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ABSTRACT

About 50 million people worldwide suffer from Alzheimer’s disease, which is the primary
cause of all dementia cases. Currently, effective treatment strategies are lacking. The cAMP-PKA-
CREB pathway is essential for synaptic plasticity and memory formation. CAMP can be
enzymatically degraded by the phosphodiesterase (PDE) enzyme family. Research shows that
inhibition of the PDE4 enzyme family by Roflumilast improves memory performance in humans
and rodents, but causes side effects. As PDEA4D is identified as the predominant subtype involved
in cognitive function, selective targeting of PDE4D on the isoform level (PDE4D1-9) could enhance
memory consolidation without evoking side effects. This study aims to optimize the transfection
protocol of the designed CRISPR/Cas9 sgRNAs for each specific PDE4D isoform in a human
neuroblastoma cell line (SH-SY5Y cells), to eventually unravel the role of each isoform in neurite
elongation and memory consolidation. Therefore, sgRNAs were designed, developed, and
evaluated in a cell-free cleavage assay and gel electrophoresis. The PDE4D isoform expression of
SH-SY5Y cells was checked by gPCR, with/without Ap exposure. Notably, the isoforms PDE4D1
and -7 were not expressed in this cell line after 48h of cell culture. Finally, the transfection protocol
was optimized, with 1,75uL of magnetic beads, 500ng of plasmid DNA of PDE4Dpan, and 30min
on the magnet resulting in the highest Cas9/DAPI area (30%). The puromycin administration to
select the transfected cells still needs to be optimized, as 1ug/mL is lethal for the transfected cells.
In conclusion, this transfection protocol can be utilized for further experiments regarding memory
consolidation in AD.

INTRODUCTION

One of the most common neurodegenerative
disorders worldwide is known as Alzheimer’s
disease (AD). This disease is age-related as it
affects 50% of individuals above 85 years old
(1). Nowadays, more than 50 million people
worldwide suffer from AD, which is mainly
expressed in progressive memory loss and
cognitive decline (2, 3). AD is responsible for
60-70% of all dementia cases and is primarily
distinguished  from  moderate  cognitive
impairment by the loss of independence, which
has a major functional impact on the daily life
of the patients, but also on their surroundings
(4). The presence of amyloid-beta (Ap) plagues
and neurofibrillary tangles (NFT) are the main

pathological features of this disease. Ap plaques
are created when amyloid precursor protein
(APP) is sequentially cleaved by y-secretase
and beta-site amyloid precursor protein
cleaving enzyme 1 (BACE1) (5). These ApB
proteins can accumulate and cause Ssynapse
damage but also induce deficits in cognition and
electrophysiology (5). Aside from the Ap
plagues,  hyperphosphorylated tau  will
aggregate  and form  NFT, inducing
neurotoxicity (6). Both pathological processes
will cause neurodegeneration with loss of
synapses and neurons, resulting in cognitive
problems and macroscopic atrophy (7).

The primary symptom of AD is memory
loss, defined as a progressive and irreversible



cognitive impairment affecting different areas
of the brain, like the hippocampal and temporal
regions (7, 8). Psychotropic medications such as
N-methyl-D-aspartate (NMDA)  receptor
antagonists (e.g. memantine) and cholinesterase
inhibitors (ChE-Is; e.g. donepezil, galantamine,
rivastigmine) are frequently recommended and
licensed for the treatment of AD. However, not
all patients (20-40%) respond positively to
these medications and they experience several
adverse effects, such as headaches and
constipation for memantine, and
gastrointestinal, cardiac, and genitourinary
symptoms for ChE-Is (9, 10). In addition, these
current therapies for AD memory loss slow
down but do not stop deterioration or manage
cognition (7, 11). For this reason, it is crucial to
comprehend the molecular processes and
mechanisms involved in memory consolidation,
as pathways in this process are often impeded in
memory loss. One of the main downstream
cascades includes an important second
messenger, called cyclic adenosine
monophosphate ~ (CAMP).  cAMP  can
allosterically activate CAMP-dependent protein
kinase A (PKA), which will phosphorylate the
CAMP response binding protein (CREB). This
CAMP-PKA-CREB pathway is important in
long-term  memory formation, ultimately
executing its function through activating
CREB, initiating the transcription and
translation of crucial genes necessary during
synaptic plasticity and memory formation (12-
14). Moreover, phosphorylated CREB initiates
the expression of brain-derived neurotrophic
factor (BDNF), an essential neurotrophic factor
in the protection of neurodegeneration (15).
Previous research indicated that activation of
CREB  promotes  neurogenesis,  while
inactivation of CREB promotes Ap-induced
synapse loss, confirming the importance of
CREB in memory (16, 17). Moreover, it was
discovered that there is a decreased CREB-
mediated gene expression in the brains of AD
mouse models and patients, as well as in AB-
damaged cultured neurons (13). In addition, a
rise in cytoplasmic cAMP has been shown to
improve neuronal synaptogenesis, memory, and
mitochondrial biogenesis, and decrease tau-
phosphorylating and CREB-inhibiting kinases
(18). An explicit example of the latter are
GPRA40 receptor (polyunsaturated fat receptors)
agonists, which can increase the content of
CAMP and thus upregulate downstream

»» |UHASSELT| Senior internship- 2" master BMW

neurotrophic factors
neuroprotection (19).

CAMP can be enzymatically degraded by
the phosphodiesterase (PDE) enzyme family
(14). Their function is to hydrolyze cyclic
nucleotides, such as cAMP, highlighting the
importance of this enzyme family in the
pathway of memory consolidation. There are 11
enzymes identified, of which the cAMP-
specific phosphodiesterase 4 (PDE4) enzyme is
predominantly present in the brain. The PDE4
family consists of four subtypes, namely
PDEA4A, -B, -C, and -D. Further, each PDE4
subtype can be divided into long, short, and
super-short isoforms, which lead to a difference
in regulation (20). Research in 2016 showed
that inhibition of the PDE4 enzymes can
improve memory consolidation in rodents by
using the PDE4 inhibitor Roflumilast (21).
Unfortunately, this application is impeded by
different severe side effects, such as nausea and
vomiting (22). Side effects could be omitted by
using a more subtype-selective enzyme
approach. Accordingly, the subtype PDE4D
appears to be particularly important in cognitive
functions. Although there are PDE4D inhibitors
(e.g. Gebr32a, HT-0712, BPN14770) that
improve cognitive function in vivo and are
currently in clinical interventions, deletion of
PDE4D in mice reduced o2 adrenoreceptor
mediated anesthesia that is associated with the
side effect of emesis (23). Therefore, a more
selective targeting approach of the different
protein isoforms of the PDE4D gene could
enhance memory consolidation  without
evoking side effects (24). Since there are no
specific inhibitors for the protein isoforms of
PDE4D, Paes et. al. managed to eliminate the
different protein isoforms by CRISPR/Cas9 in
an HT22 mouse hippocampal cell line,
discovering the effect of the long isoforms on
the improvement of neurite elongation, possibly
contributing to a positive effect on
neuroplasticity and memory formation (25).
Moreover, in human AD brain samples, the
PDE4D isoforms 1, 3, 5, and 8 are upregulated
in expression and show changes in DNA
methylation or hydroxymethylation in their
promotor region, highlighting the importance of
this isoform-selective targeting (12).

