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Abstract

We have previously published that miR15a can reduce inflammatory cytokines, which could be
key to diabetic retinal pathology. In this work, we wanted to investigate whether miR15a altered
NLR pyrin domain 3 (NLRP3) proteins. Whole retinal lysates from both miR15a overexpressing
mice and endothelial cell specific miR15a/16 knockout mice were used to investigate protein
levels of forkhead box protein O1 (Foxol), NLRP3, cleaved caspase 1 and interleukin-1 beta
(IL-1B). Primary human retinal endothelial cells (REC) were cultured in normal and high glucose
followed by transfection with a miR15a mimic for protein analyses. MiR15a expression was
verified by quantitative PCR, and a luciferase binding assay was used to examine whether miR15a
directly bound Foxol. In mouse retinal lysates, loss of miR15a increased Foxol, IL-18, NLRP3,
and cleaved caspase 1 levels. REC grown in high glucose transfected with the miR15a mimic had
decreased levels of Foxol and NLRP3. miR15a directly binds to Foxol. miR15a regulates NLRP3
actions in the retinal vasculature. Work in mice showed that loss of miR15a increased NLRP3
pathway signaling and Foxol. miR15a mimics decreased levels of Foxol and NLRP3. Taken
together, miR15a reduced inflammasome proteins and Foxo1l levels in the retinal vasculature.

Keywords
miR15a; Retinal endothelial cells; NLRP3 inflammasome proteins; FOXO1la

1. Introduction

Diabetic retinopathy is the leading cause of blindness in working-age adults and is
associated with chronic, low-grade inflammation. Activation of pro-inflammatory signals is
a major contributor to retinal endothelial cell dysfunction and diabetic retinal pathology
(Joussen et al., 2004). Work on elucidating potential inflammatory signaling pathways in the
diabetic retina is needed to provide therapeutic strategies in preventing disease initiation
and/or progression. One such regulatory pathway is microRNA. In a population-based
cohort study by Zampetaki et al. (2010), decreased levels of microRNA-15a (miR15a) in
bone marrow cells were associated with type 2 diabetes (Zampetaki et al., 2010). miR15a
has been shown to inhibit inflammatory cytokines in the retina, leading to reduced retinal
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leukostasis, permeability, and angiogenesis in knockout and overexpressing transgenic
miR15a mice (Wang et al., 2016; Ye et al., 2016). miR15a is implicated in the pathogenesis
of acute coronary syndrome, developing from inflammatory processes and leading to plaque
progression and thrombosis (Schroeder and Falk, 1996). In this study, miR15a was shown to
be decreased in patients with acute coronary syndrome, as well as regulate coactivator-
associated arginine methyltransferase 1 (CARM1), which activates inflammatory
chemokines (Liu et al., 2014).

Previous work in our lab demonstrated that miR15a regulated insulin signaling. miR15a
decreased tumor necrosis factor alpha (TNFa) levels, which can help to restore normal
insulin signaling (Jiang et al., 2012, 2018). In addition to TNFa, other inflammatory
cytokines, such as IL-1p, are also upregulated in diabetic retinopathy and indicated in
diabetic complications (Liu et al., 2012). One study found that increased retinal expression
of IL-1B begins in the vascular endothelium as a result of hyperglycemia. In this study, IL-Ip
secretion occurs in an autocrine and paracrine manner in endothelial and macroglia cells,
increasing the features of neuroinflammation (Liu et al., 2012). IL-1p is also released
following inflammasome formation, resulting from the cleavage of pro-caspase 1 into
caspase 1 (Schroder and Tschopp, 2010; Ting et al., 2008). Both TNFa and IL-1p levels can
be regulated through toll-like receptor (TLR) signaling, which is reduced by miR-15a/16 in
LPS-treated macrophages (Wang et al., 2015). In addition, a decrease in the rise of high
glucose-induced TLR4 levels reduced inflammasome proteins, such as cleaved caspase-1
and IL-1p in REC (Jiang et al., 2017).

Studies suggest that activation of NLR family pyrin domain containing 3 inflammasome
(NLRP3) by danger associated molecular pattern receptors (DAMPS) occurs in diabetes
(Rheinheimer et al., 2017). Work by Kim et al. (2017) showed that Foxol stimulated the
NLRP3 inflammasome, causing the release of IL-1p in mouse liver and HepG2 cells (Kim et
al., 2017). Foxol is a transcription factor regulating apoptosis, proliferation, cell stress, and
differentiation (Sanchez et al., 2014), and has been implicated in the regulation of IL-1
auto-stimulation in retinal endothelial cells (REC) and diabetic mice retinas (Wu et al.,
2017). Foxol is activated in early stage diabetic retinopathy (Behl et al., 2009).

