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FGFR3-TACC3 (F3-T3) gene fusions are regarded as a “low-
hanging fruit” paradigm for precision therapy in human glio-
blastoma (GBM). Small molecules designed to target the kinase
in FGFR currently serve as one form of potential treatment but
cause off-target effects and toxicity. Here, CRISPR-Cas13a,
which is known to directly suppress gene expression at the tran-
scriptional level and induce a collateral effect in eukaryotes, was
leveraged as a possible precision therapy in cancer cells
harboring F3-T3 fusion genes. A library consisting of crRNAs
targeting the junction site of F3-T3 was designed, and an in sil-
ico simulation scheme was created to select the optimal crRNA
candidates. An optimal crRNA, crRNA1, showed efficiency and
specificity in inducing the collateral effect in only U87 cells ex-
pressing F3-T3 (U87-F3-T3). Expression profiles obtained with
microarray analysis were consistent with induction of the
collateral effect by the CRISPR-Cas13a system. Tumor cell pro-
liferation and colony formation were decreased in U87-F3-T3
cells expressing the Cas13a-based tool, and tumor growth was
suppressed in an orthotopic tumor model in mice. These find-
ings demonstrate that the CRISPR-Cas13a system induces the
collateral damage effect in cancer cells and provides a viable
strategy for precision tumor therapy based on the customized
design of a CRISPR-Cas13a-based tool against F3-T3 fusion
genes.

INTRODUCTION
The CRISPR-Cas system has been cleverly harnessed to carry out
various genomic engineering tasks.1 CRISPR-Cas13a (also known
as C2c2) is a class 2, type VI CRISPR-Cas system.2 Sequence analysis
revealed that Cas13a lacked a recognized DNase catalytic site but
comprised two highly conserved HEPN domains.3 Therefore,
Cas13a is capable of efficiently cleaving complementary target
RNA, which acts as a single-RNA guided RNA-targeting CRISPR
effector.1 To date, the CRISPR-Cas13a system is thought to be an
approach that directly suppresses gene expression at the transcrip-
tional level. In comparison with Cas9, Cas13a contributes a poten-
tially safer alternative because it results in loss-of-function pheno-
types without losing targeted genes in the genome.4 Recent studies
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have reported the crystal structure of Leptotrichia shahii (Lsh)
Cas13a bound to crRNA and the apo form as well as the overall struc-
ture of the Leptotrichia buccalis (Lbu) Cas13a-crRNA-target RNA
complex. These results provide considerable insight into the structur-
ally detailed molecular mechanism of the function of Cas13a and set
the stage for its future development as an RNA-targeting technol-
ogy.5,6 We anticipate a new era in personalized cancer therapy in
which CRISPR-Cas13a serves as a vital link between bench and
bedside.7

The FGFR3-TACC3 (F3-T3) fusion protein, first reported in glio-
blastoma (GBM) samples, has emerged as an oncogenic driver in a
variety of cancers, including urothelial cancer, non-small cell lung
cancer, cervical cancer, head and neck cancer, gastrointestinal ma-
lignancies, and malignant melanoma.8–10 Approximately 1.2%–

8.3% of GBMs have been predicted to harbor this translocation.10

The genes coding for FGFR3 and TACC3, which reside on human
chromosome 4p16, 48 kb apart, represent the most frequent rear-
rangement of FGFR-TACC in malignant glioma. FGFR-TACC fu-
sions are potent oncogenes which have growth-promoting effects
and induce aneuploidy. However, the intracellular signaling
pathway is unclear.11

Tumors harboring FGFR-TACC fusions generally have a dismal clin-
ical outcome.12,13 Currently, no effective personalized therapy exists for
the treatment of GBM. Thus, this fusion protein has become a possible
therapeutic target, and the discovery of an F3-T3-specific agent would
represent a significant step in the development of personalized
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Figure 1. Design and screen for crRNA candidates

targeting FGFR3-TACC3 mRNA. (A) Scheme for the

crRNAdesign for FGFR3-TACC3. (B) The sequences

of crRNA1. Non-complementary and

complementary regions within the crRNA1 are

shown in brown and red, respectively. (C) Three-

dimensional structure visualization of the crRNA1.

(D) Structure visualization of the crRNA1-F3-T3

duplex docking to Cas13a. (E) Binding energy

analysis of the Cas13a-crRNA complex. (F)

Hydrogen-bond interaction of Cas13a with the

bases in the 38–50 bp segment of RNA1. (G)

Hydrogen-bond interaction of Cas13a with the

bases in the 51–65 bp segment of RNA1
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treatment for GBM. At present, the treatment targeting FGFR3-
TACC3 fusion proteins is limited to kinase inhibitors targeting FGFRs.
Most of these small molecular compounds are representative multi-ki-
nase inhibitors targeting FGFRs and other tyrosine kinases.14 There-
fore, the precise targeting of FGFR3-TACC3 would reduce adverse ef-
fects. Such a therapeutic approach could also be applied to other
cancers harboring F3-T3 fusions.
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Herein, we built on our previous study re-
porting that CRISPR-Cas13a induces a collat-
eral effect after knocking down the target
gene and kills cancer cells.15 We found that
the Cas13a system triggers a collateral effect
after cleaving an F3-T3 fusion gene in human
GBM cell lines, as well as other cell lines
harboring F3-T3. In addition, a new computer
simulation scheme was created to reduce the
number of potential crRNAs requiring further
confirmation. Cas13a induced a collateral ef-
fect both in cells in vitro and in vivo in an or-
thotopic tumor model. Our work demon-
strates the value of Cas13a-based therapy
targeting F3-T3 mRNA, thus confirming the
CRISPR-Cas13a system as a versatile thera-
peutic strategy for the tailored treatment of
human GBM.

RESULTS
Customized design and screen of

potentially optimal crRNA candidates

targeting FGFR3-TACC3 mRNA

In the released version of the sequence of
FGFR3-TACC3, one of the most common
mRNA fusion variants found in GBM, the
in-frame fusion of exon 17 from FGFR3
and exon 11 from TACC3 was identified.11

We used a tiling array to identify the junc-
tion site of F3-T3 and selected the most sta-
ble sequences among four crRNAs through in
silico evaluation (Figure 1A). The non-com-
plementary region (protein binding region), which contains a
hairpin structure, is responsible for the stability between RNA
and Cas13a. The complementary region (guide region) of the
crRNA identifies the target gene through a complementary
sequence that positions Cas13a for cutting the target strand.
These two characteristics together ensure precise RNA cleavage
by Cas13a.6



