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Abstract

Alzheimer’s disease (AD) and other neurodegenerative diseases are characterized by chronic
neuroinflammation and a reduction in brain energy metabolism. An important role has emerged
for small, non-coding RNA molecules known as microRNAs (miRNAS) in the pathophysiology

of many neurodegenerative disorders. As epigenetic regulators, miRNAs possess the capacity to
regulate and fine tune protein production by inhibiting translation. Several miRNAs, which include
miR-146a, are elevated in the brain, CSF, and plasma of AD patients. miR-146a participates

in pathways that regulate immune activation and has several mRNA targets which encode for
proteins involved in cellular energy metabolism. An additional role for extracellular vesicles

(EVs) has also emerged in the progression AD, as EVs can transfer functionally active proteins
and RNAs from diseased to healthy cells. In the current study, we exposed various cell types
present within the CNS to immunomodulatory molecules and observed significant upregulation of
miR-146a expression, both within cells and within their secreted EVs. Further, we assessed the
effects of miR-146a overexpression on bioenergetic function in primary rat glial cells and found
significant reductions in oxidative phosphorylation and glycolysis. Lastly, we correlated miR-146a
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expression levels within various regions of the AD brain to disease staging and found significant,
positive correlations. These novel results demonstrate that the modulation of miR-146a in response
to neuroinflammatory stimuli may mediate the loss of mitochondrial integrity and function in
cells, thereby contributing to the progression of beta-amyloid and tau pathology in the AD brain.
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Introduction

Many neurodegenerative diseases, including Alzheimer’s disease (AD), are characterized
by chronic neuroinflammation. Prolonged, unregulated inflammation leads to the increased
production of various pro-inflammatory molecules, which likely contribute to disease
progression. Although the genetics of late-onset Alzheimer’s disease are complex, recent
studies have observed significant downregulation of many genes necessary for proper
cellular bioenergetics (Liang et al. 2008). Moreover, functional imaging studies of patients
suffering from AD reveal that the severity of brain hypometabolism is correlated with
dementia (Brier et al. 2012; Yin et al. 2016). It is clear that dysfunctional brain energetics is
an important aspect of AD pathology, yet the molecular mechanisms responsible are poorly
understood.

Due to their ability to regulate translational repression of multiple mRNA targets,
microRNAs (miRNASs) have recently been implicated as major players in the pathogenesis
of AD. A deleterious, pro-inflammatory role has emerged for miR-146a in AD (Alexandrov
et al. 2014), as well as other neurological (Nguyen et al. 2018) and degenerative diseases
(Pogue and Lukiw 2018). Classically, miR-146a has been considered a well-characterized
anti-inflammatory miRNA, as several mRNA targets include genes that encode for
interleukin 1 receptor associated kinase (IRAK1), TNFR-associated factor 6 (TRAF6), and
signal transducer and activator of transcription 1 (STAT1) (Taganov et al. 2006; Cui et al.
2010; lyer et al. 2012; Wang et al. 2013; Saba et al. 2014). Many of these proteins work as
transcription factors to increase production of inflammatory cytokines or induce apoptosis;
therefore miR-146a mediated translational-repression of these signaling molecules can
reduce inflammatory responses within cells. In contrast, more recent studies also suggest

a pro-inflammatory role for miR-146a function and have observed increased expression

of miR-146a in response to oxidative stress and inflammation (Lukiw and Alexandrov

2012; Wu et al. 2015; Cardoso et al. 2016). Elevated levels of miR-146a have also been
shown to downregulate expression of complement factor H (CFH), an important repressor of
inflammation (Lukiw et al. 2008). Thus, a growing body of literature strongly suggests that
miR-146a participates in both pro- and anti-inflammatory roles in human health and disease.

In addition to the physical hallmarks of AD such as extracellular Ap plaques, intracellular
neurofibrillary tangles, and neuronal loss, widespread hypometabolism is also observed
within the AD brain (de Leon et al. 2001; Mosconi et al. 2006, 2008). Interestingly, several
MRNASs encoding for proteins involved in cellular metabolism have recently been identified
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as targets of miR-1464a; these proteins have been demonstrated to play important roles in
glycolysis, mitochondrial respiration, mitochondrial transport, and apoptosis (Rippo et al.
2014). Due to its inflammation-induced upregulation, and the mRNAs in which it targets,
miR-146a may be a key player in the pathophysiology and progression of AD.

How miR-146a-mediated inflammatory signals accelerate or exacerbate AD progression is
unclear. It is well-established that AD typically progresses in a very characteristic manner
with initial pathology developing in the entorhinal cortex, then spreading throughout the
temporal cortex, and finally into the frontal cortex (Smith 2002). Propagation of disease
pathology from one cell to another may be due, in part, to communication between cells

via extracellular vesicles (EVs). EVs are small, nano-sized particles shed or excreted from
most cell types, which have the capacity to transfer functional RNAs, including miRNAs,
from one cell to another (Valadi et al. 2007; van Niel et al. 2018). Thus, EVs have been
implicated in the spread of pathological molecules during disease states that include AD and
other neurodegenerative diseases (reviewed by Thompson et al. 2016).

Previous work from our laboratory and others, have shown that miR-146a is significantly
upregulated in the brains of AD patients, compared to their age-matched controls (AMCs)
(Sarkar et al. 2016; Pogue and Lukiw 2018). In the current study, we assessed the effects

of various inflammatory mediators on different cell types within the CNS, the functional
bioenergetic outcomes of miR-146a overexpression, and the relationship between human
brain miR-146a expression and AD pathology. We hypothesized that miR-146a expression
would increase after exposure to inflammatory stimuli, and that overexpression of this
miRNA would lead to decreased cellular bioenergetics. Further, we hypothesized that AD
brains would have significantly higher levels of miR-146a expression when compared to age
matched controls (AMCs), and these levels would positively correlate with disease severity,
and negatively correlate with total mitochondrial protein expression.

