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Abstract

Diabetic kidney disease, one of the most severe complications associated with diabetes, is characterized by albuminuria,
glomerulosclerosis and progressive loss of renal function. Loss of TIMP3, an Extracellular matrix-bound protein, is a hall-
mark of diabetic nephropathy in human and mouse models, suggesting its pivotal role in renal diseases associated to diabetes.
There is currently no specific therapy for diabetic nephropathy, and the ability to restore high TIMP3 activity specifically in
the kidney may represent a potential therapeutic strategy for the amelioration of renal injury under conditions in which its
reduction is directly related to the disease. Increasing evidence shows that diabetic nephropathy is also regulated by epigenetic
mechanisms, including noncoding RNA. This review recapitulates the pathological, diagnostic and therapeutic potential
roles of TIMP3 and the noncoding RNA (microRNA, long noncoding RNA) related to its expression, in the progression of
diabetic nephropathy.
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Introduction

Diabetic nephropathy (DN) is a major complication of type I
and II diabetes and the main cause of end stage renal disease
(ESRD) [1]. The clinical and pathological hallmarks of DN
are progressive albuminuria, followed by a gradual decline
in glomerular filtration rate (GFR) and podocyte loss. Mor-
phologically, DN is characterized by changes in glomerular
basement membrane thickness and content as well as mesan-
gial expansion finally leading to tubulointerstitial fibrosis
[2]. Over the past few years, many studies have contributed
to the general understanding of the plethora of signaling
pathways abnormalities that have a pathogenic role in DN
[3]. Hodgin and colleagues performed a comparison of glo-
merular gene expression in diabetic patients and in three
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mouse models of diabetes (streptozotocin (STZ)-treated, db/
db and eNOS~'~db/db mice) [4]. This analysis led to the
identification of three cross-species glomerular transcrip-
tional networks shared between humans and each mouse
model. Each network was characterized by several gene
nodes, and nodes common to all networks represented estab-
lished pathogenic mechanisms of DN in human and mice.
Interestingly, novel pathways not previously associated with
DN were also highlighted; among them, two members of the
Tissue Inhibitor of Metalloproteinase (TIMP) family, TIMP2
and TIMP3, emerged as candidate genes both in human and
in two out of three mouse models of diabetes analyzed (STZ
and db/db mice). TIMP3 is an Extracellular matrix (ECM)-
bound protein that is widely expressed in humans and mice.
By virtue of its modulatory activity, it plays an important
function in regulating matrix composition, thereby affecting
a wide range of physiological processes such as cell growth
and migration, angiogenesis and apoptosis.

TIMP3 and diabetic nephropathy
TIMP3 is the most highly expressed TIMP in the kidney [5]

and has a broad protease inhibition profile; its loss associates
with age-related renal fibrosis and tubulointerstitial fibrosis
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[6, 7], which are important prognostic markers in wide vari-
ety of kidney diseases. We and others have demonstrated that
loss of TIMP3 contributes to the onset and progression of
diabetic kidney disease (DKD) in mouse models of diabetes
[8, 9]. We have shown that TIMP3 expression was decreased
in the kidney of STZ treated-mice, a well-established model
of hyperglycemia and glucotoxicity, reproducing Type 1 dia-
betic disease [8]. Timp3~/~ diabetic kidneys showed a higher
degree of inflammation and podocyte dysfunction compared
to WT diabetic control, indicating that loss of TIMP3 is
detrimental to the progression of DKD. In addition, a study
from Basu et al. [9] showed that in Timp3_/ ~ Akita diabetic
mice, loss of TIMP3 worsened diabetic renal injury, as dem-
onstrated by mesangial expansion and increased microalbu-
minuria. Exacerbation of diabetic renal damage by deletion
of TIMP3 was also associated with increased NADPH activ-
ity and oxidative stress, as well as upregulation of inflamma-
tory and fibrotic markers [9]. Akita mice developed cardiac
diastolic dysfunction, however TIMP3 deficiency did not
aggravate this diabetic cardiomyopathy, unveiling a key and
organ-specific role for TIMP3 in DN [10].

