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has shown that high levels of SNCA are causative for the development of PD. Recognizing the
unmet need to establish novel therapeutic approaches for PD, especially those targeting the
regulation of SNCA expression, we recently developed a CRISPR/dCas9-DNA-methylation-based
system to epigenetically modulate SNCA transcription by enriching methylation levels at the
SNCA intron 1 regulatory region. To deliver the system, consisting of a dead (deactivated) version
of Cas9 (dCas9) fused with the catalytic domain of the DNA methyltransferase enzyme 3A
(DNMT3A), a lentiviral vector is used. This system is applied to cells with the triplication of the
SNCA locus and reduces the SNCA-mRNA and protein levels by about 30% through the targeted
DNA methylation of SNCA intron 1. The fine-tuned downregulation of the SNCA levels rescues
disease-related cellular phenotypes. In the current protocol, we aim to describe a step-by-step
procedure for differentiating hiPSCs into neural progenitor cells (NPCs) and the establishment
and validation of pyrosequencing assays for the evaluation of the methylation profile in the SNCA
intron 1. To outline in more detail the lentivirus-CRISPR/dCas9 system used in these experiments,
this protocol describes how to produce, purify, and concentrate lentiviral vectors and to highlight
their suitability for epigenome- and genome-editing applications using hiPSCs and NPCs. The
protocol is easily adaptable and can be used to produce high titer lentiviruses for in vitro and in
vivo applications.

INTRODUCTION:

Multiple epigenome-editing platforms have been recently developed to target any DNA
sequences in the regions that control gene expression’?. The created epigenome-editing tools
are designed to (i) regulate transcription, (ii) alter posttranslational histone modifications, (iii)
modify DNA methylation, and (iv) modulate regulatory element interactions. The approach to
anchor the transcription/chromatin modifiers to a deactivated (dead) Cas9 (dCas9) raised from
previously developed epigenome-editing platforms, such as zinc finger proteins (ZFPs) and
transcription activator-like effectors (TALEs), harboring a potent transcriptional effector domain
(ED) fused to the desighed DNA-binding domain (DBD)3. The outcomes of the desired phenotype
such as activation or repression is defined by the effector molecule anchored to the endogenous
loci (Figure 1). To create programmable transcriptional activators, dCas9/gRNA modules are
linked to VP16%® (Figure 1A), a viral activation domain that recruits Pol Il and the general
transcription machinery. The modification of this system has included VP64, a tetramer of VP16
domains, providing an even more robust activation rate>®. The system has been successfully
employed to activate coding and noncoding regions by targeting promoters and regulatory
elements. Importantly, even though VP64 molecules do not directly modify the chromatin
structure in the target region, it recruits chromatin modifiers which bind results in deposition of
the active (euchromatin) marks, including as H3/H4 acetylation and H3-K4 di/tri-methylation>®.
In addition to VP64, the p65 subunit of the human NF-kB complex has been tethered to the
dCas9/gRNA module’. Interestingly, the tethering of these effectors to the regions upstream of
transcription start sites (TSSs) and within promoters results in a strong gene induction.
Nevertheless, VP64 and p65 effectors can also exert the activatory effects while being linked to
the regions located downstream of TSSs and at distal enhancers’®. To elicit a more robust
transcriptional response, multiple dCas9-VP64 or dCas9-p65 fusions need to be recruited to a
single target locus®!°. As such, the recent development of next-generation activators, which
recruit multiple effector domains by a single dCas9-gRNA complex, such as SunTag, has resulted
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in a stronger activation capability comparing to dCas9-VP64 fusion counterparts!2. An
improved transcriptional activation has been obtained through the fusion of VP64, p65, and Rta
(VPR), a transactivation domain from gamma-herpesviruses, to the C-terminus of dCas9*3 (Figure
1A). Similar CRISPR/dCas9 systems have been developed for target-specific repression (Figure
1B).

Endogenous gene repression can be achieved with engineered repressor fusions through a
variety of mechanisms (Figure 1B). It has been demonstrated that CRISPR/dCas9 systems, linked
to the repressor DBD (even without an effector domain/s), can efficiently silence gene expression
while tethered to a promoter or upstream/downstream-TSS regions>®!4. The effects on
transcription is caused by the steric interference of transcription factor binding and RNA
polymerase processing. Nevertheless, more comprehensive approaches are needed, as gene
repression by steric hindrance alone is often not sufficient for robust silencing. The recent
development of the next generation of silencers based on CRISPR/dCas9 systems carrying
transcriptional repressor domains (TRDs), histone modifiers (H3-K9 di-/tri-methylation, H3-K27
di-/tri-methylation; H3-K36 di-/tri-methylation, H3/H4 deacetylation), and DNA (CpG)
methylation led to the construction of epigenetic tools allowing more robust silencing
effects*>1>20_ |t has been demonstrated that the recruitment of these epigenetic modifiers to
the DNA may lead to the formation of more closed and condensed chromatin, which typically
generate a more potent silencing outcome?%?2, The most commonly silencing domain used with
DBDs is the Kriippel-associated box (KRAB)*>. The recruitment of the factor has been
demonstrated to correspond with chromatin changes; nevertheless, the mechanisms of these
modifications are yet to be elucidated!®®. Recently, it has been shown that the localization of
KRAB to DNA can promote the assembly of the histone methyltransferase SETDB1 and the
histone deacetylation (HDAC) NuRD complexes, suggesting the possibility that these interactions
mediate the formation of chromatin condensation and transcriptional silencing®>!3. As an
alternative approach, effector domains can be fused to DBDs to create a custom epigenetic
silencing protein. This system directly catalyzes repressive DNA marks or histone modifications.

Recently, the use of synthetic CRISPR/dCas9 systems tethered to the DNMT3A enzyme has been
repurposed for transcriptional deactivation. DNMT3A catalyzes DNA methylation that exerts
transcriptional repression throughout the formation of heterochromatin on endogenous gene
promoters and other regulatory regions (Figure 1B)*®2°, McDonald et al.'® and Vojta et al.?° were
the first authors to report that DNA methylation can be used for epigenome-gene silencing or
repression, demonstrating that the plasmid-delivered dCas9-DNMT3A fusion system can
potently enhance cytosine methylation around the TSS'®2°, McDonald and coworkers
demonstrated that the employment of the strategy may result in a significant reduction (about
40%) in a tumor-suppressor gene, CDKN2A mRNA levels8. Similarly, targeting the unmethylated
promoter region of the BACH or IL6ST genes shows increased CpG methylation that has been
correlated with a twofold reduction in the gene expression?°. Our lab has recently repurposed
the use of DNA methylation for attenuating the pathological outcomes of SNCA overexpression
(Figure 2)%. The strategy is based on selective enhancement in DNA methylation within the SNCA
intron 1 region, as it was previously reported to be hypomethylated in PD and dementia with
Lewy bodies (DLB) brains?*28. This hypomethylation has been linked to SNCA overexpression,
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thus offering an attractive target for therapeutic intervention?*27.28, We recently showed a low
level of DNA methylation in the SNCA intron 1 region in hiPSC-derived dopaminergic NPCs
obtained from a PD patient with the SNCA triplication?3. The advantage of this experimental
model is that the NPCs can be robustly propagated in culture or further differentiated into mature
neurons, enabling an efficient screening to identify genetic factors that mediate cellular
phenotypes, including oxidative stress and apoptosis?®. Furthermore, this model system enables
scientists to recapitulate the developmental events that occurred prior to symptom onset in
patients. In addition, hiPSC-derived NPCs represent a great tool to test the cellular and molecular
pathways associated with gene expression. Importantly, hiPSC-derived NPCs combined with
state-of-the-art CRISPR/Cas9-epigenome technology can greatly facilitate the development of
“next-generation drugs” for many neurodegenerative diseases.

