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ABSTRACT: The combination of single-cell RNA sequencing with CRISPR inhibition/activation provides a high-throughput
approach to simultaneously study the effects of hundreds if not thousands of gene perturbations in a single experiment. One recent
development in CRISPR-based single-cell techniques introduces a feature barcoding technology that allows for the simultaneous
capture of mRNA and guide RNA (gRNA) from the same cell. This is achieved by introducing a capture sequence, whose
complement can be incorporated into each gRNA and that can be used to amplify these features prior to sequencing. However,
because the technology is in its infancy, there is little information available on how such experimental parameters can be optimized.
To overcome this, we varied the capture sequence, capture sequence position, and gRNA backbone to identify an optimal gRNA
scaffold for CRISPR activation gene perturbation studies. We provide a report on our screening approach along with our
observations and recommendations for future use.
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H INTRODUCTION known coding genes,g’m the alteration of the protospacer

: : . sequence to tune the degree of gene activation or inhibition,"'
The widespread uptake of single-cell RNA sequencing & 8 )

(scRNA-seq) has resulted in a shift in the way that we study and the inclusion of unique molecular identifiers (UMIs) in

biology. Now, it is possible not only to characterize gene gRNA to perform lineage tracing of pooled CRISPR screens."”
expression at the single-cell resolution (e.g., the Human Cell gRNAs were also modified for use with single-cell technologies
Atlas') but also to study genetic and gene-expression through the addition of guide barcode expression cassettes
perturbations at the single-cell level (e.g, refs 2 and 3). To (e.g., Perturb-seq3 and CRISP-squ) and modification of the
achieve this, homologous recombination-based methods have gRNA scaffold to incorporate capture sequences that can be
been widely adopted for gene targeting,’ and of these, captured by complementary primers engineered into single-cell
CRISPR/Cas9, an RNA-guided endonuclease enzyme, has gel beads.!*'s

been extensively utilized. This is largely due to its compatibility
with multiple species, relative simplicity to use, and flexibility.
In particular, the CRISPR activation (CRISPRa) system for
activating gene expressionS utilizes guide RNAs (gRNAs) to
target a dead Cas9(dCas9) protein fused to a transactivation
domain (e.g, VPR,” SAM,” or SunTag®) to induce endogenous
gene expression at specific genomic loci. Recently, several
advances have been made in the design of gRNAs. They
include the construction of the genome-wide CRISPRa and
CRISPR inhibition (CRISPRi) gRNA libraries targeting all

As scRNA-seq solutions have become commercialized, they
have become more readily accessible to the scientific
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Figure 1. gRNA screening to identify the optimal gRNA scaffold for 10x chromium feature barcoding capture for single-cell RNA-seq application.
(a) Schematics of unique gRNA scaffold designs: (i) depicting C1_HP_JW or C2_HP_JW, (ii) depicting C1_3P_JW or C2_3P_JW, (iii)
depicting C1_HP_FZ or C2_HP FZ, and (iv) depicting C1_3P_FZ or C2 3P_FZ. (b) Eight unique gRNA scaffolds containing the same
protospacer sequence (SOX17, ASCL1, or SCRAM) were delivered together to induce dCas9-VPR AAVSI knock-in H1 cells (4K) by pooled
lentivirus. Image created with BioRender.com. Cells were transduced in the presence of doxycycline for 3, 5, or 7 days prior to harvesting. Live/PI”
and GFP" populations were sorted for scRNA-seq. Uninfected cells were also sorted for the live/PI” population as the scRNA-seq control.

community; subsequently, interest in identifying the best
experimental design has grown. In particular, with the release
of 10x Genomics’ v3 chemistry with Feature Barcoding
technology, it is now possible to capture both the
polyadenylated mRNA (poly(A) mRNA) transcripts and
other compatible targets of interest (e.g, gRNAs) from the
same cell."”” This is achieved by adapting the beads to include
not only the poly(dT) primer (for mRNAs) but also two other
primer sequences, known as capture sequences 1 and 2 (C1
and C2). The complement of these sequences can be
incorporated into oligo-conjugated antibodies or gRNAs to
recover their presence using sequencing. Before using this
approach, a number of key experimental parameters need to be
set for the gRNA scaffold design. In addition to choosing
between C1 and C2, the location of the capture sequence can
be in one of two places within the gRNA sequence, namely, at
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a hairpin (HP) location or at the three-prime (3P) end.
Furthermore, the delivery of these gRNAs is routinely done by
using a lentiviral system, the structure of which varies (e.g., refs
3 and 16), and this can also affect experimental outcomes. We
have systematically tested each combination for the over-
expression of two genes (ASCL1 and SOX17) and drawn
conclusions about the effect of each choice on (1) the capture
efficiency of the gRNA, (2) the efficiency of the CRISPRa, and
(3) the transduction efficiency.

