrophages in mice with interstitial
fibrosis. Both early and delayed treatment with LNA-anti-miR-150
abolished the increases in renal IFN-v, IL-6, and TNF-« mRNAs (Fig-
ures 5A-5C). We further examined the expression of two macro-
phage proteins, CD68 and F4/80, in mouse kidneys manifesting
interstitial fibrosis. Renal CD68 expression increased on immunoflu-
orescence staining (Figure 5D) and F4/80 protein levels were
upregulated on western blotting of tissue from TIF mice. LNA-anti-
miR-150 reversed these changes, while scrambled LNA had no effect
(Figure 5E). T lymphocytes also secrete cytokines and we found that
both early and delayed treatment of LNA-anti-miR-150 reduced

Figure 1. Time Course of Folic-Acid-Induced Kidney Injury and miR-150 Expression in Mice

(A-C) Evaluation of kidney injury after the injection of folic acid (FA). Shown are (A) the ratio of kidney weight to heart weight, (B) serum creatinine (Scr), (C) blood urea nitrogen
(BUN), and (D) PAS staining. Magnification 400x, scale bar, 10 um. Black asterisks indicate tubular ectasia, loss of brush border, flattened or detached epithelial cells; yellow
arrows indicate infiltration of inflammatory cells in tubulointerstitium; white arrows indicate patchy fibrosis. (E and F) miR-150 expression assessed by (E) fluorescence in situ
hybridization (FISH) and (F) gPCR. Magnification 200, scale bar, 400 um; n = 6, # p < 0.05, day 2, day 7, day 30 versus day O; *p < 0.05, day 7, day 30 versus day 2. Data

represent mean + SD. See also Figure S4A.
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infiltration of CD3" T cells induced by folic acid administration
(Figure S2A).

Effect of miR-150 Antagonist on SOCS1/JAK/STAT Pathway in
HK-2 Cells

To further investigate the mechanism by which LNA-anti-miR-150
attenuated folic acid-induced tubular damage and initiated renal
fibrosis, we performed an in vitro study. Previously we found that
LNA-anti-miR-150 reduced macrophage infiltration to reach anti-
fibrosis effects in lupus nephritis mice with glomerular damage
leading to renal fibrosis.>> Therefore, we co-cultured immortalized
human kidney proximal tubular cells (HK-2 cells) with macrophages.
As we have demonstrated by luciferase reporter assay that miR-150
decreases SOCSI1 gene expression,” therefore we next studied expres-
sion of the Janus kinase (JAK)/signal transducer and activators of
transcription (STAT) genes, which are mechanistically downstream
of SOCSI1. We transfected miR-150 antagonist into HK-2 cells. We
found that miR-150 and SOCSI were co-expressed in untreated
HK-2 cells (Figure 6A). We further found that miR-150 levels were
increased HK-2 cells following co-culture with macrophages,
compared to the HK-2 cells cultured alone. The miR-150 antagonist
reversed the increment of miR-150 induced by macrophages,
compared to scrambled negative control oligonucleotides (Figure 6B).
The mRNA levels of fibrosis-related genes including SOCSI was
increased, while a-SMA, FN, and COL-1 were all reduced toward to
normal by the miR-150 antagonist (Figures 6C and 6D). With regard
to protein expression of SOCS1 and phosphorylation of its down-
stream target JAK/STAT in HK-2 cells co-cultured with macro-
phages, we found the following changes: decreased SOCS1; increased
p-JAK1, p-JAK2, p-STAT1, and p-STAT3; and increased pro-fibrotic
proteins a-SMA, FN, and COL-1. Following transfection of miR-150
into HK-2 cells, the mRNA and protein expression levels of these
genes were similar to the normal control (Figure 6E).

