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HIGHLIGHTS

« We for the first time designed a
targeted ITGA6 multi-locus guide (g)
RNA and established a bidirectional
deactivated RfxCas13d (dCasRx)-
based m®A-editing platform.

« The dCasRx-m®A editors have a high
on-target efficiency.

« Multi-target demethylation using
dCasRx-m°®A editors reduces ITGA6
translation.

« Multi-target demethylation of ITGA6
mRNA inhibits BCa progression.

« Adeno-associated delivery of dCasRx—
ALKBH5-CD and ITGA6-multi-gRNA
inhibits BCa progression.
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ABSTRACT

Introduction: N6-methyladenosine (m®A) modification contributes to the pathogenesis and development
of various cancers, including bladder cancer (BCa). In particular, integrin o6 (ITGA6) promotes BCa pro-
gression by cooperatively regulating multisite m®A modification. However, the therapeutic effect of tar-
geting ITGA6 multisite m®A modifications in BCa remains unknown.

Objectives: We aim to develop a multisite dCasRx- m°A editor for assessing the effects of the multisite
dCasRx-m°A editor targeted m®A demethylation of ITGA6 mRNA in BC growth and progression.
Methods: The multisite dCasRx- m®A editor was generated by cloning. m®A-methylated RNA immuno-
precipitation (meRIP), luciferase reporter, a single-base T3 ligase-based qPCR-amplification, Polysome
profiling and meRIP-seq experiments were performed to determine the targeting specificity of the
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multisite dCasRx-mPA editor. We performed cell phenotype analysis and used in vivo mouse xenograft
models to assess the effects of the multisite dCasRx-m°A editor in BC growth and progression.

Results: We designed a targeted ITGA6 multi-locus guide (g)RNA and established a bidirectional deacti-
vated RfxCas13d (dCasRx)-based mC®A-editing platform, comprising a nucleus-localized dCasRx fused
with the catalytic domains of methyltransferase-like 3 (METTL3-CD) or o-ketoglutarate-dependent
dioxygenase alkB homolog 5 (ALKBH5-CD), to simultaneously manipulate the methylation of ITGA6
mRNA at four m°A sites. The results confirmed the dCasRx-mPA editor modified m®A at multiple sites
in ITGA6 mRNA, with low off-target effects. Moreover, targeted m®A demethylation of ITGA6 mRNA by
the multisite dCasRx-mPA editor significantly reduced BCa cell proliferation and migration in vitro and
in vivo. Furthermore, the dCasRx-ALKBH5-CD and ITGA6 multi-site gRNA delivered to 5-week-old
BALB/cJNju-Foxn1nu/Nju nude mice via adeno-associated viral vectors significantly inhibited BCa cell
growth.

Conclusion: Our study proposes a novel therapeutic tool for the treatment of BC by applying the multisite
dCasRx-m°®A editor while highlighting its potential efficacy for treating other diseases associated with
abnormal m®A modifications.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Bladder cancer (BCa) is among the most prevalent types of uri-
nary tract malignancies, with an estimated 549,393 newly diag-
nosed cases and 199,922 deaths in 2018 worldwide [1]. Although
75 % of the patients have non-muscle-invasive BCa (NMIBC),
~25 % present with MIBC [2]. Most patients with non-MIBC
achieve remission following transurethral resection of the bladder
tumor, the 5-year recurrence rate ranges from 60 % to 90 % [3,4].
Even in patients with MIBC who undergo aggressive radical cystec-
tomy, the 5-year mortality rate remains at 50 % to 70 % [5]. Given
that the high recurrence and drug resistance rates are the primary
characteristicsof BCa [6], an urgent need exists for the develop-
ment of novel BCa therapy strategies.

N6-methyladenosine (m®A) is the most abundant RNA post-
transcriptional modification in eukaryotes [7]. This modification
is catalyzed by a methyltransferase complex that includes
methyltransferase-like 3 (METTL3) and METTL14, and it is
removed by demethylases, such as fat mass and obesity-
associated protein and o-ketoglutarate-dependent dioxygenase
alkB homolog 5 (ALKBH5) [8]. Different reader proteins specifically
recognize m®A modifications and mediate various biological func-
tions, such as regulating mRNA stability, translation, pre-mRNA
splicing, 3’ processing, and long noncoding RNA processing [9-
12]. Additionally, the m®A modification plays a critical role in var-
ious physiological and pathological processes, including tumorige-
nesis [8,13], with recent evidence indicating that abnormal m®A
modifications are closely related to human cancers [14-16].
METTL3 is highly expressed in BCa and promotes its progression
by regulating target gene expression, including that of AF4/FMR2
family member 4, CUB-domain-containing protein 1 (CDCP1), and in-
tegrin o6 (ITGAG) [17-19]. ALKBH5 inhibits BCa by regulating the
casein kinase 2o-mediated glycolysis in an m®A-dependent man-
ner [20]. However, although m®A has been shown to participate
in BCa formation and development, the therapeutic effect of target-
ing m®A in BCa remains unknown.

ITGAG6 is a 150- kDa transmembrane protein, a member of the
integrin family, and is highly expressed in metastatic breast cancer,
wherein it promotes invasion and tumor-initiating cell activities
[21]. Additionally, an elevated ITGAG6B4 expression increases cell
invasion and reduces survival in patients with non-small cell lung
cancer [22]. Moreover, ITGA6 is closely associated with human cer-
vical cancer progression [23]. Meanwhile, we previously reported
that the m®A modification promotes ITGAG6 translation, upregulates
ITGAG protein expression, and enhances BCa progression [18]. We
also identified multiple m®A sites in the 3’ untranslated region
(UTR) of ITGA6 mRNA and reported that single mutations in one
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mOA loci do not alter ITGA6-translation efficiency, whereas simul-
taneous mutations at multiple sites reduce its translation [18].
These results suggest that multi-locus m®A modifications coopera-
tively regulate ITGA6 expression and promote the development of
BCa. Therefore, targeted ITGA6 multisite m®A modifications might
represent a novel strategy for BCa therapy. However, the methods
of targeting multisite m®A modifications efficiently and simultane-
ously remain unexplored.

