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Diabetic kidney disease (DKD) is a common microvascular
complication of diabetes, a global health issue. Hyperglycemia,
in concert with cytokines, activates the Janus kinase (JAK)/
signal transducer and activator of transcription (STAT)
pathway to induce inflammation and oxidative stress contrib-
uting to renal damage. There is evidence of microRNA-155
(miR-155) involvement in diabetes complications, but the un-
derlying mechanisms are unclear. In this study, gain- and
loss-of-function experiments were conducted to investigate
the interplay between miR-155-5p and suppressor of cytokine
signaling 1 (SOCS1) in the regulation of the JAK/STAT
pathway during renal inflammation and DKD. In experimental
models of mesangial injury and diabetes, miR-155-5p expres-
sion correlated inversely with SOCS1 and positively with albu-
minuria and expression levels of cytokines and prooxidant
genes. In renal cells, miR-155-5p mimic downregulated
SOCS1 and promoted STAT1/3 activation, cytokine expres-
sion, and cell proliferation and migration. Conversely, both
miR-155-5p antagonism and SOCS1 overexpression protected
cells from inflammation and hyperglycemia damage. In vivo,
SOCSI1 gene delivery decreased miR-155-5p and kidney injury
in diabetic mice. Moreover, therapeutic inhibition of miR-155-
5p suppressed STAT1/3 activation and alleviated albuminuria,
mesangial damage, and renal expression of inflammatory and
fibrotic genes. In conclusion, modulation of the miR-155/
SOCS1 axis protects kidneys against diabetic damage, thus
highlighting its potential as therapeutic target for DKD.

INTRODUCTION

Diabetes mellitus is a common and serious metabolic disease with sig-
nificant clinical impact and economic costs and a leading cause of
disability, morbidity, and premature mortality worldwide. These out-
comes are due largely to macrovascular complications (e.g., coronary
heart disease, peripheral arterial disease, stroke) and microvascular
complications including diabetic kidney disease (DKD), peripheral

neuropathy, and retinopathy.' DKD affects about one-third of pa-
tients with diabetes, is the primary cause of end-stage renal disease,
and is a risk factor for macrovascular complications.2 Furthermore,
hyperlipidemia contributes to the progression of diabetic chronic kid-
ney disease, indicating an interrelationship between the two
processes.’

Because of extensive research in recent years, our understanding of
the metabolic and hemodynamic alterations as the main cause of
renal injury in diabetes has been transformed into a more complex
scenario. In fact, a diabetic milieu promotes the accumulation of im-
mune cells, whose mediators can activate resident renal cells by
direct contact or paracrine signaling to secrete additional pro-in-
flammatory cytokines and activate oxidative stress responses,
thereby amplifying the effects of hyperglycemia and potentiating

45
renal damage.™’

Current management of DKD relies on the control of blood glucose,
hypertension, and lipid levels. Because many patients still progress to
advanced DKD and end-stage renal disease, there is a need to identify
diabetes-induced mechanisms regulating inflammation and oxidative
stress genes that may be relevant in the search of alternative
therapies.””

MicroRNAs (miRNAs) are fundamental post-transcriptional regula-
tors of gene expression involved in many biological processes,
including differentiation, development, signaling, and immune
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response. miRNAs are small non-coding RNAs that bind primarily to
the 3’ UTR of target mRNAs and mediate mRNA degradation, trans-
lational repression, or mRNA destabilization.® Dysregulated expres-
sion of specific miRNA-mRNA target pairs has relevance not only
to tumorigenesis but also to developmental and metabolic diseases.”
Previous studies have explored the diagnostic and therapeutic value
of miRNAs in kidney diseases. For example, increased levels of
miR-21, miR-27a, miR-146, and miR-216 contribute to renal fibrosis
by regulating mesangial cell hypertrophy, extracellular matrix accu-
mulation, epithelial-to-mesenchymal transition and transforming
growth factor B (TGF-B) signaling,x’g while miR-27b, miR-29, and
miR-192 are found to be downregulated and revealed inhibitory ef-
fects on kidney damage and fibrosis.'”'* The present work focusses
on the role and regulation of miR-155 during renal inflammation
and diabetes.

miR-155 is considered a master mediator of immune and inflamma-
tory responses in different pathologies.'” The pre-miR-155 hairpin
is processed into two mature strands (miR-155-3p and miR-155-
5p), of which miR-155-5p is the most abundant and functionally
relevant form (miRBase: hsa-mir-155, MI0000681 and mmu-mir-
155, MI0000177). miR-155 increases the expression of genes involved
in inflammation and renal fibrosis, such as interleukin (IL)-18, IL-6,
IL-12, tumor necrosis factor o. (TNF-a.), TGF-f, inducible nitric oxide
synthase, angiotensin II receptors, and metalloproteinases.14 Elevated
miR-155 levels have been found in urine samples from patients with
acute and chronic kidney diseases.”'"'* In rodent models of type 1
diabetes (T1D) and type 2 diabetes (T2D), miR-155 expression asso-
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ciates with the progression of kidney disease,
miR-155 gene deficiency alleviates renal damage.

miR-155 expression is controlled by multiple signaling pathways
and transcription factors.'* Among them is the Janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
pathway, which mediates the effects of many cytokines and inflam-
matory molecules.”” In the canonical signaling, STAT transcription
factors are activated by JAK-mediated phosphorylation, then
dimerize and translocate into the nucleus to regulate target gene
expression.”’ Suppressor of cytokine signaling 1 (SOCS1) is an
important negative regulator of cytokine signaling by inhibiting
JAK activation, STAT dimerization, or targeting ubiquitinated signal
transduction factors.”* Dysregulated functionality of the JAK/STAT/
SOCS pathway contributes to the harmful effects of hyperglycemia
by inducing the expression of genes implicated in leukocyte infiltra-
tion, cell growth, and fibrosis,” and hence therapies counteracting
JAK/STAT hyperactivation in diabetes are being considered.”**
Previous studies have revealed that miR-155-associated inflamma-
tory response to lipopolysaccharide (LPS) in the kidney is mediated
by SOCS1 repression.”® However, the role of miR-155/SOCSI as a
functional axis in the pathogenesis of DKD is not fully defined.
Therefore, the aim of this study is to analyze the interplay between
the JAK/STAT/SOCSI1 pathway and epigenetic regulation by miR-
155-5p in renal cells and to test in vivo the inhibition of miR-
155-5p as a potential therapy against DKD.
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RESULTS

miR-155-5p is induced by inflammation and hyperglycemia in
renal cells and damaged kidney and correlates inversely with
SOCS1 expression

