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MICROGLIA TO NEURON INTERACTION VIA EXOSOMAL MIR-34A

Nurullah SATI, Dokuz Eylul University, Izmir International Biomedicine and Genome

Institute, Department of Genomics and Molecular Biotechnology, 35340, Izmir, Turkey

ABSTRACT
Microglia are extra-embryonic yolk sac-derived myeloid cells in the Central Nervous
System (CNS) playing roles in regulating brain development, repairing injuries and
maintaining neuronal networks. When signaling dangers to CNS by dead cells, microbes,
unnecessary synapses and soluble antigens, they remove them and maintain homeostasis.
Because of being the primary source of proinflammatory cytokines, microglial cells mediate

neuroinflammation and regulate cellular responses that have extensive spectrum.

Exosomes are membrane-encapsulated vesicles that are released via various cell types.
They have functions in regulating cell-to-cell transmission via carrying their cargo to recipient
cells containing microRNAs (miRNAs), mRNAs, proteins and DNA. Microglia-derived
exosomes promote neural regeneration by stimulating neurite outgrowth and might have a
role in neurological disorders. MiRNAs within exosomes have functional roles when being
delivered into the recipient cells and are thought to be the key functional elements.

The aim of this thesis is to identify the impacts of microglial cells on neuronal cells via
exosomal miR-34a. As a requirement of this purpose, SH-SY5Y neuronal cell line will be
treated with different concentrations of hydrogen peroxide (H,O,) and its cytotoxicity will be
evaluated via LDH (Lactate Dehydrogenase) assay and Pl (Propidium lodide) visualization.
Then, the cytotoxic effect of hydrogen peroxide on neurite outgrowth will be determined by
assessing the number of protrusions per cell, and neurite lengths will be analyzed and
expressed as mean process length. After that, HMC3 microglial cell line will be transfected
with miR-34a mimic and their exosomes will be given to SH-SY5Y cells. The impacts of

miR-34a on SH-SY5Y cells in terms of neuroprotection will be determined.

Keywords: Microglia, Macrophage, CNS, Exosome, MicroRNA, Neuron, SH-SY5Y, H,0,,
HMC3



EKZOZOMAL MiR-34A ARACILIGIYLA MiKROGLIA - NORON ETKIiLESIMi

Nurullah SATI, Dokuz Eyliil Universitesi, izmir Uluslararas1 Biyotip ve Genom Enstitiisii,

Genom Bilimleri ve Molekiiler Biyoteknoloji Anabilim Dal1, 35340, Izmir, Turkey

OZET
Mikroglial —hiicreler Merkezi Sinir  Sisteminde (MSS), beyin gelisiminin
diizenlenmesinde, hasarlarin onarilmasinda ve noronal iletisim aglarmin devamliliginda rol
alan ekstra-embryonic yolk kesesinden tiireyen myeloid hiicrelerdir. Merkezi sinir sistemine
karst 6li hiicreler, mikroplar, gereksiz sinapslar ve ¢ozilinebilir antijenler tarafindan tehlike
sinyalleri aldiklarinda, bunlar1 uzaklastirirlar ve homeostaziyi siirdiirtirler. Mikroglial hiicreler
proinflamatuar sitokinlerin birincil kaynagi olduklari i¢in néroinflamasyona aracilik ederler

ve genis spektrumlu hiicresel cevaplari diizenlerler.

Ekzozomlar bir¢ok hiicre tipi tarafindan salgilanan membranla g¢evrili vezikiillerdir.
MikroRNA (miRNA), mRNA, protein ve DNA iceren kargolarini alict hiicrelere tagiyarak
hiicre-hiicre iletisiminin diizenlenmesinde rol alirlar. Mikrogliadan elde edilen ekzozomlar
norit fazla biiylimesini tetikleyerek noral yenilenmeyi tesvik eder ve norolojik hastaliklarda
rol alabilirler. Ekzozomlarda bulunan miRNAlar alici hiicrelerin i¢ine iletildiklerinde

fonksiyonel role sahiplerdir ve anahtar fonksiyonel elemanlar olduklar1 diisiiniiliir.

Bu tezin amaci mikroglial hiicrelerin ndronal hiicreler iizerindeki etkisini miR-34a
araciliiyla incelemektir. Bu amacin gerekliligi olarak, SH-SY5Y ndoronal hiicre hatt1 hidrojen
peroksitin farkli konsantrasyonlariyla muamele edilecek ve sitotoksik etkisi LDH (Laktat
Dehidrojenaz) ve Pl (Propidyum Iyodiir) goriintiilemeyle degerlendirilecektir. Sonrasinda,
hidrojen peroksitin norit biiyiimesi ilizerindeki sitotoksik etkisi hiicre basina diisen ¢ikinti
sayisinin hesaplanmasiyla belirlenecek ve norit uzunluklari iizerindeki etkisi ise analiz edilip
ortalama ¢ikinti uzunlugu olarak ifade edilecektir. Ardindan, HMC3 mikroglial hiicre hatt1
miR-34a mimikle transfekte edilecek ve ekzozomlari SH-SY5Y hiicrelerine verilecektir. miR-

34a’nin SH-SYSY hiicreleri lizerindeki etkileri ndroproteksiyon yoniinden belirlenecektir.

Anahtar kelimeler: Mikroglia, Makrofaj, CNS, Ekzozom, MikroRNA, Néron, SH-SY5Y,
H,O,, HMC3



1. INTRODUCTION AND AIM

1.1.  Statement and Importance of the Problem

Under stress conditions, several types of reactive oxygen species (ROS) are produced,
and exposure to these ROS may slowly lead to various types of disorders like atherosclerosis
and neurodegenerative disorders (Fukui, Takatsu et al. 2011). Glia-derived exosomes have
shown neuro-regenerative and neurotrophic effects in spinal cord injury and ischemic stroke.
For these reasons, they can be used as therapeutic agents in neural trauma, strokes and
neurodegenerative diseases (Liao, Du et al. 2019). It was found that exosomal miRNAs have
regulatory roles in various pathological pathways, comprising oxidative stress response, in
neurodegenerative diseases (Jiang, Gong et al. 2020). Among these miRNAs, miR-34a adjusts

neuritogenesis and spinal accidence (Agostini, Tucci et al. 2011).