The CRISPR-associated nuclease Cas13 family is a robust plat-
form for the binding and cleavage of RNA by guide (g)RNA [24].
Cas13 proteins have four isoforms—Cas13a(C2c2), Cas13b,
Cas13c, and Cas13d, all of which have smaller molecular weights
than the molecular weight of cas9. Cas13d is a relatively small
class II CRISPR effector found in mammalian cells (average
length: 930 amino acids [20 % smaller than Casl3a-c and
33 % smaller than Cas9]) [25]. Additionally, Cas13d RNA cleavage
does not depend on the protospacer-flanking sequence (similar
to the protospacer-adjacent motif [PAM] sequence of Cas9),
which greatly increases its application. RfxCas13d (CasRx), which
belongs to the Cas13d family, is the smallest Cas enzyme and
exhibits a high knockdown efficiency and low off-target effects
[25]. Moreover, CasRx can be easily packaged into adeno-
associated virus (AAV) vectors owing to its small size. Indeed,
Zhou et al. [26] confirmed the ability of CasRx to be packaged
into an AAV vector and introduced into adult animals to silence
RNA activity, which subsequently resulted in the regeneration of
optic ganglion cells and vision restoration in mouse models of
permanent visual impairment. AAV vectors demonstrate high
degrees of safety and low immunogenicity and are applicable
in a wide host-cell range. They are also, easy to produce and
show high penetration, long-term expression, and site-specific
integration, which makes them one of the most promising deliv-
ery tools for gene therapy.

In this study, we fused the catalytic domains of METTL3 or
ALKBH5 (METTL3-CD and ALKBH5-CD, respectively) with deacti-
vated (d)CasRx and designed ITGA6 gRNA to achieve the specific
manipulation of multiple loci in ITAG6 for m°A modification with
low off-target efficiency. More specifically, dCasRx-METTL3-CD
and dCasRx-ALKBH5-CD were packaged into lentivirus vectors
and applied to in vitro and in vivo assays to demonstrate the
demethylation activity and the efficacy of dCasRx-ALKBH5-CD
along with the multi-locus ITGA6 gRNA in downregulating BCa cell
proliferation and migration. Moreover, in vivo, the dCasRx-
ALKBH5-CD and ITGA6 multi-site gRNA delivered to T24 tumor-
bearing mice via AAV vectors significantly inhibited tumor growth.
Collectively, this study highlights the utility of the multisite
dCasRx- mPA editor as a novel strategy for BCa treatment.
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Materials and methods
Plasmid constructs

Wild-type (WT) and mutated CDs (D395A for mutated METTL3;
H204A for mutated ALKBH5) in METTL3-CD and ALKBH5-CD were
synthesized with a short linker sequence and cloned into a Nhel-
digested lentiviral expression vector EFla-dCasRx-2A-enhanced
green fluorescent protein (EGFP) (#109050; Addgene, Watertown,
MA, USA). Fusion genes of the gRNA scaffold for CasRx, harboring
BsmBI sites for guide cloning and the central polypurine tract
(cPPT), as well as the central termination sequence (CTS) of human
immunodeficiency virus (HIV) were synthesized and inserted into
the BsmBI and PspxI-digested lentiviral expression plasmid
lentiGuide-Hygro-mTagBFP2 (Addgene_99374).

The dCasRx-ALKBH5-CD-2A-EGFP fusion genes were amplified
from the constructed vector and ligated into the BamHI and Kpnli-
digested AAV vector pHBAAV-CMV-MCS-3flag (termed AAVIC3Rx
ALKBH5-CD) The gRNASs targeting four m°A sits in the 3’ UTR of ITGA6
(96,111, 195, and 233 bp from the 5’ end of the ITGA6 3' UTR) were
designed according to previously described methods [27]. The
ITGA6-multi-gRNA for CasRx, containing four independent Pol-III
promoters (human U6 promoter, H1, mouse U6 promoter and
7SK), was synthesized (the sequence shown in Supplementary
material) and incorporated into the BsmBI-digested pLV GG
hUbC-dsRED (#84034; Addgene) lentiviral expression vector
(termed Lenti-ITGA6-multi-gRNA) and inserted into an EcoRI-
and a Hindlll-digested AAV vector pHBAAV-CMV-MCS-T2A-
ZsGreen (termed AAV'TCAS-multi-gRNA) ‘The primer sequences used
for PCR amplification are summarized in Supplementary
Table S1, and the sequences used for the gRNAs are shown in
Supplementary Table S2.

Establishment of stable cell lines

Human uroepithelial (SV-HUC-1) and 293 T (ECACC Cat#
12022001, RRID: CVCL_0063) cells were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). The BCa cell line
T24 was acquired from the Institute of Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). Stable cell lines were created
according to our previously described methods [18]. Lentiviral vec-
tors expressing dCasRx-METTL3-CD-EGFP, dCasRx-ALKBH5-CD-
EGFP, or gRNAs targeting ITGA6 were generated, as described. For
virus transduction, the target plasmid and packaging vectors were
co-transfected into 293 T cells. The target cells were transduced to
construct stable cell lines using8 pg/mL polybrene (Sigma-Aldrich,
Hamburg, Germany). After 72 h, the cells were selected with pur-
omycin (2 pg/mL) or hygromycin for 5 to 7 days.

m®A-methylated RNA immunoprecipitation (meRIP)

Cells stably expressing the dCasRx m°A editors were cultured,
as described, and passaged at an 80 % confluency. Total RNA was
extracted from the cells using TRIzol reagent (Invitrogen), and
the mRNA was isolated using the GenElute mRNA miniprep kit
(Sigma-Aldrich). The mRNA (10 pg) was then fragmented into
200- to 300-nt fragments using an RNA fragmentation kit (Ambion,
Austin, TX, USA) and immunoprecipitated with Protein Magnetic
A/G beads (Thermo Fisher Scientific) coated with an anti-m°®A anti-
body (Synaptic Systems Cat# 202 003, RRID: AB_2279214). After
immunoprecipitation, RNA was washed and eluted from the beads
using an mCA elution buffer (Sigma-Aldrich); the purified RNA
fragments were then used for RT-qPCR analysis.

