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Abstract

Chronic neuroinflammation and aggregation of misfolded proteins, like tau or a-synuclein, are
distinctive features of neurodegenerative disorders. The ubiquitin-proteasome system (UPS)
has been shown to be directly involved in the degradation of aggregates, as well as in sustaining
inflammation in Alzheimer’s disease. Pro-inflammatory stimuli, such as cytokines, are known
to upregulate proteasomal subunits which presumably lead to enhanced degradation. However,

the exact role of the UPS in regulating inflammatory responses is not well understood.

This MPhil project mainly focuses on the underlying mechanisms of the UPS in microglia,
which are suspected to lead to chronic inflammation in neurodegenerative disorders. I am
especially interested in the distinct functions of the standard (sP) versus the immuno-
proteasome (iP) in regulating pro-inflammatory signaling in the NF-kB and c/EBPb pathways.
I performed advanced fluorescence imaging on iPSC-derived microglia stimulated with TNF-
o, IFN-y or LPS. Intriguingly, my preliminary results in microglia suggested that both the sP
and the iP are upregulated upon stimulation, with different localization patterns. This indicates
that the sPs and iPs may carry out distinct roles in response to external stimuli. I further tested
how proteasomes responded to aggregate stimuli in cell lines already established in our lab,
and found that proteasomes accumulated around invading aggregates, forming foci in a
cytoskeleton-dependent manner. The next stage of this research would be to study sPs and iPs
in microglia differentiated from patient-derived iPSCs, and how their relative ratio and
activities regulate distinct inflammatory pathways. Revealing the individual functions of the
sPs versus the iPs will unveil novel targets for therapeutic intervention against overactive

microglia.
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1. Introduction

1.1 Inflammation in Neurodegenerative Diseases

Neurodegenerative disorders are a group of debilitating conditions where neuronal functions
are compromised!. For instance, Alzheimer’s disease (AD) is associated with neuronal loss in
the hippocampus and cerebral cortex leading to cognitive decline?, while Parkinson’s disease
(PD) is connected to movement disorders originated in death of dopaminergic neurons in the
substantia nigra’. Current treatments for AD and PD mainly focus on relieving symptoms in
expectation of a future cure to reverse neuronal degeneration. There is therefore an urgency to
characterize the underlying mechanisms that drive these pathologies to find therapeutic

interventions that target this group of disorders.

A common feature of neurodegenerative disorders is the pathogenic accumulation of
aggregates such as neurofibrillary tangles and Lewy bodies, formed from misfolded proteins
of tau or a-synuclein (0Syn) respectively*. For a long time, the large filamentous aggregates
(fibrils) were generally believed to be the culprits of neurodegeneration. However, increasing
data from recent years have demonstrated that it is the mechanisms of smaller aggregates such
as the soluble oligomers, which efficiently penetrate membranes, inducing stress responses and
blocking proteostasis®®. Aggregated species have been found inside neurons, disrupting their
signalling capabilities’®. Furthermore, it has been shown that neurons release a-Synuclein
aggregates into the extracellular space, acting as a chemoattractant to microglia which over-
activate it, causing the release of pro-inflammatory cytokines such as IL-6, IL1-f, and TNF-a,
fostering an inflammatory environment®!!. Neuronal health is regulated by microglia, the
immune cells of the brain that provide surveillance, by engulfing and degrading the neurons
that are severely damaged. Possibly in doing so, insoluble aggregates within neurons are
taken up and degraded by microglia as well'>!*, This in turn, produces toxic oligomers that
can spread to other parts of the brain and induce pathogenic protein aggregation in these
areas'>!’. What is more, engulfment of aggregates by microglia instigates secretion of

cytokines such as IFN-y!6-18,

Microglia in their M2 state inherently possess a neuroprotective role in the central nervous
system, attenuating pro-inflammatory signalling and downregulating proliferation of T helper

CeHSlO,l7-20

. However, upon a sustained pro-inflammatory stimulus, the neuroprotective
characteristics of M2 microglia switch to an inflammatory response in the M1 activated
state?23, This pro-inflammatory signalling fosters a chronic inflammatory environment in the

brain which leads to further overactivation of surrounding microglia and the immune system,
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targeting diseased but also healthy neurons and further leading to the degeneration of
neuronal functions, aggravating neurodegenration. Chronic neuroinflammation is another
common feature of neurodegenerative disorders, which together with neuronal degeneration
are thought to drive progression of AD and PD!®**25_ On the cellular level, both the NF-kB
and c¢/EBPB pathways have been numerously reported to remain activated in
neurodegenerative conditions such as AD, while suppression of these pathways have been

associated with neuroprotection?®-2%-9,

Understanding the mechanisms controlling
neuroinflammatory responses in microglia and other glial cells may unveil additional targets

implicated in neurodegenerative pathologies.

In addition to aggregate-stimulated activation of microglia, other factors have also been
described to sustain chronic inflammation, including the ubiquitin-proteasome system
(UPS)**!. Since proteasomes play vital roles in regulating processes ranging from gene
transcription and intracellular signalling to degradation of misfolded proteins, the UPS is

likely to regulate inflammatory pathways on several levels®>%.