Table 1. Hydrogen bond interaction analysis on F3-T3-Cas13a-cr1 complex

RUN X-H.Y Donor Atom Acceptor Atom Distance Angle DHA

1 A:SER555:HG-B:crRNA1:G45:OP1 HG OP1 2.8 71.0

2 A:SER558:2HZ-B:crRNA1:G45:OP2 2HZ OP2 1.6 92.6

3 A:SER558:1HZ-B:crRNA1:G45:OP2 1HZ OP2 2.8 155.0

4 A:HIS901:HD1-B:F3T3:C17:O2 HD1 O2 2.8 121.4

5 A:GLN904:2HE2-B:F3T3:C18:O2 2HE2 O2 2.5 90.3

6 A:GLN904:2HE2-B:F3T3:G19:C4 2HE2 C4 3.1 79.4

7 A:ARG1135:2HH2-B:crRNA1:G48:OP1 2HH2 OP1 2.5 121.9

8 A:ARG1135:2HH1-B:crRNA1:G48:OP1 2HH1 OP1 2.0 131.1

9 A:LYS845:1HZ-B:F3T3:U13:OP1 1HZ OP1 3.1 99.7
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The construction of the four crRNA models is therefore divided into
two steps: construction of a non-complementary region and con-
struction of a complementary region. In silico calculations performed
on the four crRNA candidates yielded the most suitable crRNA struc-
ture with the following characteristics. CrRNA1 (cr1) used for
modeling consists of a 28 nt guide region (C1 to G28, in red) and a
37 nt protein binding region (G [�37] to C [�1], in brown) (Fig-
ure 1B). Gromacs 4.6 dynamics software was used for optimization
and visualization of the three-dimensional (3D) structure of crRNA1
(Figure 1C).

The crystal structures of Leptotrichia shahii C2c2 in its crRNA-free
and crRNA-bound states have been reported. C2c2 contains a crRNA
recognition (REC) lobe and a nuclease (NUC) lobe. The REC lobe
consists of an N-terminal domain (NTD) and a helical-1 domain.
The NUC lobe consists of two conserved HEPN domains, with a
linker connecting two HEPN domains and a helical-2 domain. The
helical-1 and HEPN domains are responsible for independently
cleaving pre-crRNA and target RNA, respectively.5 The structure of
the Cas13a-crRNA1 binary complex after optimization is shown
Figure S1A.

Next, we performed structural prediction on the crRNA-F3-T3 bi-
nary complex. The double-stranded RNA consisting of the crRNA
and the F3-T3 mRNA are referred to as the RNA. To ensure con-
sistency in chain length and software input requirements, the length
of the F3-T3 mRNA target region included was also 67 nt. Modeling
and optimization in Gromacs 4.6 yielded a reasonable 3D structure
of the double-stranded RNA. The guide region of crRNA1 and the
F3-T3 mRNA form a 28 bp guide-target RNA complex, which re-
sembles an A-form helix (Figure S1B). On the basis of the template
5XWP structure, the modeling double-stranded RNA was docked to
Cas13a and generated the Cas13a-RNA1 ternary complex, which
was visualized in PyMol version 1.60 (Figure 1D). The 28 bp
guide-target RNA binary complex is located in an active channel
within the NUC lobe. To compare the interactions of the four
RNAs with Cas13a, the binding energies were calculated. The dock-
ing scores between RNAs and Cas13a ranged from �2,292.17
to �2,057.45 KJ/mol, with a median docking score of �2,227.87
KJ/mol (Figure 1E). The score for Cas13a-RNA1 was lower than
for the other three ternary complexes, suggesting that the binding
stability of Cas13a-RNA1 was relatively high and likely to lead to
a greater cleavage effect.

Further study of the electrostatic binding surface of the Cas13a-RNA1
complex revealed that most regions in the active channel of Cas13a
were positively charged, and the exposed oxygen atoms of RNA1
could be adequately matched with the positively charged region of
Cas13a, so as to promote the binding of crRNA1 to the F3-T3 site
in the mRNA and thus enhance cleavage efficiency (Figure S1C, front
and side view). These findings, along with a binding energy analysis,
established crRNA1 as a theoretically optimal sequence among the
four crRNA candidates.

An in-depth analysis of the interactions between Cas13a, crRNA1,
and F3-T3 was further performed. The crRNA1-F3-T3 duplex
forms extensive contacts with Cas13a. Key residues such as Ser-
555, Ser-558, His-901, Gln-904, and Arg-1135 at the active site
of Cas13a exhibit strong hydrogen bond interactions with the ba-
ses in the 38–50 nt segment of RNA1, in which Ser-558, Gln-904,
and Arg-1135 also form double hydrogen bond interactions with
the bases (Figure 1F; Figure S1D). In addition, residue Lys-845
further forms strong hydrogen bond interactions with bases in
the 51–65 nt segment of RNA1, which improves the binding sta-
bility of crRNA1 to F3-T3 and ensures the stability of cleavage
(Figure 1G; Figure S1E). Analysis of crucial hydrogen bonds (con-
taining hydrogen bond donors, acceptors, and bond length) be-
tween Cas13a and crRNA1 is shown in Table 1. Hydrogen bond
interactions are spread throughout the guide region, strengthening
the binding stability of RNA1 to Cas13a and enhancing the
crRNA1-guided split efficiency. In brief, these analyses provide a
theoretical basis for Cas13a-based RNA cleavage at the molecular
level.

CrRNA candidates attenuate expression of the F3-T3 mRNA in

cultured cells

To test the cleavage efficiency of the crRNAs, functional experiments
were performed in vitro in cells expressing an F3-T3 mRNA. U87 and
Molecular Therapy Vol. 29 No 11 November 2021 3307
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Figure 2. Confirmation of the efficiency of crRNA

candidates. (A) Schematic diagram of the

transfection process in U87 and TBD0220 cells for

subsequent assays. (B and C) qRT-PCR analysis to

examine F3-T3 mRNA at 24 h in U87-F3-T3-Cas13a

and TBD0220-F3-T3-Cas13a cells transfected with

a non-targeting crRNA and the four crRNAs. Bars

represent mean ± SEM (n = 9). **p < 0.01, ***p <

0.001, and ****p < 0.0001; ns, p > 0.05. (D) Schematic

diagram of the RIP experiment performed in U87

cells with a dead Cas13a (dCas13a) and the four

different crRNAs. (E) RIP-qPCR to examine the

binding efficiency of each of the four crRNA

candidates at 24 h after transfection with

Lipofectamine. The negative control was GAPDH.

*p < 0.05, **p < 0.01, and ***p < 0.001. (F) qRT-PCR

analysis to examine F3-T3 expression levels when

Cas13a is replaced with a dead Cas13a (dCas13a).

ns, p > 0.05
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TBD0220 cells were infected with a lentivirus expressing the F3-T3
mRNA. After 1 week in selection with puromycin, the cells were in-
fected with a second lentivirus expressing Cas13a for at least 48 h.
The four crRNAs targeting the F3-T3 mRNA were then transfected
into the resultant cell populations, U87-F3-T3-Cas13a and
TBD0220-F3-T3-Cas13a, with Lipofectamine 3000, and the levels
of the F3-T3 mRNA were determined using qRT-PCR (Figure 2A).
On the basis of Ct values normalized to GAPDH, crRNA1 exhibited
the most significant knockdown efficiency compared with the control
non-targeting crRNAs (Figures 2B and 2C). Similarly, crRNA1-medi-
ated loss of F3-T3 mRNA levels was observed in N9, PC9, MDA-MB-
231, and A375 cells (Figure S2).