59

Journal of Advanced Research 56 (2024) 57-68
MeRIP-seq and analysis

As previously described [28], m®A-modified RNA was extracted
from total RNA using the meRIP method. The SMARTer Stranded
Total RNA-Seq Kit (Takara, #634413) was used to generate the
library, while NovaSeq 6000 (Illumina) was employed for paired-
end 150 cycle sequencing. MeRIP-seq raw data were trimmed with
TrimGalore software v.0.6.6, and trimmed reads were then aligned
with the human genome GRCh38 using the STAR aligner. Differen-
tially methylated regions were obtained using the R package.

Single-base validation using a ligase-based method

T24 cells stably expressing dCasRx-ALKBH5-CD and gRNAs
were generated using the constructed lentivirus. According to the
previously described methods for single-base T3 ligation [29-31],
the DNA probes L (left) and R (right) were designed (Supplemen-
tary Table S3). The ligation reaction was performed in an 8 puL vol-
ume containing 300 ng total RNA, 20 nM probe L, 20 nM probe R,
and 1x T3 ligation buffer (New England Biolabs). The reaction mix-
ture was heated at 85 °C for 3 min and then incubated at 35 °C for
10 min. Subsequently, T3 DNA ligase (50 U) and 1x ligation buffer
were added to bring the final volume to 10 pL; then the mixture
was incubated at 35 °C for 10 min and placed on ice. For PCR ampli-
fication, 1 pL ligated product was amplified with 2x Taq mix
(Vazyme Biotech, Nanjing, China) and the following steps: initial
denaturation at 94 °C for 2 min, followed by 35 cycles of 94 °C
for 45 s, 58 °C for 45 s, and 72 °C for 45 s. All PCR products were
visualized by performing gel electrophoresis using 2 % agarose
gel and 1x Tris-acetate-EDTA buffer.

Dual-luciferase reporter assay

The 3’ UTR of the ITGA6 gene was cloned from human umbilical
vein endothelial cells into the psiCHECK-2 vector (Addgene_35672)
to create psiCHECK-2-ITGA6-3'-UTR. 293 T and SV-HUC-1 cells
were cultured, as described [18], and passaged at 80 % confluency.
A total of 300,000 cells were plated in each well of a 24-well tissue
culture plate. After 24 h, the cells were co-transfected with
dCasRx-METTL3-CD, dCasRx-dMETTL3-CD, gRNAs, or psiCHECK-
2-ITGA6-3’-UTR plasmids at a mass ratio of 5:3:1 using Lipofec-
tamine 3000 (Life Technologies). After 48 h, the cells were washed
with PBS and lysed with a reporter lysis buffer (Promega). Relative
luciferase activity of the lysates was measured using the Dual-Glo
luciferase assay system (Promega) on a SYNERGY microplate
reader (BioTek, Winooski, VT, USA).

Western blotting and immunostaining

Western blot and immunostaining assays were conducted as
previously described [32]. The antibodies using for western blot-
ting were as follows: anti-rabbit METTL3 (Proteintech, Cat#
15073-1-AP), anti-rabbit ITGA6 (1:1000; 3750S; Cell Signaling
Technology, Danvers, USA), anti-rabbit ALKBH5 (1:1000; 80283S;
Cell Signaling Technology), and anti-rabbit B-actin (1:1000;
4970 T; Cell Signaling Technology). For immunostaining assays,
Cells were fixed with 4 % paraformaldehyde, blocked with 1 %
BSA, and incubated overnight at 4 °C with anti-rabbit ITGA6 anti-
body (1:200; 37508S; Cell Signaling Technology), followed by incu-
bation with Alexa Fluor 568 donkey anti-rabbit IgG (H + L) (1:1000;
1891789; Invitrogen). Nuclear staining was performed using
1 x 4,6-diamidino-2-phenylindole (S2110; Solarbio, Beijing,
China), and images were obtained with a confocal microscope
(LSM880; Carl Zeiss, Oberkochen, Germany).
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Polysome profiling and RT-qPCR

Polysome profiling was performed as described previously [32].
Fractions were collected and purified with TRIzol reagent (Life
Technologies), and reverse-transcribed to cDNA using TransScript
All-in-One first-strand cDNA synthesis SuperMix for qPCR (Vazyme
Biotech, Nanjing, China). RT-qPCR was carried out with Fast SYBR
Green PCR master mix (Vazyme Biotech, Nanjing, China). The pri-
mers used for RT-qPCR are listed in Supplementary Table S4.

Proliferation assay

Stable cells (3000/well) expressing dCasRx-ALKBH5-CD and
ITGA6 multi-locus guide (g)RNA were seeded in 96-well plates
and incubated for 0-5 days. Cell proliferation was determined
using the MTS assay (Promega). Briefly, 20 pL of MTS was added
to each well after 24, 48, 72, and 96 h, after which, the plate was
incubated for an additional 2 h. Absorbance at 490 nm was deter-
mined using a Synergy microplate reader (BioTek).

Migration assay

Scratch assays were performed on a real-time cell imaging sys-
tem (Essen Bioscience, Ann Arbor, MI, USA). The cells (1 x 10°/
well) were grown to confluence in 96-well Essen ImageLock plates
(Essen Bioscience) in a standard CO, incubator. A 96-pin Wound
Maker was used to make precise and reproducible wounds in the
cell monolayer, after which the plates were washed with cold
PBS and scanned every hour for 24 h. Images were acquired using
phase-contrast imaging. Data were evaluated by determining the
relative wound density and analyzed using the GraphPad Prism
software.

Sphere formation assay

The sphere formation assay was performed as described previ-
ously [18]. Briefly, Cells were plated in 96-well ultralow attach-
ment culture dishes (315, 625, 1250, 2500 or 5000 cells/well) in
cancer sphere medium and cultured for 8 days. The sizes of tumor-
spheres were observed and recorded each day.

