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Abstract

For genome editing, the use of CRISPR ribonucleoprotein (RNP) complexes is well established and often the superior choice over plasmid-based
or viral strategies. RNPs containing dCas9 fusion proteins, which enable the targeted manipulation of transcriptomes and epigenomes, remain
significantly less accessible. Here, we describe the production, delivery, and optimization of second generation CRISPRa RNPs (dRNPs). We
characterize the transcriptional and cellular consequences of dRNP treatments in a variety of human target cells and show that the uptake is very
efficient. The targeted activation of genes demonstrates remarkable potency, even for genes that are strongly silenced, such as developmental
master transcription factors. In contrast to DNA-based CRISPRa strategies, gene activation is immediate and characterized by a sharp temporal
precision. We also show that dRNPs allow very high-target multiplexing, enabling undiminished gene activation of multiple genes simultaneously.
Applying these insights, we find that intensive target multiplexing at single promoters synergistically elevates gene transcription. Finally, we
demonstrate in human stem and differentiated cells that the preferable features of dRNPs allow to instruct and convert cell fates efficiently
without the need for DNA delivery or viral vectors.
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Introduction terial, offering unprecedented opportunities for basic re-
Advancements in genome engineering technologies have rev- search, biotechnology, and therapeutic applications. Among
olutionized our ability to precisely manipulate genetic ma-  these technologies, the CRISPR-Cas system has emerged as a
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versatile and powerful tool for targeted genome editing
and gene regulation [1-4]. The CRISPR-Cas complex con-
sists of Cas protein responsible for binding the target DNA
and a RNA component, defining the target DNA region
through complementarity. The RNA component consists ei-
ther of two small RNAs, the CRISPR RNA (crRNA) and the
trans-activating RNA (tracrRNA), or one single guide RNA
(sgRNA) [2].

Notably, the simplicity and programmability of CRISPR
have facilitated its widespread adoption in various genomic
applications [5]. In addition to genome editing, CRISPR has
also been harnessed for gene activation using CRISPR activa-
tion (CRISPRa) strategies [6—9]. CRISPRa employs a catalyt-
ically inactive form of Cas protein (dCas9) fused to one or
multiple transcriptional activator domains. In the first gener-
ation, single transcriptional effectors (e.g. VP64) were fused to
dCas to activate gene transcription [6-8]. In the second gener-
ation, the dCas9 is fused to a peptide array that recruits mul-
tiple effector copies (dCas9-SunTag-VP64) or RNA aptamers
within the gRNA, which recruit a variety of additional tran-
scriptional activator domains (dCas9-SAM) [10, 11]. How-
ever, the most commonly used and one of the most efficient
second generation CRISPRa systems is dCas9-VPR [12]. Here
three trans-activator domains (VP64, p65 and Rta) are di-
rectly fused to the C-terminal end of the dCas9-protein, sepa-
rated by short glycine-serine-linkers. By targeting dCas9-VPR
complexes to specific gene promoters or regulatory regions
using gRNAs, CRISPRa enables transcriptional activation of
endogenous genes without altering their underlying DNA se-
quences. Therefore, this approach holds immense promise
for modulating gene expression profiles in diverse cellular
contexts, elucidating gene functions, and engineering cellu-
lar phenotypes for biotechnological and therapeutic purposes
[5, 13-16].

However, current CRISPRa methods are not always reach-
ing their full potential. First, despite targeted gene activation
usually appearing significant and robust, its induction remains
often below cDNA overexpression [17, 18]. Consequently, it
can remain challenging to recreate cellular gain of function
phenotypes, e.g. in cell fate conversion approaches [17, 19,
20], particularly in systems that are not based on immortal-
ized or cancer cell lines. Second, despite the high suitability of
CRISPR for gRNA multiplexing in principle, gRNA delivery
and/or dCas9 amounts can be limiting, making extensive tar-
get multiplexing challenging. Consequently, there are only few
examples in which CRISPRa has only been successfully used
for a very high number of targets simultaneously (>20) [10,
21,22]. This makes it currently challenging to use CRISPRa to
manipulate transcriptional networks comprehensively. Third,
conventional CRISPRa strategies have a low temporal resolu-
tion, transcriptional effects appear late and are not reversible
when viruses are used or decline non-uniformly in the case
of plasmids. Fourth, despite its seemingly straightforward na-
ture, the integration of CRISPRa into diverse delivery systems
presents significant challenges. The size of dCas9 fusion pro-
teins often exceed the capacity of viral vectors [23, 24]. More-
over, each novel target site, cell type, or species requires vector
cloning and virus generation, while plasmid transfections are
notoriously inefficient for many primary cell types.

Wild-type CRISPR RNPs, comprised of Cas proteins and
guide RNAs (gRNAs) have been extensively utilized for pre-
cise genome editing via induction of targeted DNA double-
stranded breaks. The high efficiency and specificity of CRISPR

RNPs have made them invaluable tools for functional ge-
nomics studies, disease modeling, and therapeutic interven-
tions aimed at correcting genetic mutations underlying vari-
ous disorders [25-27]. However, efficient protocols for RNP-
based secondary CRISPRa systems, particularly for engineer-
ing human cells, remain to be established despite their thera-
peutic potential [13, 14, 28, 29].

Here we develop an RNP-based CRISPRa approach using
the potent transcriptional activator VPR. We demonstrate that
highly active dCas9-VPR protein can be efficiently purified
from insect cells with high yields and that it is able to assemble
with cRNAs to form functional dCas9-VPR-ribonucleprotein-
complexes (ARNPs). Delivery of dRNPs into human stem cells,
differentiated progeny and primary cells is highly efficient. We
show that targeted gene induction is extremely effective (up to
10°-fold) even for silenced developmental transcription factor
genes. Characterization of the effects reveal that the dRNP-
based gene induction is rapid and transient. After defining an
optimal dose, we show that dRNPs enable the effective simul-
taneous activation of at least 11 transcription factor genes by
applying 22 gRNAs, without loss of efficacy. We further show
that increasing the number of gRNAs targeting gene regula-
tory elements of one gene boosts transcriptional output syn-
ergistically. Finally, we demonstrate that the effectiveness of
dRNPs makes it applicable to induce cell fate instruction and
cell fate conversion in human stem and differentiated cells.