Previous studies have focused on the involvement of
TIMP3 in human kidney pathology [6, 7]. In a family-based
genetic study, 115 candidate genes for linkage and asso-
ciation with diabetic nephropathy were analyzed using the
transmission/disequilibrium test [11]. Among them, Timp3
polymorphisms showed a significant association with dia-
betic nephropathy, suggesting that allelic variations of this
gene may contribute to the risk of developing the disease
and pointing at Timp3 as a susceptibility gene for DKD.
Moreover, a transcriptome analysis of human kidney biop-
sies, showed that TIMP3 was specifically down-regulated in
glomeruli but not in tubuli of diabetic subjects, compared to
healthy controls [12], suggesting for TIMP3 different roles
in these distinct compartments. In kidney biopsies from
diabetic patients, we also founded a significant decrease of
TIMP3 expression especially in diabetic glomeruli compared
to the controls [8]. Evidence from renal biopsies has shown
that macrophage accumulation in diabetic kidneys predicts
declining renal function, suggesting a pathogenic role for
these cells in diabetic nephropathy. Further evidence from
animal models has shown that macrophages are the major
immune cells infiltrating the kidney in type 1 and type 2 dia-
betes, and that they contribute to the development of renal
injury and sclerosis [13]. We have generated a mouse model
with cell-targeted overexpression of TIMP3 in myeloid cells
(MacT3), which results in overexpression of TIMP3 directly
at the sites in which monocytes/macrophages are gradu-
ally recruited during disease progression. We have already
shown that, MacT3 mice are protected from inflammation
and related metabolic disorders during obesity [14] and
from the progression of vascular damage associated with
atherosclerosis [15]. Next, we treated MacT3 mice with the
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pancreatic islet cell toxin STZ in order to test the protective
effect of the overexpression of TIMP3, directly in the kidney,
during the progression of diabetes. Results indicated that
MacT3 mice after 12 weeks from the induction of diabetes
by a low-dose STZ protocol treatment, showed a reduction
in renal lesions, albuminuria, inflammation and fibrosis and
prevention of the loss of podocytes [16], suggesting that
TIMP3 may halt or slow the progression of diabetic kidney
complications, thus representing a valid approach to charac-
terize the pathogenesis of DN and to develop new avenues
to diagnose and treat this disorder. Consistently with our
results, conditional ablation of TNF-a, a crucial ADAM17
substrate, in macrophages in Akita mice conferred kidney
protection after 12 weeks of STZ-induced diabetes [17].

TIMP3 targets and diabetic nephropathy

TIMP3 is a known physiological inhibitor of ADAM17, a
metalloprotease responsible for shedding of several ligands;
among these, HB-EGF and TGF-f are involved in the patho-
genesis of chronic kidney disease and glomerulonephritis
[18, 19]. ADAM17 also participates in the generation of the
transcriptionally active form of Notch, which is important
for glomerular and proximal tubules development as well as
regulation of podocytes dysfunction [20, 21]. Interestingly,
elevated plasma concentration of two ADAMI17 substrates
such as TNFR1 and TNFR2 have been recently found to pre-
dict Stage 3 Chronic Kidney Disease and End Stage Renal
Disease in patients with type 1 and type 2 diabetes, respec-
tively, even in the absence of proteinuria [22, 23]. ADAM17
expression and activity were found increased in the kidney
cortex of OVE26 mice with type 1 diabetes and in renal
cells exposed to high glucose concentrations; inhibition of
this metalloprotease led to a decreased deposition of matrix
proteins such as collagen IV and fibronectin, along with
decreased Nox4 expression and NADPH oxidase activity
[24]. Several groups demonstrated a role for ADAM17 in
mediating the profibrotic effect of angiotensin II (AnglII).
A cross-talk between Angll and EGFR has been shown to
play a pivotal role in stimulating the development of renal
lesions [19]; chronic infusion of Angll in mice resulted in
glomerulosclerosis and interstitial fibrosis, while transgenic
mice for a dominant negative isoform of EGFR or TGF-
B/~ mice were protected from these lesions. Importantly,
Angll-induced renal lesions were reduced in WT mice
administered a pharmacological inhibitor of ADAM17.
AngllI also causes redistribution of this metalloprotease to
the apical membrane of renal tubules [19]. ADAM17 has
also been involved in the ectodomain shedding of angioten-
sin converting enzyme (ACE) 2, a new enzyme within the
renin angiotensin system (RAS) [25, 26]. Recently, it has
been demonstrated that shedding of renal ACE2 into urine
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is increased in db/db diabetic mice similar to the expres-
sion of ADAM17 in the kidney [27]: due to the action of
ADAM17, proteolytically active form of ACE2 are shed
from the kidney into urine of db/db mice, and this loss of
the renoprotective enzyme ACE2 could contribute to kidney
damage [27]. Beside ROS and Angll, several stimuli can
increase ADAM17 activity in a tissue or cell-specific man-
ner [28-30]. Hyperglycemia, hyperinsulinemia, free fatty
acids and endotoxin can all induce ADAM17 activation in
different cell lines, as well as in mouse metabolic tissues
[28, 30]. The involvement of TIMP3/ADAM17 pathway in
the control of glucose homeostasis and adipose and vascu-
lar inflammation in patients with obesity-related T2DM and
atherosclerosis has been already shown [31, 32]. Moreover,
low-dose Pioglitazone (PIO), a peroxisome proliferator-
activated receptor (PPAR)y agonist, reduced ADAM17
enzymatic activity in human skeletal muscle, and that these
effects were associated with an improvement in glyco-meta-
bolic control and inflammatory state in type 2 diabetes [33].
We previously tested the effect of selective genetic inhibi-
tion of ADAM17 in hepatocyte or myeloid cells on glucose
metabolism and inflammatory status, observing a protection
from diet induced insulin resistance and hepatic inflamma-
tion [34]. Moreover, others have shown that selective genetic
inhibition of ADAM17 in specific cell types could be benefi-
cial for treatment of several pathologies, including prolifera-
tive retinopathies, rheumatoid arthritis and cancer [35, 36].
In particular, KO of ADAM17 in proximal tubule (Slc34al-
Cre) were significantly protected against inflammation and
fibrosis after kidney injury (including ischemia and ureteral
obstruction) [37]. It is now recognized that interference
with podocyte specific disease pathways can modulate glo-
merular function and influence severity and progression of
glomerular disease. We recently conditionally inactivated
ADAM17 in podocytes and then determined how specific
lack of ADAM17 affects the progression of kidney disease
induced by STZ treatment [16]. Our findings indicate that
conditional deletion of ADAMI17 in podocytes improves
albuminuria and ameliorates progression of DN, protecting
podocytes which have been recognized as critical regulators
of glomerular injury.