Materials and Methods

Animals

Cell culture

Pregnant rats (Sprague Dawley) were acquired from Hilltop Laboratory (Scottdale, PA)

to obtain E18 brain tissue for preparation of mixed glial and cortical neuronal cultures.
Three timed-pregnant female rats were used for each primary culture experiment, with 6-10
embryos per dam, and each experiment was repeated three times. Therefore, nine timed
pregnant female rats were used for all animal experiments. All animal studies were approved
by the Institutional Animal Care and Use Committee at West Virginia University.

Primary culture: Pregnant rats were euthanized, and fetal brain tissue was harvested from
E18 rats. Brains were removed and placed into magnesium (Mg?*) free Hank’s balanced salt
solution (HBSS). Cortices and hippocampi were removed under a dissecting microscope,
washed, and placed into neurobasal culture media (without phenol red) supplemented

with 1X B27 and 1% penicillin-streptomycin (Gibco, Carlsbad, CA). The cortices and
hippocampi were triturated using a graded series of fine polished Pasteur pipettes, and then
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filtered through a 40 um nylon cell strainer (Becton Dickinson Labware, Franklin Lakes,
NJ). Neurons were plated on poly-L-lysine coated 150-mm dishes and cultured /in vitro

in 95% humidity and 5% CO, atmosphere at 37°C for 15 days. At day 2, cells were
exposed to 5 UM 1-B-D- arabinofuranosyl cytosine (AraC) to inhibit glial cell growth as
previously described (Sarkar et al., 2015, 2016). To obtain glial cells, following trituration
the remaining cortical and hippocampal cell suspension was grown in DMEM for 4-5 days
until a mixed glial population of astrocytes and microglia reached confluency.

Immortalized cell lines: A hippocampal neuronal cell line, HT-22 cells, was obtained
from Dr. David Schubert at the Salk institute. Additionally, a cerebellar microglial cell
line, C8-B4 cells, and a brain microvascular endothelial cell line, bEnd.3 cells, were both
obtained from ATCC (Manassas, VA). All cell lines were of murine origin and grown in
Dulbecco’s Modified Essential Medium (high glucose) (Hyclone) with 10% FBS 1% pen/
strep in humidified 95% air/5% CO» at 37°C.

Human brain tissues

Brain tissue from the temporal cortex, frontal cortex, and cerebellum of confirmed AD
patients and AMCs was obtained from the Kathleen Price Bryan Brain Bank, Bryan
Alzheimer’s Disease Research Center, Duke University Medical Center, Durham, NC. All
tissues were staged for AD pathology with Braak and Braak staging (Braak and Braak 1991)
and cerebral amyloid angiopathy (CAA) (Thal et al. 2003) as shown in Table 1. Brain tissues
were used in accordance with the institutional review board/ethical guidelines of the donor
institution.

Preparation of soluble amyloid-beta (AB)

Synthetic Ap1-42 (Tocris, Ellisville, MO) oligomers were prepared without the fibrillar
component according to published methods (Barghorn et al. 2005; Sarkar et al. 2015).
Briefly, Ap1-42 was dissolved in 1,1,1,3,3,3- hexafluoro-2-propanol to 1 mM. The clear
solution was then evaporated to dryness. Dried peptide was diluted in DMSO to 5 mM
and sonicated for 10 min in a bath sonicator. The peptide solution was resuspended in
cold Neurobasal medium and immediately vortexed. The solution was then incubated at
4°C for 24 h. After high speed centrifugation, the supernatant was collected, visualized
by polyacrylamide gel electrophoresis and silver staining, and found to be comprised of
fibrillar-free oligomers and monomers.

Extracellular vesicle isolation

HT-22 cells were seeded in 100 mm dishes and exposed to 1 ng/ml tumor necrosis factor-
alpha (TNF-a)) when cells reached 80% confluency. C8-B4 and bEnd.3 cells were seeded
in 150 mm dishes, and when cells reached 50% confluency, they were exposed to either 1
pg/ml LPS (Sigma-Aldrich, St. Louis, MO) or 1 ng/ml TNF-a (R&D, Minneapolis, MN).
Similarly, rat cortical primary neuronal and glial cells were grown in 150 mm dishes and
when cells were 75% confluent, they were exposed to 250 or 500nM of oligomeric Ap.
For all cell types and exposure conditions, after 24 hours, the media was collected for

EV isolation as previously performed by our group, and downstream miRNA purification.
EVs were isolated from the microglia and brain endothelial cell lines and primary cell
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culture media by ultracentrifugation (Théry et al. 2006; Sarkar et al. 2015; Dakhlallah et al.
2019) and from neuronal cell line culture media (Russell et al. 2019) with the ExoRNeasy
Isolation Kit (Qiagen, Germantown, MD) according to the manufacturer’s protocol. Using
the ultracentrifugation method, the conditioned cell culture media was centrifuged (320 x
g for 5 minutes) to remove cells, and the supernatant was filtered through a Steriflip filter
(0.22 pm pore size). EVs were pelleted from the filtered media by ultracentrifugation at
100,000 g for 60 min at 4°C using Beckman SW 28 rotor running in a Beckman Coulter
Optima L-100 XP ultracentrifuge (Beckman Coulter, Brea, CA). EVs were washed once
with sterile PBS, collected by ultracentrifugation, and resuspended in 1 ml of sterile PBS.