Renal Expression of miR-150 and Its Regulated Proteins in
Human Subjects

To extend our findings to the clinical setting, we established biopsies
from ten patients with chronic tubulointerstitial nephritis (cTIN). We
selected ten kidney tissue samples obtained from age- and sex-
matched controls (Table S1). Renal fibrosis was present in renal bi-
opsies from cTIN patients on Masson staining (Figure 7A). FISH
showed increased expression of miR-150 in tubular epithelial cells
(Figure 7B). In addition, double staining of miR-150 and aqua-
porin-1 (AQP1), a proximal tubule marker, confirmed localization
of miR-150 to proximal tubules (Figure S3). Increased expression of
pro-fibrotic proteins a-SMA, FN, and collagen-1 was present (Fig-
ure 7C). Infiltration of CD68" macrophages and CD3" T cells was

notable (Figures 7D and S2B). Expression of anti-fibrotic protein
SOCS1 was decreased in cTIN renal biopsies compared to normal
control kidneys (Figure 7E).

DISCUSSION

The major findings of this study are as follows. In a mouse model of
tubulointerstitial fibrosis induced by folic acid, (1) LNA-anti-miR-
150 attenuated renal fibrosis, and (2) the decrease of SOCS1 and in-
crease of a-SMA, FN, and COL-1, and macrophage infiltration were
reversed by LNA-anti-miR-150. (3) The addition of macrophages to
HK-2 cells increased miR-150 expression and regulated the SOCS1/
JAK/STAT pathway, while miR-150 antagonist reversed the changes
of those proteins, and (4) the changes of miR-150, fibrosis-related
proteins, and macrophages present in mice with tubulointerstitial
fibrosis and in cultured HK-2 cells were also observed in renal
biopsies from patients with chronic tubulointerstitial nephritis.

We previously found an increased expression of miR-150 in renal
biopsies from lupus nephritis patients and showed that miR-150
promotes renal fibrosis by downregulating SOCSI in resident kidney
cells.” Subsequently, transfection of an miR-150 mimic to young
mesangial cells was shown to promote cell aging by Liu et al.” Renal
miR-150 levels are increased in minimal change disease cases with a
poor prognosis, suggesting that these may represent biopsies that
from cases of focal segmental glomerulosclerosis in which the biopsy
did not retrieve any scarred glomeruli.'” In mice with AKI following
experimental myocardial infarction, miR-150 deficiency alleviated
renal fibrosis occurring 8 weeks later.”® Guan et al.” reported that
overexpression of miR-150 in tubular epithelial cells promotes kidney
fibrosis by promoting the activation and proliferation of fibroblasts.
Taken together, these data suggest that miR-150 contributes to renal
fibrosis associated with glomerular injury or tubular damage. Renal
fibrosis is a complex process and many genes participate in the path-
ogenesis.” It remains unclear whether miR-150 is a key upstream gene
that can target multiple pro-fibrotic genes. Inhibition of miR-150 ac-
tivity is one approach to gain insight into this issue.

Recent clinical trials have used miRNA-based RNAi to treat human
diseases.'* These include LNA-anti-miR-155 for lymphoma and leu-
kemia and LNA-anti-miR-9 for heart failure."* In terms of miRNA-
based RNAI in kidney diseases, anti-miR-21 is being tested in a phase
II clinical trial targeting hereditary nephritis.”” However, these clin-
ical trials are all ongoing clinical studies and the results have not
been disclosed. These clinical trials do suggest a promising era of
miRNA-based RNAi serving as a therapeutic approach and the
importance of preclinical studies in CKD. Such studies include
miRNA-based RNAi including miR-192, miR-34a, miR-29a, and

Figure 2. Effect of LNA-Anti-miR-150 on Kidney Injury in TIF Mice

(A -and B) Masson (A) and PAS (B) staining. (C and D) Semiquantitative analysis on (C) fibrosis on Masson staining and (D) tubular damage on PAS staining. (E) Renal miR-150
expression measured by gPCR analysis. (n = 6, # p < 0.05, each group versus normal control. *p < 0.05, LNA-anti-miR-150 group versus scrambled LNA group.
Data represent mean + SD. For Masson staining, magnification 1.5x and scale bar, 2,000 um. For PAS staining, magnification 200x, scale bar, 200 um. Black arrowheads
indicate the scarred kidney surface. Black arrows indicate patchy fibrosis. Yellow arrows indicate the infiltration of inflammatory cells into the tubulointerstitium. See also

Figures S1 and S4B.

