Molecular Therapy
Oncolytics

Original Article

A New Tool for CRISPR-Cas13a-Based

Cancer Gene Therapy

Jinliang Gao,'! Tao Luo,! Na Lin,' Shuyan Zhang,' and Jinke Wang'

IState Key Laboratory of Bioelectronics, Southeast University, Nanjing 210096, P.R. China

Casl3a has already been successfully applied to virus detection.
However, as a new gene interference tool, its potential in cancer
treatment was not fully explored until now. This study
constructed a new Casl3a expression vector, decoy minimal
promoter-Casl3a-U6-guide RNA (DMP-Casl3a-U6-gRNA
[DCUg]), by controlling the Casl3a and gRNA expression
with a nuclear factor kB (NF-kB)-specific promoter and U6
promoter, respectively. DCUg could specifically and effectively
knock down the expression of reporter genes in the 293T and
HepG2 cells. DCUg could also similarly knock down the
expression of endogenous oncogenes (TERT, EZH2, and
RelA) at both mRNA and protein levels in a human hepatoma
cell HepG2, which led to significant apoptosis and growth inhi-
bition. In contrast, the same transfection did not affect the
target gene expression, cell apoptosis, and growth of a human
normal liver cell HL7702. Finally, DCUg targeting these onco-
genes was packaged into adeno-associated virus (AAV) and
treated four cells (HepG2, HL7702, WEHI-3, and Hepal-6)
and tumor-bearing mice. As results, the recombinant AAV
significantly inhibited the growth of three cancer cells
(HepG2, Hepal-6, and WEHI-3) in vitro and the xenografted
Hepal-6 and WEHI-3 tumors in mice. This study therefore
developed a new tool for the CRISPR-Casl3a-based cancer
gene therapy.

INTRODUCTION

Diverse strategies for antiviral defense have been generated due to the
competition for survival within microbial communities." Among
such defense mechanisms, clustered regularly interspaced short palin-
dromic repeat (CRISPR)-associated genes (Cas) adaptive immune
pathways possessed by almost all archaea and about half of bacteria
protect microbes against viruses and other foreign nucleic acids using
CRISPR RNA (crRNA)-guided nucleases.” CRISPR-Cas systems are
divided into two main classes: class I, which mediates the interference
with multi-effector complexes, and class II, which employs single,
multi-domain effectors to mediate the interference.” According to
the genomic architecture of the CRISPR array and the signature inter-
ference effector, these two classes are further subdivided into 6 types
and 33 subtypes. The class I includes types I, III, and IV and class II
includes types II, V, and VI.A°

Unlike those other Cas nucleases, the signature protein Casl3a (previ-
ously known as C2c2) of type VI-A CRISPR-Cas systems has unique

features absent in other known Cas proteins, which contains two higher
eukaryotes and prokaryotes nucleotide-binding domains (HEPN)
responsible for separate ribonuclease activities that catalyze crRNA
maturation and single-stranded RNA (ssRNA) degradation, allowing
Cas13a to work as a single-component programmable RNA-guided
RNA-targeting CRISPR effector.” ° The CRISPR-Casl13a system has
already been used as a rapid DNA or RNA detection technique with
attomolar sensitivity and single-base mismatch specificity known as
SHERLOCK (Specific High Sensitivity Enzymatic Reporter UnLOCK-
ing).'"""? This in vitro application relied on combination of collateral
effect of Cas13a with isothermal amplification. The collateral effect of
Casl13a refers to the engagement of activated Casl3a in “collateral”
cleavage of nearby non-targeted RNAs as fluorescent RNA reporter
upon recognition of its RNA target.”'*

However, Cas13a has no similar collateral effect in cells while still re-
taining its high-specific cleavage activity to its RNA target. Existing
studies have demonstrated that LwaCas13a can be heterologously ex-
pressed in mammalian and plant cells and can be reprogrammed with
guide RNAs (gRNAs) to effectively knock down either reporter or
endogenous transcripts with comparable levels of knockdown effi-

3,15
° However, Lwa-

ciency as RNAi in mammalian cells and plants.
Casl3a knockdown substantially reduced off-targets efficiency,
providing a flexible platform for studying RNA in mammalian cells
and promising therapeutic applications.' The in vivo cleavage reac-
tions with LwaCas13a demonstrated that the programmable RNA
cleavage is most efficient with a crRNA encoding a 28-nucleotide
(nt) spacer (shorter than the 29-30 nt length found in the native L.
wadei CRISPR array).'® In spite of these advantages, there were
only a few reports of targeting oncogenic mRNA using CRISPR-

Casl3a system for cancer treatment.'” "’

In this study, we constructed a new expression vector of CRISPR-
Casl3a that was under the control of a nuclear factor kB (NF-kB)-
specific Pol IT promoter. This promoter termed as DMP (decoy min-
imal promoter) was constructed by fusing a NF-«kB decoy sequence to
* The transcriptional activation activity of this
promoter is thus mainly dependent on the NF-kB activity in cells.

a minimal promoter.
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Figure 1. Schematic lllustration of Antitumor
Mechanism of DMP-Cas13a-U6-gRNA (DCUg)
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Gene Knockdown Effects of DCUg