Material and methods

dCas9-VPR protein production and purification

For protein expression in insect cells, the dCas9-VPR sequence
was first cloned into the donor vector (pFastBacHT). dCas9-
VPR protein was produced in Spodoptera frugiperda Sf21
cells. First, recombinant viral DNA was generated to infect
the insect cells. The donor plasmid containing the dCas9-
VPR (pFastBacHT_A-1_dCas9VPR) was transformed into
Escherichia coli DH10Bac cells containing a transposase and
the viral DNA (bacmid). Through blue-white screening, a
colony was selected. The bacmid was isolated and transfected
to Sf21 cells to produce recombinant virus. Around 1.0 x 10°
cells were infected with the virus, ans they were harvested after
3 days, pelleted and frozen at —20°C until further use.

The cell pellet was resuspended in lysis buffer (20 mM Tris
pH 8.0, 200 mM NaCl, 5% glycerol, 10 mM imidazole) and
applied on a Ni-NTA raisin column to isolate the N-terminal
6xHis-tagged protein by gravity flow. The column was washed
twice with lysis buffer, once with 1M NaCl, and again with
lysis buffer. Proteins were eluted with high concentrations of
imidazole (lysis buffer + 350 mM imidazole).

The salt concentration was adjusted to 100 mM NaCl be-
fore the eluate was injected to the HiTrap Q HP column (Cy-
tiva) using the AKTApurifier system (GE Healthcare). The
column was equilibrated to Buffer A (20 mM Tris pH 8.5,
100 mM NaCl, 1 mM MgCl,), and the protein was eluted
with a 50% gradient of Buffer B (20 mM Tris pH 8.5,
1000 mM NaCl, 1 mM MgCl,). Fractions were collected and
concentrated.

As a final purification step, the protein was injected onto
the Superose 6 (Cytiva) size-exclusion column operated by the
AKTApurifier system (GE Healthcare). The protein was eluted
with a flow rate of 0.5 mL/min of SEC buffer (20 mM Tris pH
7.5,200 mM NaCl, 5% glycerol, 1 mM B-mercaptoethanol).
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Protein fractions were identified by SDS-PAGE, pooled, flash
frozen, and stored at -80°C. Protein concentration was deter-
mined by the absorption at 280 nm.

dCas9-VP64, purified from E. coli, was a gift from Prof.
Rasmus O. Bak (Aarhus University). As for dCas9-VPR, the
dCas9-VP64 is derived from the Streptococcus pyogenes se-
quence [29]. Those protein differ by dCas9-VPR containing a
6xHis- and a FLAG-tag, a TEV site, two SV40 nuclear local-
ization signals, and three short linker sequences, while dCas9-
VP64 contains one Nucleoplasmin and one SV40 nuclear lo-
calization signal, as well as two longer linker sequences [29].

Human stem cell culture

The human stem cell culture (hiPSC) line used in this study
(HMGU-1) has been generated by the iPSC core unit of the
Helmholtz Zentrum Miinchen. The cells were cultured in
mTeSR1 containing 1x mTESR1 supplement (Stem Cell Tech-
nologies) on six-well-plates coated with Geltrex™ (Gibco).
iPSCs were cultured for ~30-35 passages. When the cells
reached ~80-90% confluency, they were split to Geltrex™.-
coated cell culture dishes.

Generation of human proliferating astrocytes
Human proliferating astrocytes (pAstros) were generated as
previously described [30]. In brief, human iPSC were dissoci-
ated with collagenase and cultured as embryoid bodies (EBs)
in mTeSR1 containing 1x mTESR1 supplement (Stem Cell
Technologies) supplemented with Rock Inhibitor Y-27632
(10 uM) (Stem Cell Technologies). The following day, me-
dia was changed and EBs were cultured in Astrocyte medium
(AM) supplemented with 20 ng/ml Noggin (Peprotech) and
10 ng/mL PDGFAA (R&D Systems) for 2 weeks. After an
additional week in AM supplemented with only 10 ng/mL
PDGFAA, EBs were mechanically dissociated and plated to
POL-coated dishes. Resulting pAstros were cultured in AM
supplemented with bFGF (10 ng/ul) (Peprotech) and EGF (10
ng/ul) (Peprotech) for ~40 days. Cells were passaged using
Accutase (Thermo Fisher Scientific), and media was continu-
ously replaced every second day.

Human adult dermal fibroblasts

Human adult dermal fibroblasts (HAFs, Lonza CC-2511)
were cultured in Advanced DMEM (ADMEM) supplemented
with 5% FBS and penicillin/streptomycin (P/S) or in fibrob-
last growth basal medium (FBM) (Lonza) on gelatine (ROTI-
Cell)-coated plastic cell culture dishes or on PDL (poly-D-
lysine (Sigma)) or PDLL (PDL and laminin (Roche))-coated
glass-coverslips at 37°C, 5% CO,. When reaching ~80%
confluency, cells were passaged by washing once with 1
x phosphate-buffered saline (PBS) followed by incubation
with 0.05% Trypsin (Gibco) for 5 min at 37°C. Cells were
counted either manually using a microscope or by using the
Countess™ Cell Counter (Thermo Fisher Scientific).

gRNA design

For endogenous gene activation via dRNPs, targeting sites
were considered within 1-kb upstream of the transcriptional
start site (TSS) of the target gene and prioritized by prox-
imity to the TSS. The gRNA design tool, CHOPCHOP, was

used using standard settings for gene activation [31] or gR-
NAs were picked manually from CRISPR tracks via the UCSC

genome browser. When multiple gRNAs were used, a dis-
tance of at least 80 bp was kept between gRNAs, if pos-
sible. Single gRNAs (sgRNA), crRNAs, tracrRNAs, and cr-
RNAs stabilized through undisclosed chemical modifications
(crRNA_XT) have been obtained from commercial sources
(IDT).

HEK293T cells

HEK293T cells were cultured in DMEM medium supple-
mented with 5% FBS and penicillin/streptomycin (P/S). When
reaching ~80% confluency, cells were passaged by washing
once with 1 x PBS followed by incubation with 0.05% Trypsin
(Gibco) for 5 min at 37°C. Media was changed every second
day.

