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ABSTRACT: CRISPR gene editing and control systems continue
to emerge and inspire novel research and clinical applications.
Advances in CRISPR performance such as optimizing the duration
of activity in cells, tissues, and organisms, as well as limiting off-
target activities, have been extremely important for expanding the
utility of CRISPR-based systems. By investigating the effects of
various chemical modifications in guide RNAs (gRNAs) at defined
positions and combinations, we find that 2′-O-methyl-3′-
phosphonoacetate (MP) modifications can be substantially more
effective than 2′-O-methyl-3′-phosphorothioate (MS) modifica-
tions at the 3′ ends of single-guide RNAs (sgRNAs) to promote
high editing yields, in some instances showing an order of
magnitude higher editing yield in human cells. MP-modified 3′ ends are especially effective at promoting the activity of guide RNAs
cotransfected with Cas messenger RNA (mRNA), as the gRNA must persist in cells until the Cas protein is expressed. We
demonstrate such an MP enhancement for sgRNAs cotransfected with a BE4 mRNA for cytidine base editing and also demonstrate
that MP at the 3′ ends of prime editing guide RNAs (pegRNAs) cotransfected with PE2 mRNA can promote maximal prime editing
yields. In the presence of serum, sgRNAs with MP-modified 3′ ends showed marked improvements in editing efficiency over
sgRNAs with MS-modified 3′ ends codelivered with Cas9 mRNA and showed more modest improvements at enhancing the activity
of transfected ribonucleoprotein (RNP) complexes. Our results suggest that MP should be considered as a performance-enhancing
modification for the 3′ ends of synthetic gRNAs, especially in situations where the guide RNAs may be susceptible to exonuclease-
mediated degradation.

One of the significant advantages of producing guide
RNAs (gRNAs) by chemical synthesis is that a variety of

chemical modifications can be incorporated at defined
positions in the sequence to enhance the activity and/or
specificity of the gRNA.1−4 Chemical modifications can play
various roles in enhancing the activity of gRNAs for maximal
editing, one of which is to extend the lifetime of the gRNAs in
biological systems by impeding nucleases. The effect of
stabilizing the RNA can be important even outside of
transfected cells and tissues by preventing degradation during
exposure to bodily fluids like serum or routine handling in the
laboratory. Initial studies of various modifications including 2′-
O-methyl (M), 2′-O-methyl-3′-phosphorothioate (MS), or 2′-
O-methyl-3′-thiophosphonoacetate (2′-O-methyl-3′-thio-
PACE, or MSP) at positions determined to be compatible
with guide RNA activity showed that modifications with
increasing resistance to exonucleases such as MS and MSP
placed at consecutive internucleotide linkages at the 5′ and 3′
ends of single-guide RNAs (sgRNAs) can increasingly enhance
CRISPR activity in cells.2 Indeed, since this demonstration,

gRNAs with multiple MS modifications at the 5′ and 3′ ends
have become commonly used in the field.
Phosphonate modifications can be stably incorporated in

DNA and RNA oligonucleotides and have been demonstrated
to increase their resistance to nucleases relative to phosphor-
othioates.5,6 To further explore the potential utility of
phosphonate modifications in guide RNAs, we evaluated the
performance of gRNAs containing different numbers of
consecutive 2′-O-methyl-3′-phosphonoacetate (2′-O-methyl-
3′-PACE, or MP) modifications at the 3′ end compared to
guide RNAs with MS modifications at that end. We chose to
focus on MP rather than MSP because we have found that MP
can provide equivalent stability enhancement relative to MSP
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in cell-based assays (unpublished results) and because it is
known that the sulfur atom in phosphorothioates can be lost
from the 3′ end during subsequent cycles of nucleotide
addition when iodine oxidation is utilized for oligonucleotide
synthesis.7 In a previous report exploring the use of MP to
enhance the specificity of sgRNAs by incorporating it in the
20-nt guide sequence portion, we found that MP at specific
sequence positions such as position 5 or 11 (counted from the
5′ end of the 20 nucleotides) can significantly reduce off-target
editing while maintaining high on-target editing.1 However, we
also reported that incorporating MP modifications within the
first one, two, or three nucleotides at the 5′ ends of sgRNAs
can, in some guide sequences, decrease their on-target cleavage
activity and/or increase their off-target activities and thus lower
specificity.1 Given this observation and the knowledge that 3′
exonucleases account for the majority of exonucleolytic activity
in eukaryotic systems,8−10 we focused on evaluating the impact
of MP modifications as an alternative to MS modifications at
the 3′ ends of sgRNAs for Cas9-based cleavage, base editing,
and prime editing.
We present performance advantages for using MP compared