Overexpression of miR-146a in primary mixed glial cells

To induce overexpression of miR-146a in cells and their secreted EVs, rat primary mixed
glial cells were transfected with either vector or miR-146a expression plasmid DNA by
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The miR-146a expression vector was
purchased through Addgene (Addgene plasmid #15092, Cambridge, MA), which was
deposited from Dr. David Baltimore’s group (Taganov et al. 2006). Forty hours after
transfection, EVs in the conditioned media were prepared as described above. The presence
or absence of miR-146a was determined by isolating total RNA using the miRNeasy Kit
(Qiagen) followed by qRT-PCR as described below.

MiRNA expression analysis

Total RNA enriched in miRNAs was isolated from approximately 5 mg of individual frozen
brain tissue samples and various cell samples by using the miRNeasy Micro Kit Isolation
Kit (Qiagen). Total RNA enriched in miRNAs was also isolated from EVs using the
miRNeasy Serum/Plasma Kit. Prior to isolation of EV RNA, 3.5 pl C. elegans miR-39 (at a
concentration of 1.6 x 108 copies/ul) was added to each sample as a spike-in control. Total
RNA concentrations were measured using a Nanodrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA). Using the miScript Il RT Kit (Qiagen), 2ug of total RNA
containing miRNA was reverse transcribed in a total volume of 10ul reaction mix to

make cDNA. Expression of miR-146a was determined by quantitative RT-PCR, which was
performed using target specific miScript primer assays and the miScript SYBR® Green PCR
Kit (Qiagen). All reactions were performed in triplicate for each sample using a StepOne
Plus PCR system (Applied Biosystems, Foster City, CA) for 40 cycles as follows: 10 sec

at 95 °C, 30 sec at 55°C, 30 sec at 70 °C. Negative control reactions were included as

wells containing only master mix and nuclease-free water without any template cDNA.

All miRNA specific primers were from Qiagen and included: miScript Primer Assay
Hs_miR-146a (MS00003535), Hs_RNU6 (MS00033740), and Ce_miR-39_1 (219610). The
expression levels of miR-146a were standardized against those of RNUG6 (an internal control
for brain tissue and cell samples) and miR-39 (a spike-in control for EV samples) detected in
identical cDNA samples. Quantification of PCR amplified miRNA specific cDNA was done
by the comparative cycle threshold CT method (44CT) (Livak and Schmittgen 2001).

Measurement of mitochondrial respiration: oxygen consumption rate (OCR)

Approximately 20,000 primary mixed glial cells per well were seeded in a XFe 96 cell
culture microplate (Agilent, Santa Clara, CA) in DMEM medium with 10% FBS and 1%
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pen/strep. The next day, glial cells were transfected with either vehicle vector or miR-146a
expression plasmid DNA (1, 2, 3, or 4 ug/ml) by Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. Forty hours after transfection, OCR was measured by

the XFe 96 Extracellular Flux Analyzer using a Mito Stress Kit (Agilent) according to

the manufacturer’s protocol. To measure mitochondrial function in real time, oligomycin,
carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone (FCCP), and antimycin A plus
rotenone were added separately to a sensor cartridge and injected sequentially through ports
in the XF Assay cartridge to final concentrations of 1 pg/ml, 1 uM and 10 uM, respectively.
Addition of these reagents allowed for measurement and calculation of the basal level

of mitochondrial oxygen consumption, the amount of oxygen consumption linked to ATP
production, the level of non-ATP-linked oxygen consumption (proton leak), the maximal
respiratory capacity, and the non-mitochondrial oxygen consumption. For each experimental
condition, six replicate wells were used.

Measurement of glycolytic function: extracellular acidification rate (ECAR)

Similarly, as performed for OCR, primary mixed glial cells were cultured in a XFe96

cell culture microplate and transfected with vector or miR-146a expression plasmid

DNA. Forty hours after transfection, ECAR was measured by XFe 96 Extracellular Flux
Analyzer using a Glycolysis Stress Kit (Agilent) which measures three key parameters

of glycolytic function: glycolysis, glycolytic capacity, and glycolytic reserve. A saturating
concentration of glucose, oligomycin, and 2-deoxy-glucose (2-DG; a glucose analog) were
added separately in a sensor cartridge and injected sequentially through ports in the cartridge
to final concentrations of 10 mM, 0.6 uM, 125mM, respectively. This assay allows for the
calculation of the basal rate of glycolysis/glycolytic flux, maximum glycolytic capacity, and
glycolytic reserve. For each experimental condition, six replicate wells were used.

Western blot analysis

To prepare total protein extracts, frozen human brain tissues were homogenized in Pierce®
RIPA buffer (Thermo Scientific) with 1x Halt™ Protease Inhibitor Single-Use Cocktail
(Thermo Scientific), followed by centrifugation at 13,400 g for 5 min at room temperature.
The supernatant was collected and the protein concentrations were determined using
Pierce™ BCA Protein Assay (Thermo Scientific). Approximately 15 ug total protein

was separated by size in Bolt 4-12% Bis-Tris Plus poly-acrylamide gels (Novex®,
Thermo Scientific) through electrophoresis, along with the Chameleon™ Kit Pre-stained
Protein Ladder (LI-COR, Lincoln, NE) size marker. Proteins were transferred to iBlot®