In order to evaluate the in vitro knockdown
efficiency and specificity of DCUg, we first
designed a gRNA targeting EGFP transcript
and cloned it into pDCUg. The HEK293T
cells, which were demonstrated to have NF-
i kB activity by our previous studies,”** were
v then co-transfected by the pDCUg-EGFP,
pEGFP, and pmCherry, allowing the EGFP
transcript to serve as target and the pmCherry
transcript as a negative control. The micro-
scopic imaging of cells indicated that
the pDCUg-EGFP transfection significantly
decreased the EGFP but not mCherry fluores-
cence (Figure 2A; Figure S1). The results were

A

Cas13a
expression

Normal cell

Because NF-kB is widely over activated in various cancers, we have
demonstrated that this promoter could drive ectopic expression of
an effector gene specifically in various cancer cells.”"** In this study,
we therefore aimed at specifically knocking down the expression of
oncogenes with the DMP-controlled CRISPR-Cas13a system in can-
cer cells, in order to develop a potential CRISPR-Casl3a-based gene
therapy tool of cancer. We first testified the system by knocking down
the enhanced green fluorescent protein (EGFP) and mCherry in
HEK293T and HepG2 cells. We then testified the system by knocking
down three endogenous genes including telomerase reverse transcrip-
tase (TERT), enhancer of zeste homolog 2 (EZH2), and RelA in
HepG2 and HL7702 cells. We finally demonstrated that the system
could inhibit the tumor growth in mice by packaging the system
into adeno-associated virus (AAV).

RESULTS

Antitumor Mechanism of DCUg

The DMP-Cas13a-U6-gRNA (DCUg) vector was constructed by con-
trolling Casl3a and gRNA expression with a NF-kB-specific pro-
moter, DMP, and U6 promoter, respectively. DMP consists of a
NEF-kB decoy and a minimal promoter. NF-kB is a sequence-specific
DNA-binding transcription factor that is widely over-activated in
cancer cells. However, it is not activated in normal cells. Therefore,
when the DCUg vector is transfected into cancer cells, the over-acti-
vated NF-kB will bind to DMP to initiate the expression of Casl3a.
The expressed Casl3a protein associates with gRNA to form
Casl13a-gRNA complex, which can degrade the target mRNAs and
ultimately leads to significant apoptosis of cancer cells (Figure 1).
However, no Casl3a protein can be expressed in normal cells due
to lack of NF-kB. In this study, we used mRNAs of TERT, EZH2,
and RELA as targets of gRNA because the high expression of these
genes was closely related with tumorigenesis.
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/ also verified by quantitative analysis of cell

fluorescence with flow cytometry (Figure 2B;
Figure S2). In order to further verify the knockdown efficiency
and specificity DCUg, we then designed a gRNA targeting
mCherry transcript and cloned it into pDCUg. The HEK293T cells
were then co-transfected by the pDCUg-mCherry, pEGFP, and
pmCherry, allowing the mCherry transcript to serve as target
and the EGFP transcript as a negative control. As a result, the
similar results were obtained (Figures 2A and 2B; Figures S3 and
S4). The pDCUg-mCherry transfection significantly decreased
the mCherry but not EGFP fluorescence. In these detections,
a negative pDCUg that could express a guide targeting no tran-
scripts (NTs) in mammalian cells was used as control (pDCUg-
NT), which did not affect expression of both EGFP and mCherry
fluorescence. These data demonstrated the high knockdown effi-
ciency and specificity of DCUg.

As reporter genes, the transfection of pDCUg-EGFP and pDCUg-
mCherry clearly demonstrated that the expressions of EGFP and
mCherry proteins were significantly and specifically knocked down
by DCUg. In order to further confirm the pDCUg knockdown, we de-
tected the target gene expression at the mRNA level with quantitative
PCR (qPCR). As expected, we found that the mRNA levels of both
EGFP and mCherry were decreased (Figure 2C), in agreement with
our expectation and previously reports that Casl3a-gRNA knock
down its target RNA.

The same transfections were also performed with the HepG2 cells,
which were also demonstrated to have NF-«B activity by our previous
studies.”"** The similar results were obtained in this cell line. DCUg
significantly and specifically knocked down both EGFP and mCherry
proteins (Figures 3A and 3B; Figures S5-58). The qPCR detection re-
vealed that mRNA levels of both EGFP and mCherry were also
decreased in this cell line (Figure 3C).
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Antitumor Effects of DCUg In Vitro

To test whether DCUg could efficiently knock down endogenous
genes, we next designed gRNAs targeting three oncogenes including
TERT, EZH2, and RelA. The gRNAs were designed for both human
and mouse genes (Table S1). The gRNAs targeting human genes were
used to human cells and those targeting mouse genes were used to
mouse cells. The effects of these guides were evaluated by transfecting
the human liver cancer cell HepG2 and normal cell HL7702. Cells
were also transfected by pDCUg-NT as control. Cells were imaged
with microscope (Figure S9) and their apoptosis was detected by
flow cytometry (Figure 4A; Figure S10). The results indicated that
the HepG2 cells were significantly induced to apoptosis by all target-
ing gRNAs but not by the non-targeting gRNA. Moreover, the HepG2
cells were most significantly induced to apoptosis by the pDCUg-TER
that could co-express gRNAs targeting TERT, EZH2, and RelA. How-
ever, the HepG2 cells were not significantly induced to apoptosis by
pDCUg-NT. In contrast, the HL7702 cells were not significantly
induced to apoptosis by all guides.

