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Original Article
Chemically Modified Cpf1-CRISPR RNAs Mediate
Efficient Genome Editing in Mammalian Cells
Moira A. McMahon,1,2,3 Thazha P. Prakash,3 Don W. Cleveland,1,2 C. Frank Bennett,3 and Meghdad Rahdar3

1Ludwig Institute for Cancer Research, University of California at San Diego, La Jolla, CA 92093, USA; 2Department of Cellular and Molecular Medicine, University of

California at San Diego, La Jolla, CA 92093, USA; 3Ionis Pharmaceuticals, Carlsbad, CA 92010, USA
CRISPR-based gene editing is a powerful technology for en-
gineering mammalian genomes. It holds the potential as a
therapeutic, although much-needed in vivo delivery systems
have yet to be established. Here, using the Cpf1-crRNA
(CRISPR RNA) crystal structure as a guide, we synthesized
a series of systematically truncated and chemically modified
crRNAs, and identify positions that are amenable to modi-
fication while retaining gene-editing activity. Modified
crRNAs were designed with the same modifications that pro-
vide protection against nucleases and enable wide distribu-
tion in vivo. We show crRNAs with chemically modified
terminal nucleotides are exonuclease resistant while retain-
ing gene-editing activity. Chemically modified or DNA-
substituted nucleotides at select positions and up to 70% of
the crRNA DNA specificity region are also well tolerated.
In addition, gene-editing activity is maintained with phos-
phorothioate backbone substitutions in the crRNA DNA
specificity region. Finally, we demonstrate that 42-mer syn-
thetic crRNAs from the similar CRISPR-Cas9 system are
taken up by cells, an attractive property for in vivo delivery.
Our study is the first to show that chemically modified
crRNAs of the CRISPR-Cpf1 system can functionally replace
and mediate comparable gene editing to the natural crRNA,
which holds the potential for enhancing both viral- and non-
viral-mediated in vivo gene editing.
Received 7 September 2017; accepted 27 February 2018;
https://doi.org/10.1016/j.ymthe.2018.02.031.

Correspondence: Meghdad Rahdar, Ionis Pharmaceuticals, 2855 Gazelle Court,
Carlsbad, CA 92010, USA.
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INTRODUCTION
The CRISPR systems are composed of an RNA-guided endonuclease
that is essential for bacterial adaptive immunity.1–3 The class II
CRISPR-associated (Cas) nucleases, most notably Cas9 and Cpf1
(CRISPR from Prevotella and Francisella 1), have been engineered
to recognize and induce site-specific DNA double-stranded breaks
(DSBs) in mammalian cells and other model organisms revolution-
izing biomedical research.4–7 In mammalian cells, the DSB is typically
repaired by one of two major pathways. Mutagenic non-homologous
end joining (NHEJ) can result in gene inactivation because of intro-
duction of nucleotide insertions or deletions (indels) that disrupt a
protein-encoding open reading frame. Alternatively, homologous
recombination (HR) produced by introduction of a user-defined
repair template can result in replacement of an initial DNA sequence
surrounding the cleavage site with template-derived, precise nucleo-
tide changes.
1228 Molecular Therapy Vol. 26 No 5 May 2018 ª 2018 The American
To induce a DSB, Cas9 protein complexes with two RNAs including
the short CRISPR RNA (crRNA), which recognizes a target DNA
sequence next to a protospacer adjacent motif (PAM), thereby
providing nuclease site specificity and a second longer trans-acti-
vating crRNA (tracrRNA).4 A simplified system is typically used in
mammalian cell applications in which the two RNAs are replaced
by a single guide RNA (sgRNA), a 102-nt chimeric fusion of the
crRNA and tracrRNA.4,5 The two most commonly used Cas9 ortho-
logs for mammalian genome editing are that from Streptococcus pyo-
genes (SpCas9),4,5 which recognizes a DNA sequence next to an NGG
PAM, or Staphylococcus aureus (SaCas9),8 which recognizes a DNA
sequence next to an NNGRRT PAM. Both SpCas9 and SaCas9 have
been shown to have comparable gene-editing activity.8

Like Cas9, Cpf1 can be programmed to cleave target DNA sequences,
although strikingly it utilizes just a single 43-mer crRNA that recog-
nizes target sequence next to a 50 TTTN PAM7 and is smaller
than SpCas9 (151 kDa compared with 160 kDa). Most notably,
genome-wide off-target analysis has shown that Cpf1, from Acidami-
nococcus sp. BV3L6 (AsCpf1), has little to no off-target gene edit-
ing9,10 as compared with what has been observed with SpCas9.11,12

Over the past several years, many CRISPR-Cas gene-editing princi-
ples have been established in cell lines13–15 and animal models8,16–19

with therapeutic development still emerging.20,21 Several challenges
remain for therapeutic applications including delivery of Cas protein
and RNA to target cells, controlling expression and persistence of sys-
tem components, reducing off-target editing, and minimizing an im-
mune response to the bacterial proteins.20,21 The smaller size of
AsCpf1 compared with SpCas9,7 its reduced off-target editing,9,10

and its requirement for only a single RNA3,7 make the AsCpf1 system
attractive for therapeutic development.

We recently showed that a 29-mer synthetic crRNA (scrRNA), of
the SpCas9 system, substituted with chemical modifications known
to increase metabolic stability and affinity with complementary
nucleic acid targets can mediate gene editing comparable with
Society of Gene and Cell Therapy.
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transcription-produced sgRNA, but with reduced off-target activity22

in human cell lines. Using the same experimental approach, we now
demonstrate that truncated, 40-nt scrRNAs of the AsCpf1 CRISPR
system can mediate genome editing in human cell lines. Using the
Cpf1-crRNA crystal structure as a guide, we show that scrRNAs ratio-
nally substituted with phosphorothioate (PS) backbone modifica-
tions, 20-fluoro (20-F), 20-O-Methyl (20-O-Me), and S-constrained
ethyl (cEt) sugar modifications, known to increase metabolic stability
and binding affinity to RNA,23,24 or replacement of RNA nucleotides
with DNA, demonstrate highly efficient gene-editing activity compa-
rable with the natural crRNA, and that scrRNAs with substitutions on
the termini are resistant to exonuclease activity. Importantly, we show
that scrRNAs can be active when added to culture media in the
absence of agents or methodologies to enhance intracellular delivery,
an essential feature for in vivo gene modification.