Animal experiments

To induce tumor formation, 5 x 10° cells were subcutaneously
implanted into 5-week-old BALB/cJNju-Foxn1nu/Nju nude mice
(Nanjing Biomedical Research Institute, Nanjing University).
Tumor growth was assessed each week. The mice were sacrificed
4 weeks after surgery. Tumor volume was calculated as follows:
tumor volume = length x width? x 0.52. For generating the cancer
metastasis model, we injected 1 x 10° cells into 5-week-old nude
mice by tail vein injection and observed lung metastases after six
weeks. The AAYICasR-ALKBHS-CD g q AAY/ITCA6-multi-gRNA yectors were
packaged into AAV serotype 8 viruses by Han Heng Biotechnology
(Shanghai). Next, 5 x 10° T24 cells were subcutaneously injected
into 5-week-old BALB/cJNju-Foxn1nu/Nju nude mice. After 1 week,
the mice were randomly divided into two groups—AAV-Ctrl and
AAV-dCasRx-ALKBH5. In the control group, mice were intratu-
morally injected with 1 x 10! vp AAVS™ every second day a total
of three times. In the experimental group, mice were injected with
AAVdCas Rx-ALKBH5-CD and AAVITGA(S—multi—gRNA using the same
approach. Tumor weight and size were measured after 30 days.
The livers and kidneys were collected for pathological analysis.

60

Journal of Advanced Research 56 (2024) 57-68
Ethics statement

All animal experiments were performed according to all Institu-
tional and National Guidelines for care and use of animals, which
were also approved by the Institutional Ethics Committee for Clin-
ical Research and Animal Trials of the First Affiliated Hospital of
Sun Yat-sen University ([2017]257).

Statistical analysis

Statistical analyses were performed using the GraphPad Prism
software (GraphPad Prism,). All experiments were independently
repeated at least thrice. The data were presented as
mean * standard error of the mean and analyzed via an unpaired
Student’s t-test or repeated-measures ANOVA. P-values < 0.05
were considered statistically significant.

Results

Design of the dCasRx-m°A editors and a single lentiviral/AAV vector
for multiplex genome engineering

Given that METTL3 contains one catalytic subunit within the
METTL3:METTL14 m®A methyltransferase complex, we hypothe-
sized that METTL3 alone could serve as a binding-impaired
methyltransferase that would represent an ideal target for fusion
with an RNA-binding protein, such as dCasRx. To test this hypoth-
esis, we designed dCasRx-m°A editors for RNA targeting, with
METTL3-CD or ALKBH5-CD fused to the EGFP-tagged RNA-
binding protein dCasRx (Fig. 1A); mutated versions of the respec-
tive CDs were employed as negative controls. The fusion genes of
the gRNA scaffold for CasRx harboring BsmBI sites for guide cloning
and the CPPT/CTS of HIV were inserted into the lentiviral expres-
sion vector lentiGuide-Hygro-mTagBFP2 to construct a single-
site-targeting RNA plasmid (Fig. 1A).

Although most genes harbor multiple m®A-modification sites, it
remains challenging to deliver multiple gRNAs efficiently and
simultaneously for m®A modification. Thus, to evaluate the func-
tion of the multisite m®A editor, we developed a single lentiviral
or AAV vector that efficiently expressed up to four gRNAs
(Fig. 1B). Four previously validated m®A-modification sites (#96,
#111, #195, and #233) in ITGA6 mRNA were selected [18] to con-
struct the Lenti-ITGA6-multi-gRNA and AAV-ITGA6-multi-gRNA
vectors, which expressed four gRNAs under the control of human
U6, H1, mouse U6, and 7SK promoters (Fig. 1B). Four independent
Pol-III promoters achieved maximum expression efficiency of each
gRNA [33]. We hypothesized that nucleus-localized dCasRx fusions
with truncated m®A editors will directly introduce or remove m°A
modifications at the sites specified by a CasRx-gRNA (Fig. 1C).

Validation of the dCasRx-mCA editors

Our previous work showed that METTL3 is expressed at low
levels in SV-HUC-1 cells and ALKBHS5 is low expressed in T24 cells
[18]. To evaluate these candidate dCasRx-mPA constructs in
human cells, we first transfected the lentiviral vector expressing
the dCasRx-METTL3-CD-EGFP fusion protein into SV-HUC-1 cells
and the dCasRx-ALKBH5CD-EGFP lentiviral vector into T24 cells.
Determination of the fluorescence intensity of each fusion protein
revealed that the dCasRx-METTL3CD-EGFP and dCasRx-
ALKBH5CD-EGFP fusion proteins primarily localized to the nucleus,
based on their respective nuclear-localization signal (Fig. 2A). We
further validated the expression of the dCasRx-m°A editors
dCasRx-METTL3CD-EGFP and dCasRx-ALKBH5CD-EGFP via west-
ern blotting. Results confirmed successful expression of the fusion
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Fig. 1. Modular design of the dCasRx m°A editors mediating mRNA targeting. (A) Upper panel: schematic representation of the METTL3 catalytic domain (METTL3-CD),
deactivated CasRx (dCasRx) and EGFP fusion proteins. Middle panel: schematic representation of the ALKBH5 catalytic domain (ALKBH5-CD), deactivated CasRx (dCasRx) and
EGFP fusion proteins. Lower panel: single-site gRNA construct with hygromycin and tagBFP2. (B) Golden Gate assembly of lentiviral/AAV vector encoding multiple gRNA of
ITGAG expression cassettes. (C) Schematic representation of the RNA-targeting dCasRx m°A editors, including nuclease-inactive CasRx (dCasRx), METTL3 catalytic domain
(METTL3-CD), or ALKHB5 catalytic domain (ALKBH5-CD), as well as fluorescent protein EGFP fusion proteins, and a gRNA.

proteins in SV-HUC-1 and T24 cells (Fig. 2B and C). We constructed
fusion proteins comprising dCasRx and a catalytically dead mutant
of METTL3-CD D395A (dMETTL3-CD) or demethylase-dead
ALKBH5-CD H204A (dALKBH5-CD) as controls. To assess whether
the dCasRx-METTL3-CD-EGFP or dCasRx-ALKBH5CD-EGFP affects
mP®A modification at the global level, dot blot assays were con-
ducted in SV-HUC-1 and T24 cells. The results indicated that the
overall level of m®A were unaffected by dCasRx-METTL3-CD-
EGFP or dCasRx-ALKBH5CD-EGFP (Supplementary Fig. S1). To test
the expression of each gRNA from the single lentiviral vector(Lenti-
ITGA6-multi-gRNA) expressing four independent ITGA6-targeting
gRNAs from the four independent Pol IIl promoters, we first trans-
fected the lentiviral vector (Lenti-ITGA6-multi-gRNA) into 293 T
cells and then observed expression of each gRNA using RT-PCR.
The result showed that each gRNA was highly expressed at similar
level in 293 T cells transfected with Lenti-ITGA6-multi gRNA (Sup-
plementary Fig. S2). Furthermore, we validate the expression of
each gRNA in T24 cells stably expressing ITGA6-multi-gRNA and
observed expression of each gRNA which had a similar expression
level (Fig. 2 D).