We analyzed the expression of miR-155-5p in cultured renal cells
exposed to inflammatory and hyperglycemic conditions. In glomer-
ular mesangial cells, miR-155-5p expression was induced by stimula-
tion with cytokines (TNF-a, IL-6, and interferon-y [IFNY]), LPS
alone, a combination of LPS plus IFNY, and high glucose concentra-
tion, compared with basal conditions (Figure 1A). In proximal
tubular epithelial cells, time-response studies revealed a gradual in-
crease of miR-155-5p expression by LPS or high-glucose treatment,
whereas IL-1f and TGF-B induced an earlier expression, peaking at
3 and 6 h, respectively (Figure 1B). We further analyzed SOCS1
expression, which was identified as a direct target of miR-155-5p in
other cell types.”” SOCS1 mRNA was transiently induced by inflam-
matory stimuli and hyperglycemia in tubular epithelial cells
(Figure 1B), showing an inverse pattern of expression with that of
miR-155-5p.

To corroborate the findings in renal cells under inflammatory
and hyperglycemic conditions, we next explored in vivo the renal
expression of miR-155-5p and SOCSI1 in two complementary
experimental models of acute and chronic kidney disease.
First, in the mouse model of mesangial proliferative glomerulone-
phritis characterized by acute glomerulopathy and inflammation,
we observed a progressive induction of miR-155-5p over 7 days
in parallel with the increase of albuminuria (urine albumin-to
creatinine ratio, UACR), while SOCS1 mRNA expression was
maximal at day 5 and declined thereafter (Figure 1C). Pearson
analysis revealed an inverse correlation between miR-155-5p and
SOCS1 levels (Figure 1D) and positive association with albumin-
uria (r = 0.7983, p = 0.0011) and the gene expression levels of renal
damage marker KIM1 (kidney injury molecule 1; r = 0.6939,
p = 0.0085) and C-C motif ligand (CCL)
(r = 0.7364, p = 0.0041).

2 chemokine

Second, we studied the model of chronic DKD induced by streptozo-
tocin (STZ) injection in aged wild-type (WT) and apolipoprotein E
knockout (ApoE) mice. We observed that the miR-155-5p expression
in diabetic mice was significantly higher than in respective non-dia-
betic controls, with the ApoE diabetic group displaying the highest
levels of miR-155-5p (5-fold vs. control) and albuminuria (Figure 1E).
Moreover, SOCS1 gene expression was found decreased in diabetic
mice compared with controls (Figure 1E). Correlation analysis
showed an inverse relationship between miR-155-5p and SOCS1
among all mouse groups (Figure 1F). There was also a direct associ-
ation of miR-155-5p with albuminuria, markers of renal damage
(KIM1) and inflammation (CCL2 and CCL5), and prooxidant en-
zymes (NADPH oxidase subunits NOX2 and NOX4), and a negative
correlation with antioxidant genes (superoxide dismutase 1 and cata-
lase) (Table S1). These data suggest a reciprocal relationship between
miR-155-5p and SOCSI expression in cultured renal cells and
damaged kidneys.
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Figure 1. Inverse relationship between miR-155-5p and SOCS1 in murine renal cells and damaged kidneys

(A) miR-155-5p expression in mesangial cells stimulated with inflammatory stimuli (10 ng/mL TNF-a, 2 ng/mL IL-6, 200 ng/mL IFNy, and 1 pg/mL LPS) for 2 h or high
glucose concentration (HG; 30 mM D-glucose) for 24 h. (B) Evolution of miR-155-5p and SOCS1 expression in tubular epithelial cells after 3-24 h of incubation with
10 ng/mL IL-1B, 100 ng/mL LPS, 10 ng/mL TGF-, and HG. (C and D) Analysis of samples from the mouse model of mesangial proliferative glomerulonephritis. (C) Renal
expression of miR-155-5p and SOCS1 and levels of albuminuria (urine albumin-to-creatinine ratio, UACR) at days O (n = 5), 5 (n = 7), and 7 (n = 6) of disease induction. (D)
Correlation analysis of miR-155-5p versus SOCS1 at day 5 and 7. (E and F) Analysis of samples from the T1D model in WT and ApoE mice. (E) Levels of miR-155-5p,
SOCS1, and UACR in normoglycemic (WT-Co, n = 5; ApoE-Co, n = 6) and diabetic (NVT-DM, n = 6, ApoE-DM, n = 7) mouse groups. (F) Correlation analysis of miR-155-
5p levels versus SOCS1. The gPCR values were normalized by RNUEB (miR-155-5p) or 18S rRNA (mRNAs) and expressed as fold increases versus basal (A and B) and
control mouse group (C - F). Results are presented as individual data points and the mean + SD of n = 4 (in vitro experiments) and the total number of animals per group.

*p < 0.05, *p < 0.01, and **p < 0.001 vs. basal cells or indicated groups.

The JAK/STAT/SOCS axis regulates miR-155-5p expression

in vitro and in vivo

To evaluate the direct involvement of the JAK/STAT family in miR-
155-5p regulation, gene silencing and overexpression experiments
were performed in tubular epithelial cells using small interfering

RNA (siRNA) against STAT1 or SOCS1 and plasmid transfection,
respectively (Figures 2 and S1). Effective silencing of STAT1 (Fig-
ure S1) resulted in a decreased expression of miR-155-5p in response
to LPS plus IFNYy stimulation compared with non-transfected, Lipo-
fectamine-treated, or siRNA-transfected

scramble controls
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Figure 2. JAK/STAT/SOCS pathway regulates miR-155-5p expression in vitro