1.2.  Aim of the Study

The goal of the study was determining the effects of microglia-derived exosomal miR-
34a on SH-SY5Y neuronal cells. Aim of the study was determining the effects of microglia-
derived exosomal miR-34a on changes of neurite outgrowth in neuronal cells; and to
determine the effects of microglia-derived exosomal miR-34a on H,O,-stimulated cell death
of SH-SY5Y neuronal cells.

1.3.  Hypothesis of the Study
miR-34a promotes neural regeneration by stimulating neurite outgrowth reduced via

H.0,-induced damage to SH-SY5Y neuronal cells.

2. GENERAL INFORMATION

2.1.  Microglia Definition
Microglia are extra-embryonic yolk sac-derived myeloid cells in the Central Nervous
System (CNS) possessing memory-like features to be able to have context-dependent



responses (Ginhoux and Prinz 2015). They are distributed throughout the brain and interact
with neurons, astrocytes and oligodendrocytes. At first, they were thought to be of
neuroectodermal origin (Prinz, Jung et al. 2019). However, it is now determined that they are
from myeloid lineage because of expressing several genes unique for myeloid lineage
(Dubbelaar, Kracht et al. 2018). Microglial cells participate in immune response and regulate
homeostasis of brain through searching for both internal dangers such as damaged tissues or
dying cells, and external dangers such as pathogens. When faced with these problems, they
start analyzing the injury, reducing the effects of inflammation and participating in tissue
repair and remodeling (Ginhoux and Prinz 2015), (Kabba, Xu et al. 2018).

2.1.1. Microglia History and Origin

Microglia were distinguished as a divergent and privatized myeloid cells of CNS with
characteristic developmental source via taking for more than 150 years of research (Ginhoux
and Prinz 2015). For the first time in 1932, Del Rio-Hortega described a population of
phagocytic and migratory cells that are in the CNS and of mesodermal origin. He first
established the term ‘microglial cell’ in 1939 and identified them as non-neuronal, non-
astrocytic agents of CNS and apart from astrocytes, oligodendrocytes and macroglia
(Kettenmann, Hanisch et al. 2011), (Ginhoux and Prinz 2015), (Kabba, Xu et al. 2018). Over
the years with debates about the origin of microglia whether it is mesodermal or ectodermal,
several researchers proved their mesodermal origin with studies coupling light/electron

microscopy and immunohistochemistry (Ginhoux and Prinz 2015).

2.1.2. Microglia Activation States

Activation states of microglia is classified as M1 (classical) and M2 (alternative). M1
state is pro-inflammatory and neurotoxic that is induced via stimulating both Toll-like
receptor (TLR) and interferon (IFN)-y pathways (Colonna and Butovsky 2017). At this state,
microglia generate proinflammatory cytokines and chemokines like interleukin (IL)-6,
interleukin (IL)-1pB, tumor necrosis factor (TNF)-a, interleukin (IL)-12 and C-C Motif
Chemokine Ligand 2 (CCL2) (Dubbelaar, Kracht et al. 2018). M1 microglia also generates
reactive oxygen species (ROS), nitric oxide (NO), matrix metalloproteinase 12 (MMP12),

major histocompatibility complex (MHC) II, Fc receptors and integrins (Colonna and



Butovsky 2017). On the other hand, M2 state is anti-inflammatory and induces release of IL-
10 and transforming growth factor (TGF)-B, and has the capacity to enable debris clearance,
wound healing and recover brain tissue homeostasis (Dubbelaar, Kracht et al. 2018). M2
microglia is stimulated via IL-4, IL-13, etc., and secretes growth factors and neurotrophic

factors (Colonna and Butovsky 2017).

2.1.3. Microglia Function

Microglia have several functions including wiring of the brain in early development and
involving in homeostasis over the course of life (Sominsky, De Luca et al. 2018). In early
stages, activated microglia participate in neuroprotection, while in later stages, it participates
in neuroinflammation and neurodegeneration (Petralla, De Chirico et al. 2021). Very early in
development, microglia support synaptogenesis and dendritic spine generation via releasing
relevant growth factors such as prostaglandin E2 and IL-10 (Lenz and Nelson 2018), and this
support is important for behaviour (Sominsky, De Luca et al. 2018). In the developing central
nervous system (CNS), microglia adjust brain improvement mainly by phagocytosis and
releasing diffusible factors (Lenz and Nelson 2018) such as tumor necrosis factor (TNF) and
nerve growth factor (NGF) (Matejuk and Ransohoff 2020). Microglia induce and promote cell
formation and health through releasing insulin-like growth factor 1 (IGF1), tumor necrosis
factor (TNF)-a and interferon (IFN)-y. Living, dying or dead cells, axons and synaptic
elements are phagocytosed by microglia. Several agents participate in microglia phagocytosis
like vascular endothelial growth factor (VEGF), NADPH oxidase (Nox) 2 and Tyrobp/DAP12
either via identifying cells signed for scavencing or stimulating cell demise. Microglial cells
also promote neurogenesis, axon twitch myelination/oligodendrogenesis, cell demise or cell

survival, and excite synaptogenesis and synapse ageing (Lenz and Nelson 2018).