One of the key advances that this technology prevails is in
facilitating pooled screens where many different perturbations
are carried out in a single population of cells prior to
deconvolution by scRNA-seq, returning both the gene
expression profile and perturbations present in each cell
individually. As a result, we have carried out this study using
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Figure 2. Identification of the optimal gRNA scaffold for single-cell transcription factor (TF) overexpression by quantifying the capture efficiency
by the 10x Genomics single-cell assay and overexpression efficiency. (a) Distribution of log2(UMI) for each scaffold across single cells for both
ASCLI and SOX17. A Poisson—Gaussian mixture model is fitted to each distribution to determine a cutoff (triangles) separating gRNA— and
gRNA+ cells (see the inset for an illustration), with a higher cutoff being better. (b,c) Proportion of gRNA+ cells recovered for (b) ASCL1 and (c)
SOX17 upon downsampling the gRNA library in terms of the sequencing depth, that is, the number of reads. (d) Single-cell gene expression of
ASCLYI, in log2(normalized UMIs), across different ASCL1 gRNA scaffolds, SOX17 gRNA+ cells, and SCRAM gRNA+ cells. (e) Single-cell gene
expression of SOX17, in log2(normalized UMIs), across different SOX17 gRNA scaffolds, ASCL1 gRNA+ cells, and SCRAM gRNA+ cells.

similar conditions to ensure that the results are applicable to all ~29.7% guide-positive cells, and this proportion remained
uses of this technology. constant throughout (Supplementary Figure S2a,b). As such,

we combine the data from across the time series for the
B RESULTS purposes of comparing the gRNA scaffolds. These cells were
To systematically test the effect of different gRNA scaffold subjected to scRNA-seq, resulting in a data set of 13 743 cells,
design choices, we varied a number of parameters as follows robustly detecting 13 042 genes (Supplementary Figure S3a).
(Figure la, Supplementary Table S1): The data from each cell were processed to generate a gene

expression profile as well as to identify which of the 24
protospacer—scaffold combinations were present (Supplemen-
tary Figure S3b and Supplementary Methods). These results
were then analyzed to identify which gRNA combination was
the most effective.
. - Ability to Detect gRNAs. For each gRNA scaffold across
3) We varied the position of the capture sequence between the different protospacers, we compared the ability to
an HP and a terminal 3P location distinguish between cells that were likely gRNA-positive
4) We varied the delivery construct between two from those from which the detection might be a result of
commonly used gRNA backbones by the Jonathan noise (possibly due to the capture of ambient gRNA). We did
Weissman (JW) group’ and the Feng Zhang (FZ) this by fitting a Poisson—Gaussian mixture model to the

1) We chose two different gRNA protospacer sequences
that had previously been shown to increase the
expression of ASCLI'" and SOX17" as well as a
scrambled control (denoted as SCRAM from hereafter).

2) We varied the capture sequence between C1 and C2.

group.'? number of UMIs (or specifically log,(UMI)) detected for each

This resulted in a total of 24 different experimental setups combination (Supplementary Figure S3c). We then calculated
(three protospacers and eight scaffolds), each identified based the UMI cutoff at which it was possible to distinguish the
on these combinations, for example, ASCL1-C1_HP_JW. Gaussian-distributed counts (the signal, gRNA+ cells) from the
To begin, we engineered and validated a human embryonic Poisson counterpart (the noise, gRNA— cells). We found that
stem cell (hESC) to express the dCas9-VPR in a doxycycline- the C1 3P JW and Cl HP JW scaffolds had the best
inducible manner (referred to as 4K, Supplementary Figure performance, with the highest UMI cutoffs (Figure 2a,
1a,b), as described in ref 19. Next, for each of the protospacers, Supplementary Figure S3d). Furthermore, the cells containing
we introduced each possible combination of capture sequence, the C1_3P JW and C1_HP_JW scaffolds had a substantially
position, and delivery construct. To allow the overexpression higher distribution of gRNA UMIs (Supplementary Figure
of SOX17 and ASCLI to occur, we cultured these cells in the S3e). Overall, the majority of the single cells contained only a
presence of doxycycline before collecting them at three time single protospacer with a similar number of cells distributed
points (D3, DS, and D7), and an unstimulated control was also across the three different protospacers (Supplementary Figure