1.2 Ubiquitin-Proteasome System

The standard 26S proteasome holoenzyme is a multicatalytic complex abundantly present in
all eukaryotic cells. It is comprised of a barrel-shaped 20S proteasome core particle (CP)
containing three proteases (Ps, B2, and B1), along with one or two 19S regulatory particles (RP)
bound to either ends of the CP (Figure 1). Within the last decade, a potential regulatory role
of the UPS involved with

immune surveillance and

Regulatory Particle inflammatory signalling through

(RP) NF-kB activation has been

identified®**. A variant of

\

standard proteasomes  (sPs),

Core Particle — known as immunoproteasomes

CP
(CP) (iPs), is upregulated wunder
[ inflammatory conditions and has
Regulatory Particle _] been  suggested to  hold
(RP) regulatory functions during

neuroinflammation®-¢,  Under
Figure 1. Standard 26S proteasome. Core particle
(dark grey) containing three catalytic subunits (light
grey), with one or two regulatory particles (green)
bound to either side.

inflammatory stress, the three




proteases of the sP are replaced with protease subunits of the iP, Bsi, P2i, and Pii. These

immunospecific subunits substitute their corresponding sP subunits in a mutually exclusive
manner (Figure 2). All three iP subunits are induced by pro-inflammatory cytokines, most
notably TNF-a and IFN-y*7, and together distinguish the iP from the sP. Another cytokine-
activated proteasomal particle, the 11S regulatory particle (PA280/B), may cap the CP in a
similar fashion to the 19S RP, resulting in stimulation of antigenic peptide production®4°,
Furthermore, hybrid proteasomes also exist when different combinations of iP and sP

subunitsare present within the same proteasome, adding further complexity to the

heterogeneity of proteasomes within an immune-activated cell*!.

The UPS can be regarded as a

protein quality control
machinery that degrades
damaged or obsolete
intracellular proteins**?. It has
been reported that the UPS
degrades aggregates into more
toxic oligomeric  species®,
potentially being the cause of

spreading and inflammation.

Furthermore, when oligomers
Figure 2. CP of sP versus iP. sP catalytic subunits: fs,
B2, and B1 (light grey) are replaced by corresponding 1P
catalytic subunits: Bsi, B2i, and Pii (orange).

are ubiquitin-modified these

may be competently degraded

by the proteasomes*,

However, other studies showed that aggregate accumulation impairs the proteasome by
stabilizing it in a closed conformation and inhibiting degradation®. This is in line with several
studies that have reported an increase in iP activity in post-mortem AD and PD brain samples,
which may be in response to potentially lost sP activity due to inhibition*®*°, The increased iP
activity was further correlated to increased secretion of inflammatory cytokines such as TNF-
o and IL-6%¢. On the contrary, inhibition of immunoproteasome subunits, in particular the Bsi
subunit, suppressed inflammation and microglial activation with fewer cytokine release®’. The
continued pro-inflammatory signalling leads to an upregulation of MHC class I and II
complexes, which stimulate T cells from a Th2 into a Thl state****. Th2 cells release anti-
inflammatory cytokines such as IL-4 and IL-13 to promote the neurotrophic M2 phenotype of

microglia which confers neuroprotection and suppressed inflammation. On the other hand,
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Thl cells release IFN-y which sustains the neurotoxic M1 state of microglia and further T cell
recruitment*°. Although the exact pathways by which the UPS regulates inflammation in
neurodegenerative diseases is currently not well studied, a few studies point to the NF-xB

pathway, and c/EBPB pathways in other pathologies®!~’

. Inhibition of iP activity may
therefore be a critical novel approach to targeting chronic neuroinflammation through

suppression of cytokine release and could ultimately suppress neurodegeneration.

1.3 Project Aims and Hypotheses
The overarching aim of this MPhil is to study the relationship between the proteasome,
specifically the immunoproteasome, and the inflammatory pathways that lead to

neurodegeneration. To achieve this, I will pursue the following goals:

(1) Understand the mechanism of proteasome foci formation in the presence of
aggregates. In this laboratory we observed proteasome foci forming in response to
aggregate treatment. Previous studies have shown that proteasomes accumulate and form
foci during osmotic stress in a liquid-liquid phase separated (LLPS) manner. Based on
this, I hypothesize that proteasomes and immunoproteasomes form foci in an LLPS-
manner to sequester and enhance degradation of aggregates. The objective here is to
determine if standard or immunoproteasomes form foci around the aggregates, and the
mechanism by which they form. Live-cell imaging and super-resolution microscopy

will be used to visualize foci formation under different treatments.

(2) Decipher the mechanism by which immunoproteasomes modulate microglial
activation. Although inflammation has been linked to neurodegeneration through the s
and f2i subunits, the mechanism that aids or hinders the progression of this pathology
remains unclear. I hypothesize that the immunoproteasome is directly responsible for
regulating the NF-kB and ¢/EBPJ pathways in aggregate-induced inflammation. Live-cell
imaging and super-resolution microscopy will be used to understand the expression and

localization of proteasome subunits under different inflammatory stimuli.

It is important to understand how proteasomes target aggregates, how they sustain chronic
inflammation, and its implication for cellular proteostasis. This knowledge will enlighten the
mechanism of these neurodegenerative pathologies and will aid in the selection of better

treatments with fewer side effects attributed to UPS impairment.
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2. Methods
2.1 Cloning

To visualize the proteasomes the Bs (sP) and Bsi (iP) subunits were tagged with a fluorescent
protein. These subunits were chosen since they are mutually exclusive and thus cannot coexist
in the same proteasome. This means that there is confidence in that an observed fluorescent
signal is coming from either the standard or the immunoproteasome. This differentiation is
crucial when understanding if the role of the proteasome system is dependent on species and
localization. PSMB8 which encodes human fsi (hBsi, Addgene #86773), or PSMBS5 which
encodes human Bs (hPs, Addgene #86769) were fused downstream to the DNA sequences
coding for eGFP, mEos4b or SNAP-tag in a pcsll vector. NEBuilder was used to clone these

fusion constructs.

CRISPR-cas9 mediated genome editing was carried out with pSp-Cas9(BB)-2A-Puro
(Addgene # 48139) containing the guide RNA (gRNA) of choice. To knock-in a DNA sequence
downstream of the proteasomal gene, a gRNA was designed to cleave right before the stop
codon. To knock-out a gene, a gRNA was designed to target the first axon that differs from
other proteasomal subunits, refer to Table 1. This is because PSMBS5 and PSMBS are highly
homologous, specially towards the beginning of the gene. To clone the specific gRNA into the
Cas9 plasmid, restriction enzyme digestion and ligation protocols specified in Zhang et al were
followed®®. The HRTs (homologous repair templates) were designed to have the DNA
sequence of mEos4b flanked with 500-700 bp of homology arms of the gene of interest (either
PSMBS or PSMB5) on either side of the stop codon. HRTs were cloned into pUC-GW-KAN
by GENEWIZ.

