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Abstract of the thesis

Examining NRF2 expression as a potential therapy for Alzheimer’s disease using an in vitro

cell model

by

Wenyuan Wei

Master of Science in Bioengineering

University of California San Diego, 2020

Professor Eugene Yeo, Chair

Professor Yingxiao Wang, co-Chair

Alzheimer’s disease (AD) is a neurodegenerative condition that contributes to the

majority of dementia cases worldwide. The exact cause of AD remains elusive, and the study
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of its disease biology is hampered by the lack of in vitro and in vivo models that are
representative of the condition, and the absence of disease-modifying treatments. In this
project, we attempted to use the most accurate cellular model of AD currently available to
test whether an intervention that reduces oxidative stress, a common pathological feature of
AD, can provide therapeutic benefits. The cellular model we used is a 3-dimensional cell
matrix formed by differentiated immortalized human neural-progenitors which was
previously shown to generate many key feature of AD pathobiology, such as phosphorylated
Tau and AP aggregates. Our therapeutic intervention was the overexpression of Nuclear
factor erythroid 2-related factor 2 (NRF2), a transcription factor that counters oxidative stress
in normal cells and was found to ameliorate the symptoms of AD in mice. This project first
made an attempt to reproduce the 3-dimensional AD cell culture model, and then test the

effectiveness of NRF2 overexpression as a treatment option.
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Chapter 1 Introduction

Alzheimer’s Disease (AD) is a neurodegenerative condition that is gaining attention
globally (1,2). It is one of the leading causes of dementia — up to 50% to 70% of all dementia
incidences (1). Onset time of AD is usually late in life, with an average onset age of over 65
years in the United States (2). Nevertheless, there are still incidences of AD development at a
much earlier ages. The first identified and reported occurrence of AD was in 1907. However,
research on AD biology, its pathogenesis did not make much progress until about four
decades ago (2). There is currently still no disease-modifying treatment to AD (1-4).

The expression of Nuclear factor erythroid 2-related factor 2 (NRF2), a leucine-zipper
transcription factor of cap ‘n’ collar (CNC) subfamily that regulates genes in cellular
homeostasis, represents one potential therapeutic intervention (5,6). A major function of
NRF2 is resolving oxidative stress, which is common to many neurodegenerative conditions,
in order to limit physical damage to cellular proteins and DNA. NRF2 also upregulates
autophagy, inflammation response, mitochondrial biogenesis, angiogenesis and apoptosis
(6,7). Not surprisingly, NRF2 knock-out mice are more prone to chemical toxicities and
diseases that induce oxidative stress (8). NRF2 may also protect against aging and age-
associated disease (5). Here, we examine the benefit of NRF2 expression in ameliorating the
molecular feature of AD pathobiology using an in vitro cell culture model.

1.1 Alzheimer’s disease: pathology, subtypes, pathogenesis and treatments
1.1.1 Pathology of AD

There are two facets of AD pathology: 1) behavior and cognitive impairment and 2)
the underlying molecular process that drives disease pathology. As previously mentioned, the
most defining consequence of AD is dementia, in which there is a defect in the acquisition of
new information (2). Other symptoms include an inability to properly plan and execute, an

inability to generate comprehensive speeches, and an inability to identify objects. Since AD



is not the sole cause of dementia, in order to distinguish AD from other neurodegenerative
conditions that also lead to dementia, one has to further explore the molecular phenotype of
AD.

The major molecular phenotypes associated with AD are amyloid-beta (Ap) plaques
and neurofibrillary tangles (NFT). The presence of these pathologies lead to synaptic and
neuronal loss and eventually brain atrophy (1,2).

AP is a natural byproduct of amyloid precursor protein (APP) metabolism, which is
cleaved fragment derived from a region near the APP transmembrane region. Ap is deposited
extracellularly and is actively cleared from the cerebrospinal fluid (CSF); AP can have
various lengths, but the most abundant is 40 amino acid in length (AP4o). By contrast, the Ap
plaque is the extracellular accumulation of misfolded A variants, composed primarily of
A4o and/or fragments that are 42 amino acids in length (AB42). These mis-folded AP
peptides have a high tendency to aggregate and form insoluble filaments. It is believed that
misfolded AP42 is more pathogenic due to its intrinsic insolubility and high rate of
fibrilization (1). However, recent studies have shown that certain ratios of AP4o to A4z in AB
plaques can be more toxic than others, even more so than pure A4z alone (9). Such insoluble
protein aggregates can block synaptic transmission and lead to synaptic loss (2).