RESULTS
crRNAs with Truncated DNA Specificity Region Retain Robust

Gene-Editing Activity

AsCpf1 is a class II typeV effector and is composedof anRuvCnuclease
domain and a second nuclease domain functionally analogous to the
histidine and asparagine endonuclease domain (HNH) of Cas9 pro-
tein25 for cleavage of both the target and non-target DNA strands.3,26

AsCpf1 utilizes a single 43-nt crRNA that provides specificity through
the 30 terminal 23 nt by directWatson-Crick pairing with target DNA7

(Figure 1A). We sought to develop an optimal scrRNA for the AsCpf1
system, both for ease of chemical synthesis and to provide maximal
in vivo stability. To do this, we first tested the minimal crRNA length
required for AsCpf1 activity using human DNA methyltransferase 1
(DNMT1) as a target gene. As shown in Figure 1B (and Figure S1),
we systematically designed crRNAs of variable length, with truncations
from either the 50, 30, or both termini. HEK293T cells were transfected
with plasmid encoding AsCpf1 protein and double-stranded DNA
fragments encoding the variable-length crRNAs driven by the U6 pro-
moter. Surveyor assay was performed 48 hr after transfection to quan-
tify gene disruption mediated by AsCpf1-truncated crRNA. We
observed that truncation by 1 nt on the 50 terminus (Trunc-42-01; Fig-
ures 1B and 1C) did not affect gene disruption activity compared with
thenatural crRNA(FL-43-01; Figure 1B), but further removal of 1 addi-
tional nucleotide resulted in an approximately 40% loss in gene disrup-
tion activity compared with FL-43-01 (Trunc-41-01; Figures 1B
and 1C). Three or more 50 terminal nucleotide truncations resulted
in near or complete loss of gene disruption activity (Trunc-40-01; Fig-
ure S1). Loss of activity with increasing 50 nucleotide truncations was
not unexpected because it has recently been reported that positions
A(�18) and U(�16) of the crRNA are conserved in different
CRISPR-Cpf1 systems7 and make specific base contacts required to
form a pseudoknot structure that is critical for Cpf1 activity.25 Our
data suggest that deletion of A(�18) as in Trunc-40-01 is negatively
affecting the pseudoknot structure.

In contrast, truncations on the 30 end were well tolerated and did not
compromise AsCpf1 activity. Greater than 90% of AsCpf1 activity
was retained following reduction of the DNA specificity region
from 23 to 18 nt (Trunc-38-01; Figure 1B). These findings are in
agreement with recent work where it was shown that robust AsCpf1
activity was retained using crRNAs, where up to 6 nt were deleted
from the 30 end.9 We next designed a series of scrRNAs with deletions
from both ends. Confirming truncations described above, a 37-mer
crRNA (1-nt deletion from the 50 end and 5-nt deletions from the
30 end) retained robust activity, and 60% activity was retained for a
slightly smaller 36-mer crRNA (Trunc-37-01 and Trunc-36-01; Fig-
ures 1B and 1C, respectively). Further 50 end deletions completely
abolished AsCpf1 activity (Trunc-35-01; Figures 1B and 1C; Fig-
ure S1). From this, we conclude that a minimal 36-mer crRNA
(Trunc-36-01; Figures 1B and 2C) is sufficient for robust AsCpf1
gene disruption activity, although from this, we do not know how
the length and chemical modifications will coordinate for optimal
activity.

Production and Activity of scrRNAs with 50 and 30 Terminal

Chemical Modifications

RNA is highly unstable in vivo due to the presence of plasma and tis-
sue ribonucleases. Yet, it has been demonstrated that specific chemi-
cal modifications to RNA can greatly increase stability, extending
half-lives and enabling use of chemically modified RNA for therapeu-
tic applications.23,24,27 One such modification, 20-O-Me (Figure 2A)
sugar substitution, forces RNA to adopt a structure that is more favor-
able for increasing Watson-Crick binding affinity in addition to
providing nuclease resistance.28 Therefore, we wanted to test gene-ed-
iting activity of crRNAs substituted with 20-O-Me-modified nucleo-
tides at the termini. We hypothesized that we could improve the
activity of the 36-mer scrRNA with a chemically modified nucleoside
at position A(�18) by potentially stabilizing its interaction with
U(�10) as shown in the crystal structure.25 We designed a series of
36-mer scrRNAs using the same DNMT1 targeting sequence, where
either the 50, 30, or both terminal nucleotides were substituted with
20-O-Me-modified nucleotides. We show that an scrRNA with a 30

terminal 20-O-Me-modified nucleotide (M-36-02; Figure 2B) had
comparable gene disruption activity to the unmodified 36-mer
crRNA (U-36-01; Figure 2B). On the other hand, chemical substitu-
tion with 20-O-Me of the 50 terminal nucleotide completely abolished
activity (M-36-01 and M-36-03; Figure 2B). These data suggest that
the critical and conserved interaction of A(�18) with U(�10) in
the crRNA25 may be sensitive to chemical substitution and compro-
mise AsCpf1 activity by affecting protein:RNA complexing and/or the
RNA pseudoknot structure.