Table 1: gRNA for CRISPR editing

gRNA | Sense | Purpose Target Sequence
crKP001 5 Knock-out hPSMBS caccgGTGCAGCAGACTGTCAGTAC
crKP001 3 Knock-out hPSMBS aaacGTACTGACAGTCTGCACc
crKP002 5 Knock-out hPSMB5 caccgI TTGTACTGATACACCATGT
crKP002 3 Knock-out hPSMB5 aaacACATGGTGTATCAGTACAAAc
crKP003 5 Knock-in | APSMBS5 stop codon | caccgACCGGGAAGCCAATCAATAA
crKP003 3 Knock-in | APSMBS5 stop codon | aaacTTATTGATTGGCTTCCCGGTe
crKP004 5 Knock-in | APSMBS stop codon | caccgGCTGATCTACATGAGAAGTATAG
crKP004 3 Knock-in | APSMBS stop codon | aaacCTATACTTCTCATGTAGATCAGCc

All constructs were validated by restriction enzyme digest, followed by Sanger sequencing.
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2.2 Cells and Culture Conditions

Established cells lines of HEK293A expressing RPN11-eGFP (a subunit of the proteasomal
RP) from the genomic locus, and LN229 were used in this study. As well as iPSC-derived
microglia differentiated by Daniel Clode in Professor Paul Matthews’ group, according to the

published protocol in Haenseler et al*.

All cells were cultured in a humidified incubator at 37°C and 5% CO2, from now on referred

to as standard conditions.

Established cell lines were grown in Dulbecco’s Modified Eagle Medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco, South America), 2 mM L-glutamine
(Gibco), and 100 U/mL penicillin-streptomycin solution (Gibco). This media composition
will be referred to as D10. iPSC-derived microglia were cultured under standard conditions in

medium composition optimised by the Matthews lab (manuscript in preparation).

All cell lines were tested for mycoplasma contamination using Jena Bioscience Mycoplasma
Detection Kit (cat.# PP-401L). Mycoplasma contaminated cells were then cleaned with Sigma-
Aldrich LookOut Mycoplasma Elimination Kit (cat.# MP0030-1KT). Cell lines were re-tested
for mycoplasma after two weeks of being cleaned to ensure no contamination remained, and
every 6 months thereafter. All mycoplasma testing and elimination was carried out according

to the corresponding manufacturer’s protocol.

2.3 Cell Line Manipulations

Cells were transiently transfected using jetOPTIMUS DNA Transfection Reagent (Polyplus-
transfection) following manufacturer’s protocol, in tissue culture-treated plates. The cell
cultures were incubated overnight with the transfection mixture, and washed with fresh D10

the next morning, followed by a 48-hour minimum recovery period before imaging.

Osmotic stress was induced by incubating the cells with 150 mM KCl solution in D10 medium.
To induce aggregate stress, cells were incubated with 1 uM aSyn, or 0.5 uM aSyn covalently

labelled with AlexaFluor-647 (aSyn-647) in the specified medium for 24 hours.

Liquid-liquid phase separation was disrupted by treating with 1% 1,6-hexanediol in the

medium specified for 30 minutes.

The cytoskeleton was disrupted by treating the cells for 20 minutes at 37°C  with 5 uM final
concentration of Latrunculin A to prevent actin polymerization, or Colcemid to target
microtubules. As a vehicle control, DMSO alone was added at the same volume to control

cells.
13



2.4 Establishing Cell Lines

To produce CRISPR-edited knock-in cell lines, plasmid pSp-Cas9(BB)-2A-Puro containing a
gRNA targeting the gene of interest’s stop codon was transfected, along with an HRT into
0.25 x10° LN229 cells. The transfected cultures were left to recover for 2 weeks before
sorting with BD FACSDiva 8.0.1 (BD Biosciences), performed by Dr Bhavik Patel at the
MRC-Imperial-BRC flow cytometry core. Single cells were expanded for at least four weeks
before confirming corresponding fluorescence through flow cytometry using BD
FACSMelody System (BD Biosciences). All FACS data was analyzed using FCS Express
Flow Cytometry software version 6 (De Novo Software). To identify cells carrying the
correct knock-in sequence, genomic DNA (gDNA) was purified from 1x10° cells per
monoclonal line using Monarch genomic DNA purification kit (NEB) according to
manufacturer’s guidelines. The gDNA was subsequently used as template for colony
polymerase chain reaction (PCR). The forward primer was designed to complement the 3°-
end of the last axon of human PSMBS, while the reverse primer amplifies from the start of the
gene’s UTR. The products were ran on a 1.2% agarose gel containing SYBR Safe in TAE
(Tris-acetate-EDTA) buffer by electrophoresis at 100 V. Successful insertion of the gene
coding for mEos4b at the 3’-end of human PSMBS would yield a 955 bp amplicon, while no

insertion would yield a 271 bp amplicon.

To establish a cell line with stable ectopic expression of Ub%7®V-Dendra2, 0.25x10% LN229
cells were transfected with pCMV-Ub®7®V-Dendra2, and after a 48-hour recovery period, cells
were selected with 600 pg/mL G418. Medium containing antibiotic selection was changed
every three days for two weeks. Monoclonal cell lines were then obtained by performing
limiting dilution of 0.5 cell per well seeded into 96-well plates. While the cells were seeded in

96-well plates, the media containing antibiotic selection was replenished every seven days.

