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Abstract

Targeted activation of endogenous genes is an important approach for cell engineering. Here, we report that the
nuclease-deactivated dCas9 fused to a transcriptional activator (VPR) and an epigenetic effector (the catalytic do-
main of histone acetyltransferase p300°°") simultaneously, sequentially, or as a single quadripartite effector can
lead to enhanced activation of target genes. The composite activator, VPRP, behaves more efficiently than indi-
vidual activators across a set of genes in different cell types. We characterize off-target effects for host chromatin
acetylation and transcriptome using the effectors. Our work demonstrates that transcriptional and epigenetic
effectors can be used together to enhance gene activation and suggests the need for further optimization of

epigenetic effectors to reduce off-targets.

Introduction

Nuclease-deactivated dCas (e.g., dCas9) approaches pro-
vide the ability to up- and/or downregulate target genes,
offering a toolbox for research and potentially gene ther-
apies.' ® Recent work utilizing CRISPR activation
(CRISPRa) in mouse models demonstrated the use of
Streptococcus pyogenes dCas9 (SpdCas9) fused to
VP64 to upregulate a haploinsufficient gene to rescue
an obesity phenotype and the use of Staphylococcus au-
reus dCas9 (SadCas9) fused to two copies of VP64 to
upregulate a compensatory gene for the treatment of con-
genital muscular dystrophy in a mutation-independent
manner.”® While these studies highlight the potential of
CRISPRa to treat diseases caused by transcriptional mis-
regulation, applications for cell reprogramming or meta-
bolic engineering remain limited due to the inability to
activate targeted genes efficiently.

Effectively upregulating an endogenous gene with
CRISPRa is dependent on the genomic and epigenetic
landscape of the gene, necessitating multiple mechanisms
of activation. In one commonly used approach, dCas9 is
fused to the tripartite transcriptional activator VPR
(VP64-p65-Rta), which recruits subunits of the RNA

polymerase to initiate transcription at proximal promot-
ers.! Alternatively, dCas9 fused to the catalytic core of
p300 histone acetyltransferase (p300°°) induces epige-
netic enzymatic acetylation at local histone H3 lysine
27 (H3K27), which can activate distal promoters and
enhancers.’

Hybrid approaches employing both epigenetic and
transcriptional activation of a single gene have only
begun to be tested.” Further analysis of how expression
of dCas9-activator fusions affects targeted and global
gene expression and chromatin modifications is needed
prior to the therapeutic applications of CRISPRa.

Here, we examine and compare two broadly used ef-
fector domains, VPR and p300°°™, for their efficiency
in upregulating target genes and the propensity to cause
off-target effects on nontargeted genes. We tested their
individual or combinatorial fusions by simultaneously,
sequentially, or spatially recruiting VPR and p300°°"
(Fig. 1A). Our data implies a synergistic effect between
transcription and epigenetic activators for target gene ac-
tivation using a composite quadripartite effector VPRP.

We performed RNA sequencing (RNA-seq) and
H3K27ac chromatin immunoprecipitation sequencing
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(ChIP-seq) of individual VPR, p300°°*¢, and VPRP. Our
data showed no observable off-targets using VPR on tran-
scriptome level and chromatin modifications, which is
consistent with previous studies, but we saw some off-
target effects when using p300°°™ individually or in
combination. Our profiling implies that while CRISPRa-
mediated transcription control is specific, the specificity
of epigenetic effector p300°°* can be further optimized.

Methods

Single-guide RNA cloning

Single-guide RNAs (sgRNAs) were expressed from a
lentiviral mouse U6-based expression vector that co-
expresses Puro-T2A-BFP (pSLQ1373) from an EFla
promoter. New sgRNA sequences were generated by
polymerase chain reaction (PCR) and introduced by
InFusion cloning into the sgRNA expression vector that
was digested with BstXI and Xhol (see Supplementary
Table S1 for sgRNA sequences).