The previously published crystal structure of the crRNA and AsCpf1
complex revealed that A(�18) is just inside the complex and adjacent
to an accessible “pocket or region,” and that crRNA position 18 is
slightly exposed (Figures 1A and 2C, left). We hypothesized that:
(1) extension of the 50 end of the crRNA with a 3-nt linker, (2) sub-
stitution with chemically modified residues at both termini, and (3)
addition of PS terminal linkages at both termini would not interfere
with complex formation or activity but provide protection against
nuclease degradation (Figure 2C, right). PS modifications (Figure 2A)
in which one of the non-bridging oxygens is substituted with sulfur in
Molecular Therapy Vol. 26 No 5 May 2018 1229
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Figure 1. Truncated crRNAs Mediate Gene Disruption Comparable with the Full-Length Natural crRNA

(A) Sequence recognition and structure of AsCpf1 43-mer crRNA with 50 direct repeat indicated by nucleotides in gray box (all figures) and DNA specificity region indicated by

nucleotides in light green box (all figures), including seed sequence (underlined). (B) Sequence of truncated DNMT1 targeting crRNAs where the fold change column is

quantified from surveyor nuclease assay using genomic DNA isolated from transfected cells and normalized to full-length 43-mer crRNA (FL-43-01) as 1 (100%). Last two

columns indicate the nucleotide length of the specified regions. Representative data from two or more replicate experiments. (C) Representative surveyor nuclease assay

gel where “neg” indicates no transfection and AsCpf1 alone indicates transfection of the plasmid encoding the nuclease in the absence of crRNA. Asterisks (*) indicate

expected bands.
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the phosphate backbone is known to increase resistance to nuclease
degradation.29 We synthesized and tested 40-mer scrRNAs (Fig-
ure 2C, right) with terminal 20-O-Me nucleotides and two terminal
1230 Molecular Therapy Vol. 26 No 5 May 2018
PS substitutions (MP-40-01 and MP-40-02; Figure 2D), and demon-
strate similar activity compared with natural crRNA restoring the
activity that was lost with the slightly smaller scrRNA.
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PDB: 5b43)25 with the red arrow indicating the 50 and 30 ends of the crRNA (left). (Right) Schematic representation of scrRNAs with variable length direct repeat and DNA

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 26 No 5 May 2018 1231

http://www.moleculartherapy.org


Molecular Therapy
scrRNAs with Chemically Substituted Terminal Nucleotides Are

Protected from Exonuclease Degradation

40-mer scrRNAs demonstrated a modest increase in gene-editing ac-
tivity compared with the natural crRNA (�1.4- to�1.7-fold). We hy-
pothesized that one explanation for this increase in activity could be
due to protection of the scrRNA from exonuclease activity resulting in
a longer-lived scrRNA pool, compared with unmodified natural
crRNA, available for complexing with AsCpf1 protein. We used a
biochemical assay to test the susceptibility to exonuclease activity of
scrRNAs with terminal PS linkages and 20-O-Me chemically
substituted nucleotides. In brief, crRNAs and scrRNAs were incu-
bated with RNase T, a single-stranded RNA,30,31 or DNA-specific
exonuclease and reaction products run on a Tris/borate/EDTA
(TBE)-urea polyacrylamide gel and stained using SYBRgold. As
shown in Figure 2E, unmodified RNA was susceptible to RNase T
activity as demonstrated by nearly complete degradation products
detectable after 30 min of co-incubation, whereas an scrRNA capped
with chemically substituted nucleic acids was completely resistant.
A more detailed time course demonstrates that this activity is rapid
as degradation products are detectable within 5 min of co-incubation
for the unmodified RNA, but that even up to 1 hr the scrRNA is pro-
tected (Figure 2F). These data demonstrate that scrRNAs with termi-
nal chemical modifications are resistant to exonucleases.

scrRNAs with PS Backbone Substitutions Retain High Levels of

Gene-Editing Activity

PS modification of small chemically modified oligonucleotides not
only provides protection against exo-nuclease and endo-nuclease
activity, but also increases binding affinity to serum proteins facili-
tating distribution to tissues and cellular uptake in the absence of
special carriers or formulations.28 We previously established that
scrRNAs of the SpCas9 system, with complete PS backbone substitu-
tion, can functionally replace unmodified crRNA.22 We applied the
same strategy to AsCpf1 crRNA and show that unlike the SpCas9
system, there is an almost 70% loss of activity by a fully substituted
PS backbone containing scrRNA (P-40-01; Figures 3A and 3C). This
is likely due to structural changes in the scrRNA that disrupt scrRNA
and AsCpf1 recognition of target DNA, although whether PS modi-
fication in the direct repeat or the DNA specificity region was pri-
marily responsible for the reduction in gene disruption activity could
not be determined with this scrRNA. Therefore, to determine which
domain was more sensitive to PS modification, we tested two
additional scrRNAs completely substituted in either domain (MP-
40-03 and MP-40-04; Figures 3A and 3C). We observed a modest
reduction (�30%) in gene disruption activity by the direct repeat
PS-modified scrRNA (MP-40-03), whereas complete PS substitution
throughout the DNA specificity domain, including the seed
sequence, significantly affected activity as shown by an almost 70%
reduction in gene disruption activity (MP-40-04; Figures 3A and
specificity region. 43-mer crRNA represents the natural crRNA of the AsCpf1 system. “L

as in (B). (D) Full sequence of DNMT1 targeting scrRNAs and single-experiment gene d

TBE-urea denaturing gel for visualization of RNA degradation products after a 30-min co

time points up to 60 min.
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3C). Next, to test whether the loss in activity was due to substitution
in the seed sequence, we chemically synthesized an scrRNA with PS
modification in the DNA specificity region up to this position
(MP-40-05; Figure 3A) and observed that some activity was restored
as demonstrated by a slight increase in gene disruption activity
compared with MP-40-04. From the crystal structure, it was shown
that the sugar-phosphate backbone of crRNA nucleotides from po-
sitions 1–8 make multiple contacts with the Wedge (WED) and
REC1 domains of Cpf1,25 suggesting that PS substitutions in this re-
gion may not be well tolerated. Because of this, we further reduced
the number of PS modifications and avoided positions that interact
with AsCpf1 by chemically synthesizing an scrRNA with six alter-
nating PS substitutions in the DNA specificity region, excluding
the seed sequence, and show that gene disruption activity was
restored to almost 80% that of unmodified crRNA (MP-40-06; Fig-
ures 3A and 3C). Taken together, PS substitutions are tolerated at
crRNA positions that are non-interacting with AsCpf1.

scrRNAs with DNA Substitutions Demonstrate Robust Gene-

Editing Activity

AsCpf1 scrRNAs with the 30 terminus truncated and substituted by
chemically modified nucleotides demonstrated equivalent gene-edit-
ing activity compared with the natural crRNA. Because DNA is more
stable than RNA, we next wanted to test the tolerability of DNA sub-
stitutions of the full-length 43-mer crRNA. We started with substitu-
tion of 30 terminal RNA residues with DNA again using DNMT1
target sequence because the three-terminal target DNA and crRNA
residues were disordered in the crystal structure, suggesting flexibility
in this region.25 As shown in Figure 3B, D-43-01, a 43-mer scrRNA
containing five 30 terminal DNAs, retained comparable activity to
the unmodified crRNA (Figure 3D).