Tubular epithelial cells were transfected with STAT1 siRNA (siStat1), SOCS1 siRNA (siSocs1), or SOCS1 overexpression plasmid (pSocs1) and then incubated for 2 h with
1 pg/mL LPS and 200 ng/mL IFNy (LPS + IFNYy). Non-transfected cells (Ctrl), Lipofectamine (Lipo), scramble siRNA (siSCr), or empty plasmid (p513) were used as negative
controls. (A) Analysis of miR-155-5p expression after silencing and overexpression. (B) Upper panel: Immunodetection of SOCS1, P-STAT1, total STAT1, and a-tubulin in
SOCS1-silenced cells. Two bands (=26 kDa) were detected by SOCS1 antibody, consistent with the unmodified and phosphorylated forms reported previously.>® Lower
panel: Western blot analysis in SOCS1-overexpressing cells showing expression of exogenous hemagglutinin-tagged SOCS1 protein (upper bands in pSOCS1), endog-
enous SOCST (lower bands), and STAT1 (phosphorylated and total). (C) Quantitative analysis of the SOCS1/a-tubulin and P-STAT1/STAT1 ratios from SOCS1 silencing and
overexpression experiments. (D) Analysis of pro-inflammatory gene expression in transfected cells. The gPCR values were normalized by corresponding RNU6B (A) or 18S
rRNA (D). Results expressed as fold increases versus basal conditions are presented as individual data points and the mean + SD of n = 4-6 independent experiments.

&0 < 0.05 vs. Ctrl/Lipo, ®p < 0.05 vs siScr, and *p < 0.05 vs. p513.

(Figure 2A). In contrast, SOCS1 silencing enhanced STAT]1 activa-
tion/phosphorylation (Figures 2B and 2C) and miR-155-5p expres-
sion (Figure 2A) compared with controls. On the other hand,
SOCS1 enforced expression (by transfection with hemagglutinin-
tagged pSocs1 plasmid) attenuated STAT1 and miR-155-5p induction
by inflammatory stimuli, compared with control and cells transfected
with p513-empty vector (Figures 2A-2C). According to this, the gene
expression of chemokines (CCL2 and C-X-C motif chemokine 10
[CXCL10]) and pro-inflammatory cytokines (TNF-a and IL-6), was
downregulated by both STATT1 silencing and SOCS1 overexpression
and was found upregulated in SOCS1-silenced cells (Figure 2D).

To corroborate the in vitro findings, we explored in vivo the effects of
adenovirus-mediated SOCS1 gene transfer in diabetic ApoE mice, asa
clinically relevant model of advanced DKD. Compared with non-
treated and empty vector groups, SOCSI-overexpressing mice
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showed lower expression miR-155-5p (Figures 3A and 3B). SOCS1
gene therapy significantly reduced albuminuria (Figure 3C) and
markers of kidney injury and inflammation (KIM1 and CCL2; Fig-
ure 3D). Pearson analysis confirmed an inverse relationship between
miR-155-5p and SOCS1 and direct association with renal parameters
(Table S2). Moreover, protein levels of chemokines (CCL2 and CCL5)
and pro-inflammatory cytokines (IL-6 and TNF-a) in kidney tissue
were found significantly decreased in mice receiving SOCS1 adeno-
virus (Figure 3E). Together, these results evidence a critical role of
JAK/STAT1/SOCS] axis in miR-155-5p expression in kidney disease.

miR-155-5p activates the JAK/STAT pathway by regulating
SOCS1 expression in renal cells

We performed gain- and loss-of-function experiments in renal cells to
assess the influence of miR-155-5p on JAK/STAT pathway activation
and target gene expression. In mesangial cells, transfection with
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Figure 3. In vivo effect of SOCS1 gene therapy in experimental DKD

(A) gPCR analysis of SOCS1 and miR-155-5p in renal samples from diabetic ApoE mice non-treated (NT; n = 6) and treated with empty control vector (Ad-null; n = 5) or
SOCS1-encoding adenovirus (Ad-Socs1; n = 8). Normalized expression values are given as fold increases versus NT control group. (B) Western blot analysis of SOCS1 and
a-tubulin in kidney samples. Representative immunoblots and quantitative analysis of SOCS1/a-tubulin ratio relative to NT mice are shown. (C) Albuminuria levels. (D) Gene
expression of KIM1 and CCL2 in renal samples. (E) ELISA analysis of chemokines and cytokines in kidney lysates. Results are presented as individual data points of the total

number of animals per group. *p < 0.05, **p < 0.01, and **p < 0.001.

miR-155-5p mimic reduced the gene and protein expression of SOCS1
(Figures 4A and 4B) and activated STAT1/3 by phosphorylation
(Figures 4B and 4C). Consequently, miR-155-5p mimic enhanced
the expression of pro-inflammatory genes (CCL2, CXCL10, TNF-a,
and IL-6) both in basal conditions (Figure S2A) and upon stimulation
with LPS plus IFNYy (Figure 4D). Mimic transfection also promoted the
secretion of CCL2 and TNF-a. proteins into the culture medium (Fig-
ure 4E). In a complementary experiment, renal cells were co-trans-
fected with miR-155-5p mimic and SOCSI expression plasmid before
induction. Compared with miR-155-5p mimic transfection, tubular
epithelial cells overexpressing SOCS1 displayed significant decreases
in chemokine gene expression under both basal and inflammatory
stimulation (Figure 4F). Similarly, co-transfection of mesangial cells
with pSOCS]1, but not p513 empty vector, effectively reversed the effect
of miR-155-5p mimic on pro-inflammatory gene expression in both
normal and high-glucose conditions (Figure 4G). These results indicate
that SOCSI1 antagonizes miR-155-5p in renal cells.

On the other hand, mesangial cell transfected with miR-155-5p inhibi-
tor showed increased gene and protein expression of SOCS1 (Figures 5A
and 5B) and impaired STAT1/3 phosphorylation (Figure 5B). In non-
stimulated cells, negative control showed a slight but unexpected in-
crease of pro-inflammatory genes, which may be associated with mild
off-target effects on cell survival at the dose used and are compatible
with the observed trend in cell viability assay (Figures S2B and S2C).
Remarkably, transfection with miR-155-5p inhibitor did not affect the
viability of mesangial and tubular cells (Figures S2C and S2D) but signif-
icantly downregulated the expression of pro-inflammatory genes at
both basal levels (Figure S2B) and upon stimulation with LPS plus
IFNYy (Figure 5C) and elevated glucose (Figure 5D).