Matrix metalloproteinases (MMPs) were previously
known to be anti-fibrotic for their ability to degrade and
remodel extracellular matrix proteins. However, recently
MMP-2 and MMP-9, whose activity is regulated by TIMP3,
were found to be able to induce epithelial-mesenchymal
transition of tubular cells as well as endothelial-mesenchy-
mal transition, both important mechanisms causing kidney
fibrosis in diabetic nephropathy [38—40]. Thus, TIMP3 may
play a role in maintaining kidney homeostasis. Overall,
previous reports and our data indicate that rescuing TIMP3
functions may represent a new therapeutic approach to block
the progression of diabetic nephropathy.

Role of noncoding RNAs regulating TIMP3
in diabetic nephropathy

Noncoding RNAs (ncRNAs) are a class of RNAs produced
by genome transcription with no or low coding potential.
NcRNAs participate in the pathogenesis of several dis-
eases, including DN, by regulating different pathological
processes [41, 42]. The main classes of functional ncR-
NAs include microRNA (miRNA), long noncoding RNA
(IncRNA) and circular RNA (circRNA). MicroRNAs
(miRNAs) are short noncoding, evolutionarily conserved
RNAs that post-transcriptionally regulate gene expres-
sion by binding the 3’ untranslated region (3" UTR) of
mRNA. More recently, the involvement of miRNAs in
renal pathophysiology has gained wide attentions, espe-
cially in DN where modulation of miRNAs may act in a
tissue or cell-specific manner [43]. LncRNAs are a novel
type of noncoding RNAs (longer than 200 nucleotides)
without protein-encoding abilities. LncRNAs are widely
involved in various life activities through epigenetics and
transcription regulation. Some studies have demonstrated
the critical impacts of certain IncRNAs on the incidence
and progression of DN [44]. Recently, a new regulatory
loop “IncRNA-miRNA-mRNA” has been proposed: IncR-
NAs acting as miRNAs sponges reduced their effects on
target mRNAs, thereby enhancing the expression of these
genes [45]. A similar role is emerging for circRNAs, a
class of newly identified ncRNAs without either polyade-
nylated tails in 3’ ends or the cap structure at 5" ends [41].
Given the emerging role of TIMP3 deficiency in DN in
mice and human, several studies have been focused on
specific ncRNAs that could affect TIMP3 expression in
the context of diabetic renal disease. In particular, TIMP3
expression was inversely correlated with miR-21 levels
in glomeruli of patients with DN, and different studies
have found that miR-21 could be implicated in TIMP3
regulation [46]. The down-regulation of miR-21 weak-
ened kidney injury and pro-inflammatory responses in
STZ-induced DN rats [46, 47]. Moreover, miR-21 over-
expression promoted inflammatory responses and cell
apoptosis by targeting TIMP3 in HG-treated podocytes,
whereas TIMP3 overexpression suppressed these actions.
Consistently, miR-21 inhibitor replaced TIMP3 expres-
sion in HG-treated podocytes [47], demonstrating that
miR-21 hampered the development and progression of
DN both in vivo and in vitro by targeting TIMP3, effects
that may imply a therapeutic approach to slow DN. Addi-
tionally, in podocytes TIMP3 was negatively regulated by
miR-770-5p whose expression was increased in DN and
miR-770-5p inhibitor improved HG induced inflammation
and apoptosis avoiding TIMP3 reduction [48]. Recently,
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Fig. 1 IncRNA-miRNA-TIMP3 axes: IncRNAs acting as miRNAs
sponges enhanced the expression of TIMP3, whose reduction repre-
sents a hallmark of diabetic nephropathy. These specific IncRNAs and