It was previously shown that positions 1, 8, and 9 in the DNA spec-
ificity region of the crRNA tolerate mismatches,9 and hence we hy-
pothesized that they could also be amenable to DNA substitution.
Therefore, we tested a series of 43-mer scrRNAs with five 30 terminal
DNA nucleotide substitutions and with a combination of DNA
substitutions at positions 1, 8, and 9 in the crRNA DNA spec-
ificity region. Surprisingly, we observed enhanced gene disruption
(�1.7-fold) by the RNA/DNA hybrid scrRNAs with single DNA sub-
stitutions at positions 1, 8, or 9 (D-43-02, D-43-03, D-43-04; Figures
3B and 3D). Combinations of two DNA substitutions at these posi-
tions further increased gene disruption activity by almost 2-fold
compared with unmodified crRNA (D-43-05, D-43-06, D-43-07; Fig-
ures 3B and 3D), and this activity is retained when all three positions
are substituted with DNA (D-43-08; Figures 3B and 3D). These data
demonstrate that DNA can functionally replace RNA in multiple po-
sitions of the crRNA, but only up to a point as further increasing the
number of DNA substitutions results in complete loss of activity
inker” nucleotides are underlined, and chemical substitutions are indicated by color

isruption activity compared with U-36-01 (normalized as 1). (E) SYBRgold-stained

-incubation with RNase T. (F) Gel same as in (E) except with the addition of multiple
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Figure 3. PS- or DNA-Substituted scrRNAs Can Mediate High Levels of Gene Disruption

(A) Complete DNMT1 target sequence with PS linkages indicated by orange subscript “S.” Gene disruption normalized to truncated and unmodified 40-mer crRNA,

U-40-01 (= 1). Data represent gene disruption activity quantified from surveyor nuclease assay from two or more replicate experiments. (B) Complete DNMT1 target

sequence with DNA nucleotides indicated in purple. Gene disruption activity is normalized to U-40-01 scrRNA (= 1). Representative data are from two or more replicates. (C)

Graph shows fold change in gene disruption activity as indicated in last column of (A). (D) Graph shows fold change in gene disruption activity as indicated in last column of (B).
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MPF-40-03 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGSUCSCASUGSUCSUGSU.. 1.4

MPF-40-10 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUCCAUGUCUSGSU….... 0.6

MPF-40-11 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGSUCSCASUGSUCSUSGSU 0.5

MPF-40-12 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGSUCSCASUGSUCSUSGSU 0.1

MPF-40-13 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGSUCSCASUGSUCSUSGSU 0.7

MPC-40-01 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUCCAUGUCUSGST..…… 0.9

MPC-40-02 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUCCAUGUCUSGST..…… 0.9

MPFC-40-01 CSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUCCAUGUCUSGST…..… 0.8

MPC-40-03 mCSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUCCAUGUCUSGST…..... 0.8

PC-40-01 mCSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUCCAUGUCUSGST…..… 0.9

MPC-40-04 mCSUSUAAUUUCUACUCUUGUAGAUCUGAUGGUmCCAUGUCUSGSU….. 1.3

MPC-40-05 mCSUSUAAUUUCUACUCUUGUAGAUmCUGAUGGTmCCAUGUCUSGSU… 0.1

Direct Repeat DNA Specificity 2’-OMe, PS, 2’-F, cET
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(Figure S2). Next, we combined DNA substitution and 30 truncation
to make a series of scrRNAs and show that activity was comparable
with unmodified crRNA with truncation by up to four bases
(D-42-01, D-41-01, D-40-01, D-39-01; Figures 3B and 3D), but that
a DNA containing crRNA with an 18-nt DNA specificity region
(D-38-01; Figures 3B and 3D) lost almost 90% gene disruption activ-
ity. From the crystal structure, AsCpf1 Gln286 and crRNA nucleotide
position 18 form a hydrogen bond/salt bridge, and a DNA nucleotide
at this position may affect this interaction. Finally, we also demon-
strate that a slightly longer 45-mer scrRNA, with DNA substitution
at (1) the 50 linker nucleotides (Figure 2C); (2) the 30 terminal resi-
dues; and (3) the internal DNA specificity region positions 1, 8, and
9 is �1.6-fold more active than the natural crRNA (D-45-01; Fig-
ure 3B; Figure S2). Together, these data support further exploration
and development of scrRNAs containing DNA substitutions.