2 PVDF membranes (Invitrogen, Thermo Scientific) by iBlot® 2 Gel Transfer Device
(Life Technologies). The membranes were blocked in Odyssey blocking buffer in TBS
(L1-COR) for 1 hour at room temperature, and then incubated with primary antibodies of
target proteins in sequential manner overnight at 4°C: VDAC (MilliporeSigma, Burlington,
MA, (MABN504), 1:1,000 dilution), and p-actin (Adipogen (YIF-LF-PA0209) 1:15,000
dilution). The following day, membranes were washed with 1x TBST buffer (prepared with
1x Tris buffered saline with 0.1% Tween 20) 3 times for 5 minutes, and incubated with
appropriate anti-rabbit, anti-mouse, secondary antibody conjugated with fluorescence dye
(LI-COR, IRDye 800CW anti-Rabbit and anti-Mouse, both 1:15000 diluted in blocking
buffer) for one hour, then washed again in 1x TBST 3 times in 5 minute intervals prior to
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imaging. The specific reaction was visualized by using the Odyssey CLx (LI-COR), and
immunoblotting bands were quantified by densitometry using Image Studio 5.1.

Statistical analyses

Results

All experiments were repeated at least 3 times with n=3-6 wells/treatment/experiment.
Results from the experiments are reported as means + SEM. All data were subjected to
the Shapiro-Wilk normality test and met the criteria for normality. Quantitative results
that satisfied criteria for parametric analyses were assessed for significance using Welch’s
t-test for two sample comparisons or Welch’s ANOVA with Tukey’s HSD post hoc test
for three or more comparisons. Data in Figures 2, 3, and 4 were analyzed using simple
linear regression where miRNA is the independent variable and indices of oxidative
phosphorylation or glycolytic function were dependent variables, wherein the slope for all
models showed a significant linear trend. Spearman’s rho (p) was calculated to determine
correlations between miR-146a levels and Braak or CAA staging. Effect sizes were reported
for all significant results by the following: t-tests - np2, ANOVA- w?, and simple linear
regression — R; effect sizes follow p values in all figure legends. Additional specific
details of the statistical reporting for each experiment are provided in the corresponding
figure legend. All analyses were performed using R 3.5.1 (https://www.R-project.org) and
GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA). A p value < 0.05 was used to
establish significant; significant presented as *p < 0.05, **p < 0.01, and ***p < 0.0001.

Neuroinflammatory stimuli induce upregulation of miR-146a in several CNS cell types and

their EVs

Due to the heterogeneity of cell types within the CNS, our first goal was to understand

how diverse inflammatory stimuli influence miR-146a production in various cells and

their released EVs. To this end, we utilized an immortalized neuronal cell line (HT-22),

a microglial cell line (C8-B4), and a brain endothelial cell line (bEnd.3). Cells were
exposed to either TNF-a (1 ng/ml), a proinflammatory cytokine which is upregulated in AD
(Decourt et al. 2016), or lipopolysaccharide (LPS) (1 ug/ml), which may be released from
bacteria in the gastrointestinal tract and cross the aged BBB (Zhao and Lukiw 2018), for

24 hours. TNF-a exposure of HT-22 cells significantly increased miR-146a expression both
intracellularly (Fig 1A) and in secreted EVs (Fig 1D). Levels of miR-146a in C8-B4 cells
were also significantly increased in response to LPS exposure both intracellularly (Fig 1B)
and in secreted EVs (Fig 1E). A similar pattern of miR-146a expression was also observed
in bEnd.3 cells (Fig 1C) and EVs (Fig 1F) exposed to LPS, however, TNF-a exposure
appears to affect these cells in a different manner. Although exposure to this cytokine
induced significant upregulation of miR-146a in bEnd.3-derived EVs (Fig 1F), intracellular
expression of miR-146a is significantly reduced. These data suggest the possibility of cell-
type specific, as well as stimulus specific regulatory mechanisms, which influence miRNA
packaging and secretion in EVs.
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AB exposure induces upregulation of miR-146a in primary neurons and mixed glial cells
and their EVs

To determine if neuroinflammation-induced alterations in miR-146a were species specific,
we next used rat primary neurons and primary mixed glial cells. For 24 hours, these cells
were exposed to AB; a neuroinflammatory component of plaques and one of the hallmarks
of AD. We observed a significant upregulation of miR-146a expression in primary neurons
(Fig 2A), and a dose-dependent increase in their secreted EVs (Fig 2C). Exposure of
primary mixed glia to Ap induced similar responses, with a dose-dependent increase of
miR-146a expression intracellularly (Fig 2B), and a significant upregulation within their
secreted EVs (Fig 2D).

miR-146a inhibits oxidative phosphorylation and glycolysis in primary mixed glial cells

Previous work has shown that miR-146a targets several mMRNAs which encode for proteins
of the mitochondrial electron transport chain (Rippo et al. 2014) and glycolysis (Raschzok et
al. 2011). Hence, we hypothesized that elevated levels of miR-146a would lead to significant
impairment of cellular bioenergetics. To test this, we overexpressed miR-146a in rat primary
mixed glial cells and measured oxidative phosphorylation and glycolysis using the Mito
Stress Kit or Glycolysis Stress Test Kit (Agilent Biosciences). To ensure transfection
efficiency prior to use of either of the metabolic stress Kits, rat primary mixed glial cells
were transfected with either vehicle vector or miR-146a overexpression vector, and cultured
for 40 hours. We then assessed miR-146a expression levels intracellularly and in secreted
EVs gRT-PCR. As shown in Table 2, when compared to vehicle vector, transfection of the
miR-146a overexpression vector increased intracellular miR-146a levels more than 2-fold,
while the levels in EVs were increased in a dose-dependent manner (53 to 116-fold). In
addition, we assessed cellular viability 40 hours after transfection with a calcein AM assay
and observed no effects on cellular viability (data not shown).