to MS to modify the 3′ ends of sgRNAs for creating indels
using Cas9 and for editing targeted nucleotides using a cytidine
base editor. Our data also show that MP at the 3′ ends of
prime editing guide RNAs (pegRNAs) can promote maximal
yields for prime editing. To simulate a more challenging cell
and tissue environment, we transfected HepG2 hepatocytes
that had been cultured with serum but were not rinsed with
phosphate-buffered saline (PBS) to remove traces of serum
before cotransfecting the cells with sgRNA and Cas9
messenger RNA (mRNA). The advantages of MP over MS
modifications for promoting editing yields under these
challenging conditions is especially striking, implying that our
designs with MP modifications at the 3′ end may give superior
performance in other challenging situations, such as in vivo
delivery by nanocarriers11−16 or other cell-penetrating
formulations.17,18

■ MATERIALS AND METHODS
sgRNAs and mRNAs. RNA oligomers were synthesized on

Dr. Oligo 48 and 96 synthesizers (Biolytic Lab Performance
Inc.) using 2′-O-thionocarbamate-protected nucleoside phos-
phoramidites (Sigma-Aldrich and Hongene) on controlled
pore glass (LGC) according to previously described
procedures.19 The 2′-O-methyl-3′-O-(diisopropylamino)-phos-
phinoacetic acid-1,1-dimethylcyanoethyl ester-5′-O-dimethox-
ytrityl nucleosides used for synthesis of MP-modified RNAs
were purchased from Glen Research and Hongene. For
phosphorothioate-containing oligomers, the iodine oxidation
step after the coupling reaction was replaced by a sulfurization
s t e p u s i n g a 0 . 0 5 M so l u t i o n o f 3 - ( (N ,N -
dimethylaminomethylidene)amino)-3H-1,2,4-dithiazole-5-thi-
one in a pyridine−acetonitrile (3:2) mixture for 6 min. Unless
otherwise noted, reagents for solid-phase RNA synthesis were
purchased from Glen Research and Honeywell. The
phosphonoacetate (PACE) modifications incorporated in the
MP-modified sgRNAs were synthesized using protocols
adapted from previous publications5,6 by using the commer-
cially available protected nucleoside phosphinoamidite mono-
mers above. All oligonucleotides were purified using reversed-
phase high-performance liquid chromatography (RP-HPLC)
and analyzed by liquid chromatography−mass spectrometry
(LC−MS) using an Agilent 1290 Infinity series LC system

coupled to an Agilent 6545 Q-TOF (time-of-flight) mass
spectrometer. In all cases, the mass determined by
deconvolution of the series of peaks comprising multiple
charge states in a mass spectrum of purified sgRNA matched
the expected mass within error of the calibrated instrument
(our specification for quality assurance is that the observed
mass of purified sgRNA is within 0.01% of the calculated
mass), thus confirming the composition of each synthetic
sgRNA. Table S1 shows the sequences and confirmed
molecular masses of all sgRNAs used in our studies.
CleanCap Cas9 mRNA fully substituted with 5-methoxyur-

idine was purchased from TriLink (L-7206). BE4-Gam mRNA
and PE2 mRNA were purchased from TriLink as custom
orders by providing the coding sequences20,21 to which
TriLink added their own proprietary 5′ and 3′ UTRs. The
custom mRNAs were fully substituted with 5-methylcytidine
and pseudouridine, capped with CleanCap AG, and polyA-
tailed.