2.2.  Hydrogen Peroxide in Neuronal Injury Model
Neurons, or the nerve cells, are the functional members in the activity of the nervous
system (1997). They are more susceptible to exposure to hydrogen peroxide than other CNS

cells such as astrocytes. For dopaminergic neurons, for example, hypoxia-induced metabolic



stress was hampered by hydrogen peroxide, yet, several studies indicate the role of hydrogen
peroxide treatment on cultured neurons (Hohnholt and Dringen 2014).

Hydrogen peroxide is a ROS and a lipid-resolvable molecule which emanates into
cytoplasm that have a role in synaptic and neuronal functionality (Ohashi, Hirano et al. 2016),
and a messenger for neuron-glia signaling in the CNS (Hohnholt and Dringen 2014). Under
physiological circumstances, H,O, is reduced into H,O and O, via some enzymes and H,0;
generation is equilibrated. Nonetheless, over production of H,O, is shown to have a role in
ischemia-reperfusion lesions of the brain (Ohashi, Hirano et al. 2016). Besides, over
production of H,O, promotes lipid peroxidation, DNA damage and neuronal cell demise (Liu,
Feng et al. 2018). It also regulates neuronal functions such as synaptic conduction and cellular
excitability in CNS (Ohashi, Hirano et al. 2016).

During cellular metabolism, H,O; is generated as a byproduct and give rise to oxidative
stress in high concentrations (Hohnholt and Dringen 2014). Too much oxidative stress
promotes neuronal cell damage that is related with several neurodegenerative disorders. As
CNS and neuronal cells demand high rate of oxygen depletion and benefication in
polyunsaturated fatty acids, they are more prone to oxidative stress. Accumulation of ROS
causes damage to DNA, proteins and lipid membranes, and thus, disrupts neuron functions
and causes neuron demise and apoptosis (Liu, Feng et al. 2018).

2.3. microRNAs

MicroRNAs are conserved small and single stranded RNAs transcribed endogenously
by RNA polymerase Il or 11, and discovered in 1993 by Ambros and Ruvkun group (Alural,
Ozerdem et al. 2015), (Reddy, Williams et al. 2017), (O'Brien, Hayder et al. 2018). Their
lengths differ from 18 to 23 nucleotides and they adjust gene expression post-transcriptionally
through deadenylation, disaggregation and destabilization of target mRNAs (Bavamian,
Mellios et al. 2015), (Huang 2017). MicroRNAs degrade target mRNA or inhibit its
translation by directly attaching to 3’ -untranslated (3’-UTR) region of that target mRNA
(Zhang, Cai et al. 2021). They have important roles in angiogenesis, apoptosis, cell cycle,
differentiation and development (Alural, Ozerdem et al. 2015). They also regulate neuronal
differentiation, development, dendritic spine morphology, neurite outgrowth and
neuroplasticity (Bavamian, Mellios et al. 2015), (Zhang, Cai et al. 2021). Up to now, over



2000 miRNAs have been discovered that overhaul half the genes that code proteins in
mammals (Reddy, Williams et al. 2017).

2.3.1. microRNA-34a

MicroRNA-34a (miR-34a) is a paralogous member of miR-34 family, together with
miR-34b and miR-34c, of MRNAs that control cell-destiny decisions (Li, Huang et al. 2019),
(Chua and Tang 2019). In vertebrates, miR-34a is codifyed via its own counterpart from
chromosome 1p36 (Chua and Tang 2019), whereas miR-34b along with miR-34c have a
familiar counterpart of chromosome 11 (Morgado, Xavier et al. 2015), (Jauhari, Singh et al.
2018). In a research with mice tissues by Bommer et al., miR-34a has been determined being
expressed uttermost in brain, while miR-34b along with miR-34c greatest in lung (Fineberg,
Datta et al. 2012), (Morgado, Xavier et al. 2015). According to some reports, miR-34 family
is the transcriptional targets of tumor protein 53 (TP53 or p53), and overexpression of this
family induces apoptosis and cell cycle interruption (Morgado, Xavier et al. 2015). P53 is
recognized to mediate tumor suppression, regulate gene expression and several important
events during brain development. Several studies showed entailment of miR-34a for the
appropriate function of neuronal differentiation via regulating p53 action utilizing neural stem
cells (NSC) from mouse. MiR-34a is also known to be upregulated mostly in motor neurons
(Jauhari, Singh et al. 2018), and its overexpression in neuroblastoma cell lines regulates
neuronal-specific genes (Agostini, Tucci et al. 2011).

In recent years, certain activities of miR-34a in neurodevelopment and differentiation
were stated. In Drosophila melanogaster, neuronal survival was enhanced and
neurodegeneration was decreased by up-regulating miR-34a. In a mouse model, it was shown
that miR-34a adjusts neuron differentiation, neuronal development and synapse formation
(Aranha, Santos et al. 2011). In a research via Chen et al. in PC12, it was shown that luteolin-
mediated neurite outgrowth was regulated via miR-34a (Chen, Wu et al. 2015). Also, in a
mouse neural stem cell model, overexpression of miR-34a promoted neurite outgrowth by
downregulating Sirtuin 1 (SIRT1) (Aranha, Santos et al. 2011). In another study in mouse
embryonic stem (mES) cells, the connectivity of cells and neurite outgrowth was decreased
when expression of miR-34a was inhibited (Agostini, Tucci et al. 2011). The negative effect
of amyloid precursor protein (APP)_i7c (residue 17 in AP sequence) in SH-SY5Y on

neuritogenesis was shown to be reversed via lentiviral-regulated miR-34a overexpression