To further explore the cancer cell-specific expression of effector
gene Casl3a of DCUg, we first detected Casl3a mRNA in the two
cells under various treatments (Figure 4B). The results indicated
that Casl3a expressed in all detected groups except lipofectamine
control of HepG2 cell line; however, the Casl13a mRNA was not de-
tected in all the treated groups of HL7702 cell line. These results
indicated that DCUg could be activated in cancer cells rather than
normal cells, which led to cancer cell-specific expression of effector
gene.

We next detected the expression of target genes by qPCR (Figure 4C).
The results demonstrated that the levels of target mRNAs were also
significantly downregulated by the targeting gRNAs in the HepG2
cells but not changed in the HL7702 cells. We then detected the pro-
tein levels of TERT, EZH2, and RelA with western blot (WB) (Fig-
ure 4D). The results showed that the expressions of TERT, EZH2,
and RelA proteins were significantly suppressed by DCUg in the
HepG2 cells treated by the targeting gRNAs.

Given the important role of the three genes (TERT, EZH2, and RelA)
in the progression of cancers, we next evaluated the antitumor effects
of DCUg-mediated TERT, EZH2, and RelA mRNA interference in
HepG2 and HL7702 cells. We therefore performed Cell Counting
Kit-8 (CCK-8) assays to measure the cell growth rate in cells treated
with DCUg (Figure 4E). The results indicated that the transfection of
three targeting gRNAs significantly suppressed the growth of HepG2
cells over a 120-h time course. Moreover, this effect was strongest in
the co-expression of three targeting gRNAs (pDCUg-TER). However,
all transfections induced no obvious growth change in the HL7702
cells.

Molecular Therapy: Oncolytics

Antitumor Effects of DCUg In Vivo

To investigate whether there were anti-tumor effects of DCUg target-
ing above three oncogenic mRNAs, we packaged DCUg into AAV
vectors. The anti-tumor effects of virus were first evaluated with
four cell lines including HepG2, Hepal-6, HL7702, and WEHI-3.
The cells were seeded into 24-well plates (1 x 10° cells/well) and culti-
vated for 12 h. The cells were then transfected with the virus (5 x 10'°
vg/well) by adding rAAV-MCS, rAAV-NT, rAAV-TERT, rAAV-
EZH2, rAAV-RelA, and rAAV-TER in culture media, respectively.
It should be noted that human cells (HepG2 and HL7702) and mouse
cells (Hepal-6 and WEHI-3) were infected with rAAVs that target
human and mouse genes, respectively; both human and mouse cells
can be infected with rAAV-MCS and rAAV-NT. The cells were
cultured for another 72 h and imaged at time points of 24 h (Fig-
ure S11), 48 h (Figure S12), and 72 h (Figure 5A), respectively. The
viability of cells was finally measured using a CCK-8 assay at 72 h
post transfection. The results indicated that HepG2, Hepal-6, and
WEHI-3 cells were induced to significant apoptosis by four targeting
AAVs but not by both rAAV-MCS and rAAV-NT (Figure 5B). More-
over, the rAAV-TER induced the most significant apoptosis in these
three cells. Therefore, we applied the rAAV-TER to the further animal
experiment. In contrast, all virus transfections induced no significant
apoptosis in the HL7702 cells.

To evaluate whether the DCUg could be applied to treat cancers
in vivo, we then performed two animal experiments. In the first an-
imal model, ten mice were transplanted with the in vitro cultured
mouse hepatocarcinoma Hepal-6 cells. After 7 days, the tumor-
bearing mice were divided into 2 groups and intravenously injected
with 2 variant viruses (rAAV-TER and rAAV-NT), respectively.
The measurement of tumor size revealed that the growth of tumors
on the rAAV-TER-treated mice was significantly inhibited
compared to the rAAV-NT group (Figures 6A and 6B). To demon-
strate the in vivo tumor-specific expression of the rAAV vector
further, we detected the presence of AAV viral DNA and expression
of Casl3a and target genes in various tissues. Tissues, including
heart, liver, spleen, lung, kidney, and tumor tissues, were collected
from the two experimental groups of mice. The qPCR detection re-
vealed that the AAV viral genomic DNA distributed in all detected
tissues (Figure 6C) while Casl3a was only expressed in tumors of
mice intravenously injected with rAAV-NT and rAAV-TER (Fig-
ure 6D). Moreover, the transcription of TERT, EZH2, and RelA
was only downregulated in tumor (Figure 6E), indicating that can-
cer-specific expression of DCUg in vivo. Moreover, the qPCR detec-
tion revealed three oncogenes did not express in all normal tissues
but tumor (Figure 6E). Moreover, the upregulation of these onco-
genes in tumor was significantly knocked down by the rAAV-
TER but not by rAAV-NT (Figure 6E), indicating the targeting of
DCUg in vivo.