NFTs are mainly composed of hyper-phosphorylated Tau, a microtubule-associated
protein that is found in neurons. It functions in microtubule assembly to facilitate proper
movement of the cytoskeletal network (10). The interaction of Tau with the microtubule
network is regulated by phosphorylation at the KXGS motifs within microtubule-binding
repeats. Phosphorylation at this location significantly reduces its ability to bind to
microtubules (11). The mechanism enables the a highly dynamic assembly and disassembly
of microtubules. Tau thus also aids in neurite outgrowth and axon transport (12,13).

However, phosphorylation at other non-physiological locations, especially Ser422, was



shown to render Tau highly fibrillogenic and strongly promote the formation of NFTs (14).
Additionally, other studies have indicated that truncated Tau at Asp421 (Taupa421) increases
the rate of firillogenesis (15,16). Tau with improper phosphorylation is referred to as hyper-
phosphorylated Tau. Due to the highly fibrillogenic nature of hyper-phosphorylated Tau, its
accumulation will form NFTs and interfere with neuron health and integrity.

1.1.2 Subtypes of AD

With the current understanding of AD pathogenesis, only a small fraction of AD
incidents can be explained by heritable traits, which are categorized as Familial Alzheimer’s
Disease (FAD); the origin of the vast majority of AD incidences is still unknown and those
are referred to as Sporadic Alzheimer’s Disease (SAD).

FAD only consists of less than 0.5% of total AD incidences (1). FAD is inheritable
and has a much earlier onset time in life, usually between 30 to 50 years of age (1,2). These
patients usually have defining mutations in APP, and/or presenilin 1/2 (PSEN1/PSENZ2), the
y-secretases that are responsible for the cleavage of APP during its metabolism.

SAD, as the name indicates, is sporadic and lacks clear genetic hallmarks. It is
believed that both environmental and genetic factors contribute to the development of SAD
(1,2,17).

1.1.3 Pathogenesis of AD

The exact pathogenic mechanisms of AD are still elusive, but several hypotheses have
been proposed. The most well-accepted hypothesis is the “amyloid cascade hypothesis™. It
states that misfolded AP peptides not only initiate the amyloid plaque, but can also trigger
NFT formation (18,19). As such, AB generation and aggregation are the causative agents for
AD. Nevertheless, contrary evidence using in mouse model shows that the formation of Ap

plaques does not necessarily induce Tau-hyperphosphorylation, nor does such aggregation



cause neuronal loss (20). Of course, this is based on the assumption that AD mouse models
can recapitulate human AD biology.

An alternative to the amyloid cascade hypothesis is the “Tau hypothesis”. Supporters
of this hypothesis claim that Tau, rather than A, is the causative factor of AD pathogenesis.
Studies have given insights into the correlation of Tau aggregation and AD pathological
development (21,22). Moreover, others have found that Tau aggregation proceeds the
formation of A plaques (23,24).

A third emerging hypothesis is called “mitochondrial cascade hypothesis”. This
hypothesis, unlike the previous two, does not propose a pathological molecule to be the
causative agent of AD. It stems from observations that mitochondrial function decreases with
age, and the observed decline is worse in AD patients (25-27). Here, it is believed that the
cause of AD, especially for SAD, is the lack of mitochondrial function and leads to the
buildup of reactive oxidative species (ROS). Mitochondrial function is linked to APP
expression and processing. Loss of mitochondrial function might therefore promote AB
plaque formation (28-30). Once insoluble AR begins to deposit, the disease outcomes would
be similar to that of the “amyloid cascade hypothesis”.

1.1.4 Treatments of AD

There is currently no cure for AD. With that said, however, five treatments that
address AD symptoms have been approved by FDA. Broadly speaking, there are two types of
drugs. The first type are three drugs categorized as “cholinesterase inhibitor”: donepezil,
galanthamine and rivastigmine (31). By inhibiting acetylcholine esterase (AChE) and
butyrylcholine esterase (BUChE), enzymes that are believed to promote A deposition and
aggregation, these drugs can offset AD symptoms to some extent (32). The second type is a
drug called memantine, which is a “partial antagonist of N-methyl-D-aspartate (NMDA)

Receptor” (33). While NMDAR activity is pivotal in maintaining neural transmission, hyper-



active NMDAR is observed to cause neural excitotoxicity and lead to neuronal death (34).
Memantine is viewed as a viable drug to block excessive NMDAR activity: memantine is
only effective in blocking hyper-active but not normal NMDAR(35). It has been shown that,
in an AD mouse model, memantine has neuroprotective effects against neurotoxicity induced
by AR (36-38). In clinical trials, patients that were administered memantine also showed
statistically significant improvement on behavior assessments, as compared to patients
administered with placebo (39,40). The fifth drug that is FDA-approved is a combination of
donepezil and memantine.
1.2 Nuclear factor erythroid 2-related factor 2: molecular mechanism, its agonist, and
potential in AD treatment
1.2.1 Molecular mechanism