2.5 Native Gel Electrophoresis

Pellets from cells expressing tagged proteasome particles were mildly lysed in proteasome
buffer (50 mM NaH2PO4 at pH 7.5, 100 mM NacCl, 10% Glycerol, 5 mM MgClz, 0.5% NP-40,
5mM ATP, I mM DTT) containing a cocktail of protease and phosphatase inhibitors (Thermo
Fisher Scientific, Pierce, cat.# A32961). The lysate was cleared by centrifugation at 20,000 x

g for 25 minutes at 4°C. 20 pg of the cleared lysate was loaded onto a 3.5% native gel and ran
in a cold room at 100 V for 3 hours, according to Roelofs et al®®. Native gels were visualized

with iBright FL1500 Imaging System (Thermo Fisher Scientific).
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2.6 a-Synuclein Aggregation

Fibrils were assembled from 70 uM purified aSyn monomers in aggregation buffer (25 mM
Tris-Cl, 100 mM NacCl and 0.1% NaN3) using a DNA lo-bind microcentrifuge tube. The
reaction was agitated at 200 rpm, at 37°C for 72 hrs. To visualize fibrils in a cellular setting,
aSyn aggregates, aSyn monomers conjugated to AlexaFluor-647, and unmodified aSyn
monomers were mixed in a 1:2:20 molar ratio and assembled into aggregates as described
above. To increase efficiency of cell penetration, fibrils were sonicated at room temperature
for 15 minutes as per the laboratory protocol before adding them to the culture medium, so

they were not characterized.

2.7 Immunocytochemistry

Cells were washed with Ultrapure PBS prior to fixation in the presence of 4%
paraformaldehyde and 0.2% gluteraldehyde at 37°C for 30 minutes. After another washing step
to remove the fixatives, cells were permeabilized with 0.1% Triton X-100 in PBS at 37°C for
30 minutes. To ensure quenching of gluteraldehyde, 0.4 M glycine in PBS was added to the
cells and incubated at 37°C for 20 minutes, followed by blocking overnight at 4°C in blocking
buffer (2% glycine, 2% bovine serum albumin, 0.2% gelatin, 50 mM NH4Cl, diluted in PBS).
On the next day, the blocking buffer was removed, and the cells were then incubated overnight
at 4°C with primary antibody diluted in blocking buffer to concentrations listed in Table 1. On
the final day, cells were washed 3 times with PBS for 5 minutes per wash before the last
blocking step was performed for 15 minutes. Secondary antibody was then added to the
blocking buffer and incubated for 30 minutes at room temperature. To remove excessive
secondary antibodies, 3 x blocking buffer followed by 3 x PBS washes were repeated. DAPI
diluted in PBS was added at a final concentration of 1 pg/mL for 30 minutes before washing

with PBS twice to facilitate identification of cell nuclei under the microscope.

Table 2: Antibodies for Immunocytochemistry

Antibody Dilution | Species Vendor Catalogue #
Bs 1:100 Mouse anti-Human Santa Cruz Biotechnology | sc-365699
Bsi 1:100 Rabbit anti-Human | Abcam ab3330
Alexa Fluor 488 | 1:2000 Goat anti-Rabbit Invitrogen A11008
Alexa Fluor 488 | 1:2000 Rabbit anti-Mouse Invitrogen A11001
Alexa Fluor 568 | 1:2000 Goat anti-Mouse Invitrogen A11004
Alexa Fluor 647 | 1:2000 Chicken anti-Rabbit | Invitrogen A21443

15



2.8 RNA Extraction

RNA from iPSC-derived microglia at 24 and 72 hours post inflammatory stress was extracted
using Nucleospin RNA Plus kit (Macherey-Nagel) following manufacturer’s guidelines. The
RNA was then stored at -80°C for later use.

2.9 Microscopy

Imaging experiments were performed on a custom-built total internal-reflection fluorescence
(TIRF) microscope (Ti2 Eclipse, Nikon), mainly under the highly inclined and laminated
optical sheet (HiLo) modality. Samples were prepared on 0.13 mm-thick borosilicate glass
circle coverslips (VWR) in Leibovitz’s L-15 medium and mounted on a metal cell chamber
holder (Attofluor, Thermo Fisher). Each coverslip was plasma cleaned with argon gas for 30
minutes before cells were seeded. Fluorescence excitation was achieved using a four-color laser
combiner system (C-Flex, Cobolt) with peak excitations at 405 nm, 488 nm, 561 nm and 640
nm. A typical output of 10 mW was used at the objective for routine imaging. Super-resolution
fPLAM imaging and single-particle tracking were performed with typical output of 100 mW
at the objective to study live cell events®*"*2. Fluorescence emissions were detected using the
same objective (CFI Plan Apochromat Lambda D series, Nikon) (30% or 150x magnification
depending on application) and recorded by a Prime95B sCMOS camera. All imaging at 150x
magnification was carried out using the CFI Apochromat TIRF 100% oil immersion objective.
An Optosplit (Cairn) was introduced in the emission pathway to separate fluorescence
emission and enable imaging of two channels simultaneously. To achieve photoconversion of
Dendra2 and mEos4b-tagged proteins, cells were excited with a 405 nm laser for two seconds
at 50 mW, and subsequently visualized using the 561 nm laser (40 mW) at 150x
magnification. All captured images were processed and analyzed using Fiji software and its

incorporated plugins and macros (Image], National Institutes of Health)S.
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3. Understanding Proteasome Foci Formation

It has been established in the literature that intracellular membraneless compartments of
biomolecular condensates exhibiting liquid-like properties exist phase separated from the
cytoplasm®?**, These biomolecular condensates are known to be involved in a wide range of
functions, such as regulation in transcription, immune responses, and neuronal synaptic
signaling. More recently, research suggests that one of the tasks of the condensates is to form
proteolytic centers, which are foci with a higher concentration of recruited proteasomes for
targeted degradation®*®*, It has been shown that most of these condensates form through liquid-

liquid phase separation, however, the details on its formation remain elusive®>%4,