We next examined the effects of miR-146a overexpression on oxidative phosphorylation.
After 40 hours of transfection, we observed a dose dependent decrease in all OCR
parameters assessed, including ATP production (Fig 3A), spare capacity (Fig 3B), maximal
respiration (Fig 3C), and proton leak (Fig 3D) when compared to vector transfected cells.
In addition, ECAR values were also measured 40 hours after transfection. Similarly, we
observed a dose-dependent decrease in glycolysis (Fig 4A), glycolytic capacity (Fig 4B),
and glycolytic reserve (Fig 4C) when compared to vector transfected cells. All slopes

were significantly negative, which demonstrates that all indices of cellular bioenergetics are
decreased when miR-146a expression is increased. These data show that elevated levels of
miR-146a have the capacity to alter cellular bioenergetics by impairing both mitochondrial
function and glycolysis.

miR-146a expression is positively correlated with pathological scores in human AD brains

Several groups have demonstrated that miR-146a levels are significantly increased in
neocortical brain regions of AD patients, along with multiple biological fluids including
serum, plasma, and cerebrospinal fluid (Alexandrov et al. 2012; Lukiw et al. 2012; Denk et
al. 2015; Dong et al. 2015; Kumar and Reddy 2016). To test if miR-146a expression exhibits
a brain region specific phenotype, we analyzed miR-146a levels from the temporal cortex

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 9

(TC), frontal cortex (FC), and cerebellum (CB) of 10 control and 13 AD patient brains.
In accordance with previous reports by Lukiw et al. (2012), we confirmed that miR-146a
levels are significantly increased in the TC of AD patients (3.6-fold) when compared to
AMCs (Fig 5A). We also observed increased levels of miR-146a in the FC (5.3-fold; Fig
5D) and CB (3.7-fold; Fig 5G), but this trend did not reach statistical significance due to
high variation among samples.

To test if the variation was due to the severity of AD pathology, we further analyzed
miR-146a levels in brains when stratified by Braak stage (3 and 6). The increase of
miR-146a in AD brains is most highly correlated with Braak stage 6, which designates
late-stage AD, regardless of which brain region we assessed; 5.7-fold in TC (Fig 5B),
8.6-fold in FC (Fig 5E), and 6.8-fold in CB (Fig 5H). We observed a significant positive
correlation between increased levels of miR-146a and the severity of Braak staging of AD
patients for the temporal and frontal cortices (Figs 5C and 5F), but not in the cerebellum
(51). Further correlational analyses also indicated that levels of miR-146a showed a similar
pattern of correlation for CAA. These data suggest that both tau pathology (as assessed
with Braak staging) and amyloid burden on cerebral vasculature (as assessed with CAA) are
correlated with increased levels of miR-146a in the frontal and temporal cortices.

Due to our finding that overexpression of miR-146a in primary mixed glial cells
significantly reduces cellular bioenergetics, and miR-146a expression is significantly
elevated in AD brains, we next probed for changes in total mitochondrial protein (VDAC1)
levels within the temporal cortices of AD and AMC brains (Fig 6A). We found a
significant negative correlation between increased expression levels of miR-146a and
decreased mitochondrial protein (Fig 6B). Together, our findings suggest that as AD
progresses, expression of miR-146a increases and is correlated with decreased expression
of mitochondrial protein.

Discussion

In the current study, we have described a novel role for miR-146a in the pathophysiology of
AD. We demonstrated that various inflammatory stimuli induce upregulation of miR-146a in
several cell types of both mouse and rat origins. Our assessment of the functional impacts

of elevated levels of miR-146a on cellular bioenergetics reveal novel and very interesting
findings which indicate that further mechanistic probing is warranted. In addition to our /n
vitro studies, we utilized human brain samples to demonstrate that patients suffering from
AD express significantly elevated levels of miR-146a when compared to AMCs. From these
data, we propose that miR-146a plays a key role in the progression and pathophysiology of
AD.

During periods of neuroinflammation, microglia and astrocytes act as the first responders
and initiate an immune response (Dong and Benveniste 2001; Yang et al. 2010). This
response can be beneficial in the short term, as invading pathogens or aberrantly expressed
molecules are cleared to protect and preserve neuronal function (Sochocka et al. 2017).
The negative consequences of neuroinflammation arise when the inflammatory response
becomes prolonged, or chronic, such as the case for patients suffering from AD (Sochocka
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etal. 2017). A noteworthy hypothesis by which long-term, chronic neuroinflammation may
be induced is via the gut microbiome. Various gut microbes secrete metabolic byproducts
that can cause barriers, like the gastrointestinal barrier and blood-brain barrier to become
leaky; these neurotoxic byproducts can then enter the brain and induce chronic inflammation
(Lukiw 2020). As AD progresses, the cells of the CNS are exposed to many inflammatory
stimuli, including cytokines, chemokines, and Ap aggregates (Akiyama et al. 2000). Here,
we have shown that with prolonged exposure to these immunomodulatory molecules,
miR-146a expression is significantly increased. In line with our results, other recent studies
have also shown that miR-146a expression occurs within cells of the CNS, including choroid
plexus epithelium (Balusu et al. 2016), human neural cells (Lukiw et al. 2008), and brain
endothelial cells (Wu et al. 2015). Similar to our findings, another group recently showed
that exposure of glial cells to AP activates nuclear factor kappa-B (NF-xB) and induces
miR-146a expression (Denk et al. 2015). Interestingly, inflammation-induced miR-146a
expression has been reported in various other tissues/cell types, including immune cells
(macrophage, dendritic, neutrophil, T cells and B cells) (Taganov et al. 2006; Lu et al.

