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ABSTRACT

It is important to develop small moelcule-based
methods to modulate gene editing and expression
in human cells. The roles of the G-quadruplex (G4) in
biological systems have been widely studied. Here,
G4-guided RNA engineering is performed to gener-
ate guide RNA with G4-forming units (G4-gRNA). We
further demonstrate that chemical targeting of G4-
gRNAs holds promise as a general approach for mod-
ulating gene editing and expression in human cells.
The rich structural diversity of RNAs offers a reser-
voir of targets for small molecules to bind, thus cre-
ating the potential to modulate RNA biology.

INTRODUCTION

CRISPR stands for clustered regularly interspaced short
palindromic repeats (1). With appropriately designed guide
RNA (gRNA), CRISPR-associated protein (Cas) can cut
the target sequence at specific positions in vitro and in vivo
(2–4). Current investigations established the CRISPR/Cas9
system as a cutting-edge tool enabling precise genomic edit-
ing (3,5). Gene expression can also be activated or sup-
pressed using CRISPR systems (6–8). A concern of this
technology is that the CRISPR complexes, once introduced
into cells, are difficult to restrain (9). On-demand activa-
tion of CRISPR/Cas9 was developed to control this sys-
tem (10–15). However, once the pro-caged system is acti-
vated, the prolonged activity can lead to toxicity and other
adverse effects. There are currently limited means to sup-
press CRISPR/Cas9 in cells (16–18), leading to practical
difficulties and safety concerns. Moreover, the repertoire of
small-molecule CRISPR inhibitors is insufficient for many
applications.

The gRNA is an important component of the
CRISPR/Cas9 system and can be provided with dif-
ferent formats (2,3). For natural CRISPR/Cas9, CRISPR

RNA (crRNA) functions with trans-activating crRNA
(tracrRNA) and directs Cas9 protein to the target po-
sitions (2). The core components of these RNAs can
be combined into a single hybrid gRNA (sgRNA) to
simplify the use of CRISPR/Cas9. The crystal structure
studies of Cas9–gRNA complexes revealed that several
structural components are formed in both sgRNA and
tracrRNA (19,20). These structural components, includ-
ing a repeat:anti-repeat duplex, stem–loops 1–3 and the
linkers, are essential for the formation of the functional
complexes (19). We realised that structural recognition
can be exploited for specific RNA modulation (21). Some
important studies demonstrated the conformational transi-
tion between different structures within an RNA molecule
(22,23). Inspired by these facts, we considered developing
a gRNA-targeting strategy by introducing switching units
into gRNAs. It is known that guanine (G)-rich nucleic
acids are capable of forming a stable G-quadruplex (G4)
structure via Hoogsteen hydrogen bonds (24–26). To
date, a number of small molecules have been identified as
excellent G4-stabilizing ligands (27–30). We hypothesized
that chemical targeting of RNA G4 units can be used
to regulate the activity of a properly engineered RNA of
interest.

Here we describe our design and development of G4-
guided RNA engineering to introduce an RNA G4 unit and
its small-molecule ligands that can be applied to establish
drug sensitivity into both in vitro and intracellular appli-
cations. Using bioinformatics analysis, we first identify a
structural component with a high G content in the 3′ end
of the scaffold sequence for both sgRNA and tracrRNA
(G4-sgRNA in Figure 1A, G4-tracrRNA in Supplementary
Figure S1). We provide direct evidence for the competitive
formation of a stem–loop and G4 structure within model
RNAs. Parallel sequence modifications are performed to
generate gRNA variants with potential G4-forming units.
We demonstrate that these intended modifications are well
tolerated for CRISPR/Cas9. We further demonstrate that
these sequence changes can make gRNAs responsive to
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Figure 1. Schematic illustration of the design and workflow. (A) G4-guided engineering of sgRNAs. The sgRNA scaffold contains multiple well-defined
structural motifs, including a repeat:anti-repeat duplex and three stem–loops. Stem–loop 3 was chosen as an optimal motif for engineering sgRNAs. (B,C)
CRISPR/Cas9 functions are controlled by harnessing interactions between small molecules and G4-sgRNAs (B) or G4-tracrRNAs (C).

small-molecule ligands both in vitro and in cells (Figure 1B,
C). Finally, we conclude that with this approach of ratio-
nal gRNA modifications along with the use of G4 ligands,
the level of gene editing and expression can be modulated in
human cells. Our strategy holds promise in light of designs
more widely applied to modulate other functional RNA
systems in biology.

MATERIALS AND METHODS

Circular dichroism (CD) studies

Each RNA was annealed 24 h before the CD study by heat-
ing the sample to 90 ◦C for 5 min in a buffer (10 mM Tris–
HCl pH 7.0 and various concentrations of KCl) then slowly
cooled to room temperature over 3 h and stored at 4 ◦C
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overnight. After adding each G4 ligand, samples were thor-
oughly mixed and equilibrated for 1 h before CD measure-
ments. CD spectra were collected on a JASCO J-810 CD
spectrophotometer using a quartz cuvette with a 1.0 mm
path length. Each trace was the result of the average of four
scans taken with a step size of 0.5 nm, a time-per-point of
1.5 s and a bandwidth of 2 nm. Using the JASCO Spectra
Analysis software, spectra were converted to mean residue
molar ellipticity and smoothed by the means-movement
method using a convolution width of five. A blank sample,
consisting only of buffer, was treated in an identical manner
and subtracted from the collected data.

UV melting studies

UV melting assay was performed using a Jasco-810 spec-
tropolarimeter equipped with a water bath temperature-
control accessory. The measurements are performed using a
1.0 mm path length cell and samples containing each model
RNA (15 �M) in 10 mM Tris–HCl (pH 7.0) and various
concentrations of KCl. UV melting profiles were recorded
by using a heating rate of 0.2◦C/min and the absorbance
values were collected every 1◦C. The melting point (Tm)
corresponds to the mid-transition temperature, which was
determined by the maximum of the first derivative of the
absorbance as a function of temperature. CD melting was
performed using the following parameters: wavelength, 264
nm; bandwidth, 4 nm; temperature range, 4–95 ◦C; temper-
ature step, 1 ◦C; dead band, 0.33 ◦C; equilibrating time, 0.5
min; averaging time, 20–30 s.