Plasmid cloning

Individual constructs for dCas9 effectors used in this
study are described in Supplementary Table S2, ordered
by figure. To assemble the doxycycline (dox)-inducible
dCas9—effector constructs, human codon-optimized
SpdCas9 (a gift from Martin Jinek) was fused at the
C-terminus with an HA tag and two SV40 nuclear local-
ization signals, followed by the effector. The VPR effec-
tor' was assembled by fusing the activation domain of
VP64 with the activation domain of p65 (p65AD) and
RTA with two GS linkers with a SV40 NLS between
VP64 and p65. The p300°°™ and p300°° P1399Y) effec-
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tors were a gift from Charles Gersbach (Addgene plasmid
nos. 61357 and 61358).° All transformations containing
plasmids with p300°°" were grown at 30°C.

For visualization, sfGFP was fused at the C-terminus
of the effector following a P2A peptide. This cassette is
driven by the TRE3G dox-inducible promoter. Zeocin re-
sistance and TetOn 3G transactivator expression is driven
by the EF1a promoter. These cassettes were cloned into a
PiggyBac plasmid containing PiggyBac homology arms.
The SadCas9 (a gift from Feng Zhang; Addgene plasmid
no. 61594) constructs were driven by the SSFV promoter
and contained a C-terminal P2A mCherry fusion.

Lentiviral production

293LX cells were seeded 24 h prior to transfection. On
the day of transfection, the cells reached between 60%
and 80% confluence. Lentivirus was produced by trans-
fecting with the pHR-sgRNA expression vector in addi-
tion to pMD2.G and pCMV-dR8.91 using TransIT-LT1
transfection reagent (Mirus). A media exchange was con-
ducted 24 h after transfection, and lentivirus was col-
lected 48h after transfection and filtered through a
0.45 um filter. Crude lentivirus was collected and stored
immediately at —80°C.

To concentrate the lentivirus, the filtered supernatant
was mixed with Lentivirus Precipitation Solution
(AlStem) according to the manufacturer’s instructions.
Following concentration, lentiviral pellets were re-
suspended 1/100 of the original volume using cold
phosphate-buffered saline (PBS) and stored at —80°C.
Crude extract was used to transduce HEK293T and
A549 cells, and concentrated lentivirus was used to trans-
duce human induced pluripotent stem cells (hiPSCs).

>

FIG. 1. Direct fusion of VPR and p300°°" to dCas9. (A) Schematic of three modes of activator co-recruitment,
from left to right, as a single fusion, sequential recruitment, and spatial recruitment. V, VP64; P, P65; R, Rta.
Targeted activation of two types of endogenous genes, expressed or silences, are shown on the right. (B)
Constructs encoding the Streptococcus pyogenes dCas9 (SpdCas9) activator, including p300°°"¢, VPR, VPRP, and
VPRP, ., Used for stable integration into the host genome utilizing the PiggyBac transposase system. (C)
Experimental design demonstrating stable integration of single-guide RNA (sgRNA) by lentiviral transduction and
activation of inducible dCas9 activator cell line by addition of doxycycline (dox). (D) Schematic of target gene
activation using co-recruitment of dCas9-p300°°"¢, VPR, VPRP, and VPRP,,, fusions. (E) Comparison of activation
efficiency across four activators and a sgRNA targeting C-X-C motif chemokine receptor 4 (CXCR4), hemoglobin
subunit f (HBB), hemoglobin subunit y (HBG), and T-box transcription factor 5 (TBX5) in HEK293T cells. Fold change
is calculated relative to wild-type (WT) cells (no dCas9 activator) containing the same targeting sgRNA. All data
represent three to four biological replicates. (F) Activation efficiency across three activators in A549 cells and a
sgRNA targeting CXCR4 and HBB. Data represent three biological replicates. (G) Activation efficiency across four
activators in human induced pluripotent stem cells (hiPSCs) and a sgRNA targeting CXCR4. Data represent three to
five biological replicates. In (E) and (F), *p <0.05; **p <0.01; ****p <0.001.
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Cell culture and stable line generation

HEK293T (Clontech) and A549 (ATCC) cells were cul-
tured at 37°C and 5% CO, in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (FBS). hIPSCs (WTC, Gladstone Stem
Cell Core) were cultured at 37°C and 5% CO, in
MTeSR1 (STEMCELL Technologies) and grown on

A Modes of recruitment

Matrigel (Corning). hiPSCs were passaged as single
cells using Accutase (STEMCELL Technologies) with
the addition of Thiazovivin ROCK inhibitor (STEM-
CELL Technologies).