collected (Figure 1b). By day 3, we had already observed S3f,g). We further quantified the ability to detect the gRNAs
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Table 1. Ranking of the Different Scaffolds Tested in This Study”

ability to detect gRNA

ability to induce overexpression

scaffold UMI cutoff % cells recovered rank
C1_HP_JW good good 2
C1_3P_JwW good good 1
C2_HP_JW OK OK 4 (tied)
C2_3P_JW poor OK 6
Cl_HP_FZ OK OK 4 (tied)
C1_3P_FZ good good 3
C2_HP _FZ poor OK 7
C2_3P_FZ poor poor 8

log2FC % cells expressed rank overall rank
good good 2 1
good OK 4 (tied) 2
v. good good 1 3
OK good 4 (tied) S
OK poor 7 7
good OK 4 (tied) 4
poor poor 8 8
good OK 3 6

“First, the scaffolds are evaluated based on the detection efficiency by the 10x system in terms of the UMI cutoff for gRNA+ cells and the
proportion of cells recovered upon downsampling the reads in the gRNA library. Second, the scaffolds are assessed based on their ability to
overexpress the target gene in terms of the log2 fold change (log2FC) in the expression and proportion of cells expressing the target gene. Each of
the four evaluation criteria was ranked (Supplementary Table S2), and these ranks were averaged across the two categories (gRNA detection and
overexpression efficiency) to generate the corresponding ranks. All four ranks were also combined to give the overall rank to determine the optimal
scaffold for single-cell transcription factor overexpression. See Supplementary Table S2 for a more detailed breakdown.

by downsampling the number of reads in the gRNA library and
recovering the gRNA+ cells using the same Poisson—Gaussian
mixture approach. Again, the C1_3P_JW and C1_HP JW
scaffolds were the most robust toward downsampling, retaining
>90% of the gRNA+ cells even at less than a tenth of the
original sequencing depth of roughly 60 million reads (Figure
2b,c). Overall, the C1_3P_JW and C1_HP_JW scaffolds had
the best performance in the ability to detect gRNAs.

Ability to Induce Robust Changes in Expression. Next,
we compared the ability of each of the gRNA scaffolds
containing the ASCL1 and SOX17 protospacers to induce a
change in the expression of the gRNA targets as compared
with the SCRAM control (Figure 2d,e). Overall, we observed a
robust overexpression of ASCL1 and SOXI17 with the
exception of the C2 HP FZ scaffold. The C2 HP JW
scaffold had the largest fold increase in expression (average
log2 fold change of 1.31), whereas the Cl1_HP_JW,
C1_3P _JW, C1_3P_FZ, and C2_3P_FZ scaffolds performed
well (average log2 fold change of 0.96 to 1.08). Apart from the
average change in expression, we also examined the proportion
of single cells expressing the target gene. The C1_HP_JW,
C2_HP_JW, and C2_3P_JW scaffolds had the highest
proportion of cells expressing ASCL1 or SOX17 (average
proportion of 58.1 to 58.8%, Supplementary Table S2). On the
whole, the C2 HP JW and C1_3P_JW scaffolds had the best
performance in the ability to induce robust changes in
expression.

Efficiency of Transduction. We then investigated whether
the choice of gRNA scaffold affects how well the gRNA gets
transduced into the hESC. For single cells containing only a
single type of scaffold, we observed a similar number of cells
across the different scaffolds tested (Supplementary Figure
S3i), suggesting that the transduction efficiencies were
comparable. This is in agreement with Supplementary Figure
S2b, where the proportions of GFP/gRNA+ cells after
transduction are similar across scaffolds. We do note that the
number of cells observed for each scaffold was dependent on
(i) the capture efficiency by the 10x system, (ii) the number of
cells loaded into the 10x system, and (iii) the multiplicity of
infection (MOI). Thus it is difficult to rank the scaffolds in
terms of transduction efliciency. Nonetheless, the similar
number of GFP/gRNA+ cells observed and the robust
overexpression were indicative of the successful transduction
of the gRNA.
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Identification of Optimal gRNA Scaffold. To determine
the optimal gRNA scaffold, we evaluated the performance of
the gRNA based on (i) the ability to detect the gRNA by the
single-cell assay and (ii) the ability of the gRNA to induce
overexpression (Table 1). For the gRNA detection, we
compared the UMI cutoff for gRNA+ cells (Figure 2a,
Supplementary Figure S3d) and the proportion of gRNA+
cells recovered from downsampling reads (Figure 2b,c). For
overexpression efficiency, we examined the log2 fold change
(log2FC) in the expression of the target gene and the
proportion of cells expressing the target (Figure 2d,e). Each of
these four evaluation criteria was ranked, and these ranks were
averaged to identify the optimal gRNA scaffold. We found that
the overall best performance was achieved when using C1
positioned in the HP of the gRNA and using the construct
from Jonathan Weissman group (C1_HP_JW scaffold).