Figure 2. Interference of Ectopic Gene Expression in HEK293T Cell with DCUg

Cells were transfected by various vectors and detected at 24 h post transfection. (A) Representative fluorescent images of cells. pDCUg-NT/EGFP/mCherry, plasmid ex-
pressing DMP-controlled Cas13a and U6-controlled gRNA targeting no, EGFP, and mCherry transcripts. (B) Flow cytometry analysis of fluorescence intensity. (C) gPCR
analysis of mMRNA expression. RQ, relative quantification. All values are mean + SEM with n = 3. *p < 0.05; **p < 0.01.
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To further evaluate the antitumor effect, we treated a second tumor an-
imal model that was made by subcutaneously transplanting BALB/c
mice with WEHI-3 cells. The tumor-bearing mice were randomly
divided into 6 treatment groups (PBS-1, PBS-2, rAAV-NT-1, rAAV-
NT-2, rAAV-TER-1, and rAAV-TER-2) and intravenously
administered two times with PBS (PBS-1 and PBS-2), rAAV-NT
(rAAV-NT-1 and rAAV-NT-2), and rAAV-TER (rAAV-TER-1 and
rAAV-TER-2), respectively. Tumor size was monitored every day.
Three groups (PBS-1, rAAV-NT-1, and rAAV-TER-1) were eutha-
nized on the seventh day post treatment for collecting tumors to detect
tumor weight, virus infection, and gene expression (Figure 7A). The
other three groups (PBS-2, rAAV-NT-2, and rAAV-TER-2) were fed
until death to evaluate the mice survival over time (Figure 7B). The
results indicated that the tumor growth was remarkably inhibited (Fig-
ures 7C to 7F) and the survival rate was significantly improved (Fig-
ure 7G) by the treatment of rAAV-TER, whereas the rAAV-NT treat-
ment resulted in no effect in comparison with the PBS treatment
(Figures 7C to 7G). Additionally, qPCR detection revealed that
rAAV distributed in all detected tissues (Figure 8A), but the effector
gene Casl3a was only expressed in tumor (Figure 8B). Moreover,
qPCR detection also indicated that three target genes (TERT, EZH2,
and RelA) were highly expressed only in tumors, which were signifi-
cantly downregulated by the treatment of rAAV-TER (Figure 8C).
Furthermore, the expression of two tumor growth markers, CD31
and Ki67, was also significantly downregulated by the treatment of
rAAV-TER (Figure 8D). However, the expression of an apoptosis
marker, Caspase-3, was significantly upregulated by the treatment of
rAAV-TER (Figure 8D). In contrast, the expression of these genes
was not affected by the treatment of rAAV-NT. Consistent with these
results, the H&E staining of tumor sections revealed that only the treat-
ment of rAAV-TER led to substantial necrosis (Figure 8E).

DISCUSSION

Other than genome editing using widely known Cas9, which intro-
duces genetic changes at the DNA level,”®> Casl3a is a novel member
of the family of CRISPR effectors,”* which specifically recognizes and
cleaves RNA at sites guided by crRNA containing a 28 bp spacer.'**>*°
In recent years, many molecular tools utilizing CRISPR-Cas13a system
to disrupt gene expression at the transcriptional level or edit gene tran-
scripts have been successfully developed. In previous reports, it was
shown that LwaCas13a protein exhibited a higher knockdown efficacy
than the LshCas13a and LbuCasl3a proteins.'® The CRISPR-Casl3a
system has already been used to achieve robust RNA knockdown in

mammalian cells by plasmid transfection.''>*”

In our present study, we constructed a new CRISPR-Cas13a expres-
sion vector, DCUg. We expected to knock down target genes with
the new CRISPR-Casl3a construct by depending on its reported
mRNA-cleavage activity in mammalian cells.'® By controlling its spe-

Molecular Therapy: Oncolytics

cific expression in cancer cells with our previous developed cancer
cell-specific promoter DMP, we expected to develop a new tool for
the CRISPR-Casl3a-based cancer therapy. As a result, we found
that the new CRISPR-Casl13a system could specifically and efficiently
knock down the expression of both endogenous and exogenous target
genes at both the mRNA and protein levels, which is in consistent
with the previous reports.'® Moreover, under the control of a cancer
cell-specific promoter, DMP, the expression of endogenous target
genes could be specifically and efficiently knocked down at both the
mRNA and protein levels only in cancer cells. The specific knock-
down of oncogenes in cancer cells by DCUg induced apoptosis of
cancer cells in vitro and in vivo. These results indicated that DCUg
provides a new tool for the Casl3a-based cancer gene therapy.

Given that AAV is commonly used for in vivo gene delivery.”**” Lwa-
Cas13a-msfGFP (4,335 bp) and U6-gRNA (326 bp) together are too big
for the low packaging capacity of AAV (4.7 kb), restricting the in vivo
application of LwaCas13a, especially targeting variant genes with mul-
tiple gRNAs. Therefore, a reported Casl3a-based cancer treatment
used the purified LwaCas13a protein and crRNA for the efficient and
specific knockdown of KRAS-G12D mRNA, finding that the co-trans-
fection with LwaCasl3a protein and crRNA significantly knocked
down mutant KRAS mRNA expression and specifically distinguished
KRAS-G12D mRNA from wild-type (WT) KRAS mRNA after intro-
ducing a second mismatch into crRNA.'"” More importantly, Lwa-
Cas13a-mediated KRAS G12D mRNA knockdown potently induced
apoptosis in vitro and caused marked tumor shrinkage in mice,'”
providing a promising platform for further development of CRISPR-
Casl3a in cancer treatment. However, this application did not use
the mammalian cell LwaCas13a expression vectors in vivo.