Native polyacrylamide gel electrophoresis (PAGE) analysis

PAGE analysis was performed in a vertical electrophoretic
apparatus (DYCZ-22A; Liuyi Instrument Factory, Beijing,
China) with a temperature control module (4.0◦C). The re-
solving gel has a high concentration (20%) of acrylamide
(19 : 1 monomer to bis ratio). The fluorescein-labeled RNA
sample was prepared in a buffer (10 mM Tris-HCl, pH 7.0)
containing 70 mM KCl. About 10 ng of RNA were loaded
for analysis (300 V, 4 h). Polyacrylamide gels were imaged
on a Pharos FX Molecular imager (Bio-Rad, USA) in flu-
orescence mode.

Nuclear magnetic resonance (NMR) study
1H-NMR spectra were recorded at 298 K using a 600 MHz
Bruker Avance DRX-600 spectrometer equipped with a
cryogenic TCI ATM probe. The RNA samples were dis-
solved in 10 mM phosphate-buffered saline (PBS; pH 7.0)
containing 100 mM KCl and 10% D2O at a final concentra-
tion of 0.5 mM. The samples were annealed after heating at
90◦C for 4.0 min and slowly cooled to 25◦C. NMR spectra
in water were recorded using excitation sculpting for water
suppression with an acquisition time of 1.5 s, and a relax-
ation delay of 2.5 s at 25◦C.

Generation of G4-sgRNAs and G4-tracrRNAs

In vitro transcription reactions were performed to make
each sgRNA and tracrRNA. An overlap extension is per-
formed to assemble smaller DNA fragments into a larger

sequence, which was used for making each sgRNA and
tracrRNA (11). The templates for transcription were or-
dered as complementary oligomers and contained a T7 pro-
moter at the 5′ end of the gRNA sequence. For sgRNA
preparation, the forward primer was designed to contain
T7 promoter (5′-TAATACGACTCACTATA-3′), variable
guide sequence and the first 31 nt of the conserved re-
gion of the sgRNA scaffold (sg-SLX4IP-F, sg-HPRT1-F or
sg-HBEGF-F). The reverse primer was designed to con-
tain the reverse complement of the conserved region of
the sgRNA scaffold (sgRNA-R, sgRNA-G4a-R, sgRNA-
G4b-R or sgRNA-G4c-R in Supplementary Table S1). The
oligomers were mixed at an equal concentration at 500
ng/�l, heated to 95 ◦C for 5 min and slow cooled to room
temperature. Transcription reactions were performed using
300 ng polymerase chain reaction (PCR) fragments follow-
ing the protocol provided in the Transcript Aid T7 High
Yield Transcription kit (product# K0441, Thermo Fisher
Scientific). Afterward, the DNA template was degraded by
the addition of 1 U of DNase I for every 20 �l of reaction
and incubated at 37◦C for 15 min. The reaction was cleaned
up using the RNA Clean and Concentrator-25 kit (Zymo
Research Corporation, CA, USA) according to the manu-
facturer’s instructions, eluted in 100 �l of RNase-free wa-
ter and precipitated with 10 �l of 3 M sodium acetate and
250 �l of 100% ethanol overnight at –20◦C. The sample was
centrifuged at 4 ◦C for 30 min; the pellet was washed with
70% ethanol, resuspended in 20 �l of nuclease-free water
and stored at –80 ◦C until ready to use. Purified RNA was
quantified by measuring absorbance at 260 nm, and extinc-
tion coefficients were calculated using nearest neighbor ap-
proximations and Beer’s Law.

For tracrRNA preparation, the forward primer was
designed to contain the T7 promoter and the first 46
nt of the tracrRNA scaffold (tracrRNA-F); the reverse
primer was designed to contain the reverse complement
of the tracrRNA scaffold (tracrRNA-R, tracrRNA-G4a-
R, tracrRNA-G4b-R or tracrRNA-G4c-R in Supplemen-
tary Table S1). For overlap extension and in vitro transcrip-
tion reaction, the conditions were the same as the above
sgRNA protocol. The crRNAs were ordered as HPLC-
purified RNA oligomers, resuspended in nuclease-free wa-
ter at 100 �M concentration and stored at –80 ◦C until
needed.

Chemical targeting of in vitro transcribed (IVT) G4-sgRNAs
for controlling gene editing

PX165 (pSpCas9) was obtained from Addgene (plasmid#
48137) (31). A dimethylsulfoxide (DMSO) solution of each
G4 ligand was resuspended in 10% fetal bovine serum
(FBS)-containing growth medium and thoroughly mixed
before adding to the cells. HeLa cells were cultured in com-
plete media, Gibco™ Dulbecco’s modified Eagle’s medium
(DMEM), High Glucose medium (Thermo Fisher Scien-
tific), 10% (v/v) Gibco™ FBS (Thermo Fisher Scientific)
and 1% penicillin/streptomycin (Invitrogen), at 37◦C in a
5% CO2 incubator (32). One day prior to transfection, 4
× 105 HeLa cells per well were seeded into a 6-well plate
containing 0.5 ml of medium. HeLa cells were transfected
with 2.5 �g of PX165 plasmid using a standard transfec-
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tion protocol. In brief, PX165 plasmid was mixed in 125 �l
of DMEM. Thereafter, an equal volume of DMEM with
Lipofectamine 3000 transfection agent (5.0 �l) was added
and incubated for 15 min. The complex was subsequently
added dropwise to the cells. After 4 h of incubation, cells
were treated with Lipofectamine 3000 loaded with endoge-
nous gene-targeting sgRNAs (2.5 �g/well). After an incu-
bation time of 4 h, the medium was changed to complete
medium supplemented with appropriate concentrations of
each G4 ligand or DMSO. For analysis of gene editing effi-
ciency, genomic DNA was isolated from experimental and
control samples at 24 h post-treatment using the Qiagen
DNeasy Blood and Tissue Kit.