We previously reported that four m®A-modification sites (#96,
#111, #195, and #233) are present in the 3’ UTR and promote
the translation of ITGA6 mRNA(18). To determine whether
dCasRx-METTL3-CD facilitates the translation of targeted mRNA,
we performed dual-luciferase reporter assays. Specifically, we
designed several gRNAs targeting 30-bp sites that end 1-22 bp
away from 5’ of the target adenine (ITGA6-96) to investigate the
editing window of the dCasRx-METTL3CD-EGFP construct (Supple-
mentary Fig. S3A). Following transfection of dCasRx-METTL3CD-
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EGFP, ITGA6-gRNAs and the luciferase vector containing the WT
or mutant ITGA6 3' UTR into HEK293T cells, we found that lucifer-
ase activity was higher in the target groups than in the mutant
groups (Supplementary Fig. S3B). Moreover, cells with ITGA6-
gRNA that ended 10 bp away from 5’ of the target adenine showed
the highest luciferase activity (Supplementary Fig. S3B). Based on
these results, we designed gRNAs that ended 10 bp away from 5’
of the target adenine.

We previously reported that simultaneous mutations at four
mP®A-modification sites in ITGA6 mRNA significantly reduce lucifer-
ase activity relative to that of the WT control, whereas mutation at
any one site alone does not affect luciferase activity(18). Therefore,
we selected ITGA6-gRNA or ITGA6-multi-gRNA to confirm whether
targeting of multiple loci simultaneously results in greater lucifer-
ase activity than that achieved by targeting a single site. The dual-
luciferase reporter assay indicated that in ITGA6-gRNA groups
METTL3-CD construct, but not the dMETTL3-CD construct, had
enhanced luciferase activity relative to the non-target group (A2-
gRNA; Fig. 2E). Interestingly, the highest luciferase activity was
observed in the group that targeted multiple sites (Fig. 2E). These
results suggest that multi-locus m®A modifications cooperatively
regulate ITGAG expression.

We then tested the effect of dCasRx epitranscriptomic multi-
locus editors by introducing or removing m®A modifications in
human cells. We first generated stable SV-HUC-1 cell lines overex-
pressing dCasRx-METTL3-CD and a negative control gRNA (“12”
gRNA) or ITGA6-multi-gRNA using lentiviral vectors, followed by
meRIP- quantitative reverse transcription (RT-qPCR) analysis to
quantify the enrichment of the ITGA6 RNA fragments. The results
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transfected with EGFP-tagged dCasRx -ALKBH5-CD. Scale bars, 10 um. (B) Western blot results of dCasRx-METTL3-CD and dCasRx-dMETTL3-CD in living SV-HUC-1 cells. (C)
Western blot results of dCasRx-ALKBH5-CD and dCasRx-dALKBH5-CD in living T24 cells. (D) RT-qPCR revealed that each gRNA was highly expressed at similar level in T24
cells stably expressing ITGA6-multi-gRNA. (E) Dual luciferase reporter assay in SV-HUC-1 cells treated with the luciferase vector containing the WT ITGA6 3’ UTR, dCasRx-
METTL3-CD, dCasRx-dMETTL3-CD, and gRNAs. The dual-luciferase reporter assay showed that dCasRx-METTL3-CD had enhanced luciferase activity in ITGA6-gRNA groups
relative to the non-target group (12-gRNA). ITGAG6-multi-gRNA resulted in the highest luciferase activity. (F) me-RIP assay showed that m°A abundance of ITGA6 was
increased in SV-HUC-1 cells stably transfected with dCasRx-METTL3-CD and ITGA6-multi-gRNA compared with A2-gRNA group. (G) me-RIP assay showed that m°A
abundance of ITGA6 was reduced in T24 cells stably transfected with dCasRx-ALKBH5-CD and ITGA6-multi-gRNA compared with 12-gRNA group. (H). Validation results of
four ITGA6 m®A sites via single-based T3 ligase-based qPCR amplification in T24 cells stably expressing dCasRx-ALKBH5-CD and ITGAG-gRNAs. The results indicated that the
dCasRx-ALKBH5-CD with the target gRNAs reduced methylation at the corresponding m°®A-modification sites. M3(METTL3), A5(ALKBH5). *P < 0.05, **P < 0.01, ***P < 0.001,
P < 0.0001.

demonstrated greater enrichment of ITGA6 RNA in cells expressing amplification method (Supplementary Fig. S4A), with probes L
dCasRx-METTL3CD and ITGA6-multi-gRNA than in control cells and R designed against the ITGA6 3’ UTR at four mCA-
expressing dCasRx-METTL3-CD and “A2” guide (g)RNA (Fig. 2F). modification sites (#96, #111, #195, and #233). Simultaneously,
Similarly, transduction of T24 cells with dCasRx-ALKBH5-CD, we designed probes against an unmethylated adenine site as con-
ITGA6-multi-gRNA, or control lentiviral vectors revealed that co- trols. Cells harboring dCasRx-ALKBH5-CD and the target corre-
transduction with dCasRx-ALKBH5CD and ITGA6-multi-gRNA sponding mCA sites gRNAs had larger amounts of PCR products
reduced ITGA6 m®A methylation relative to that observed in the than the control cells (Fig. 2H and Supplementary Fig. S4B-E), indi-
non-target control (“A2” gRNA) (Fig. 2G). By contrast, transduction cating that the dCasRx-ALKBH5-CD with the target gRNAs reduced
with catalytically dead constructs (dCasRx-dMETTL3-CD and methylation at the corresponding m®A-modification sites. In con-
dCasRx-dALKBH5-CD) did not alter the methylation level of ITGA6 trol experiments, transduction with dCasRx-ALKBH5-CD and tar-
(Fig. 2F and G). These results suggested that the dCasRx-m°A edi- get gRNAs did not alter the m°A levels at unmethylated adenine
tors could successfully insert or remove m®A modifications. sites (Fig. 2H and Supplementary Fig. S4F), confirming that a