In this study, we chose three well-known oncogenes as targets. Telome-
rase is encoded by the TERT gene, and its activity is limited in most
normal somatic cells while active in 90% of tumor cells.’*’
of EZH2, a histone-lysine N-methyltransferase enzyme encoded by
EZH2 gene, is found in larger amounts in a wide range of cancers
including breast, prostate, bladder, uterine, and renal cancers, as well
as melanoma and lymphoma, than in healthy cells. Mutation or over-
expression of EZH2 has been linked to many forms of cancers.’” EZH2
inhibits genes responsible for suppressing tumor development, and
blocking EZH2 activity can slow tumor growth. The EZH2 inhibitors
are currently developed as promising epigenetic therapy drugs for can-
cers.”>** RelA is the most important regulator of NF-kB activity.
Abnormal activation of NF-kB and its signaling pathway contribute
to many human diseases, notably inflammatory diseases and cancers.”

Enhancer

In this study, we chose the three genes as targets of the optimized
CRISPR-Casl3a system for exploring the apoptotic effect in HepG2
and HL7702 cells. Our data demonstrated that only cancer cells

Figure 3. Interference of Ectopic Gene Expression in HepG2 Cell with DCUg

Cells were transfected by various vectors and detected at 24 h post transfection. (A) Representative fluorescent images of cells. pDCUg-NT/EGFP/mCherry, plasmid ex-
pressing DMP-controlled Cas13a and U6-controlled gRNA targeting no, EGFP, and mCherry transcripts. (B) Flow cytometry analysis of fluorescence intensity. (C) gPCR
analysis of mMRNA expression. All values are mean + SEM with n = 3. *p < 0.05; “*p < 0.01.
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(HepG2 and Hepal-6) could be significantly induced to apoptosis by
targeting the three genes via DCUg. Moreover, this effect is strongest
by simultaneously targeting the three transcripts (pDCUg-TER),
indicating the synergistic effect on the apoptosis of cancer cells
when disturbing multiple genes at the same time. Simultaneously tar-
geting multiple genes provides DCUg a new advantage for cancer
treatment over other CRISPR-Cas systems such as Cas9 that cannot
make their gRNAs mature by themselves. In addition, there was no
obvious change in the growth or apoptosis rates in normal liver
HL7702 cells treated with the same vectors, indicating that the strat-
egy to treat tumors with DCUg is tumor-specific in vitro. To further
study the anti-tumor effect of this system in vivo, we packaged DCUg
into AAV and treated two kinds of tumors in vivo via intravenous
administration of rAAVs. The recombinant AAVs could efficiently
deliver DCUg into cancer cells and resulted in tumor inhibition,
this is beneficial for in vivo tumor gene therapy. Importantly, the
in vivo cancer cell-specific activity of DCUg was strongly supported
by the detection of Casl3a expression in various tissues which
demonstrated that Cas13a was only expressed in tumor.

Conclusions

This study developed a new tool for cancer gene therapy that knocks
down the oncogene expression specifically in cancer cells using a
CRISPR-Casl13a expression vector, DCUg. This study verified the
cancer cell-specific knockdown of oncogenes by knocking down three
oncogenes in the cultured human cancer cell lines and xenografted tu-
mors in mice. DCUg thus provides a useful platform for specifically
knocking down various genes in cancer cells in vitro and in vivo,
which should have potential application in cancer treatment.

MATERIALS AND METHODS

Vector Construction

A chemically synthesized NF-kB-specific promoter, DMP, was cloned
into pMD19-T simple (TAKARA) to obtain pMD19-T-DMP. The
human codon optimized Casl3a coding sequence was amplified
from the pC013-Twinstrep-SUMO-huLwCas13a (Addgene) by PCR
and cloned into pMDI19-T-DMP to obtain pMDI19-T-DMP-
Casl3a. The chemically synthesized U6 promoter sequence and direct
repeat sequence of gRNA separated by BbslI restriction sites were
cloned into pMD19-T-DMP-Casl3a to generate pDMP-Casl3a-
U6-gRNA backbone (referred to as pDCUg). The particular gRNA
targeting genes of interest are listed in Table SI.

gRNAs targeting NT, EGFP, mCherry, human and murine TERT, hu-
man and murine EZH2, and human and murine RelA were chosen
with CHOPCHOP (http://chopchop.cbu.uib.no/). The complementary
oligonucleotides containing a 28-bp gRNA target-specific region and
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two flanking BbsI sites (Table S2) were chemically synthesized and an-
nealed into double-stranded oligonucleotides, which were then ligated
into pDCUg. The ligation reaction (10 pL) consisted of 10 units of BbsI
(NEB), 600 units of T4 DNA ligase (NEB), 1 x T4 DNA ligase buffer,
0.1 mg/mL bovine serum albumen, 1 nM double-stranded oligonucle-
otide, and 50 ng plasmid pDCUg. The ligation reaction was run on a
PCR cycler as fellows: 10 rounds of 37°C 5 min and 16°C 10 min,
37°C 30 min, and 80°C 5 min. The generated plasmids were named
as pDCUg-NT, pDCUg-EGFP, pDCUg-mCherry, pDCUg-TERT,
pDCUg-EZH2, pDCUg-RelA, respectively. Two plasmids co-express-
ing gRNAs targeting human and murine TERT, EZH2, and RelA
were also constructed, which was named as pDCUg-TER.