To reduce pathological levels of SNCA expression, we recently developed a lentivirus-based
system carrying a dCas9-DNMT3A fusion protein and gRNA to specifically target CpG methylation
within the SNCA intron 1 (Figure 2A)%3. This protocol will describe lentiviral vector (LV) design and
production in detail. LVs represent an effective means of delivering CRISPR/dCas9 components
for several reasons, namely (i) their capacity to carry bulky DNA inserts, (ii) a high efficiency of
transducing a broad range of cells, including both dividing and nondividing cells*°, and (iii) their
ability to induce minimal cytotoxic and immunogenic responses. Recently, we applied the LV
system to hiPSC-derived dopaminergic neurons from a patient with the triplication of the SNCA
locus and demonstrated the therapeutic potential of LVs for the delivery of epigenome-editing
methylation tools?? (Figure 2B). Indeed, an LV-gRNA/dCas9-DNMT3A system causes a significant
increase in DNA methylation at the SNCA intron 1 region. This increase corresponds with the
reduction in the levels of SNCA mRNA and protein?3. Moreover, SNCA downregulation rescues
PD-related phenotypes in the SNCA triplication/hiPSC-derived dopaminergic neurons (e.g.,
mitochondrial ROS production and cell viability)?3. Importantly, we demonstrated that the
reduction in SNCA expression by the LV-gRNA-dCas9-DMNT3A system is capable of reversing the
phenotypes which are characteristic for hiPSC-derived dopaminergic neurons from a PD patient
who carried the SNCA triplication, such as mitochondrial ROS production and cell viability?3. The
goal of this protocol is 1) to outline the protocol of production and concentration of an optimized
LV platform for generating high-tittered viral preparations and 2) to describe the differentiation
of hiPSCs into NPCs patterned to become mature dopaminergic neurons33? and the
characterization of the methylation levels of the targeted region within SNCA intron 1.

Lentiviral platforms have a major advantage over the most popular vector platform, namely
adeno-associated vectors (AAVs), which is the former’s ability to accommodate larger genetic
inserts3334. AAVs can be generated at significantly higher yields but possess a low packaging
capacity (<4.8 kb), compromising their use for delivering all-in-one CRISPR/Cas9 systems. Thus, it
seems that the LVs would be the platform-of-choice in the applications involved in the delivery
of CRISPR/dCas9 tools. Therefore, the protocol outlined here will be a valuable tool for
researchers desiring to effectively deliver epigenome-editing components to the cells and organs.
The protocol further outlines the strategy to increase the production and expression capabilities
of the vectors via a modification in cis of the elements within the vector expression cassette3%3>,
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The strategy is based on the novel system developed and studied in our lab and highlights its
ability to produce viral particles in the range of 10 viral units (VU)/mL3%3>

PROTOCOL:
1. System design and virus production
1.1. Plasmid design and construction

NOTE: The construction of an all-in-one LV-gRNA-dCas9-DNMT3A vector is performed by using a
production-and expression-optimized expression cassette published by Ortinski et al.3°. The
vector cassette carries a repeat of the recognition site of transcription factor Sp1 and a state-of-
the-art deletion within the untranslated (U3') region of a 3'-long terminal repeat (LTR) (Figure
2A)393% The vector backbone has been found to be effective in delivering and expressing
CRISPR/Cas930:3>,

1.1.1. Obtain the deactivate (dead) version of SpCas9 (dCas9) via site-directed mutagenesis (data
not shown). Replace the clone harboring D10A and H840A mutations in HNH and RuvC catalytic
domains of the enzyme, respectively, with the active Cas9 in pBK301%° by exchanging between
Agel-BamHI fragments (Figure 3).

1.1.2. Derive the DNMT3A catalytic domain from pdCas9-DNMT3A-eGFP (see Table of Materials)
by amplifying the DNMT3A portion BamHI-429/R 5'-GAGCGGATCCCCCTCCCG-3' BamHI-429/L 5'-
CTCTCCACTGCCGGATCCGG-3' (Figure 3). To amplify the region containing DNMT3A, use the
following conditions: (1) 95 °C for 60 s, (2) 95 °C for 10 s, (3) 60 °C for 20 s, (4) 68 °C for 60 s.
Repeat conditions 2 to 4 30x. For the final extension, use 68 °C for 3 min and hold 4 °C.

1.1.3. Clone the DNMT3A fragment, digested by a BamHI restriction enzyme, into the BamH]I site
of the modified pBK301 vector carrying dCas9. Verify the cloning by direct Sanger sequencing.
Note that the resulted plasmid harbors dCas9-DNMT3A-p2a-puromycin transgene. The plasmid
expresses gRNA scaffold from human U6 promoter (Figure 3).

1.1.4. Replace the puromycin reporter gene with green fluorescent protein (GFP) to create
dCas9-DNMT3A-p2a-GFP. Digest dCas9-DNMT3A-p2a-Puro plasmid with Fsel. Purify the vector
fragment using a gel purification method. Prepare the insert by digesting pBK201a (pLenti-GFP)
with Fsel. Clone the Fsel fragment into the vector. The resulted plasmid pBK539 harbors dCas9-
DNMT3A-p2a-GFP transgene (Figure 3).

1.2. Culturing HEK-293T cells and plating cells for transfection
NOTE: Human embryonic kidney 293T (HEK-293T) cells are cultured in complete high-glucose

Dulbecco’s modified Eagle’s medium (DMEM; 10% bovine calf serum, 1x antibiotic-antimycotic,
1x sodium pyruvate, 1x nonessential amino acid, 2 mM L-glutamine) at 37 °C with 5% CO.. For
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the reproducibility of the protocol, it is recommended to test the calf serum when switching to a
different lot/batch. Up to six 15 cm plates are needed for lentiviral production.

1.2.1. Use low-passage cells to start a new culture (lower than passage 20). Once the cells reach
90%—-95% confluence, aspirate the media and gently wash it with sterile 1x phosphate-buffered
saline (PBS).

1.2.2. Add 2 mL of trypsin-EDTA (0.05%) and incubate it at 37 °C for 3=5 min. To inactivate the
dissociation reagent, add 8 mL of complete high-glucose DMEM, and pipette 10x—15x with a 10
mL serological pipette to create a single-cell suspension of 4 x 10° cells/mL.

1.2.3. For the transfections, coat 15 cm plates with 0.2% gelatin. Add 22.5 mL of high-glucose
medium and seed the cells by adding 2.5 mL of cell suspension (total ~1 x 107 cells/plate).
Incubate the plates at 37 °C with 5% CO; until 70%—-80% confluence is reached.

1.3. Transfection of HEK-293T cells

1.3.1. Prepare 2x BES-buffered solution BBS and 1 M CaCl,, according to Vijayraghavan and
Kantor3>. Filter the solutions by passing them through a 0.22 um filter and store them at 4 °C. The
transfection mix has to be clear prior to its addition to the cells. If the mix becomes cloudy during
incubation, prepare fresh 2x BBS (pH = 6.95).

1.3.2. To prepare the plasmid mix, use the four plasmids as listed (the following mix is sufficient
for one 15 cm plate): 37.5 ug of the CRISPR/dCas9-transfer vector (pBK492 [DNMT3A-Puro-NO-
gRNA] or pBK539 [DNMT3A-GFP-NO-gRNA]); 25 ug of pBK240 (psPAX2); 12.5 pg of pMD2.G; 6.25
ug of pRSV-rev (Figure 4A). Calculate the volume of the plasmids based on the concentrations
and add the required quantities into a 15 mL conical tube. Add 312.5 pL of 1 M CaCl, and bring
the final volume to 1.25 mL, using sterile dd-H,0. Gently add 1.25 mL of 2x BBS solution while
vortexing the mix. Incubate for 30 min at room temperature. The cells are ready for transfection
once they are 70%—80% confluent.

1.3.3. Aspirate the media and replace it with 22.5 mL of freshly prepared high-glucose DMEM
without serum. Add 2.5 mL of the transfection mixture dropwise to each 15 cm plate. Swirl the
plates and incubate at 37 °C with 5% CO; for 2-3 h.