Cell Culture and Nucleofections. Human K562 cells
were obtained from ATCC and cultured in RPMI 1640 plus
GlutaMax media (Gibco) supplemented with 10% fetal bovine
serum (Gibco). K562 cells (within passage nos. 4−14) were
nucleofected using a Lonza 4D-Nucleofector (96-well shuttle
device, program FF-120) per the manufacturer’s instructions
utilizing a Lonza SF cell line kit (V4SC-2960) with 0.2 million
cells per transfection in 20 μL of SF buffer combined with 6 μL
of 125 pmoles of sgRNA and 1.87 pmoles of BE4-Gam mRNA
in PBS buffer for cytidine base editing or combined with 8 μL
of 125 pmoles of pegRNA with 100 pmoles of nicking gRNA
and 1.35 pmoles of PE2 mRNA in PBS buffer for prime
editing. Cells were cultured at 37 °C in ambient oxygen and
5% carbon dioxide and were harvested at 48 h post-
transfection.
Human Jurkat clone E6-1 cells were obtained from ATCC

and were cultured in RPMI 1640 plus GlutaMax media
supplemented with 10% fetal bovine serum. Jurkat cells (within
passage nos. 7−20) were nucleofected (program CL-120)
utilizing a Lonza SE cell line kit (V4SC-1960) with 0.2 million
cells in 20 μL of SE buffer combined with 8 μL of 125 pmoles
of pegRNA, 100 pmoles of nicking gRNA, and 1.35 pmoles of
PE2 mRNA in PBS buffer. Cultured cells were harvested at 72
h post-transfection.
Human HepG2 cells were obtained from ATCC and were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)
plus L-glutamine plus 4.5 g/L D-glucose media (Gibco)
supplemented with 10% fetal bovine serum. HepG2 cells
(within passage nos. 4−13) were spun down from culture
media and were either rinsed or not with PBS and spun down
again. Cells were nucleofected (program EH-100) utilizing a
Lonza SF cell line kit (V4SC-2960) with 0.2 million cells in 20
μL of SF buffer combined with 3 μL of 10 pmoles of sgRNA
and 0.0625 pmoles of Cas9 mRNA in PBS buffer or were
nucleofected in the presence of residual serum by combining
0.2 million cells in 20 μL of SF buffer with 5 μL of 30 pmoles
of sgRNA and 0.5 pmoles of Cas9 mRNA or 12.5 pmoles of
SpCas9 protein (Aldevron) in PBS buffer. For 163mer
sgRNAs, 0.2 million cells were likewise nucleofected in the
presence of residual serum and SF buffer by combining these
with 5 μL of 125 pmoles of 163mer sgRNA and 50 pmoles of
SpCas9 protein in PBS buffer. For all transfected ribonucleo-
protein (RNP) transfections, sgRNA was precomplexed with
SpCas9 protein (Aldevron) in PBS buffer by combining and
incubating at room temperature for about 20 min before
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combining with cells in SF buffer for nucleofection. For mRNA
transfections, sgRNA was likewise combined with Cas9 mRNA
(TriLink) in PBS buffer and kept at room temperature for
about 20 min until combined with cells in SF buffer for
nucleofection. Cultured HepG2 cells were harvested at about
72 h post-transfection.
Human primary T cells (LP, CR, CD3+, NS) were obtained

from AllCells (Alameda, CA) and were cultured in RPMI 1640
plus GlutaMax media supplemented with 10% fetal bovine
serum, 5 ng/mL human IL-7, and 5 ng/mL human IL-15
(Gibco). Primary T cells were activated for 48 h with
Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher)
at a beads-to-cells concentration of 3:1. Debeaded primary T
cells were nucleofected (program EO-115) utilizing a Lonza
P3 primary cell kit (V4SP-3960) with 0.2 million cells in 20 μL
of P3 buffer combined with 2.7 μL of 5 pmoles of sgRNA and
0.0625 pmoles of Cas9 mRNA in PBS buffer. Cultured cells
were harvested at 7 days post-transfection. Throughout the
culture period, T cells were maintained at an approximate
density of 1 million cells per mL of media. Following
electroporation, additional media was added every 2 days.