We next explored the impact of miR-155-5p on mesangial cell prolif-
eration and migration, which are key findings in DKD. Compared
with control conditions, transfection with miR-155-5p inhibitor signif-
icantly reduced the proliferative response of mesangial cells to growth
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Figure 4. miR-155-5p overexpression targets SOCS1 and enhances inflammatory response in renal cells

(A) Expression levels of miR-155-5p and SOCS1 in mesangial cells transfected with miR-155-5p mimic or negative control (NC) and stimulated for 2 h with 1 pg/mL LPS and
200 ng/mL IFNy (LPS + IFNYy). Normalized expression values are given as fold increases versus NC (basal conditions). (B) Representative immunoblots and quantitative analysis of
SOCS1, P-STAT1/3, total STAT1/3, and B-actin (as loading control) in non-transfected (Ctrl) and transfected (NC and mimic) mesangial cells under basal and stimulation
conditions. The graph represents the SOCS1/B-actin, P-STAT1/STAT1, and P-STAT3/STAT3 ratios in stimulated cells (NC and mimic groups), normalized by respective basal
and expressed as relative fold versus Ctrl. (C) Time course of STAT1 activation quantified as P-STAT1/STAT1 ratio by cell-based ELISA. (D) gPCR analysis of pro-inflammatory
genes in non-transfected (Ctrl) and transfected (NC and mimic) cells under LPS + IFNy stimulation. (E) Protein levels of CCL2 and TNF-a. in cell supernatants at 24 h were
measured by ELISA. (F) gPCR analysis of chemokine genes in tubular epithelial cells co-transfected with miR-155-5p mimic, SOCS1 overexpression plasmid (pSocs1), or empty
plasmid (p513) under basal conditions and LPS + IFNy stimulation. (G) Pro-inflammatory gene expression analysis in mesangial cells without/with high-glucose stimulation (HG;
24 h). Normalized gPCR values (D, F, and G) are expressed as fold increases versus non-transfected and untreated cells (Ctrl basal). Results are presented as individual data
points and mean = SD of n = 4-6 experiments. ¥p < 0.05 vs. NC basal, p < 0.05 vs. NC stimulation, *p < 0.05 vs. Ctrl, $p <0.05 vs. mimic, and Ip < 0.05 vs. p513.

medium (Figure 5E) and high-glucose condition (Figure 5F). Suppres-
sion of miR-155-5p also decreased the migration ability of mesangial
cells, as determined by wound healing assay (Figure 5G). Conversely,
miR-155-5p mimic increased cell proliferation under normal and hy-
perglycemic conditions (Figures 5E and 5F) and promoted cell migra-
tion (Figure 5G). These effects were partially reversed by SOCSI over-
expression (Figures 5E-5G), thus indicating a mutual regulatory loop
between mir-155-5p and SOCS1 in renal cells.

6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023

Therapeutic inhibition of miR-155-5p enhances SOCS1
expression and alleviates renal damage and inflammation in
diabetic mice

To complete the study of the regulatory loop between miR-155-5p and
the JAK/STAT/SOCS] axis in DKD, diabetic ApoE mice were adminis-
tered mmu-miR-155-5p inhibitor or negative control and analyzed for
renal function, histology, and gene expression. Compared with vehicle
and negative control groups, treatment with miR-155-5p inhibitor
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Figure 5. miR-155-5p regulates inflammation through JAK/STAT pathway

(A) Expression levels of miR-155-5p and SOCS1 in mesangial cells transfected with miR-155-5p inhibitor or negative control (I-NC) and stimulated with LPS plus IFNy.
Normalized gPCR values are expressed as fold increases versus I-NC basal conditions. (B) Representative immunoblots and quantitative analysis of SOCS1, P-STAT1/3,
total STAT1/3, and B-actin in non-transfected (Ctrl) and transfected (I-NC and inhibitor) mesangial cells under basal and stimulation conditions. The graph represents the
SOCS1/B-actin, P-STAT1/STAT1, and P-STAT3/STATS ratios in stimulated cells (I-NC and inhibitor groups), normalized by respective basal and expressed as relative fold
versus Ctrl. Pro-inflammatory gene expression analysis in non-transfected (Ctrl) and transfected (I-NC and inhibitor) mesangial cells under LPS + IFNy stimulation (C) and in
tubular epithelial cells under high-glucose (HG) conditions (D). Values normalized by 18S rRNA are expressed as fold increases versus non-transfected and untreated cells
(Ctrl basal). (E and F) MTT cell proliferation assay. Mesangial cells were transfected (miR-155-5p inhibitor, miR-155-5p mimic, or negative controls) and co-transfected

(legend continued on next page)
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resulted in significant knockdown of miR-155-5p (Figure 6A) and up-
regulated gene and protein expression of SOCS1 (Figures 6A and 6B).
Furthermore, the phosphorylation of STAT1/3 in kidney tissue
decreased following miR-155-5p inhibition, as determined by western
blot (Figure 6B) and immunohistochemistry (Figure 6C).

No significant differences in blood glucose, body weight, or serum
cholesterol and triglycerides were observed among diabetic groups
at the end of the study (Table 1). Interestingly, albuminuria levels
decreased gradually over time by miR-155-5p inhibitor therapy
compared with vehicle and negative control groups, reaching signif-
icant difference at the end of the study (44% + 8% and 51% + 10%,
respectively; Figure 7A). Mice receiving miR-155-5p inhibitor also
showed a reduction in relative kidney weight and serum creatinine
levels (Table 1) as well as lower expression of renal injury markers
KIMI and lipocalin-2 (LCN2; Figure 7B), thus confirming an
improved renal function by treatment.

Kidney histology with periodic acid-Schiff (PAS) and Sirius red stain-
ing revealed a significant decrease of mesangial expansion and
collagen content in mice treated with miR-155-5p inhibitor (percent-
age vs. vehicle 54% + 4% and 46% = 5%, respectively; Figure 7C).
Moreover, therapeutic inhibition of miR-155-5p reduced the number
of F4/80" infiltrating macrophages (percentage vs. vehicle 43% + 4%;
Figure 7D) and downregulated the gene expression of inflammatory
(CCL2, CCLS5, and IL-6) and profibrotic (TGF-B) mediators (Fig-
ure 7E) in diabetic mice. These results indicate that miR-155-5p inhi-
bition exerts a protective effect in experimental DKD by improving
renal function and reducing inflammation and fibrosis.