1.3.4. After 3 h, add 2.5 mL (10%) of serum per plate and incubate overnight at 37 °C with 5%
COa.

1.3.5. On day 1 after the transfection, observe the cells to ensure that there is no or minimal cell
death and that the cells formed a confluent culture (100%).

1.3.5.1. Change the media by adding 25 mL of freshly prepared high-glucose DMEM and 10%
serum to each plate.
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1.3.6. Incubate at 37 °C with 5% CO; for 48 h.
1.4. Harvest of the virus

1.4.1. Collect the supernatant from all the transfected cells and pool them in 50 mL conical tubes.
Centrifuge at 400—450 x g for 10 min. Filter the supernatant through a 0.45 um vacuum filter unit.
After filtration, the supernatant can be kept at 4 °C for short-term storage (up to 4 days). For
long-term storage, prepare aliquots and store them at -80 °C.

NOTE: The nonconcentrated viral preparations are expected to be ~2 x 107 to 3 x 107 vu/mL (refer
to section 1.5 for titer determination). It is highly recommended to prepare single-use aliquots,
since multiple freeze-thaw cycles will result in a 10%—20% loss in functional titers.

1.5. Concentration of viral particles

NOTE: For the purification, a two-step double-sucrose method involving a sucrose gradient step
and a sucrose cushion step is performed (Figure 4B).

1.5.1. To create a sucrose gradient, prepare the conical ultracentrifugation tubes in the following
order: 0.5 mL of 70% sucrose in 1x PBS, 0.5 mL of 60% sucrose in DMEM, 1 mL of 30% sucrose in
DMEM, and 2 mL of 20% sucrose in 1x PBS.

1.5.2. Carefully, add the supernatant, collected according to section 1.4, to the gradient. Since
the total volume collected from four 15 cm plates is 100 mL, use six ultracentrifugation tubes to
process the viral supernatant.

1.5.3. Equally distribute the viral supernatant among each ultracentrifugation tube. To avoid
tube breakage during centrifugation, fill the ultracentrifugation tubes to at least three-fourth of
their total volume capacity. Balance the tubes with 1x PBS. Centrifuge the samples at 70,000 x g
for2 hat 17 °C.

NOTE: To maintain the sucrose layer during the acceleration and deceleration steps, allow the
ultracentrifuge to slowly accelerate and decelerate the rotor from 0 to 200 x g and from 200 to O
x g during the first and last 3 min of the spin, respectively.

1.5.4. Gently collect 30%-60% sucrose fractions into clean tubes (Figure 4B). Add 1x PBS (cold)
up to 100 mL of total volume. Mix by pipetting multiple times.

1.5.5. Carefully, stratify the viral preparation on a sucrose cushion by adding 4 mL of 20% sucrose
(in 1x PBS) to the tube. Continue by pipetting ~20-25 mL of the viral solution per each tube. Fill
the tubes with 1x PBS if the volume of their contents is less than three-fourth per tube. Carefully
balance the tubes. Centrifuge at 70,000 x g for 2 h at 17 °C. Empty the supernatant and invert the
tubes on paper towels to allow the remaining liquid to drain.
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1.5.6. Remove all the liquid by cautiously aspirating the remaining liquid. Note that, at this step,
pellets containing the virus are barely visible as small translucent spots. Add 70 puL of 1x PBS to
the first tube to resuspend the pellet. Thoroughly pipette the suspension and transfer it to the
next tube until all pellets are resuspended.

1.5.7. Wash the tubes with an additional 50 pL of 1x PBS and mix as before. Note that, at this
step, the volume of the final suspension is ~120 uL and appears slightly milky. To obtain a clear
suspension, proceed with a 60 s centrifugation at 10,000 x g. Transfer the supernatant to a new
tube, make 5 pL aliquots, and store them at -80 °C.

NOTE: Lentiviral vector preparations are sensitive to the repeated cycles of freezing and thawing.
In addition, it is suggested that the remaining steps are done in tissue culture containment or in
designated areas qualified in terms of being at adequate levels of biosafety standards (Figure 4B).

1.6. Quantification of viral titers

NOTE: The estimation of viral titers is performed using the p24 enzyme-linked immunosorbent
assay (ELISA) method (p2482 ELISA) and according to the National Institutes of Health (NIH) AIDS
Vaccine Program protocol for the HIV-1 p24 Antigen Capture Assay with slight modifications.

1.6.1. Use 200 pL of 0.05% Tween 20 in cold 1x PBS (PBS-T) to wash the wells of a 96-well plate
3x.

1.6.2. To coat the plate, use 100 pL of monoclonal anti-p24 antibody diluted at 1:1,500 in 1x PBS.
Incubate the plate overnight at 4 °C.

1.6.3. Prepare blocking reagent (1% bovine serum albumin [BSA] in 1x PBS) and add 200 puL to
each well to avoid nonspecific binding. Use 200 uL of PBS-T to wash the well 3x for at least 1 h at
room temperature.

1.6.4. Proceed with the sample preparation. When working with concentrated vector
preparations, dilute the vector at 1:100 by using 1 uL of the sample, 89 uL of dd-H20, and 10 uL
of Triton X-100 (at a final concentration of 10%). For nonconcentrated preparations, dilute the
samples at 1:10.

1.6.5. Obtain HIV-1 standards by using a twofold serial dilution (the starting concentration is 5
ng/mL).

1.6.6. Dilute the concentrated samples (prepared in step 1.6.4) in RPMI 1640 supplemented with
0.2% Tween 20 and 1% BSA to obtain 1:10,000, 1:50,000, and 1:250,000 dilutions. Similarly, dilute
the nonconcentrated samples (prepared in step 1.6.4) in RPMI 1640 supplemented with 0.2%
Tween 20 and 1% BSA to establish 1:500, 1:2,500, and 1:12,500 dilutions.

1.6.7. Add the samples and standards on the plate in triplicates. Incubate overnight at 4 °C.
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1.6.8. The next day, wash the wells 6x.

1.6.9. Add 100 pL of polyclonal rabbit anti-p24 antibody, diluted at 1:1,000 in RPMI 1640, 10%
fetal bovine serum (FBS), 0.25% BSA, and 2% normal mouse serum (NMS), and incubate at 37 °C
for 4 h.

1.6.10. Wash the wells 6x. Add goat anti-rabbit horseradish peroxidase IgG diluted at 1:10,000 in
RPMI 1640 supplemented with 5% normal goat serum, 2% NMS, 0.25% BSA, and 0.01% Tween
20. Incubate at 37 °Cfor 1 h.

1.6.11. Wash the wells 6x. Add TMB peroxidase substrate and incubate at room temperature for
15 min.

1.6.12. To stop the reaction, add 100 pL of 1 N HCl. In a microplate reader, measure the
absorbance at 450 nm.

1.7. Measurement of fluorescent reporter intensity
1.7.1. Use the viral suspension to obtain a 10-fold serial dilution (from 10 to 10) in 1x PBS.

1.7.2. Plate 5 x 10° HEK-293T cells in each well of a 6-well plate. Apply 10 pL of each viral dilution
to the cells and incubate at 37 °C with 5% CO, for 48 h.

1.7.3. Proceed to the fluorescence-activated cell sorting (FACS) analysis as follows: detach cells
by adding 200 pL of 0.05% trypsin-EDTA solution. Incubate the cells at 37 °C for 5 min and
resuspend them in 2 mL of DMEM medium (with serum). Collect the samples into a 15 mL conical
tube and centrifuge at 400 x g at 4 °C. Resuspend the pellet in 500 uL of cold 1x PBS.

1.7.4. Fix the cells by adding 500 pL of 4% paraformaldehyde (PFA) and incubate for 10 min at
room temperature.

1.7.5. Centrifuge at 400 x g at 4 °C and resuspend the pellet in 1 mL of 1x PBS. Analyze the GFP
expression using a FACS instrument, as described in Ortinski et al.3°. To determine the virus
functional titer, use the following formula.