(Luu, Ciccotosto et al. 2019). Also, transport of extracellular vesicles (EVs) containing miR-
34a released from oral cavity squamous cell carcinoma (OCSCC) cells to cancer-related
neurons adjusts extracellular vesicle-obtained axonogenic signals in a negative way (Amit,
Takahashi et al. 2020). On the contrary to these, miR-34a increases the susceptibility of
cortical neurons to damage, and its downregulation was shown to have a positive effect on
neuronal survival (Santerre, Bagashev et al. 2019). In neurodegenerative diseases, miR-34a
was demonstrated to be overexpressed, for instance in the hippocampi and cerebral cortex of
Alzheimer’s disase (AD) mouse model, in several tissues of AD patients and in peripheral
tissues of patients with Amyotrophic lateral sclerosis (ALS). In AD mice model, miR-34a has
been identified being upregulated and enhance pathophysiology of AD in later phases.
Besides, Wang et al. have shown that aberrant miR-34a expression involves in pathogenesis
of AD partly via inhibiting B-cell lymphoma 2 (BCL2) that result in abnormal apoptosis
(Rostamian Delavar, Baghi et al. 2018). Also, Zhou et al. have demonstrated that, in Bipolar
disorder (BD), miR-34a promoted lithium and valproate (VPA) effect via regulating
glutamate metabotropic receptor 7 (GRM7) (Zhou, Yuan et al. 2009). In Tuberous Sclerosis
Complex (TSC) genetic disease, miR-34a, along with miR-34b and miR-34c, was found to
regulate neurogenesis and glutamate receptor signaling (Mills, lyer et al. 2017).

2.4.  Exosomal miRNAs in Neuron-Glia Interactions

Communication between neuron and glia can occur via direct contact, via the activity of
released molecules, or via extracellular vesicles (Fernandes, Ribeiro et al. 2018). Exosomes
are the smallest membrane-derived microvesicules ranging from 30 to 150 nm in size
(Pascual, Ibanez et al. 2020), and they are released from every cell type to various body fluids
(Zhang and Yang 2018), (Liao, Du et al. 2019). They contain proteins, lipids and genetic
material involving great number of microRNAs (Fernandes, Ribeiro et al. 2018), and their
content differs depending upon cells that they are released, and upon physiological and
pathological conditions (Zhang and Yang 2018).

Some studies indicated that miRNAs can be delivered into recipient cells via exosomes
(Brites and Fernandes 2015), carrying miRNAs within them, that are considered the key
functional players, changing the gene expression and regulating the functional features of
recipient cells (Brites and Fernandes 2015), (Zhang, Liu et al. 2019). Exosome transfer can

take place from glia-to-neuron cells or from neuron-to-glia cells. The impact of microglial



exosomes on neurons was shown with several studies. Huang et al. demonstrated that transfer
of microglial exosomes containing miR-124-3p inhibited neuroinflammation in repetitive
traumatic brain injury (rTBI) mice, and induced neurite outgrowth (Huang, Ge et al. 2018).
Also, another research indicated that microglia-derived exosomes containing miR-124-3p
inhibited FIP200-regulated neuronal autophagy, resulting in reducing trauma-stimulated,
autophagy-regulated nerve injury in vitro (Li, Huang et al. 2019). Song et al. have shown that
microglial exosomal miR-124 were taken up by neurons both in vitro and in vivo, and miR-
124 decreased ROCK along with USP14 expressions, inducing neuronal protection injured
via ischemic stroke. Also, a recently published study was demostrated that after TBI,
microglial exosomes with miR-124 enhanced neuronal renewal via inhibiting Toll-like
receptor 4 (TLR4) and generating M2 microglial polarization. miR-181c was found to
enhance the overexpression of tumor necrosis factor (TNF)-o in microglia causing microglia
regulated neuronal injury (Petralla, De Chirico et al. 2021). Another study showed that
exosomes secreted from BV2 microglia in M2 phenotype containing miR-137 enhanced the
survival of ischemic neurons via Notch1 pathway (Zhang, Cai et al. 2021).

Neuron-microglia communication can also take place via neuron-derived exosomes. In
spinal cord injury (SCI) mice model, neuron-derived exosomal miR-124-3p suppressed M1
microglia activation and decreased microglial neuroinflammation (Jiang, Gong et al. 2020).
MiR-124 along with miR-9 from neuron-derived exosomes were found to inhibit CEBPo-
PU.1 and NF-xB pathways, respectively, and resulted in deactivation of microglial cells in
CNS (Veremeyko, Kuznetsova et al. 2019). Also, when taken up by N9 microglial cells, miR-
124 from mutant copper-zinc superoxide dismutase 1 (mSOD1) neural stem cell (NSC)-34
motor neurons (MNs) exosomes polarized microglial cells into M1 phenotype early and
caused promoted neuroinflammation and MN deformation (Pinto, Cunha et al. 2017). In a
research via Zhou et al., a-synuclein transgenic SH-SY5Y exosomes containing miR-19a-3p
was demonstrated to restrict microglial autophagy via PTEN (phosphatase and tensin
homolog)/AKT (Protein Kinase B)/mTOR (mammalian target of rapamycin) signaling
pathway (Zhou, Lin et al. 2019). In another research via Yin et al., exosomal miR-21-5p from
neurons enhanced microglial polarization and thus, speed up the neuronal damage process via
neuroinflammatory factors from microglia after TBI (Yin, Han et al. 2020). Also, when
exosomal miR-21 from SHsy,. neuroblastoma cells (SH-SY5Y transfected via Swedish mutant



of amyloid precursor protein (APPggs) was taken up by CHME3 (or HMC3) microglia, it
stimulated higher inflammatory response (Fernandes, Ribeiro et al. 2018).

3. MATERIALS AND METHODOLOGY

3.1. Research Type

This study is an in vitro type experimental study.

3.2. Time and Place of the Study

This thesis was performed at Izmir Biomedicine and Genome Institute, between the dates
of February - August 2021.

3.3. Research Material
Human cells lines of HMC3 microglial clone 3 and SH-SY5Y neuroblastoma were

used.