2010; Boldin et al. 2011; Sun et al. 2015), hepatocytes (Sun et al. 2015), cardiomyocytes,
bronchial epithelial cells, endothelial cells (HUVEC), orbital adipose tissue, as well as
mesenchymal stem cells (Song et al. 2017; Fu et al. 2017). As reviewed by Saba et al.,
(2014) miR-146a has been demonstrated to be a key regulator of the immune response, both
systemically and within the central nervous system. Together, these findings support the
notion that inflammatory stimuli induce upregulation of miR-146a in a wide variety of cell
types, and that this mechanism is likely involved in the immune response.

In addition to intracellular increases of miR-146a, we also found significant increases in
miR-146a expression in the EVs secreted from cells exposed to various inflammatory
stimuli. EV-mediated spread of disease may exacerbate the neuroinflammatory response
(Rajendran et al. 2006) due to their ability to transfer functionally active proteins and RNASs
to recipient cells (Ratajczak et al. 2006; Valadi et al. 2007). As inflammation induced EVs
are taken up by neighboring cells, their contents can be transferred into recipient cells and
exert functional effects (i.e., miRNAs contained within EVs can repress protein translation
in recipient cells) (Valadi et al. 2007). We observed a substantial upregulation of miR-146a
in isolated EVs induced from exposure neuroinflammatory stimuli at levels much greater
than control, and conclude that this is indicative of an increase in EVs derived from cultured
cells. Taken together, our results are in agreement with others (Alexander et al. 2015; Song
et al. 2017), and support the concept that EVs play a role in disease progression due to their
ability to transfer aberrant proteins and RNAs to recipient cells.

In the AD brain, AB plague deposition is considered a pathological hallmark of the disease
and has been shown to induce inflammation. Previous work has observed the accumulation
of AP aggregates within microglia, as these brain immune cells attempt to degrade the
insoluble protein aggregates to no avail (Paresce et al. 1997; Lee and Landreth 2010; Krabbe
et al. 2013; Baik et al. 2016). Additionally, complement factors and other inflammatory
molecules have been observed within plaques themselves (Eikelenboom et al. 1989). It

is clear that while the brain is trying to rid itself of these extracellular aggregates, an
inflammatory response is being initiated within the surrounding tissue. Evidence from /n
vitro studies has shown that in response to AP exposure, cultured human neuronal and
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glial cells upregulate expression of miR-146a due to the activation of NF-xB (Lukiw et al.
2008; Cui et al. 2010). Increased expression of miR-146a has been associated with another
major characteristic of AD, tau hyperphosphorylation, via the repression of rho-associated,
coiled-coil containing protein kinase 1 (ROCK1) (Wang et al. 2016).

To better understand the interplay between inflammatory stimuli and decreased cellular
bioenergetics, we investigated the potential effects of elevated levels of miR-146a on
mitochondrial function and glycolysis. We show for the first time, that overexpression of
miR-146a leads to profound reductions in several parameters of mitochondrial function
and glycolytic capabilities of primary mixed glial cells, which supports the notion that
miR-146a exerts pro-inflammatory effects when it is significantly upregulated. Although in
the current experiment we did not test the direct effects of inflammatory stimuli on cellular
bioenergetics, previous work has demonstrated that exposure to pro-inflammatory cytokines
such as TNF-a and IL-1p leads to alterations in glucose metabolism and oxidative stress

in astrocytes (Gavillet et al. 2008) and in a neuronal cell line (Russell et al. 2019). In
addition to classical inflammatory mediators, chronic exposure to soluble Ap peptides also
results in impairment of energy homeostasis due to the decreased respiratory capacity of
the mitochondrial electron transport chain; this may accelerate neuronal death (Rhein et al.
2009) as neurons are extremely dependent on aerobic metabolism and oxygen use. Despite
a large reservoir of ATP, neurons are heavily dependent on aerobic metabolism and oxygen
use, so reductions in ATP availability due to impaired glycolytic and/or mitochondrial
function results in neuronal cell death (Goldberg and Choi 1993; Lee et al. 2012).

Lukiw (2007) first demonstrated differential miRNA expression patterns in AD hippocampi,
and later Cogswell et al. (2008) observed this phenomenon in specific brain regions and
cerebrospinal fluid (CSF). Another group also found that miR-146a expression levels were
significantly upregulated in both the CSF and hippocampi of AD patients (Denk et al.
2015). In addition to measuring miR-146a expression, we also correlated levels within
specific brain regions (frontal and temporal cortices, and cerebellum) to Braak & Braak
staging (Braak and Braak 1991), and found significant positive correlations between these
two factors. Additionally, expression levels of miR-146a were also positively correlated
with CAA, which is characterized by deposition of Ap in the media and adventitia of
cortical and leptomeningeal vessels (Salvarani et al. 2016). Aging and AD are established
risk factors for developing CAA (Yamada 2015), suggesting that not only parenchymal
deposition of AB, but also intravascular accumulation, affects the expression of miR-146a
during disease progression. Further experimentation is necessary to evaluate the effects of
AP exposure on miR-146a expression in primary endothelial cells and their released EVs.
These data indicate that multiple cell types may mediate the increase in miR-146a levels

in AD and other neurological disease states. Brain hypometabolism is also significantly
correlated with increased dementia in AD (Liang et al. 2008). Here, we have shown