Transducting units (TU) per mL = ;_i % N X 1,(‘)/00

Here,

Tg = number of GFP-positive cells;

Tn = total number of cells;

N = total number of transduced cells;

V = volume used for transduction (in microliters).
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1.8. Counting GFP-positive cells

NOTE: Determine the multiplicity of infection (MOI) that is employed for transduction. Test a
wide range of MOls (from MOI =1 to MOI = 10).

1.8.1. Seed 3 x 10° to 4 x 10° HEK-293T cells per each well of a 6-well plate.

1.8.2. When the cells reach >80% confluence, transduce them with the vector at the MOI of
interest.

1.8.3. Incubate at 37 °C with 5% CO,, and monitor the GFP signal in the cells for 1-7 days.

1.8.4. Count the number of GFP-positive cells. Employ a fluorescent microscope (Plan 4x
objective, 0.1 N.A., 40x magnification) using a GFP filter (excitation wavelength = 470 nm,
emission wavelength = 525 nm). Use untransduced cells to set the control population of GFP-
negative cells.

1.8.5. Employ the following formula to determine the functional titer of the virus.
Transducting units (TU) per mL = (N) X (D) X (M) XV

Here,

N = number of GFP-positive cells;

D = dilution factor;

M = magpnification factor;

V = volume of virus used for transduction.

NOTE: Calculate the results following this example: for 10 GFP-positive cells (N) counted at a
dilution (D) of 10 (1:10,000) at 20x magnification (M) in a 10 pL sample (V), the TU per milliliter
will be (10 x 10%) x (20) x (10) x (100) = 2 x 108 vu/mL.

2. Differentiation of dopaminergic neural progenitor cells
2.1. Culturing hiPSCs

NOTE: hiPSCs from a patient with the triplication of the SNCA locus, ND34391, were obtained
from the National Institute of Neurological Disorders and Stroke (NINDS) catalog (see Table of
Materials).

2.1.1. Culture hiPSCs under feeder-independent conditions in feeder-free ESC-iPSC culture
medium (see Table of Materials) onto hESC-qualified basic matrix membrane (BMM)-coated
plates (see Table of Materials). Wash confluent colonies with 1 mL of DMEM/F12, add 1 mL of
dissociation reagent (see Table of Materials), and incubate for 3 min at room temperature.
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2.1.2. Aspirate the dissociation reagent and add 1 mL of feeder-free ESC-iPSC culture medium.

2.1.3. Scrape the plate using a cell lifter and resuspend the colonies in 11 mL of feeder-free ESC-
iPSC culture medium by pipetting 4x—5x using borosilicate pipettes.

2.1.4. Plate 2 mL of colony suspension onto BMM-coated plates and place the plate at 37 °C with
5% CO;. Perform a daily medium change and split the cells every 5-7 days.

2.2. Differentiation into dopaminergic neural progenitor cells

NOTE: The differentiation of hiPSCs into dopaminergic neural progenitor cells (MD NPCs) is
performed using a commercially available neural induction medium protocol per manufacturers’
instructions, with slight modifications3%3? (see Table of Materials). The first day of the
differentiation is considered as day 0. High-quality hiPSCs are required for efficient neural
differentiation. The induction of MD NPCs is performedusing an embryoid body (EB)-based
protocol.

2.2.1. Prior to starting the differentiation of hiPSCs, prepare a microwell culture plate (see Table
of Materials) according to its manufacturer’s instructions.

2.2.2. After preparing the microwell culture plate, add 1 mL of neural induction medium (NIM;
see Table of Materials) supplemented with 10 uM Y-27632.

2.2.3. Set the plate aside until ready to use.

2.2.4. Wash hiPSCs with DMEM/F12, add 1 mL of cell detachment solution (see Table of
Materials), and incubate for 5 min at 37 °C with 5% CO,.

2.2.5. Resuspend single cells in DMEM/F12 and centrifuge them at 300 x g for 5 min.

2.2.6. Carefully aspirate the supernatant and resuspend the cells in NIM + 10 uM Y-27632 to
obtain a final concentration of 3 x 108 cells/mL.

2.2.7. Add 1 mL of the single-cell suspension to a single well of the microwell culture plate and
centrifuge the plate at 100 x g for 3 min.

2.2.8. Examine the plate under the microscope to ensure an even distribution of the cells among
the microwell, and incubate the cells at 37 °C with 5% CO,.

2.2.9. On days 1-4, perform a daily partial medium change.

2.2.10. Using a 1 mL micropipette, remove 1.5 mL of the medium and discard. Slowly, add 1.5 mL
of fresh NIM without Y-27632.
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2.2.11. Repeat step 2.2.10 until day 4.
2.2.12. On day 5, coat one well of a 6-well plate with BMM.

2.2.13. Place a 37 um reversible strainer (see Table of Materials) on top of a 50 mL conical tube
(waste). Point the arrow of the reversible strainer upward.

2.2.14. Remove the medium from the microwell culture plate without disturbing the formed EBs.

2.2.15. Add 1 mL of DMEM/F12 and promptly collect the EBs with the borosilicate pipette and
filter them through the strainer.

2.2.16. Repeat step 2.2.15 until all EBs are removed from the microwell culture plate.

2.2.17. Invert the strainer over a new 50 mL conical tube and add 2 mL of NIM to collect all the
EBs.

2.2.18. Plate 2 mL of the EB suspension into a single well of the BMM-coated plate using a
borosilicate pipette. Incubate the EBs at 37 °C with 5% CO..

2.2.19. On day 6, prepare 2 mL of NIM + 200 ng/mL SHH (see Table of Materials) and perform a
daily medium change.

2.2.20. On day 8, examine the percentage of neuronal induction.

2.2.21. Count all attached EBs and, specifically, determine the number of each individual EB that
is filled with neural rosettes. Quantify the neural rosette induction using the following formula.

Number of EBs with = 50% neural rosettes

100
Total number of EBs

NOTE: If the neural induction is <75%, neural rosette selection may be inefficient.

2.2.22. On day 12, prepare 250 mL of N2B27 medium with 119 mL of neurobasal medium, 119
mL of DMEM/F12 medium, 2.5 mL of GlutaMAX, 2.5 mL of NEAA, 2.5 mL of N2 supplement, 5 mL
of B27 without vitamin A, 250 pL of Gentamicin (50 mg/mL), and 19.66 uL of BSA (7 mg/mL).

2.2.23. To prepare 50 mL of complete N2B27 medium, add 3 uM CHIR99021, 2 uM SB431542, 20
ng/mL bFGF, 20 ng/mL EGF, and 200 ng/mL SHH.

NOTE: It is important to prepare the completed medium right before use.

11
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2.2.24. Aspirate medium from the wells containing the neural rosettes and wash with 1 mL of
DMEM/F12.

2.2.25. Ad 1 mL of neural rosette selection reagent (see Table of Materials) and incubate at 37
°C with 5% CO; for 1 h.

2.2.26. Remove the selection reagent and, using a 1 mL pipettor, aim directly at the rosette
clusters.

2.2.27. Add the suspension to a 15 mL conical tube and repeat steps 2.2.25 and 2.2.26 until the
majority of the neural rosette clusters have been collected.

NOTE: To avoid contamination with nonneuronal cell types, do not overselect.
2.2.28. Centrifuge the rosette suspension at 350 x g for 5 min. Aspirate the supernatant and
resuspend the neural rosettes in N2B27 + 200 ng/mL SHH. Add the neural rosette suspension to

a BMM-coated well and incubate the plate at 37 °C with 5% CO..

2.2.29. On days 13-17, perform a daily medium change using completed N2B27 medium.
Passage the cells when the cultures are 80%—90% confluent.