3.1 Results and Discussion

3.1.1 Aggregate-Stress Induced Foci are not Liquid-Liquid Phase Separated

To study how proteasomes are recruited and accumulated around aggregates, HEK293A cells
expressing RPN11-eGFP were used in this study. HEK293A RPNI11-eGFP cells were first
transfected with a plasmid encoding for nuclear lamina marker Lamin B1 fused with mCherry
(Figure 3, red). Aggregates from recombinant aSyn monomers were added to the transfected
HEK293A cells the day after the transfection. After 24 hours of aSyn aggregate treatment,
proteasome foci could be observed around the aggregates (Figure 3A, right). In comparison, the
proteasomes of untreated cells remained dispersed throughout the cell interior, with a higher
concentration inside the nucleus (Figure 3A, left). The formation of proteasome foci has been
reported before under specific conditions such as osmotic stress, I therefore compared this foci
response to aggregate-induced foci. After 5 minutes of incubation in potassium chloride (KCl),
the cells showed many distinct foci in and outside of the nucleus (Figure 3A, middle).
Furthermore, the formation of high salt induced foci was recently shown to be LLPS entities

t%2. To understand whether aggregate-

that could be disrupted with 1,6-hexanediol treatmen
induced foci were also assembled through LLPS the same experiment was repeated, imaging
cells under osmotic stress or treated with aSyn aggregates labelled with AlexaFluor-647 (aSyn-
647). Treatment with 1% 1,6-hexanediol reversed proteasome foci that were induced by KCl
within 30 minutes (Figure 3B). This is in contrast with the observations in Figure 3C, which
show aSyn-647 induced proteasome foci still in cells that were treated with 1% 1,6- hexanediol.
Figure 3D shows distinct proteasome foci co-localizing with aSyn-647 aggregates. Figure 3C-

D were taken as a z-stack under HILO imaging, so the foci might be in a different plane than

the aggregates, but the black arrows show positions of foci throughout the entire z-stack.
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ﬂ m
Untreated 150 mM KCI MM aSyn-647

5 pm
150 mM KCI + 1% 1,6-hexanediol

5 pm
1 uM aSyn-647 + 1% 1,6-hexanediol

Figure 3. Aggregate-induced foci are not liquid-liquid phase separated. Proteasomes marked
at RPN11 with eGFP are shown in green, and Lamin B1 marker is shown in red. A Osmotic stress
(middle) and aggregate (right) stress-induced foci in comparison to no foci in untreated cells (left).
B 1% 1,6-hexanediol dissolved foci in osmotic stressed cells within 30 minutes. C 1% 1,6-
hexanediol did not dissolve foci (black arrows) induced by aggregates (blue). D Inset of C.
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3.1.2 Cytoskeleton Aids in Aggregate Stress-Induced Foci Formation

The mechanism of proteasome foci assembly was further delved into to understand the
process of proteasome-aggregate interactions. Proteasomes appear in a dispersed state
throughout the cell without any foci formation under resting conditions, while they appear in
dense foci under stress (aggregate or osmotic stress). Unpublished data acquired by other
members of the lab shows no foci assembly in the presence of aggregates if the cells are pre-
treated with Latrunculin A or Colcemid, which depolymerize the actin filaments or
microtubules respectively. As this data is not published and I did not acquire it, it is not
shown in this thesis. To complement this data, foci assembly in cells under osmotic stress
induced with KCI was investigated and found that their assembly was not dependent on the
cytoskeleton. Cells were pre-treated with either Latrunculin A (Figure 4A) or Colcemid

(Figure 4B), and still observed foci formation after osmotic stress.

A B

10 pm 10 pm

Figure 4. Osmotic stress-induced foci are not cytoskeleton dependent.
Osmotically stressed cells after A Latrunculin A and B Colcemid treatment.

3.2 Conclusion

Unlike osmotic stress-induced foci, those induced by aSyn aggregates cannot be disrupted by
1,6-hexanediol, meaning that the accumulation of proteasomes due to aggregates is likely not
LLPS induced. To support this observation, cells under osmotic stress could still form foci
when pre-treated with a cytoskeleton disruptor. On the other hand, cells pre-treated with a
cytoskeleton disruptor and stressed by aggregates did not form any foci. This data suggests that
the mechanism between osmotic stress and aggregate stress foci formation is different, and that
the mechanism of aggregate induced foci is cytoskeleton-dependent. The number of foci were

not quantified for this experiment, however the conclusion was based on the observation that
19



there were either proteasome foci present or not after treatment with cytoskeleton disruptors.
This work is being written up for publication combining my data with unpublished data
collected from other members of the lab to provide a mechanistic basis for how proteasomes

respond to aggregates in cells.
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4. Deciphering the Mechanism by which Immunoproteasomes

Modulate Microglia Activation

4.1 Results and Discussion

4.1.1 Fluorescently Tagged Proteasome Subunits Incorporate into the Endogenous
Proteasome Complex

To endogenously tag the proteasome at the genomic level with a fluorescent protein, it first
needs to be tested which of the proteolytic subunits of the sP and iP may be tagged without
disrupting the integrity of the proteasome complex, enabling the distinction between sP and iP
complex within the cells. Subunits s and Bsi were selected for genetic engineering, they are
encoded by the PSMBS5 and the PSMBS gene respectively. To test for their incorporation into
their respective proteasomes, fluorescent proteins mEos4b or SNAPf were subcloned into
peslI-hPs vector. To tag the immunoproteasome, fluorescent proteins mEos4b or eGFP were
subcloned into pcslI-hfsi vector. In total, four fusion pcsll constructs were generated, a

A EF-la B EF-la

promoter promoter

e N
-
—r

PSMBS  {  mMEosdD e

RIP7 M MEOSAD e

hi7 EGEPI

Figure S. Cloning fluorescent tags on proteasome subunits. A Schematic
representation of the genes of interest with promoter in the pcsll vector used for
subcloning. B hf3s-FP and hfsi-FP generated constructs.
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schematic representation of the vector and fusion constructs are shown in Figure SA-B, while
the vector maps are shown in Appendix figure A1-2. The plasmids encoding for the
fluorescently tagged proteasome subunits were transfected into LN229 and validated to
successfully incorporate into the endogenous proteasome complex by resolving them on a 3.5%

native gel electrophoresis.