Although Paes et. al. discovered positive
results regarding the targeting of the PDE4D
isoforms and their effect on neuroplasticity in
mice models, it is still crucial to translate these
results into the human context, as the PDE4

important in



biology of mice and humans are similar yet
different. The structural variations in the genetic
regions of each variant and the number of amino
acids ensure that there is a need for validation
of the already obtained results in mouse models,
this time in human models (26). By examining
the human environment, this research aims to
provide more insights into the role performed
by the various PDE4D isoforms in AD,
potentially elucidating a specific PDE4D target
to alleviate memory loss. As previously
mentioned, there are no inhibitors for the
specific PDE4D isoforms, which is why this
study will focus on utilizing CRISPR/Cas9 as a
knockout tool to ablate these isoforms.

This research aims to design sgRNAS to
separately knockout human PDE4D isoforms
by CRISPR/Cas9 and create a successful
method to study the effects of the different
PDEA4D isoforms in human neurons in vitro.
This investigation will provide information
about the effectiveness of the transfection of the
sgRNAs to human neurons, ultimately
providing the foundation for further research to
investigate the most potent targets for memory
loss in AD. We expect that this research will
yield an effective method by utilizing
CRISPR/Cas9 and magnetofection for the
investigation of the effects of different PDE4D
isoforms in a humanized context.

EXPERIMENTAL PROCEDURES

Cell culture — SH-SY5Y human
neuroblastoma cells (ATCC, CRL-2266) were
cultured in T75 cm? culture flasks with
DMEMY/F-12 supplemented with 10% fetal calf
serum (FCS, Biowest), 1% non-essential amino
acids (NEAA, Sigma), 2% L-glutamine (L-
Glut, Gibco), and 1% penicillin/streptomycin
(Pen/Strep, Sigma). Cells were maintained at
37°C with 5% CO- and passaged at 80% - 90%
confluency. For gPCR and transfection assays,
cells were trypsinized (Gibco) and plated in
culture medium.

Quantitative PCR — Cells were plated in
culture medium at 100.000 cells per well in a
24-well plate. After 48h and 96h, cultures were
lysed in Qiazol (Qiagen). For treatment with 1
MM  ABisp, cells were lysed after 24h of
exposure to APi-42. RNA was extracted using a
standard phenol/chloroform method. RNA
quantity and purity were measured using a
nanodrop spectrophotometer (Isogen Life
Science). Subsequently, cDNA was synthesized
by gScript™ c¢DNA SuperMix (Quanta
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Biosciences) according to the manufacturer’s
protocol. All gPCR reactions were performed
using 5ng/uL cDNA, 5 pL Fast SYBR-Green
Master Mix (Thermo Fisher Scientific), 0.3 pL
of both forward and reverse primer
(Supplementary Table 2), and the QuantStudio
3 gPCR machine (Applied Biosystems). The
Fast reaction protocol consisted of a hold stage
(95°C for 20 sec with increasing 4.14°C/sec),
the PCR stage (95°C for 1 sec and 60°C for 20
sec with decreasing 3.17°C/sec), and the Melt
Curve stage (95°C for 1 sec with increasing
4.14°C/sec, 60°C for 20 sec with decreasing
3.17°C/sec, and 95°C for 1 sec with increasing
0.1°C/sec). Raw Ct values were manually
analyzed and relatively expressed by utilizing
the start fluorescence values at cycle 0 (Log10
start fluorescence) of the PDE4D isoforms
primers. Logarithmic fluorescence values were
normalized against the expression of reference
genes HMBS and YWHAZ.

CRISPR/Cas9 sgRNA design for PDE4D
isoforms — Single guide RNAs (sgRNA)
targeted against human PDE4D isoform-
specific DNA sequences were designed with the
online web tool Benchling.com and were
checked for target specificity via BLAST
(Supplementary Table 1). In addition, the
frameshift frequency was checked by the
machine learning algorithm InDelphi. The
sgRNAs were ordered by Integrated DNA
Technologies (Leuven, Belgium) and annealed
using the PCR thermocycler according to the
following parameters: 37°C for 30min,
followed by 95°C for 5min, and ramp down to
25°C at 0.1°C/sec. Subsequently, they were
digested and ligated in a one-step PCR reaction
in a pSpCas9(BB)-2A-Puro (PX459, Addgene
#62988) vector, using the Bbsl-I enzyme
(BioLabs), rCutsmart buffer (BioLabs), T4
DNA ligase (BioLabs), 10X T4 DNA ligase
buffer (BioLabs), and autoclaved MilliQ. The
vectors including the sgRNAs were transformed
by heat-shock into DH5a E. coli, cultured in
ampicillin-containing Luria-Bertani (LB) agar
plates for subsequent colony selection. Single
colonies were picked and cultured in LB
medium, followed by vector isolation and
purification using a NucleoSpin Plasmid DNA
Purification kit (Macherey-Nagel), according to
the manufacturer’s instructions. Validation of
SgRNA insertion was performed through
Sanger sequencing (Macrogen Europe) by
utilization of the PXSeq Forward primer (5’-
AGGGCCTATTTCCCATGATT-3’). Vectors
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with the correct sgRNAs inserted were
expanded and purified by the Invitrogen
PureLink™ HiPure Plasmid Maxiprep Kit,
according to the manufacturer’s instructions. A
colony without the sgRNA incorporated in the
PX459 vector was utilized as a negative control.
The purified vectors were stored at -20°C.