Furthermore, to demonstrate that the C1_HP JW scaffold
is effective in different cell lineages, we performed trilineage
differentiation (Supplementary Figure S4a) of 4K hESCs to
ectodermal (OTX2*, Supplementary Figure S4d), endodermal
(SOX17*, Supplementary Figure S4e), and mesodermal
(BRACHYURY", Supplementary Figure S4f) progenitor cells
for transduction with ASCL1-C1_HP JW lentivirus. By real-
time polymerase chain reaction (RT-PCR), we observed that
ASCL1 mRNA overexpression was achieved in all three cell
lineages (Supplementary Figure S4g—i). This indicates that the
application of the optimized gRNA scaffold can be extended
beyond pluripotent cells.

B DISCUSSION

As the technologies for both sequencing RNA and perturbing
gene expression in single cells become more sophisticated, our
ability to explore more complex biological questions also
follows. However, these experiments are often very time-
consuming and very expensive to perform. It is therefore
important to design experiments to maximize both data output
quantity and quality. It is also worth noting that the target of
the gRNA is an important feature and will affect the scale of
gene activation. For CRISPRa systems, it is optimal for the
protospacer to target a ~100 nucleotide window upstream of
the transcription start site (TSS).”” Through the use of tools
such as CRISPick’' and CHOPCHOP,”” these protospacer
sequences can be easily identified and, as such, were not part of
this survey.
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Here we tested the effect of the capture sequence, its
position, and the scaffold used to deliver it to the cell. We then
evaluated the performance of each gRNA combination based
on (i) its ability to be detected by the 10x genomics single-cell
assay and (ii) how well it could induce gene overexpression.
This is one of the first studies of its kind, with previous
comparisons being made using CRISPR or CRISPRi."> We
found that the overall best performance is achieved when using
Cl1 positioned in the HP of the gRNA and using the construct
from the Jonathan Weissman group (C1_HP_JW scaffold,
Table 1). A similar performance was seen by positioning the
capture sequence at the 3P end of the gRNA (C1_3P_JW
scaffold). We showed that the position of the capture sequence
(HP/3P) does not affect the performance of the gRNA in
terms of either the gRNA detection or the gene overexpression.
This is in contrast with Replogle et al,'> where the
incorporation of the capture sequence at the 3P end
compromised the CRISPRI activity. Such differences could
be due to inherent differences in the CRISPR mechanism
(activation vs inhibition). We also found that C2 did not
perform as well in either position, and in particular, the
detection efficiency was much lower. These results are in
agreement with what has been observed for C1 and C2 in a
CRISPRi system.'”> Whereas our study is focused on gene
activation using the VPR system, the findings are applicable for
other CRISPRa systems such as SAM and SunTag. The gRNA
detection efficiency is related to the gRNA interactions with
the single-cell gel beads, which are independent of the choice
of CRISPR machinery. The overexpression efficiency will
depend on the binding between the DNA, gRNA, and dcas9
protein (where our observations hold) and the activator being
used (i.e, VPR/SAM/SunTag). Thus the overexpression
efficiency can vary depending on the choice of transcriptional
activator. Notably, our observations corroborate those of a
recent study'> that tested several gRNA scaffolds in a CRISPRi
experiment, suggesting that our findings are applicable to other
types of CRISPR experiments.

Overall, these observations will be particularly important to
consider when designing experiments. In particular, many
currently available kits for use with the 10x genomics kit utilize
Cl, and thus it will be attractive to use the second capture
sequence for the capture of gRNAs, but this could unduly
affect the outcome of the experiment analysis. For example, if
cell hashing23 is performed using C1 to multiplex samples, then
it leaves only C2 for the gRNA capture, and this could greatly
reduce the capture efficiency of this critical experimental
component.
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Single-cell sequencing data (including raw data and processed
UMI counts matrix) have been deposited at the NCBI Gene
Expression Omnibus (GEO) repository under accession
number GSE164393.
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