that within the temporal cortex of AD patients, as miR-146a expression increases, total
mitochondrial protein decreases. Although VDAC is not a direct target of miR-146a, several
other glycolytic and mitochondrial proteins are (www.targetscan.org); downregulation of
these proteins may lead to impaired mitochondrial function and reduced total mitochondria
within the AD brain. Together these data support the hypothesis that inflammation-induced
miR-146a overexpression contributes to brain hypometabolism in AD.
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In summary, we have shown that inflammatory stimuli expressed within the AD brain
induce upregulation of miR-146a in a variety of cell types. Parallel findings in multiple
brain cell types (neurons, astrocytes, microglia, and endothelial cells) and species (mouse,
rat, and human) demonstrate that our observations may represent a common CNS
inflammatory response mediated, in part, by miR-146a. Our functional data indicate that

the overexpression of miR-146a significantly impairs cellular bioenergetic function and may
lead to the hypometabolic phenotype seen in clinical AD. These results suggest a novel
pro-inflammatory mechanism of action for miR-146a in the neuroinflammatory etiology of
AD and related dementias.
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Figure 1. Effects of pro-inflammatory stimuli on intracellular and EV miR-146a levels in
different brain cell types

(A & D) Murine hippocampal neurons (HT-22 cells), (B & E) brain microglia (C8-B4
cells), or (C & F) brain endothelial cells (bEnd.3) were exposed to either LPS (1 pug/ml)

or TNF-a 1 ng/ml for 24 hours, followed by purification of cellular and EV miRNA.
Intracellular miR-146a expression was greater in TNF-a exposed neurons (A) than in
untreated, control cells (tg 1 = 2.63, p < 0.05, np? = 0.68). Similarly, TNF-a exposure also
significantly increased miR-146a expression in secreted neuronal EVs (D) when compared
to EVs secreted from unexposed, control cells (t7 1 = 8.75, p < 0.0001, np? = 0.96).
Intracellular miR-146a expression was not significantly altered in microglial cells after
exposure to LPS (B) when compared to unexposed, control cells (t, 1 = 8.39, p < 0.05,

np? = 0.99). Interestingly however, microglial EVs contained significantly elevated levels
of miR-146a after exposure to LPS (E) when compared to unexposed control cells (to » =
53.58, p < 0.001, np? = 0.99). Intracellular miR-146a expression levels in brain endothelial
cells exposed to LPS were significantly elevated when compared to control, while TNF-a
exposure lead to significantly reduced miR-146a expression (C) (F2,6 = 135.6, p < 0.0001,
w? = 0.97). EVs secreted from brain endothelial cells had significantly elevated miR-146a
expression after LPS or TNF-a exposure, when compared to EVs secreted from unexposed,
control cells (F) (F2,6 = 383.7, p < 0.0001, ©2=0.09). Data are presented as means + SEM
with significance as *p<0.05, **p<0.01, ***p<0.0001 compared to control.
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Figure 2. Effects of AB on intracellular and EV miR-146a levels in primary neurons and mixed
glial cells

(A & C) Rat primary neurons and (B & D) mixed glial cells were exposed to 0, 250, and
500 nM of AB for 24 hours, followed by purification of cellular and EV miRNA. Primary
neurons exposed to both concentrations of Ap expressed significantly higher levels of
intracellular miR-146a (A) when compared to unexposed, control cells (t; = 3.16, p < 0.05,
RZ2 = 0.53). Similarly, EVs secreted from primary neurons exposed to both concentrations of
AP expressed significantly higher levels of miR-146a (C) when compared to EVs secreted
from unexposed, control cells (t7 = 18.28, p < 0.0001, R? = 0.98). Primary microglia
exposed to both concentrations of AP expressed significantly higher levels of intracellular
miR-146a (B) when compared to unexposed control cells (t; = 156.0, p < 0.0001, R? =
0.95). Lastly, EVs secreted from primary microglia exposed to both concentrations of Ap
expressed significantly higher levels of miR-146a (D) when compared to EVs secreted from
unexposed, control cells (t; = 16.96, p < 0.01, RZ = 0.66). Data are presented as means +
SEM with significance as *p<0.05, **p=<0.01, ***p<0.0001 compared to control.
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Figure 3. Functional effects of ectopically expressed miR-146a on oxidative phosphorylation in
rat primary mixed glial cells
Mixed primary glial cells were transfected with a miR-146a overexpression vector for

40 hours, and mitochondrial function was assessed. ATP production (A) was significantly
reduced in a miR-146a dose-dependent fashion (t7; = —=10.95, p < 0.0001, R? = 0.62).
Spare respiratory capacity (B) was significantly reduced in a dose-dependent fashion (t7,
=-10.98, p < 0.0001, R? = 0.62). Maximal respiration (C) was significantly reduced in

a dose-dependent fashion (t7» = —14.13, p < 0.0001, R? = 0.73). Proton leak (D) was
significantly reduced in a dose-dependent fashion (t;o = —8.81, p < 0.0001, R? = 0.52).
Data were analyzed by using simple linear regression which showed a negative linear trend
between the independent variable (miR-146a) and each dependent variable. All data are
presented as means + SEM.
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Figure 4. Overexpression of miR-146a reduces glycolysis in rat primary mixed glia
Rat primary mixed glia were transfected with a miR-146a overexpression vector and 40

hours after transfection, glycolysis was assessed. All data were analyzed using an ANOVA
linear contrast. Glycolysis (A) was significantly reduced in a miR-146a dose-dependent
manner (t;4 = —12.28, p < 0.0001, R? = 0.66). Glycolytic capacity (B) was significantly
reduced in a dose-dependent fashion (t;3 = =9.23, p < 0.0001, R? = 0.53). Glycolytic reserve
(C) was significantly reduced in a dose-dependent manner (t7; = -5.68, p < 0.0001, R2 =
0.30). Data were analyzed by simple linear regression which showed a negative linear trend
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between the independent variable (miR-146a) and each dependent variable. All data are
presented as means £ SEM.
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Figure 5. miR-146a profile and correlation with pathology in human Alzheimer’s disease (AD)
regions compared to age-matched controls (AMC) in temporal cortex, frontal cortex, and
cerebellum