Nucleofection

For nucleofections, 10° hiPSCs were used per condition ac-
cording to the manufacturer’s instructions (Lonza™ P3 Pri-
mary Cell 4D-Nucleofector™ X Kit L). Cells were collected
and resuspended in 82 pl P3 Primary Cell Nucleofector Solu-
tion and 18 pl Supplement 1. DNA was added and the mix was
transferred to Nucleocuvettes. Nucleofection was performed
using the program CA 137. Around 500 ul of RPMI medium
was added and ells were incubated for 15 min at 37°C, 5%
CO; for recovery. Around 120 pl cell suspension was added
per well to a Geltrex-coated 24-well plate (Thermo Fisher Sci-
entific A1413302) containing 500 pl pre-warmed mTeSR™1
media (Stemcell 85 850). Cells were maintained at 37°C, 5%
CO; until analysis.

dCas9-VPR RNP (dRNP) assembly and delivery
First, crRNA:tracrRNA duplexes were formed by mixing cr-
RNA with tracrRNA (Alt-R® CRISPR-Cas9 tracrRNA, AT-
TO™, IDT) in equimolar ratio, diluted in Nuclease-free Du-
plex Buffer (IDT) to 2 uM and incubated at 95°C for 5 min.
After 10 min cooldown, per 1.000.000 cells, 50 ul of cr-
RNA:tracrRNA duplex (2 uM) was mixed with 50 pl dCas9-
VPR protein (2 uM), diluted in Opti-MEM to 0.12 uM, and
incubated for 10 min for RNP assembly. When multiple gR-
NAs were used per condition, RNPs were mixed prior to
delivery. Assembled dRNPs were directly transfected using
RNAIMAX Transfection Reagent (Thermo Scientific) (20 ul
per 10 cells) or delivered via nucleofection using the 4D Nu-
cleofector® (Lonza). Following dRNP delivery, cells were in-
cubated at 37°C, 5% CO; and media was changed after 16—
20 h.

dRNP multiplexing

For multiplexing experiments, dRNPs were prepared sep-
arately for individual gRNAs until delivery. To determine
dRNP multiplexing limits (Fig. 4 and Supplementary Fig. S5),
5 pmol per gene and 10° cells were used, independently of
the experimental condition. Total amounts transfected were
5 pmol (single), 25 pmol (Setl), 30 pmol (Set2), 55 pmol
(22_gRNAs), or 75 pmol (35 gRNAs). For the experiments
on gRNA synergism (Fig. 5) and the direct neuronal conver-
sion (Fig. 7), the total amount of dRNPs transfected was 10
pmol per 10° cells in each condition.
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Human iPSC to neuron differentiation

One day prior to transfection and transduction, human iPSCs
were seeded at a density of 80000 cells per well on a 24-well
plate coated with Geltrex™ (Gibco). The next day, cells were
transfected with dRNPs (10 pmol per 10° cells). One day af-
ter transfection, media was changed to mTeSR1 containing 1x
mTESR1 supplement (Stem Cell Technologies). On day 4 of
the experiment, media was changed to N3 medium containing
DMEM/F12 and Neurobasal media (1:1) supplemented with
P/S (1x), B27 supplement (1x), N2 supplement (1x), MEM
non-essential amino acids (NEAA) (1x), GlutaMAX (1x), §3-
mercaptoethanol (50 uM), Insulin (2.5 pg/mL), Dorsomor-
phin (1 uM), and SB431542 (10 uM). Media was changed
daily. On day 6, cells were fixed with 4% paraformaldehyde
(PFA) for 15 min and analyzed via Immunostaining. The cul-
tures were maintained at 37°C, 5% CO,, and 5% O,.

Human pAstros to neuron reprogramming

Human pAstros were plated at a density of 40 000 cells
per well on POL-coated 24-well plate. The next day (dO)
and 3 days after (d3), cells were transfected with dRNPs
targeting the promoter region of NEUROG2, NEURODI1
or multiplexed activation of NEUROG2, NEUROD1, and
NEUROD4 (NNN). A total of 10 pmol per 10° cells for
all conditions was used. Two days after the first transfec-
tion (d2), to support neuronal conversion, full media was
changed neuronal reprogramming media (NRM) consisting
of DMEM/F12 and Neurobasal media (1:1) supplemented
with P/S (1x), B27 supplement (1x), N2 supplement (1x), and
MEM non-essential amino acids (NEAA) (1x). The following
small molecules were added:(30) LM-22A4 (2 mM), LDN-
193189 (0.5 mM), CHIR99021 (2 mM), SB-431542 (10 mM),
Noggin (50 ng/ml), GDNF (2 ng/ml), NT3 (10 ng/ml), and
db-cAMP (0.1 mg/ml). Half of the media was changed ev-
ery second day. From days 17 to 20 of the experiment, the
NRM was only supplemented with LM-22A4 (2 mM), GDNF
(2 ng/ml), NT3 (10 ng/ml), and db-cAMP (0.1 mg/ml). On
day 20, cells were fixed with 4% paraformaldehyde (PFA) for
15 min and analyzed via Immunostaining. The cultures were
maintained at 37°C, 5% CO,, and 5% O,.

Retrovirus transduction

As a positive control for human iPSC to neuron differentia-
tion, cells were transduced with 1 pl (108-10° particles/ml)
of virus per well. The viral construct contains a phospho-
incompetent form of NEUROG2 (Ngn2) under control of the
CAG promoter as used before [30]. After 1 day, transduction
media was changed, and cells were treated in parallel to the
dRNP conditions, as described above.

Flow analysis and fluorescence-activated cell
sorting

For flow analysis or cell sorting, cells were washed once with
1 x PBS and detached by using detachment reagents appropri-
ate for the cell type. After incubation for 5 min at 37°C, the
reaction was stopped by adding double the amount of cell cul-
ture media, and cells were collected in 15 ml tubes. The cells
were centrifuged for 5 min at 300 x g and supernatant was
removed. Cell pellets were resuspended in 1 ml 1x PBS and fil-
tered (40 pum) into fluorescence-activated cell sorting (FACS)
tubes. For cell sorting, a FACSArialll™ (Becton Dickinson)

device at a flow rate of 1 (arbitrary units) was used according
to the manual. The fluorescence intensity of the ATTOS550-
labeled tracrRNA was used for gating, the mock transfected
or control cells served as reference. For each target, 10° cells
were sorted into a 1.5 mL tube for RNA isolation and RT-
qPCR analysis.