DISCUSSION

The present study demonstrates that the reciprocal regulation of miR-
155 and SOCS1 in renal cells plays a critical role in the pathogenesis of
renal inflammation and DKD. We provide evidence that (1) miR-
155-5p expression is induced by hyperglycemia and inflammation
and correlates inversely with SOCSI1 expression in cultured renal
cells and damaged kidneys, (2) SOCSI is a functional target of
miR-155-5p and antagonizes its effects on renal cells, and (3) thera-
peutic miR-155-5p inhibition and SOCS1 induction mitigate JAK/
STAT signaling and renal damage in diabetic mice.

The multifunctional molecule miR-155 is induced in response to in-
flammatory signals in different cell types and tissues and can be
suppressed by anti-inflammatory cytokines and pro-resolving fac-
tors.">'**® Previous studies have explored the functional role of
miR-155 in renal pathology. Elevated miR-155 levels have been
found in kidney tumors;* in urine samples from patients with acute

Molecular Therapy: Nucleic Acids

kidney injury, immune nephritis, and T1D'""*; and in renal bi-
opsies from patients with DKD.'"'®*° Preclinical studies have
linked miR-155 to mesangial cell proliferation in lupus nephritis,”’
Th17 immune response in crescentic glomerulonephritis,"” tubular
cell apoptosis in renal ischemia-reperfusion,”” and podocyte injury
in T2D."

Our study analyzes the miR-155 regulation in two complementary
models. First, cytokine-stimulated mesangial cells and mice with me-
sangial proliferative glomerulonephritis provided a model of renal
inflammation and acute glomerulopathy. Second, high-glucose-stim-
ulated cells and STZ-induced diabetic ApoE mice provided a valuable
model of chronic DKD. We demonstrate an upregulated intra-renal
expression of miR-155-5p and a tight correlation with the severity
of the disease, as assessed by albuminuria, renal injury markers,
and inflammatory genes. In vitro, a time-dependent induction of
miR-155 was noted in renal cells exposed to elevated glucose and in-
flammatory stimuli such as LPS and cytokines. Importantly, the in-
duction of miR-155-5p in renal cells and damaged kidneys associates
with downregulation of SOCS1. This supports an inverse relationship
between miR-155 and SOCS1 in kidney inflammation, as previously
reported in the setting of ulcerative colitis,”” inflammatory lung
injury,” and sepsis-associated kidney injury.*

SOCSI protein negatively regulates JAK/STAT signaling by suppress-
ing JAK-mediated STAT1/3 phosphorylation. Altered expression and
activity of SOCS1 affects multiple cellular responses to cytokines and
thereby contributes to the pathogenesis of inflammatory diseases.*”
Other groups and ours have reported that ectopic expression of
SOCS1 promotes renal injury repair by regulating STAT1/3”>7
and Toll-like receptor’® signaling. We have also demonstrated that
administration of SOCS1 peptidomimetic effectively delays the pro-
gression of inflammation, oxidative stress, and kidney injury in
T1D and T2D mouse models.”>**** Previous evidence showed that
miR-155 and SOCS] interactions mediate the inflammatory response
in neutrophils,”’ T lymphocytes,”’ macrophages,> myofibroblasts,*
and hepatic epithelial cells*’ exposed to cytokines. In line with this,
our study shows that miR-155-5p mimic transfection in renal cells de-
creases SOCS1 expression and activates STAT1/3 by phosphoryla-
tion, thereby promoting the expression of CCL2, CXCL10, TNF-a
and IL-6, which are key mediators involved in cell recruitment,
migration and activation in the setting of kidney injury.”” Through
gene-silencing experiments, we demonstrate that the upstream tran-
scription factor STAT1 is a key regulator of miR-155-5p expression in
response to inflammatory signals. Importantly, SOCS1 gene therapy
downregulates miR-155-5p expression in renal cells and diabetic kid-
neys, which results in anti-inflammatory effects and renal damage

(miR-155-5p mimic, SOCS1 overexpression plasmid, or p513 empty plasmid) and maintained for the indicated times in medium containing 5% FBS (E) and high glucose
concentration (F). Values expressed as fold increases compared with basal conditions. (G) Wound healing assay in mesangial cells. Left: representative images of cells
migrating into the wounded area (dotted lines) at 0 and 24 h of incubation. Right: quantitative analysis of covered healing areas expressed as percentage of the initial wound
size. Results are presented as individual data points and mean + SD of n = 4-6 experiments. p < 0.05 vs. basal or I-NC basal, *p < 0.05 vs. Ctrl, *p < 0.05 vs. respective

negative control stimulation, $p < 0.05 vs. mimic, and ¥p < 0.05 vs. p513.
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Figure 6. miR-155-5p inhibitor reduces JAK/STAT pathway activation in mouse diabetic kidney

(A) gPCR analysis of miR-155-5p and SOCS1 in kidney samples from diabetic ApoE mice treated for 6 weeks with vehicle (Veh; n = 7), miR-155-5p inhibitor (miR-155 Inh;
n = 7), or negative control (I-NC; n = 7). Normalized expression values are given as fold increases over vehicle. (B) Representative immunoblots and quantitative analysis of
SOCS1/a-tubulin, P-STAT1/STAT1 and P-STAT-3/STATS ratios in renal cortex. Values expressed as fold increases versus vehicle. (C) Representative images (scale bars,
25 um) of P-STAT1/3 immunohistochemistry and quantification of positive stained area in renal sections. Results are presented as individual data points and mean + SD of the

total number of animals per group. *p < 0.05, **p < 0.01, and ***p < 0.001.

improvement. These findings support the existence of active interac-
tions of miR-155/STAT1/SOCS]1 in the diabetic environment, where
STAT]1 positively regulates its function by upregulating miR-155 and
downregulating SOCS1 in renal cells. A similar mechanism is pro-
posed in a murine model of renal fibrosis after unilateral ureteral
obstruction, where the profibrotic effect of miR-155 is associated
with STATS3 activation by directly targeting SOCS1/6.**