SgRNA in vitro transcription by gel
electrophoresis — A cell-free cleavage assay
was performed using the Guide-It sgRNA In
Vitro Transcription and Screening System
(Takara Bio) according to the manufacturer’s
instructions. The primers (Supplementary Table
3) and forward sequences including sgRNA
(Supplementary Table 4) were designed for
PDE4D3, -5, -9, and -pan. In addition, the DNA
of SH-SY5Y cells was isolated by the DNeasy
Kit (QIAGEN) and 600-800bp amplicons were
generated through the utilization of the primers
(Supplementary Table 3) and a polymerase mix.
10pL of the PCR product was added on a 1.5%
agarose gel with a 100bp DNA ladder
(Invitrogen) to visualize the cleaved and
uncleaved products.

Puromycin optimization — SH-SY5Y cells
were plated in 24- and 96-well plates (DAPI
staining and MTT respectively). After 48h of
culture, eight concentrations of puromycin were
tested: 0; 0,25; 0,5; 1; 2; 3; 5; and 10 pg/mL.
Puromycin  (Invivogen) was diluted in
supplemented DMEM/F-12. The cells with
puromycin were maintained at 37°C with 5%
CO; for 72h. The mortality of the cells was
examined by adding 12.5uL MTT, diluted in
100uL culture medium, for 4h to the wells.
After administration of 150uL DMSO and
25uL glycine in each well, the absorbance was
measured by the plate-reader (CLARIOstar) at
550nm. In addition, a DAPI staining of 10min
was executed to check the mortality of the cells.

Optimization of cell transfection — For the
magnetofection optimization, SH-SY5Y cells
were plated in 24-well plates at 150.000 cells
per well on 12mm glass coverslips (VWR) and
cultured for 48h. Next, cells were treated with
plasmid DNA and magnetic beads. Two
concentrations (500ng vs 1000ng) of the
PDE4Dpan  plasmid DNA and two
concentrations (1.75uL vs 3.5pL) of magnetic
beads (NeuroMag, Oz Biosciences) were tested.
In addition, two different durations (30min and
4h) of cells on the magnet (Oz Biosciences)
were taken into account. For each testing
condition (2 wells/condition), one well was
treated with Puromycin (1pg/mL) and was
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administered  for 72h  after 48h of
magnetofection. The other well without
puromycin was used for immunocytochemistry.
Cells were checked for morphology every 24h
either by general light microscopy (Zeiss,
30min magnetofection) or by means of the
IncuCyte (Essen Bioscience, 4h
magnetofection). transfected for 30min were
checked every 24h

Immunocytochemistry staining — Five days
after transfection, SH-SY5Y cells were fixated
for 20min by 4% paraformaldehyde and
blocked with 1% BSA in 0.1% PBS-Tween for
30min. Cells were incubated with mouse anti-
Cas9 (1:1000; MAC133, Merck) primary
antibody for 4h in blocking buffer. After
washing with PBS, cells were incubated with
goat anti-mouse Alexa-Fluor 488 (1:600,
Invitrogen) secondary antibody in blocking
buffer for 1h at 4°C. Finally, cells were
counterstained for 10min with DAPI for the
nuclei. After mounting the cells on microscope
glasses using Fluoromount (Invitrogen), the
transfected cells were imaged by the Leica
DFC450 C fluorescence microscope. The
images were analyzed by the area of Cas9
divided by the area of DAPI, expressed in
percentage (%).

Statistical tests — Data was checked for
normality by the Shapiro-Wilk test. Outliers
were detected by the ROUT test and removed
before statistical analysis. To detect the
differences in mMRNA expression of the PDE4D
isoforms  with  and  without  Aia
administration, a two-tailed non-parametric t-
test was performed on each PDE4D isoform
separately.

RESULTS

SH-SY5Y cells express all the PDE4D
isoforms, except for PDE4D7 — To investigate
the PDE4D isoform expression profile of the
SH-SY5Y cells at two different time points (48h
and 96h of culture), a qPCR analysis was
performed. Ultimately, the data was compared
to the start fluorescence of each PDE4D isoform
(Figure 1). After both 48h (Figure 1a) and 96h
(Figure 1b) of cell culture, the mRNA of the
long isoform PDE4D7 was not expressed. This
result will be taken into account according to
further experiments targeting the different
PDE4D isoforms. Besides PDE4D7, all other
MRNAs of the PDE4D isoforms were expressed
after 48h and 96h of cell culturing. However,
the mMRNA of the short isoform PDE4D1 has
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only little expression at both time points. In
contradiction, the mRNA of the long isoform
PDE4DS5 is highly expressed in comparison to
the start fluorescence of the primers. Regarding
the adequate expression pattern of the mMRNAs
on the PDE4D isoforms after 48h, this time
point will be utilized in the transfection
protocol.
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SH-SY5Y cells with 4f1-42 exposure have a
relatively higher trend of PDE4D expression —
Since the main goal of this research is to ablate
different PDE4D isoforms independently in an
AD-like model, the expression pattern of both
SH-SY5Y cells with and without APBia2
exposure for 24h was established (Figure 2).
According to previous data, cells will be
maintained in culture for 48h before gPCR
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Figure 1 - PDE4D isoform expression profile of SH-SY5Y cells assessed by qPCR. The mRNA expression
of the different isoforms was measured after 48h (a) and 96h (b) of cell culture and expressed relative to the
start fluorescence of the PDE4D primers. All PDE4D isoform mRNAs were expressed after 48h and 96h of
cell culturing, except for PDE4D7. Data are represented as mean + SEM (n = 3). PDE; phosphodiesterase,
SEM,; standard error of mean.
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Figure 2 — The mRNA expression pattern of different PDE4D isoforms in SH-SY5Y with and without
AP1-42 exposure by gqPCR. mRNA expression of SH-SY5Y cells with ABi.4, exposure (SH-SY5Y + Ap) is
depicted relatively to the mRNA expression of the SH-SY5Y cells without APi-42 exposure (SH-SY5Y — Ap),
expressed as fold change. Both mRNAs of PDE4D1 and -7 were not expressed in the SH-SY5Y cells with and
without AP1-42 exposure. Data are represented as mean = SEM (n = 2-4). The two-tailed non-parametric t-test
was performed for each isoform separately, and no significant differences were detected. P-values close to a
trend (PDE4D4, -8, -9) and p-values close to a significant difference (PDE4D6) are given in the figure. PDE;
phosphodiesterase, 4f; Abeta, SEM; standard error of mean.
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analysis (Figure 1). Both mRNAs of the
isoforms PDE4D1 and -7 were not expressed in
SH-SY5Y cells with or without Ap-42€xposure,
which will be taken into account in further
experiments focusing on the transfection with
the CRISPR/Cas9 plasmids. The mRNA
expressions of the other PDE4D isoforms were
not significantly different when APi4 was
administered. However, there is a clear trend in
the mRNA expression of PDE4D6 of the SH-
SY5Y cells without AB1.42 in comparison to the
SH-SY5Y cells with ABi-42 administration (p-
value = 0.0571).