Catalytically inactive LwaCas13a (dCas13a) maintains targeted RNA
binding activity but not cleavage activity.16 Labeled RNA has been
applied to the dCas13 system, allowing visualization of the position
and dynamics of RNAs with the protein in live cells.17 To further
examine binding stability, we performed RNA-binding protein
immunoprecipitation (RIP)-qPCR on RNA obtained from com-
plexes in U87 cells infected with a dCas13a expressing lentivirus
3308 Molecular Therapy Vol. 29 No 11 November 2021
(U87-F3-T3-dCas13a) and transfected with
crRNAs for 24 h (Figure 2D). The RIP-qPCR
analyses indicated that F3-T3 exhibited the
highest enrichment in crRNA1-transfected
cells (Figure 2E). Taken together, these data
suggested that crRNA1 has the highest binding
stability and thus the most significant impact
on knockdown of the F3-T3 mRNA. These re-
sults were consistent with the molecular struc-
ture simulation. In contrast, crRNA1 transfec-
tion into U87-F3-T3-dCas13a cells did not
lead to knockdown of F3-T3 mRNA (Fig-
ure 2F). These data indicated that crRNA1-
guided CRISPR-Cas13a could lead to robust
depletion of F3-T3 mRNA in cells through specific targeting of
F3-T3 fusion breakpoints.

Collateral RNA damage induced by Cas13a-cr1 requires the

presence of F3-T3 mRNA in vitro

To determine whether the specific cleavage of F3-T3 mRNA triggered
the overall degradation of RNA in glioma cells, the so-called collateral
RNA damage, we examined the integrity of ribosomal and gene spe-
cific RNAs in U87-F3-T3-Cas13a cells transfected with cr1. Total
RNA collected at different time points after transfection of cells
with cr1 exhibited degradation starting at 24 h as assessed on dena-
turing RNA gels (Figure 3A). In contrast, the transfection of cr1
into U87-Cas13a cells without F3-T3 did not cause ribosomal RNA
degradation (Figure 3B).

The integrity of total RNA, as assessed using the Agilent Bioanalyzer
(Figure 3C), from U87-F3-T3-Cas13a cells after cr1 transfection at
24 h was destroyed, while that in U87-Cas13a cells remained intact
(Figure 3D). The ratio of 28S to 18S ribosomal bands was also
decreased in U87-F3-T3-Cas13a-cr1 cells (Figure 3D). Experiments



(legend on next page)
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performed with the Cas13a-based tool in other cell lines yielded
similar results (Figure 3E; Figure S3A).

Next, we transfected luciferase reporter genes into the two cell lines
and assessed whether there was comprehensive RNA degradation
on the basis of the loss of luciferase activity 24 h after transfection
of cr1. Luciferase activity decreased by almost 50% in the F3-T3-con-
taining cells compared with the activity in F3-T3-negative cells (Fig-
ure 3F). Finally, Cas13a mRNA levels were also significantly
decreased only in the F3-T3-positive groups (Figure 3G). The expres-
sion of two random, intrinsically expressed RNAs, HOTAIR and
L3MBTL1, also decreased by �50% in several cells lines expressing
Cas13a and F3-T3 and transfected with cr1 (Figure S3B). In this
context, these results indicated that Cas13a exhibited no detectable
off-target effects and might trigger collateral effects after precisely tar-
geting the F3-T3 mRNA.

Cas13a-based tool causes loss of F3-T3-induced expression in

U87 cells

To further explore the collateral and functional effects of the Cas13a-
based strategy, we examined RNA integrity and global expression in
modified or AZD4547-treated U87 cells on the Agilent Human
ceRNA Microarray 2019 (4*180k, Design ID: 086188). First, we
examined RNA degradation in U87-F3-T3-Cas13a-cr1 cells and
U87-F3-T3 cells treated with AZD4547 for 24 h (a selective
FGFR1-3 tyrosine kinase inhibitor) at two-thirds of the half maximal
inhibitory concentration (IC50) (Figure S4). Consistent with previous
results, the collateral effect was detected in U87-F3-T3-Cas13a-cr1
cells only (Figures 4A–4C).

Pearson’s correlation analysis of the microarray data showed a low
correlation between U87-F3-T3-Cas13a-cr1 cells and both U87-F3-
T3 and U87-F3-T3-AZD4547 cells (Figure 4D). A heatmap generated
from cluster analysis performed on differentially expressed genes
from the four groups of cells, including control and AZD4547-treated
cells, revealed that genes induced by F3-T3 were lost in U87-F3-T3-
Cas13a-cr1 cells. In marked contrast, AZD4547 was not as effective
in suppressing the downstream transcription effects of F3-T3 in
U87 cells (Figure 4E). The data were further analyzed using gene
set variation analysis (GSVA), which revealed that malignant biolog-
ical processes (including immune response-related signatures and
apoptosis) and oncogenic pathways (including the KRAS and
mTOR signaling pathways) were enriched in U87-F3-T3-Cas13a-
cr1 cells. This result was similar to our previous results, which might
be related to the cellular response due to gene-editing stress.15 How-
ever, cell cycle-related terms (including Myc targets and E2F targets)
were suppressed in U87-F3-T3-Cas13a-cr1 cells and U87-F3-T3-
Figure 3. Cas13a-cr1 induces a collateral effect in glioma cells. (A and B) RNA-de

Cas13a cells transfected with cr1 and collected at different time points to ass

control. (D and E) Analysis of RNA quality performed on the Agilent 2100 Bioan

luciferase reporter genes expressed in U87- and TBD0220-Cas13a or -F3-T3-Ca

protein. Bars represent mean ± SEM (n = 3). ***p < 0.001 and ****p < 0.0001. (G

Cas13a and -F3-T3-Cas13a cells after transfection of cr1 at 24 h. Bars represe
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AZD4547 cells (Figure 4F). In summary, these results indicated that
the Cas13a-based tool reversed some of the mRNA changes induced
by F3-T3 overexpression and was more effective than AZD4547, a
traditional inhibitor of F3-T3 fusion proteins.