To generate HEK293 and AS549 cell lines stably
expressing the Piggybac-based inducible dCas9—effector
constructs, cells were seeded at 2 x 10° cells per well of a
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12-well plate. The following day, cells were 60-80%
confluent and transfected with 250 ng PiggyBac plasmid
containing the dCas9—effector and 100 ng Super Piggy-
Bac transposase (Systems Biosciences) using Mirus
TransIT-LT1 reagent. Cells were incubated with the
transfection complexes for 48 h. Selection for stable inte-
gration was done by the addition of Zeocin for 10 days.

To generate hiPSC cell lines stably expressing the
Piggybac-based inducible dCas9—effector constructs,
the Mirus TransIT-LT1 Reverse transfection protocol
was utilized. Briefly, the transfection complex was
mixed and incubated at room temperature for 20 min
and then added to a well of a 12-well plate containing
1 mL mTeSR and ROCK inhibitor. hiPSCs (0.65 x 106)
were then added to the well containing the transfection
complexes and incubated at 37°C and 5% CO, for 24 h.
Selection for stable integration into HEK293, A549, or
hiPSCs was done by the addition of Zeocin for 10 days
(see Supplementary Table S3 for all stable lines used in
this study).

Flow cytometry analysis
For C-X-C motif chemokine receptor 4 (CXCR4) expres-
sion analysis, cells were dissociated with ReLeSR
(STEMCELL Technologies) and stained with APC-
labeled CXCR4 antibody (BioLegend #30651) in PBS
+10% FBS. Cells were washed twice with PBS +10%
FBS and then analyzed for fluorescence using a Cyto-
FLEX S flow cytometer (Beckman Coulter). Cells were
gated for viability and single cells, and 10,000 cells
were collected for the population of interest (GFP+ for
the SpdCas9 activation system, BFP+ or mCherry+ for
sgRNA, and mCherry+ for the SadCas9 activation sys-
tem) and analyzed for CXCR4 expression using FlowJo.
Expression fold changes are calculated relative to
wild-type (WT) cells + dox and containing a matched
sgRNA. All data are displayed as single points or as the
mean t standard error. A one-way analysis of variance
(ANOVA) was used to compare the means between
groups and to determine whether any of the means are
statistically different.

Quantitative PCR analysis

Hemoglobin subunit  (HBB), hemoglobin subunit 7
(HBG), and T-box transcription factor 5 (7BX5) levels
were measured using quantitative PCR (qPCR). For se-
quential and orthogonal activation experiments, all cells
were harvested using 0.25 Trypsin-EDTA (Thermo Fisher
Scientific) or Accutase (STEMCELL Technologies), and
total RNA was isolated using an RNeasy Plus Mini
Kit (Qiagen), according to manufacturer’s instructions.
Reverse transcription was performed using iScript cDNA
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Synthesis kit (Bio-Rad). Quantitative PCR reactions
were prepared using iTaq Universal SYBR Green Super-
mix (Bio-Rad) and run on a Bio-Rad CFX384 real-time
PCR system (Bio-Rad). Primers are summarized in Sup-
plementary Table S4.

Expression fold changes are calculated relative to WT
cells + dox and containing a matched sgRNA. Data rep-
resent the average of either three or four technical repli-
cates for each biological replicate. All data are displayed
as single points or as the mean * standard error. A one-
way ANOVA was used to compare the means between
groups and to determine whether any of the means are
statistically different.

Preparation of samples for RNA-seq and ChlIP-seq
RNA-seq was performed from duplicates for each condi-
tion. To prepare samples, cells were induced with dox for
48 h, and GFP+/BFP+ double-positive cells were sorted on
a BD Influx flow cytometer (BD Biosciences). WT cells
containing only a sgRNA were sorted for BFP+ cells.
One million cells were sorted for each sample, and total
RNA was purified using an RNeasy Plus Mini Kit (Qia-
gen). Total RNA was sent to Novogene Corporation for li-
brary preparation and Illumina PE-150 sequencing.

Briefly, total RNA quantification and qualification was
done by Nanodrop for RNA purity, agarose gel electro-
phoresis, and Agilent 2100 for RNA integrity. mRNA
was purified using poly-T oligo-attached magnetic beads
and fragmented. cDNA was synthesized using M-MuLV
Reverse Transcriptase and DNA Polymerase I and purified
using AMPure XP beads.