RNA isolation and cDNA synthesis

RNA isolation was performed by using the Total RNA
Miniprep Kit (Monarch™) according to the manufacturer’s
protocol. In short, 300 uL Lysis Buffer (NEB) was added to
the cell pellet containing 10° cells. Around 300 uL of 100%
ethanol was added to the lysate and mixed thoroughly, and
RNA was isolated following the manufacturer’s protocol. The
RNA concentrations were measured on a spectrophotometer
(NanoDrop) using H,O as a reference. Around 100 ng RNA
were used for cDNA synthesis using the Maxima first strand
cDNA synthesis kit (Thermo Scientific).

Real-time quantitative PCR (RT-qPCR)

Gene expression levels were analyzed through Real-Time
quantitative PCR (RT-qPCR) on an QuantStudio™ 6
Flex Real-Time PCR (Applied Biosystems) System using
PowerUp™ SYBR Green Master Mix (Thermo Fisher Scien-
tific). cDNA from 100 ng RNA were diluted 1:5 in H,O. For
each target gene, a master-mix containing 5 pL. PowerUp™
SYBR Green Master Mix and 0.05 uL of both forward and
reverse qPCR primers (10 pM) per reaction was prepared.
Each condition was analyzed as technical triplicates. Addi-
tionally, one control reaction (-RT) and a H,O control for
each master-mix were included to check for false positive am-
plification of remaining genomic DNA. For quantitative com-
parison of expression levels, each sample was analyzed relative
to technical triplicates of expression levels of the house keep-
ing gene GAPDH. 5 pL of the gene-specific master-mix was
dispensed into a 384-well plate, followed by addition of 5 uL
of the respective cDNA. Amplification was performed with
an QuantStudio™ 6 Flex Real-Time PCR System. The result-
ing Ct-values were exported, and quantitative gene expression
levels were determined as described [32].

Immunocytochemistry

For immunocytochemical analysis, cells were cultured on PDL
or POL-coated glass coverslips in 24-well plates. The cells
were fixed with 4% paraformaldehyde (Sigma) for 15 min at
room temperature and washed three times with PBS. Unspe-
cific binding sites were blocked with blocking solution (BS)
(3% BSA (Sigma) and 0.5% Triton X-100 (Merck) in PBS)
for 1 h at room temperature. Primary antibodies were diluted
in blocking solution and added to the fixed cells for overnight
incubation at 4°C. The coverslips were washed three times
with 1 x PBS and incubated with secondary antibodies as flu-
orophore conjugates, diluted in BS together with DAPI (Tocris,
1:1000) and incubated for 2 h at room temperature. After
three times washing with 1 x PBS, the coverslips were mounted
onto microscope glass slides using Aqua-Poly/Mount (Poly-
sciences).

Microscopy and image acquisition

Immunofluorescence stainings were analyzed using a LSM
710 laser scanning confocal microscope (Zeiss). Laser inten-
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sities were adjusted to the control coverslips as reference. Im-
ages were taken with a 40X water immersion objective. A
bit depth of 12 was chosen and averaging was performed in
line mode (bi-directional) as the mean from two acquisitions.
Tile scans with 10% overlap were taken for cell counting and
stitching (strict, 0.90) was performed. Images were exported
as czi-files and further processed with Fiji [33].

Western blotting

At least 10° cells per experimental condition were lysed us-
ing RIPA buffer (Sigma-Aldrich R0278). Protein concentra-
tion was determined via the Lowry method using Dc Protein
assay kit (Biorad 5 000 111). Around 30 pg of protein was
loaded on a 10% sodium dodecylsulphate-polyacrylamide
gel electrophoresis gel using Acrylamide/Bis solution (37.5:1,
Biorad 161-0148), 10% APS (Sigma A3678-25G), TEMED
(Sigma T-9281), Precision Plus protein All Blue Standards
(Biorad 161-0373). Following gel electrophoresis blotting
was performed on a methanol-activated 0.2-um polyvinyli-
dene membrane (ThermoFisher LC2002). Membranes were
blocked in 5% milk in 1 x TBST (Tris-buffered saline with
Tween20) and incubated overnight with primary antibody
(see Supplementary Table). The next day, membranes were
washed in 1 x TBST three times and incubated with HRP
(Horseradish Peroxidase) conjugated antibodies for 2 h.
Membranes were washed in 1 x TBST three times. For detec-
tion, the ECL system was used (Luminol Reagent, Santa Cruz
Biotechnology sc-2048).

Bulk RNA sequencing

Before mRNA sequencing, integrity of RNA samples was es-
timated (RIN > 7). Libraries were prepared using the Illu-
mina Stranded mRNA Prep Ligation kit with an input of
1000 ng following to the kit instructions. After QC, the li-
braries were sequenced in paired-end mode (2 x 100 bases)
on the NovasegX + sequencer (Illumina) at a depth of >30
million reads per sample. The initial data processing started by
trimming sequencing primers using trimmomatic v0.39 [34].
Then the fastqs are aligned with STAR v2.7.10b [35], using
GRCh38 v47 from Gencode as reference genome. PCR dupli-
cates are removed using samtools rmdup v1.6 [36]. Finally the
count matrices are built using htseq v0.11.3 [37]. Transcripts
present in <3 samples were filtered out. Sequencing coverage
was normalized using TPM. The analysis was performed using
python v3.9.15 and the following packages decoupler 1.8.0
[38], scanpy 1.10.1 [39], anndata 0.10.7 [39], and pydeseq2
0.4.12 [40]. The RNA-Seq data have been deposited in GEO
under the accession number GSE288075. Raw data are avail-
able upon request.