The CRISPR/Cas9 sgRNAs of PDE4D3, -
5, -9, and -pan can successfully cleave the DNA
sequence of interest — For the different
CRISPR/Cas9 plasmids, designed for each
specific PDE4D isoform, the capacity of the
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sgRNAs to cut the DNA sequence of interest
was examined. Therefore, an in vitro cell-free
cleavage assay was performed of four sgRNAS
(3,5, 9, and pan), chosen by the high expression
profile after 48h (PDE4D5, -9) (Figure 1a), a
sgRNA with more base pairs in comparison to
the other PDE4D sgRNAs (PDE4D3)
(Supplementary Table 1), and the sgRNA that
can fully ablate the PDE4D enzymes
(PDE4Dpan). The outcome of the assay was
performed by agarose gel electrophoresis,
where the bands of the uncleaved amplicons and
cleaved amplicons are visible (Figure 3).
According to the total amplicon lengths and
fragment sizes computed (Supplementary Table
3), all sgRNAs with Cas9 protein have cut
between the desired base pairs.

DNA PDE4Dpan PDE4D9 PDE4D3 PDE4DS5
ladder A Y A Y A A \
e ¢ Tle € L UeL e ue ¢
2,000 )
Legend fragment sizes:
1,500
PDE4Dpan:
1,200 «  UC=663bp
1,000 * C1=430bp
200 * C2=233bp
800
700 PDE4D9:
—_— — +  UC=629bp
600 - - - < C1=393bp
500 — +  C2=236bp
—
400 —— PDE4D3:
+  UC=671bp
300 -— « C1=397bp
' s C2=274bp
a2 :
20 — PDE4D5:
+  UC=636bp
+  Cl=456bp
L +  C2=180bp

Figure 3 —In vitro cleavage assay of sgRNAs of four different PDE4D isoforms (PDE4D3, -5, -9, -pan).
Based on the 100bp DNA ladder and Supplementary Table 3, the uncleaved amplicons (UC) are
successfully cleaved in the cleaved (C) fragments of the different PDE4D isoform targets. The legend
describes the corresponding lengths of the UC amplicon and C fragments. SgRNA; single guide RNA, PDE;
phosphodiesterase, bp; base pair, UC; uncleaved, C1; cleaved fragment 1, C2; cleaved fragment 2.
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The optimal dose of puromycin for SH-
SY5Y cell selection after transfection is 1ug/mL
—An MTT assay was performed with 8 different
concentrations of puromycin to check the
lethality of the untransfected SH-SY5Y cells
(Figure 4a). Opg/mL is a negative control for the
puromycin lethality, as no puromycin was
administered to the cells and all cells were
viable, translated in a relative absorbance of 1.
With increasing concentrations of puromycin,
the relative absorbance decreases gradually.
The concentration of 0,5ug/mL still reflects an
average relative absorbance of 0,58, while
lpg/mL  firmly  decreases the relative
absorbance to an average of 0,16. Furthermore,
the concentrations 2, 3, 5, and 10ug/mL all
represent an overkill of the SH-SY5Y cells,
with an average relative absorbance of 0,11. To
validate these findings, a DAPI staining on the
untransfected SH-SY5Y cells with five
different puromycin concentrations (0, 1, 3, 5,
and 10ug/mL) was performed (Figure 4b). This
immunocytochemistry staining confirms the
data from the MTT assay, as the SH-SY5Y cells
with  Opg/mL  puromycin are prominently
present and viable by a high amount of DAPI,
in contrast to the concentrations 3, 5, and
10pg/mL, where only a few DAPI stainings
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were imaged (one per image). Here again, the
cells with 1ug/mL puromycin administration
have a higher amount of DAPI staining in
comparison to 3, 5, or 10pg/mL, but still a
firmly decreased amount of DAPI in
comparison to the negative control (Opg/mL).
Transfection of the PDE4Dpan plasmid in
SH-SY5Y cells by magnetofection is successful
— To eventually ablate the different PDE4D
isoforms in SH-SY5Y cells, the transfection
protocol needs to be optimized. Therefore, six
different conditions were tested, including
differences in the concentration of beads
(1,75uL vs 3,5uL), plasmid DNA (500ng vs
1000ng), and time on the magnet (30min vs 4h).
Observation of the immunocytochemistry
stainings 5d after transfection already verifies
the successful transfection of the PDE4Dpan
plasmid with Cas9 into the SH-SY5Y cells by
the overlaps visible of the Cas9 and DAPI
staining (Figure 5a). Besides, as visible on the
immunocytochemistry  image of 3,5uL
magnetic beads and 500ng of plasmid DNA,
there are some additional Cas9 spots on the
background. After quantification of the
immunocytochemistry stainings (Figure 5b), we
can validate the transfection as the percentage
of the Cas9 area over the DAPI area is higher in

a)

—
n
]

al's

Relative absorbance (550 nm)
=
n
]

0.0 H

b) DarI Opg/mL lpg/mL

Concentration puromycin

Figure 4 — Optimizing the puromycin concentration for selection of transfected cells. (a) Quantitative
analysis of the MTT assay of 8 different concentrations of puromycin on non transfected SH-SY5Y cells,
expressed as relative absorbance (normalized to the negative control Opug/mL). (b) Immunocytochemistry
staining of 5 conditions puromycin administered to non transfected SH-SY5Y cells. Images represent a DAPI
(blue) staining of the nuclei of the living cells. The scale bar represents 50um (n = 4). pg; microgram, mL;
milliliter, nm; nanometer, DAPI; 4°,6-diamidino-2-phenylindole.
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all conditions compared to the non transfected
cells, for both 30min and 4h on the magnetic
plate. Furthermore, the condition with 1,75uL
of magnetic beads, 500ng of DNA, and 30min
on the magnet resulted in the highest percentage
of Cas9/DAPI area (30,38%), while the other
conditions represent approximately 20% of
Cas9/DAPI area. Unfortunately, this cannot be
validated by statistical tests as there is only a
sample size of 1 for each group.