Isolated genomic DNA was subjected to PCR amplifica-
tion using target site-specific primer sets employing PrimeS-
TAR HS DNA Polymerase. The PCR program was set as
follows: initial denaturation at 94◦C for 15 s; and 35 cy-
cles consisting of 10 s of denaturation at 98◦C, 1 min of
annealing and extension at 68◦C. Final extension was set
at 72◦C for 5 min. The amplicons were purified using the
Zymo Research DNA Clean and Concentrator Kit. The tar-
get editing efficiency and inhibition thereof were quantified
by T7E1 assay. The reaction was quenched by adding SDS-
containing loading dye and loaded onto a 1.5% agarose
gel containing 1.5× Super GelRed for visualization (100 V,
1.5 h). The band intensity for the cleavage product band
was divided by the combined intensity of the cleavage prod-
uct and uncut substrate bands, and is reported as fraction
cleaved. For negative controls, either the PX165 plasmid or
the sgRNA was omitted.

Ribonucleoprotein (RNP) study

EnGen Spy Cas9 NLS protein (30 pmol) with 45 pmol sgR-
NAs was electroporated into 8 × 105 HeLa cells before the
treatment with pyridostatin (PDS). The electroporation was
performed using a Lonza 4D-Nucleofector X unit in 100 �l
of SE buffer employing SE-CN114 as the program accord-
ing to the manufacturer’s protocol. Immediately after trans-
fection, cells were treated with appropriate concentrations
of G4 ligand and incubated for an additional 24 h at 37◦C
with 5% CO2. The target editing efficiency and inhibition
thereof were quantified by T7E1 assay.

G4-guided engineering of an RNA-expressing cassettes in all-
in-one plasmid

pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng
Zhang (Addgene plasmid # 62988). A starting PX459 plas-
mid was used to construct each G4-containing plasmid
(PX459-G4x, x indicates a, b or c). Sequence modifica-
tions were generated through overlap extension PCR of
the region between unique restriction sites (PciI/SnaBI)
of PX459, and two primer pairs [forward primer in up-
stream region (G4-up-F), reverse primer in upstream region
(G4x-up-R); forward primer in downstream region (G4x-
down-F), reverse primer in downstream region (G4-down-
R)] were used. The two purified fragments were used in
the overlap extension PCR to produce the fused fragment
containing G4-encoding sequences. Assembled PCR prod-
ucts were amplified with Pyrobest™ DNA Polymerase us-

ing forward and reverse oligonucleotides (G4-up-F and G4-
down-R) with homology upstream or downstream of the
PciI and SnaBI restriction sites, respectively. PX459 plas-
mid was digested with PciI/SnaBI to remove the original
sgRNA cassette. The linearized plasmids and the assem-
bled PCR products of the correct lengths were assembled
with the in-fusion cloning method to produce the target
plasmid PX459-G4x. Constructed plasmids were sequenced
to confirm the replaced strand region using the primer 5′-
CTTTTGCTGGCCTTTTGCTCA-3′.

Chemical targeting of plasmid-encoded G4-sgRNAs for con-
trolling gene editing

To introduce target sites into the cloning site of each con-
struct, we use a cloning strategy that ligates two annealed
oligos into the backbone that has been digested with BbsI
(PX459, PX459-G4a, PX459-G4b or PX459-G4c). For-
ward and reverse oligonucleotides containing the guide se-
quences for SLX4IP and HPRT1 with appropriate over-
hangs were annealed by mixing 100 pmol of each pair and
then incubated at 90◦C for 5 min and slowly ramped to
room temperature. The sequence of the insert was con-
firmed by Sanger sequencing.

We plated 4 × 105 HeLa cells in each well of a 6-well plate.
Cells were transfected with 2.5 �g of each complete plasmid
using 5 �l of Lipofectamine 3000. After 4 h of transfection,
the medium of the ‘control groups’ and the ‘experimental
groups’ was replaced by the same medium, but in the ‘ex-
perimental groups’ it contained appropriate concentrations
of PDS. Then, the groups of cells were cultured for another
24 h. The cells were then lysed and genomic DNA was ex-
tracted and PCR-amplified around the target locus. Finally,
the genomic modification efficiency was determined by us-
ing the T7E1 assay.

Chemical targeting of G4-sgRNAs for controlling gene ex-
pression

A starting scFv-GCN4-GFP-VP64 plasmid (a gift from
Ron Vale, Addgene plasmid # 60904) was used to con-
struct the one with the KRAB repressor (scFv-GCN4-
GFP-KRAB). Fused fragments were generated through
overlap extension PCR of the region between unique re-
striction sites (BamHI/SpeI) of scFv-GCN4-GFP-VP64,
and two primer pairs [forward primer in upstream region
(scFv-KRAB-UP-F), reverse primer in upstream region
(scFv-KRAB-UP-R); forward primer in downstream re-
gion (scFv-KRAB-down-F), reverse primer in downstream
region (scFv-KRAB-down-R)] were used. The two purified
fragments were used in the overlap extension PCR to pro-
duce the fused fragment. Assembled PCR products were
amplified with Pyrobest™ DNA Polymerase using forward
and reverse oligonucleotides (scFv-KRAB-UP-F and scFv-
KRAB-down-R) with homology upstream or downstream
of the BamHI and SpeI restriction sites, respectively. The as-
sembled PCR products and the digested scFv-GCN4-GFP-
VP64 plasmids (BamHI/SpeI) were assembled with the in-
fusion cloning method to produce the target plasmid scFv-
GCN4-GFP-KRAB.
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To determine the levels of CXCR4 transcriptional con-
trol, HeLa cells were seeded at 4 × 105 cells/well in a 6-
well plate and transfected with dCas9-SunTag (a gift from
Ron Vale, Addgene plasmid # 60903) together with either
scFv-GCN4-GFP-VP64 or scFv-GCN4-GFP-KRAB for 4
h. The dose of each plasmid was 2.5 �g/well. Cells were
then treated with Lipofectamine 3000 loaded with sgRNA
targeting the CXCR4 promoter (sg-CXCR4 in Supplemen-
tary Table S1) for 4 h. The sgRNA dose was 2.5 �g/well
of each sgRNA. HeLa cells were then treated with vari-
ous concentrations of PDS. At 24 h post-treatment, total
RNA was isolated with Trizol (Ambion), and cDNA was
synthesized using the cDNA Superscript First Strand Syn-
thesis Kit (TaKaRa). The target transcriptional activation
and inhibition thereof were quantified by quantitative PCR
(qPCR primers in Supplementary Table S1). Three biolog-
ical replicates were performed for each condition.