Molecular Therapy: Nucleic Acids Vol. 22 December 2020 875


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

A 8+ 40 25+
# - #
- 204
§ 6+ Z 304 32 # oz
7] w o
5 s B2
S 4 20
b Z £ 10 H#Hx Hx
s g g
o 21 £ 104 £ s
£
0- o4
[ Normal
Mw 51 # ¢ 1B FA
B D - = m (kDa) == FA +early scrambled LNA

@I FA +early LNA-anti-miR-150
FA + late scrambled LNA
FA + late LNA-anti-miR-150

a-SMA — — — 48

1]
[=
k2
&
o A S
2
7]
c
[
[s]

CoL1 e 120 °

O TUBULIN e e ~55

ASUANLL S AALAN S VAN

FA + early scrambled LNA FA + late scrambled LNA

a-SMA (green) + FN (red) 200X

FA + early LNA-anti-miR-150 FA + late LNA-anti-miR-150

Normal FA + early scrambled LNA FA + late scrambled LNA

FA + early LNA-anti-miR-150

COL-1 200X

FA + late LNA-anti-miR-150

(legend on next page)

876 Molecular Therapy: Nucleic Acids Vol. 22 December 2020



www.moleculartherapy.org

miR-25 in experimental diabetic nephropathy.”' > *° Further, miR-
132 inhibitor attenuated kidney injury in mice of unilateral ureteral
obstruction,” anti-miR30a ameliorated lipopolysaccharide-induced
AKI, and anti-miR-709 improved cisplatin-induced AKI in
223 Most of the above studies have used a single miRNA to treat
a specific disease. Most recently, we found that LNA-anti-miR-150
ameliorates renal fibrosis initialed from glomerular injury in mouse
models of lupus nephritis and focal segmental glomerulosclerosis
mice.”>*° These findings encouraged us to determine whether miR-
150-based RNAi can attenuate tubulointerstitial fibrosis initiated
following renal tubular damage.

mice.

We focused here on renal fibrosis, a common feature of all end-stage
kidney diseases. We selected folic acid-induced a progressive severe
renal fibrosis from AKI in mice for in vivo study. We tested initiating
treatment with LNA-anti-miR-150 at day 0 before folic acid injection
versus at day 2 after AKI onset, with obvious early renal tubular
damage. The former experiment model is a prevention approach
that could be used in patients at high risk for AKI, while the latter
experiment model is a treatment approach for those patients with es-
tablished AKI. With regard to folic acid nephrotoxicity, we found that
both early treatment and delayed treatment attenuated renal fibrosis
(Figure 2). These findings are consistent with our previous work in
experimental glomerular diseases.”>*® To our knowledge, this is the
first experimental study examining the therapeutic effect of miR-
150 inhibitor in renal tubulointerstitial fibrosis using both preventive
and therapeutic strategies.

To investigate the mechanisms by miR-150 contributes to renal
fibrosis in the setting renal tubular damage, we examined fibrosis-
related genes, inflammatory cytokines, and kidney resident macro-
phages. The proteins a-SMA, FN, and COL-1 are characteristic of
progressive renal fibrosis.”® We found that both early and delayed
treatment with LNA-anti-miR-150 decreased the expression of
fibrotic mRNAs (Figure 3) and increased the renal mRNA levels of
anti-fibrotic gene SOCSI (Figure 4). These data are supported by
our previous data showing that SOCSI is a target of miR-150.°
miR-150 has been demonstrated to play a key regulatory role in
many immune cells. For example, miR-150 may control B cell devel-
opment or function by targeting c-Myb;*' miR-150 regulates the
development of NK cells and induced NKT cells;’* and miR-150
promotes differentiation and cytolytic function of CD8" T cells and
suppresses function of CD4" T cells.’>** In the present study,
LNA-anti-miR-150 reversed the renal infiltration of inflammatory
cells (Figure 2B) including CD3* T cells in folic acid-induced renal
fibrosis (Figure S2). We speculate that the different effects of miR-
150 on different T cell subsets might be due to its cell-specific features.
We also found increased numbers of renal macrophages and

tubulointerstitial fibrosis, and LNA-anti-miR-150 reversed the in-
crease of macrophages (Figure 5). Macrophages play diverse roles
renal inflammation and fibrosis.”” We have explored mechanisms
of miR-150 regulation of macrophages.