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR) Assays. Human K562 cells
were cultured as above, and 0.2 million cells per replicate were
nucleofected with 125 pmoles of sgRNA (without Cas9 mRNA
or protein) as described. For each time point, cells were
collected in 1.7 mL Eppendorf tubes, rinsed with PBS, and
then resuspended in 750 μL of Qiazol and kept at room
temperature for 5 min before being transferred to a −20 °C
freezer. Total RNA in PBS was isolated from Qiazol plus
chloroform extracts using an miRNeasy kit (Qiagen) on a
QiaCube HT, and then immediately reverse-transcribed using
a Protoscript II first-strand cDNA synthesis kit (NEB). qRT-
PCR was performed on an Applied Biosystems QuantStudio 6
Flex instrument using TaqPath ProAmp master mix with two
TaqMan MGB probes, one for sgRNA labeled with FAM and
the other for U6 snRNA labeled with VIC (Thermo Fisher) for
normalization to the amount of total RNA isolated, calculated
as ΔCt. The ΔCt values for triplicate samples were averaged
and normalized to the smallest observed mean ΔCt value to
calculate ΔΔCt values. Relative sgRNA levels were calculated
as 2−ΔΔCt. Guide RNA sequences are listed in Table S1, and
primer and probe sequences are listed in Table S2; results are
listed in Table S3.

PCR-Targeted Deep Sequencing and Quantification
of Targeted Genomic Modifications. Genomic DNA
purification and construction of PCR-targeted deep sequencing
libraries were performed as previously described.1 Library
concentration was determined using a Qubit dsDNA BR assay
kit (Thermo Fisher). Paired-end 2 × 220-bp reads were
sequenced on a MiSeq (Illumina) at 0.8 ng/μL of PCR-
amplified library along with 20.5% PhiX. The primer, index,
and target sequences used are listed in Table S4.
Paired-end reads were merged using FLASH ver. 1.2.11

software,22 and then mapped to the human genome using
BWA-MEM software (bwa-0.7.10) set to default parameters.
Reads were scored as having an indel or not according to
whether an insertion or a deletion was found within 10 bp’s of
the Cas9 cleavage site. For prime editing analysis, reads were
scored as having an edit if the desired edit was identified in the
read. For cytidine base editing analysis, reads were scored as
base-edited if cytidines were edited within a window of 10−20
bp upstream of the protospacer adjacent motif (PAM) site. For

each replicate in each experiment, mapped reads were
segregated according to mapped amplicon locus and were
binned by the presence or absence of an indel or edit. The tally
of reads per bin was used to calculate %indels or %edits
produced at each locus. Indel or edit yields and standard
deviations for plots were calculated by logit transformation of
%indels or %edits, transformed as ln[r/(1 − r)] where r is the
%indels or %edits per specific locus, to closely approximate a
normal distribution. Triplicate mock transfections provided a
mean mock control (or negative control), and triplicate
samples showing a mean indel yield or mean edit yield
significantly higher (t test p < 0.05) than the corresponding
negative control were considered above background.

■ RESULTS AND DISCUSSION
To evaluate the relative lifetimes of sgRNAs with MS or MP
modifications at the 3′ end in transfected cells (see Figure 1A
for chemical structures of the modifications), we chemically
synthesized sgRNAs that had MS modifications at the first
three internucleotide linkages at the 5′ end and either MS
modifications at the last three internucleotide linkages at the 3′
end (denoted as 3xMS,3xMS) or two, three, or four
consecutive MP modifications at the terminal internucleotide
linkages at the 3′ end (denoted as 3xMS,2xMP, 3xMS,3xMP,
and 3xMS,4xMP, respectively). Sequences of all sgRNAs tested
in this publication including chemical modifications at specific
nucleotides are listed in Table S1. Each sgRNA was transfected
individually into human K562 cells in the absence of Cas9, and
qRT-PCR was used to measure the relative amount of sgRNA
remaining in cells collected at a series of time points from 1 to
96 h post-transfection.
We observed a much steeper decline in the relative level of