RESULTS

The design of G4-guided RNA engineering

The goal of this study was to develop small molecule-based
methods to control CRISPR-mediated gene editing and ex-
pression. It is known that nucleic acids can be programmed
to adopt pre-defined structures by modifying their primary
sequence (33). The reliance of Cas9 on gRNAs suggests
that they may serve as a viable platform for our purpose
(19). In this study, we use the conventional definitions to
avoid confusion: gRNA is the term that describes both
gRNA formats, including sgRNA and crRNA:tracrRNA.
Both sgRNA and tracrRNA contain a conserved scaffold
sequence needed for binding of Cas9. This scaffold sequence
therefore represents an ideal model to examine our con-
cepts. Recent studies have studied the formation of RNA G4
in competition with helix-based structures in long stretches
of RNA (22,23). In this respect, we considered to explore
and exploit the use of a G4-triggered structural switch for
manipulating gRNA functions.

The sequence engineering should be performed in such a
way that the original function of gRNA is not perturbed.
G-tracts are essential to the formation of the G-tetrads that
are fundamental aspects of G4 structure (34). Most rele-
vant to this step are the following two considerations: a rel-
atively high G content; and a high frequency of continuous
G runs (24). We therefore conducted G content analysis of
gRNA scaffold to identify regions which tend to be richer
in G (Supplementary Figure S2). The regional G content
was calculated by dividing the whole gRNA scaffold (80 nt)
into 15 nt windows with 1 nt steps (left part in Figure 2A
and Supplementary Figure S3A). Figure 2B and Supple-
mentary Figure S3B show the distributions of G contents of
each region along the scaffold. The results demonstrate that
the heterogeneity in G content appears to be evident. There
is a greater G richness in stem–loop 3 at the 3′ tail com-
pared with the others. Engineering of this region holds the
promise of reducing much disturbance. We therefore set out
to engineer this motif through introduction of G4-forming
units. Two types of modifications are adopted: (i) the sub-
stitutions of G for non-G sites and (ii) the insertion of extra
G at specific positions (right part in Figure 2A and Sup-

plementary Figure S3A). In the absence of G4 ligand, the
active stem–loop predominates and maintains high gRNA
activity. However, in the presence of G4 ligands, G4 will be
stabilized by ligand binding energy and disrupts the original
stem–loop, resulting in loss of gRNA function.

G4-guided engineering of model stem–loop 3

The above G content analysis demonstrates that the se-
quence of stem–loop 3 represents a structurally distinct tar-
get (R-SL3 in Figure 3A). Considering the highly polymor-
phic nature of the gRNA sequence, this short sequence is
examined first. CD spectroscopy is used to quickly study the
global structural features of an RNA under different condi-
tions (35). If there are differences between the spectra of the
RNA recorded in two different conditions (plus G4 ligand
and minus G4 ligand), then it would be indicative of some
binding-induced structural change such as stem–loop to G4
transitions (36). To this aim, each RNA in the absence and
presence of G4 ligands is examined for comparison (Fig-
ure 3B, C; Supplementary Figures S4 and S5). There are
only slight peak height differences at 260 nm when wild-type
R-SL3 was treated with G4 ligands (Supplementary Figure
S4A). This phenomenon may suggest subtle structural dif-
ferences of R-SL3 between these two conditions.

In this study, G4-guided engineering of stem–loop 3 is
performed to generate different variants (R-SL3-G4a, R-
SL3-G4b and R-SL3-G4c in Figure 3A). In the R-SL3-
G4a variant, two substitution sites were chosen to intro-
duce a G4 motif (C76G/A68G), while R-SL3-G4b and
R-SL3-G4c have extra G sites in the G-rich stretches
of the predicted G4-forming sequence of stem–loop 3
(60 + G/75 + G). We proceeded to characterize the possible
structural transition of engineered RNAs (37). For the CD
study, each RNA was incubated in the presence of differ-
ent concentrations of KCl, with and without G4-interactive
agent. The treatment of R-SL3-G4a with G4 ligands caused
changes in its CD spectrum indicative of a global confor-
mational transition (Supplementary Figures S4C and S5A).
For R-SL3-G4b and R-SL3-G4c with additional G residues
at the terminal positions, the G4 ligand-induced increase of
absorbance intensity at 260 nm became more pronounced
(Figure 3C; Supplementary Figure S4, S5). Moreover, the
treatment with each G4 ligand markedly increased the Tm of
R-SL3-G4c with additional G sites, indicating evident RNA
G4 stabilization at physiological ionic strength (Figure 3D;
Supplementary Figure S4H). For this engineered sequence,
the stem–loop and G4 might co-exist in the absence of G4
ligands, whereas G4 is predictably preferred to the stem–
loop in the presence of G4 ligands.

Native PAGE was performed to seek more evidence for
the structural switch induced by G4 ligand (38,39). In this
study, each model RNA was fluorescently labeled to fa-
cilitate analysis (R-SL3-FAM, R-SL3-G4a-FAM, R-SL3-
G4b-FAM and R-SL3-G4c-FAM in Supplementary Table
S1). As demonstrated in Figure 3E, the engineered RNA
migrated at a similar rate compared with the wild-type con-
trol in the absence of G4 ligands. This phenomenon demon-
strated that the engineering does not significantly affect the
original RNA fold. Further results demonstrate that the mi-
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Figure 2. Sequence and structure analysis of gRNA scaffold (sgRNA). (A) Using structure-based design principles, the 3′ end of sgRNA is engineered by
rationally designed nucleotide substitutions and insertions. The engineering sites are indicated in red. (B) The G content for each region was calculated as
a simple count. The histogram shows a significantly higher G content in the sgRNA scaffold when looking at the 3′ region compared with that of the rest
of the regions.

gration rate of engineered RNAs is significantly retarded
upon the addition of G4 ligands (Figure 3E; Supplementary
Figure S6). We propose that the differential migration can
be explained by the charge or the conformational changes
of the engineered RNA after the formation of stable com-
plexes with the G4 ligands. In addition, almost no retarda-
tion was detectable after incubation of the wild-type RNA
with G4 ligands. These results are consistent with the CD
data, where the engineered RNAs demonstrate higher bind-
ing affinity toward G4 ligands than the wild-type sequence.
The binding-induced structural change of the engineered
sequence was further supported by 1D-NMR experiments
(40–42). The 1H-NMR spectrum of R-SL3-G4c in the pres-
ence of pyridostatin derivative (PDP) demonstrated broad
imino peaks within the 10.0–11.5 ppm region (Figure 3F),
which are characteristic of the Hoogsteen hydrogen bonds
of G-quartets.