The 3’ ends of the cDNA were adenylated, and a NEB-
Next Adaptor with hairpin loop structure was ligated to
prepare for hybridization. AMPure XP system (Beckman
Coulter) was utilized to enrich for fragments of 150—
200 bp length. Finally, the final library was obtained by
PCR amplification and purification of PCR products by
AMPure XP beads. Libraries were diluted to 1.5 ng/uL
(Qubit2.0) and insert size detected by Agilent 2100.
gPCR is used to quantify the library effective concentra-
tion accurately (>2nM). Samples were then pooled and
run on Illumina sequencers.

H3K?27ac ChIP-seq was performed from duplicates for
each condition. To prepare samples, cells were induced
with dox for 48 h. To fix the cells, 1/10 volume of freshly
prepared formaldehyde solution (11% formaldehyde,
0.1M NaCl, 1 mM EDTA, 50mM HEPES in water)
was added to existing media for 15 min at room temper-
ature. The fixation was stopped by adding 1/20 volume of
2.5M glycine solution for 5min at room temperature.
After the glycine incubation cells were scraped from
the culture surface, cells were collected and kept on ice
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for the remainder of the procedure. The cells were centri-
fuged at 800 g for 10 min and then re-suspended in 10 mL
chilled PBS-Igepal. Cells were centrifuged again and re-
suspended in 10 mL PBS-Igepal and 100 uL. of PMSF
(100 mM). Cells were centrifuged a third time, and cell
pellets were snap-frozen on dry ice and stored at —80°C.

ChIP-seq was performed by Active Motif. Illumina se-
quencing libraries were prepared from the ChIP and Input
DNAs by the standard consecutive enzymatic steps of
end-polishing, dA-addition, and adaptor ligation. After
a final PCR amplification step, the resulting DNA librar-
ies were quantified and sequenced on Illumina’s NextSeq
500 (75 nt reads, single end).

Bioinformatic analysis of RNA-seq and ChlIP-seq

For RNA-seq, mapping and quantification was performed
by Novogene. Briefly, mapping was performed with
STAR v2.5 against hg19 with a mismatch parameter equal
to 2.'° Initial quantification of transcript abundance was
performed by HTSeq v0.6.1."' We performed differential
expression analysis using DESeq2 v1.24.0.'> MA plots
were generated in DESeq2 by contrasting the two condi-
tions using the log fold change shrinkage method.

For ChIP-seq, initial analysis was performed by Active
Motif. Reads were aligned to hg19 using the BWA algo-
rithm on default settings and stored in BAM format.'?
Reads were extended in silico at their 3" ends to a length
of 200 bp. The genome was divided into 32 nt bins, and
fragment density was calculated in each bin. Peak loca-
tions were determined using the MACS algorithm, with
a cut-off p-value of 1077.'* Regions were merged across
samples for comparison across samples and stored in big-
Wig files. We imported these bigWig files directly to
deepTools to create correlation results and visualization
of H3K27Ac about a genomic locus.'”

Results

Direct fusion of VPR and p300°°"® to dCas9 shows
enhanced activation across genes and cell types

To allow for inducible expression of the dCas9 activators,
we developed a dox-inducible system on a single Piggy-
Bac transposon plasmid that can be stably integrated into
the host genome (Fig. 1B). This construct was stably in-
tegrated via transposition into the genome of HEK293T
cells, and sgRNA driven by a U6 promoter was intro-
duced by lentiviral transduction (Fig. 1C).

To test our first strategy for the coordinated recruit-
ment of VPR and p300°°", we developed four dCas9 ac-
tivators (Fig. 1D). Single activators included VPR or
p300°°" fused to the C-terminus of SpdCas9. Our coordi-
nated activators included the fusion of p300°°" or
p300°°, i, the catalytically inactive (D1399Y) form of

p300°°", to the C-terminus of VPR, which resulted in
VPRP or VPRP,,,., respectively (Fig. 1B and D). The
dCas9 activators were induced by the addition of dox,
and cells were assayed 48 h later by flow cytometry or
quantitative reverse transcription (qRT)-PCR (Fig. 1C).
The level of activation is calculated as fold-change
over WT cells that do not contain an activation system
but do contain the targeting sgRNA.