the 3xMS,3xMS sgRNA detected across 1, 6, and 24 h post-
transfection than we observed for any of the sgRNAs modified
with MPs at the 3′ end (either two, three, or four consecutive
MPs) (Figure 1B, Table S3). Specifically, at 1 h post-
transfection, the relative amounts of transfected sgRNA
differed by only 2.6-fold with largely overlapping error bars
among all four variations of 3′ end protection, whereas much
larger differences were observed at 6 h post-transfection, when
the remaining amount of 3xMS,3xMS-protected sgRNA had
dropped to a relative level of about 1/10 (0.039) that of the
3xMS,3xMP- and 3xMS,4xMP-protected sgRNAs (0.341−
0.351). The differences became even larger at the 24 h time
point where they varied according to the level of 3′ end
protection in a logical progression from having 3xMS to 2xMP
to 3xMP to 4xMP at the 3′ end, resulting in residual sgRNA
levels that spanned ca. 250-fold, consistent with the level of 3′
end protection. Thus, we found that incorporating MP
modifications at the 3′ end of uncomplexed sgRNAs can
significantly enhance their stability in transfected cells relative
to MS modifications, specifically by 1−2 orders of magnitude
for three different MP-modified sgRNAs tested in parallel with
an MS-only modified sgRNA. The designs with three or four
consecutive MPs at the 3′ end can prolong the lifetimes of the
free sgRNAs across even longer time points (72 and 96 h post-
transfection).
Although RNP has become the preferred mode for

delivering Cas9 into cells ex vivo, delivery of Cas enzymes
using mRNA can be preferred in some situations; for example,
several newer CRISPR technologies such as base editing and
prime editing are not easily served by transfecting a purified
protein which is large, prone to precipitation, and not
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commercially available as a catalog product. These editing
techniques often rely on transient transfection of the mRNA to
express the protein.23,24 To evaluate the potential impact of
MP versus MS modifications at the 3′ ends of sgRNAs on
CRISPR editing in cells, modified sgRNAs were cotransfected
with Cas9 mRNA using amounts of the RNAs determined to
yield about 40−60% editing efficiency with 3xMS,3xMS-

modified sgRNA (data not shown), thus enabling detection of
potential differences in performance associated with systematic
variations in chemically modified sgRNA designs. The guide
RNA that targets the HBB sickle cell allele in our experiments
is also known to cleave an off-target site on chromosome 9
(referred to as the OFF1 site) with high efficiency, which
provides another measure of sgRNA activity. We observed that

Figure 1. Incorporation of 2′-O-methyl-3′-PACE (MP) modifications at the 3′ end of chemically synthesized sgRNAs promotes stability and
editing yields. (A) Structures of chemical modifications used in synthetic gRNAs and schematic structures of two examples of sgRNAs with MS or
MP 3′ end modifications. (B) sgRNAs modified by 3xMS at the 5′ end and various modification schemes at the 3′ end (as indicated) were
transfected into K562 cells in the absence of Cas protein. The amounts of the various gRNAs present at different time points following transfection
were measured by qRT-PCR. (C and D) sgRNAs modified by 3xMS at the 5′ end and various modification schemes at the 3′ end, as indicated,
without or with an additional MP modification at position 5 to improve specificity, were cotransfected with Cas9 mRNA in HepG2 cells (C) as well
as in primary human T cells (D). (E) K562 cells were cotransfected with BE4-Gam mRNA and synthetic sgRNA modified by 3xMS or 3xMP at the
3′ end. Indel and editing yields were measured by deep sequencing of PCR amplicons of the HBB target locus (HBB_ON) and a known highly
reactive off-target site on chromosome 9 (HBB_OFF1). Bars on bar graphs or dots and error bars on line graphs represent means with standard
deviation (n = 3).
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MP modification of the 3′ end significantly enhanced editing
yields in HepG2 cells (Figure 1C, Table S3). For instance, our
designs with two, three, or four consecutive MP modifications
at the 3′ end gave at least 2-fold more Cas9-mediated indels
than a comparable design with 3xMS at the 3′ end (81−83% at
the ON-target site for the 2xMP, 3xMP, and 4xMP
modifications versus 38% for 3xMS at the 3′ end). A similar
trend was observed for the same sgRNAs transfected into
primary human T cells although the increase was more modest
in that the 2xMP, 3xMP, and 4xMP modifications gave a 1.3-
fold higher level of ON-target indels than when using 3xMS at
the 3′ end (Figure 1D, Table S3). Incorporation of an
additional MP at position 5 in the 20-nt guide sequence
portion of the sgRNA significantly lowered editing at the OFF1
site in both cell types while maintaining high on-target editing