2.2.30. To split the cells, prepare a BMM-coated plate.

2.2.31. Wash the cells with 1 mL of DMEM/F12, aspirate the medium, and add 1 mL of
dissociation reagent (see Table of Materials).

2.2.32. Incubate for 5 min at 37 °C, add 1 mL of DMEM/F12, and dislodge attached cells by
pipetting up and down. Collect the NPC suspension in a 15 mL conical tube. Centrifuge at 300 x g

for 5 min.

2.2.33. Aspirate the supernatant and resuspend the cells in 1 mL of complete N2B27 + 200 ng/mL
SHH.

2.2.34. Count the cells and plate them at a density of 1.25 x 10° cells/cm?, and incubate the cells
at 37 °C with 5% CO,.

2.2.35. Change the medium every other day, using complete N2B27 + 200 ng/mL SHH.

NOTE: At this passage, NPCs are considered as passage (P) 0. SHH can be withdrawn from the
N2B27 medium at P2.

2.2.36. Passage the cells once they reach 80%—90% confluence.

12
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2.2.37. At this stage, confirm that the cells express Nestin and FoxA2 markers by using
immunocytochemistry and qPCR. This protocol leads to the generation of 85% double-positive
cells for the Nestin and FoxA2 markers.

2.2.38. For passaging cells, repeat steps 2.2.31-2.2.36.

2.2.39. Freeze the cells, starting from passage P2. For the freezing of cells, repeat steps 2.2.31—
2.2.36 and resuspend the cell pellet at 2 x 10° to 4 x 10° cells/mL using cold neural progenitor
freezing medium (see Table of Materials).

2.2.40. Transfer 1 mL of the cell suspension into each cryovial and freeze the cells using a
standard slow-rate-controlled cooling system. For long-term storage, keep the cells in liquid
nitrogen.

2.3. Thawing MD NPCs

2.3.1. Prepare a BMM-coated plate and warm complete N2B27. Add 10 mL of warm DMEM/F12
to a 15 mL conical tube. Place a cryovial in a 37 °C heat block for 2 min.

2.3.1.1. Transfer the cells from the cryovial to the tube containing DMEM/F12. Centrifuge at 300
x g for 5 min.

2.3.1.2. Aspirate the supernatant, resuspend the cells in 2 mL of N2B27, and add the cell
suspension to one well of the BMM-coated plate. Incubate the cells at 37 °C with 5% CO,.

3. Transduction of MD NPCs and the analysis of methylation changes
3.1. Transduction of MD NPCs

3.1.1. Transduce MD NPCs at 70% confluence with LV-gRNA/dCas9-DNMT3A vectors at MOI = 2.
Replace the N2B27 medium 16 h posttransduction.

3.1.2. Add N2B27 with 5 pg/mL puromycin, 48 h after the transduction. Culture the cells for 3
weeks into N2B27 plus puromycin to obtain the stable MD NPC lines. Cells are ready for
downstream applications (DNA, RNA, protein analyses, phenotypic characterization?3, freezing
and passaging).

3.2. Characterization of the methylation profile of SNCA intron 1

3.2.1. Extract DNA from each stably transduced cell line using a DNA extraction kit (see Table of
Materials).

13
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3.2.2. Use 800 ng of DNA to perform a bisulfite conversion, using a commercially available kit
(see Table of Materials). After the bisulfite conversion, elute the bisulfite-converted DNA to 20

ng/uL.
3.3. PCR for the pyrosequencing analysis

3.3.1. Prepare the PCR master mix in a nuclease-free tube. For each reaction, use 0.4 pL of
reverse primer (10 uM), 0.4 uL of forward primer (10 uM), 1.6 pL of MgCl; (25mM), 2 pL of 10x
CorallLoad Concentrate, 10 pL of 2x PCR master mix, 4 uL of 5x Q-Solution, 1 pL of DNA, and 0.6
uL of nuclease-free water.

3.3.2. Transfer the reaction plate to a thermocycler and perform PCR using the following
conditions: 95 °C for 15 min, 50 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s, with a
final 10 min extension step at 72 °C. Primers used for the pyrosequencing of SNCA intron 1 are
listed in Table 1, Figure 7A, and Supplementary Figure 1.

3.3.3. After amplification, visualize the amplicons using 2 puL of PCR product with ethidium
bromide staining, following agarose gel electrophoresis.

3.3.4. Pyrosequencing assays are validated by using mixtures of unmethylated (U) and
methylated (M) bisulfite-converted DNAs in the following ratios, namely 100U:0M, 75U:25M,
50U:50M, 25U:75M, and OU:100M (see Table of Materials).

3.3.5. Conduct pyrosequencing using pyrosequencing reagents (see Table of Materials), and
calculate the methylation values for each CpG site using pyrosequencing software. For a detailed
pyrosequencing protocol, refer to Bassil et al.?’.

REPRESENTATIVE RESULTS:

Validation of the production titers of the LV-dCas9-DNMT3A-GFP/Puro vectors compared to
the naive GFP counterpart

We performed p2482€ ELISA to compare between physical titers of LV-dCas9-DNMT3A-GFP/Puro
with the naive GFP/Puro counterparts. Representative results, presented in Figure 5A,
demonstrate that physical yields of the vectors, generated using the protocol herein outlined,
are comparable. This suggests that the utility of the optimized vector backbone, combined with
the optimized production protocol, results in high-yield titer of the CRISPR/dCas9 vectors. To
evaluate the efficiency of the packaging of dCas9-DNMT3A transgene into the viral particles, we
performed a transduction of the concentrated vector into HEK-293T cells (Figure 5B).
Notwithstanding, the results reported in Figure 5A showed that the transduction rates of the LV-
dCas9-DNMT3A-GFP vector was significantly lower than that of the naive GFP vector (Figure 5B).
In fact, the functional titer of the LV-dCas9-DNMT3A-GFP vector was four times lower than that
of the naive counterpart, suggesting that the packaging efficiency of the CRISPR/dCas9 RNA is
reduced. Furthermore, the LV-dCas9-DNMT3A-Puro vector formed puromycin-resistant colonies
at a rate that was fivefold lower compared with the naive-Puro counterpart. We also tested the
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efficiency of the transduction of the LV-dCas9-DNMT3A-Puro vectors in the MD NPCs. To this
end, cells were transduced with a naive LV-GFP vector and LV-dCas9-DNMT3A-Puro at MOI = 1.
As shown in Figure 5C, the transduction rates of the Puro control vector were fivefold higher
compared with the dCas9-DNMT3A vector. These results were confirmed by using GFP versions
of the vectors (Figure 5D). As suggested in the discussion section, with lower
packaging/expression characteristics of the LV-epigenome-editing system described here, its
levels are sufficient to induce sustainable DNA methylation on the target sequences.
Furthermore, these characteristics can be improved by scaling up the production procedure.

Differentiation of MD NPCs

The EB-based protocol described here allows the differentiation of MD NPCs (Figure 6A). We
assessed the differentiation process by using specific markers at different stages. hiPSCs
expressed pluripotency marker OCT4, while the MD NPCs expressed both Nestin and FOXA2
(Figure 6B,C). We previously reported that this differentiation protocol produces 83.3% of cells
that are double positive for the Nestin and FOXA2 markers3!, confirming the successful
differentiation of these cells. At least 75%—80% of the cells need to show the cell-specific
markers. A lower yield (<50%) of positive cells for the markers will require another differentiation
protocol.

Validation of the pyrosequencing assays for the SNCA intron 1 methylation profile

Seven pyrosequencing assays (Table 1, Supplementary Figure 1, Figure 7A) were designed and
validated for the quantification of the methylation status in the SNCA intron 1. The Chr4:
89,836,150-89,836,593 (GRCh38/hg38) region contains 23 CpGs. The designed assays were
validated for linearity using different mixtures of unmethylated (U) and methylated (M) bisulfite-
converted DNAs as standards. Mixtures were used in the following ratios, namely 100U:0M,
75U:25M, 50U:50M, 25U:75M, and OU:100M. All seven assays were validated (Figure 7B) and
showed linear correlation R? > 0.93. Assays that were not validated were redesigned. Using the
validated assays, it was possible to determine the methylation levels at the 23 CpGs in the SNCA
intron 1 (Figure 7C).