To test activation across a panel of genes, we chose
CXCR4, HBB, HBG, and TBX5. All these genes are rele-
vant to disease modeling or gene therapy. For CXCR4,
since it is a surface protein with an available antibody
for immunostaining, we performed flow cytometry to
quantify its expression on the protein level in single
cells. For other genes, we performed qPCR to quantify ex-
pression on the transcript level in a bulk cell population.
dCas9-VPRP activated CXCR4, a gene that is moderately
expressed in HEK293T cells, by 74-fold (Fig. 1E). In com-
parison, dCas9-VPR and dCas9-VPRP,,, activated
CXCR4 by only 31- and 25-fold, respectively. Notably,
dCas9-p300°°" activated CXCR4 by only threefold.

For HBB, HBG, and TBX)5, which are all expressed at
low levels in HEK293T cells, we observed that the levels
of activation were significantly higher than CXCRA4.
dCas9-VPRP activated HBB by 1.7 x 10°-fold, HBG by
3,900-fold, and TBX5 by 5,600-fold (Fig. 1E). Interest-
ingly, p300°°" outperformed VPR in terms of activation
efficiency for all three genes, which was different from
activation of CXCR4. This likely suggests that p300°°*
might be more potent at originally silenced genes,
while VPR works better at already expressed genes.

We also observed comparable activation efficiency of
using VPRP,,,,, and VPR, thus confirming the additional
activation of VPRR was indeed induced by the acetyl-
transferase catalytic activity of the p300°°™. Overall,
VPRP showed a positive combinatorial effect (more
than additive) of gene activation compared to VPR or
p300°°™ alone, suggesting cooperativity between tran-
scription and epigenetic regulation.

Besides HEK293T cells, we observed similarly im-
proved activation using dCas9-VPRP in A549 lung epi-
thelial carcinoma cells and hiPSCs (Fig. 1F and G).
These gene activation effects were sgRNA dependent,
as demonstrated using a nontargeting sgRNA (Supple-
mentary Fig. S1A and B).

Ocore

Sequential recruitment of VPR and p30
enhances transcriptional activation at silenced

genes at earlier time points than expressed genes

We next tested sequential recruitment of p300°** and
VPR to the same genomic site to allow for histone acet-
ylation prior to transcriptional activation, which may
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increase chromatin accessibility and improve activation transiently transfected cells with constructs encoding
of the target gene compared to either modality alone SpdCas9-p300°°- P2A-mCherry or SpdCas9-p300°° -
(Fig. 2A).16 P2A-mCherry driven by the constitutive SFFV promoter

To express SpdCas9 fused to p300°°® or p300°*°, (Fig. 2A). Targeted histone modifications by dCas9-
in the dox-inducible dCas9-VPR HEK293T cells, we p300°° were permitted to occur before dox induction of
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FIG. 2. Testing sequential recruitment of dCas9-VPR and dCas9-p300°°"® for endogenous gene activation. (A)
Schematic of sequential recruitment of VPR and p300°°"®. The experiment was performed using transient expression
of dCas9-p300°°" or dCas9-p300°°",,¢ in stable cell lines encoding dCas9-VPR for dox-inducible expression.
Constructs encoding inducible dCas9-VPR and constitutively expressed dCas9-p300°°"® or dCas9-p300°°" . are
shown. (B) Experimental design testing gene activation for sequential recruitment of dCas9-VPR and dCas9-p30
or dCas9-p300°°'¢, . using the same targeting sgRNA. (C) Stability of transient expression of SpdCas9-p300°°"® and
SpdCas9-p300°°®,,,; over time. (D) Results of sequential activation on CXCR4. Time indicates 2 days after dox
induction of dCas9-VPR. Fold change is calculated relative to activation by dCas9-VPR alone and is indicated by the
dashed line. Data represent between 4 and 10 biological replicates. ****p <0.001. (E) Results of sequential activation
on HBB. Time indicates 2 days after dox induction of dCas9-VPR. Fold change is calculated relative to activation by
dCas9-VPR alone and is indicated by the dashed line. Data represent between two to four biological replicates.
*p<0.05; **p <0.01; ****p<0.001.
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dCas9-VPR for 0, 2, or 5 days (Fig. 2B). Transient expres-
sion of dCas9-p300° in cells, measured by mCherry,
peaked on day 2 and dropped to a low level by day 7
(Fig. 2C). Cells were assayed for gene activation 48 h after
induction of dCas9-VPR on days 2, 4, or 7, respectively.