Cas13a-cr1 inhibits F3-T3 overexpression-induced cell

proliferation and induces apoptosis in vitro

To further probe the functional consequences of targeting the F3-T3
fusion gene with the Cas13a-based tool, we examined protein expres-
sion of F3-T3 and cell proliferation. Immunofluorescence assays
showed that cr1 significantly inhibited F3-T3 expression in U87-F3-
T3-Cas13a-cr1 or TBD0220-F3-T3-Cas13a-cr1 cells relative to U87-
F3-T3 or TBD0220-F3-T3 cells (Figures S5A and S5B). In colony
formation and CCK-8 assays, U87 and TBD0220 cells overexpressing
F3-T3 exhibited increased proliferation compared with control groups.
In contrast, colony numbers and cell proliferation were dramatically
decreased in U87- and TBD0220-F3-T3-Cas13a-cr1 cells compared
with U87- and TBD0220-F3-T3 and AZD4547-treated cells or controls
(Figures 5A–5D). Cas13a-cr1-induced inhibitory effects were also
observed in N9, PC-9, MDA-MB-231, and A375-F3-T3 cells (Figures
S5C–S5E). Furthermore, flow cytometry revealed a significant increase
in the percentage of U87- and TBD0220-F3-T3-Cas13a-cr1 cells in G0/
G1 compared with U87 and TBD0220-F3-T3 cells (p < 0.0001 and p <
0.001; Figures 5E–5G), while the increase in the percentage of
AZD4547-treated cells in G0/G1 was more modest (p < 0.01; Figures
5E–5G). Immunoblotting also revealed lower protein expression of
CDK4, CDK6, and cyclin D1 in Cas13a-cr1-treated cells compared
with U87 and TBD0220-F3-T3 cells and AZD547-treated cells (Fig-
ure 5H). The percentage of U87- and TBD0220-F3-T3-Cas13a-cr1 cells
undergoing apoptosis also increased to a greater extent than for
AZD4547-treated cells compared with U87 and TBD0220-F3-T3 cells
(Figures 5I–5K). In addition, the expression of proteins involved in
apoptosis, caspase-3 and caspase-7,18 increased in the presence of
Cas13a-cr1 (Figure 5L). Thus, these data indicated that Cas13a-cr1 effi-
ciently inhibited proliferation and induced apoptosis in tumor cells in
culture harboring the F3-T3 fusion gene.

The Cas13a-based tool induces efficient tumor regression

in vivo

We also examined the ability of the Cas13a-based tool or AZD4547 to
inhibit U87-F3-T3 tumor growth in an intracranial GBM model in
BALB/c nude mice (Figure 6A). Tumors for all four cell types were
detectable by day 7. Luminescence detected from U87-F3-T3 tumors
was, however, greater than for control tumors and continued to increase
over the course of 21 days (p < 0.0001). In contrast, U87-F3-T3-Cas13a-
cr1 tumors grewmore slowly over the course of 21 days compared with
U87-F3-T3 tumors (p < 0.0001). Treatment of animals with AZD4547
naturing gel electrophoresis of total RNA fromU87-F3-T3-Cas13a andU87-

ess RNA integrity. (C) Schematic diagram of the workflow for RNA quality

alyzer. Bars represent mean ± SEM (n = 3). *p < 0.05. (F) Bioluminescence of

s13a cells after transfection of cr1. The results are represented as RLU/mg

) qRT-PCR analysis to examine Cas13a mRNA levels in U87- and TBD0220-

nt mean ± SEM (n = 3). **p < 0.01 and ***p < 0.001



Figure 4. Profile of the collateral effect induced by the Cas13a-cr1 based tool. (A) Electrophoretogram of total RNA isolated from the cell populations

indicated. (B and C) RNA integrity number (RIN) and the ratio of 28S to 18S as determined on the Agilent 2100 Bioanalyzer for the cell populations indicated.

ns, p > 0.05. *p < 0.05. (D) Pearson correlation analysis of RNA expression in the cell populations indicated. (E) Heatmap of differentially expressed mRNA

from the four types of cells on the basis of microarray analysis. (F) Heatmap of the GSVA analysis of the four groups. The rows represent the 50 hallmark

gene sets. Three RNA samples were isolated for each cell type
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also led to a modest inhibition of U87-F3-T3 tumor growth compared
withuntreatedU87-F3-T3 tumors inmice (p<0.01; Figures 6Band6C).
Kaplan-Meier survival curvesdemonstrated that theU87-F3-T3 tumor-
bearing mice exhibited poorer overall survival compared with control
animals (p < 0.001). U87-F3-T3-Cas13a-cr1 tumor-bearing mice
showed improved overall survival compared with untreated U87-F3-
T3 tumor-bearing mice (p < 0.001; Figure 6D). However, U87-F3-T3
tumor-bearing mice treated with AZD4547 showed only a slight
improvement in overall survival compared with untreated U87-F3-
T3 tumor-bearing mice (p < 0.05; Figure 6D). The body weight of
Molecular Therapy Vol. 29 No 11 November 2021 3311
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U87-F3-T3 tumor-bearing mice also decreased more rapidly than in
control animals (p < 0.0001) or in U87-F3-T3-Cas13a-cr1 tumor-
bearing animals (p < 0.0001; Figure 6E) after day 7 post-implantation.

H&E staining confirmed the smaller size of the U87-F3-T3-Cas13a-cr1
tumors relative to U87-F3-T3 tumors or U87-F3-T3 tumors treated
withAZD4547 (Figure 6F). Ki67 staining also revealed a higherpercent-
age of proliferating cells in U87-F3-T3 tumors compared with U87-F3-
T3-Cas13a-cr1 (p < 0.0001) or control tumors (p < 0.0001). However,
Ki67 staining revealed only a modest inhibition of growth in
AZD4547-treated U87-F3-T3 tumors (p < 0.05; Figures 6G and 6H).
We surprisingly found that the Cas13a-based therapy outperformed
treatment with a traditional selective FGFR-TK inhibitor AZD4547
on the basis of all estimated parameters, illuminating its potential as a
novel strategy for the treatment of tumors harboring F3-T3 fusion
genes.