4.1.2 Knocking-in FPs in LN229

Following the verification via native gel, the next step was to establish a stable LN229 culture
with fluorescently tagged proteasomes as a convenient glial model of inflammation. These cells
will be used to establish protocols which will be subsequently applied to iPSC-derived
microglia cultures. Two gRNAs in pSp-Cas9(BB)-2A-Puro were designed to knock in mEos4b
into the 3’-end of PSMBS5 gene (coding for Bs) or PSMBS gene (coding for Bsi) in LN229 via
CRISPR-Cas9. Figure 6A shows a schematic representation of the gRNA driven by a U6
promoter, while the Cas9 gene is expressed by a -actin promoter and flanked by two nuclear
localization signals (NLS). See Appendix Figure A3 for the vector map containing the Cas9
construct that was designed to introduce a double-stranded break before the stop codon of the
gene of interest. Along with the Cas9 construct, a homologous repair template was also
introduced. The repair template consists of mEos4b flanked by ~700 base pairs homology arms,

excluding the gene of interest’s stop codon as depicted in Figure 6B in red.

After two week of transfecting LN229 cells, they were confirmed to be positive for mEos4b
through flow cytometry based on their green fluorescence (Figure 6C). The mEos4b knock-in
Bsi line has 0.8% knockin-in efficiency, while the s line was not successful at all. To obtain a
monoclonal line from the mEos4b knock-in fused to PBsi, single cells positive for green
fluorescence were sorted. Low efficiency can be explained by the fact that the homology repair
template is in the bacterial pUC-GW vector, which is not optimized for replication in

mammalian cells.

After four weeks of expanding the green monoclonal colonies, they were genotyped to analyse
if mEos4b had incorporated at the correct site and not randomly in the genome, shown in
Figure 7. Since there was outgrowth in 56 colonies, a PCR was first attempted by using 0.5 -
5 uL of the culture supernatant to make genotyping easier, however this PCR approach failed
to produce reproducible results. The results included in this thesis are from the top 7 colonies
with the healthiest morphology and outgrowth, so not all colonies are shown. From these results
it can be noted that all gDNA, even that from the parental colony, produce and unexpected ban

around 800 bp. In addition, all colonies yield an amplicon ~300 bp (expected 271 bp for
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untagged locus), meaning that all the colonies have at least one copy of PSMBS that is not fused
with mEos4b at the genomic level. Colonies #11 (Figure 7C) and #55 (Figure 7A/B) also
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Figure 6. mEos4b Knock-ins. Schematic representation of A Cas9 construct containing the
gRNA of choice, and B HDR introducing mEos4b with a homologous repair template that
excludes the gene of interest’s stop codon (red). C Cells were confirmed to be mEos4b
positive through flow cytometry. D Primers used to verify mEos4b knock-in.
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contain an additional band ~1000 bp (expected 955 bp for tagged locus), meaning that they

each have one tagged and one untagged PSMBS locus, yielding heterozygous colonies. The

1000bp

S00bp

LN229  LN229 29
© O a4

A
gDNA supernatant .O°

1000bp

1000bp

500bp
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Ak
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B\l
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Figure 7. Colony #11 and #55 have
mEos4b inserted at the correct
location. DNA gel of PCR
genotyping mEos4b knock-in
colonies were ran at 100 V for A 30
minutes up to B 1 hour. The negative
controls are on lane 1 and lane 2, from
parental (wild-type) LN229. Lanes 3-
5 are from gDNA of corresponding
knock-in colonies. Image C is another
batch of genotyping.
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knock-in will have to be repeated to yield homozygous colonies, and re-confirmed by PCR. The
PCR bands will then be extracted, purified, and sent for Sanger sequencing using a primer

complementary to the DNA sequence of mEos to confirm.

4.1.3 Knock-out of Endogenous hf}s or hfsi in LN229

CRISPR-Cas9 knock-outs of the s or Bsi subunits in LN229 were attempted, with the gRNA
targeting the 5’-end of the gene. Unfortunately, all cells died. The cause of cell death is
inconclusive, it could be due to the knock-out phenotype being lethal, or perhaps cell death can be
attributed to a mycoplasma contamination that was present from other cell lines in the labs. If the
knockouts of these proteasome genes are not viable, perhaps they can be downregulated with

siRNA to study their importance on the inflammatory environment.

4.1.4 Proteasome Expression Levels Increase under Inflammatory Stress

Ultimately, the goal is to generate data from iPSC-derived microglia obtained from human
patients with synucleinopathies or tauopathies. Meanwhile, I obtained iPSC-derived microglia
from Daniel Clode and incubated these with either TNF-a, IFN-y, or LPS for 24 hours (Figure 8)
or 72 hours (Figure 9). The cells were then fixed and immunostained for s and PBsi subunits to
determine their relative localization and difference in expression. During the first 24 hours, TNF-
a seemed to induce Bs levels (green) in the nucleus (blue), Bsi (green) also increased in a cellular
structure surrounding the nucleus, perhaps the endoplasmic reticulum or Golgi apparatus. At 72
hours, all inflammatory conditions exhibited upregulation of s levels (pink) and Bsi (red). At this
timepoint, both subunits seemed to have significantly higher expression levels in the cell body and
processes of microglia. To further investigate the inflammatory pathways involved during
different inflammatory and aggregate stresses, the RNA of iPSC-derived microglia was harvested

at 24 and 74 hours after treatment. Unfortunately, the RNA yield was too low to continue.