modulation of different IncRNA-miRNA-mRNA axes
has been proposed for the regulation of TIMP3 in DN
(Fig. 1). First, IncRNA TUGI, that played an important
role in DN progress, was found to act as the sponge for
miR-21, that in turn represents a crucial regulator of
TIMP3 [49]. Overexpression of IncRNA TUGI resulted
in down-regulation of miR-21, and upregulation of TIMP3
expression in high glucose-stimulated NRK-52E cells and
in DN mice; these effects inhibited cell fibrosis through the
attenuation of renal fibrosis marker genes [50]. HOXA-
AS2, a IncRNA known to exert a wide range of regulatory
functions, was found reduced in serum and kidney from
diabetic rat [51]. In vivo overexpression of HOXA-AS2
reduced kidney injuries, serum levels of IL-1f, TNF-a,
creatinine, BUN and blood glucose; similarly, in HG-
treated podocytes HOXA-AS2 reduced the expression of
miRNA-302b-3p damping the down-regulation of TIMP,
leading to the reduction of inflammatory response and
apoptosis [51]. The 4930556M19Rik/miR-27a-3p/TIMP3
axis is also involved in DN. In fact, 4930556M19Rik was
significantly decreased in HG-stimulated podocytes and
4930556M19Rik overexpression alleviated HG induced
apoptosis, fibrosis and inflammatory response by downreg-
ulating miR-27a-3p and upregulating TIMP3 [52]. Overall,
although the role of ncRNAs in the pathogenesis of DN
has not been fully elucidated, emerging evidence shows
the ncRNAs potential in the control of DN progression
through the modulation of TIMP3 expression.
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miRNAs, combined with TIMP3 expression, may be considered as
biomarkers and therapeutic targets for diabetic kidney disease

Potential of TIMP3 as therapeutic target
and biomarker in diabetic nephropathy

Recent evidence in pre-clinical studies suggests that
TIMP3-based therapy may have broad clinical potential
in cancer, inflammatory or cardiovascular diseases [53].
However, the administration of MMP or ADAM17 inhibi-
tors in experimental models to obtain clinical translational
results has been a challenge. To this end, several strate-
gies to increase TIMP3 delivery in specific cells have been
explored, including incorporation into MMP-sensitive
hydrogel, fusion with the latency-associated peptide (LAP)
or cell-based gene transfer [54—-56]. Recently, to evaluate
the contribution of kidney TIMP3 overexpression to the
onset of DN, we created, by chemical synthesis, a new
peptide, derived from the fusion of the N-terminal domain
of human TIMP3 protein with G3-C12 galectin-3 targeting
peptide [16]. Full-length TIMP-3 is difficult to refold from
inclusion bodies, and previous papers on TIMP-3 demon-
strated that the refolded N-TIMP-3 domain conserved the
inhibitor activity against metalloproteinases and ADAM17
[57]. Therefore, we focused on the engineering of this por-
tion of TIMP3 protein. To direct N-TIMP3 derived pep-
tides into the kidney, we conjugated them with a galectin-3
receptor targeting peptide which proved to specifically
accumulates in the kidneys after injection and has been
already used successfully in conjugation with the ACE
inhibitor captopril [58]. The specific binding of G3-C12
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to galectin-3 would increase the internalization of large
amounts of drug via active endocytosis [59]. Galectin-3
expression increased in diabetic kidney and closely cor-
related with the regression rate of renal function, there-
fore representing a favorable target for our system [60].
This approach has been preferred to the use of adenoviral-
mediated overexpression of TIMP3 because adenoviruses
failed to reach the kidney at the sufficient level requested
to modulate the expression of the target that they are car-
rying to be encoded [61]. The renal delivery of peptides
ensures an enzymatic inhibition specifically in the kidney,
in the absence of actions of the drug elsewhere in the body.
In addition, this may increase the therapeutic effectiveness
by allowing higher renal drug concentration. Our in vivo
study provides evidence that the treatment with G3C12-
NTIMP3 peptide may delay development of nephropathy
in diabetic mice, as indicated by reduction of albuminuria,
inflammation, fibrosis and glomerular damage [16].