In this study, we hypothesized that miR15a could regulate NLRP3 inflammasome proteins,
which could be regulated by Foxol. We used REC in culture and endothelial cell specific
knockout mice for miR15a/ 16 and miR15a overexpressing mice to test this hypothesis.

2. Materials and methods

2.1. Mice

Experiments were done using miR15a endothelial cell specific knockout mice (Ye et al.,
2016) and overexpressing mice (Ye et al., 2017). Mice of both sexes at 3 months of age were
used. Animal procedures were reviewed and approved by the Institutional Animal Care and
Use Committees of Wayne State University School of Medicine (17— 07-301) and conform
to NIH guidelines.
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2.2. Retinal endothelial cell culture (REC)

Primary REC were purchased from Cell Systems Corporation (CSC, Kirkland, WA). Cells
were grown in normal (5 mM) or high glucose (25 mM) Cell Systems Medium. The media
was augmented with microvascular growth supplement (Invitrogen), 10 pug/mL gentamycin,
and 0.25 pg/mL amphotericin B. For experiments, cells were exposed to high glucose
medium for a minimum of 3 days. Only cells prior to passage 5 were used.

2.3. Cell transfection with miR15a mimic

2.4. gPCR

REC grown in high glucose were transfected with miR15a mimic (hsa-miR15a-5p) and a
negative control (Ye et al., 2016). In addition, some normal glucose and high glucose control
cell groups were treated with oligofectamine only. The levels of mMiRNA expression were
verified using real-time quantitative reverse transcription polymerase chain reaction.

Total RNA was isolated and purified using Trizol (Ye et al., 2016). Purity and quantity of
RNA was measured. RNA were processed for polyA tailing reverse-transcriptase, purified,
and reverse-transcribed into cDNA using Superscript IV reverse transcriptase with an oligo-
dT adapter primer (Ye et al., 2016). PCR was performed and miRNA expression calculated
using the double delta Ct method.

2.5. Luciferase binding assay

Primary human REC were purchased from Cell Systems Corporation (CSC, Kirkland, WA).
The cells were grown in Cell Systems Medium augmented with microvascular growth
supplement (Invitrogen), 10 ug/ mL gentamycin, and 0.25 pg/mL amphotericin B. Cells
were grown in normal glucose (5 mM) medium in 60 mm dishes. At 80-90% con-fluency,
cells were transferred to a 96 well plate within 24 h of transfection. Only cells prior to
passage 5 were used.

The 3" UTR of Foxola tagged with luciferase was purchased from Genecopoeia (Rockville,
MD). The 3" UTR was transfected into REC using Dharmafect duo (Dharmacon, Lafayette,
CO). Another group of REC were co-transfected with the Foxol 3'UTR and miR15a mimic
(hsa-miR-15a-5p) (Invitrogen, Carlsbad, CA). Additional cells were transfected with the
luciferase receptor and a scrambled miR (negative control) or empty vector. Cells were
assessed for luciferase activity using the LightSwitch Assay kit (SwitchGear Genomics,
Inc), following manufacturer’s instructions. Luciferase activity was measured using a
SpectraMax L Luminometer.

2.6. Western blotting

REC or whole retinal lysates were collected into lysis buffer containing protease and
phosphatase inhibitors. Equal amounts of protein were loaded and separated onto precast
tris-glycine gels (Invitrogen, Carlsbad, CA) and then blotted onto a nitrocellulose
membrane. The membranes were blocked in TBST (10 mM Tris-HCI buffer, pH 8.0, 150
mM NacCl, 0.1% Tween 20) and 5% BSA, and then incubated with corresponding primary
antibodies. Incubation with secondary antibodies labeled with horseradish peroxidase
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followed. The primary antibodies used were Foxola, IL-1p, NLRP3 (Abcam, Cambridge,
MA), and cleaved caspase 1 (Cell Signaling, Danvers, MA). Each primary antibody was
compared to beta actin (Santa Cruz, Santa Cruz, CA) for analysis. Antigen-antibody
complexes were identified using a chemillumiminescence reagent kit (Thermo Scientific,
Pittsburgh, PA). Imaging was performed using a C500 (Azure Biosystems, Dublin, CA).

2.7. ELISA

A cleaved caspase 1 ELISA (R &D systems, Minneapolis, MN) was performed according to
the manufacturer’s instructions on mouse whole retinal lysates. An IL-1p ELISA (R&D
Systems, Minneapolis, MN) was performed based upon the manufacturer’s instructions with
the following exceptions: 100 g protein of each sample was added into wells, and the
incubation of samples and antibody reagents occurred overnight at 4 °C.