For CXCR4 (an expressed gene), while time points day
2 or 4 did not show increased activation relative to
dCas9-VPR alone, we saw a modest increase (1.5-fold)
in CXCR4 activation only later on day 7 (Fig. 2D). For
HBB (a silenced gene) targeting, the sequential recruit-
ment showed better activation at earlier time points start-
ing on day 2 (Fig. 2E). This observation likely suggests
deposition of H3K27ac to local chromatin facilitates
transcriptional activation, which is more pronounced for
originally silenced chromatin locus (lacking H3K27ac)
compared to expressed genes (already possessing
H3K27ac). The p300°° . fusion did not increase the
target gene activation compared to dCas9-VPR at all
time points, confirming that these effects are attributable
to the catalytic activity of the p300°°™,

Spatial co-recruitment of VPR and p300°°"® enhances

transcriptional activation at silenced genes but not
expressed genes
We next tested spatial co-recruitment of p300°" and VPR
effectors. We used an orthogonal pair of dCas9, SadCas9
and SpdCas9, which do not interact with each other’s
sgRNA and protospacer adjacent motifs. We co-expressed
the SadCas9 fused to p300°°™ or p300°° ., with SpdCas9-
VPR in the same cells (Fig. 3A)."” The sgRNAs are
designed to be overlapping (Sa-Cl and Sp-Cl1 for
CXCR4, Sa-H2 and Sp-H1 for HBB) or nonoverlapping
(Sa-C2 and Sp-Cl for CXCR4, Sa-H1 and Sp-C1 for
HBB; Fig. 3B). It should also be noted that in our previous
study, we observed that SpdCas9 exhibited a higher activity
for gene activation than SadCas9 using the same activator.'®

We did not observe better gene activation when
co-recruiting SadCas9-p300°°™ and SpdCas9-VPR for al-
ready expressed gene CXCR4 compared to SpdCas9-
VPR alone (dotted line in Fig. 3C). However, spatial
co-recruitment of SadCas9-p300°°" and SpdCas9-VPR
resulted in improved activation than SpdCas9-VPR
alone for silenced gene HBB (5.1-fold for the nonoverlap-
ping sgRNAs and 2.1-fold for the overlapping sgRNAs; or-
ange bars in Fig. 3D). The nonoverlapping guide (Sa-H2)
showed better enhancement for HBB activation compared
to the overlapping guide (Sa-H1), which is consistent with
less steric hindrance between the two dCas9/sgRNA com-
plexes at the local chromatin.

The p300°°°,.; showed no enhancement over VPR
alone for CXCR4 or HBB, suggesting this enhancement
of activation was dependent on the catalytic function of

p300°°", These results are consistent with temporal recruit-
ment that deposition of H3K27ac to silenced genes but not
actively expressing genes enhances gene activation.

Genome-wide acetylation characterization

of CRISPRa fusions

We next carried out genome-wide measurement on tran-
scriptomic and epigenetic levels to characterize the quad-
ripartite activator dCas9-VPRP system and compared its
performance to VPR, p300°°", and p300°°,, fusions.
We performed H3K27ac chromatin immunoprecipitation
sequencing (ChIP-seq) to profile genome-wide acetyla-
tion and RNA sequencing to assay global transcriptome
changes in biological replicates, including WT
HEK?293T cells expressing an HBB-targeting sgRNA
and HEK293T cells expressing dCas9-VPR, dCas9-
p300°°, dCas9-VPRP, and dCas9-VPRP,,,,. We chose
to activate HBB in these samples (rather than CXCR4) be-
cause HBB activation likely has less indirect regulatory
effects on other genes.