Other powerful strategies aimed to reduce the diabetes
dependent detrimental effects on kidney, applied different
technologies for the delivery of synthetic ncRNA or inhibi-
tors, to interfere with specific signaling pathways. Interest-
ingly, miR-21 antagonists have shown great potential in the
treatment of diabetic complications, including nephropathy.
In fact, both in vivo and in vitro, these antagonists are able
to reduce albuminuria, renal fibrosis and podocyte damage,
in line with results that we obtained with G3C12-NTIMP3
treatment [62—-64].

At present, the clinical diagnosis of DN mainly depends
on the elevated urinary albumin excretion and reduced GFR
in the absence of other primary causes of kidney damage,
however none of these measures can accurately indicate
the severity and type of injury induced by hyperglycemia
and renal biopsy is still the gold standard to diagnose DN.
For patients at risk for progressing to DN, early diagnosis
and targeted interventions are hindered by the lack of sensi-
tive and accurate tools. Moreover, clinical treatment of DN
remains a challenge due to its complex etiology. A growing
number of studies have focused on the biomarkers for early
diagnosis of DN [65]. Urinary exosomes, plasma/serum or
urinary level of different microRNAs, proteins or metabo-
lites are perceived as a potential novel way of detecting DN
during its early stages. Serum TIMP3 levels were signifi-
cantly associated with different inflammatory, cardiovascular
o cancer diseases [53]. It is intriguing to speculate that the
higher expression of miR-21 in the serum samples of DN
patients, that closely reflects expression of miR-21 in the
kidney, may represent a new biomarker for TIMP3 levels in
kidney tissue in the context of DN. Metabolomics tools have
shown great promise in development of diagnostic and prog-
nostic biomarkers as well as in advancing our understanding
of the molecular mechanisms underlying the pathology of
DN [66]. Metabolomics approach can provide insight into

the entire metabolism process and identify disparities in
related metabolic pathways. Metabolites could be applied
to diagnose and monitor disease progression by evaluating
their content variations in response to different treatments
[67]. Recently, to identify early specific markers exploit-
able to clinical diagnosis of DN, we analyzed sera metabolic
profile of DN mice treated with G3C12-NTIMP3 peptide,
compared to DN untreated mice. We found 7 metabolites
specifically associated with peptide treatment. In particular,
cysteynilglycine disulfide was found down-regulated and
2,8-quinolinediol and ethyl alpha-glucopyranoside were
upregulated in response to the treatment. While further stud-
ies are needed to confirm the relevance of these results, it is
intriguing to speculate that this specific metabolic signature
might be explored as a companion biomarkers for TIMP3-
based treatment of diabetic nephropathy.

Conclusions

Several recent evidences point to TIMP3 as a potential bio-
marker or therapeutic target for kidney diabetic disease.
Given the multiplicity of TIMP3 actions it is plausible that is
more appropriate to rescue its level in vivo to obtain a thera-
peutic effect rather than trying to inhibit all the enzymes
or receptors that are overactivated in its absence. It is now
demonstrated that several miRNAs or IncRNAs are potential
inhibitors of TIMP3 expression. These miRNAs/IncRNAs
may be considered as biomarkers but since each of them has
multiple targets pointing on their direct inhibition or over-
activation may lead to undesirable effects. Therefore, engi-
neering TIMP3 protein in order to be administered might
be the most direct approach to rescue its deficiency in the
diabetic kidney.
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