FIGURE AND TABLE LEGENDS:

Figure 1: Epigenome-editing tools for gene activation and repression. (A) Closed conformation
of the DNA shows the heterochromatin organization. The effector molecules, including VP64,
P65, rta, DNA demethylation enzyme, and tet-1 can be recruited to the regulatory regions
(promoters, introns, etc.) via pairing with dCas9-gRNA system. The recruitment of the system
results in chromatin remodeling that leads to the establishment of open chromatin organization
(euchromatin) associated with gene activation. (B) Epigenome-based silencing can be achieved
by recruiting dCas9 repressory complexes, including KRAB, HDACs, and DNA methylation enzyme,
DNMT3A to the regulatory regions (promoters, introns, etc.) via tethering with gRNA component.
The recruitment of the system results in gene deactivation (silencing), associated with DNA
chromatin remodeling, and in the inaccessibility of the general transcription machinery to the
chromatin structure.
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Figure 2: Design of lentiviral vectors for targeted DNA methylation within SNCA triplicated loci.
(A) The production- and expression-optimized vector backbone is described in detail by Kantor
et al.?3, Ortinski et al.3°, and Vijayraghavan and Kantor3®. The annotations of the vector’s cis
elements are a vector packaging element (U, psi), the Rev response element (RRE), Sp1-binding
sites (Sp1), human U6 promoter (hU6), a core-elongation factor 1a promoter (EFS-NC), and the
woodchuck hepatitis virus posttranscriptional regulatory element (WPRE). (B) Schematic
representation of the SNCA triplicated locus. DNA methylation is an important transcriptional
regulation mechanism that directly or indirectly limits DNA accessibility?. Increased SNCA
expression was observed coincidentally to low CpG methylation levels in the SNCA intron 1 (green
arrows label the activated gene expression state of the triplicated SNCA locus). The recruitment
of LV-gRNA/dCas9-DNMT3A vectors teeter the methyltransferase enzyme to the SNCA intron 1
region. This results in the assembly of closed chromatin which results in the transcriptional
downregulation of SNCA (red arrows).

Figure 3: A construction of a lentiviral vector expression cassette carrying dCas9-DNMT3A
transgene. The parental vector, pBK301, is described in Ortinski et al.3°. The vector was cloned
with dCas9-DNMT3A-Puro (pBK492) or dCas9-DNMT3A-GFP (pBK539) (the cloning flow can be
found in protocol and in Kantor et al.?3).

Figure 4: Lentiviral vector packaging, production, and purification. (A) Transient transfection
protocol used for the production of LV-gRNA/dCas9-DNMT3A. To generate vectors, HEK-293T
cells were transfected with vesicular stomatitis virus G-protein (VSV-G), packaging, and
expression plasmids?3. Viral particles were collected from the culture supernatants. The second
generation of the packaging system was used to supplement the expression cassettes. The
system harbored Tat and Rev proteins. The Rev plasmid, pRSV-REV, was supplemented
separately. Abbreviations: pCMV = cytomegalovirus promoter; LTRs = long terminal repeats; VSV-
G = vesicular stomatitis virus G-protein; RRE = Rev response element; Sp1l = transcription factor
Spl-binding sites; Y = the vector packaging element (psi); WPRE = woodchuck hepatitis virus
posttranscriptional regulatory element; EFS-NC = a core-elongation factor 1a promoter; hU6 =
human U6 promoter. (B) The vector purification and concentration has been executed as follows:
the double-sucrose gradient protocol was used to purify and concentrate viral particles following
transient transfection (see above). Briefly, culture supernatant (SN) was collected and loaded on
a sucrose gradient. To create the gradient, 70%, 60%, 30%, and 20% sucrose solutions dissolved
in 1x PBS were used. The second step of purification included the ultracentrifugation against a
cushion of 20% sucrose. The formed pellet was resuspended in 1x PBS.

Figure 5: Evaluation of viral titers. (A) p24 ELISA assay. A tittering procedure has been performed
as described by Kantor et al.?3. The naive (GFP) vector is highlighted in the black bar. The LV-
dCas9-DNMT3A-Puro vector (light-blue bar) and LV-dCas9-DNMT3A-GFP vector (green bar) are
also highlighted. The physical particle production of the vectors has been evaluated. The results
are recorded in copy numbers per milliliter, where 1 ng of p2482 = 1 x 10* viral particles. The bar
graph data represents the mean + SD from three independent experiments. (B) Evaluation of the
functional titers following transduction into HEK-293T cells. The Puro-containing LVs were
transduced into HEK-293T cells as described in representative results. The functional titers of the
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viral production were measured by counting the number of colonies following puromycin
selection. The results were calculated as the ratio of the number of colonies obtained from the
lentiviral vector-Puro (control vector) relative to the dCas9-DNMT3A-Puro counterpart. The bar
graph represents the mean + SD from three independent experiments. (C) Evaluation of
transduction efficiency and expression of the vectors in HEK-293T cells (upper panel) and NPCs
(lower panel). The left panels represent the naive (GFP) vector transductions. The right panels
represent dCas9-DNMT3A- GFP vector’s transductions. Three days posttransduction, images
were collected using a fluorescence microscope (40x). (D) Evaluation of the functional titers
following transduction into NPCs. The Puro-containing LVs were transduced into NPCs as
described in representative results and the results were calculated as in panel B. The bar graph
represents the mean + SEM of three biological replicates. Abbreviations: HEK-293T = human
embryonic kidney 293T; NPCs = neural progenitor cells.

Figure 6: Differentiation and characterization of hiPSC-derived MD NPCs. (A) Timeline showing
the differentiation of hiPSC-derived MD NPCs. Quantification of MD NPC markers using (B and C)
immunocytochemistry and (D and E) real-time (RT) PCR. The levels of each mRNA were calculated
relative to the geometric mean of GAPDH-mRNA and PPIA-mRNA reference controls using the 2-
AACT method. Each column represents the mean of two biological and technical replicates. The
error bars represent the SEM.

Figure 7: Quantitative validation of the pyrosequencing assays targeting SNCA intron 1. (A)
Overview of the pyrosequencing assays in the SNCA intron 1. (B) The designed assays were
validated by using different ratios of unmethylated (U) and methylated (M) bisulfite-converted
DNA, namely 100U:0M, 75U:25M, 50U:50M, 25U:75M, and 0U:100M. (C) Validated assays were
used to measure the percentage of methylation of the 23 CpGs in the SNCA intron 1 in hiPSC-
derived MD NPCs from a patient with the triplication of the SNCA locus. The bars represent the
mean of the percentage of methylated CpGs in two independent experiments, and the error bars
show the SEM.

Table 1: Pyrosequencing assays for the evaluation of SNCA intron 1 CpG methylation levels.
Supplementary Figure 1: Overview of the pyrosequencing assays in the SNCA intron 1.