The activity of NRF2 is closely regulated by Kelch-like erythroid cell-derived protein
with CNC homology-associated protein 1 (Keapl). Keapl is a redox-sensitive adaptor for
Cul3 E3 ubiquitin ligase; it binds to the Neh2 motif on NRF2 and marks it for degradation by
the Cul3 E3 ubiquitin ligase (41-44). The binding of Keapl to NRF2 also locks NRF2 in
cytoplasm, preventing NRF2 from travelling into the nucleus (45). In the presence of reactive
oxidants, Keapl is oxidized and inactivated, allowing NRF2 to translocate into the nucleus
and activate transcriptions of its downstream genes. NRF2 controls expression of a number of
ROS-detoxifying enzymes such as glutathione peroxidase 2 (46). It also regulates the
glutathione antioxidant system by controlling the catalytic and modifier subunits of
glutamate-cysteine ligase, the key component of the system (47).

Keap1 activity can also be modified by adding exogenous chemicals, though the
mechanisms through which these compounds act differ. For example, tert-Butylhydroquinone
(tBHQ) can bind to Keapl and cause a conformational change of Keapl, thus preventing

ubiquitination of NRF2. Others such as toxic heavy metal ions can directly dissociate NRF2



from Keapl (6). Most of the substances that are capable of inducing oxidative stress can
activate NRF2; however, many of these substances are toxic even at low levels. Sulforaphane
is a NRF2 agonist that can be found naturally in vegetables and has been shown to be non-
toxic at low concentration(48,49). Sulforaphane binds to Keapl and modifies its cysteine
residue, which inactivates Keapl, and stops the degradation of NRF2 (50).

1.2.2 Potential effects of NRF2 in Alzheimer’s disease

There has been researches relating A and hyper-phosphorylated Tau, directly or
indirectly, to oxidative stress in AD models (4,51). Since NRF2 can reduce oxidative stress,
we hypothesize that upregulation of NRF2 expression and activation of its downstream target
genes can help slow down Ap plaque formation and NFT formation.

In fact, studies have shown that upregulating NRF2 expression is effective in
alleviating AD syndromes in mouse models (52-56). Sulforaphane, specifically, was used in
studies to address AD biology both using in vitro and in vivo mouse model (57-60). Those
studies indicate that upregulation of NRF2 can be protective against AD.

1.3 Basis of this project

One drawback of current in vitro cell culture models is that they do not faithfully
replicate AD biology. Besides primary cells obtained directly from AD patients, the closest
cell lines researchers can obtain are human neuronal cancer cell lines like SH-SY5Y cells, or
neuronal cells from other animals such as PC12 cells.

In 2014, a cell model was created using ReNcell VM (ReNcell) and has been touted
as a new representative AD model. Choi et al. from Harvard Medical School published a
paper, in which they described an in vitro three-dimensional AD model using ReNcells that
could reproduce a number of key features in AD patients (61). ReNcell is a human-derived
immortalized neuro progenitor cells (NPC) that is capable of differentiating into a rather

comprehensive neural network of neurons and glia when cultured in three-dimensions.



Compared to the previously models, the use of ReNcell has a number of advantages: 1)
Though immortalized, it is not a cancer cell line, and maintains stem-cell like properties, 2) it
is human derived, which naturally gives more credibility than studies performed using other
animal-derived cell lines, 3) since it is immortalized, ReNcells are easier to culture and
handle than both primary cells and induced Pluripotent Stem Cells (iPSCs) and 4) it is
capable of giving rise to a more complete neural network, which better represents natural
condition in brain than neuron-only culture or artificially-mixed neuronal co-cultures.

In this model, mutant version of both APP and PSEN1 were introduced into ReNcells
prior to differentiation. The mutant APP contained a London mutation (\V7171), one of the
most common APP mutation worldwide, and the Swedish mutation (KM670/671NL).
Together, this APP (Swe/Lon) can reproduce amyloid pathology in a mouse model (62,63).
The mutant PSEN was AE9 (T291_S319del), a mutation that lacks exon 9 of PSEN1(64). In a
3- to 8-week period, expression of pathological mutant proteins in differentiating 3-
dimensional ReNcell cultures could produce features of AD samples, namely amyloid beta
plaques, and NFTs.

Besides being representative of AD pathology, there are two other defining
advantages of the ReNcell model. First, ReNcells are commercially available, which is much
more accessible than human primary cells or iPSCs. Second, all mutant genes are introduced
with constitutive promoters, making the induction of pathological gene expression easy to
control.