One limitation of this study is that we did not localize the expression
of miR-155-5p and SOCS1 using other techniques (e.g., combined in
situ hybridization and immunostaining in renal samples), which
would have confirmed the cellular origin in the damaged kidney.
Nevertheless, the in vitro experiments underline the importance of
miR-155-5p/SOCSI interactions in the function of mesangial cells
and tubular epithelial cells, which are important for the development
of kidney diseases and particularly in the setting of DKD. Besides po-

docyte damage, mesangial cell injury participates indirectly in the
development of albuminuria by mesangial expansion leading to
reduced glomerular filtration rate, while tubulointerstitial injury
and fibrosis contribute to albuminuria by impairing proximal tubular
protein reabsorption.”’
gial cells activated by hyperglycemia, cytokines, and oxidative stress
exhibit a higher proliferative and migration activity and excess pro-
duction of matrix proteins, thus contributing to mesangial expansion
and glomerulosclerosis.*®
sangial cell growth and extracellular matrix synthesis.’"*” Moreover,
miR-155-5p upregulation in podocytes and glomerular endothelial
cells contributes to glomerular filtration barrier impairment in dia-
betes.'®'” Our functional studies expand these findings by underscor-
ing the role of miR-155/SOCS] interplay in mesangial expansion. We
show that miR-155-5p promotes the proliferation and migration of

Previous studies have indicated that mesan-

miR-155 has been shown to regulate me-

mesangial cells under inflammatory and hyperglycemic conditions,
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Table 1. Biochemical and metabolic parameters in diabetic mice treated with miR-155-5p inhibitor

Veh I-NC miR-155 Inh
Blood glucose (mg/dL) 533 + 56 554 + 39 530 + 61
Cholesterol (mg/dL) 513 £ 110 508 + 90 442 + 62
Triglycerides (mg/dL) 119 £ 23 125 + 34 97 £23
Body weight change (g) 51%15 55+21 49+ 15
Kidney-to-body weight ratio (mg/g) 240 +2.4 249 +34 204 21"
Creatinine (mg/dL) 0.86 + 0.16 0.83 £ 0.17 0.63 £ 0.07*"

Results from diabetic mice treated for 6 weeks with vehicle (Veh), negative control (I-NC), or mmu-miR-155-5p inhibitor (miR-155 Inh). Mean + SD of n = 7 animals per group.

2P<0.05 vs. Veh.
°P<0.05 vs. I-NC.

an effect prevented by SOCS1. Conversely, miR-155-5p inhibition up-
regulates SOCS1 and declines the proliferation and migration rates,
which is in line with previous studies in different cell types, such as
renal cancer cells* and fibroblasts.**

Our preclinical data reveal that pharmacological silencing of miR-
155-5p successfully increases SOCS1 and attenuates STAT1/3 activa-
tion in diabetic kidneys, resulting in a dramatic improvement of
albuminuria, mesangial expansion, tubular damage, fibrosis, and
inflammation, thus highlighting the miR-155/SOCS] axis as a poten-
tial therapeutic target for DKD. However, this cannot be extended to
other renal diseases, because we did not explore the miR-155-5p/
SOCS1 therapy in the mouse model of mesangial proliferative
glomerulonephritis. Our findings agree with those of a previous study
in diabetic miR-155 knockout mice, in which the improvement of
proteinuria and podocyte injury was associated with inhibition
of Th17 immune response and SOCSI induction.'® Gene deletion
of miR-155 can also prevent diet-induced obesity and improve insulin
sensitivity,*” which are hallmarks of T2D patients. In mouse models,
miR-155 inhibition has been shown to reduce cardiac fibrosis, wound
inflammation, and nerve injury induced by diabetes.””>* miR-155
antagonism can alleviate podocyte damage in KK-Ay mice and
719 and prevent renal fibrosis induced
by unilateral ureteral obstruction.** Nanoliposomal delivery of
miR-155 inhibitor successfully reduces acute kidney injury through
cytokine suppression and SOCS1 induction,” while intravitreal
administration prevents retinal degeneration.” In the clinical setting,
a miR-155 inhibitor is being investigated in mycosis fungoides
(NCT02580552 and NCT03713320),” but no studies are currently
available in diabetes.

Adriamycin-injected rats,

In conclusion, we have demonstrated that modulation of the miR-
155/SOCS1 axis reduces functional and structural damage in diabetic
mice, and future perspectives are directed toward a potential applica-
tion in the treatment of human DKD.

MATERIALS AND METHODS

Reagents

Recombinant mouse cytokines TNF-o (315-01A) IL-1B (211-11B),
IL-6 (216-16), TGF-B (100-21), and IFNYy (315-05) were provided
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by PeproTech (Rocky Hill, NJ). D-glucose (G7528) and LPS
(L2630) were purchased from Sigma-Aldrich (St. Louis, MO). The
cloning and production of hemagglutinin-tagged SOCSI plasmid
(pSocsl) and empty plasmid (p513), as well as the adenoviral
construct encoding SOCS1 (Ad-Socsl) and empty control vector
(Ad-null), were previously described.”>® Recombinant adenoviruses
were propagated on human embryonic kidney 293 cells (CRL-1573;
American Type Culture Collection [ATCC], Manassas, VA), then pu-
rified and titrated by using Adeno-X Virus Kits (BD Biosciences, Hei-
delberg, Germany). The siRNA directed against SOCS1 (siSocsl,
4390771) and STATI (siStatl, 4390771) and the negative control
scramble siRNA (siScr, 4390843) were purchased from Ambion (Aus-
tin, TX). The mmu-miR-155-5p mimic (miRCURY LNA miRNA
Mimic, YM00470919), the mmu-miR-155-5p inhibitor (miRCURY
LNA Power Inhibitor, YCI0201878), and their respective negative
controls (YM00479902-ABG and YI00199006-011-ADB) were pro-
vided by Qiagen (Hilden, Germany).