3.4. Variables of the Study
Hydrogen peroxide (H,0,) was the independent variable of the study. On the other
hand, cell death rates and changes in neurite numbers and lengths are the dependent variables

in this study.

3.5. Tools for Data Collection
Microplate reader MultiSkan Go spectrophotometer (Thermo Scientific, USA)

Fluorescent microscope Olympus IX-71 (Olympus, Japan)

Cytotoxicity Detection - Lactate Dehydrogenase (LDH) Kit (Roche, Germany)
Cytotoxicity Detection - Propidium lodide (PI) (Sigma-Aldrich, USA)
HiPerFect Transfection Reagent (Qiagen, Valencia, CA)

Total Exosome Isolation (from cell culture media) (Thermo Scientific, USA)
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ImageJ 1.51n (NIH, USA)

3.6. Study Plan and Calendar

February 2021 — April 2021
Litersture search, cytotoxicity 2ssessment
and determination of concentration of H202

b

April 2021 - June 2021
Determination of H202 effects on neurite
outgrowth and neuwrite lengths

O

June 2021 — August 2021
Determination of changes on cell death and

miR-34a

3.7. In vitro Experiments

3.7.1.  Cell Culture

For the culturing of HMC3 cells, EMEM media (Sigma, Aldrich, Saint Louis, USA)
containing 10% exosome-depleted FBS (fetal bovine serum) with 1% Pen/Strep (Penicillin-
Streptomycin) (Thermo Scientific, Inc, Rockford, IL) were used, and cells were cultured at 37

°C supplemented with 5% CO,.

For the culturing of SH-SY5Y cells, DMEM:F12 media (Gibco, Gaithersburg, MD)
containing 10% exosome-depleted FBS with 1% Pen/Strep (Thermo Scientific, Inc, Rockford,
IL) were used, and cells were cultured at 37 °C supplemented with 5% CO..

3.7.2. HMC3 Cell Transfection with miRNA Mimics
HMC3 cells were transfected with mimics via HiPerfect Transfection Reagent (Qiagen,
Valencia, CA). Seeding 1.2 x 10° cells into T75 flask was performed, and cells were

incubated overnight at 37 °C supplemented with 5% CO,. After overnight incubation, mimics
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were added into cell culture media using manufacturer’s instructions and incubated for 2 days
at 37 °C supplemented with 5% CO,. For scrambled (negative control) group, same protocol

was applied without adding miR-34a mimics.

3.7.3. Isolation of Total Exosomes from HMC3 Culture Media

Total Exosome Isolation (from cell culture media) (Thermo Scientific, USA) kit was
used for isolation of exosomes. Culture media were harvested and centrifugation was
performed at 2000 x g for 30 min. Supernatants were put into new tubes and half the volume
of isolation reagent was added. The mixture was vortexed until homogenyzed and samples
were incubated for a night at 4 °C. At the end of incubation, centrifugation was applied for 1
hour at 10,000 x g at 4 °C. Supernatants were removed. Pellets involving exosomes were

resuspended in 50 pl 1X PBS for 1 ml started cell culture media.

3.7.4. Determination of Protein Level in Exosome Samples by BCA Assay

To determine protein concentration of exosomes, 5 ul of exosome suspension was
mixed with 55 ul M-PER Mammalian Protein Extraction Reagent (Thermo Scientific, Inc.,
Rockford, IL) and 10 minutes vortex was applied to suspension. Protein concentrations of
exosomes were evaluated with BCA Protein Assay Kit (Takara, Japan).

3.7.5. Uptake of Exosomes by SH-SY5Y Cells

Following by seeding 2 x 10* cells/well into 96-well plate (Sarstedt, Germany) and
incubation for 24 hours, pretreatment with 5 pg/well scrambled and miR-34a mimic
exosomes were performed to SH-SY5Y cells for 6 hours. After that, 25 uM Hydrogen
Peroxide were added into wells and incubation were applied for 24 hours at 37 °C

supplemented with 5% CO..

3.7.6. Determination of Cell Death by LDH Release Assay

Cytotoxicity with stimulation of Hydrogen Peroxide on SH-SY5Y was measured by
LDH Kit™"¥ (Roche Diagnostics, Germany). Seeding of 2 x 10* cells/well was applied to
PDL-coated (50 pg/ml) 96-well plate (Sarstedt, Germany) with 200 ul of final well volume
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and incubated overnight at 37 °C supplemented with 5% CO,. At the end of overnight
incubation, treatment of cells with Hydrogen Peroxide with 25, 50 and 75 pM concentrations
was performed for 24 hours. Culture media was gathered after the treatment, and LDH was
measured with the given instructions. 492 nm wavelength along with 630 nm reference was
applied for absorbance evaluation on microplate reader MultiSkan Go spectrophotometer
(Thermo Scientific, USA). For the exosome uptake experiments, 25 uM H,0, was determined
to be optimal. LDH amounts from dead cells were stated as cytotoxicity and calculated by the

following formula:

CYtOtOXiCity = (ODSampIe — ODControI) / (ODMaximaIReIease — ODControI) *100

3.7.7. Determination of Cell Death by PI Staining

Seeding SH-SY5Y to PDL-coated (50 pg/ml) 96-well plate (Sarstedt, Germany) were
performed with 2 x 10* cells/well density with 200 pl of final well volume and incubated
overnight at 37 °C supplemented with 5% CO,. At the end of incubation, treatment of cells
was performed with Hydrogen Peroxide for 24 hours at 37 °C supplemented with 5% CO,. At
the end of treatment, P1 (Sigma-Aldrich, USA) stain was included into the culture media for
15 minutes. Cells dyed with P1 stain were observed utilizing inverted fluorescent microscope
IX-71 (Olympus, Japan). For the exosome uptake experiments, 25 uM H,0, was determined
to be optimal. Stained cells was then numbered utilizing ImageJ 1.51n (NIH, USA) and data
was stated as percentage of Pl stained cells.