We conducted co-culture studies involving renal tubular HK-2 cells
and macrophages, followed by transfection of a miR-150 antagonist.
We found co-expression of miR-150 and SOCS!1 in HK-2 cells by
double staining with FISH for miR-150 and IF for SOCSI. These
results suggested the interaction between miR-150 and SOCS1 (Fig-
ure 6A). We also found that miR-150 antagonist reversed the macro-
phages-induced decrease of SOCS], the increase of a-SMA, FN, and
COL-1, as well as overexpression of macrophage CD68. In addition,
the miR-150 antagonist also partially suppressed the macrophages-
induced upregulation of p-JAK1, p-JAK2, p-STAT1, and p-STAT3
in HK-2 cells (Figure 6). Our findings suggest that the miR-150/
SOCS1/pro-fibrotic protein pathway was not the only pathway
contributing to the pathogenesis of folic acid-induced renal fibrosis.
In this model, SOCS1/JAK/STAT pathway may also act downstream
of miR-150. Consistent with the findings from other researchers, a
dysregulated SOCS1/JAK/STAT pathway also contributes to the
pathogenesis of inflammatory disorders in murine diabetic nephrop-
athy and in rats of cisplatin-induced AKI, as shown from in vivo and

L 35,36
in vitro data.”””"

Macrophages

7

are known to activate the SOCS1/JAK/STAT
pathway.”” Our findings suggest that macrophages activate the
SOCS1/JAK/STAT pathway following kidney injury and thus
contribute to the pathogenesis of renal fibrosis. The renal protective
role of miR-150 inhibitor in renal fibrosis might be mediated by regu-
lating SOCS1/JAK/STAT pathway in addition to inhibiting macro-
phage functions, as shown in the graphic abstract. To our knowledge,
this is the first time the addition of JAK/STAT has been shown to act
downstream genes whose expression is activated by miR-150 in renal
fibrosis in folic acid-induced tubular injury in a mouse model and in
HK-2 cells.

Lastly, we compared findings obtained from mice with folic-acid-
induced interstitial fibrosis and co-cultured HK-2 cells with macro-
phages in renal biopsies from patients with chronic tubulointerstitial
nephritis. In the renal biopsies, we found that renal overexpression of
miR-150 and pro-fibrotic proteins including of a-SMA, EN, and
COL-1, suppression of SOCS1, and the increased infiltration of mac-
rophages indicated by CD68 positive staining (Figure 7). The findings
in renal biopsies from patients with chronic interstitial nephritis were
similar to those in murine with tubulointerstitial fibrosis and in HK-2
cells co-cultured with macrophages. It is well known that the injured
proximal tubules can also elicit an extensive pro-inflammatory

Figure 3. Effect of LNA-Anti-miR-150 on Renal Expression of Pro-Fibrotic Genes in TIF Mice

(A) Quantification of MRNA encoding a-SMA, FN, and COL-1. (B and C) Renal fibrosis-related proteins a-smooth muscle actin, FN, and COL-1 were assessed on (B) western
blotting and by (C) double immunofluorescence staining of a-SMA and FN, as well as COL-1. Magnification 200x. Scale bar, 400 um; n = 6. # p < 0.05, each experimental
group versus normal group. *p < 0.05, LNA-anti-miR-150 versus Scrambled LNA respectively. Data are presented as mean + SD. Red indicates FN and COL-1; green

indicate a-SMA, asterisks indicate blood vessels.
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response via multiple mechanisms.’® The limitation of our current
study is that we did not investigate the possible differentiation be-
tween proximal tubule-specific inflammation and macrophage-
induced inflammation. This will be conducted in our future project.