Intratumoral delivery of Cas13a systemwith mini-osmotic pump

We also examined the efficacy of intracranial delivery of the CRISPR-
Cas13a system directly into gliomas. PEI-PBLG (PP) was used as the
delivery vehicle for CRISPR-Cas13a system, and the complex was
delivered directly into intracranial tumors using the Alzet mini-os-
motic pump, which is an efficient approach for intratumoral adminis-
tration circumventing the blood-brain barrier (Figure 7A).19 PP
condensed plasmid DNA (pDNA) efficiently at low (wt/wt) ratios,
and at a [carrier]/[DNA] (wt/wt) ratio of 1, PP completely complexed
with the DNA. The average diameter of the complex particles was
about 100 nm, which is reported to be a particle size favorable for effec-
tive endocytosis (Figure S6).20 Treatment of animals with Cas13a-cr1
led to a significant reduction in U87-F3-T3 tumor growth in mice
compared with vehicle control groups. In contrast, delivery of
Cas13a or cr1 alone did not lead to a reduction in U87-F3-T3 tumor
growth in mice compared with the vehicle control groups (p <
0.00001; Figures 7B and 7C). Kaplan-Meier survival curves demon-
strated that Cas13a-cr1-treated tumor-bearing mice showed improved
overall survival compared with the vehicle control mice (p < 0.0001;
Figure 7D). Delivery of Cas13a or cr1 alone also did not improve over-
all survival over the vehicle control mice (p > 0.05; Figure 7D). The
body weight of vehicle control mice decreased more rapidly than in
Cas13a-cr1-treatedmice after day 7 post-implantation (p < 0.0001; Fig-
ure 7E). H&E staining confirmed the smaller size of the Cas13a-cr1-
treated tumors relative to vehicle control tumors. However, delivery
of Cas13a or cr1 alone into tumors did not reduce tumor size compared
Figure 5. Cas13a-based tool inhibits cell proliferation and induces apoptosis in

cells: control, -F3-T3, -F3-T3-Cas13a-cr1, and F3-T3-AZD4547. (B) Quantificatio

***p < 0.001 and ****p < 0.0001 versus the F3-T3 group. (C andD) Growth curves g

cells. ####p < 0.0001 versus the control group; **p < 0.01 and ****p < 0.0001 ve

fluorescence-activated cell sorting (FACS) performed after exposure of U87 a

representation of the distribution of cells in each cell cycle phase in (E). #p < 0

****p < 0.0001 versus the F3-T3 group. (H) Immunoblotting analysis of CDK4, CD

Flow cytometry of Annexin V-FITC and 7-AAD staining of U87 and TBD0220 cell

ns, p > 0.05. **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus the F3-T3 group

indicated treatment for 48 h
with vehicle control (Figure 7F). Ki67 staining also revealed a lower
percentage of proliferating cells in Cas13a-cr1-treated tumors
compared with vehicle control tumors (p < 0.0001). Cas13a or cr1
treatment alone, however, did not lead to a reduced percentage of
proliferating cells (p > 0.05; Figures 7G and 7H). These data suggested
that Cas13a-based therapy potently inhibited tumor growth, thus
providing evidence for its potential as a promising strategy for the treat-
ment of tumors harboring F3-T3 fusion genes.

DISCUSSION
Here, we used a tiling array to identify the junction site of the fusion F3-
T3 mRNA and designed a computer simulation scheme to choose
optimal crRNA candidates specifically and efficiently. The stability of
the crRNA-Cas13a complex was determined through docking scores
generated in our analysis, and cr1 was found to be the most optimal
candidate. Subsequently, the targeting efficiency of cr1 was evaluated
in cancer cells expressing F3-T3mRNA. The Cas13a-based tool caused
a loss of RNA integrity and a change in gene expression only in cells
expressing the F3-T3mRNA. In an orthotopic xenograft mousemodel,
we further demonstrated the therapeutic potential of Cas13a-cr1.

Highly potent and sensitive FGFR-TK inhibitors have been published
over the past decade, and some are in clinical trials, such as ADZ4547
and BGJ398.11,21,22 However, despite the specific targeting of the ki-
nase portion of FGFR, the incidence of significant side effects and
accelerated growth of drug resistant cells are major drawbacks for
effective treatment with kinase inhibitors in the clinic.23 Even though
expression levels of wild-type FGFR3 are low in normal brain, the re-
ceptor exists in several peripheral organs, and consequently, methods
targeting the kinase domain of FGFR may result in normal tissue
toxicity.24 AZD4547 is a multi-kinase inhibitor that targets FGFRs
and other tyrosine kinases.14 Oral inhibitors are a method of systemic
administration, rendering the adverse effects caused by off-target ef-
fects as the main obstacle to anti-cancer treatment.25 In contrast,
CRISPR-Cas13a-based therapeutic strategies exhibit tumor speci-
ficity. In our study, we demonstrated the killing capacity of
CRISPR-Cas13a-based in targeting an F3-T3-positive glioma upon
recognition of F3-T3 mRNA under the guidance of crRNA. This
strategy may be of benefit to patients with F3-T3-positive tumors,
which currently lack any valuable therapeutic options.

Although the CRISPR-Cas13a system has opened up a wide range of
therapeutic possibilities, delivery is among the most compelling
vitro. (A) Images of colony formation assays performed in U87 and TBD0220

n of colony numbers in (A). #p < 0.05 and ##p < 0.01 versus the control group;

eneratedwithCCK8 assays to analyze the proliferation of U87 and TBD0220

rsus the F3-T3 group. (E) Cell cycle analysis on the basis of PI staining and

nd TBD0220 cells to indicated treatment for 48 h. (F and G) Graphic

.05 and ###p < 0.001 versus the control group; **p < 0.01, ***p < 0.001, and

K6, and cyclin D1 after exposure of cells with indicated treatment for 48 h. (I)

s after indicated treatment for 48 h. (J and K) Apoptosis percentage from (I).

. (L) Immunoblotting analysis of caspase-3 and caspase-7 in cells under
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Figure 6. Cas13a-based tool inhibits the formation

of intracranial tumors. (A) Schematic of

experimental grouping and processing of the

orthotopic xenograft model. Oral administration of

AZD4547 (50mg/kg)was performed daily in the U87-

F3-T3-AZD4547 group. (B and C) Bioluminescence

imaging of tumor growth in animals. Signal

intensities were quantified at days 7, 14, and 21 after

implantation. n = 6 per group. ####p < 0.0001 versus

the control group; **p < 0.01 and ****p < 0.0001

versus the F3-T3 group. (D) Kaplan-Meier survival

curves indicating the percentage survival of mice.

###p < 0.001 versus the control group; *p < 0.05 and

***p < 0.001 versus the F3-T3 group; log rank test. (E)

Graphic representation of weight of animals over

time. n = 6 for each group. ####p < 0.0001 versus the

control group; ****p < 0.0001 versus the F3-T3 group.

ns, p > 0.05. (F) Representative images of H&E

staining ofmouse cerebrum showing tumor volume.