The pAAV-DCUg-NT/TERT/EZH2/RelA/TER vectors were con-
structed by cloning the DCUg-NT/TERT/EZH2/RelA/TER coding
sequences into pAAV-MCS (VPK-410, Stratagene) by using Mlul
(upstream) and Xbal (downstream) restriction sites. The DCUg-
NT/TERT/EZH2/RelA/TER coding sequences were amplified by
PCR from pDCUg-NT/TERT/EZH2/RelA/TER.

The reporter constructs pEGFP and pmCherry were kept by our lab,
in which the expression of EGFP and mCherry was under the control
of CMV promoter.

Cell Culture and Transfection

HEK293T, HepG2, HL7702, Hepal-6, and WEHI-3 were obtained
from the cell resource center of Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences. Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (HEK293T, HepG2, Hepal-6,
and WEHI-3) with high glucose or Roswell Park Memorial Institute
(RPMI) 1640 medium (HL7702) supplemented with 10% fetal bovine
serum (VWR Seradigm), 100 units/mL penicillin (Thermo Fisher Sci-
entific), and 100 pg/mL streptomycin (Thermo Fisher Scientific). Cells
were incubated in atmosphere with 5% CO, at 37°C. Unless otherwise
noted, cells were transfected in 24-well plates using Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Cells were plated in 24-well plates 18-24 h prior to transfection
to make sure 80% confluence overnight. For interfering with the
ectopic gene expression, cells in each well were transfected by 500 ng
of pDCUg and 150 ng of reporter construct (pEGFP/mCherry). For
interfering with the endogenous gene expression, cells were transfected
by 500 ng of pDCUg. Cells were imaged by a fluorescence microscope
(IX51, Olympus) at a constant magnification of 100.

Flow Cytometry
For quantifying the ectopic EGFP and mCherry expression in cells,
cells were collected by trypsinization at 24 h post transfection and

Figure 4. Interference of Endogenous Gene Expression with DCUg

Cells were transfected by various vectors and detected at 24 h post transfection. (A) Flow cytometry analysis of cell apoptosis. (B) Expression level of Cas13a mRNA in HepG2
and HL7702 cells. (C) gPCR analysis of mMRNA expression. (D) Western blot analysis of protein expression. The representative image and quantified optical density were
shown. Lip, Lipofectamine; NT/TERT/EZH2/RelA/TER, pDCUg-NT/TERT/EZH2/RelA/TER. (E) CCK-8 assay of cell growth. Blank, cells without any treatment. Lipofect-
amine, cells treated with Lipofectamine only. pDCUg-NT/TERT/EZH2/RelA/TER, plasmid expressing DMP-controlled Cas13a and U6-controlled gRNA targeting no tran-
script (NT), TERT, EZH2, RelA, and TER transcripts. TER, TERT&EZH2&RelA. All values are mean + SEM with n = 3, unless otherwise noted. *p < 0.05; **p < 0.01.
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Figure 5. Antitumor Effects of DCUg Virus In Vitro

Cells were inoculated in 24-well plate (1 x 10° cells/well) and cultured for 12 h. Cells were then treated with viruses (5 x 10'° vg/well) including rAAV-MCS, rAAV-NT, rAAV-
TERT, rAAV-EZH2, rAAV-RelA, and rAAV-TER, respectively. Cells were cultured for 72 h and imaged at three time points, including 24 h, 48 h, and 72 h, respectively. The
cells viability was evaluated using a CCK-8 assay at 72 h post transfection. (A) Representative images of cells at 72 h post transfection. (B) The cells viability at 72 h post
transfection. All values are mean + SEM with n = 3. *p < 0.05; “*p < 0.01.
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Figure 6. The Antitumor Effects of the DCUg Virus in the Hepa1-6 Xenograft Mice
(A) Images of mice that were xenographed with the cancer cell Hepa1-6 transfected by virus rAAV-NT and rAAV-TER. (B) Tumor size before and after virus treatment. (C)

Abundance of virus DNA in tissues. (D) Expression of Cas13a mRNA in various tissues of tumor-bearing mice intravenously injected with rAAV-NT and rAAV-TER. All other
values were compared with the value of heart of rAAV-NT-treated mice. (E) Abundance of target mRNAs in tissues. All values are mean + SEM withn = 3. “p <0.05; *p < 0.01.

quantified with flow cytometry (Calibur, BD, USA). For quantifying
cell apoptosis, cells were collected by trypsinization at 24 h post trans-
fection and detected with the Annexin V-fluorescein isothiocyanate
(FITC) Apoptosis Detection Kit (BD, USA) according to the manu-
facturer’s instructions. The fluorescence intensity of cells was quanti-
fied with flow cytometry (Calibur, BD, USA). Flow cytometry data
analysis and figure preparation were done using BD software.