Data analysis and quantification

Data were quantified using Microsoft Excel. Graphs were cre-
ated with GraphPad Prism 9.0, and statistical analysis was car-
ried out in GraphPad Prism 9.0 and RStudio. For statistical
analysis of gene induction levels, log-fold change values were
calculated from RT-PCR data. The efficiency of dRNP medi-
ated pAstros to neuron conversion was quantified from im-
munocytochemistry (ICC) images at d20 of the experiments.
For each independent experiment, different treatments were
analyzed from 2 to 3 coverslips. 2 x 2 or 3 x 3 tile scans at
40X magnification were taken resulting in ~500-1000 dapi

positive cells which were analyzed per coverslip. Supplemen-
tary methods are found online (Supplementary Information).

Results

Generation of dCas9-VPR
ribonucleoprotein-complexes

The objective of this study is to develop strategies and pro-
tocols for the generation and use of CRISPR RNPs, aim-
ing to enhance the efficiency of CRISPRa strategies for tar-
geted gene induction. These improvements are a prerequi-
site to facilitate cell fate instruction and reprogramming with
CRISPRa in human primary and stem cells effectively. Thus,
the challenge includes to produce significant amounts of full-
length protein of a powerful second generation CRISPRa pro-
tein, as well as to develop conditions for its efficient deliv-
ery and use. Since we and others failed to purify dCas9-
VPR protein from bacterial cultures [29], we employed a sys-
tem based on Spodoptera frugiperda Sf21 insect cells (Meth-
ods, Supplementary Methods S1, and Fig. 1A). With this ap-
proach, we achieved strong expression of full-length protein
and yielded significant amounts of pure 6xHis-dCas9-VPR
protein by Ni-NTA affinity chromatography followed by an-
ion exchange and size-exclusion chromatography purification
steps (Supplementary Fig. S1).

dCas9-RNPs can be delivered to various cell types
with high efficiencies

Next, we quantified the compatibility of dRNPs with various
human cell types using lipofection (Supplementary Fig. S2 and
Methods). For this, we made use of a fluorescently labeled
tracrRNA (ATTOS50, IDT) and ICC making use of a FLAG-
tag on the protein to estimate the efficiency of delivery of
the dRNPs. First, 20 pmol (per 10° cells) of dCas9-VPR pro-
tein was assembled with crRNA:tracrRNA duplex RNAs and
transfected into human adult fibroblasts (HAF) (see Methods,
Fig. 1A). One day after delivery, we observed fluorescence sig-
nals in the nucleus of the vast majority of cells (>90%), in-
dicative of CRISPR RNPs entering cells and nucleoplasm ef-
ficiently. Furthermore, we did not notice elevation of cellu-
lar stress or death (Fig. 1B). Even three days after delivery a
vast majority of HAF cells (~98%) appeared fluorescently la-
beled using flow cytometry, indicating a very high delivery rate
(Fig. 1C).

RNP-based CRISPRa leads to strong and rapid
induction of target genes

To investigate the potential of the RNP-based approach for
gene regulation, we designed gRNAs and applied published
sequences to target the promoter regions of a set of neu-
ronal transcription factors, with active roles in cell iden-
tity determination (Fig. 2A and B, Supplementary Fig. S3A,
Supplementary Methods S2) [5, 41]. For each target gene, two
gRNAs were combined, to increase coverage of the transacti-
vating proteins on the promoter region (Supplementary Fig.
S3A) [12]. Three days after dRNP transfection (20 pmol/10°
cells), mRNA levels were determined via RT-qPCR. We ob-
served strong upregulation of all tested target genes. Indeed,
induction of NEUROD1, ASCL1 and NEUROG?2 exceeded
several log scales in HAFs (Fig. 2A), but also other human
cell types, such as pAstros cultures (Fig. 2B) and human in-
duced pluripotent stem cells (iPSCs (Fig. 6D). The detected in-
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duction exceeded the transactivating effect of first generation
CRISPRa RNPs, purified from E.Coli (gift from Prof. Ras-
mus O. Bak, Fig. 2C), as well as established CRISPRa plas-
mids, containing expression cassettes for dCas9-VPR and tar-
get sequence-identical gRNAs, delivered side-by-side by lipo-
fection (Fig. 2D) [29, 42]. A part of the enhancement of trans-
activation compared to plasmid based system is likely due to
the efficiency of dRNP delivery, since nucleofection narrowed
the gap (Fig. 2D). To test the robustness of RNP-mediated
gene activation strategies, we compared gene induction of
complexes targeting two neural fate factors, NEUROD1 and
NEUROG2, with several independent batches of dCas9-VPR
protein purification and gRNAs. Reassuringly, induction rates
were comparable indicating a high robustness of the method
(Supplementary Fig. S3B and C).

To estimate off-target effects of dRNP approaches, we next
conducted RNA-seq analysis. To reduce the number of secon-
darily regulated genes we switched the target from TFs such as
NEUROD1 or NEUROG?2 to the cell-adhesion molecule EP-
CAM. Reassuringly, the transcriptome analysis showed that
only a handful of genes are substantially changed, while EP-
CAM shows indeed the highest transcriptional upregulation

(Fig. 2E). Among the other elevated genes are several with
roles in extracellular matrix, cell contacts and adhesion (such
as Matrix metalloproteinase-235, Collagen Typ IX, alpha 3 and
the actin binding protein LBD3), indicating their elevation is
likely a consequence of EPCAM induction, which can regulate
gene activity in various ways [43]. In line with this, none of
these genes had predicted binding sites for used gRNAs (four
mismatches or less) using CRISPOR [44], and none of the
Top10 predicted off-target genes showed significant elevation
(over two-fold) in the RNA-seq.