3.7.8. Determination of Neurite Outgrowth
SH-SY5Y was seeded into PDL-coated (50 pg/ml) 96-well plate (Sarstedt, Germany) with 2 x
10* cells/well density with 200 pl of final well volume and incubated overnight at 37 °C
supplemented with 5% CO,. At the end of incubation, cells were treated with Hydrogen
Peroxide with 25, 50 and 75 uM concentrations for 24 hours at 37 °C supplemented with 5%
CO,. At the end of treatment, they were photographed via inverted fluorescent microscope
IX-71 (Olympus, Japan) at 20X magnification. For the exosome uptake experiments, 25 uM
H,O, was determined to be optimal. Experiments carried out three times and samples contain

minimum 30 neurites. Analysis of neurite outgrowth was done via numbering cell processes
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and evaluating neurite lenghts utilizing ImageJ 1.51n program (NIH, USA). 20 pm was

determined to be minimum neurite length.

4. RESULTS

4.1. Determination of Cell Death by LDH Release Assay

Varying concentrations of Hydrogen Peroxide ranging from 25 to 75 uM with an
addition of non-treated group were given to SH-SY5Y cells determine the toxicity of
Hydrogen Peroxide. LDH release was measured via Cytotoxicity Detection Kit""“® (Roche
Diagnostics, Germany). As seen in Figure 1, following the treatment of cells via 25 uM
H,0,, cell death was determined to be 37.0617 + 5.670. Likewise, for 50 uM H,O, treated
group, cell death was determined to be 67.4068 + 4.769, and for 75 uM H,O, treated group,
cell death was determined to be 81.162 + 3.971 depending on Mann-Whitney test.
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Figure 1. Impact of variable doses of H,O, on cell death. Cell death with varying
concentrations of H,O, was investigated to determine the optimal dose. Results were given as
Mean + SEM (**p<0.01).

4.2. Determination of Cell Death by Pl Assay
SH-SY5Y were stained with PI dye after treatment with varying H,O, concentrations. It

was shown in Figure 2 that following cell treatments via 25 uM H,0,, cell death ratio was
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determined to be 10.4507 + 3.088. Likewise, for 50 uM H,0O, treated group, cell death ratio
was determined to be 19.0946 + 6.145, and for 75 uM H,O; treated group, cell death ratio
was determined to be 40.5764 + 8.560 depending on Mann-Whitney test. It was concluded
that upon treatment via H,O,, cell death ratio has been significantly increased with the
increasing doses in SH-SY5Y.
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Figure 2. Impacts of varying doses of H,O, on cell death via PI staining. Cell death was
determined to increase significantly upon H,0O, treatment. Results were given as Mean = SEM
(**p<0.01).

4.3. Determination of the Effect of H,O, on Neurite Outgrowth

SH-SY5Y were treated via varying doses of H,O, to determine the changes on neurite
outgrowth. As seen in Figure 3, following the treatment of cells via 25 uM H,0,, neurite
number per cell was determined to be 2.06667 + 0.3456, and neurite length was determined to
be 41.6055 + 6.340. Likewise, for 50 uM H,0, treated group, neurite number per cell was
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determined to be 1.76667 + 0.3456, and neurite length was determined to be 37.4374 + 8.668.
For 75 uM H,0O; treated group, neurite number per cell was determined to be 1.46667 +
0.1394, and neurite length was determined to be 32.9831 + 4.833. It was concluded that upon
treatment via H,O,, neurite outgrowth have been decreased in a dose dependent manner in
SH-SY5Y cells. Significant decrease was only seen in neurite number per cell in 75 uM
treated group.
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Figure 3. Impacts of varying doses of H,O, on neurite outgrowth. Neurite outgrowth and
neurite length were determined to decrease upon H,O; treatment. Results were given as Mean
+ SEM (*p<0.05).

4.4. Determination of Changes on Cell Death via miR-34a Mimic by LDH Release
Assay

After seeding 2 x 10* SH-SY5Y cells/well to PDL-coated (50 pg/ml) 96-well plate and
incubation for 24 hours, 5 ug/well of scrambled and miR-34a mimic containing exosomes
along with 25 uM H,0, were added into wells for 24 hours at 37 °C supplemented with 5%
CO,. As seen in Figure 4, following the treatment of cells via exosomes along with 25 uM
H,0,, cell death was determined to be 59.2918 + 4.983 for H,0,-only-treated group, 66.0068
+ 8.683 for scrambled group, and 51.3142 + 12.41 for miR-34a mimic-treated group
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depending on Mann-Whitney test. It was concluded that upon treatment via exosomes, miR-

34a mimic exosome-treated group reduced cell death compared to scrambled group.
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Figure 4. Impact of miR-34a mimic on cell death. Microglial scrambled and miR-34a mimic

containing exosomes were given to SH-SY5Y cells to determine changes on cell death.

Results were given as Mean + SEM (**p<0.01)

4.5. Determination of Changes on Cell Death via miR-34a Mimic by Pl Assay

SH-SY5Y were stained with Pl dye after treatment with 5 pg/well of scrambled and

miR-34a mimic containing exosomes along with 25 uM H;0,. As seen in Figure 5, following

the treatment of cells via exosomes along with 25 uM H,0,, cell death ratio was determined
to be 19.6784 + 4.152 for H,O,-only-treated group, 18.5802 + 3.523 for scrambled group, and
13.69 + 4.447 for miR-34a mimic-treated group depending on Mann-Whitney test. It was

concluded that upon treatment via exosomes, cell death ratio has been decreased in miR-34a

mimic exosome-treated group compared to scrambled group.
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Figure 5. Impact of miR-34a mimic on cell death via PI staining. Cell death was determined
to decrease upon miR34-a mimic treatment compared to scrambled exosome treatment.