In conclusion, the renal protective mechanism of miR-150-based
RNAi may be mediated by regulating pro-fibrotic genes and inflam-
mation via infiltration of macrophages and SOCS1/JAK/STAT
pathway. miR-150 based RNAi appears to be a novel promising ther-
apeutic agent for renal tubulointerstitial fibrosis.

MATERIALS AND METHODS

TIF Mouse Model

Male ICR mice (12-16 weeks old, 30-35 g) were purchased from Bei-
jing Vital River Laboratory Animal Technology (Beijing, China),
housed 4 per cage, and allowed free access to standard food and
drinking water. Mice were maintained under a 12 h light/dark cycle
with fixed temperature at 24°C and humidity (40%-55%). Folic acid
(Sigma-Aldrich, MO, USA) was peritoneally injected to male ICR
mice to induce AKI on day 2 and TIF on day 30 after one bolus of
injection.” Animal studies were approved in advance by the Animal

878 Molecular Therapy: Nucleic Acids Vol. 22 December 2020

Care and Use Committee of China Medical University (15052111),
and were performed following NIH Animal Care and Use
Guidelines.

Animal Experimental Design and Samples Collection

Natural History of Folic-Acid-Induced Kidney Injury

Male ICR mice (n = 24) were used to determine the natural history of
folic-acid-induced kidney injury. Folic acid was dissolved in 0.3 mM
NaHCOj; solution. Approximately 0.2 mL of folic acid (250 mg/kg
body weight) or vehicle were injected intraperitoneally into each
mouse on day 0. Mice were anesthetized and blood samples were
collected from abdominal aorta and the kidneys were collected after
perfusion with PBS to remove intrarenal blood on day 2, day 7, and
day 30 (Figure S4A).

The Effect of LNA-Anti-miR-150 Treatment on TIF in Mice on Day
30

We administered LNA-anti-miR-150 or scrambled LNA (Exiqon,
MA, USA), each at dose of 2 mg/kg, twice weekly for total of eight
doses. ICR mice (n = 36) were divided into 6 groups: normal control,
folic acid alone, prophylactic treatment (LNA-anti-miR-150 or
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Figure 5. The Effect of LNA-Anti-miR-150 on Renal Inflammation in TIF Mice

FA + early LNA-anti-miR-150

FA + late LNA-anti-miR-150

Density of F4/80

(A-C) Renal mRNA levels of cytokine (A) IFN-v, (B) IL-6, and (C) TNF. (D and E) Renal infiltration of macrophages expressed by (D) CD68 immunostaining and (E) western
blotting of F4/80 (magnification 200x, scale bar, 400 um; n = 6, # p < 0.05), each group versus normal group. *p < 0.05, LNA-anti-miR-150 versus Scrambled LNA
respectively, data represent mean + SD, red dots indicate positive CD68 staining. See also Figure S2A.

scrambled LNA) starting at day 0 before AKI induction and delayed
treatment (LNA-anti-miR-150 or scrambled LNA) starting at day 2
after AKI induction respectively for 28 days or 30 days. As described
above, blood samples and kidneys were collected on day 30 after folic
acid injection (Figure S4B).

For all experimental animals, serum was isolated from blood samples
and was stored at —80°C. The kidneys were divided into four parts:
one piece was fixed into 4% paraformaldehyde and tissue was

embedded in paraffin, one piece was put into optimal cutting temper-
ature compound (OCT) (Sakura, CA, USA) and stored at —80°C, and
the remaining two tissue pieces were stored at —80°C for isolation of

total protein and RNA.