Chemical targeting of G4-gRNA for modulating
CRISPR/Cas9

The above studies demonstrate that G4 ligands can specif-
ically induce a stem–loop to G4 transition related to stem–
loop 3. We are encouraged to test the efficiency of us-
ing G4 ligands in combination with G4-gRNAs to mod-
ulate CRISPR/Cas9. We designed the guide sequences of
sgRNAs to target the selected positions within different
target DNAs (hypoxanthine phosphoribosyltransferase 1,
HPRT1 gene in Supplementary Figure S7A; the SLX4-
interacting protein, SLX4IP gene in Supplementary Figure
S7B; and heparin-binding EGF-like growth factor, HBEGF
gene in Supplementary Figure S7C) (11,32,43,44). Taking
the SLX4IP-targeting sgRNAs as examples, we designed
and generated a series of G4-sgRNAs (sg-SLX4IP-G4a, sg-
SLX4IP-G4b and sg-SLX4IP-G4c in Supplementary Table
S1). From the structural point of view, sg-SLX4IP-G4a rep-
resents a variant with double nucleotide substitutions, and
the other two variants (sg-SLX4IP-G4b and sg-SLX4IP-
G4c) carry both substitutions and insertions in their se-
quences. Sanger sequencing of individual variants was per-

formed to confirm the correct engineering of sgRNAs (Fig-
ure 4A; Supplementary Figures S8 and S9A).

Engineered CRISPR/Cas9 comprises an sgRNA and
Cas9 nuclease, which together form an RNP complex
(19,45). Good functional activity of a G4-sgRNA requires
proper interactions between it and Cas9. The interaction
between G4-sgRNA and Cas9 protein can be evaluated
through an electrophoretic mobility shift assay (EMSA)
(46). We used a Halo-Tagged dCas9 (nuclease-dead Cas9),
in which the Halo tag can be labeled by Halo ligands con-
jugated to a fluorescent dye (47). Our results show that
G4-sgRNAs exhibit appreciable binding to dCas9 relative
to the control sgRNAs (Figure 4B; Supplementary Fig-
ure S10). After treatment with increasing concentrations
of G4 ligand, the band corresponding to the binary com-
plexes (sgRNA–dCas9) gradually diminished. These results
demonstrate that the formation of Cas9–gRNA complexes
can be influenced by binding-induced changes in RNA
topology.

We proceeded to investigate whether these gRNA vari-
ants can be used to support Cas9-mediated DNA cleavage.
The most commonly used Cas9 nuclease is the one origi-
nating from Streptococcus pyogenes (2,48). As the starting
point, it is important to determine the range of tolerance
of Cas9 to sequence modification of gRNAs. For our pur-
pose, each target DNA was amplified by PCR from human
genomic DNA. When the Cas9 was complexed with each
G4-sgRNA, the target DNA was cut with an efficiency com-
parable with that observed for the wild-type sgRNA (Fig-
ure 4C: Supplementary Figure S11A, B). In parallel to the
sgRNA variants, we also generated three tracrRNA vari-
ants, which differ from each other by nucleotide substitu-
tions and insertions (tracrRNA-G4a, tracrRNA-G4b and
tracrRNA-G4c in Supplementary Figure S9B). When com-
bined with each crRNA and Cas9, we found no signifi-
cant difference in relative overall activity of these sequence-
modified tracrRNAs, compared with the standard wild-
type sequence (Figure 4D; Supplementary Figure S11C, D).
These results together demonstrate that gRNAs are quite
tolerant of our intended sequence modifications in stem–
loop 3.
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Figure 3. G4-guided engineering of model RNAs (stem–loop 3). Experiments were performed as described in the Materials and methods. All samples
were tested in three biological replicates. An image of representative data is shown here. (A) G4-guided engineering of model RNAs. (B) The structure
of representative G4 ligands. (C) Recording the spectrum of R-SL3-G4c in the presence of PDS and then comparing with the spectrum obtained in the
absence of PDS. All experiments were performed in a Tris–HCl buffer (10 mM, pH 7.0) containing KCl. Total RNA strand concentration was 15 �M. (D)
CD melting curves for R-SL3-G4c in the absence or presence of PDS. All normalized melting curves were temperature overlaid for illustration purposes.
(E) Native PAGE analysis of RNA strands before and after treatment with PDS. Lanes 1, 6, 11, 16, the untreated RNAs; lanes 2–5, 7–10, 12–15, 17–20,
the PDS-treated RNAs. (F) 1H-NMR demonstration of G4 structures of R-SL3-G4c in the presence of pyridostatin derivative (PDP).

We next investigate the propensity of G4 ligands to
modulate the function of G4-gRNAs. In this study,
CRISPR/Cas9 complexes were exposed to different con-
centrations of each G4 ligand. We demonstrate that the
Cas9-mediated DNA cleavage was significantly inhibited by
treating sg-HPRT1-G4a with each G4 ligand (Supplemen-
tary Figure S12A). We also demonstrated that PDS is more
capable of disrupting the function of G4-sgRNAs when
compared with PDP. The reason for this discrepancy in
anti-CRISPR activity between PDS and PDP against G4-
sgRNAs is not clear.

Given the successful inhibition of sg-HPRT1-G4a by
each G4 ligand, we moved to test whether rational op-
timization of G4 elements can enhance the sensitivity of
G4-sgRNAs to chemical stimuli. As a general trend, the
presence of additional guanosine residues at the termi-
nal positions of sg-HPRT1-G4b and sg-HPRT1-G4c en-

hanced their sensitivity to chemical stimuli compared with
sg-HPRT1-G4a (Figure 4E; Supplementary Figure S12B).
Complete inhibition of sg-HPRT1-G4c-supported cleavage
of target DNA was achieved by PDP and PDS at 4.0 and
2.0 �M, respectively (Supplementary Figure S12C). Addi-
tional studies demonstrated that these criteria are common
for different target sequences (Supplementary Figures S13
and S14). Given the large size of G4 ligands, it is likely that
proximity and steric effects interfered with the availability
of the structural units for sgRNA–dCas9 interactions.