Cell cultures and transfections

Mouse mesangial cells (SV40 MES13 cell line, CRL-1927; ATCC) were
cultured in a 3:1 mixture of DMEM:F12 medium (D6546 and N4888)
supplemented with 5% fetal bovine serum (FBS; F7524), 14 mM
HEPES (H3375), 1% L-glutamine (G7513), and 1% penicillin/strepto-
mycin (P0781), all from Sigma-Aldrich. Mouse kidney proximal
tubular epithelial cells (SV40 MCT line) were grown in RPMI 1640 me-
dium (R0883; Sigma-Aldrich) containing 10% FBS, 1% L-glutamine,
and 1% penicillin/streptomycin.”” Cells were serum deprived overnight
in medium with 0%-0.5% FBS and then left untreated or stimulated for
different times in medium containing 30 mM D-glucose, 0.1 or
1 pg/mL LPS, 10 ng/mL TNF-o, 10 ng/mL IL-1B, 2 ng/mL IL-6,
5 ng/mL TGF-f, 200 ng/mL IFNY, or a combination of 1 ug/mL LPS
plus 200 ng/mLIENY. For gene-silencing experiments, cells were trans-
fected for 16-18 h in OptiMEM medium (31985-070; Thermo Fisher
Scientific, Waltham, MA) with specific siRNA (siSTAT1 and siSOCS1,
20 nM) or negative control (siScr) using Lipofectamine RNAiMAX re-
agent (13778; Thermo Fisher Scientific). For SOCSI1 overexpression,
2 pg of plasmids (pSocsl or empty p513) were transfected to the cells
using Lipofectamine 3000 reagent (L3000; Thermo Fisher Scientific).
For induction and inhibition of miR-155-5p, cells were transfected
with mmu-miR-155-5p mimic (10 nM), mmu-miR-155-5p inhibitor
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Figure 7. In vivo inhibition of miR-155-5p attenuates kidney damage, inflammation, and fibrosis in diabetic mice

(A) Evolution of UACR levels in diabetic ApoE mice treated with vehicle (Veh; n = 7), miR-155-5p inhibitor (miR-155 Inh; n = 7), or negative control (-NC; n = 7). (B) Gene
expression of kidney injury markers in renal cortex of diabetic mice. Normalized gPCR values are expressed as fold increases over vehicle. (C) Representative images of PAS
(scale bars, 25 pm) and Sirius red (scale bars, 20 um) staining and quantification of glomerular mesangial expansion and collagen content in renal samples from diabetic
groups. (D) Representative images (scale bars, 25 um) of F4/80 macrophage immunodetection and quantitative assessment of positive staining. (E) Normalized qPCR
analysis of inflammatory and profibrotic genes in renal cortex. Results are presented as individual data points and mean + SD of the total number of animals per group.

*p < 0.05, **p < 0.01, and *p < 0.001.
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(50 nM) or respective negative controls using Lipofectamine
RNAIMAX. Cells without transfection were used as respective control
groups. After transfection, medium was changed and then cells were
serum deprived for further stimulation.

Cell viability, proliferation, and migration assays

Cell viability and proliferation were measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium
(MTT) assay. Cells were transfected on 96-well plates (1 x 10*
cells/well) and incubated in medium containing 0.5% FBS, 5% FBS,
or 30 mM D-glucose. MTT stock solution (0.5 mg/mL; M-5655;
Sigma-Aldrich) was added to each well for 60 min, then dimethyl sulf-
oxide was added to dissolve the reduced MTT crystals, and the absor-
bance was measured at 570 nm.

Mesangial cell migration was measured by the wound healing assay as
previously described.”” Briefly, mesangial cells on 12-well multiplates
were transfected with miR-155-5p mimic or miR-155-5p inhibitor
alone or co-transfected with miR-155-5p mimic and pSocsl expres-
sion plasmid. After 24 h, cell layers were gently wounded using a ster-
ile 200 pL pipette tip, then washed and allowed to repopulate the
scratched area for 24 h. Four randomly selected microscopic fields
per well were used for quantification, and remaining wound areas
were normalized to time 0 values.

Experimental models and treatments

All the animal procedures in this study were performed under the 3R
(replacement, refinement, or reduction) principle in accordance with
the European Directive 2010/63/EU and were approved by the Ani-
mal Care and Use Committee of IIS-FJD and by the Madrid regional
government (Proex 217/19). ApoE knockout mice and WT litter-
mates (Mus musculus, C57BL/6] background, males) were bred and
maintained at the Animal Facility of IIS-FJD in ventilated racks (2
or 3 mice/cage) in a conventional temperature-controlled room
(20°C-22°C, 12 h light/dark cycle) with environmental enrichment
and bedding and free access to water and standard food.

Experimental model of mesangial proliferative glomerulonephritis
was induced in 12-week-old WT mice by intravenous injection of
sheep anti-murine mesangial cell antiserum (10 puL/g body weight),
as described plreviously.‘38 Animals were studied on days 0 (n = 5),
5(n=17),and 7 (n = 6).

Experimental model of diabetes was induced in 12-month-old WT
mice (WT-DM group, n = 6) and ApoE mice (ApoE-DM group,
n = 7) with 2 daily consecutive intraperitoneal injections of STZ
(125 pg/g body weight in 10mM citrate buffer; S0130; Sigma-
Aldrich), as previously described.”>*” Mice were monitored weekly
for non-fasting blood glucose (NovaPro glucometer; Nova
Biomedical Iberia, Barcelona, Spain) and body weight for 8 weeks.
Only animals showing blood glucose levels above 350 mg/dL
glucose levels were considered diabetic. Age-matched non-diabetic
mice receiving citrate were used as controls (WT-Co, n = 5; ApoE-
Co, n = 6).

12 Molecular Therapy: Nucleic Acids Vol. 34 December 2023

Molecular Therapy: Nucleic Acids

For in vivo SOCS1 gene transfer, 12-week-old ApoE mice were made
diabetic by STZ injection and after 2 weeks were randomly distributed
into 3 groups: non-treated controls (NT; n = 6), treated with SOCS1-
encoding adenovirus (Ad-Socsl; n = 8) and empty control vector
(Ad-null; n = 5). Adenoviruses were administered by tail-vein injec-
tion (1 x 10° viral particles/g body weight) and mice were analyzed
after 6 weeks of intervention. For in vivo miR-155-5p inhibition, dia-
betic mice were distributed into 3 groups: vehicle (Veh, n = 7), mmu-
miR-155-5p inhibitor (miR-155 Inh, n = 7), and negative control (I-
NG, n = 7). Both inhibitor and negative control were diluted following
manufacturer instructions and injected (2 pg/g body weight) intra-
peritoneally twice a week for 6 weeks.

At the end of the experiments, 16 h fasted mice were anesthetized
(100 pg/g ketamine plus 15 pg/g xylazine), perfused at physiological
pressure with saline solution via left ventricle and euthanized. Blood
and urine samples were collected. Kidneys were dissected and pro-
cessed for histology and RNA expression analysis.