1pg/mL puromycin is lethal for the SH-
SY5Y cells after magnetofection — To
selectively isolate the cells successfully
transfected with the PDE4Dpan plasmids,
lpg/mL puromycin was administered to the
cells 48h after magnetofection as optimized in
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the MTT assay (Figure 4a). Light microscopy
images were taken of the conditions with 30min
on the magnetic plate, each 48h after
magnetofection, and 72h after puromycin
administration (5d after magnetofection)
(Figure 5¢). The images illustrate that after 48h
and 5d after magnetofection without puromycin
administration, the cells have a normal
morphology. When puromycin was added in a
concentration of 1ug/mL after 5d of
magnetofection, all cells of all conditions died.
The same results were seen on the IncuCyte
images for the conditions with 4h on the
magnetic plate (Supplementary Figure 1).
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c) | Transfection conditions (30min on plate)
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500ng DNA 1000ng DNA 500ng DNA

Time after transfection
5d (- puromycin) 48h

5d (+ puromycin)

Figure 5 — Successfully transfected SH-SY5Y cells with PDE4Dpan plasmid DNA. (a)
Immunocytochemistry stainings of the SH-SY5Y cell nuclei (DAPI, blue) and Cas9 (green). Six different
conditions of transfection were tested, including 1,75uL or 3,5uL of magnetic beads, 500ng or 1000ng of
plasmid DNA, and 30min or 4h on the magnetic plate. Non transfected SH-SY5Y cells were utilized as a
negative control. The scale bar represents 50um (20x magnification). (b) Quantification of the
immunocytochemistry staining by dividing the Cas9 area present on the images by the DAPI area, expressed
in percentage (%). (c) Light microscopy images at 20x magnification of the three transfection conditions with
30min on the magnetic plate after 48h of transfection and after 5d, with and without puromycin administration
as a selection method. Data are represented as mean £ SEM (n = 1, three measurement points). PDE4D;
phosphodiesterase 4D, DAPI; 4’,6-diamidino-2-phenylindole, Cas9; CRISPR associated protein 9, puL;
microliter, ng; nanograms, gum; micrometer.
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DISCUSSION

Since memory loss is the primary symptom
of AD and not all patients respond to the
psychotropic medications used nowadays, it is
important to unravel and comprehend the
molecular processes and mechanisms involved in
memory consolidation to develop more effective
and personalized treatments for these patients (7-
10). The PDE4 enzymes are inhibitors of the
CAMP-PKA-CREB pathway of memory
consolidation, which is why targeting these
enzymes could improve memory loss in patients
with AD (12-14, 20). As PDE4- and PDE4D
inhibitors still cause side effects, a more selective
approach focusing on the isoforms of the PDE4D
subtype is interesting and more targeted (21-23).
Therefore, this research focused on taking the
first step in selectively ablating the PDE4D
isoforms independently by CRISPR/Cas9 and
investigating in the effect on a human neuronal
cell line (SH-SY5Y cells) in vitro. Consequently,
it was necessary to investigate the expression
pattern of the PDE4D isoforms in SH-SY5Y cells
before continuing with further experiments. It is
necessary to mention that no primers could
specifically detect the PDE4D2 isoform as this
super short isoform of 507 amino acids long has
only very little upstream conserved region 1
(UCR1) specific for this isoform. Therefore, the
expression of PDE4D2 was not taken into
account (Figure 1) (22). After 48h of cell culture
(Figure 1a), the mRNAs of all isoforms were
expressed, except for PDE4D?7, even though this
isoform is known to be expressed in the brain (12,
28). Recent research does validate the expression
of PDE4D7 in mouse neuroblastoma cell lines
(e.g. N2a cells) and mouse hippocampal cell lines
(e.g. HT22 cells), but not yet in human
neuroblastoma/hippocampal cell lines (25).
Therefore, it is interesting to further investigate in
which human cell line this isoform is expressed,
such as the Neu4l cell line (human neuron
progenitor cell line) or human iPSCs-derived
cortical neurons. However, PDE4D7 was shown
to have a very high mRNA expression in the area
postrema — the chemoreceptor trigger zone for
emesis in the brain stem — of the human brain
(29). Therefore, it is a less interesting target for
ablation, as this could enhance the adverse side
effects, an aspect we intend to prevent. Finally,
after 96h of cell culture, an adequate expression
of PDE4D isoforms in SH-SY5Y cells was
detected by gPCR, indicating that time is not a
determining variable in the case of PDE4D
isoform expression.
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Another aspect of this study is the
investigation of the PDE4D isoform expression of
SH-SY5Y cells in comparison to SH-SY5Y cells
treated with ABi-s2. In doing so, we could detect
the potential difference in PDE4D expression in a
normal and AD-like model in vitro. No
significant differences between the two groups
were observed, although there was a clear
increasing trend for PDE4D6 after Afis
treatment (Figure 2). Our team has previously
investigated the increased expression levels of
PDE4D isoforms in the middle temporal gyrus
tissue of AD patients and found that the mRNA
expression of PDE4D1, -3, -5, and -8 were
significantly increased (12). These data do not
correspond to our gPCR data of the SH-SY5Y
cells with/without APi4. exposure, except for
PDE4DS8. For this isoform, only a small trend (p-
value = 0.1429) was visible (Figure 2). These
various outcomes can be explained by the
difference between a human neuroblastoma cell
line and the human brain of an AD patient.
Conventional cell lines such as SH-SY5Y cells
are readily available, but their implementation
requires immortalized or malignant cells that are
cultivated for several generations. This can result
in differences in their physiological and genetic
characteristics and, therefore, do not represent the
primary tissue cell exquisitely (30, 31). On the
contrary, the human post-mortem brain is much
more complex, as it is a heterogeneous mix of cell
types, such as neurons, glial cells, and astrocytes,
that interact with each other. However, since Paes
et al. utilized homogenized brain tissue, follow-
up studies investigating whether the interaction of
different cell types and PDE4D isoform
expression and activity is essential in AD are still
necessary (12). Furthermore, Y.Y. Sin et al.
provided evidence that ABi.4> can directly bind to
PDEA4D in a region at the start of the catalytic
core, which will activate the long isoform
PDE4D5. As now both upregulated mRNA
expression and increased activity of the long
PDE4DS5 isoform in AD models are shown, this
isoform can be a key target in this disease (12,
32). Although both papers conclude that PDE4D5
is influenced by Apa.42, this is likely dependent on
APi142 dosing (Figure 2). Therefore, testing
different concentrations of Api42 on SH-SY5Y
cells and increasing the sample size are future
enhancements to validate our data. Nevertheless,
the data of our study indicate that the levels of
PDE4D isoforms are trend-like increasing in an
AD-like model in vitro.
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As the ultimate goal of this project is to
ablate the different PDE4D  isoforms
independently, CRISPR/Cas9 plasmids for each
isoform were designed by Benchling.com and
developed with the PX459  vector
(Supplementary Table 1). The design and
development were successful for every PDE4D
isoform, except for PDE4D2, due to the very little
upstream UCR1 region of this isoform as already
explained before. Furthermore, a pan sgRNA was
designed to ablate the whole PDE4D subtype. To
validate the efficacy of the designed sgRNAs on
the DNA of SH-SY5Y cells, an in vitro cleavage
assay was performed. Other validation steps
could be a gPCR analysis or Western Blot.
However, the primers of the PDE4D isoforms for
gPCR analyses also detect a cleaved or
unfunctional PDE4D gene, as these disruptive
mutations are created at those cleavage sites by
error-prone repair or by using homologous
recombination to change or insert sequences (33).
Therefore, gPCR is not an accurate method to
validate the lower expression of PDE4D
isoforms. In addition, a Western Blot analysis is
not usable for these protein isoforms, as there are
currently no specific and functional antibodies for
each isoform independently. This highlights the
relevance of the in vitro cleavage assay, as this
assay indicates the efficacy of the sgRNAs
designed for the PDE4D isoforms. In this paper,
we successfully demonstrated that the sgRNAS
designed for the isoforms PDE4D3, -5, -9, and -
pan cleaved the amplicon of the DNA of the SH-
SY5Y cells as expected (Figure 3, Supplementary
Table 3). As a future perspective, Sanger
sequencing can be applied to further validate the
efficiency of the sgRNAs after transfection into
the SH-SY5Y cells. Although Sanger sequencing
used to have trouble with resolving small indels,
there is currently an algorithm named the
Tracking of Indels by Decomposition (TIDE),
specified for detecting these indels (34).