The activities of sequence-modified tracrRNAs were
found to be in good agreement with the experimentally ob-
tained sgRNA results (Figure 4F; Supplementary Figures
S15–S17). Moreover, the presence of extra guanosine at the
5′ end of the G4-tracrRNAs caused significant enhance-
ment in their sensitivity to chemical stimuli (Figure 4F;
Supplementary Figures S16C and S17C). Taken together,
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Figure 4. Chemical targeting of G4-gRNAs for modulating CRISPR/Cas9 reactions was performed as described in the Materials and methods. All samples
were tested in three biological replicates. An image of representative data is shown here. (A) Sanger sequencing of different sgRNAs. The sites of engineering
are indicated. In this study, different sgRNA transcripts were reverse transcribed, PCR amplified and then cloned into a T-vector for sequencing analysis.
(B) EMSA of fluorescently labeled dCas9 with different sgRNAs in the absence or presence of PDS. The band over the complex may indicate the formation
of the protein dimer. Lanes 1–2, dCas9-only control; lanes 3–4, dCas9 and original sg-SLX4IP; lanes 5–10, dCas9 and sg-SLX4IP-G4c. (C) The tolerance
of Cas9 to each G4-sgRNA. Lane 1, Cas9-only control; lane 2, original sg-HPRT1; lanes 3–5, different G4-sgRNAs; lane 6, DNA marker (GeneRuler
100 bp DNA Ladder). (D) The tolerance of Cas9 to each G4-tracrRNA. Lane 1, Cas9-only control; lane 2, cr-HPRT1 and original tracrRNA; lanes 3–5,
cr-HPRT1 and different G4-tracrRNAs; lane 6, DNA marker. (E) Chemical targeting of G4-sgRNAs for modulating CRISPR/Cas9. Lane 1, Cas9-only
control; lanes 2–3, original sg-HPRT1; lanes 4–8, sg-HPRT1-G4a; lanes 9–13, sg-HPRT1-G4b; lanes 14–18, sg-HPRT1-G4c; lane 19, DNA marker. (F)
Chemical targeting of G4-tracrRNAs for modulating CRISPR/Cas9. Lane 1, Cas9-only control; lanes 2–3, cr-HPRT1 and original tracrRNA; lanes 4–9,
cr-HPRT1 and tracrRNA-G4a; lanes 10–15, cr-HPRT1 and tracrRNA-G4b; lanes 16–21, cr-HPRT1 and tracrRNA-G4c; lane 22, DNA marker. For (C)
to (F), uncleaved HPRT1 DNA (1083 bp) and cleaved dsDNA products (803 and 280 bp) are indicated by different arrows.
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the binding between stem–loop 3 of gRNA variants and
G4 ligands provided an interaction handle for controlling
CRISPR/Cas9.

Chemical targeting of IVT G4-sgRNAs for controlling gene
editing

The above studies encouraged us to evaluate the efficiency
of our strategy to control CRISPR/Cas9-mediated gene
editing in human cells. For CRISPR/Cas9-based gene edit-
ing study, both Cas9 and gRNA can be introduced into
cells in various ways (49). To provide flexibility, the gRNA
component can be delivered as either plasmid DNA or IVT
RNA (31). We therefore performed cellular studies using a
PX165 plasmid containing only the Cas9 expression cas-
sette together with IVT sgRNA transcripts (31). In these
studies, the sgRNA sequences (sg-SLX4IP and sg-HPRT1)
were the same as that tested for the in vitro cleavage as-
say. We first delivered the PX165 plasmid, followed by the
delivery of HPRT1-targeting sgRNA 4 h later. Successful
gene editing within G4-sgRNA-recipient HeLa cells was
confirmed by T7E1 assay of target site-derived PCR am-
plicons. Taking the HPRT1-targeting sgRNAs as exam-
ples, the overall activities exhibited by each G4-sgRNA
with PX165 were not significantly influenced by altered se-
quences in stem–loop 3 (Supplementary Figure S18).

We next investigated the effect of chemical targeting of
IVT G4-sgRNAs on controlling gene editing in cells. We
evaluated the cytotoxic effects of G4 ligands to find the
suitable concentrations for use of these molecules. The re-
sults demonstrate that HeLa cells can tolerate well up to
8.0 �M PDS after 24 h of incubation (Supplementary Fig-
ure S19). We next transfected PX165 plasmids and indi-
vidual sgRNAs into HeLa cells before the treatment with
each G4 ligand. We demonstrated that the amount of in-
dels (insertion/deletion substitutions) formed at target sites
decreased in a dose-dependent manner as the concentra-
tion of each G4 ligand increased (Figure 5A, B). We also
demonstrated that PDS appears to be the more potent
compound for modulating gene editing. The variations in
activities of these G4 ligands in cells are consistent with
the in vitro Cas9 studies as they displayed different G4-
stabilizing activities toward the G4 motif in engineered sgR-
NAs. We further demonstrated that these criteria are com-
mon for different target sequences (Supplementary Figure
S20). We further test the reversibility of small-molecule
G4 ligands. It is demonstrated that the cells with media
swap at an earlier time point (2 h of incubation) showed
less inhibition (Supplementary Figure S21). Hence, PDS
can be a reversible inhibitor of G4-forming sgRNAs in
cells.

We further performed a Cas9 RNP study using Cas9
protein along with different IVT sgRNAs (50). The results
also showed a trend to reduction after G4 ligand treatment
(Figure 5C, D). We also benchmarked the performance of
our strategy against that of Brd0539 to control gene edit-
ing in HeLa cells (17). The Cas9 protein and IVT sgR-
NAs were delivered into cells as above before either PDS
or Brd0539 was added. The amount of indel formation was
determined 24 h after the compound treatment. We demon-
strated that a relatively lower concentration of PDS exhibits

better gene editing inhibition effects in HeLa cells compared
with Brd0539.