(G) Immunohistochemical (IHC) staining for Ki67 in

the samples. Scale bar, 50 mm. (H) Quantification of

Ki67 was performed using ImageJ software for each

high-magnification view. n = 6 per group. Scale,

50 mm. ####p < 0.0001 versus the control group. *p <

0.05 and ****p < 0.0001 versus the F3-T3 group
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obstacles in the application of this system. Generally, there are two ma-
jor delivery methods: non-viral and viral.26 For non-viral methods,
there are lipid-assisted nanoparticles, macromolecules, and designed
peptides. In a previous study, we reported a multistage delivery nano-
particle that penetrates multiple physiological barriers and efficiently
facilitates CRISPR-dCas9 suppression of tumor growth in vivo.27 In
this study, PP was used as the delivery vehicle for the CRISPR-
Cas13a system, and the complex was delivered directly into the intra-
cranial tumor using mini-osmotic pumps. Viral methods include lenti-
virus, adenovirus, and adeno-associated virus (AAV). Use of an AAV
offers advantages not possible with lentiviruses or adenoviruses.28 AAV
vectors are the most successful delivery system currently in use and the
only delivery carrier approved for the application of CRISPR therapeu-
3314 Molecular Therapy Vol. 29 No 11 November 2021
tics directly into the human body.29 However, the
development of an AAV-CRISPR toolbox also
faces some challenges, including the high
manufacturing cost, vehicle quality control, and
immunological barriers.30

The collateral effect should be a nonspecific
RNase activity triggered under specific condi-
tions. However, some groups did not observe
the collateral effect with Cas13a in human
cells.16 Several differences in this study may ac-
count for this disparity. First, they used a
plasmid vector to express the Cas13a gene
and crRNAs in human cancer cells, while we
transfected cells with a lentivirus containing
LwCas13a and then transfected crRNAs into
cells using Lipofectamine 3000. Second, the knockdown efficiency
of LwaCas13a was estimated on the basis of endogenous transcripts,
while we used overexpression of FGFR3-TACC3 with lentivirus.
Third, the human cancer cell lines in their study are HEK293FT
and A375 (melanoma), while we mainly used GBM cell lines U87
and TBD0220. In another study, purified LwaCas13a protein and
crRNAs were co-transfected into pancreatic cancer cells for targeted
knockdown of mutant KRAS, but with no detectable collateral dam-
age effect.31 Further study is therefore necessary to clarify the mech-
anisms underlying the induction of the collateral damage effect.

With the simplicity and versatility of crRNA programming, our work
demonstrates that the Cas13a system might revolutionize precision



Figure 7. Intratumoral delivery of Cas13a system

inhibits growth of intracranial U87-F3-T3 tumors. (A)

Schematic of experimental grouping, processing of

the orthotopic xenograft model, and implantation of

Alzet mini-osmotic pumps. (B and C)

Bioluminescence imaging of tumor growth in

animals. Signal intensitieswere quantified at days 7,

14, and 21 after implantation. n = 8 per group. ns, p >

0.05; ****p < 0.0001 versus the vehicle control group.

(D) Kaplan-Meier survival curves indicating the

percentage survival of mice. ns, p > 0.05; ****p <

0.0001 versus the vehicle control group; log rank

test. (E) Graphic representation of weight of animals

over time. n = 8 for each group. ns, p > 0.05; ****p <

0.0001 versus the sham group. (F) Representative

images of H&E staining of mouse cerebrum

showing tumor volume. (G) IHC staining for Ki67 in

the samples. Scale bar, 50 mm. (H) Quantification of

Ki67 was performed using ImageJ software for each

high-magnification view. n = 8 per group. Scale,

50 mm. ns, p > 0.05; ****p < 0.0001 versus the sham

group
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therapy in tumors harboring oncogenic fusion genes. The discussed
therapeutic modalities for the improvement of CRISPR-based bio-
technologies for GBM can also serve as a model for the use of this sys-
tem in solid tumor cancer treatment. In conclusion, we demonstrated
that the promiscuous RNA cleavage ability of the CRISPR-Cas13a
system triggered by the recognition of the F3-T3 fusion gene in the
presence of a specific crRNA resulted in suppression of tumor growth.
MATERIALS AND METHODS
Ethics statement

All in vivo studies were performed in compliance with animal proced-
ures accepted by the Animal Ethical and Welfare Committee
(AEWC) at the Tianjin Medical University (approval no. IRB2020-
DW-16).
Molecular
Cell culture, lentivirus, and compounds

Human GBM U87 and malignant melanoma
A375 cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO)
supplemented with 10% fetal bovine serum
(FBS; Hakata, China). Primary cell lines N9
and TBD0220 were cultured in DMEM/F12
with 10% FBS. MDA-MB-231 (breast cancer)
and PC9 (NSCLC) cell lines were cultured in
RPMI 1640 medium with 10% FBS. All cells
were incubated at 37�C in a humidified chamber
containing 95% air and 5% CO2. LwCas13a,
nuclease-dead LwCas13a, and FGFR3-TACC3
lentiviruses were purchased from GENECHEM
(Shanghai, China). F3-T3-positive cells were
selected in puromycin (4 mg/mL for selection,
2 mg/mL for maintenance) and then transfected
with Cas13a for at least 48 h, following the manufacturer’s instruc-
tions. Transfected cells were used in experiments for only less than
1 month to avoid loss of the target gene. Cells (30 � 104 cells per
six-well plate) were seeded 24 h before treatment with AZD4547
(Selleck, Shanghai, China) at a concentration of two-thirds of the
IC50. (All cells were seeded 24 h before exposure to treatment.)

CrRNA design and crRNA transfection

The crRNAs, synthesized ex vivo by Integrated Biotech Solutions
(Shanghai, China), were designed with the CRISPR-RT Design Tool
(http://bioinfolab.miamioh.edu/CRISPR-RT). Non-targeting guide
sequences were obtained from previously published studies.15

CrRNAs (300 ng/mL) were transfected with Lipofectamine R3000
(Invitrogen, Carlsbad, CA), following the manufacturer’s protocol.
The sequences of crRNAs were the following:
Therapy Vol. 29 No 11 November 2021 3315
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Non-targeting crRNA: 50-CAGACUAUGCGUCGACAAGC-
CAGGCAUU-30

crRNA1: 50-GGAUUUAGACUACCCCAAAAACGAAGGGGA-
CUAAAACCCUUUACGUCGGUGGACGUCACGGUAAG-30

crRNA2: 50-GGAUUUAGACUACCCCAAAAACGAAGGGGA-
CUAAAACUCGCCUUUACGUCGGUGGACGUCACGGU-30

crRNA3: 50-GGAUUUAGACUACCCCAAAAACGAAGGGGA-
CUAAAACGUGUCGCCUUUACGUCGGUGGACGUCAC-30

crRNA4: 50-GGAUUUAGACUACCCCAAAAACGAAGGGGA-
CUAAAACCCUGUGUCGCCUUUACGUCGGUGGACGU-30

Molecular structure prediction

Prediction of the non-complementary region of four crRNAs was
performed using RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi). The corresponding secondary struc-
ture based on the RNA sequence was obtained using RNAfold
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi), and
3DRNA (http://biophy.hust.edu.cn/new/3dRNA) was used to
construct a 3D structure. At the same time, an RNA complementary
sequence was constructed using BDNA (http://www.scfbio-iitd.res.
in/software/drugdesign/bdna.jsp). The RNA with the most qualified
conformation was chosen for visualization analysis using PyMol
version 1.60.