Next to the sgRNA design and development,
the transfection protocol by magnetofection
needed to be optimized for the human neuron cell
line based on previous work (25, 35). According
to the protocol of the NeuroMag transfection
reagent of Oz Biosciences, different conditions
were included for magnetofection, including
1,75uL or 3,5uL of magnetic beads, 500ng or
1000ng of plasmid DNA, and 30min or 4h on the
magnetic plate. This was verified by the
quantification of the immunocytochemistry
images (Figure 5a), in which was apparent that
the condition of 1,75pL of magnetic beads, 500ng
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of plasmid DNA, and 30min on the magnet was
the most optimal for transfection in SH-SY5Y
cells, represented as 30% of Cas9/DAPI area
compared to the other conditions with
approximately 20% Cas9/DAPI area. The higher
the Cas9/DAPI area, the more transfection was
successful. In addition, as visible on the
immunocytochemistry staining images of 3,5uL
beads with 500ng DNA condition (Figure 4a),
there are additional Cas9 spots in the background.
This debris can cause a disturbed environment for
the cells, and therefore be less effective for
transfection. Consequently, we did not test the
condition of 3,5uL magnetic beads and 1000ng
plasmid DNA. Although a 30% Cas9/DAPI area
is a good start for transfection efficiency, research
by Paes et al. indicated that a transfection
efficiency of 50% is feasible in the HT22 mouse
hippocampal cell line (36). However, they
checked for transfection efficiency after 48h,
while we checked for 5d after transfection (36).
Therefore, cells keep multiplying, causing the
overall percentage of Cas9/DAPI area to
decrease. To further improve transfection
efficiency, the time of the transfected cells on the
magnet can still be optimized, as 30min and 4h
are still different from each other. Knowing
30min for the condition with 1,75uL of beads and
500ng of plasmid DNA has a higher percentage
of Cas9/DAPI area than 4h, periods such as 45
minutes or 1 hour can be optional. In addition, the
medium of the transfected cells was changed to
medium with puromycin 48h after transfection,
while this could be extended to 72h according to
previous research of our team (35). This could
lead to a longer exposure of the magnetic beads
with plasmid DNA to the cells, possibly
increasing the transfection efficiency. As the
transfection  protocol of NeuroMag s
straightforward, other options to optimize the
transfection could be focused on the cells, such as
a lower passage number (now passage 31), or the
density of the cells can be adjusted.

After successful transfection of the SH-
SY5Y cells, it is important to select the
transfected cells for further experiments focused
on for example neurite outgrowth. The PX459
vector has a puromycin selection marker, which
is why this antibiotic was chosen as the selection
reagent for the transfected SH-SY5Y cells. Our
team already utilized puromycin as a selection
reagent in various cell types (37-39). However, as
already explained before, this was not yet
optimized in SH-SY5Y cells. Therefore, an MTT
assay to determine the number of viable cells and

11



»> |UHASSELT

immunocytochemistry staining for the cell nuclei
with DAPI were performed (Figure 4a, b). A
dose-optimized concentration of puromycin is
defined as the lowest concentration with 100%
mortality in non-transfected cells (38). According
to this definition and our data, 1pug/mL puromycin
is the optimal concentration for SH-SY5Y cells.
In addition, research by Hashemabadi et al. stated
that they administered 1pg/mL as well to
transfected SH-SY5Y cells with the PX459
plasmid (27). Unfortunately, all cells died after
72h of puromycin administration (Figure 5c).
Therefore, we can conclude that 1pg/mL is a
lethal concentration for transfected SH-SY5Y
cells. A possible explanation for this cell death
might be because the SH-SYS5Y cells in the
Hashemabadi et al. publication were exposed to
lug/mL puromycin for 48h instead of 72h,
causing a higher exposure to the cells in our study
and possible lethality. However, after 48h of
puromycin administration, we already saw the
lethal effect on the cells. Furthermore, the MTT
data shows that 0,5ug/mL is also no optimal
concentration to utilize, as more than 50% of the
SH-SY5Y cells survive and are metabolically
active (Figure 4a). Therefore, a further
investigation in the concentrations between 0,5
and 1pg/mL is necessary to optimize the
puromycin concentration, like for example
0,75ug/mL. This is the last stage of the
optimization process of the magnetofection of the
PDE4Dpan sgRNA into the nuclei of the SH-
SY5Y cells. This is a foundation for further
experiments regarding the effects of ablating the
PDE4D isoforms independently on neurite
outgrowth and neuronal functioning in an AD
context.