DISCUSSION:

LVs have begun to emerge as the vehicle of choice for epigenome editing, especially in the
context of genetic diseases, mainly due to their ability to (i) accommodate large DNA payloads
and (ii) efficiently transduce a wide range of dividing and nondividing cells. The large packaging
efficacy of the LVs is especially beneficial for the applications involving packaging of the
CRISPR/dCas9 systems which are oversized. From this perspective, LVs represent the platform-
of-choice for the delivery of all-in-one CRISPR/Cas9 systems. Indeed, the AAV platform, that is
commonly employed for preclinical and clinical gene therapy applications, is not fully capable to
accommodate large packaging sizes of the dCas9-effector systems. In fact, the strict packaging
requirements of the AAV vectors are prohibiting their use for the delivery of CRISPR/dCas9
components. To improve AAV packaging capability, several novel AAV-based platforms have
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been developed. For example, a split-intein approach separating a Cas9 system into two AAV
cassettes has been recently constructed3®. The approach has increased the overall packaging
capacity; however, it required the production and cotransduction of two AAV vectors3®. The
discovery of SaCas9, derived from Staphylococcus aureus, allowed the development of
SaCas9/guide RNA system3%49, SaCas9 is a shorter, but equally potent Cas9 enzyme, easily
packaged into AAV vectors. In vivo experiments have shown that this system efficiently targets
the cholesterol regulatory gene PCSK9°. Nevertheless, the packaging efficiency of all-in-one AAV
vectors needs further improvement. Considering the clear advantages of LV delivery system, we
recently developed and used a lentiviral backbone-harbored dCas9-DNMT3A transgene, as well
as a gRNA scaffold. To test the therapeutic potential of this novel system, we applied it to PD
hiPSC-derived neurons carried SNCA loci triplication?3. We validated the efficiency of this system
that resulted in the fine-tuned downregulation of SNCA-mRNA and protein levels?3. Importantly,
the system demonstrated the ability to rescue disease-related cellular phenotypes, suggesting
the great potential of the approach for the epigenome-based therapies?3.

To increase the production of the vectors, we recently introduced several modifications into the
vector expression cassette, including the integration of Sp1 sites, deletion in 3'LTR, and a down-
sizing of the expression plasmid (see in the next paragraph)°.

Modifications to existing platforms

The production method presented here enables the generation of LV-CRISPR/dCas9 vectors at
the titers in the range of 1 x 10'° vu/mL (Figure 5). As highlighted above, to achieve higher
production titers, we added a repeat of the transcription factor Spl-binding site into an all-in-
one CRISPR/Cas9 expression vector cassette and introduced a state-of-the-art deletion into the
U3 region of 3'LTR. These modifications resulted in a significant upregulation in the vector
packaging efficiency (~2.5x) as well as a transgene expression (about sevenfold)3%3>, These
improvements are in accord with previously generated data®l424344,

Critical steps and troubleshooting

The optimized vector cassette, packaged into viral particles, generates titers of approximately 1
x 10%° vu/mL per ~5 x 10’ producer cells. In the case of production of the vectors at lower titers,
the following improvements should be considered. 1) Use HEK-293T cells at a low passage
number. Replace the cells regularly after 220 passages. Also, replace the cells when they show a
slow growth rate. 2) Routinely check the components of the medium since they may contribute
to the changes in the virus’ titer. Substitute fetal serum with cost-effective cosmic calf serum. 3)
Different cell lines used for vector generation demonstrate distinct production fitness. For
example, HEK-293T cells are capable of generating vectors at levels that are higher than the HEK-
293FT cells by three times (data not shown). 4) The optimal transfection would be achieved when
cells are at 70%—80% confluence. Lower densities would result in premature cell death as the
factor of viral toxicity. However, the higher densities would result in a significant reduction in
production efficiency. As a general rule, cell density prior to the transfection should allow the
cells to divide one time before establishing a fully confluent culture. 5) Transfection titers also
depend on the pH of the BBS reagent. As a general rule, we suggest testing a new batch of BBS
in a pilot transfection setting prior to its use. The 2x BBS pH should be 6.95.
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Production yields versus transduction efficiency/expression

It should be pointed out that even though Sp1-LVs carrying CRISPR/dCas9 transgenes are capable
of generating titers in the vicinity of 1 x 101 vu/mL per ~5 x 10’ producer cells, which is
comparable with a naive vector (Figure 5A), the efficiency of packaging of virus RNA is
significantly compromised with dCas9-DNMT3A transgene. Indeed, we demonstrate an
approximately fivefold reduction in the functional titers and expression capabilities of LV-dCas9-
DNMT3A-Puro/GFP vectors (Figure 5B-D). The reduction in the packaging efficiency and the
expression of the vectors may be a result of the DNMT3A overexpression. In this regard, it has
been demonstrated that DNA methylation may play an important role in controlling HIV-1
replication and its gene expression. Therefore, it would be necessary to determine whether LVs
are subject to a similar regulation and, if that is the case, to develop strategies to inducible-silence
the DNMT3A activity during the vector production stage. Despite a lower production yield, the
vectors demonstrate decent functional titers (in the low 10° range, which should suffice many
applications, including those requiring in vivo delivery). It is worth noting that the production
procedure could be easily upscaled, as discussed in the review, which should allow matching to
titers obtained with other expression systems.

Vector handling and safety

To generate LVs, the following safety points should be considered. First, LVs require biosafety
level 2 containments. Despite the relative safety of LVs (which stems from their SIN nature),
residual transcriptional activity has been demonstrated??. Furthermore, LV genomes can be
rescued by HIV-1%2. Due to all this, we highly recommend performing replication competence
assays (especially on the concentrated preparations). For safety procedures regarding the
handling of lentiviruses, we refer here to Biosafety in Microbiological and Biomedical
Laboratories, 4th edition, published by the Centers for Disease Control (CDC; available online).
For clinical applications, use the third generation of packaging system. Nevertheless, it should be
noted that the use of third generation of the packaging systems associates with lower titers
comparing with the second-generation packaging systems.

Significance and future directions

The novel platform outlined here enhances the ever-expanding toolbox for the delivery of
epigenome-editing components and other molecular cargos to cells and organs. Despite the
recent advances in developing HIV-1-based systems, only a few platforms demonstrate the
sustainable yields of the viral production. The optimization of the vector backbone reported here
made it possible to address some of the issues associated with relatively low production
efficiency of the vectors. To further improve the vector production characteristics, it would be
valuable to test whether the vector yields and expression can be improved via the addition of
multi-copied repeats of the same binding motif or by multiplexing the Sp1 motif with recognition
sites for other factors. In this regard, the results presented here may offer a general strategy for
the improvement of relatively weak tissue-specific promoters, such as human synapsin | (hSyn)
and CamKlla.
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We recently demonstrated that the long-term expression of LV-delivered Cas9/guide RNA may
lead to undesirable off-target effects®. Even though this notion applied mostly to dividing cells,
it would be highly beneficial to develop episomal vector systems able to transiently deliver the
therapeutic cargoes. As mention above, AAV vectors are very valuable, transiently delivering
vehicles; nevertheless, the low packaging ability greatly impact their use, especially for
epigenome-editing applications. For this reason, integrase-deficient lentiviral vectors (IDLVs)
would offer an attractive means for the delivery and expression of epigenome-editing tools based
on CRISPR/dCas9. The following characteristics of the IDLV platform are particularly attractive: (i)
the capacity to deliver genetic cargoes to a broad range of cells and organs; (ii) a superior
packaging capacity—which is a considerable advantage over AAV vectors; (iii) the transient
nature of delivery (which is a considerable advantage compared to the integrase-competent
LVs)#>30, The episomal nature of the IDLV genomes highlights their very low integration rates and,
as such, are greatly beneficial for the reduction of a risk of insertional mutagenesis. We recently
optimized IDLV production and expression characteristics, creating the platform that is safe and
efficient for delivery of CRISPR/Cas9 components3C. Indeed, the improved IDLVs were capable of
inducing rapid and sustained genome editing in HEK-293T cells and in postmitotic brain neurons.
The system is characterized by transient expression and was found to be safer than the
corresponding integrase-competent LVs. The adaptation of IDLV vectors for applications
involving epigenome-editing manipulations would be highly advantageous for the gene therapy
field.
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1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion
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of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any partion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4. Retention of Rights in Article. Notwithstanding

the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. f more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12 Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JOVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: KaNTOE BORAS

Department: (\IEUQO%\ oloay

Institution: OUKE q\\\\leﬁs TY  NED\ (il (RNER

Titkes A Eff kS:Jﬁ&f ﬂo SA ]

signature: m /’1/\/

Date: /O//’Z/Z'J 9%

Please submit a sngtzd/ / dated copy of this license by one of the follo{mng three methods:
1. Upload an electronic version on the JOVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Duke

I'VERSITY
Department of Neurobiology
SCHOOL OF MEDICINE
412 Bryan Research building

Dec 28™ 2018

Bing Wu, Ph.D.
Review Editor
JoVE

Re: Manuscript number: JOVE59241R2

Corresponding  authors: Kantor  Boris and  Chiba-Falek  Ornit
Title: “Lentiviral vector platform for efficient delivery of epigenome-editing tools into hiPSC-
derived disease models”

Dear Dr. Wu:

Thank you for your interest in our manuscript and for the opportunity to resubmit a revised
manuscript for further consideration. We found the editorial comments on our manuscript very
helpful and would like to respond as follows:

Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

Our reply: We thank the reviewer for this comment. We carefully proofread the manuscript and
ensured that no spelling or grammar issues were present.