CCK-8 Assay

Cells were plated in 96-well plates at a density of 5,000 cells/well. Each
treatment was performed with six groups of cells and each group had
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four replicates. Cells were cultivated for 18 h (overnight) and trans-
fected with various plasmids (100 ng plasmid/well). At variant time
points (0 days, 1 day, 2 days, 3 days, 4 days, and 5 days) post trans-
fection, 10 puL of CCK-8 solution (BS350B, Biosharp) was added to
each well. After 1 h, the optical density at 450 nm was measured using
a microplate reader (BioTek).

wB

Cells were seeded into 6-well plates and grown to 80% confluence
overnight. Cells in each well were transfected by 1,000 ng of DCUg
plasmid. At 24 h post transfection, the whole-cell and nuclear extracts
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Figure 7. The Antitumor Effect of DCUg Virus in the WEHI-3 Xenograft Mice

(A and B) Schematic illustration of the xenograft modeling and treatment (A, for groups PBS-1, rAAV-NT-1, and rAAV-TER-1; B, for groups PBS-2, rAAV-NT-2, and rAAV-
TER-2). (C-E) Tumor growth curve (C), tumor weight (D), and tumor imaging (E) of mice treated with intravenously injected PBS, rAAV-NT, and rAAV-TER, respectively (groups
PBS-1, rAAV-NT-1, and rAAV-TER-1). (F and G) Tumor growth curve (F) and Kaplan-Meier survival curves (G) of mice treated with intravenously injected PBS, rAAV-NT, and
rAAV-TER, respectively (groups PBS-2, rAAV-NT-2, and rAAV-TER-2). All values are mean + SEM with n = 8. *p < 0.05; **p < 0.01, ***p < 0.001. s.c., subcutaneous injection;

i.v., intravenous injection.

were prepared using a phosphoprotein extraction kit (SA6034-100T,
Signalway Antibody, USA) according to the manufacturer’s instruc-
tions. The protein lysates (20 pg/sample) were resolved by SDS-
PAGE and the target proteins were detected with WB using the anti-
bodies as follows: GAPDH mouse monoclonal antibody (971668,
CST, USA), TBP rabbit monoclonal antibody (12578S, CST, USA),
TERT rabbit monoclonal antibody (ab191523, Abcam, UK), EZH2
mouse monoclonal antibody (3147S, CST, USA), and RelA mouse
monoclonal antibody (6956S, CST, USA). The second antibodies
were IRDye 800CW goat anti-mouse or rabbit immunoglobulin G
(IgG) (Li-Cor). The blots were detected and fluorescence intensity
was quantified with the Odyssey Infrared Fluorescence Imaging Sys-
tem (Li-Cor).

Virus Preparation

HEK293T cells were seeded into 75 cm? flasks at a density of 5 x
10° cells per flask and cultivated for 12-20 h. Cells were then co-
transfected with two helper plasmids (pHelper and pAAV-RC;
Stratagene) and one of the pAAV plasmids (pAAV-MCS,

pAAV-DCUg-TER, pAAV-DCUg-EZH2, pAAV-DCUg-RelA,
and pAAV-DCUg-TER) using Lipofectamine 2000 according to
the manufacturer’s instructions. Following transfection, cells
were cultured with fresh medium for 72 h. Viruses were then
collected and purified as previously described.”® Titers of AAVs
were determined by qPCR using the primers AAV-F/R (Table
S3). A 20 uL qPCR reaction contained 1 x SYBR Green Real-
time PCR Master Mix (Roche), 0.25 pM primers, and 2 pL virus
or 2-fold dilutions of a standard DNA (a 159-bp AAV genomic
DNA (gDNA) fragment pre-amplified with primers AAV-F/R).
The qPCR program was performed as follows: 95°C for 10 s, 45
cycles of 95°C for 15 s, and 60°C for 1 min. A melting curve
was then constructed to monitor PCR amplification specificity.
Data analysis was performed using Applied Biosystems StepOne
v2.3. The concentration of the virus genome (vg) was calculated
according to the standard curve. Quantified viruses were aliquoted
and kept at —80°C for later use. The obtained viruses were referred
to as rAAV-MCS, rAAV-NT, rAAV-TERT, rAAV-EZH2, rAAV-
RelA, and rAAV-TER.

Molecular Therapy: Oncolytics Vol. 19 December 2020 89


http://www.moleculartherapy.org

A [ PBS == rAAV-NT mmm rAAV-TER

Molecular Therapy: Oncolytics

B 405 PBS ©== rAAV-NT mmm rAAV-TER

201 *% 1
* % * * %
154 *% 5 301 ey
S
< 107 b4 * T 20
* * P ad
51 ¥ £ © 101
heart liver spleen lung kidney tumor heart liver spleen lung kidney tumor
C
8- 3 TERT 3 TERT — TERT *%
= EzZH2 |PBS 3 EZH2 |rAAV-NT == EZH2 [rAAV-TER ot
g/ mm RelA == RelA mm RelA
* %
g4
2.
0- : ;
heart liver spleen lung kidney tumor
D CD31 E Tumor Tumor section (H&E staining)
1_5_ * %
1.0{ T
g ®
0.51 oM
o
|_
<
3
Caspase-3
4- p
3
g
x 2 o
1 L
H
0 >

I

Figure 8. The Antitumor Effect of DCUg Virus in the WEHI-3 Xenograft Mice

The tumor-bearing mice were intravenously injected with PBS, rAAV-NT, and rAAV-TER, respectively (groups PBS-1, rAAV-NT-1, and rAAV-TER-1). (A) Abundance of virus
DNA in tissues. (B) Expression of Cas13a mRNA in tissues. All other values were compared with the value of heart of PBS-treated mice. (C) Abundance of target mRNAs in
tissues. (D) Expression of CD31, Ki67, and Caspase-3 in tumors. (E) Images of tumors and their H&E-stained histological sections. All values are mean + SEM withn=3. *p <

0.05; **p < 0.01.