Docking simulations

A search was performed in the PDB database for Cas13a-nucleic acid
ligand complexes (PDB: 5XWP) for crRNA and Cas13a model con-
struction. On the basis of the template, the four crRNAs were docked
to the receptor protein Cas13a to construct the 3D structure of crRNA
and Cas13a. The most stable complex was chosen for visualization
analysis performed using PyMol version 1.60.

RIP

RIP was conducted using the Magna RIP kit and chromatin
immunoprecipitation (ChIP)-grade anti-Cas13a FLAG antibody
(DYKDDDDK Tag [D6W5B] Rabbit mAb; Cell Signaling Technol-
ogy, Danvers, MA) at a dilution of 1:50 according to the manufac-
turer’s instructions. RNA was extracted from cells as described below
and transcribed into cDNA using random primers.

RNA extraction and qRT-PCR

Total RNA was extracted from treated cells using TRIzol reagent
(Invitrogen). Briefly, TRIzol reagent (0.5 mL per 1 � 105–107 cells)
was added directly to the culture dish to lyse the cells. Chloroform
was then added at 0.2 mL per 1 mL TRIzol reagent and incubated
for 2–3 min, and the lysed cell mixtures were centrifuged at
12,000 � g at 4�C for 15 min. The upper aqueous phase was trans-
ferred to a new tube, and 0.5 mL isopropanol per 1 mL TRIzol reagent
was added, incubated for 10 min at 4�C, and centrifuged for 10 min at
12,000 � g at 4�C to pellet the RNA. The supernatant was removed,
and the pellet was centrifuged for 5 min in 75% ethanol (1 mL 75%
ethanol per milliliter TRIzol reagent) at 7,500 � g at 4�C, vacuum-
3316 Molecular Therapy Vol. 29 No 11 November 2021
or air-dried for 5–10 min, and dissolved in 20 mL RNase-free water.
cDNAs were synthesized using the Prime Script RT Kit (Promega,
Madison, WI) following the manufacturer’s protocols. Quantitative
real-time PCR was carried out in triplicate using LightCycler 2.0
(Bio-Rad Laboratories, Hercules, CA), and the Ct values were
normalized to GAPDH. The final relative quantification value for
target genes was expressed as 2�

OOCt. Experiments were repeated
three times independently.

Primer pairs were as follows:

GAPDH-F: 50-TGCACCACCAACTGCTTAGC-30

GAPDH-R: 50-GGCATGGACTGTGGTCATGAG-30

Cas13a-F: 50-TGGAAAAGTACCAGTCCGCC-30

Cas13a-R: 50-TCGAAGTCCTCGGTCACTCT-30

FGFR3-TACC3-F: 50-CCAACTGCACACACGACCT-30

FGFR3-TACC3-R: 50-TCCTCCTGTGTCGCCTTTAC-30

HOTAIR-F: 50-ATAGGCAAATGTCAGAGGGTT-30

HOTAIR-R: 50-TCTTAAATTGGGCTGGGTC-30

L3MBTL1-F: 50-AGAGGGACAACCCACTGCTA-30

L3MBTL1-R: 50-GGCCTTCTGCTCCTCTAGGT-30

Colony formation assay

U87 cells transfected with either control CON254 or FGFR-TACC3
expressing lentiviral constructs were seeded at 500 cells per well
into six-well plates. After 13 days, the colonies were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet. Digital images
were acquired with a digital camera and colonies were counted.

Cell viability assay

Cell proliferation was assessed using the CCK-8 assay. Cells
(2 � 103) were seeded into 96-well plates. At 0, 24, 48, and 72
h, medium containing 10% CCK-8 was added to cells, and plates
were incubated at 37�C for 2 h. Optical density (OD) values
were detected using a microplate reader (BioTek Synergy 2;
BioTek, Winooski, VT).

Cell cycle and cell apoptosis assay

Cell cycle and cell apoptosis were evaluated using flow cytometry after
48 h of exposure to the indicated treatment. The cell cycle was as-
sessed using the Cell Cycle and Apoptosis Analysis Kit (Beyotime,
Haimen, China). The apoptosis detection was performed using the
Annexin V-FITC/7AADApoptosis Detection Kit (BestBio, Shanghai,
China). After staining, the cells were analyzed using flow cytometry
(BD FACSCanto II).

Western blot assay

RIPA buffer combined with protease and phosphatase inhibitors was
used to lyse the cells. Total protein lysates were extracted and centri-
fuged for 15 min at 4�C at 14,000 � g. A BCA assay kit was used to
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assess the protein concentrations in the supernatants. Each sample
(30 mg protein) was separated using SDS-PAGE on 10% SDS acryl-
amide gels and transferred onto PVDF membranes. The membranes
were incubated with primary antibodies against cyclin D1 (AF0931;
Affinity Biosciences, Cincinnati, OH), CDK4 (DF6102; Affinity Bio-
sciences), CDK6 (ab124821; Abcam, Cambridge, UK), caspase-3
(AF6311; Affinity Biosciences), caspase-7 (DF6441; Affinity Biosci-
ences), and GAPDH (ab8245; Abcam) for 12 h at 4�C, followed by in-
cubation with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. The density of target protein
signals was visualized using a gel imaging system (Syngene G: BOX
Chemi XT4; Syngene, Cambridge, UK).
Immunofluorescence and confocal imaging

After transduction with the lentivirus and cr1, cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton x-100 in
PBS for 15 min. Cells were rinsed with PBS, blocked with 10% goat
serum, and incubated with primary antibodies against FGFR3 at
4�C overnight (dilution 1:500; Thermo Fisher Scientific, Waltham,
MA). Cells were stained with phalloidin to highlight actin (dilution
1:200; Cell Signaling Technology). Confocal images of the cells were
captured using confocal microscopy (FV500) and FluoView software
(Olympus, Tokyo, Japan).
RNA-denaturing gel electrophoresis

RNA samples (10 mL) were run at 80 V for 40 min on a 1% denaturing
agarose gel prepared with 1 � TAE (50 � TAE diluted in DEPC wa-
ter). Electrophoresis ended when the blue dye front reached half the
length of the gel, and gels were analyzed using the G:BOX F3 gel im-
aging system.
Human ceRNA microarray (4*180k) analysis

Cells were divided into four groups (U87-CON254, U87-F3-T3, U87-
F3-T3-Cas13a-cr1, and U87-F3-T3-AZD4547), with each group
seeded in 3 wells. After treatment for 24 h, cells in the 12 wells
were lysed in TRIzol. Total RNAwas sequenced using the Agilent Hu-
man ceRNA Microarray 2019 (4*180k, Design ID: 086188). The
threshold set for up- and downregulated genes was a fold change of
R2.0 and a p value of %0.05. The expression of regulated genes
was visualized in a heatmap. To compare the biological states or pro-
cesses among four groups, GSVA was conducted using the R GSVA
package (version 1.32.0). The 50 hallmark gene sets from the Molec-
ular Signatures Database were examined to identify the pathways with
noticeable changes (https://www.gsea-msigdb.org/gsea/index.jsp).
Results were visualized in a heatmap.
Gel retardation assay

pDNA (pCas13a and pCrRNA1) was diluted to 0.05 mg/mL. Polymer
solutions were then added to the plasmid solutions with the same vol-
ume at various [carrier]/[pDNA] (wt/wt) ratios and vortexed. Mix-
tures were incubated for 10 min at room temperature, and a 20 mL
volume of the complexes was analyzed with 0.6% agarose gel electro-
phoresis (80 V, 1 h).
H&E and immunohistochemical staining