Measurement of H3K27ac confirmed that dCas9 fused
to p300°°" or VPRP acetylated genomic regions around
the HBB locus (Fig. 4A). We compared the genome-
wide H3K27ac profiles by correlating the H3K27ac
peak intensities between samples and observed that sam-
ples expressing p300°°™ fusions (including p300°°™ alone
and VPRP) segregated from samples without the acetyl-
transferase activity (WT, VPR, and VPRP,; Fig. 4B).

We analyzed the peak intensities of each fusion protein
compared to WT HEK293T cells (Fig. 4C). While dCas9-
VPR and dCas9-VPRP,,,; demonstrated somewhat simi-
lar H3K27ac profiles to the WT cells, surprisingly, sam-
ples with p300°°° (p300°°° and VPRP) showed
deacetylation across the genome. This is likely due to a
nonspecific function of overexpressing exogenous
p300°°™ in human cells, which may induce proteomic in-
teractions between p300°° and other co-factors. It
should also be noted that we observed moderate increase
of H3K27ac peak intensities around the sgRNA target
site, suggesting the inactive D1399Y form of p300°°"®
may still possess residual activity when used with VPR.

We analyzed putative off-target genomic locations
with altered H3K27ac peak intensities in the sample of
dCas9-VPRP. We submitted the sequence of sgHBB to
Cas-OFF Finder, allowing for up to 3 bp mismatches
and no DNA or RNA bulges, to obtain all predicted
off-target sites.'” The average ChIP-seq score for the lo-
cations 1kb up- and downstream (2 kb total window) of
each putative off-target binding site was calculated
using deepTools.15 Interestingly, a majority of predicted
off-targets showed no apparent increase of acetylation
around putative off-binding sites, as most of the data
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FIG. 3. Testing spatial recruitment of VPR and p300°°"® with dCas9 orthologs for endogenous gene activation. (A)
Schematic of spatial recruitment of VPR and p300°°". The experiment was performed using transient expression of
Staphylococcus aureus dCas9 (SadCas9)-p300°°" or SadCas9-p300°°" ., in stable cell lines encoding SpdCas9-VPR
for dox-inducible expression. Constructs encoding inducible SpdCas9-VPR and constitutively expressed SadCas9-
p300°°" or SadCas9-p300°°" ,,,; are shown. (B) sgRNAs used in orthogonal dCas9-mediated activation of CXCR4 and
HBB. SadCas9 sgRNAs shown in purple and SpdCas9 targeting sgRNAs are shown in blue. (C) Results of orthogonal
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exists closer to genome-wide average acetylation (blue
line in Supplementary Fig. 2A) than the acetylation
score around sgHBB locus (red line in Supplementary
Fig. 2A).

We further zoomed out the HBB locus in Figure 4A to
visualize a ~60kb window around the sgRNA binding
site (Supplementary Fig. 2B). Importantly, H3K27ac
marks were clustered around the transcriptional start
site of the cells expressing dCas9-VPRP compared to
WT cells. There were no apparent H3K27ac peaks out-
side of the targeted regions, indicating that off-target in-
creases in acetylation were not clustered around the
bound locus.

Genome-wide transcriptomic characterization

of CRISPRa fusions

We analyzed RNA-seq of cells expressing the dCas9 fu-
sions targeted to HBB. Corroborating the qRT-PCR data

for gene activation (Fig. 1E-G), while WT cells and
dCas9-VPRP with a nontargeting sgRNA displayed no
HBB expression, the other dCas9 fusions upregulated
HBB mRNA levels, with dCas9-VPRP being the most ef-
ficient (Fig. 5A).

Differential expression analysis of cells expressing
dCas9-VPRP with an sgRNA targeting HBB versus a
nontargeting sgRNA indicated that there were a few
off-target effects, which was consistent with the previous
results for similar comparisons between targeting versus
nontargeting sgRNAs (Fig. 5B).” Most differentially
expressed genes belonged to low expressing genes, sug-
gesting their difference can be largely due to stochastic
gene expression. Similar as the genome-wide acetyla-
tion profiles, the transcriptomes of samples clustered
depending on whether the active p300°°™ was present
(Fig. 5C), indicating p300°°* itself affected global tran-
script expression.
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We further analyzed the 26 genes that were differen-
tially upregulated by dCas9-VPRP using sgHBB com-
pared to sgNT (red dots in Fig. 5B) and investigated
whether these sites were due to off-target binding of
sgRNA that targets HBB. We submitted the sequence
for sgHBB to Cas-OFF Finder, allowing for up to 5 bp
mismatches and no DNA or RNA bulges."”