Figure 8. Inflammatory stress for 24 hours upregulates s and fs; subunits. Inmunostaining
shows the nucleus (blue), along with white arrows which indicate a clear upregulation of the
proteasome subunit (green).
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Figure 9. Inflammatory stress for 72 hours upregulates s and Bs; subunits. Inmunostaining
shows the nucleus (blue), Bs (pink), and Bsi (red).




4.1.5 Establishing a Proteasome Degradation Assay: Ub¢"®Y-Dendra2

To study how different conditions, such as different aggregate species, interfere with
proteasome activity, I established a proteasome degradation reporter system in LN229 cells.
This reporter consists of a ubiquitin moiety fused to the N-terminus of Dendra2, a
photoconvertible fluorophore. The ubiquitin carries a mutation, G76V, to prevent its
deubiquitination. The functional ability of Dendra2 is that it can be photoconverted by a 405

nm laser from a green fluorescent protein to a red, in a non-reversible manner (Figure 10).

Photoconverting allows degradation

e 30 of Dendra2 to be measured in the red
F‘ 4// channel independently of synthesis of
s 7 novel reporter proteins®> %, pCMV-
R
-gr e Ub%7®V_Dendra2  construct  was
LOP S
" J

transfected, and then selected against
G418 for two weeks. After selection,
several monoclonal lines were
obtained and evaluated against each

other.

64 potential monoclonal lines were

checked for photoconversion ability

Figure 10. Schematic representation of UbG76V- using a microscope, a representative

Dendra2. Dendra2 photoconverts from green to | cell line is illustrated in Figure 11A.
red after a 405 nm laser stimulation. The six best photoconvertible UbS76V-

Dendra2 positive colonies were further verified via flow cytometry (Figure 11B) for green
fluorescence (FITC, green histogram) and red fluorescence (PE, red histogram) before
photoconversion compared to wild-type LN229 (grey). Figure 11B shows that colony #5
fluoresces in the red channel prior to photoconversion, and colony #7 appears to be composed
of two populations, thus both colonies were discarded from the selection pool. It is necessary
to understand the limitations of the Ub%’*V-Dendra2 degradation system. For instance,
previous studies have found that degradation rate differs amongst cell types®. Therefore, my
established system will reflect degradation of astrocytes, immune cells that readily assemble

immunoproteasomes under inflammatory stress.
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4.2 Future Studies

Although CRISPR mediated knock-in seemed to have worked when targeting Bsi, it did not
incorporate at the 3’-end of Bs. This is surprising as the s and Bsi share 77% sequence identity
and are close to being structurally identical. Since I used a bacterial vector for the homology
repair template in a mammalian cell line it will not have replicated, thus relying on small copy
numbers. To improve mEos4b incorporation at the s locus, the homology repair template can
be expressed on a mammalian vector for higher expression levels, and thus a higher chance of
incorporating into the genome. The CRISPR knock-out culture was unsuccessful since all the
cells died. There is a review on the proteasome system stating that knock-out of sP subunits
will result in a lethal phenotype, while knock-out of iP subunits are viable®”. To improve
survival and selection, a homology repair template which ablates proteasome subunit function
while conferring antibiotic selection such as Puromycin can be introduced. Before re-
transfecting with CRISPR plasmids, LN229 cells must be confirmed to be mycoplasma
negative. If this is again not viable, other proteasome subunits can be targeted. As a
contingency plan, other methods can be approached, such as downregulating expression of
these subunits with small hairpin RNA®. These knock-outs of Bs or Bsi subunits in the iPSC
cultures will help understand the role of the proteasomes during inflammation and aggregate

spreading.

To further look at the sP and iP in microglia, I obtained preliminary data from iPSC-derived
microglia that show an upregulation of both s and Bsi under inflammatory stress. However,
30x magnification cannot resolve in enough detail the proteasome to pinpoint which cellular
structure is located in. TIRF microscopy at 150x magnification can be performed to visualize
the precise position of these subunits within cells. To better understand their localization, cells
should be co-stained for markers of the plasma membrane, endoplasmic reticulum, and Golgi
apparatus. As the RNA yield obtained from the iPSC-derived microglia was too low to
proceed with the experiments with the number of RT-qPCR targets shown in Figure 12, first
the laboratory must set up its own iPSC culture. The next couple of months the laboratory
will be dedicated to establishing an iPSC-derived microglia culture from human patients
harbouring tauopathies or synucleinopathies. These cultures will be the underpinning disease
model of all future studies. Already in the lab, there are iPSC lines with a mutant MAPT (gene
encoding for tau), and its isogenic wild-type correction from a frontotemporal dementia
patient, as well as a SNCA (gene encoding for aSyn) and the isogenic duplication line from a
PD patient. The purpose of the iPSC-derived microglia from human patients is to obtain data

that is more relevant to a pathology, rather than in immortalized cancer cell lines. After



establishing these microglia cultures, fluorescent proteins can then be fused to the proteasome

subunits just as it was already attempted in the LN229 cells. These cells will allow for the

understanding between the interactions of the proteasome complex with aggregates, as well

as the interplay between the standard and immunoproteasome in the presence of aggregates

and inflammatory stress.
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Figure 12. qPCR targets of inflammation.
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5. Future Work

One of the objectives of this thesis was to delve into how proteasomes form foci in the
presence of aSyn aggregates. As shown in Figure 3, cells that were incubated with aSyn
aggregates for 24 hours formed distinct proteasome foci co-localizing to the aggregates.
Recent studies have shown that cells under osmotic stress also form proteasome foci which
are liquid-liquid phase separated®®, shown by dissolving the condensates with 1% 1,6-
hexanediol, an LLPS disruptor. However, proteasome foci observed in response to aSyn
aggregates were not able to be dissolved in 1% 1,6-hexanediol, suggesting that these foci are
formed through a different mechanism to LLPS. Unpublished data collected by other
members of the lab shows that foci formed in response to aSyn aggregate stress can be
inhibited if the cells are treated with cytoskeletal disruptors, Latrunculin A and Colcemid. In
contrast, foci formed due to osmotic stress cannot be inhibited when treated with cytoskeletal
disruptors. This evidence is highly indicative that unlike the LLPS-induced foci formed under
osmotic stress, foci formed in response to aSyn aggregates are assembled via the
cytoskeleton. To better understand the differences between osmotic and aggregate stress-

induced foci, these two different entities must be super-resolved.