Biochemical analysis

Urine samples collected during the experimental models were
analyzed for albumin and creatinine (ab108792 and ab65340; Abcam,
Cambridge, United Kingdom) to calculate UACR. Serum levels of
creatinine (ab65340; Abcam), triglycerides (11528; BioSystems, Bar-
celona, Spain) and total cholesterol (STA-384; Cell Biolabs, San
Diego, CA) were measured by using colorimetric kits.

Histology and immunohistochemistry

Kidney tissues were fixed in 10% buffered formalin and embedded in
paraffin. Sample sections (3 pum) were stained with PAS to evaluate
renal damage. At least 20 glomeruli randomly selected from each
mouse were quantified using Image Pro-Plus software (Media Cyber-
netics; Bethesda, MD) to assess the percentage of PAS-positive me-
sangial area.

For immunohistochemistry, samples were deparaffinized and re-
hydrated through graded xylene and ethanol and subjected to an-
tigen retrieval (0.01 M citrate buffer [pH 6] for 20 min), and
blockade of endogenous peroxidase (3% H,0O, in methanol for
30 min) and nonspecific binding (8% host serum for 1 h). Slides
were then incubated overnight at 4°C with primary antibodies
against F4/80 (MCA497R; Bio-Rad, Hercules, CA), phosphorylated
STAT1 (P-STATI; [Y701], 44-376; Thermo Fisher Scientific), and
phosphorylated STAT3 (P-STAT3; [S727], 9134; Cell Signaling
Technology, Danvers, MA). After rinsing in PBS, samples were
incubated 1 h with biotinylated secondary antibodies (712-065-
153 and 111-065-003; Jackson Immunoresearch, West Grove,
PA), followed by avidin-biotin complex reagent (PK-4000; Vector
Laboratories, Burlingame, CA) for 45 min. Positive signal was
visualized by the addition of 3,3'-diaminobenzidine substrate
(DAB; ab64238; Abcam) and samples were counterstained with
hematoxylin. Positive staining (>10 fields at 20x magnification;
2 slices/mice) was quantified and expressed as percentage of total
area.
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Quantitative real-time PCR (qPCR) analysis

Total RNA from kidney and cultured cells was extracted using TRI Re-
agent (Thermo Fisher Scientific). For miRNA expression, miRCURY
LNA RT kit (339340) was used for cDNA synthesis and qPCR was
made with miRCURY LNA SYBR Green PCR kit (339345) and miR-
155-5p assay (YP02119303) using RNU6B (YP00203907) for normali-
zation (all from Qiagen). For mRNA expression assay, cDNA was syn-
thesized with High-Capacity cDNA reverse transcription kit (4368813,
Applied Biosystems, Foster City, CA, USA), and then analyzed by qPCR
using Premix Ex Taq (RR390; Takara, Shiga, Japan). The TagMan
mouse gene expression assays (Thermo Fisher Scientific) used
were: Catalase (Cat, MmO00437992_m1), Ccl2 (MmO00441242_m1),
Cel5 (MmO01302428_m1), Cxcl10 (Mm00445235_m1), Il6 (Mm00446190_
ml), Kiml (MmO00506686_m1l), Lcn2 (MmO01324470_ml), Socsl
(MmO00782550_s1), superoxide dismutase 1 (Sodl, Mm01344233_
gl), Tgfb (MmO1178819), Tnfa (Mm00443258_m1), and 18S rRNA
for normalization (4310893E). PCR primers used for NADPH oxidase
(NOX) subunits were as follows: Nox2 (forward, 5'-AACTCAGAAT
CCGGCCCGCGT-3; reverse, 5'-AGGGGGCCTGTGTCATTGTGA
TT-3'), and Nox4 (forward, 5-CCCTCCTGGCTGCATTAGTC-3;
reverse, 5'-AACCCTCGAGGCAAAGATCC-3).

Protein immunodetection

Renal tissues and cell cultures were homogenized in cold lysis buffer
(10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.5%
NP-40, 1 mM EDTA, 1 mM EGTA, 0.2 mM Na;VO,, 10 mM NaF,
0.2 mM PMSEF, and protease inhibitor cocktail). A total of 35 g pro-
tein lysates were electrophoresed and immunoblotted for SOCS1 (38-
5200; Thermo Fisher Scientific), P-STAT1 (33340; Thermo Fisher
Scientific), STAT1 (9172; Cell Signaling), P-STAT3 (9134; Cell
Signaling), STAT3 (9139; Cell Signaling), B-actin (A1978; Sigma-
Aldrich), and o-tubulin (T9026; Sigma-Aldrich). Immunoblots
were quantified (Quantity One; Bio-Rad) and the SOCS1/a-tubulin,
SOCS1/B-actin, P-STAT1/STATI1, and P-STAT3/STAT3 ratios
were determined in terms of arbitrary units and expressed relative
to the ratio for basal conditions or control mice.

A cell-based ELISA was performed to determine STAT1 activation.
Briefly, cells (1 x 10°/well) on 96-well plates were stimulated with
LPS plus IENy for different times. Formaldehyde-fixed cells were
quenched for endogenous peroxidase activity, then blocked (2%
albumin and 5% FBS) and incubated with primary antibodies (anti-
P-STAT1 or anti-STAT1) overnight at 4°C, followed by peroxidase-
conjugated secondary antibodies and DAB reagent. The absorbance
at 450 nm was measured in a microplate reader, and data expressed
as the ratio of phosphorylated to total protein. Concentrations of
CCL2, CCLS5, IL-6, and TNF-a. proteins in cell supernatants and kid-
ney lysates were measured by mouse ELISA kits (DY479, DY478,
DY406, and DY410; R&D Systems, Minneapolis, MN).

Statistics

Results are presented as individual data points and mean + SD from
separate experiments and mice. Each experimental condition was
analyzed in duplicate/triplicate. Statistical analysis was performed us-

ing GraphPad Prism version 8 (GraphPad Software, La Jolla, CA).
Data passed the D’Agostino and Pearson omnibus normality test
and were tested for homogeneity of variance with the Bartlett test.
Pearson’s correlation analysis was performed for normally distributed
parameters. Statistical significance was established at p < 0.05 using
unpaired two-tailed Student’s t test and one- or two-way ANOVA
with Tukey’s multiple-comparisons test.
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