We searched for each of the 26 genes a sequence range
between 10 kb upstream of the transcriptional start site to
10 kb downstream of the transcriptional termination site.
Other than HBB, COLI6AI was the only gene that was
upregulated in dCas9-VPRP + sgHBB samples that had
an off-target binding site within this window. However,
the off-target binding site had four mismatches on the dis-

tal end of the sgRNA (cAcaAcCCAAGGACAGGTA;
lower case nucleotides are mismatches) and was 13 kb
downstream of the transcriptional start site within the
gene coding sequence. The general lack of off-target
binding sites around the differentially expressed genes
likely suggest the differentially expressed genes are not
due to the off-target binding. Instead, they are likely
due to long-range interactions from VPRP’s chromatin
alteration.

We further analyzed the dCas9 fusions compared to
the WT cells. We observed that dCas9-VPR showed
very few off-target effects compared to the WT cells,
with most changed genes being low differentially
expressed genes (log, fold change of >2 or <—2). In
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comparison, cells expressing dCas9-p300°°" and dCas9-
VPRP showed changes of many transcripts (Fig. 5D).
The VPRP,,, fusion showed greatly decreased number
of off-target effects compared to its active counterpart,
further suggesting that it was the catalytic function of
p300°°"® that induced global transcriptome change.

Together, the data imply that almost all off-target ef-
fects of p300°®™ or VPRP are induced by the effector
p300°°* rather than the dCas9 or VPR system. The de-
tailed characterization of the effectors on both chromatin
modification and RNA sequencing levels provides a re-
source for their future optimization with reduced off-
target effects.

Discussion

In this study, we report that a transcriptional activator,
VPR, and an epigenetic activator, the catalytic unit of
the histone acetyltransferase p300°“™®, can synergistically
enhance target gene activation. We designed a set of co-
recruitment experiments to recruit both effectors tempo-
rally or spatially, which suggested that the epigenetic
modification H3K27ac can enhance VPR for transcrip-
tional activation. We show that while VPR is more effec-
tive for activating already expressed genes (e.g.,
CXCR4), p300°“ is better at activating those silenced
genes (e.g., HBB). This makes our engineered VPRP par-
ticularly suitable for activating epigenetically silenced
endogenous chromatin and genes.

The combinatorial enhancing effects are most pro-
nounced for genes that were originally silenced, such as
HBB, compared to those already expressed genes, such
as CXCR4. The quadripartite effector VPRP showed
stronger activation of endogenous genes than VPR or
p300°°, which can be potentially used to activate
genes for applications that require overexpression of
the target genes such as in cell reprogramming or meta-
bolic engineering.

Our genome-wide ChIP-seq and RNA-seq confirmed
the introduction H3K27ac marks to local histones and en-
hanced transcription. We observed almost no off-targets
when using the transcriptional effector VPR but some
off-targets when using the epigenetic effector p300°°",
which is consistent with a recent study on the off-target
effects of p300°°™ domain fusion.?” Given the off-target
effects on H3K27ac of the VPRP activator, we recom-
mend using it with caution for research. For therapeutics,
further protein engineering is required to reduce the off-
target effects.

Furthermore, the increased payload size of VPRP com-
pared to VPR or VP64 should be considered for use on
delivery formulations such as lentivirus or mRNA deliv-
ery. The trade-off between increased efficacy for gene ac-

1

tivation and decreased delivery efficiency is common to
effector engineering, which should be carefully evaluated
for each application.

While recent work has extensively characterized the
off-target effects of CRISPR-Cas nucleases and base ed-
itors, more characterization of epigenetic and transcrip-
tional systems is necessary in the future.>' > There is a
need to engineer better epigenetic effectors further such
that they exhibit high efficiency for desired function
(transcription control or different types of epigenetic
modifications) and low off-target effects. Recent work
showed that introducing mutations into the DNA binding
regions of the DNMT?3 protein can reduce its off-target
effects,?®?’ suggesting further protein engineering is im-
portant to adapt broad epigenetic effectors with mini-
mized off-target effects.
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