A limitation of this work is that all experiments attempting to understand foci formation, even
in the literature, focuses on understanding the sP and not the iP. To obtain some insight into
how the immunoproteasome responds to aSyn aggregates, the experiments should be repeated
on cells with fluorescently tagged iP. Ideally, in iPSC-derived microglia harbouring a
synucleinopathy. I hypothesize that these lines will naturally have sP and 1P foci throughout
the cell body co-localizing with the aggregates formed due to their mutation. However, if not,
these cells can also be stressed with exogenous recombinant aggregates to attempt to induce
foci formation and observe integrity with LLPS as well as cytoskeletal disruptors. This work
will allow for a further understanding into the role and interactions of the immunoproteasome

against aSyn aggregates, and the mechanism behind foci formation in cells.

The second objective of this thesis attempted to understand the mechanism by which
immunoproteasomes modulate microglial activation. One aspect to study was the localization
and mechanism of the sP and iP in response to stress, so cell lines with fluorescently labelled
s and Bsi had to be set up first. A CRISPR/Cas9 system targeting the 3° end of s and PBsi was
transfected into LN229, along with an HRT coding for mEos4b. As shown in Figure 6C, the
HRT mEos4b knock-in Bsi line had 0.8% knockin-in efficiency, while the Bs line did not
successfully incorporate the HRT at all. To obtain monoclonal LN229 which stably expresses



mEos4b, the transfected pool was sorted for green fluorescent cells, and as shown in Figure 7
eventually genotyped to conclude if mEos4b had been incorporated at the correct site in the
genome. Only two monoclonal lines, #11 and #55, produced a band that suggest the insertion of
mEos4b at the correct locus, however, they also produced a band suggesting an untagged locus.
From this data, it can be concluded that both lines are heterozygous for mEos4b inserted at the
3’ end of Bsi locus. Low efficiency can be explained by the fact that the HRT is cloned in pUC-
GW, a bacterial vector which is not optimized for replication in mammalian cells. Both
CRISPR knock-ins must be repeated, preferably with the HRT in a mammalian vector such as

pcDNA3.1.

Meanwhile the knock-in cell lines were being established, iPSC-derived microglia was treated
with different inflammatory stressors: IFN-y, TNF-a, and LPS and stained with antibodies, to
visualize how the sP and iP changed position and expression levels over time. Within 24
hours (Figure 8) TNF-a seemed to increase fs levels in the nucleus and PBsi levels in a cellular
structure surrounding the nucleus, but not the other inflammatory stressors. Within 72 hours
(Figure 9), all inflammatory conditions exhibited upregulation of Bs and Bsi levels, where
both subunits had significantly higher expression levels in the cell body and processes of
microglia. These iPSCs had to be cultured in 96-well plates due to their low quantities and
could only be imaged under 30x magnification, so apart from general localization and
expression levels not much information could be extracted from these preliminary results.
Before repeating this experiment the laboratory must set up its own iPSC-derived microglia
culture directly on coverslips, so they can be imaged at higher magnifications. When
repeating this experiment, a-Syn aggregates should also be used to understand the sP’s and
iP’s response to this stress. Ideally, the localization will be studied through super-resolution
imaging and translocation using live-cell imaging of the sP and iP under different stresses such

as aggregates, but also inflammatory stresses using cytokines.

Another aspect to study was the function of the sP and iP, so I attempted to knock-out either
the genes encoding for s or Bsi in LN229. Surprisingly, neither of these cultures were viable,
suggesting that these knockouts are lethal. A way to circumvent this issue is to use siRNA to
downregulate s or Bsi expression levels, or knocking-out other genes of the sP or iP complex
that would halt its function yet perhaps still be viable. iPSC-derived microglia with either the
Bs or PBsi downregulated or knocked out, would be useful to understand the transcription
profile by performing qPCR (refer to targets in Figrue 12) to get some guidance on the
pathways involved. Importantly, this set of experiments can determine if NF-xB or ¢c/EBPJ
pathways are regulated by the iP. This data should be supported by RNA-seq to understand the



mechanisms regulated by either the sP or iP, as well as the downstream targets for each. When
performing these experiments, differences amongst cells treated with aggregates, cytokines, sP
or iP activators or inhibitors should be considered. Based on qPCR data showing NF-kB or
¢/EBPp involvement, a dual luciferase assay in microglia can be set up to concurrently assess
how different stresses activate each pathway. If RNA-seq data identifies novel targets of the sP
or iP during aggregate or cytokine stimulation, immunoprecipitations of such targets can be

done to determine if this regulation is done directly with proteasome binding.

What is more, to better understand how these mechanisms are involved in diseases, it would
be more relevant to investigate these observations in a more pathological setting, such as in
the sP and iP-fluorescently tagged iPSC-derived microglia harbouring a synucleinopathy that
are currently being established by the rest of lab.

Being able to target the iP as the cause of inflammation without affecting sP activity would be
ground-breaking to reduce toxic side effects. The goal of this research is to uncover novel
targets for therapies to impede neuroinflammation, and effectively treat a broad range of
neurodegenerative disorders that arise due to overactive glial cells. Current drugs for AD
and PD only help in reducing and controlling behavioral symptoms without addressing the
cause of degeneration. Moreover, evidence suggests that prolonged usage of Levodopa,
Parkinson’s disease most common treatment, increases toxicity and inflammatory
responses®. There is therefore an urgency to find ways of targeting the underlying problems

of neuropathologies.
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