Results were given as Mean + SEM (**p<0.01).

4.6. Determination of Changes on Neurite Outgrowth and Neurite Length via miR-
34a Mimic

SH-SY5Y cells were treated via scrambled and miR-34a mimic exosomes to determine
the changes on neurite outgrowth and neurite length. As seen in Figure 6, following the
treatment of cells via scrambled and miR-34a mimic exosomes, neurite number per cell was
determined to be 1.7 = 0.1394, and neurite length was determined to be 29.6705 + 2.388 for
H,O,-only treated group. Likewise, for scrambled exosome treated group, neurite number per
cell was determined to be 1.56667 + 0.1900, and neurite length was determined to be 34.7833
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+ 4.924, and for miR-34a mimic exosome treated group, neurite number per cell was
determined to be 1.9 + 0.4183, and neurite length was determined to be 41.7109 + 2.154. It
was concluded that upon treatment via exosomes, miR-34a mimic exosome application
increased neurite outgrowth compared to scrambled exosome application.
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Figure 6. Impact of miR-34a mimic on neurite outgrowth. Neurite outgrowth and neurite
length were determined to increase upon miR34-a mimic treatment compared to scrambled
exosome treatment. Arrowheads indicate the neurites arising from cells. Results were given as
Mean + SEM (*p<0.05, **p<0.01).

5. DISCUSSION

Oxidative trauma resulted from ROS stimulation is important in regulating brain

damage (Chetsawang, Govitrapong et al. 2010). Among different ROS, hydrogen peroxide
(H20,) is a non-radical form and is turned into highly reactive hydroxyl radicals that give rise
to injury to many cellular constituents (Chetsawang, Govitrapong et al. 2010), (Feng, Luo et
al. 2016), and neuronal and glial cell death as great level of polyunsaturated fatty acids
present in brain that are more prone to ROS attack (Guesmi, Bellamine et al. 2018).
Comprehending the molecular mechanism behind H,O,-stimulated neuronal cell death is
really important for creating interference strategies. Thus, H,O; is extensively used in in vitro
studies resembling oxidative damage (Sun, Zheng et al. 2019). For example, in a human SH-
SY5Y neuroblastoma cell model, H,O, was utilized to determine the activation of Ras-
dependent death signaling cascade (Chetsawang, Govitrapong et al. 2010). Also, in a research
via Feng et al., H,O,-induced death of SH-SY5Y cells was shown to be reversed via lycopene
(Feng, Luo et al. 2016). In our thesis study, H,O, was used to induce oxidative trauma on

human SH-SY5Y neuroblastoma cells. In several studies, different amounts of H,O, were
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used on SH-SY5Y cells to determine its toxic effect between the range of 0 and 400 uM for
24h (Jia, Zhu et al. 2008), (Morelli, Piscioneri et al. 2014), (Chung, Ahmed et al. 2021),
(Feng, Luo et al. 2016). Based on these studies, concentrations from 0 to 75 uM H,0, for 24h
were used in our study, and 25 uM H,0, for 24h was selected for further use as higher
concentrations caused too much cell death, leaving insufficient amount of cells not suitable to
study.

Neurodegenerative disorders are correlated with neuronal cell demise and neurite
outgrowth deterioration generally resulted from oxidative stress (Duangjan, Rangsinth et al.
2021). Neurite outgrowth is described as the buds of cell protrusions that will then transform
into axons and dendrites, and is an important process of neural differentiation and
regeneration, creating appropriate connection in a neuronal network (Kim, Yoon et al. 2011),
(Duangjan, Rangsinth et al. 2021). Its regulation can enhance neuronal renewal from nerve
damage and neurological diseases, featuring significant roles in improving therapies for
neurodegenerative diseases (Duangjan, Rangsinth et al. 2021), (Chen, He et al. 2020). As
indicated in some studies, increasing concentrations of H,O, were used to determine SH-
SY5Y cell architecture, resulted in alleviated neurite numbers and aggregation of clumping
cells such as 250 uM for 2h (Chen, He et al. 2020), 300 uM for 0 to 4h (Ashabi, Ahmadiani
et al. 2013) and 150 uM for 24h (Chung, Ahmed et al. 2021). Based on these studies,
concentrations from 0 to 75 pM H,0; for 24h were used in our study, and it was found that,
increasing concentrations of H,O, affected neurite numbers per cell and neurite lengths.

In our thesis study, human microglia was used to investigate its effects via exosomes on
neuronal cells since they can carry information through releasing high amounts of exosomes
to target cells (Fan, Li et al. 2020). In the CNS, an injury or disease drives microglia to active
state to fight pathology and provide neuroprotection. However, if the activating signals
become chronic, microglia-derived agents become destructive to neuronal survival (Hooper,
Sainz-Fuertes et al. 2012). In our study, protective role of microglia via exosomes was
demonstrated as this is also supported by some studies. For example, IL-4-treated microglia-
derived exosomes were shown to ameliorate damage resulted from ischemic stroke via
enhancing angiogenesis through miRNA-26a contained in the exosomes (Tian, Zhu et al.
2019). In another study with SCI rat model, since resveratrol stimulates autophagy in several
neurological disorders, resveratrol-loaded microglial exosomes were reported to promote