2.8. Statistical analyses

Prism software 6.0 (GraphPad, La Jolla, CA) was used for statistical analyses. An unpaired
Student £test with two-tailed p value was used for mice data. A one-way ANOVA with
Student Newman Keuls post-hoc test was used for cell culture work. P <0.05 was
considered to be significant.

3. Results

3.1. Loss of miR15aincreases Foxol, NLRP3, cleaved caspase 1 and IL-1p levels in
endothelial cell specific knockout mice

We analyzed the effects of the loss of miR15a in whole retinal lysates from miR15a/16
floxed and CreLox mice and found that Foxol and NLRP3 levels were significantly
increased in miR15a CreLox mice compared to their floxed littermates (Fig. 1a and b).
ELISA analyses showed significantly increased cleaved caspase 1 and IL-1p levels with the
loss of miR15a in the mouse retina (Fig. 1c and d). The results suggest the loss of miR15a in
the retinal vasculature increased levels of Foxol and NLRP3 inflammasome proteins.

3.2. Overexpression of miR15a decreases Foxol, NLRP3, cleaved caspase 1 and IL-1B
levels

To further elucidate the protective actions of miR15a in the mouse retinal vasculature, we
used endothelial cell-specific miR15a over-expressing mice. When miR15a was
overexpressed in the mouse retinal vasculature, there was a significant reduction in Foxol,
NLRP3, cleaved caspase 1 and IL-1p levels. (Fig. 2a-d). Overall, these data strongly support
our hypothesis that miR15a can reduce NLRP3 inflammasome proteins.

3.3. miR15a transfection increased miR15a expression and decreased Foxol, NLRP3,
cleaved caspase 1 and IL-1p levels

To test our work /n vitro, we used REC transfected with miR15a mimics. We used gPCR to
ensure that transfection with the miR15a mimic significantly increased miR15a expression
(Fig. 3a). miR15a mimic transfection led to a significant reduction in Foxol, NLRP3,
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cleaved caspase 1, and IL-1 levels when compared to the high glucose only group and the
negative control transfection group (Fig. 3b-e).

3.4. miR15a directly binds Foxol

Since we observed that miR15a regulates both Foxol and NLRP3 inflammasome proteins,
we wanted to determine if a link existed between Foxol and miR15a. Foxol is a potential
target of miR15a based upon targetscan. org. \We verified the /n silico program using REC
grown in normal glucose transfected with the 3’ UTR of Foxo1 (Reporter) and a miR15a
mimic. Fig. 4 shows decreased luciferase activity when the 3° UTR of Foxol is bound to
miR15a. There is no significant change in luciferase activity when the reporter is used alone,
when the reporter is used with a scrambled miRNA, or when the reporter is used with an
empty vector. This data indicates miR15a directly binds Foxol. Taken together, data suggest
miR15a can reduce NLRP3 proteins, potentially through binding to Foxol and decreasing its
actions.

4. Discussion

Inflammation has been implicated in the pathogenesis of diabetes and is a major contributor
to complications in the diabetic retina (Chiazza et al., 2015). Low grade inflammation causes
the upregulation of endothelial cell adhesion molecules e.g. ICAM-1 and VCAM-1 (Joussen
et al., 2001; Miyamoto et al., 1999). These markers lead to increased leukostasis, as well as
continuous inflammation and vascular wall injuries (Blake and Ridker, 2001; Pepys and
Hirschfield, 2003). Ultimately, endothelial dysfunction contributes to the alteration of blood
flow, oxidative stress, and angiogenesis characteristic of diabetic retinopathy (Fukumura et
al., 2001; Hartnett et al., 2000; Poston and Taylor, 1995). miRNAs have been shown to be
involved in several cellular mechanisms, including inflammatory pathways, which could be
key to retinal pathology (Wang et al., 2016). In this study, we focused on the role of miR15a
and its potential role in reducing NLRP3 in-flammasome proteins in retinal endothelial cells.
Previous work in our lab recently demonstrated that miR15a regulated insulin signaling
(Jiang et al., 2018), and miR15a maintained the retinal endothelial barrier in REC and mice
(Ye etal., 2017). Furthermore, miR15a has been shown to decrease inflammatory cytokines
(Wang et al., 2016). When miR15a was overexpressed in LPS-murine macrophages, TLR4
and IL-1 receptor-associated kinase (IRAK-1) levels were decreased, allowing for decreased
activation of inflammatory pathways (Heyn et al., 2012; Wang et al., 2015).