scRNAswith 20-F-SubstitutedNucleotides in theDNASpecificity

Region or Direct Repeat Have Opposing Effects on Gene

Disruption Activity

Recognizing that hybrid scrRNAs containing RNA and DNA bases
are highly active, including crRNA substituted at internal positions
of the DNA specificity region, we next tested whether additional mod-
ifications including replacement of the 20-OH of the sugar with a 20-F
group (Figure 2A) were also active. We chose 20-F chemically modi-
fied nucleic acids because they are known for increasing binding
affinity to complementary DNA sequence, for improving metabolic
stability, and have a small atomic radius.28 In fact, of the 20-class of
modifications, the 20-F modification has been shown to impart the
highest binding affinity for the complementary DNA target.28,32 Us-
ing the same experimental approach and DNMT1 target sequence, we
synthesized a series of scrRNAs with increasing substitution by
20-F-modified nucleic acids at the 30 terminus of the DNA specificity
region and assessed gene disruption activity. We observed that
an scrRNA with a single 30 terminal 20-F (MPF-40-01; Figures 4A
and 4B; Figure S6) had gene disruption activity comparable with un-
modified crRNA (U-40-01). scrRNAs with up to four 20-F containing
residues with or without alternating PS backbone substitutions in the
DNA specificity region (MPF-40-02, MPF-40-03; Figures 4A and 4B)
retained high levels of gene disruption activity (�1.5-fold higher)
compared with U-40-01 crRNA. Activity was reduced 40%–50%
(compared with U-40-01) with scrRNA MPF-40-10 and MPF-
40-11, each containing 30 terminal 20-O-Me substitutions in addition
to internal 20-F-substituted nucleotides. The combination of 20-F and
20-O-Me at the 30 termini may structurally change the scrRNA so that
it either has reduced complexing with AsCpf1 or change the confor-
mation of the AsCpf1-scrRNA complex in an orientation not optimal
Figure 4. Additional Chemically Modified scrRNAs Mediate Comparable Gene

(A) Complete DNMT1 target sequence with 20-F nucleotides indicated in green, 20-O-M
represent gene disruption quantified from surveyor nuclease assay (representative gel in

gene disruption activity as indicated in last column of (A). (C) Representative surveyor nuc

an asterisk (*). (D) Graph shows fold change in LDLR gene disruption activity quantifie

quantification of TTR RNA levels measured in triplicate from three biological replicates

plasmids at 0 hr as indicated in Figure S7B, but no scrRNA. scrRNA bar represents transf
for binding or cutting target DNA. In addition, we further tested sub-
stitution at positions 1, 8, and 9 of the DNA specificity region and
found that 20-F, but not 20-O-Me, at these positions mediated gene
editing comparable with unmodified crRNA (MPF-40-13, MPF
40-12; Figure 4A), confirming our findings with DNA at the same
positions while also suggesting that activity is dependent on the
type of chemically modified nucleic acid substituted.

We also evaluated selective 20-F substitutions to the direct repeat
based on those positions that were either non-interacting or groove
exposed from the crystal structure, presuming that those positions
would be more amenable to substitution with chemically modified
nucleic acids. To do this, we synthesized a series of scrRNAs with
single 20-F substitutions starting at position U(�16) to U(�1) (Fig-
ure S3A). All positions tested with 20-F substitutions resulted in a
60%–70% reduction in gene disruption activity (Figure S3A).

scrRNAs Containing Bicyclic cEt Nucleic Acid Substitutions

Retain High Levels of Gene Disruption Activity

We next tested gene disruption activity of scrRNAs containing
replacement of the ribose sugar with the bicyclic nucleotide cEt (Fig-
ure 2A). Use of constrained bicyclic analogs like the cEt substitution,
which links the 20 and 40 positions of the ribose sugar, improve
nuclease resistance28 and increase binding to complementary se-
quences.33 As shown in Figure 4A, gene disruption activity mediated
by a PS containing scrRNAwith a single 50 terminal 20-O-Me contain-
ing nucleotide and a single 30 terminal cEt-substituted nucleotide
(MPC-40-01; Figures 4A and 4B) was comparable with unmodified
crRNA (U-40-01). Additional 30 terminal cEt substitution (positions
17 and 18) maintained gene disruption activity comparable with that
of unmodified crRNA (MPC-40-02; Figures 4A and 4B). These data
suggest that terminal 20-O-Me and cEt substitutions are interchange-
able. In addition, we designed an scrRNAwith 10 20-F-containing nu-
cleotides in the DNA specificity region and demonstrate that gene
disruption activity is comparable with that of U-40-01 (MPFC-
40-01; Figures 4A and 4B). This is in contrast with the loss of activity
we observed with DNA substitutions to the same positions (Fig-
ure S2). Also, just as we observed improved gene disruption activity
with 50 terminal 20-O-Me-containing scrRNAs, replacement with
cEt at this position is also well tolerated (MPC-40-03; Figures 4A
and 4B). Moreover, cEt substitutions at both the 50 and 30 termini re-
tained high levels of gene disruption activity (PC-40-01; Figure 4A)
compared with unmodified and single-nucleotide-substituted termini
scrRNAs, as expected because modified termini have increased
resistance to exonuclease activity and, therefore, are likely more meta-
bolically stable. We tested whether cEt substitution is tolerated at
Disruption to Natural crRNA

e in red, and cEt in blue. Gene disruption activity normalized to U-40-01 (= 1). Data

Figure S6) from two or more replicate experiments. (B) Graph shows fold change in

lease assay gel for gene editing at the LDLR locus with expected bands indicated by

d from surveyor nuclease assay from two replicate experiments. (E) Graph shows

and normalized to neg (no transfection). No scrRNA bar represents transfection of

ection of plasmids at 0 hr, and addition of scrRNA at 24 hr as indicated in Figure S7B.
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internal crRNA positions 1, 8, and 9, and show that cEt substitution at
position 9 further improved gene disruption activity (MPC-40-04;
Figures 4A and 4B), but increasing cEt substitution to positions 1
and 8 completely abolished activity (MPC-40-05; Figures 4A
and 4B). It is likely that position 1, part of the seed sequence, is sen-
sitive to substitution with locked nucleosides such as cEt because its
constrained geometrical shape may affect the conformation of the
scrRNA bound to target DNA in such a way that decreases the ability
of AsCpf1 to induce a double-stranded break.34

cEt substitution is favored for increasing binding affinity between
RNA:RNA interactions, so we additionally did a complete cEt walk
of the direct repeat region assuming that it could stabilize the pseudo-
knot structure and possibly improve gene-editing activity. As shown
in Figures S3B–S3D, scrRNAs with cEt substitution at A(�12),
C(�11), U(�7), or U(�5) were as active ormore active as unmodified
crRNA. From the crystal structure, position A(�12) interacts with
U(�17), and a cEt substitution could help stabilize the interaction
and pseudoknot structure. It is not apparent from the crystal structure
how cEt substitutions at the other positions can result in improved
gene-editing activity, emphasizing the importance of our strategy to
walk each position to better map positions amenable to chemical
modification.