Relative fold change of miR-146a levels in AD cases (n=13) compared with AMCs (n=10)

shows significant increases in the temporal cortex (A; t11 » = 2.54, p < 0.05, np? = 0.60)

and frontal cortex (D; ty2 2 = 2.29, p < 0.05, np? = 0.55) of AD brains when compared

to AMCs, while there were no significant changes in the cerebellum (G; t1o 0 = 1.67,p =
0.12, np? = 0.43). Of the AD brains, seven AD cases were diagnosed as Braak & Braak
(B&B) stage VI, and six were diagnosed as stage I11. The relationship of miRNA expression
with B&B stage (control, 0 vs. 3 vs. 6) was also assessed to determine B&B stage specific
miR-146a expression in human brains. Significant differences were identified within the
temporal cortex (B; Fp19 = 9.91, p < 0.01, w? = 0.45), frontal cortex (E; F,2 = 7.05, p
<0.01, »? = 0.35) and cerebellum (H; F 51 = 7.19, p < 0.01, »? = 0.34). Correlation of
miR-146a expression with B&B stage or cerebral amyloid angiopathy (CAA) was calculated
by using Spearman’s rho (p). Significant correlations between miR-146a with B&B stage
were observed in the temporal (C; p = 0.77, p < 0.001) and frontal cortices (F; p =0.58, p <
0.01), but not in the cerebellum (I: p = —0.01, p = 0.96). Similarly, miR-146a expression was
significantly correlated with CAA in the temporal (C; p = 0.53, p < 0.05) and frontal cortices
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(F; p=0.48, p < 0.05), but not in the cerebellum (I; p = 0.08, p = 0.70). Data are presented
as means + SEM with significance as *p<0.05, **p<0.01, ***p<0.0001 compared to control.
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Fig 6. Mitochondrial protein levels are inversely correlated with miR-146a gene expression
(A) Western blot of representative AD and AMC temporal cortex shows levels of the

mitochondrial protein, voltage-dependent anion channel (VDAC, 35 kD), and the cytosolic
housekeeping protein, p-actin (46 kD). (B) VDAC levels were normalized to p -actin

for each sample (VDAC/B-actin). The correlation between the VDAC/B-actin ratio and
miR-146a expression revealed an inverse relationship between total mitochondrial proteins
and miR146a expression (Spearman’s p = —0.80, p < 0.01).
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Table 1.
Human sample demographics and neuropathological correlations.

Demographic information including age, sex, apolipoprotein E (APOE) alelles, post-mortem intervals (in
hours), and neuropathological correlations including diagnosis of Alzheimer’s disease (AD), Braak & Braak
staging, and cerebrovascular pathologies were collected for all samples.

. B&B % Amyloid
A APOE | PMI D h
ge | Sex o) iagnoses stage | Atherosclerosis angiopathy” Other
Normal
78 F 33 55 CERAD 1A 1
g0 | F | 3 | 12 Normal 1 Mild
: CERAD 1A
Normal
72 F 34 3.0 CERAD 1A 1
Normal
74 F 24 4.7 CERAD 1B 3 Other
Normal
72 F 33 30.0 2
Age-matched control CERAD 1B
subjects (AMC) Normal
78 M n/a 9.8 CERAD 1A 1
Normal
75 M 22 29.0 CERAD 1A 1 Lacunes
Normal
75 M 33 18.9 CERAD 1B 1
Normal
80 M 33 4.3 CERAD 1B 1
Normal
81 M 34 7.2 CERAD 1B 1 Lacunes
76 F 33 10.5 AD 3
76 F 44 5.5 AD 3 Mild Mild
75 F 34 20.1 AD 3 Severe Mild
74 F 34 20.5 AD 6
75 F 33 13.3 AD 6 Mild
79 F n/a 20.8 AD 6 Moderate Infarcts
Alzheimer’s Disease
patient subjects (AD) 75 F 34 24.0 AD 6 Severe
77 M 33 16.8 AD 3
75 M 33 3.0 AD 3 Mild
78 M 34 0.8 AD 3 Mild
71 M 33 25.2 AD 6 Mild
77 M 44 25.4 AD 6 Mild Mild
75 M 34 2.6 AD 6 Moderate

*
Pathological scores were analyzed by a pathologist for atherosclerosis and amyloid angiopathy using CERAD guidelines and NIA-Reagan criteria.
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Table 2.
Fold change in miR-146a levels following transfection in primary mixed glial cells

Forty hours after transfection of vehicle or overexpression vector, total RNA was purified from primary mixed
glial cells and their isolated EVs and miR-146a expression levels were assessed.

miR-146a expression (relative fold change)
Transfection Intracellular Extracellular Vesicle
Vector | 4 pg/ml 1.0+0.2 1.0+0.0
miR-146a | 2 pg/ml 21+0.1 53+ 19
miR-146a | 4 ug/ml 23+04 116 +20 ¥

All data were expressed as mean + SEM;

*
p<0.05 compared to vector control.
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