efficiency, as we reported previously as a means for enhancing
specificity.1 Indeed, indels at the OFF1 site were reduced by
7−10-fold in HepG2 cells by incorporating MP at position 5
and similarly by 6−7-fold in primary T cells.
Base editors are a class of alternative genome editing systems

originally built around Cas9 nickase (nCas9) or dead Cas9
(dCas9) fused to deaminases that enable editing of genomic
DNA in cells without creating double-stranded breaks. Both
cytidine base editors (CBE)23−28 and adenosine base editors
(ABE)29−34 have been reported, and these have inspired a
number of variations for base editing.35 We tested the potential
benefits of using MP modifications in contrast to MS
modifications at the 3′ ends of such sgRNAs in the context
of a CBE, namely, BE4-Gam mRNA.20 We observed a 1.4-fold
higher level of cytidine editing using CBE mRNA in K562 cells

Figure 2. Incorporation of MP or MS modifications at the 3′ end of chemically synthesized pegRNAs can improve prime editing yields. (A) Prime
editing approaches were adopted to knockout the PAM in EMX1 or to introduce a three-base insertion in RUNX1. (B and D) K562 cells were
cotransfected with PE2 mRNA and synthetic pegRNA modified by 3xMS at the 5′ end and various modification schemes at the 3′ end (as
indicated) for editing EMX1 (B) or RUNX1 (D). (C and E) Jurkat cells were likewise transfected using the same pegRNAs for editing EMX1 (C)
or RUNX1 (E). Editing yields were measured by deep sequencing of PCR amplicons of the target loci for both the desired edit (%Edit) and any
contaminating indel byproducts (%By-indels). Bars represent means with standard deviation (n = 3).
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cotransfected with sgRNA modified with MP at the 3′ end
versus an alternative design with MS at the 3′ end (Figure 1E,
Table S3).
In prime editing systems,21,36,37 pegRNAs have additional

sequences on their 3′ ends: a template sequence that encodes
the desired edit and a downstream primer binding sequence
where one could incorporate terminal modifications such as
MS and/or MP at the 3′ terminus to impede exonucleases,
potentially without inhibiting prime editing activity. As
illustrated in Figure 2A, we explored two approaches for
prime editing adopted from the literature that knock out the
PAM in EMX1 or introduce a three-base insertion in RUNX1,
both of which utilize pegRNAs with a primer binding sequence
comprising 15 nucleotides.21 We compared pegRNAs having
3xMS at the 3′ end for both targets with alternative designs
having one, two, or three consecutive MPs at the 3′ end, each
cotransfected with PE2 mRNA in K562 or Jurkat cells. Our
results show that pegRNAs with MP modifications at the 3′
end performed well and can achieve comparable, or in some
cases somewhat higher, editing yields than 3xMS (Figure 2B−

E, Table S3). For the two pegRNA sequences tested here,
designs with 2xMP and/or 3xMP at the 3′ end performed
consistently better than designs with 1xMP at the 3′ end
(specifically 1.2−1.4-fold better in Figure 2B−E, Table S3).
Given that the 3′ end of a pegRNA functions to capture the
nicked end of the target site and then bind the reverse
transcriptase portion of the prime editor to initiate reverse
transcription, it is important to note that different primer
binding sequences, including those of different lengths, may
benefit from different end protection designs, and some
pegRNAs may benefit from extension of their 3′ ends to
accommodate chemical modifications such as by adding a
short polyuridine tail to the 3′ end.38
To simulate harsher cellular environments that CRISPR-Cas

components may encounter when delivered in vivo (as by
nanocarriers or other cell-penetrating formulations), we
cotransfected Cas9 mRNA with sgRNA into cells that were
isolated from culture media but not rinsed with PBS to remove
residual serum which is known to contain nucleases. Under
these conditions, higher amounts of sgRNA and Cas9 mRNA