Validation of scrRNA Activity Using an Additional Gene Target

To demonstrate the applicability of the chemical designs to additional
targets, we first examined gene disruption activity of unmodified
crRNA against five additional genes including low-density lipopro-
tein receptor (LDLR), transthyretin (TTR), complement C5 (C5),
empty spiracles homeobox 1 (EMX1), and glutamate ionotropic re-
ceptor N-methyl-D-aspartate (NMDA) type subunit 2B (GRIN2b).
Gene disruption activity by unmodified crRNAs at their intended lo-
cus varied from no activity (crRNA to TTR; Figure S4) to almost 30%
gene disruption activity (crRNA to LDLR; Figure 4C). Finding that
not all potential AsCpf1 crRNAs can mediate gene disruption is
consistent with what has been reported previously9 and because of
this, we designed scrRNAs to LDLR. Because the natural crRNA
and a chemically modified scrRNA had comparable activity (Fig-
ure 4D), we designed a series of LDLR-targeting scrRNAs using
chemistries we already identified from DNMT1-targeting scrRNAs.

We show that gene disruption activity of LDLR-targeting scrRNAs
containing DNA-substituted nucleic acids has comparable activity
to unmodified crRNAs, including those substituted additionally
with 20-O-Me caps (MPD-43-01 and MPD-43-02; Figures S5A and
S5B) and slightly longer scrRNAs MPD-45-01 and MPD-45-02 (Fig-
ure S5B), which is in agreement with our findings for the DNMT1-
targeting scrRNAs. We also tested gene disruption activity of
LDLR-targeting scrRNAs with additional substitutions and show
that there is a near-complete loss of activity of MPF-40-14-containing
20-O-Me-substituted nucleotides at DNA specificity region positions
1, 8, and 9, but that activity is restored (up to 60% compared with
unmodified crRNA) by replacement of internal 20-O-Me with
20-F-substituted nucleic acids (MPF-40-15; Figures S5C and S5D).
1236 Molecular Therapy Vol. 26 No 5 May 2018
This again is in agreement with scrRNAs with the same chemical
modifications targeting DNMT1 and suggests that these chemistries
are applicable to multiple scrRNA sequences.

42-mer scrRNAs Are Cell Permeable in the Absence of Carrier

Molecules

Chemical modification of the phosphodiester backbone and sugar
moiety have been shown to increase in vivo half-life and to confer
drug-like properties to oligonucleotides.23,24 It has also been shown
that chemically modified oligonucleotides, when injected systemically
or infused into the cerebral spinal fluid, are rapidly distributed out of
the plasma and taken up by cells in many tissues,28,35–38 or can be
freely taken up by cells in culture.39,40 To test the ability of scrRNAs
to be freely taken up by cells, we used a two-RNA gene activation
assay, similar to the synergistic activation mediator (SAM) that was
previously described for the single-RNA SpCas9 CRISPR system.41

For SAM, assembly of a nuclease dead SpCas9 fused to a transcription
factor assembles at the promoter region of a target gene in an sgRNA-
dependent manner and induces gene transcription several orders of
magnitude above basal levels.41 Just like SAM, our system assembles
gene activation components at the promoter of the target gene, but in
a scrRNA-dependent manner, as outlined in Figure S7A.

To test whether large chemically modified RNAs can be freely taken
up by cells, we designed a 42-mer scrRNA that specifically recognizes
a sequence within 100 bp of the transcription start site of TTR to acti-
vate its transcription following the experimental outline in Figure S7B.
In brief, plasmids encoding MS2-tracrRNA, nuclease dead Cas9-
VP64, and MS2-p65-HSF1 were transfected into HEK293T cells.
Twenty-four hours after transfection, cells were washed two times,
and the culture media were replaced with media containing 10 mM
TTR-specific scrRNA and the cells incubated for a further 24 hr
before isolating RNA and measuring TTR RNA levels by quantitative
real-time PCR. The 42-mer TTR scrRNA, with chemistries similar to
the AsCpf1 scrRNAs and sequence indicated in Figure S7C, activated
gene transcription �10-fold compared with no RNA control (Fig-
ure 4E, scrRNA). These data demonstrate that when added to culture
media, large chemically modified RNAs can be freely taken up by cells
in culture in the absence of carrier molecules.

DISCUSSION
In this report, we designed and tested scrRNAs of the AsCpf1 system
and show that: (1) truncation of the 43-mer crRNA to a 36-mer or
37-mer crRNA retains high levels of gene-editing activity; (2) trun-
cated 37-mer and 40-mer scrRNAs substituted with PS, 20-O-Me,
20-F, cEt, or DNAnucleotides at the terminal 50 and 30 ends or internal
positions mediate high levels of gene editing; (3) terminally modified
scrRNAs are resistant to exonuclease activity; and (4) 42-mer
scrRNAs are freely taken up by cells in culture in the absence of
carrier molecules. Our data suggest that the crRNA pseudoknot
structure is sensitive to chemical modification, resulting in loss of
biological function, but that terminal and many internal positions
in the DNA specificity region, outside of the seed sequence, can be
chemically substituted, and that these modifications help provide
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protection against ribonucleases. Based on the similarity in size and
chemistry to RNAs currently being used for therapeutic applica-
tions,23,24,27 it is expected that the proposed scrRNAs will have greater
in vivo stability and distribution compared with the natural crRNA,
and a direct test of this in animal models is a next step.