To assess site-specific m®A modifications, we used a single-base low-risk, off-target, and site-specific m®A modification was edited
T3 ligase-based quantitative polymerase chain reaction (qPCR)- by dCasRx-ALKBH5-CD with the help of the target gRNAs. These
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Fig. 3. Assessment of dCasRx-m°®A editor off-target effects. (A) m°A abundance of ITGA6 unmethylated A site in SV-HUC-1 cells stably expressing dCasRx-METTL3-CD and

ITGA6-multi-gRNA. (B)

mCA abundance of ITGA6 unmethylated A site in T24 cells stably expressing dCasRx-ALKBH5-CD and ITGA6-multi-gRNA. (C) Sequence alignment

between ITGA6-gRNA-96 targeting sequences and ITGA1, RNUX2, NALADL2. (D) Sequence alignment between ITGA6-gRNA-111 targeting sequences and KCND2, DDX55,
RASSF6. (E) Sequence alignment between ITGA6-gRNA-195 targeting sequences and SLC25A6, TBCLD14, GOPC. (F) Sequence alignment between ITGA6-gRNA-233 targeting
sequences and MTMR1, SOHLH2 or DLGAP1. (G, H) SV-HUC-1 cells were stably transfected with dCasRx-METTL3CD and %»2-gRNA or ITGA6-multi-gRNA. MeRIP assays showed
that no significant difference was observed in m°A levels between SV-HUC-1 cells transfected with ITGA6-multi-gRNA and cells transfected with 22-gRNA at these off-target
sites. (I, J) T24 cells were stably transfected with dCasRx-ALKBH5CD and 22-gRNA or ITGAG-multi-gRNA. m°A levels were detected using MeRIP-qRT-PCR. No significant
difference was observed in m°®A levels at these off-target sites. All qRT-PCR data are presented as means + SEM. n = 3.

data indicated that the dCasRx epitranscriptomic editors with tar-
get gRNAs could successfully manipulate m®A levels at specific sin-
gle or multiple sites.

Assessment of off-target effects of the dCasRx-m°A editors

To evaluate the off-target effects of the dCasRx-m°®A editors, we
designed primers against the unmethylated adenine site of ITGA6
and performed meRIP-RT-qPCR assays. The results showed that
transduction with dCasRx-METTL3-CD or dCasRx-ALKBHS5-CD
did not affect m®A levels at the unmethylated adenine site
(Fig. 3A and B), suggesting a low off-target effect of the dCasRx-
mOA editors. We then predicted the top three off-target sequences
similar to each ITGA6-gRNA using BLASTN (https://blast.ncbi.nlm.
nih.gov/) and detected these sites using meRIP-qPCR (Fig. 3C-F).
No significant difference was observed in m°A levels at these off-
target sites between cells expressing the dCasRx-m®A editors
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and the control cells (Fig. 3G-]). Three of the sequences (RUNX fam-
ily transcription factor 2, potassium voltage-gated channel subfamily
D member 2 [KCND2], and spermatogenesis and oogenesis-specific
basic helix-loop-helix 2) exhibited a slight increase in methylation
levels in cells expressing dCasRx-METTL3-CD and ITGA6-multi-
gRNA, while two (KCND2 and myotubularin-related protein 1)
demonstrated slightly decreased methylation in cells expressing
dCasRx-ALKBH5-CD and ITGA6-multi-gRNA (Fig. 3G-]), indicating
limited off-target effects. To determine whether the dCasRx-m°®A
editors altered the distribution of transcriptome-wide RNA methy-
lation, we performed meRIP-seq using cell lines stably expressing
both the dCasRx-mPA editors and ITGA6-multi-gRNA. Compared
with the control groups expressing “A2” gRNA, those with
dCasRx-METTL3-CD and ITGA6-multi-gRNA exhibited only slight
increase in the m®A levels of 1090 additional genes out of the
20,612 tested (5.3 %; Supplementary Fig. S5A and B), whereas those
with dCasRx-ALKBH5-CD and ITGA6-multi-gRNA exhibited a mar-
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ginal reduction in the m°®A levels of 1084 additional genes out of a
total 16,869 (6.4 %; Supplementary Fig. S5C and D).These findings
indicate that the dCasRx-m°A editors have a satisfactory on-
target efficiency.

Multi-target demethylation using dCasRx-ALKBH5-CD with ITGAG6-
multi-gRNA reduces ITGAG6 translation

We previously suggested the presence of four m®A-modification
sites (#96, #111, #195, and #233) in the 3' UTR of ITGA6 mRNA and
that m®A promotes ITGAG translation(18). To investigate whether
dCasRx-ALKBH5-CD with ITGA6-multi-gRNA targeting of the four
mOA sites reduces ITGAG translation, we performed western blot
and RT-qPCR assays using stable cell lines. Western blot results
revealed that dCasRx-ALKBH5-CD, not dCasRx-dALKBH5-CD, with
ITGA6-multi-gRNA suppressed ITGA6 levels relative to those
observed in the control group (Fig. 4A and B), whereas ITGA6 mRNA
levels did not differ between the groups (Fig. 4C). In addition, to
assess the expression of ITGA6 in cells transfected with dCasRx-
METTL3-CD or dCasRx -ALKBH5-CD, western blot experiments
were conducted. The results showed that the expression of ITGA6
was unchanged when dCasRx-METTL3-CD or dCasRx -ALKBH5-
CD was overexpressed alone (Supplementary Fig. S6), suggesting
that gRNA was required for the biological effects of dCasRx-
METTL3-CD and dCasRx -ALKBH5-CD. Polyribosome-RT-qPCR
analysis of ITGA6 mRNA abundance in the polysome confirmed that
dCasRx-ALKBH5-CD suppressed the translational efficiency of
ITGA6, with similar efficiency observed in monosomes (Fig. 4D
and Supplementary Fig. S7). These data indicate that dCasRx-
ALKBH5-CD downregulate ITAG6 expression at the translational
level.