Chemical targeting of plasmid-encoded G4-sgRNAs for con-
trolling gene editing

In the above studies, two sequential nucleic acid transfec-
tion rounds were used to perform gene editing in cells. For
the sake of practicality and limiting transfection-associated
cytotoxic effects, gene editing protocols do not entail such
two-step consecutive nucleic acid transfections. It will be
more convenient to perform gene editing by using an all-
in-one vector for the expression of sgRNA and Cas9,
such as PX459 or its derivatives (31,51). For our purpose,
overlap extension PCR and the in-fusion cloning method
was used to replace the sgRNA-encoding sequence with
the G4-forming fragments in PX459 plasmid. The con-
structed plasmids were confirmed by sequencing and des-
ignated as PX459-G4a, PX459-G4b and PX459-G4c, re-
spectively. Each of these constructs has BbsI cloning sites
for the gRNA sequence. We selected two endogenous genes
(SLX4IP and HPRT1) to investigate whether these all-in-
one constructs could attain efficient gene editing. In our
studies, HeLa cells were transfected with each complete all-
in-one plasmid. A complete media change was performed
at 4 h post-transfection and cells were cultured for an ad-
ditional 24 h. Following this, the T7E1 assay was per-
formed and the percentage of indels was determined. We
demonstrate that all G4-containing constructs could pro-
mote high-level editing of target genes in HeLa cells (Figure
6A, B).

We anticipated that the G4 ligand treatment can drive the
formation of RNA G4 and subsequently inhibit the func-
tion of plasmid-encoded sgRNAs. HeLa cells were trans-
fected with each all-in-one plasmid and were then incu-
bated with different concentrations of each G4 ligand. At
24 h post-treatment, the cells were harvested to analyze the
gene editing efficiencies. Strikingly, we found that each G4
ligand greatly decreased the ability of G4-containing plas-
mids to create genome lesions at target sites in HeLa cells
(Figure 6C, D; Supplementary Figure S22). Based on the
above data, we conclude that G4-sgRNAs with a more sta-
ble G4 core exert a more favorable responsiveness to G4
ligand in cells. We further demonstrated that these criteria
are common for all-in-one plasmids with different guide se-
quences (Supplementary Figures S23 and S24). Hence, the
activity of the single plasmid-based approach can be mod-
ulated with our strategy of rational gRNA modifications
along with the use of G4 ligands.

Chemical targeting of G4-sgRNAs for controlling gene ex-
pression in human cells

We proceeded to characterize our strategy for expanded
applications to counteract sequence-specific regulation of
gene expression in human cells. Transcriptional control is a
major mechanism for regulating gene expression. CRISPR
activation (CRISPRa), based on the fusion of inactive Cas9
(dCas9) to a synthetic transcriptional activator (VP64), pro-
vides a useful tool set for activating gene expression (52). It
is important to regulate this multifunctional system so that
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Figure 5. Chemical targeting of IVT G4-sgRNAs for controlling gene editing. Cellular studies were performed as described in the Materials and methods.
Amplicon substrates and T7E1 cleavage products are indicated by different arrowheads. All samples were tested in three biological replicates. An image
of representative data is shown here. (A) Chemical targeting of IVT G4-sgRNAs for modulating gene editing in HeLa cells. The PX165 plasmids and IVT
sgRNAs were delivered into HeLa cells before the treatment with each G4 ligand. Uncleaved HPRT1 DNA (1083 bp) cut to shorter cleavage fragments (803
and 280 bp) is demonstrated. Lane 1, target control; lanes 2–4, PX165 control; lanes 5–7, PX165 and original sg-HPRT1; lanes 8–11 and 12–15, PX165 and
sg-HPRT1-G4c; lane 16, DNA marker (GeneRuler 100 bp DNA Ladder). (B) Statistical treatment of three replicates with indel quantifications. (C) Cas9
RNP study of using Cas9 protein along with different IVT sgRNAs. Uncleaved SLX4IP DNA (773 bp) cut to shorter cleavage fragments (441 and 332
bp) is demonstrated. Lane 1, target control; lane 2, T7 endo I control; lane 3, sgRNA-only control; lane 4, Cas9-only control; lanes 5–7, Cas9/sg-SLX4IP;
lanes 8–10, Cas9/sg-SLX4IP-G4c; lane 11, DNA marker. (D) Statistical treatment of three replicates with indel quantifications. For (B) and (D), data
represent the mean of three replicates and are shown as mean ± SEM.

the target genes are only active when they are needed. A
peptide-based scaffold recruitment system is chosen to facil-
itate the analysis (8). The dCas9-SunTag-VP64 expression
plasmids were used with either the wild-type sgRNA or G4-
sgRNA for achieving transcriptional activation of DNA
target sites of interest. We demonstrate that the dCas9-
SunTag system utilizing the G4-sgRNAs drives robust and
specific activation of the CXCR4 (C-X-C Chemokine Re-
ceptor 4) gene (Figure 7A) (8). We further tested the effects
of G4 targeting on this system. The dCas9-SunTag-VP64
expression plasmids and IVT G4-sgRNAs were delivered
into cells before treatment with PDS. Consistent with gene
editing studies, the presence of extra G sites in G4-sgRNAs
caused significant enhancement in their sensitivity to chem-
ical stimuli (sg-CXCR4-G4b, sg-CXCR4-G4c, Figure 7A).

In contrast to CRISPRa, CRISPR deactivation deliv-
ers a gene repression mechanism by recruiting a transcrip-
tion repression module (the Krüppel-associated box do-
main, KRAB) (53,54). We envisaged that chemical tar-
geting of G4-sgRNAs can be used to control the func-
tion of KRAB repressor and the GCN4 SunTag scaf-
fold. We delivered the G4-sgRNAs 4 h after the trans-

fection of dCas9-SunTag-KRAB expression plasmids, and
total RNAs were extracted and analyzed 24 h later. We
demonstrated that robust transcriptional inhibition can be
achieved through targeting of dCas9-SunTag-KRAB with
G4-sgRNAs. We further demonstrated that chemical tar-
geting of G4-sgRNAs functions well to reduce the ability of
dCas9-SunTag-KRAB to target CXCR4 transcription (Fig-
ure 7B). These results together demonstrated that chemical
targeting of G4-sgRNAs could introduce more regulatory
scope for conditional control of gene expression at target
sites in the genome.