Development of gene-editing technology has moved very rapidly,
with CRISPR-Cas quickly becoming the most commonly used engi-
neered nuclease in biomedical research, preferred over zinc-finger
nucleases and transcription activator-like effector nucleases, because
of its ease of use, multiplexing capabilities, and high success rate.42

It is transforming biomedical research by enabling manipulation of
endogenous protein function through gene disruption, tagging,
and/or correction.13,14 Although still an emerging field, CRISPR
technology as a potential therapeutic holds the promise for curing
genetic diseases in patients who have no other treatment options.
Proof-of-principle studies, including for those treating genetic
diseases of the nervous system,21 initiated in cell-43,44 and animal-
based45,46 models, have demonstrated not only efficacy at improving
disease phenotype, but also feasibility of using CRISPR-Cas as a
viable therapeutic strategy. In vivo delivery systems have included
using recombinant adeno-associated virus (AAV) encoding
CRISPR-Cas system components,8,46 RNA-mediated delivery,47,48

or lipid nanoparticles (LNPs) of sgRNA and SpCas9 mRNA.49

AAV-based therapeutics has experienced a rapid rise with several
clinical examples demonstrating its safety and efficacy for gene
delivery in patients50,51 and more than 100 trials in early stages ac-
cording to clinicaltrials.gov. But in the context of CRISPR systems,
current viral delivery approaches do not allow for tunable alteration
of gene expression, but do produce continuous, long-term activation
of the nuclease. This activation enables high levels of gene editing at
the intended target but without the ability to turn off expression of
the nuclease, and also increases the likelihood of off-target gene
editing.11,12 RNA-mediated delivery of CRISPR-Cas components,
such as ribonucleoprotein complexes (RNPs), has also gained mo-
mentum in the CRISPR field.47,48 Because RNPs are present for
only a short window of time compared with transcription produced
CRISPR-Cas components, there may be a limit to the maximal on-
target gene editing achievable, as well as limitations of systemic de-
livery.52,53 LNP-mediated delivery of CRISPR components has
shown success in the mouse liver49 and may prove to be advanta-
geous over RNPs for broader delivery to target tissues.

Regardless of whether using a viral or non-viral delivery system,
chemically modified crRNAs may enable tunable and enhanced
in vivo gene editing. Synthetic, chemically modified oligonucleotides
of similar size have been shown to be safe in rodents, non-human pri-
mates and humans, and when infused into the cerebral spinal fluid
can be widely distributed throughout the CNS and taken up by
both neurons and non-neurons.36,38 In vivo delivery of AAV-encoded
AsCpf1 and a gene-specific scrRNA could provide the gene-editing
control needed as the duration of AsCpf1 nuclease activity is control-
lable by dosing of the scrRNA (single dose or multiple doses). We
showed that scrRNAs are resistant to ribonuclease activity, so it is
anticipated that RNPs complexed with scrRNAs will be more stable
in vivo than complexes containing unmodified RNA. This is clearly
an important next step. Finally, it was recently shown that LNP
encapsulated SpCas9 mRNA and chemically modified sgRNA
enhanced gene editing in the mouse liver compared with the natural
unmodified RNA.49 Given that the same chemical modifications were
introduced into our AsCpf1 crRNA, a similar enhancement is ex-
pected and should be tested.

Since the first reports describing use of SpCas9 for mammalian
genome editing,4–6 many new CRISPR systems have been identified,3

as well as adaptation of the technology for new applications including
using CRISPR systems for genome scale transcriptional activation or
repression,41,54 visualization of genomic loci,55,56 targeting RNA (as
in C2c2),57 and now for nucleic acid detection.58 Chemical modifica-
tions to the guide RNA can increase binding affinity to complemen-
tary sequence, provide protection from nuclease degradation, and
increase distribution to target tissues, which if applied to these other
CRISPR applications may be advantageous over unmodified RNA,
expanding their use beyond simply providing specificity for medi-
ating double-stranded breaks.

Using the crystal structure as a guide, we designed and tested an
extensive set of AsCpf1 scrRNAs and identify several highly active
and ribonuclease-resistant compounds. Sensitivity to chemical substi-
tution at several crRNA positions was not expected based on the crys-
tal structure, emphasizing the importance of the work done here to
experimentally test and validate scrRNA activity. We cannot rule
out that additional chemical modifications to the ones tested here
may provide further benefits in vivo or that different chemistries
may be required for maximizing scrRNA distribution and cellular up-
take in different tissues. Nevertheless, using human cell lines, we have
established a foundation for testing efficacy and safety of AsCpf1
scrRNAs in mice and for developing their use in viral and non-viral
therapeutic strategies.

MATERIALS AND METHODS
scrRNA Synthesis

scrRNAs were synthesized using a previously published protocol.59

In brief, scrRNAs were synthesized on a solid-phase DNA/RNA
synthesizer using the tert-butyldimethylsilyl (20-O-TBDMS) RNA
phosphoramidites according to the reported protocols. 20-F,
20-O-Me, cEt, and 20-O-MOE phosphoramidites with exocyclic
amino groups protected with benzoyl (Bz for A and C) or isobutyryl
(ibu for G) protecting groups were used for the synthesis of the
RNA chimera. 0.12 M solution of the phosphoramidites in anhy-
drous acetonitrile was used for the synthesis. Oxidation of the
internucleosidic phosphite to the phosphate was carried out using
tert-butyl hydroperoxide/acetonitrile/water (10:87:3) with a 10-min
oxidation time. PS linkages were introduced by sulfurization with
a 0.1 M solution of xanthane hydride in 1:1 pyridine/CH3CN for
a contact time of 3 min. The overall coupling efficiency of all modi-
fied phosphoramidites was more than 97%. Oligoribonucleotide-
bearing solid supports were heated with aqueous ammonia/ethanol
Molecular Therapy Vol. 26 No 5 May 2018 1237
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(3:1) solution at 55�C for 6 hr to deprotect the base labile-protecting
groups. The 20-O-TBDMS group was removed using a mixture
of triethylamine trihydrofluoride/1-methyl-2-pyrrolidinone/triethyl
amine mixture at 65�C for 6 hr. After deprotection, all the scrRNAs
were isolated by HPLC on a strong anion exchange column and
subsequently desalted using high-performance liquid chromatog-
raphy (HPLC) on a reverse-phase column to yield scrRNAs. The
scrRNAs were characterized by ion-pair-HPLC-mass spectrometry
(MS) analysis.