FUTURE PERSPECTIVES

This study provides a near-optimized
protocol for the transfection by magnetofection of
the PDE4D sgRNAs into the nuclei of the SH-
SY5Y cells. In addition, this study shows that
there is a trend in the upregulation of PDE4D
isoforms in SH-SY5Y cells after exposure to ABi-
a2 for 24h, in particular the upregulation of the
PDE4D6 isoform. This, together with earlier
findings of upregulation of PDE4D1, -3, -5, and -
8 in AD post-mortem brains of patients with
cognitive problems and its correlation with AP
plague load, confirms that these isoforms can be
potential targets in this disease (12). However,
this research did not investigate the effect of the
ablation of the specific PDE4D isoforms in a
normal and AD context, which would be the next
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logical step in order to unravel the molecular
processes behind the different isoforms of the
enzyme family in memory consolidation. To start,
the efficacy of the other sgRNAs designed for the
human PDE4D isoforms can be validated by the
in vitro transcription assay, as performed for four
sgRNAs in this study (Figure 3). After this
validation step, the sgRNAs can be transfected
into the cells according to the near-optimized
protocol based on this study. Further experiments
can be focused on neurite outgrowth, as this is an
important characteristic of structural
neuroplasticity,  possibly increasing  the
knowledge of the effects of the individual
isoforms in AD. Therefore, techniques such as
immunocytochemistry staining of biomarkers,
gPCR, and Western Blot analysis to determine the
expression of important genes and proteins
respectively in neurite elongation (e.g. MAP2,
BDNF, NGF, NT-3) can be utilized for this future
perspective (40-42). However, we need to take
into account that transcription of BDNF will be
upregulated by phosphorylated CREB in case of
higher cAMP levels (43). In addition, research on
ibudilast, a PDE inhibitor, describes that after
PDE inhibition and cAMP upregulation, several
neurotrophic factors are upregulated, such as NT-
3, NT-4, and NGF (44). Besides the
immunocytochemistry staining, the IncuCyte can
be utilized in combination with the NeuroTrack
analysis, in which the neurite elongation can be
measured (45). In addition, investigating the
effects on the cCAMP-PKA-CREB pathway after
selective PDE4D isoform ablation can be a
validation that the effects on neuroplasticity are a
result of stimulating this pathway. To identify
these effects, a qPCR and Western Bot analysis
can be used to determine the relative expression
of mMRNA and proteins, respectively, of this
cascade. In addition, the fluorescence resonance
energy transfer (FRET) analysis is an interesting
tool as it can visualize the PKA activity by
detecting the energy transfer using fluorescent
dyes on the molecules, which is essential in the
CAMP-PKA-CREB pathway for memory
consolidation as the activity of PKA causes
phosphorylation of CREB, and this way executes
its function in the pathway (46).

Besides investigating the effects of the
individual PDE4D isoforms in vitro, it is
interesting to validate these findings in AD in vivo
models, such as the transgenic AD mice
(APPswe/PS1dE9). In this mice model, the
CRISPR/Cas9 designs can be administered via
several delivery systems, such as the Adeno-
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associated viruses (AAV), lentiviruses, or lipid
nanoparticles. These delivery systems have their
advantages, but also disadvantages, such as
limited packing capacity, high costs, or
inflammation. Nevertheless, they are already
utilized in the clinical stage, confirming their
therapeutic potential (47). Regarding cortical
neurons, which are non-dividing cells, the AAV
is the most potent delivery system as it can
transfect both dividing and non-dividing cells.
Furthermore, it is necessary to target these AAVs
specifically to the cortical neurons in the brain, by
for example targeting them to the neuronal
marker NeuN (48). Besides, the optimal route of
administration has to be determined, such as the
intranasal, subcutaneous, or intravenous route. To
validate that the CRISPR/Cas9 system has
reached the neurons in the brain specifically, a
GFP reporter can be incorporated and the green
fluorescent color present in the cells can be
investigated ex vivo (49). After optimizing the
delivery strategy of the sgRNAs to the brain of
the AD mice, the effect on neuroplasticity and
memory can be examined. Therefore, behavioral
tests such as the object location task (OLT),
object recognition task (ORT), or Y-maze can be
utilized, as they reflect the spatial memory of the
mice (25). In addition, post-mortem analysis of
the brain of the mice can be of added value as
immunohistochemistry  stainings  of  the
hippocampus or cerebral cortex of the mice can
visualize the neuroplasticity and the correlations
with the outcomes on the behavioral tests.

Since the ultimate goal is to reduce memory
loss in patients with AD, the translation to the
clinical setting is of utmost importance.
Therefore, human in vitro models can be already
of added value, such as human iPSC-derived
cortical neurons. They represent a more
translational approach to the human setting in
comparison to neuroblastoma cell lines or animal
models (50). Bringing CRISPR/Cas9 eventually
to human participants in clinical studies is
possible, but still contains some ethical concerns
(33). Therefore, designing specific inhibitors for
the PDE4D isoforms can be an interesting
approach for further investigations, both in
preclinical and clinical settings. This personalized
treatment can be more accessible for AD patients
with memory loss, as they receive a very targeted
therapy that could stimulate memory
consolidation without causing side effects like
nausea and vomiting.
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CONCLUSION

Altogether, we got an insight into PDE4D
isoform expression in these cells, with and
without ApPi-42 exposure, highlighting PDE4D6 as
a potential target. Furthermore, we defined a near-
optimized protocol for the successful transfection
of CRISPR/Cas9 sgRNAs into the nuclei of the
human SH-SY5Y cells. This transfection protocol
can be utilized for further experiments regarding
determining the effect of ablating the different
PDE4D isoforms on neurite elongation and
memory consolidation in human neurons in vitro,
but it can also further open doors for in vivo
studies and clinical trials for AD patients
suffering from memory loss.
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Table 1: Designed sgRNAs by Benchling.com. The overhang is depicted in red.