To characterize the temporal resolution of the RNP-based
CRISPRa system, we transfected active dRNP complexes tar-
geting two neuronal TFs (NEUROD1 and NEUROG?2) into
HAF cells and determined mRNA levels between one hour and
eight days post-delivery (Fig. 3A). Interestingly, already 3—-6 h
after dARNP delivery significant elevation of target mRNA lev-
els is apparent, the maximal induction is reached shortly there-
after (~12-24 h, Fig. 3A). Moreover, mRNA levels started to
decline between 24 and 48 h (Fig. 3A). In line with these find-
ings, a rapid decrease of dCas9 protein after transfection was
detected via western blot (Supplementary Fig. S3D). This indi-
cates that dRNPs allow to engineer transcriptional induction
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Figure 2. dRNPs strongly induce target genes in human primary cells. (A and B) dCas9-VPR-RNP induced gene expression of human reprogramming
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more effective and with temporal resolution on par with com-
parable systems for endogenous gene induction applying op-
togenetics [45-47]. To test, whether dRNP treatment can be
repeated to prolong transcriptional induction, if intended, we
transfected human fibroblast cultures once or four times with
dRNPs targeting the transcription factor NEUROG2 over the
period of 7 days (Fig. 3B). While both conditions highly in-
duced the target gene after 24 h, only repeated delivery re-
sulted in elevated expression after 1 week, without apparent
increase of cellular stress or cell death (Fig. 3C).

Determining optimal complex conditions for
RNP-mediated CRISPRa

To determine the efficacy of our dRNPs further and to avoid
potential protein overload eliciting adverse responses such
as unfolded protein response (UPR) [30], we determined the
minimal effective dose of RNPs. For this, we delivered dif-
ferent amounts of RNPs (50 fmol — 50 pmol) into 10° HAF
cells. Interestingly, even the lowest tested dose activated NEU-
ROG2 expression in these cells over 2-3 log scales (Fig. 3D).
Increasing the amount of RNPs further revealed an approx-
imately linear dose response relation, until the expression
plateaus using S pmol per 10° cells or higher, resulting in
104-10°-fold gene induction (Fig. 3D). This result was also
in line with the finding that reducing gRNA amount sub-
stoichiometrically to a third did not reduce transcriptional
induction (Supplementary Fig. S3E). However, flow cytome-
try analysis applying fluorescently labeled tracrRNA indicated
further, that RNP amounts lower than 5 pmol lowered RNP
delivery rates (Supplementary Fig. S4A). To test whether the
upper limit of RNP mediated activation effects is gene de-
pendent, we repeated the experiments with medium to high
concentrations (10-80 pmol for 10° cells) of RNP complexes
targeting three different neural fate transcription factor genes
(NEUROD1,NEUROG?2 and ASCL1) and found that higher
doses did not further increase transcriptional output of either
gene (Supplementary Fig. S4B) but had a tendency to impair
cell viability (Supplementary Fig. S4C).

Next, we tested whether gRNA structure and stability have
major impact on the transcriptional induction mediated by
CRISPRa RNPs. For this, we compared three different avail-
able gRNA types each targeting the same two sequences
within the human NEUROG?2 promoter (Supplementary
Fig. S3A). We tested sgRNA, crRNAs stabilized through
chemical modifications (crRNA_XT, IDT) and standard cr-
RNA:tracrRNA duplex gRNAs (crRNA). While crRNA_XT
induced NEUROG?2 immediately (d1) higher (~5-fold) com-
pared to the duplex gRNAs, which was used before, the com-
monly used sgRNAs performed substantially worse (Fig. 3E)
indicating that RNP-mediated gene induction can be pro-
foundly affected by the gRNA type used. The transcriptional
induction retained a high temporal resolution in all cases
and more effective complexes, such as those build with cr-
RNAs_XT, did not result in a decelerated relative decline of
NEUROG2 mRNA over 3-6 days. This indicates that the
temporal dynamics after 24 h is likely mostly defined by the
half-life of NEUROG2 mRNA produced during the first 24 h
(Fig. 3E).

Determining multiplexing limits for RNP mediated
CRISPRa

To investigate the potential of RNPs to induce multiple tar-
get genes, we designed 22 crRNA:tracrRNA duplex gRNAs

targeting 11 neural transcription factor genes (Fig. 4A). Next,
we delivered specific RNP complexes either on their own, or
in combination in sets of five, six, or all eleven target genes.
Interestingly, we found that the application of 22 duplex gR-
NAs into HAF cells did overall not reduce the activation po-
tential of each individual one (Fig. 4B). This was the case for
genes with high (NEUROD1, NEUROG2, ASCL1, NEU-
ROD4, BRN2), medium (SOX1, FOXG1), and low (SOX4,
CUX1) transcriptional activation rates, indicating that dRNP
mediated target gene induction supports multiplexing at levels
comparable to the highest numbers reported to date, e.g. using
dCas12 crRNA, dCas9 gRNA expression vectors, or viral de-
livery systems [5, 22, 48, 49]. Interestingly, one gene (PAX6),
which only showed limited response to CRISPRa, reached
however higher mRNA levels the more other neural TFs have
been induced, suggesting a potential indirect effect (Fig. 4B).
Moreover, even excessive multiplexing combining 35 gRNAs
resulted in high induction of individual target genes, although
in this setting, combined inductions did not fully reach the
levels of individual gene targeting (Supplementary Fig. S5).

For targeted gene activation, most commonly few gRNAs
per gene have been used [7, 8,10, 50]. This has several reasons;
some are biological in nature, since with increasing distance
from the TSS gRNAs have not only been shown to be less ef-
fective [9, 10] but also methodological, since higher numbers
of gRNA expression constructs are more difficult to generate
and delivery is less effective using plasmid and virus based
systems. Since with the dRNP-based system, comprehensive
gRNA multiplexing seemed to be straightforward, we next
investigated, whether increasing number of gRNAs targeting
one single gene promoter would significantly affect gene ex-
pression. To test this hypothesis, we designed eight different
gRNAs targeting the NEUROD1 core promoter, between 50-
and 500-bp upstream (gRNA1-6), or further away, at two up-
stream regulatory regions (SRNA7 and gRNAS) (Fig. SA and
B). First, we tested all possible combinations of four gRNAs
(gRNA1-4) targeting the core promoter and found indeed
that on its own one gRNA (gRNA3) is particularly efficient
in activating NEUROD1 transcription via dRNP-mediated
gene induction in HAF cells, inducing transcript levels al-
most for three logyo scales after 24h (Fig. 5C). In contrast,
RNP complexes built with either of the other three individu-
ally tested gRNAs (gRNA1, gRNA2 and gRNA4) had only
a minor effect on NEUROD1 expression (<20-fold induc-
tion). Nevertheless, adding either of those gRNAs to gRNA3
by dRNP-mediated target multiplexing, transcriptional out-
put increased, way beyond merely additive effects (Fig. 5C).
Next, we applied complexes build with each of the eight gR-
NAs and found that particularly those targeting more up-
stream sites were ineffective for activating NEUROD1 tran-
scription on their own. Nevertheless, combining several gR-
NAs with each other, resulted in disproportionately high gene
induction rates, all in all scaling with the number of gRNAs
combined (Fig. 5D). Combining all eight gRNAs together re-
sulted in gene induction rates of more than 4 logyo scales
(Fig. SD).