We therefore wanted to investigate other inflammatory proteins regulated by miR15a. We
initially investigated NLRP3 inflammasome proteins, as we have shown that Epacl can
reduce NLRP3 actions in REC (Jiang et al., 2017). To determine if miR15a may regulate
these proteins similar to Epacl, we used endothelial cell specific miR15a/16 knockout mice.
We found that the loss of miR15a in the whole retinal lysates increased levels of Foxol,
NLRP3, cleaved caspase 1, and IL-1p in the CreLox mice compared to floxed littermates. In
support of these findings, miR15a overexpressing mice had decreased levels of Foxol,
NLRP3, cleaved caspase 1, and IL-1p levels. Work in myeloid cells where miR15a was
deleted showed increased phagocytic and bactericidal capability of bone marrow-derived
macrophages through an upregulation of TLR4 (Moon et al., 2014), which is in agreement
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with our findings. TLR4 has been shown to prime the NLRP3 inflammasome in high-fat
derived dendritic cells compared to chow-derived cells, leading to increased sensitivity to
inflammatory stimuli (Reynolds et al., 2012).

When we used miR15a mimics to increase miR15a expression /in vitro, we found a decrease
in Foxol, NLRP3, cleaved caspase 1, and IL-1p levels. These results suggest that miR15a
decreases activation of NLRP3 inflammasome proteins. To investigate pathways by which
miR15a could regulate NLRP3 proteins, we used fargetscan. orgto find other targets
potentially involved in retinal vascular inflammation. Targetscan.org suggested that miR15a
could directly bind to the 3"UTR of Foxol. Dong et al. (2014) found that over-expression of
miR15a/b interacted with the target region of Foxol mRNA in porcine pre-adi-pocytes
(Dong et al., 2014). Using a luciferase assay, we confirmed that miR15a directly binds
Foxol in REC. Foxol may represent a key link in miR15a regulation of inflammasome
actions, as we showed that miR15a directly binds Foxol. In agreement with this idea is work
showing that betaine (a Foxol inhibitor) reduced NLRP3 inflammasome formation and
IL-1pB production (Kim et al., 2017). Future studies will focus on investigating whether
Foxo1l is required for miR15a to inhibit NLRP3 inflammasome proteins, and potential
mechanisms by which Foxol regulates NLRP3 inflammasome proteins in the retina.

5. Conclusion

Taken together, our data suggest miR15a decreases NLRP3 inflammasome proteins. Using
conditional knockout and transgenic mice for miR15a in endothelial cells, we found that
miR15a targets Foxol, NLRP3, cleaved caspase 1, and IL-1p. In cell culture work, increased
miR15a expression reduced Foxol, NLRP3, cleaved caspase 1, and IL-1p pathways. In
addition, miR15a directly binds Foxol in REC. Overall, our data offer new targets that can
be used to block inflammatory cascades in the retinal vasculature.
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Fig. 1.

Wgstern blotting for the ratio of Foxol levels (A) and NLRP3 (B) to § actin in whole retinal
lysates from miR15a floxed mice or cdh5-miR15a-CreLox mice. Panels C and D are ELISA
results for cleaved caspase 1 (C) and IL-1p (D) levels in whole retinal lysates from miR15a
floxed mice or cdh5-miR15a-CreLox mice. P < 0.05 vs. miR15a floxed mice. N = 5 for all
mice.
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Fig. 2.

Western blotting for the ratio of Foxol levels (A) and NLRP3 (B) to B actin in whole retinal
lysates from miR15a control littermates or miR15a overexpressing mice. Panels C and D are
ELISA results of cleaved caspase 1 and IL-1p levels in whole retinal lysates from miR15a
control littermates or miR15a overexpressing mice. *P < 0.05 vs. control littermates. N =5

for all mice.
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Fig. 3.

Panel A shows gqPCR results of miR15a expression levels in REC grown in normal glucose
(NG) and high glucose (HG). Some REC grown in HG were transfected with miR15a mimic
or a negative control. Panel B-E is Western blotting for the ratio of Foxol levels (B), NLRP3
(C), cleaved caspase 1 (D) and IL-1p (E) to B actin. *P < 0.05 vs. NG, #P < 0.05 vs. HG. N
= 3-5 for all groups.
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Luciferase activity of retinal endothelial cells (REC) transfected with the 3'UTR for Foxol
receptor (reporter), the reporter and a miR15a mimic (reporter + miR15a), the reporter with
a negative control mimic (reporter + neg Ctrl), or the reporter with an empty vector. *P <
0.05 vs. reporter only. N = 4-5 for all groups.
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