Sections (7 mm) were cut from paraffin-embedded tissue samples,
dewaxed, and hydrated, and antigen retrieval was performed in citrate
at 95�C for 30 min. Sections were incubated with primary antibody
against Ki67 at 4�C for 12 h and subsequently HRP-conjugated
secondary antibody for 1 h at room temperature. Visualization was
performed using the substrate DAB, and sections were stained with
hematoxylin and eosin. Digital images were acquired under bright-
field microscopy.

Orthotopic glioma mouse model and treatment

U87 human glioma cells (5 � 105) were stereotactically injected into
the right hemisphere of the brain in 4-week-old female BALB/c-nu
mice to generate an intracranial orthotopic glioma model. Nude
mice were randomly separated into four groups: U87-CON254
(control group), U87-F3-T3, U87-F3-T3-Cas13a-cr1, and U87-F3-
T3-AZD4547. U87-F3-T3-Cas13a cells were transfected with
150 ng/mL crRNA1 for 24 h before implantation, and AZD4547
(50 mg/kg) was administered orally each day to the U87-F3-T3-
AZD4547 group. Tumor growth was measured with bioluminescence
imaging on days 7, 14, and 21. Six mice from each group were sacri-
ficed on day 21, and brain tissues were fixed in 4% paraformaldehyde.
Kaplan-Meier survival curves were generated on the basis of survival
(days after implantation until death).

In vivo procedure for mini-osmotic pump implantation

Seven days after intracranial tumor cell implantation, the mice were
divided into four groups (n = 8 in each group) and pumps containing
the following treatment solutions were secured into the backs of
mice: PP/saline (vehicle control); PP/pCas13a = 1:1 (wt/wt) (de-
noted as both PP and pCas13a are 0.05 mg/mL, no pcr1 loaded);
PP/pcr1 = 1:1 (wt/wt) (denoted as both PP and pcr1 are 0.05 mg/
mL, no pCas13a loaded); and PP/pDNA = 1:1 (wt/wt) (pDNA de-
noted as pCas13a and pcr1 mixed at the same mass ratio). The
pump systems were assembled for intracranial infusion according
to the manufacturer’s instructions (https://www.alzet.com/). Briefly,
the agent-loaded mini-osmotic pump was placed into a subcutane-
ous pocket in the backs of mice. Subsequently, the osmotic pump
was connected to an infusion cannula with its tip stereotactically
fixed in the tumor. The pumping rate was 0.11 mL/h, and the solu-
tions were delivered continuously for 21 days. Tumor growth was
measured with bioluminescence imaging on days 7, 14, 21, and 28.
Kaplan-Meier survival curves were generated on the basis of survival
(28 days after pump implantation). pDNA encoding the Cas13a and
cr1 were purchased from Integrated Biotech Solutions (Shanghai,
China), and the polymer PP was synthesized in vitro by RuiXi
Biological Technology (Xi’an, China).

Statistical analysis

Statistical analysis and graphing were performed using GraphPad
Prism 8 (GraphPad Software, San Diego, CA). Statistical significance
was determined using an unpaired Student’s t test or ANOVA for
functional analysis. The correlation of samples was analyzed using
two-sided Pearson correlation. The error bars in the figures are
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expressed as mean ± SEM. p values < 0.05 were considered to indicate
statistical significance.
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Figure S1. Analysis of the interaction between Cas13a and RNA1. (A) 3D structure of 

the Cas13a-cr1 duplex. (B) 3D structure of the crRNA1-F3-T3 duplex. F3-T3 is in blue. (C) 

Electrostatic binding surface analysis indicating that the negatively charged surface of 

RNA1 matches well with the positively charged region in the active cavity of Cas13a. (D) 

Partially enlarged details of the hydrogen-bond interactions of Cas13a with the bases in 

the 38–50-bp segment of RNA1. (E) Partially enlarged details of the hydrogen-bond 

interactions of Cas13a with the bases in the 51–65-bp segment of RNA1. 

 

 

 

 

 

 

 



 

Figure S2. Verification of Cas13a-cr1 knockdown efficiency. Real-time PCR to assess 

F3-T3 mRNA levels in N9, PC9, MDA-MB-231 and A375 cells. ns represents p > 0.05. 

*p<0.05, **p < 0.01 and ***p < 0.001. 

 



 

Figure S3. Specificity of Cas13a-cr1 in various tumor cell lines. (A) RNA integrity as 

assessed on the Agilent 2100 Bioanalyzer. Bars represent the mean ± SEM (n = 3). *p < 

0.05, **p < 0.01 and ****p < 0.0001. (B) Real-time PCR to assess HOTAIR and L3MBTL1 

mRNA levels in N9, PC9, MDA-MB-231 and A375 cells. ***p < 0.001 and ****p < 0.0001. 

 



 

Figure S4. IC50 of AZD4547 in different cell lines. IC50 of AZD4547 in U87, TBD0220, 

N9, PC9, MDA-MB-231 and A375 cells. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S5. Cas13a-cr1 inhibits cell proliferation in vitro. (A and B) Immunofluorescence 



images captured under confocal microscopy to detect expression of the F3-T3 fusion 

protein. Scale bar, 50 µm. (C) Images of colony formation assays performed in N9, PC9, 

MDA-MB-231 and A375 cells. (D) Quantification of colony numbers in (C). ##p < 0.01 

versus the control group. *p < 0.05, **p < 0.01 and ***p < 0.001 versus the F3-T3 group. 

(E) Growth curves generated with CCK8 assays to analyze the proliferation of N9, PC9, 

MDA-MB-231 and A375 cells. ns represents p > 0.05. ###p < 0.001 and ####p < 0.0001 

versus the control group. **p < 0.01, ***p < 0.001 and ****p < 0.0001 versus the F3-T3 

group. 

 

 

Figure S6. Effective binding capacities of PEI–PBLG (PP) and pDNA. (A - C) Gel 

retardation assay for PP. pDNA denoted as pCas13a and pcr1 mixed at the same mass 

ratio. (D - F) Size distribution and transmission electron microscopy images of 

nanoparticles. PP and plasmid DNA mixed in a 1:1 ratio (wt/wt). The scale bar is 200 nm. 
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