neuronal survival and raise autophagy proportions during reducing apoptosis degrees through
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phosphatidylinositol 3-kinase (PI3K) signaling pathway (Fan, Li et al. 2020). Also, in a
research via Hooper et al., wingless-related integration site (Wnt)-3a-treated microglial
exosomes was shown to be taken up by neurons (Hooper, Sainz-Fuertes et al. 2012),
exhibiting important roles in neurodevelopmental stages and neurological disorders such as
synapse generation and plasticity, and autism spectrum disorder (ASD) (Mulligan and
Cheyette 2017), (Lizarraga-Valderrama and Sheridan 2021). Besides neuroprotective
activities, there is a study that shows neurotoxic activities of microglial exosomes on neurons.
According to that study by Mukherjee et al., let-7a/b expression can be stimulated by
Japanese Encephalitis Virus (JEV) in microglial cells, and it was shown that, when let-7a/b
was released to the extracellular space via exosomes, they are taken up by neurons and
causing neurotoxicity via activating caspases (Mukherjee, Akbar et al. 2019). Therefore, this
study should not be ignored in studies investigating virus-stimulated pathogenesis mediated
through microglial exosomes. As a result, to our knowledge, there is no such a study in the
literature that created oxidative stress with H,O, on neuronal cells and tried to observe the
effects of microglial exosomes. Therefore, our thesis is the first study that created that model.

Microglial exosomes, like other cells-derived exosomes, contain miRNAs that have
different effects in biological processes such as oxidative stress, angiogenesis and
neurogenesis (Petralla, De Chirico et al. 2021). Among them, miR-34a was shown to have
important functions in brain (Wang, Tang et al. 2020), and microglial exosomal miR-34a was
shown to have protective effects on neuronal cells in our thesis research. In previous studies,
miR-34a was demonstrated to have neuroprotective effects. For example, in Schwann cells,
miR-34a is expressed constantly, and was demonstrated to regulate proliferation and
myelination after peripheral nerve injury, showing regenerative response (Viader, Chang et al.
2011). In another research, in SH-SY5Y damaged via paraquat, miR-34a expression was
shown to be decreased. However, with the addition of lithium, this effect was reversed
(Alural, Ozerdem et al. 2015). Other than neuroprotective activities of miR-34a shown in
these studies, some studies report different roles of miR-34a. For example, in SCI rats, miR-
34a has been shown to involve in glial scar generation, cell apoptosis and inflammatory
answer via mediating Notchl, colony stimulating factor 1 receptor (Csflr) and platelet-
derived growth factor receptor oo (PDGFRa) (Chen, Cao et al. 2016). In addition, in traumatic
brain injury (TBI) model, miR-34a has shown to be overexpressed, inducing elevated stress

and fragility of transfected cultured neurons (Truettner, Motti et al. 2013). All in all, since
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miR-34a has a dual role, the impacts of microglial exosomal miR-34a in neuroprotection are
not exactly known. Therefore, researches are required to understand the exact mechanisms
behind these roles. In our study, overexpression of miR-34a was accomplished via microglial
transfection with miR-34a mimic (Wang, Tang et al. 2020), following the transfer of
microglial exosomal miR-34a to SH-SY5Y cells, resulting in alleviated cell death and
enhanced neurite outgrowth and length.

There are some limitations in our study. First, human microglial HMC3 cell line was
used as exosome source. Since they were immortalized via SV40-dependent viral mechanism
(Janabi, Peudenier et al. 1995), their phenotype might not reflect the primary microglial
phenotype. They show genetic and functional differences from primary microglia
(Timmerman, Burm et al. 2018). Second, SH-SY5Y cell line was used. These cells are
neuroblastoma cells that are primarily derived from metastatic bone tumor biopsy (Biedler,
Roffler-Tarlov et al. 1978). Because of that, they are not mature enough and their appearances
are different from the phenotype of mature neurons (Kovalevich and Langford 2013). Third,
undifferentiated SH-SY5Y has been utilized that have a tendency to grow in clusters and
create clumps, seeming to grow on top of each other and showing truncated processes.
Differentiation process can be performed with retinoic acid (RA), and has some advantages.
For example, differentiated cells can generate and extend neuritic processes, and they are less
prone to toxin-mediated cell death than undifferentiated cells. That’s why, in further studies,
differentiated SH-SY5Y cells should be used and differences should be observed (Kovalevich
and Langford 2013). Fourth, to our knowledge, there is no in vivo delivery experiments of
microglial exosomal miR-34a in the literature. Since in vivo experiments were considered to
be expensive and time consuming, it stimulates real body conditions and gives clinically
relevant results (Omidi, Fatehinya et al. 2017). Therefore, in vivo experiments should be
performed to get more reliable results. Fifth, overexpression of miR-34a was established via
microglial transfection with miR-34a mimics, and exosomes containing miR-34a mimics
were transferred to neuronal cells. Even though being an effective mechanism, impacts of
miRNA mimics are temporary and reside in transfection efficiency. In addition, it is
challenging and expensive for miRNA mimics to be used for in vivo studies. Therefore,
polymerase Il promoters like CMV or SV40, and polymerase Il promoters can be used
instead of mimics to induce priMIR expression because of the powerful transcriptional action

of polymerase Il promoter (Fan, Feng et al. 2020). Sixth, in our study, exosome uptake took

23



place from microglia to neuronal cells. Because of being a selective process, mechanisms of
exosome uptake differ with respect to cell types. According to previous reports, neurons
uptake exosomes via clathrin and dynamin-dependent endocytosis, whereas microglia uptake
exosomes derived from oligodendrocytes via micropinocytosis (Zhang and Yang 2018).
Considering this, efficient transfer of exosomes between different cells should be taken into

account in studies.

6. CONCLUSION

In conclusion, this study demonstrated that exosomal miR-34a treatment ameliorates

H,0,-stimulated cell death and enhances neurite outgrowth in neuroblastoma cells, attributing
some clues about how miR-34a involve in neuroprotection through microglial exosomes.
Moreover, since this is the first study that shows the transfer of miR-34a to neurons through

microglial exosomes, further studies are needed to comprehend the exact mechanisms.
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