Cell Lines

HK-2 cells and the human monocytic cell line THP1 were purchased
from ATCC (Manassas, VA, USA). HK-2 cells were cultured in
DMEM/F 12 medium supplemented with 10% FBS. THP1 cell
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Figure 6. The Effect of miR-150 Inhibitor on SOCS1/JAK/STAT Pathway in HK-2 Cells

(A) miR-150 (green), SOCS1 protein (red), and co-expression (yellow) in untreated HK-2 cells assessed by double staining using FISH and immunofluorescence (magnifi-
cation 400x, scale bar, 20 um). (B) gPCR of miR-150 in HK-2 cells co-cultured with macrophages. (C) SOCST mRNA expression. (D) mRNA levels of pro-fibrotic genes
including a-SMA, FN, and COL-1. (E) Western blotting for SOCS1, p-JAK1, p-JAK2, p-STAT1, p-STATS, a-SMA, FN, and COL-1 (n = 3, # p < 0.05, HK-2+ macrophages
versus HK-2 cells. *p < 0.05, siRNA of miR-150 versus scrambled negative control (NC) oligonucleotides. Data represent mean + SD. See also Figure S4C.

number was adjusted to 1 x 10° cells/mL and plated in RPMI 1640  phorbol 12-myristate 13-acetate (Sigma-Aldrich, CA, USA) and
Basic supplemented with 10% FBS for 24 h. Thereafter, THP1 cells  cultured for 48 h at 37°C. These cells were characterized as
were transferred to the RPMI 1640 Basic medium with 100 ng/mL  macrophage.
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Co-culture of HK-2 Cells and Macrophage Cells and
Transfection of miR-150 Inhibitor

HK-2 cells (10°/mL) were seeded in the isolated upper compartments
of a Transwell system plate and were allowed to grow to 70%-80%
confluence. Small interfering RNA (siRNA; Ribobio, Guangdong,
China) including siRNA against miR-150 and its negative control
were transfected to HK-2 cells using Lipofectamine 3000 (Invitrogen,
CA, USA) according to the manufacturer’s instructions. The lower
compartment of the Transwell plate with cultured macrophages
covering 90% disc was set on the lower chamber of the co-culture
system. HK-2 cells were harvested 24 h after the transfection and
co-culture (Figure S4C).

Kidney Tissues from Human Subjects

Renal biopsies were from ten cTIN patients and were obtained be-
tween June 2018 and December 2019 in the Department of
Nephrology. cTIN was diagnosed by two renal pathologists. The
exclusion criteria for cTIN were the patients with age <18 or >75,
hypertension, diabetes, possible hepatitis B infection, tumors, and
pregnancy. Normal kidney tissues were obtained from the nephrec-
tomy of patients with renal tumor at The Department of Urology.
These tissues located at least 5 cm away from the tumors.”> A human
subject research protocol was approved in advance by the Institu-
tional Review Board of Shengjing Hospital of China Medical Univer-
sity. All subjects provided the written consent form. Renal function of
human subjects was measured by clinical central laboratory of the
hospital. Age and gender of human subjects were matched (Fig-
ure S4D; Table S1).

Serum Biochemistry Assays

Scr, BUN, alanine aminotransferase (ALT), and aspartate amino
transferase (AST) were measured by an Architect c16000 device
(Abbott, IL, USA).

Histology and Immunofluorescence Studies

Quantitative scoring of tubular injury was assessed on PAS-stained
sections using a semiquantitative scale as described previously.** Tu-
bulointerstitial fibrosis was assessed on Masson stained sections as the
estimated percentage of blue area to total area.”’ Frozen OCT fixed
kidney tissue sections (5 pm) slides were incubated with antibodies
of a-SMA, FN, COL-1, SOCS1, CD68, and CD3 were incubated at
4°C overnight followed by incubation with secondary antibodies con-
jugated with Alexa 568 or Alexa 488 (Table S2) at room temperature
for 1 h. After three washes with PBS, slides were mounted with 4’,
6-diamidino-2-phenylindole (DAPI) medium for 10 min. Images
were captured using immunofluorescence microscopy (Nikon,
Tokyo, Japan). Staining intensity was semi-quantified by Image-Pro
Plus 6.0 (Media Cybernetics, MD, USA) as previously described.>>**°