However, there are several drawbacks to the use of ReNcells or the method of
generating AD pathology that must also be mentioned. First, the mutant genes expressed in
this cell culture model are derived from FAD patients, which represent only a small fraction
of observed AD cases. Second, constitutive expression of these mutant APP/PSENL proteins

may poorly represent AD pathology in the brain and may not occur in the vast majority of



sporadic cases. Third, the cost and time spent generating the ReNcell model can be quite
significant.
Despite these drawbacks, this project used ReNcells with some improvements to the

experimental protocol, to test the efficacy of NRF2 on AD pathology.



Chapter 2  Result
2.1 Tet-inducible gene expression construct design — First design iteration

One of the main weakness of the design described in Choi et al. is that all pathogenic
genes are expressed under a constitutive promoter, which immediately start expressing upon
their introduction in ReNcells. This immediate expression in the neuronal stem cell state may
not be truly representative of AD biology, which occurs in a more differentiated cell state. To
circumvent this issue, we chose to drive gene expression with minimal CMV promoter with
Tet-inducible repeats to achieve inducible control of gene expression. APP with Swe/Lon
mutations and mutant PSEN1 (AE9) were co-expressed from the same transcript via an
intermediate IRES sequence (AiP), and mCherry was expressed from on a separate promoter
downstream of AiP open reading frame (Figure 1a). The mCherry reporter was used to select
cells (using Fluorescent Activated Cell Sorting) for stable integration of the transgene
construct. A control construct that expressed only mCherry without AiP was also created
(mC) (Figure 1a). The treatment being considered is NRF2 expression. The NRF2 coding
sequence was also cloned downstream of a Tet-inducible promoter, but with citrine as the
fluorescent marker (NRF2) (Figure 1a).
2.1.1 Results from the first design iteration

A flowcytometry analysis was carried out to understand the composition of cell
population in terms of stemness and lentiviral infection efficiency (Figure 1b). Sex-
determining region Y box 2 (Sox2) is a transcription factor essential for maintaining neural
stem cell self-renewal (65). It is used to determine the stemness of the population. All groups
showed mixed stemness, indicating inhomogeneous population of NPCs with potentially
partial differentiation. As this inhomogeneity was observed even in wildtype ReNcell
population, it was likely not caused by introduction of lentivirus, or pathogenic transgene AiP

and likely due to instability as a result of culture condition. While mC showed a uniform high



level of mCherry fluorescence, AiP had a long tail of less fluorescent population. This
indicated that the infection efficiency of AiP lentivirus was low, or that the AiP construct was
not functioning as expected.

A gPCR analysis was then done to ensure that our AiP construct was indeed
expressing pathogenic AiP. Our gPCR primers targeted a sequence in the APP coding region.
We discovered that when doxycycline was added to induce transgene expression, the stable
AIP cell lines had comparable level of APP mRNA production compared to unmodified
wildtype cells. These data indicated that the transgene was not expression any additional APP
and that it was defective in expression. By contrast, if we used the same DNA construct prior
to its viral packaging and used lipofectamine to introduce it into cells, gPCR analysis showed
a roughly 22-fold increase in APP mRNA production (Table 1). Together, these data
indicated that there may have been a problem with lentiviral packaging of AiP

By contrast, when cells were infected with NRF2 lentivirus and doxycycline induced,
an 174-fold increase in mMRNA production over wildtype was observed. Cell cultured without
doxycycline were only 11-fold over wildtype (Table 1). Such a result confirmed the proper
integration and inducibility of the NRF2 transgene.

Since the Tet-inducible promoter in NRF2 construct was functional, problems
encountered in the AiP lentiviral packaging might not be the result of issues with the Tet-
responsive promoter, which has repetitive DNA operator elements. Another significant
difference between the two constructs is the size of the insert. While AiP construct was
15.7Kb in size, NRF2 construct was 13.4Kb. The large size of the AiP construct might have

impacted the packaging process. With this in mind, a second design iteration was initiated.
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Figure 1. Construct schematics and results of the first design iteration. 1a: construct schematics of the first
design iteration. 1b: flowcytometry result of three cell populations; WT: wildtype ReNcells with no plasmid
incorporated; AiP and mCare: ReNcells with the same-name plasmid incorporated, respectively. X-axis:
mCherry fluorescence, channel: BD Horizon PE-CF594. Y-axis: Sox2 expression in Alexa488 fluorescence,
channel FTTC-BB515.

Table 1. gPCR results for total APP expression and total NRF2 expression of the respective genotypes &
conditions.