::;EE) ‘:ra sgRNA (5°-3”) with overhang SgRNA (3°-5) with overhang
1 CACCGTCCGCTAGCGAGTTCAAAG CAGGCGATCGCTCAAGTTTCCAAA
3 CACCGATATCCAGGAATGCCTTCTAAA CTATAGGTCCTTACGGAAGATTTCAAA
4 CACCGGACCGCACCTCCTACGCGG CCTGGCGTGGAGGATGCGCCCAAA
5 CACCGCAAACAGCGGCGTTTCACGG CGTTTGTCGCCGCAAAGTGCCCAAA
6 CACCGAAACTATTTACTGTCAGTGTCTTG | CTTTGATAAATGACAGTCACAGAACCAAA
7 CACCGTAGGGTTCCATTCCGCGGAA CATCCCAAGGTAAGGCGCCTTCAAA
8 CACCGCTCTTGTAGATGGTCCTGGCACCG | CGAGAACATCTACCAGGACCGTGGCCAAA
9 CACCGCCCGATCTACAAGTTCCCTA CGGGCTAGATGTTCAAGGGATCAAA
Pan CACCGTGGACGGACCGGATAATGG CACCTGCCTGGCCTATTACCCAAA

PDE4D; phosphodiesterase 4D, sgRNA; single guide RNA.

Table 2: PDE4D isoform gPCR primers (Integrated DNA Technologies).

PDEA4D Forward primer Reverse primer
isoform
1 5’-AGAACTGAGTCCCCCTTTCC-3’ 5’-TGAGCTCCCGATTAAGCATC-3’
3 5’-CCACGATAGCTGCTCAAACA-3’ 5’-GTGCCATTGTCCACATCAAAA-3’
4 5’-TCTGGCGCCTTCAAGTGAGA-3’ 5’-CAGAGATGCTTGGGGGCTTT-3’
5 5’-TGTTGCAGCATGAGAAGTCC-3’ 5’-ATGTATGTGCCACCGTGAAA-3’
6 5’-ATTCGATGGGAAGACGGCTG-3’ 5’-CCACAAGCCACGCAGAGTAT-3’
7 5’-GAACATTCAACGACCAACCA-3’ 5’-TTCCGGGACATCATAGACTTTGG-3’
8 5’-CGCACCAGCTCTGACTTCTC-3’ 5’-CGCAATCTTGATTTGGCTCT-3’
9 5’-ATGCTGGTTTCCCTTGTGAC-3’ 5’-ATGGGCAAGGTTCTAACACG-3’
Table 3: Primers for SH-SY5Y genomic amplicon generation for the in vitro transcription.
PDE4D Forward primer Reverse primer AL Fragment
- s A s o -con >
isoform (5-3") (3-5") - sizes
1 CGCATAGTGGTTTTTCCGCT GCTGCAAGGGCTCAGTGTTA 690 242+488
3 TAAATGGATGGACCCATACCTGC GAAATTCATGTGTGCCCTTCCCC 671 274+397
4 GCGCCTTCAAGTGAGAAGCTA AAGGATAGGCACACCCCTGT 758 525+233
5 CGTGGCTGAACGAAGACCT CTCTGTCCAAGTGGGGATCAT 636 180+456
6 CACACCCCCTCGCCTTATAG CCACATGACAAACAGAAGAACTAC | 780 527+253
7 GTTTTAACCAAGCCACACCTGG | CACCAATACATTTTCAGCTCTTCCA | 678 271+407
8 AACGAAGCCCTGTGGGTTTAC AAAGGCTTATTTGCAAGGGGC 604 | 478+126
9 AAAGCGCTCCTGCGTGTTA AAGACAAGGGCAAAGCCTGTC 629 236+393
Pan ACATCATGGTTGAGCTGTTTGG AGTTGTTGACATGGTAGGGCTTAT 663 233+430
Table 4: sgRNA 58bp forward templates for the in vitro transcription. Extra sequence (4bp) in green, T7
promotor (17bp) in orange, extra G(s) added (0-2bp) in purple, target sequence (20-24bp) in black, and
Scaffold Template annealing sequence (15bp) in blue.
:Dslgsﬁra Forward template

1

CCTC

GGTCCGCTAGCGAGTTCAAAGGTTTAAGAGCTATGC

3

CCTC

GGATATCCAGGAATGCCTTCTAAAGTTTAAGAGCTATGC
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CCTCTAATACGACTCACTATAGGACCGCACCTCCTACGCGGGTTTAAGAGCTATGC

CCTCTAATACGACTCACTATAGGCAAACAGCGGCGTTTCACGGGTTTAAGAGCTATGC

CCTCTAATACGACTCACTATAGGAAACTATTTACTGTCAGTGTCTTGGTTTAAGAGCTATGC

CCTCTAATACCGACTCACTATAGGTAGGGTTCCATTCCGCGGAAGTTTAAGAGCTATGC

CCTCTAATACGACTCACTATAGGCTCTTGTAGATGGTCCTGGCACCGGTTTAAGAGCTATGC

O N0

CCTCTAATACCGACTCACTATAGGCCCGATCTACAAGTTCCCTAGTTTAAGAGCTATGC

Pan

CCTCTAATACGCACTCACTATAGGTGGACGGACCGGATAATGGGTTTAAGAGCTATGC

Time after transfection

Transfection conditions (4h on plate)
1,75puL beads + 1,75uL beads + 3,5uL beads +

500ng DNA 1000ng DNA 500n| DNA

48h

5d (- puromycin)

5d (+ puromycin)

Figure S1 — Puromycin administration to the SH-SY5Y cells after transfection with different conditions
(4h on the magnetic plate). IncuCyte images at 20x magnification of the three transfection conditions with 4h
on the magnetic plate after 48h of transfection and 5d, with and without 1jug/mL puromycin administration. The
scale bar represents 200um. h; hours, d; days, yL; microliter, ng; nanograms, um; micrometer.