RNP-mediated gene induction enables directing cell
fate with high efficiency

To test, whether RNP-mediated gene induction is sufficient to
affect cell fate, we applied dRNPs to human induced pluripo-
tent stem cells (hiPSC) (Fig. 6A, Supplementary Methods S3).
A single transfection of hiPSCs with dRNPs targeting either
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Figure 4. dRNPs can be used as a versatile tool for multiplexed gene activation. (A) Experimental design using a set of 22 gRNAs to simultaneously
activate 11 target genes. (B) RT-qgPCR analysis comparing the activation of a single gene (single) with combinations of sets of five or six genes (set) with
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are presented as mean &+ S.E.M. (n=_3 independent experiments). Two-tailed t-test was performed for statistical analysis. * P < 0.05, ** P < 0.01.
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presented as mean & S.E.M. (n = 3 independent experiments).

NEUROD1 or NEUROG?2 resulted in a strong and imme-
diate transcriptional activation of these genes as measured
by RT-qPCR (Fig. 6D). Indeed, NEUROD1 and NEUROG2
mRNA level were elevated by 4-5 logio scales on d1. Dur-
ing the following 5 days, expression levels declined roughly
by 2 logy scales. Furthermore, cross-activation between these
two genes was observed, underlining their synergistic roles
during neurogenesis. Interestingly, despite applying only a sin-
gle dRNP delivery at d0, 6 days later, many newborn neurons
were detected, positive for the pan-neuronal marker tubulin
beta 3 class III (Tubb3) and the more mature marker micro-
tubule associated protein 2 (Map2) (Fig. 6B and C). Moreover,
the morphology and number of neuronal cells is comparable

to those gained through transduction of retroviral vectors con-
taining an engineered hyperactive version of NEUROG2, mu-
tated on multiple phosphorylation sites [30, 51], which is con-
tinuously expressed during this period (Fig. 6B and C). This
indicates that although the dRNP activities are short lived,
they are strong enough that even single deliveries can initiate
remarkable cellular changes.

Finally, we tested whether dRNPs are also potent enough
to transdifferentiate fully differentiated cells. We made use
of proliferating astrocyte populations (pAstrocytes) derived
through a ~4 week protocol from human iPSCs [30]. Dif-
ferentiation of pAstros from hiPSC resulted in a homoge-
nous population of cells with glial morphology, consistently
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microscopy images of hiPSCs 6 days after dRNP transfection and retroviral transduction stained for the pan-neuronal marker tubulin beta 3 class IlI
(Tubb3) and the mature neuronal marker microtubule associated protein 2 (Map2). (n = 3 independent experiments). Scale bar: 100 um. (C)
Quantification of (B). Percentage of marker positive cells relative to dapi on d6 of the experiment. Data are presented as mean+S.E.M. (n=3
independent experiments). (D) RT-gPCR analysis of dRNP-based transcriptional upregulation of NEURODT and NEUROGZ in hiPSCs following a single
dRNP delivery. Data are presented as mean + S.E.M. (n=3 independent experiments).

G20z 1Mdy g uo 1senb Aq |0zZ6608/SEZ4ENB/9/EG/aI0IE IBU/WOS" dNO"OIISPEDE//:SARY WOl POPEOIUMO(]



Efficient DNA- and virus-free engineering of cellular transcriptomic states 13

A .
' ‘ &
‘~ Direct Reprogramming
Endogenous TF
pAstros activation
A
W
dpt

B
w
=
% .

Tubb3

4
Q
[=]
£
o
ZI
ﬂ- i
Z f
m \
o ]
o™
=z
(U]
Z|
o
Z .
['4
©
=z
=
Z|
o
=z
['4
h=l

(@)

10%7 = ot 10+ = ot
. 3 dRNP_ND1 3 dRNP_ND1
1077 = dRNP_NGN2 8- EE dRNP_NGN2

3 dRNP_NNN
04 2 3 dRNP_NNN !

10" °
1ol lel | ﬁ
RN mein| TS

T
NEUROD1 NEUROG2 NEUROD4

expression fold change
5
%
1
marker positive (% of dapi cells)

Figure 7. dRNP multiplexing of single and multiple TFs directly converts human iPSC-derived proliferating astrocytes (pAstros) into neurons. (A)
Experimental design. Human pAstros are transfected with dRNPs on experimental days 0 and 3 of the experiment targeting NEUROD1 (ND1),
NEUROGZ2 (NGN2) or a combination of NEUROD1, NEUROGZ2 and NEUROD4 (NNN) at their promoter sites. (B) Representative Immunofluorescence
microscopy images of differentiated pAstros stained for glial markers such as S100 calcium binding protein B (S100b) and glial fibrillary acidic protein
(GFAP) and induced neurons 20 days after the first dRNP transfection. To detect new-born neurons, cells were stained for the pan-neuronal marker
tubulin beta 3 class Il (Tubb3) and the mature neuronal marker microtubule associated protein 2 (Map2) (n = 3 independent experiments). Scale bar: 100
um. (C) RT-gPCR analysis of dRNP-based transcriptional upregulation of NEUROD1, NEUROG2 and NEUROD4 on day 2 of the experiment. Data are
presented as mean + S.E.M. (n=_3 independent experiments). (D) Quantification of (B).
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expressing glial markers such as S100 calcium binding protein
B (S100b) and glial fibrillary acidic protein (GFAP) (Fig. 7B).
We transfected dRNPs twice, at d0 and d3, with the aim to ac-
tivate either the reprogramming factor NEUROG2 (NGN2),
NEUROD1 (ND1) or a combination of NEUROG2, NEU-
ROD1 and NEUROD4 (NNN, Fig. 7A). qPCR analysis con-
firmed gene induction of the target genes at day 2 (Fig. 7C).
On day 20 of the experiment, multiple cells with complex
morphologies indicative of neurons were found among the
dRNP treated cells while completely absent in control con-
ditions (Fig. 7B). These cells were also strongly positive for
Tubb3 and Map2, markers absent in control conditions (Fig.
7D), indicating that dRNPs are potent enough to achieve cell
fate conversion even in terminally differentiated human cell
populations.