Genotype & Delivery Method AACT for APP

AiP via lipofectamine + Dox 4.49

AiP via lentivirus + Dox 0.85

Genotype AACT for NRF2

NRF2 via lentivirus 3.50
NRF2 via lentivirus + Dox 7.44

1

1



2.2 Constitutive promoter construct — Second design iteration

In order to address the problems encountered in the first design iteration, we replaced
the Tet-inducible promoter with a constitutive mouse phosphoglycerate kinase promoter 1
(PGK). The change was made to ensure expression of AiP transgenes, even though it
compromised the ability to induce gene expression at a later development stage. The PGK
promoter was chosen because among the common constitutive promoters used in mammalian
cells, it has a lower level of expression (66). In addition, since the transgene would be
constitutively expressed, the mCherry sequence was moved and cloned downstream of AiP,
so that it could be co-expressed from the same transcript via an additional IRES sequence.
These changes allowed the lentiviral construct to decrease in size from 15.7Kb to 14.4Kb.

Since Tau also plays a major role in AD biology, a new construct containing a
truncated Tau sequence (1n4r- Taup421) was also made as an alternative to AiP for inducing
AD biology in ReNcells (Figure 2a). As previously mentioned, Taup421 was shown to have a
higher affinity in aggregation and could result in a better representation of tau-pathology than
wildtype Tau protein.
2.2.1 Results from the second design iteration

The new constructs were used to infect 12-day differentiated ReNcells that were
either wildtype or NRF2-incorporated. A total of 12 conditions were made; their names and
respective genotypes are described in Table 2. All cells were allowed to differentiate until
day 22 before lysed for western-blot analysis (Figure 3). The lentiviral packaging problem
was not observed in this iteration. Fluorescent signal was observed from all conditions
containing AiP construct, as mCherry gene was attached directly after AiP, which confirmed
the expression of AiP as well. Noticeably, while virus containing Taup421 protein had a very
high infection efficiency (Tau-mCherry in 3a, 3b, 3c), the infection efficiency of virus

containing AiP was much lower (AiP-mCherry in 3a, 3b, 3c).
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When comparing culture density between groups, increased cell death was observed
across all groups containing pathogenic transgenes. Cells containing pathogenic transgenes
also showed morphological difference from their perspective wildtypes; elongation of cell
body and extensive growth of axons were observed. This may or may not be a result of lower
cell counts.

In order to understand the effects of AiP on ReNcells, a quick cell viability test was
done to assess the impact of AiP on cell viability (Figure 2b). The result showed a promising
trending of NRF2 enhancing cell viability.

A western blot probing for NRF2 was carried out. Layout of samples is shown in the
table (Table 3). The rationale is that with the presence of oxidative stress from pathogenic
transgenes, endogenous NRF2 would be activated. NRF2 overexpression from NRF2
transgene construct would synergize with endogenous NRF2 to yield a higher level of NRF2
protein. Difference between NRF2-D-AiP, NRF2-D-Tau and NRF2-D-AiPT would show the
extent of oxidative stress exerted by each pathogenic transgene condition. With sulforaphane,
which activates NRF2 by inactivating Keapl, on the other hand, all NRF2-Dox samples
should show comparable NRF2 protein level that are higher than the rest of the samples: as
Keapl is inactivated by sulforaphane, all NRF2 mRNA should be converted to NRF2 protein.
It was expected that without sulforaphane induction, NRF2-D-AiP, NRF2-D-Tau and NRF2-
D-AIPT would have higher NRF2 protein level, compared to the rest of the samples.

However, only sulforaphane and doxycycline double induced cells had visible NRF2
bands (Figure 2c). The result indicated that the repression of NRF2 by Keapl was strong, and
could only be relieved by the presence of sulforaphane. Moreover, endogenous NRF2 protein
could not be detected even with sulforaphane given its low level of expression and the
presence of an NRF2 transgene was required to boost NRF2 expression to detectable levels.

To better assess the difference between only the NRF2-Dox samples, A second western blot

13



was also done, with only doxycycline-induced samples (Figure 2d). All lanes showed

comparable signal levels. This indicated that the expression of AiP, Tau or AiP and Tau had

very limited impact on activating NRF2-related pathway.

Table 2. Genotype names and their respective combination of constructs.

| Genotypes  |WT AP JTau | AiP+Tau

KT WT-WT

LI NRF2-WT
(ZX0T 8 NRF2-D-WT

WT-AiP WT-Tau WT-AIPT
NRF2-AiP NRF2-Tau NRF2-AiPT
NRF2-D-AiP NRF2-D-Tau NRF2-D-AiPT

Table 3. Layout of the samples in western blot shown in Figure 2b and Figure 4d.