Virus Evaluation
Cells were seeded into a 24-well plate (1 x 10° cells/well) and culti-
vated for 24 h. Cells were then transfected with the virus (5 x 10
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vg/well) through cultivation in a medium containing rAAV-MCS,
rAAV-NT, rAAV-TERT, rAAV-EZH2, rAAV-RelA, and rAAV-
TER, respectively. Cells were cultured for another 72 h and were
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imaged by optical microscope (Olympus) at 24 h, 48 h, and 72 h post
transfection, respectively. The cell viability was evaluated using a
CCK-8 assay (BS350B, Biosharp) at 72 h post transfection.

Animal Experiment

All mice were obtained from the Changzhou Cavens Laboratory
Animal (China). This study was carried out in accordance with the
principles of the Basel Declaration and recommendations of Animal
Care and Use guidelines of Southeast University (Nanjing, China),
Experimental animal ethics committee of Southeast University. The
protocol was approved by the experimental animal ethics committee
of Southeast University. In the first animal model, the hepatic cancer
xenograft was formed in 4-week-old female BALB/c-Foxn1™ mice
with an average weight of 20 g by subcutaneously injecting with
Hepal-6 on two spots at 2 x 10° cells/place (5 mice/group). After
breeding for 7-10 days, the mice were randomly divided into two
experimental groups: rAAV-NT and rAAV-TER, and the tumor
size was measured with a precision caliper before intravenously in-
jected with variant AAVs at 1 x 10° vg/mouse. Tumor volume was
calculated using formula V = (ab®)/2, where a is the tumor’s long
axis and b is the short axis. Mice were euthanized and photographed
on the 7th day post virus injection, and the tumor size was measured
and calculated as described above.

In the second animal model, 4-week-old BALB/c female mice were
subcutaneously transplanted with 1 x 10" WEHI-3 cells into groin.
After breeding for 7 days, the tumor-bearing mice were randomly
divided into 6 treatment groups (PBS-1, PBS-2, rAAV-NT-I,
rAAV-NT-2,rAAV-TER-1, rAAV-TER-2, n = 8). The tumor-bearing
mice were intravenously administered two times with PBS (PBS-1
and PBS-2), rAAV-NT (rAAV-NT-1 and rAAV-NT-2), and rAAV-
TER (rAAV-TER-1 and rAAV-TER-2), respectively. The dosage of
virus per injection was same as above. The animals of PBS-1,
rAAV-NT-1, and rAAV-TER-1 were euthanized on the 7th day
post treatment. The animals of PBS-2, rAAV-NT-2, and rAAV-
TER-2 were fed until death. Tumor size was measured and calculated
as above every day. Tumors were isolated and tumor weight was
measured. Kaplan-Meier analysis was used to analyze the mice sur-
vival over time.

H&E Staining of Tumor Tissue Sections

Tumor masses were resected and fixed in 4% paraformaldehyde
solution at room temperature overnight. Fixed specimens were
paraffin-embedded and then cut into 5-8 um-thick sections. The
paraffin-embedded tissue sections were deparaffinized with xylene
and rehydrated. The hydrated tissue sections were soaked and washed
with phosphate buffer saline (PBS) three times for 5 min each time.
The samples were then stained in hematoxylin staining solution
(C0107, Beyotime) for 10 min and washed in running water for
10 min. Next, the samples were differentiated in 1% acid alcohol
for 10 s, washed in running water for 30 min, and were then counter-
stained in eosin staining solution (C0109, Beyotime) for 3 min and
washed in running water for 10 min. After the staining, the tissue sec-
tions were dehydrated in a gradient manner, with concentrations of

80% ethanol for 5 s, 95% ethanol for 2 min, and anhydrous ethanol
for 2 min, respectively. Last, the tissue sections were sealed by a
drop of neutral gum over the tissue and then covered by a coverslip.
The prepared slides were then observed by a microscope (IX51,
Olympus).

qPCR

Total RNA was extracted from cells at 24 h post transfection or mouse
tissues using TRIzol (Invitrogen). cDNA was generated using the
FastKing RT kit (TTANGEN) according to the manufacturer’s in-
struction. The gDNA was extracted from mouse tissues using the
TIANamp Genomic DNA Kit (TTANGEN) according to the manu-
facturer’s instructions. The ¢cDNA and gDNA were detected by
qPCR using the Hieff QPCR SYBR Green Master Mix (Yeasen) ac-
cording to the manufacturer’s instructions. GADPH was used as an
internal control. gPCR programs were run with the ABI Step One
Plus (Applied Biosystems). Each sample was analyzed in triplicate.
Relative mRNA transcript levels and virus DNA abundance were
calculated as relative quantity (RQ) according to the following equa-
tion: RQ = 274", All the qPCR primers were verified as being spe-
cific on the basis of melting curve analysis and were listed in Table S3.

Statistical Analyses

Data were showed as means values + standard error of mean (SEM),
accompanied by the number of experiments performed indepen-
dently, and analyzed by t test. Differences at p < 0.05 were considered
statistically significant. *p < 0.05; **p < 0.01; **p < 0.001.
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