Discussion

Here we introduce the generation, optimization and use of sec-
ond generation CRISPRa RNPs (dRNPs). While the applica-
tion of WT RNPs are very prevalent [52-55], the direct use of
dCas9 for gene activation has been only reported in few cases
[29]. The reported CRISPRa RNPs are based on first genera-
tion CRISPRa systems (e.g. dCas9-VP64), while dCas9-VPR
protein could not been purified from bacterial cultures [18].
By switching to an insect-cell based expression system, we
overcame this issue and demonstrate the efficient purification
of a second generation CRISPRa protein, dCas9-VPR, which
has been shown to be more potent [12]. We show that dCas9-
VPR protein can be combined with any tested crRNA types
to from functional ribonucleoprotein-complexes (dARNPs) for
targeted gene activation. Applying our dRNPs to human cell
lines, primary cells, stem cells and stem cell-derived cell mod-
els reveal remarkably efficient delivery and strong target gene
induction. The cellular systems used in this study (astrocytes,
fibroblasts and iPSCs) are all considered fast dividing for hu-
man diploid cells (estimated cell cycle lengths 40-48 h, 30-36
h, and 24-30 h, respectively). It will be interesting to explore
how the dRNP half-life and efficacy are affected when applied
to cells with lower proliferation rates (such as neurons) or
species with faster cell cycle dynamics (such as murine cell
types).

In addition, dRNPs surpass several limitations that alterna-
tive CRISPRa systems face, some technical, such as virus pack-
aging capacity and gRNA cloning, others biological, such as
speed and temporal resolution of gene induction. Notably, we
find significant induction of gene expression already hours af-
ter dRNP delivery. We are confident, the transient nature of
the dRNP system could serve as a powerful tool to investi-
gate and manipulate gene regulatory networks with precise
time resolution. dRNP-based transcriptional bursts at defined
promoter sites would allow to investigate potential long-term
effects on gene-regulatory elements such as epigenetic mem-
ory. Conventional transient gene regulatory approaches rely
on inducing gene activation, e.g. via light or small molecules
[45-47, 56-58]. Therefore, even though the time-resolution
of these systems might be very sharp, combining several tar-
gets simultaneously or activating multiple genes sequentially is
challenging; and more importantly, the target elements char-
acterized are usually limited to genetically modified loci. In
contrast, applying dRNPs allows the efficient activation of en-
dogenous promoters with sharp time resolution and without

the need for a priori genetic manipulation. Moreover, since
synthetized gRNAs are inexpensive and commercially avail-
able, once protein has been purified, dRNPs are ready to be
used for any target, in any species and cell type.

In this work, we also demonstrate that the dRNP-based ap-
proach offers the possibility to increase the number of gR-
NAs used to target one or multiple genes via extensive target
multiplexing. CRISPRa has been shown to be well suited for
multiplexed target activation, which has also been successfully
achieved applying a number of strategies [9, 10, 18, 21, 48,
59]. With dRNPs the unimpeded use of at least 22 gRNAs ap-
pears to be possible, 35 gRNAs with some attenuation, and
thus represents a novel tool promising to allow comprehen-
sive manipulations of cellular transcriptional networks. Sepa-
rate dRNP pre-assembly enables to robustly deliver equimo-
lar ratios for each target region avoiding potential differences
in assembly and/ or gRNA transcription efficiencies in the
cells [9, 10]. Moreover, since gRNAs are inexpensively syn-
thesized commercially, the dRNP-based approach overcomes
limitations inflicted by cloning multiple gRNA cassettes into
single vectors [5, 22]. Through optimization of dRNP gener-
ation, composition and delivery, we were able to show that
dRNPs allow very strong targeted activation of transcription.
This induction is specific and can be further increased by us-
ing chemically stabilized gRNAs. In line with recent insights
based on plasmid based approaches [60], we find that gene ac-
tivation was synergistically enhanced through targeting differ-
ent regulatory elements of the same gene. More experiments
are needed to reveal which molecular processes are involved
in this, but it is tempting to speculate that phase-separated
condensates may play a role [61]. Concerning the particu-
larly preferable features of dRNPs, such as strong target gene
induction, sharp time resolution, and extensive multiplexing
potential, we did not yet reach limitations during the charac-
terization and optimization of the technology. While we can
show that the combination of 35 gRNAs is possible for the
activation of multiple targets and 8 gRNAs synergize to in-
duce a single target gene, this may not reflect the maximum
that is technically achievable. We show that single inductions
are potent enough to induce strong cellular effects days later,
and multiple dRNP deliveries are possible. Indeed, we present
evidence that dRNP activity is strong enough to enable the
targeted manipulation of cell fate choice and cell identity,
which is believed to be dependent on high expression levels
of master transcription factors. Specifically, we demonstrate
that dRNP admission and activation of neuronal reprogram-
ming factors in human cells instructs the generation of new
neurons.

Despite the presented advantages of dRNPs, there are dis-
advantages with this technology, too. The most evident is-
sue is that, compared to AAV, options for in vivo delivery of
dRNPs are limited. Nevertheless, even without such an op-
tion, the dRNP approach could be suitable for therapeutic
strategies, applying ex vivo manipulation of patient cells [62],
with the added benefit of ultimately transferring cells without
DNA mutation, integration and/or virus expression. More-
over, since it has been shown for WT Cas9 that pre-assembled
CRISPR-RNPs can be delivered very efficiently in vitro [52-
54, 63, 64], and several novel in vivo delivery systems for
RNPs have been recently reported [25, 65-67], dRNPs might
offer a promising strategy for mutation-free, DNA-free and
virus-free gene-therapeutic approaches.
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