Molecular Therapy: Nucleic Acids

Western Blotting

Equal amounts of total protein from kidney tissues (50 pg) or
HK2 cells (30 pg) were separated by SDS-PAGE and transferred
onto polyvinylidene fluoride (PVDF) membranes (Millipore
Immobilon-P, MA, USA). And the membranes were incubated at
4°C overnight with primary antibodies against a-SMA, FN,
COL-1, SOCSI1, F4/80, and JAK/STAT pathway related proteins,
including JAK1, p-JAK1, JAK2, p-JAK2, STATI, p-STATI,
STAT3, and p-STAT3 (Table S2). After washing, antibodies goat
anti-mouse/rabbit immunoglobulin G (IgG) was added for 1 h at
room temperature (Table S2). Antibody-antigen binding was de-
tected by high-sig ECL western blotting substrate and visualized
by the Tanon 5500 imaging system (Shanghai, China). The protein
loading variation was normalized by o-tubulin or GAPDH.
Blot density was analyzed by NIH Image] software (Bethesda,
MD, USA)

FISH of Kidney Tissues

For FISH, sections from paraffin-embedded human kidney bi-
opsies, normal control kidney tissues, and mouse kidney tissues
were cut at 4 um thickness. Sections were deparaffinized, rehy-
drated, digested with trypsin, and hybridized with a digoxigenin-
horseradish peroxidase (DIG-HRP)-labeled oligonucleotide probe
complementary to miR-150 (Table S3) at 37°C overnight following
by stained with anti-DIG- HRP antibody for 50 min, FITC-tyra-
mine signal amplification for 5 min, and DAPI for 5 min. Images
were captured by immunofluorescence microscopy (Nikon, Tokyo,
Japan). Positive staining areas were semi-quantified as reported by
Huang et al.*?

Double Staining of FISH and IF

For double staining of miR-150 and AQP1 in human kidneys, FISH of
miR-150 was performed with the protocol described above. After
washing three times with PBS, slides were incubated with primary
antibody against AQP1at 4°C overnight (Table S2). Following three
washes with PBS, the slides were incubated with secondary antibody
labeled with Alexa 568 for 1 h in the dark at room temperature,
followed by a PBS wash. Slides were mounted with DAPI medium
for 5 min. Images were captured by immunofluorescent microscopy
(Nikon, Tokyo, Japan).

For double immunofluorescenc staining of miR-150 FISH and
SOCS]1, HK-2 cells were cultured on the slides placed in the culture
dishes with HK-2 medium. At confluence, cells were fixed using in
situ hybridization fixative (Servicebio, Wuhan, China) for 15 min
at room temperature. FISH to detect miR-150 and IF of SOCSI
was performed with the same protocol as described for kidney
tissues.

Figure 7. Renal Expression of miR-150 and Target Proteins in cTIN Patients

(A) Masson staining. (B) miR-150 on FISH. (C-E) immunofluorescence (IF) staining: (C) pro-fibrotic a-SMA, FN, and COL-1 protein; (D) macrophage biomarker CD68; and (E)
anti-fibrotic SOCS protein. Magnification 400x, scale bar, 10 pm; magnification 100x, scale bar, 200 um; n = 10, #p < 0.05, renal biopsies from patients with chronic
tubulointerstitial nephritis (CTIN) versus normal control kidneys, Data represent mean + SD. See also Figures S2B, S3, and S4D.
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qPCR

Total RNA was isolated from the frozen kidney tissues and harvested
HK-2 cells using TRIzol reagent (Life Technologies, CA, USA) ac-
cording to instructions. Primers were designed using Primer Express
(Applied Biosystems, CA, USA) and synthesized by Life Technologies
(Shanghai, China). Real-time fluorescence signal was detected with
QuantStudio 6 Flex quantitative real-time PCR system (Applied
Biosystems). Actin and sn0202/U6 were used as endogenous controls
for mRNA and mouse/human miR-150, respectively (Table S3). The
relative level of each target gene was calculated using 27**<" method
(A Ct: Ct of endogenous control — Ct of individual target gene)

Statistical Analysis

SPSS 22.0 (SPSS, IL, USA) and Prism 8.0 (GraphPad, CA, USA) soft-
ware were used for statistical analysis and graphing. Quantitative data
were expressed as mean + SD. Differences between groups were
analyzed for statistical significance by one or two way-ANOVA for
animal and cell data, and t test for human data. A value p <0.05
was considered as statistically significant.
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