DISCUSSION

The current study presents a novel bioinformatic and exper-
imental approach for interrogating functional tolerance of
gRNA scaffolds in a predictive manner. We explore a con-
cept whereby G4 ligands known to bind to and intercalate in
G4 nucleic acids, are evaluated for disrupting the Cas9 inter-
action with G4-gRNA scaffolds. In doing so, specific ligand
binding to G4-gRNAs seeks to reduce (ideally block) DNA
cleavage activity. The use of G4 ligands for targeting RNA
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Figure 6. Chemical targeting of plasmid-encoded G4-sgRNAs for controlling gene editing. Cellular studies were performed as described in the Materials
and methods. The all-in-one plasmids were delivered into HeLa cells before the treatment with PDS. Amplicon substrates and T7E1 cleavage products
are indicated by different arrowheads. All samples were tested in three biological replicates. An image of representative data is shown here. (A) Editing
of the SLX4IP gene in HeLa cells using the indicated all-in-one plasmids. Lane 1, target control; lane 2, T7 endo I control; lane 3, PX459-SLX4IP; lane
4, PX459-G4a-SLX4IP; lane 5, PX459-G4b-SLX4IP; lane 6, PX459-G4c-SLX4IP; lane 7, DNA marker (GeneRuler 100 bp DNA Ladder). (B) Statistical
treatment of three replicates with indel quantifications. (C) Chemical targeting of all-in-one plasmid-encoded G4-sgRNAs for modulating gene editing in
HeLa cells. Lane 1, target control; lanes 2–3, T7 endo I control; lanes 4–5, PX459-SLX4IP; lanes 6–9, PX459-G4a-SLX4IP; lanes 10–13, PX459-G4b-
SLX4IP; lanes 14–17, PX459-G4c-SLX4IP; lane 18, DNA marker. (D) Statistical treatment of three replicates with indel quantifications. For (A) and
(C), uncleaved SLX4IP DNA (773 bp) cut to shorter cleavage fragments (441 and 332 bp) is demonstrated. For (B) and (D), the data are presented as the
means ± SEM from three independent experiments.

or DNA structures is quite traditional but not reported for
CRISPR applications prior to this study (24). This study
involves a stepwise progression of stages from in vitro de-
signing and testing of different designed gRNAs and several
G4 ligands, and subsequent in cellulo testing, using trans-
fection of selected IVT gRNA reagents and, at the end, de-
signer RNA-encoding DNA constructs. This study possibly
indicates that the identity of some nucleotides in sgRNAs
is not strictly conserved. This study lays the foundation for
the rapid identification and use of small-molecule inhibitors
against CRISPR/Cas9. In general, our strategy has the ad-
vantage of being inexpensive and technically easy. A partic-
ularly valuable aspect of this approach is its amenability to
ligand control over CRISPR/Cas9 activity using genetically
encoded G4-gRNAs.

Here, we establish a modular platform for engineering
gRNAs and demonstrate the applicability of such con-
structs for controlling gene editing and expression in cells.
Although protein engineering has yielded many useful pro-

teins for biomedical applications (55,56), RNA engineering
has received much less attention in the field of chemical bi-
ology (57). One of the key restrictions in RNA engineer-
ing has been the lack of detailed structural knowledge of an
RNA sequence. For controlling CRISPR/Cas9, the engi-
neering of gRNA is more feasible because the molecular ba-
sis for Cas9 function is not well understood and cannot be
engineered rationally. Functional gRNA contains multiple
well-defined structural motifs, which are important for in-
teraction with Cas9 to form functional gRNA–protein com-
plexes. Sequence analysis is performed for decrypting the
G4-forming potential of these structural motifs present in
gRNAs. Stem–loop 3 with the highest G content in the scaf-
fold sequence is selected for the current engineering study.
Part of the reason for this is that a high G content will result
in a relatively higher G4-forming propensity, which might
make it easy to uniquely engineer such a sequence into a
G4-forming unit. The sequence-modified gRNAs can still
maintain the overall structural and chemical identity of the
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Figure 7. Chemical targeting of G4-sgRNAs for modulating gene expression in human cells. Cellular studies were performed as described in the Materials
and methods. The plasmids and sgRNAs were delivered into HeLa cells before the treatment with PDS. All samples were tested in three biological replicates.
The data are presented as the means ± SEM from three independent experiments. (A) Change in mean expression of CXCR4 in HeLa cells with dCas9-
SunTag-VP64 (+sg-CXCR4) and in the presence and absence of PDS. (B) Change in mean expression of CXCR4 in HeLa cells with dCas9-SunTag-KRAB
(+sg-CXCR4) and in the presence and absence of PDS.

original gRNAs. The overall tolerance of the gRNA scaf-
fold to a variety of substitutions in stem–loop 3 is an im-
portant attribute for its potential as a molecular scaffold.

Among various non-canonical nucleic acid structures, G4
motifs have attracted great research attention as prospec-
tive targets for the chemical intervention in biological func-
tions (36,58,59). The current study included the examina-
tion of PDS and its bisquinolinium derivative (PDP) that
are closely related to each other. It is demonstrated that
PDS is more effective to suppress the function of G4-
gRNA function than PDP. However, small differences in
their chemical structures account for the fact that there is
not a great difference in potency between PDP and PDS.
There are two possible mechanisms to explain the interac-
tion between Cas9 and gRNA in the presence of G4 ligands.
It is possible that the complex formation of Cas9 and gRNA
was inhibited by G4 formation due to ligand binding. The
other possible mechanism is that the complex formation
and activities of Cas9 were inhibited by G4 liands bound
to the G4 structure. Although G4 ligands were shown to
have potential pharmacological value, a significant limita-
tion in applying G4 ligands to biological studies is their tox-
icity to human cells (60,61). One of the possible reasons is
that G4 motifs are abundant in specific chromosomal do-
mains (62). At this stage, in contrast to the well-developed
anti-CRISPR proteins (16,63), there is still room for further
growth and improvement in the generation of G4 ligands
that bind selectively to target gRNA motifs. Rational design
of G4 ligands will also benefit from the growing availability
of G4 structural and biochemical data, molecular modeling
and simulation.

CONCLUSIONS

The rich structural diversity of RNAs offers a reservoir of
targets for small molecules to bind, thus creating the poten-
tial to modulate RNA biology.
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