1 2 3 4 5 6 7 8 9 10 11 12
WT- NRF2- | NRF2- | WT- NRF2- | NRF2- | WT- NRF2- | NRF2- | WT- NRF2- | NRF2-
WT WT D-WT | AiP AiP D-AiP | Tau Tau D-Tau | AiPT AiPT D-AiPT

14
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Figure 2. Construct schematics and results of the second design iteration. 2a: construct schematics of the second
design iteration. 2b: alamarBluee cell viability test result of 6 different cell populations. Arbitrary Units = [A.U]
2c: western blot result of all 12 test groups with/without sulforaphane; layout of samples corresponds with the
chart below. 2d: western blot result of only doxycycline-induced groups with/without sulforaphane; layout of
samples corresponds with the chart below; intensity fold changes are labeled below, normalized to NRF2-D-
WT.
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Figure 3. Fluorescent microscopy images of all 12 ReNcell conditions described in Table 2. BF: bright field.
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2.2.2 Problems of the design and reasoning

Although a set of preliminary result was generated using ReNcells, the end point was
never reached due to the COVID-19 pandemic that was, and still is spreading as of right now.
As a planned differentiation protocol takes 6 to 8 weeks, with constant feeding and
monitoring, it was impossible to maintain the cultures. Thus, existing trials was harvested
immediately and no further trial was initiated when the state stay-at-home order was issued.

Unfortunately, there is still no decisive evidence on how lentiviral packaging failed in
our first generation AiP constructs. Based on our observations in the first and second
iteration, not only could lentiviral packaging of AiP construct be defected, but AiP gene
cassette could also be very hard to express. This was supported by the observation that even
with a constitutive promoter like PGK, the fluorescence level was still low, when comparing
to Taupa21 construct, which had the same configuration but a total size of 12.8Kb.

One other major flaw was that cell viability test was done on undifferentiated
ReNcells rather than differentiating ReNcells. Cells in the neural progenitor cell state may
respond to the same stress vastly different from those in neuronal state would. The reason
that it was done in undifferentiated ReNcells was that the test requires standardization of cell
count. As differentiation will result in cell death and uneven cell growth in different
conditions, cell count standardization would be extremely difficult, if possible. An alternative
would be using other neuron-like cells without differentiation, SH-SY5Y cell for example, to

perform cell viability test.
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2.3 Repeating experiments in HEK cells — Third design iteration

As all experiments in ReNcells were ended prematurely and lack repetition, they were
done in HEK cells to back up the observations seen in ReNcells.

There are obviously disadvantages for using HEK cells. Firstly, HEK cells are cancer
cells and have a complex karyotype. Second, HEK cells are of kidney origin, though
evidences have indicated that HEK cells are more of adrenal neuron origin than typical
kidney origin (67,68).

Nevertheless, the reasons for using HEK cells as a substitute are: 1) HEK cells do
express neuronal markers, which grant HEK cells some neuronal properties (67,68). 2) HEK
cells are not prone to differentiation and can be propagated stably in culture 3) HEK cells do
not require differentiation, which shortens the experiment period significantly. 4) HEK cells
express genes more robustly, and that will facilitate western blot analysis as well as cell
viability test.

2.3.1 Results from the third design iteration

A more comprehensive cell viability test was done, adding sulforaphane as an
additional variable (Figure 4). Contrary to that of ReNcell, HEK cell viability was not
impacted by pathogenic transgenes. Overexpression or full activation of NRF2 pathway by
sulforaphane also did not cause any significant change. These data indicated that HEK cells
may not be a good model to test the effectiveness of NRF2 on AD biology.

A test in detecting ROS species was carried out (Figure 5a). This test was done to
assess the level of oxidative stress AiP and Tau protein may introduce onto cells. Since
sulforaphane is a NRF2 agonist that will fully activate NRF2-related pathway, it was used as
a positive control. The result showed that although there was an increase in the amount of
ROS species when pathogenic transgenes were incorporated, the induction level was not as

high as positive control. Although not as potent as sulforaphane and the differences between
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pathogenic transgenes were small, both AiP and Tau were capable of inducing oxidative
stress to HEK cells.

Western blots on HEK cell lysates were done with the exact same configuration as
ReNcells. The first western blot showed visible bands on all four sulforaphane-stabilized,
doxycycline-induced groups (Figure 5b), similar to what was observed in ReNcells. A closer
look at all doxycycline-induced samples showed that regardless of the presence of pathogenic
genes, all groups had comparable level of NRF2 signals (Figure 5c¢). This indicated that
pathogenic transgenes were not able to activate NRF2 to be noticeable on western blot, even

though they were capable of inducing oxidative stress in cells.