Cell Lines and Transfection for Gene Disruption

HEK293T cells (ATCC), cultured in DMEM (Thermo Fisher Scien-
tific, Waltham, MA, USA) and supplemented with 25 mM HEPES,
antibiotic-antimycotic (10,000 U/mL penicillin, 10,000 mg/mL strep-
tomycin, and 25 mg/mL Fungizone), and 10% FBS (Omega Scienti-
fic, Tarzana, CA) were transfected in six-well plates using 2 mg of
plasmid encoding AsCpf1 protein [cloned by Gibson assembly of
gene fragments (Integrated DNA Technologies, Coralville, IA,
USA) into pcDNA3.1(-)] using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer’s in-
structions. Twenty-four hours after DNA transfection, cells were
washed one time with culture media and transfected a second
time with 3 mL of 100 mM scrRNA or unmodified RNA using
RNAi max (Thermo Fisher Scientific, Waltham, MA) per the man-
ufacturer’s instructions.

Gene Fragment Amplification

gBlock gene fragments (Integrated DNA Technology, San Diego, CA,
USA), designed to encode the U6 promoter and DNMT1 minimal
crRNA targeting sequence to be tested (Figure S7), were cloned into
zero blunt PCR4 topo vector (Thermo Fisher Scientific, Waltham,
MA, USA). Forward primer 50-AAGGTCGGGCAGGAAGAG-30

and variable reverse primers as indicated by underlined sequence in
Figure S7 were used for PCR amplification using plasmid DNA iso-
lated from a single colony and sequence verified as template (Q5 po-
lymerase; New England Biolabs, Ipswich, MA, USA). PCR products
were then gel purified (Zymo Research, Irvine, CA, USA) and
100 ng of product was used for co-transfection with 2 mg of plasmid
encoding AsCpf1 protein using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions.

Surveyor Nuclease Assay

The Surveyor nuclease assay was performed per manufacturer’s in-
structions (Integrated DNA Technology, San Diego, CA, USA). In
brief, 24 hr after scrRNA transfection, genomic DNA was isolated
using the Quick DNA miniprep kit (Zymo Research, Irvine, CA,
USA) and 100 ng used as a template for PCR (all primer sequences
in Figure S8) using Q5 polymerase (New England Biolabs, Ipswich,
MA, USA) and DNMT1 primers: forward 50-CTGGGACTCAG
GCGGGTCAC-30 and reverse 50-CCTCACACAACAGCTTCATGT
CAGC-30 in a 50-mL reaction. Twelve microliters of the PCR was
transferred to a new tube, melted to 95�C, and allowed to slowly
anneal to room temperature using a T100 thermocycler (Bio-Rad,
1238 Molecular Therapy Vol. 26 No 5 May 2018
Irvine, CA, USA) and a stepwise temperature gradient program.
Annealed products were then subjected to a 1-hr incubation at
42�C using the Surveyor nuclease kit (Integrated DNA Technologies,
San Diego, CA, USA), products separated on a 10% TBE acrylamide
gel (Bio-Rad, Irvine, CA, USA), stained with SYBRgold
(Thermo Fisher Scientific) for visualization, and quantified using Im-
age lab software using the following indel formula: indel (%) = 100 �
[1� (1� fraction_cut)0.5]. Fraction_cut = (sum of the intensity of the
cleaved product)/(sum of the intensity of cleaved product plus undi-
gested product).

scrRNA Exonuclease Biochemical Assay

RNase T reactions were performed in 50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate, and 1 mM DTT
(NEB Buffer 4) in a total volume of 100 mL. RNA and corresponding
scrRNA were diluted in water to a concentration of 100 nM, and 3 mL
was added to each 100-mL reaction (3 nM final). 3 U of RNase T
(NEB) was added to each reaction, and 7 mL was removed at corre-
sponding time points, added to 2X TBE-UREA sample buffer
(Thermo Fisher Scientific), and heated to 95�C for 10 min. Reaction
products were visualized by electrophoresis using 15% TBE-UREA
denaturing polyacrylamide gels and stained with SYBRgold (Thermo
Fisher Scientific).

Cell Lines and Transfection for Gene Activation

HEK293T cells (ATCC, Manassas, VA, USA), cultured in DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) and supplemented
with 25 mM HEPES, antibiotic-antimycotic (10,000 U/mL penicillin,
10,000 mg/mL streptomycin, and 25 mg/mL Fungizone), and 10% FBS
(Omega Scientific, Tarzana, CA, USA) were transfected in six-well
plates using a total of 2 mg of plasmid encoding tracrRNA 2.0 driven
by the U6 promoter (sequence 50-GTTGGAACCATTCAAAACAG
CATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGGC
CAACATGAGGATCACCCATGTCTGCAGGGCCAAGTGGCAC
CGAGTCGGTGCTTT-30), nuclease dead Cas9-VP64, or MS2-p65-
HSF1 in a 1:1:1 molar ratio using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Twenty-four hours after DNA transfection, cells were
washed two times and replaced with culture media containing
10 mM TTR-specific 42-mer scrRNA. RNA was isolated 24 hr later
using the Direct-zol RNA miniprep kit (Zymo Research, Irvine,
CA, USA) and quantitative real-time PCR performed using GAPDH
forward primer 50-GAAGGTGAAGGTCGGAGTC-30, reverse
primer 50-GAAGATGGTGATGGGATTTC-30, and probe 50-CAGC
TTCCCGTTCTCAGCCX-30 and TTR forward primer 50-CCCTGCT
GAGCCCCTACTC-30, reverse primer 50-TCCCTCATTCCTTGG
GATTG-30, and probe 50-ATTCCACCACGGCTGTCGTCAX-30

and the Express One-Step Superscript qRT-PCR kit (Thermo Fisher
Scientific, Waltham, MA, USA).

Statistical Analysis

Statistics were performed with the Prism 6.0 statistical software pack-
age (GraphPad). Replicate error was assessed by calculating SD on the
mean, where the replicates are greater than or equal to 2.
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