Multi-target demethylation of ITGA6 mRNA inhibits BCa progression

We previously reported that m®A modification of ITGA6 mRNA
promotes BCa development and progression(18). To assess
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whether multi-target demethylation of ITGA6 mRNA by dCasRx-
ALKBH5-CD can reverse or inhibit BCa progression, we first per-
formed migration, proliferation, and sphere-formation assays
using lentivirus-infected cell lines stably expressing dCasRx-
ALKBH5-CD and ITGA6-multi-gRNA. The results confirmed that
multi-target demethylation of ITGA6 mRNA using dCasRx-
ALKBH5-CD with ITGA6-multi-gRNA, but not dCasRx-dALKBH5-
CD, significantly suppressed the migration, proliferation, and
sphere-formation properties of T24 cells (Fig. 5A-E; Supplemen-
tary Fig. S8 and S9). Next, transwell assay was conducted to assess
capacity of invasion. The result showed that dCasRx-ALKBH5-CD
with ITGA6-multi-gRNA down-regulated the invasion of T24 cells
(Supplementary Fig. S10). We then performed subcutaneous
tumor-formation experiments in nude mice to determine the influ-
ence of dCasRx-ALKBH5-CD on BCa progression. Cells stably
expressing dCasRx-ALKBH5-CD and ITGA6-multi-gRNA possessed
markedly worse tumorigenic capacity relative to the control cells
(Fig. 5F-H), whereas dCasRx-dALKBH5-CD did not affect cell
tumorigenicity (Fig. 5F-H). Additionally, we used a tail-vein meta-
static assay to assess the in vivo effect of multi-target ITGA6
demethylation on T24 cell metastasis. Fewer lung metastatic nod-
ules were observed in mice in the ITGA6-multi-gRNA group rela-
tive to those in the control mice in the A2 gRNA group (Fig. 51
and ]). These results show that multi-target demethylation of ITGA6
significantly reduces the metastatic ability of T24 cells. Collec-
tively, these in vitro and in vivo results demonstrate the ability of
multi-target demethylation of ITGA6 mRNA by dCasRx-ALKBH5-
CD to inhibit BCa progression.

AAV2/8 delivery of dCasRx-ALKBH5-CD and ITGA6-multi-gRNA
inhibits BCa progression

The dCasRx-ALKBH5-CD fusion protein comprises 1227 amino
acids, which allow its packaging into an AAV2/8 vector. We
designed an AAV vector (AAV!TGA6-multi-gRNAY canaple of simultane-
ously targeting four m°®A sites on ITGA6 mRNA (Fig. 1B). To evaluate
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Fig. 4. Multi-target demethylation using dCasRx-ALKBH5-CD reduces translation. (A) Western blot analysis of ITGA6 expression in the controls (T24 cells with dCasRx-
ALKBH5-CD and 22-gRNA; T24 cells with dCasRx-dALKBH5-CD and ITGA6-multi-gRNA) and T24 cells transfected with dCasRx-ALKBH5-CD and ITGA6-gRNAs. (B) Statistical
analysis of relative protein expression of ITGA6. (C) qPCR analysis of ITGA6 mRNA expression. (D) Polyribosome analysis of ITGA6 RNA expression in cells transfected with
dCasRx-ALKBH5-CD, dCasRx-dALKBH5-CD, A2-gRNA, or ITGA6-multi-gRNA. **P < 0.0001, ****P < 0.0001.
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Fig. 5. Multi-target demethylation at ITGA6 mRNA inhibits bladder cancer progression. (A-E). Migration (A, B), proliferation(C) and sphere formation (D) properties of T24
cells with multi-target demethylation at ITGA6 using dCasRx-ALKBH5-CD and ITGA6-multi-gRNA. (E) statistical analysis of sphere formation. (F-H) Subcutaneous tumor

formation assay in nude mice injected with dCasRx-ALKBH5-CD and ITGA6-multi-gRNA.
(n = 6 per group). (I, ]) Tail vein injection of dCasRx-ALKBH5-CD and ITGAG-multi-gRNA.

the efficacy of the AAV vectors, we subcutaneously implanted T24
cells into nude mice, and 1-week later, intratumorally injected
Asz/SdCaSRX—ALKBHS—CD and Asz/SITGAG—multi—gRNA thrice eVery
2 days (Fig. 6A), with AAV2/8SF used as a negative control. Com-
pared with that in the AAV2/8%P-treated mice, administration of
AszlgdCaSRx—ALKBHS—CD combined with Asz/slTGA6—multi—gRNA inhib-
ited tumor growth in experimental mice (Fig. 6B and C). As
expected, Asz/SdCaSRX—ALKBHS—CD along with Asz/81TGA6—lelti—gRNA
administration efficiently and specifically downregulated ITGA6
(Fig. 6D). Notably, delivery of both the vectors did not induce liver
or kidney damage (Fig. 6E and F), suggesting that AAV2/8 did not
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. Representative tumor images (F), tumor weight (G), and tumor growth curves (H)
. Representative pulmonary nodule images (I) and statistical analysis of pulmonary
nodules (J) (n = 5 per group). The experiments repeated three times. **P < 0.01, ***P < 0.

001. (A: Scale bar, 500 pm; D: Scale bar, 10 pm; I: Scale bar, 3 mm).

elicit biological toxicity. These results indicate that AAV delivery
of dCasRx-ALKBH5-CD and ITGA6-multi-gRNA effectively and
safely suppresses BCa tumor growth.