4a 4b
[A.U.] WT [A.U.] AiP
4 4
3 3
2 : 2 : :
1 - m - : . 1 : - — B e
, , HHl mN N
WT-WT NRF2-WT  NRF2-D-WT WT-AiP NRF2-AiP  NRF2-D-AiP
4c mNo SFN mSFN 4d mNo SFN mSFN
[A.U] Tau [A.U] AIPT
4 4
3 3
2 _ 2 ,
1 - = — I — 1 . R -
, Hll HN N , HE Em N
WT-Tau NRF2-Tau  NRF2-D-Tau WT-AIPT  NRF2-AiPT  NRF2-D-AiPT
@No SFN @SFN @No SFN mSFN

Figure 4. alamarBlue® cell viability test results on HEK cells. Conditions are grouped according to the
pathogenic transgene present. Blue bar: groups without SFN. Orange bar: groups with SFN. 4a. no pathogenic

transgene. 4b. AiP. 4c. Tau. 4d. AiPT. Arbitrary Units = [A.U.]
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Figure 5. ROS and western blot of HEK cells. 5a: ROS test result. 5b: western blot result of all 12 groups
with/without sulforaphane. 5c: western blot result of only doxycycline-induced groups with/without

sulforaphane; intensity fold changes are labeled below, normalized to NRF2-D-WT. Arbitrary Units = [A.U.]
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Chapter 3  Discussion

In this project, an attempt was made to replicate an in vitro AD pathogenic model
using human NPC ReNcells and a series of tests were conducted to test the impact of NRF2
on the pathology of the model. Based on all results presented, the conclusions are: 1)
Expression of pathological APP and PSEN (AiP) and pathological Tau constructs were able
to induce oxidative stress to HEK cells. 2) Although ReNcells saw a trend of enhancing in
cell viability with NRF2 overexpression, such observation was not seen in HEK cells. 3)
HEK cell viability was not impacted by pathogenic transgenes, and full activation of NRF2
did not have any effect on HEK cell viability.

The initial progression of the project was hindered by author’s inexperience. ReNcells
handled quite differently from common cell lines like HEK cells or HelLa cells. As author
lacked experience working with neuronal cell lines, it costed roughly four months to
determine the optimal culture condition to maintain the stemness of ReNcells. Should this
process take shorter period, precious time could be saved for further testing and more data
could be obtained.

In the future, quite a few can be done to make this project more complete. Firstly,
cellular ROS assay should be carried out in SH-SY5Y cells using the configuration described
in Table 2. This test will give information on whether pathogenic AiP and/or Tau are capable
of inducing oxidative stress in neuronal cells. Subsequently, the impact of pathogenic
transgenes on SH-SY5Y cell viability and the effect of NRF2 overexpression in
counteracting the impact can be tested in a cell viability test.

All current tests are done in 2-dimensional cultures, of which the biology may be
distinctly different from the biology of a 3-dimensional culture. Therefore 3-dimensional
ReNcell culture will be created and undergo differentiation for 6 to 12 weeks. The

configuration will resemble the one described in Table 2. Those cultures, after differentiation,
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will be used for western blot. Western blot of AB42 and Tau will be done; antibodies targeting
total Tau and phosphorylated Tau will be used to better understand the composition of Tau
population. Since APa42 is secreted into the media, an ELISA for AB42 can be conducted in

parallel. Differences between NRF2+Dox groups and WT groups will yield a more definitive

conclusion on whether upregulation of NRF2 activity can counteract AD pathology.
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Chapter4  Method & Materials
4.1 cell lines, media and culture conditions

ReNcell VM human neural progenitor cells (ReNcell) were purchased from EMD
Millipore (Burlington, MA, USA). The cells were plated on 2X BD Matrigel (BD
Biosciences, San Diego, CA)-coated tissue-culture treated 100mm culture dish (EMD
Millipore, Burlington, MA). The cells are maintained in stem-cell stage using DMEM/F12,
GlutaMAXT™m supplement (ThermoFisher Scientific, Waltham, MA) with 2 ug/mL Heparin
(StemCell Technologies, Vancouver, Canada), 2% (v/v) B27 neuronal supplement
(ThermoFisher Scientific, Waltham, MA), 20 ug/mL EGF (ThermoFisher Scientific,
Waltham, MA), 20 ug/mL bFGF (ThermoFisher Scientific, Waltham, MA) and 2% (v/v)
Normocin (InvivoGen, San Diego, CA) in a COz culture incubator. The medium was changed
the next day after passage and then every 2 days until the cells reached confluency.

For passage, medium was replaced with Accutase (StemCell Technologies,
Vancouver, Canada) and incubated for 5 minutes. Detached cell mixture was collected and
cell count was measured using a TC10 automated cell counter (Bio-Rad Laboratories,
Hercules, CA) and then centrifuged at 200g for 4 minutes to remove supernatant. ~1M cells
were plated for continuation.

For differentiation, ReNcells were plated onto BD-Matrigel coated 12-well plates
with DMEM/F12, GlutaMAXTtwm supplement with 2 ug/mL Heparin, 2% (v/v) B27 neuronal
supplement and 1% (v/v) penicillin-streptomycin (ThermoFisher Scientific, Waltham, MA)
without growth factors. Half of the medium was changed every 3 days for 3 to 4 weeks.