Figure 3. Use of MP modifications at the 3′ end of chemically synthesized sgRNAs helps to maximize editing yields in the presence of serum. (A
and B) To simulate a harsher biological environment for delivering CRISPR-Cas9 to cells in vivo (where bodily fluids such as serum are present),
HepG2 cells were spun down from culture media without rinsing off residual bovine serum, and the cells were transfected with sgRNAs targeting
the HBB locus containing different types of 3′ end modifications (as indicated) together with Cas9 mRNA (A) or were transfected with Cas9 RNP
prepared by precomplexation of the sgRNA with SpCas9 protein (B). (C) Extended-length 163mer sgRNAs targeting the same HBB locus but
designed for CRISPRa SAM systems were precomplexed with SpCas9 protein for targeted double-strand cleavage and indel formation by
transfecting the Cas9 RNP into HepG2 cells, again without rinsing off residual serum. Indel yields were measured by deep sequencing of PCR
amplicons of the target HBB locus (HBB_ON) and a known highly reactive off-target site on chromosome 9 (HBB_OFF1). Bars represent means
with standard deviation (n = 3).
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were needed to achieve substantial levels of editing;
specifically, we used 3-fold more sgRNA and 8-fold more
Cas9 mRNA per transfection for the experiment in Figure 3A
than the experiment in Figure 1C where the same numbers of
cells per transfection were washed before introducing the
CRISPR-Cas components. It seems likely that extracellular
exonucleases in serum not rinsed from cells are degrading the
transfected RNA. We found that sgRNAs with MP
modifications at the 3′ end gave substantially higher editing
yields (by an order of magnitude or more) than sgRNAs with
MS modifications at the 3′ end when cotransfected with Cas9
mRNA into unrinsed HepG2 cells (Figure 3A, Table S3).
Specifically, we observed 15−44% editing for sgRNAs with one
or more MPs at the 3′ end versus less than 2% with 3xMS at
the 3′ end. In a parallel experiment, an RNP version of each
sgRNA was prepared by precomplexation in PBS buffer and
transfected into aliquots of unrinsed HepG2 cells. As expected,
the unmodified and 3xMS-modified sgRNAs gave higher indel
yields as RNP formulations than when these were
cotransfected with Cas9 mRNA, as precomplexation of
sgRNA with Cas9 protein in RNP is thought to help shield
the sgRNA from nucleolytic degradation (Figure 3, part B vs
part A). Even though the improvement in editing efficiency
between RNPs incorporating sgRNA with MP versus MS
modifications at the 3′ end was not as dramatic as when using
these modifications in cotransfections with Cas9 mRNA,
designs with MPs at the 3′ end gave significantly higher Cas9-
mediated indels than a comparable design with 3xMS at the 3′
end (70−73% indels at the ON-target site for the 2xMP,
3xMP, and 4xMP modifications at the 3′ end vs 52% for 3xMS
at the 3′ end, a difference of about 1.3-fold) (Figure 3B, Table
S3). A similar outcome was observed for a different set of
synthetic 163mer sgRNAs designed for CRISPRa SAM
systems but used with SpCas9 protein in RNP formulations
to produce indels instead of using them for gene activation by
CRISPRa (Figure 3C, Table S3).
Overall, our results make a compelling case that MP

modifications incorporated at the 3′ ends of gRNAs for Cas9-
based editing systems can confer significant improvements in
editing efficiencies compared to gRNAs with MS modifications
at their 3′ ends. Such MP modifications can be especially
helpful under conditions where the gRNAs need to persist in
cells prior to binding to Cas protein, as when cotransfected
with Cas-encoded mRNA or under conditions where the
gRNA encounters relatively high levels of 3′ exonuclease
activity. Chemical modifications other than PACE have been
carefully placed in internal regions of sgRNAs, and several of
these designs showed enhanced CRISPR activity beyond that
of gRNAs containing only MS modifications at the 5′ and 3′
ends,3,4,11 for example, when chemically synthesized sgRNAs
were codelivered in lipid nanoparticles with mRNAs encoding
Cas enzymes.3,11 Our results suggest that employing MP
modifications at the 3′ end of such guide RNAs may provide
further improvements in therapeutic efficacy for CRISPR
applications, whether transfecting cells ex vivo or in vivo.
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