Discussion

Studies on the regulatory mechanism of m®A have reported
aberrant m®A modification as a novel potential pathogenic mecha-
nism for various diseases, including cancer [18,19,34,35] In BCa,
m°®A modifications regulate various genes necessary for tumorige-
nesis [36-41]. Therefore, targeting the dysregulated m°A regula-
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Fig. 6. AAV2/8-delivery of dCasRx-ALKBH5-CD and ITGA6-multi-gRNA inhibits the progression of bladder cancer. (A). Schematic representation of AAV2/8-mediated delivery
of dCasRx-ALKBH5-CD and ITGA6-multi-gRNA to mice. (B) Representative tumor images of T24 tumor-loaded mice treated with AAV (n = 6). (C) Statistical analysis of tumor
weights for T24 tumor-loaded mice treated with AAV. (D) Immunofluorescence analysis of ITGA6 levels in mice treated with AAV. (E, F) Hematoxylin and eosin staining of the
kidney and liver tissues from T24 tumor-loaded mice treated with AAV. (G)The schematic model of the effects and underlying mechanism of the multisite dCasRx-m°®A editor
targeted m®A demethylation of ITGA6 mRNA in BC growth and progression. *P < 0.05. (D: Scale bars, 20 pm; E, F: Scale bars, 200 um).

tors represents a promising strategy for cancer therapy. In the pre-
sent study, we developed the multisite dCasRx-m°A editor and
demonstrated that subsequent multi-target demethylation of
ITGA6 mRNA inhibits BCa progression, indicating that the multisite
dCasRx-mPA editor represents a novel tool with potential efficacy
in cancer therapy.

Recently, several studies have reported the targeting of m°A
modifications based on CRISPR technology. For instance, Liu et al.
[42] reported that m®A "writers’ or m®A ’erasers’ fused to CRISPR-
Cas9 can achieve site-specific methylation or demethylation in
the presence of gRNA. We previously generated a construct in
which METTL3 CD (METTL3-CD) was fused to the N-terminus of
dCas9 to mediate efficient site-specific m°A installation to investi-
gate the site-specific effects of mRNA methylation with a cognate
sgRNA and PAM-mer [43]. Meanwhile, Zhen et al. [28] developed
dCasRx epitranscriptomic editors that enable site-specific m°A
installation or removal at a single locus. Furthermore, Wilson
et al. [27] fused nucleus-localized dCas13 with a truncated METTL3
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methyltransferase domain and found that the fusion protein
induced site-specific m®A incorporation at a single site with low
off-target effects. A fusion protein, generated by linking inactive
Cas13b to ALKBHS5, also exhibited efficient demethylation of tar-
geted genes with a low off-target activity [44]. Indeed, several lines
of evidence have revealed multiple m°®A sites on a transcript that
cooperatively regulate mRNA fate. For example, m°A modification
of multiple genes, or multiple m®A modifications of the same gene,
can affect cancer occurrence and development [18,19,45]. It is,
therefore, essential to develop a novel strategy for investigating
the multisite synergistic effects of m®A in cancer.

In this study, we combined the RNA-targeting capability of
CRISPR-Cas13Rx with the RNA methyltransferase METTL3 CD
(METTL3-CD) or demethylase ALKBH5 CD (ALKBH5-CD) to create
a targeted methylation system that can be programmed to modify
the epitranscriptome. We previously identified four m°A-
modification sites in the 3’ UTR of ITGA6 mRNA and reported that
mP®A modification of the four sites cooperatively regulates ITAG6
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translation. However, it is challenging to deliver multiple gRNAs
efficiently and simultaneously for m®A manipulation. Therefore,
it is important to develop a single gRNA vector capable of simulta-
neously targeting multiple sites. To address this issue, we devel-
oped a lentiviral-multi-gRNA or AAV-multi-gRNA vector with
four independent Pol Il promoters; each promoter drives the
expression of one ITGA6 CasRx gRNA. Each gRNA is efficiently
expressed at a similar level. To determine whether the dCasRx-
mCA editors altered the distribution of transcriptome-wide RNA
methylation, we performed meRIP-seq and found that dCasRx-
METTL3-CD and ITGA6-multi-gRNA exhibited only slight increase
in the m®A levels (5.3 %; Supplementary Fig. S5A and B), whereas
dCasRx-ALKBH5-CD and ITGA6-multi-gRNA exhibited a marginal
reduction in the m®A levels (6.4 %; Supplementary Fig. S5C and
D). Zhen Xia [28] et al also conducted transcriptome-wide RNA
methylation alters by meRIP-seq. their results showed that com-
pared to the control group, dCasRx-METTL3 with target sgRNA
mildly increased m°A level (10.4 %), while dCasRx-ALKBH5 only
decreases m®A levels (1.6 %), suggesting a low off-target effects
of the dCasRx epitranscriptomic platform. We used the same
screening conditions (FDR-corrected p < 0.05 and > 4-fold change).
Our dCasRx-m°A editors with ITGA6-multi-gRNA enabled site-
specific m®A insertion or removal at the four target sites with
low off-target effects.

Remarkably, the small sizes of the dCasRx-METTL3-CD and
dCasRx-ALKBH5-CD allow them to be packaged into lentiviral vec-
tors and even into AAV vectors for gene therapy. Here, we used len-
tiviral vectors to investigate the in vitro and in vivo functions of
dCasRx-ALKBH5-CD with ITGA6-multi-gRNA in BCa, revealing that
combined application of dCasRx-ALKBH5-CD and lentiviral-multi-
gRNA effectively and simultaneously targeted four m®A sites in
ITGA6 mRNA, thereby inhibiting BCa cell proliferation and migra-
tion. Importantly, we also used AAV to deliver dCasRx-ALKBH5-
CD and ITGA6-multi-gRNA into nude mice bearing T24 tumors
for therapeutic intervention. Our results demonstrated that
AAVZ/SdCast»ALKBHSCD/Asz/SITGAG—multi—gRNA suppressed tumor
growth, indicating that our multisite dCasRx m®A-modification
systems have potential efficacy in cancer therapy.

In summary, this study demonstrates for the first time that
multisite dCasRx-m°A editors can achieve multisite, targeted mod-
ification of mRNA. Specifically, we show that delivery of dCasRx-
ALKBH5-CD along with ITGA6-multi-gRNA inhibits BCa cell prolif-
eration and tumor development. Importantly, the results showing
that in vivo administration of AAV2/84CasRx-ALKBH5CD 34 AAVD /(8-
ITGAG-multi-gRNA raqyces BCa progression.

Conclusion

Our study suggests this technology to be a novel tool for explor-
ing the biological effects of multisite-specific m°A RNA methyla-
tion, as well as a promising strategy for clinical applications
targeting BCa or RNA-associated diseases.
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