Human embryonic Kidney 293T cells (293T cells) were purchased from ATCC
(Manassas, VA, USA). The cells were plated directly onto tissue-treated petri dish at about
1M/plate density. Cells are passaged every 4 days using trypsin (ThermoFisher, Waltham,

MA).
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4.2 DNA constructs

All Tet-inducible constructs were made by replacing the transgenes using Gibson
Assembly (New England Biolabs, Ipswich, MA) in a general Lentiviral construct available in
the lab. A minimal CMV promoter was followed by a 7-repeat Tet sequence to achieve Tet-
inducible feature. Fluorescent proteins (mCherry or Citrine) was placed after an EFla
promoter downstream of the transgenes.

For constitutive constructs, the minimal CMV promoter and Tet repeats were replaced
by a PGK promoter by Gibson Assembly (New England Biolabs, Ipswich, MA). EFla
promoter was removed and substituted with a IRES sequence to make the fluorescent protein
mCherry under the PGK promoter.

4.3 Viral packaging and viral infection

Lenti-viral constructs were transduced into 293T cells with psPAX2 construct and
pCI-VSVG construct from Addgene (Watertown, MA, USA) using FuGene HD Transfection
Reagent (Promega, Madison, WI). Medium of the transfected culture was harvested on the
third day and fourth day and condensed using Lenti-X concentrator (Takara Bio INC.
Kusatsu, Shiga, Japan). Harvested viral particles were aliquoted and subsequently frozen in -
80 fridge.

For infection, 5 uL of the original viral solution was added into every well of a 12-
well plates; 0.5 uL of the original viral solution was added into every well of a 96-well
plates. The plates were incubated for 24 hours and medium was changed. Confirmation of
infection was through fluorescent microscopy of mCherry and Citrine.

4.4 gPCR analysis for plasmid gene expression confirmation

Cultures in 6-well plates were lysed with 250 uL TRIzoltm reagent (ThermoFisher

Scientific, Waltham, MA) and RNA was extracted using Direct-zol RNA Miniprep kit (Zymo

Research, Irvine, CA). cDNA was converted from RNA using a High-Capacity cDNA
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Reverse Transcription Kit (ThermoFisher Scientific, Waltham, MA). 0.5 uL of reverse
transcription product was used for qPCR using a SYBRT™ Green PCR Master Mix
(ThermoFisher Scientific, Waltham, MA).

4.5 Flowcytometry analysis

AiP-integrated, mC-integrated and wildtype ReNcells were detached using Accutase
(StemCell Technologies, Vancouver, Canada), centrifuged at 200G for 5 minutes, and
resuspended with PBS. Cells were briefly stained with Alexa-488-conjugated Sox2 antibody
(ThermoFisher Scientific, Waltham, MA) for 15 minutes in PBS and sorted by a FACSAria
machine (Sanford Human Stem Cell Core, San Diego, CA). GFP and mCherry chennels were
used to detect expression of Sox2 and AiP. 5 million cells were sorted for each genotype.

4.6 Western blot sample preparation & analysis

Cells cultured in 12-well plates were lysed with 150 uL RIPA buffer with DTT
(1:1000) and protease inhibitor 111 (1:200). Lysates were sonicated using sonicater at 20%
output for 15 seconds. Protein quantity was standardized using Piercee BCA Protein Assay
Kit — Reducing Agent Compatible (ThermoFisher Scientific, Waltham, MA).

Samples were loaded onto NUPAGE 4%--12% Bis-Tris gels (ThermoFisher
Scientific, Waltham, MA) and subsequently transferred to a piece of nitrocellulose membrane
(ThermoFisher Scientific, Waltham, MA). Image was captured using Odysseye CLx imaging
system (LI-COR Biosciences, Lincoln, NE). Primary antibodies were used at the following
dilution ratio: Lamin A/C antibody (1:1000) (Cell Signaling Technologies, Danvers, MA),
NRF2 antibody (1:200) (Santa Cruz Technology, Dallas, TX).

4.7 Cell Viability test
About 10,000 cells were plated into wells of a 96-well plate and incubated at 37

degrees overnight. On the next day, medium was removed and fresh medium containing 10%
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alamarBlue® reagent (ThermoFisher Scientific, Waltham, MA) was added. The plate was
incubated for 2 hours before analyzing using a microplate reader.
4.8 Cellular ROS assay

About 10,000 cells were plated into wells of a 96-well plate and incubated at 37
degrees overnight. On the next day, cellular ROS level was measured using a Cellular ROS

Assay Kit (Abcam, Cambridge, United Kingdom) and a microplate reader.
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