2. JoVE cannot publish manuscripts containing commercial language. This includes company
names before an instrument or reagent. Please remove all commercial language from your
manuscript and use generic terms instead. All commercial products should be sufficiently
referenced in the Table of Materials and Reagents. Examples of commercial language in your
manuscript include Addgene, etc.

Our reply: We thank the reviewer for this comment. In the revised manuscript, we excluded all

L]
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commercial language and we reference all the products in the Table of Material and Reagents.

3. Unfortunately, there are a few sections of the manuscript that show significant overlap with
previously published work. Though there may be a limited number of ways to describe a technique,
please use original language throughout the manuscript. Please check the iThenticateReport
attached to this email.

Our reply: We thank the reviewer for this comment. We carefully checked the iThenticate Report
attached to the email, and sections that showed significant overlap with previously published work
have been rewritten using original language.

4. Step 1.1.1: Please write this step in the imperative tense.

Our reply: We thank the reviewer for this comment. In the revised manuscript, in the Protocol
section, page 4, lines 193-196, this step has been written in the imperative tense, and read as
follows: “Obtain the deactivate (dead) version of SpCas9 (dCas9) via site-directed mutagenesis
(data not shown). Replace the clone harboring D10A and H840A mutations in HNH and RuvC
catalytic domains of the enzyme with the active Cas9 in pBK3012° by exchanging between Agel-
BamHI fragments, respectively (Fig. 3).”

5. 1.1.1-1.1.3: Please add more details to your protocol steps. Please ensure you answer the
“how” question, i.e., how is the step performed?

1.1.1. Our reply: We thank the reviewer for this comment. In the revised manuscript, in the
Protocol section, page 4, lines 198-213, we included more details to these steps. The revised
manuscript read as follows: “1.1.2. Derive DNMT3A catalytic domain from pdCas9-DNMT3A-
eGFP (See Table of Materials) by amplifying DNMT3A portion BamHI-429/R 5’-
GAGCGGATCCCCCTCCCG-3’ BamHI-429/L 5’-CTCTCCACTGCCGGATCCGG-3’ (Fig. 3).
To amplify the region containing DNMT3A use the following conditions: (1) 95 °C for 60 s, (2)
95 °C for 10 s, (3) 60 °C for 20 s, (4) 68 °C for 60 s. Repeat steps 2-to-4 30 times. Final extension:
68 °C for 3 min, hold 4 °C. 1.1.3. Clone DNMT3A-fragment, digested by BamHI restriction
enzyme, into BamHI site of the modified pBK301 vector carrying dCas9. Verify cloning by direct
Sanger sequencing. The resulted plasmid harbors dCas9-DNMT3A-p2a-puromycin transgene.
The plasmid expresses gRNA scaffold from human U6 promoter (Fig. 3).1.1.3 Replace puromycin
reporter gene with the GFP to create dCas9-DNMT3A-p2a-GFP. Digest dCas9-DNMT3A-p2a-
PURO plasmid with Fsel. Purify the vector fragment using gel-purification method. Prepare the
insert by digesting pBK201a (plenti-GFP) with Fsel. Clone Fsel fragment into the vector. The
resulted plasmid pBK539 harbors dCas9-DNMT3A-p2a-GFP transgene (Fig. 3).”



6. 1.3.3: Please write this step in the imperative tense.

Our reply: We thank the reviewer for this comment. In the revised manuscript, this step has been
included in the step 1.3.2. In the Protocol section, page 5, lines 241-248, text read as follows: “To
prepare the plasmid mix use the four plasmids as listed (the following mix is sufficient for one 15
cm plate: 37.5 pg of the CRISPR/dCas9-transfer vector (pBK492 (DNMT3A-PURO-NO-gRNA
or pBK539, DNMT3A-GFP-NO-gRNA; 25 pg of pBK240 (psPAX2); 12.5 pg pMD2.G; 6.25 ug
of pRSV-rev (Fig. 4A). Calculate volume of the plasmids based on the concentrations and add the
required quantities into 15-ml conical tube. Add 312.5 pL 1 M CaCl> and bring up to 1.25 mL
final volume using sterile dd-H.O. Gently add 1.25 mL of 2x BBS solution while vortexing the
mix. Incubate for 30 min at room temperature. Cells are ready for transfection once they are 70 -
80% confluent.”

7. 1.5.16: Please write this step in the imperative tense.

Our reply: We thank the reviewer for this comment. In the revised manuscript, text has been
revised. In the Protocol section, page 7, lines 313-316, read as follows: “Wash the tubes with
additional 50 pL 1x PBS and mix as before. At this step, the volume of the final suspension is
~120 pL and appears slightly milky. To obtain a clear suspension, proceed with a 60 s
centrifugation at 10,000 x g. Transfer the supernatant to a new tube, make 5 pL aliquots, and store
them at -80 °C.”

8. 2.1.1: Please write this step in the imperative tense.

Our reply: We thank the reviewer for this comment. In the revised manuscript, this step has been
rewritten in the imperative tense. In the Protocol section, page 9, lines 417-420, text read as
follows: “Culture hiPSCs under feeder-independent condition in feeder-free ESC-iPSC culture
medium (See Table of Materials) onto hESC-qualified basic matrix membrane (BMM)-coated
plates (See Table of Materials). Wash confluent colonies with 1 mL DMEM-F12, add 1 mL of
dissociation reagent (see Table of Materials), and incubate for 3 min at room temperature.”

9. 2.2.29: Please write this step in the imperative tense.

Our reply: We thank the reviewer for this comment. In the revised manuscript, this step has been
rewritten in the imperative tense. In the Protocol section, page 11, lines 524-526, text read as
follows: “d 13 —d 17: Perform a daily medium change using completed N2B27 medium. Cells are
ready for passaging when cultures are 80-90% confluency.”

10. 2.2.36: Please write this step in the imperative tense.



Our reply: We thank the reviewer for this comment. In the revised manuscript, this step has been
rewritten in the imperative tense. In the Protocol section, page 12, lines 552, text read as follows:
“Passage cells once they reach 80-90% confluency.

11. After you make all changes, please highlight fewer than 2.75 pages of protocol steps (including
spacing) in yellow for filming.

Our reply: In the revised manuscript, 2.75 pages of protocol steps (including spacing) have been
highlighted in yellow for filming.

We hope that our revised manuscript thoroughly and satisfactorily addresses all of the concerns
raised by the reviewers. We hope that your editorial team will find it now acceptable for JOVE.

Sincerely,

B.RANTOR

Boris Kantor, Ph.D.

Assistant Professor of Neurobiology
Director, Duke Viral Vector Core Facility
Duke University Medical Center

. DUKE UNIVERSITY e  SCHOOL OF MEDICINE DURHAM, NC 27710 « PHONE 919-681-1068 o  FAx 919-684-0044
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Supplementary Figure 1. Pyrosequencing assays location. Detailed coverage for each
pyrosequencing assay. The seven pyrosequencing assays are color coded.
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