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A tetracycline-inducible CRISPR/Cas9 system,
targeting two long non-coding RNAs, suppresses the
malignant behavior of bladder cancer cells
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Abstract. Clustered regularly interspaced short palindromic
repeats (CRISPR) associated protein 9 (Cas9) technology has
been applied in varied biological studies, including cancer
studies. However, stable mRNA expression of Cas9 has
potential risks in future gene therapy. Therefore, in the present
study, a tetracycline-inducible switch was used to control
the mRNA expression of Cas9. Long non-coding RNAs
(IncRNAs) may be important functional regulators in tumor
development, including in bladder cancer. RNA was designed
to simultaneously target two IncRNAs, PVT1 and ANRIL,
which are considered to be bladder cancer oncogenes. The
mRNA expression of Cas9 was controlled by doxycycline.
Reverse transcription-quantitative polymerase chain reaction
revealed that the expression of PVT1 and ANRIL was signifi-
cantly inhibited by the tetracycline-inducible CRISPR/Cas9
system. Functional assays demonstrated that this system
could inhibit proliferation, induce apoptosis and suppress cell
migration. Therefore, the tetracycline-inducible CRISPR/Cas9
system was demonstrated to repress the malignant behavior of
bladder cancer cells by controlling the expression of Cas9 and
simultaneously targeting two oncogenic IncRNAs.

Introduction

Bladder cancer among the most common types of urological
neoplasms worldwide (1). The aim of conventional therapies
for bladder cancer, including surgery, radiation and chemo-
therapy, is to eliminate cancer cells. However, adverse effects
and treatment failure are common (2-4). Numerous studies
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have focused on the underlying molecular mechanisms of
pathogenesis in bladder cancer, and, although long non-coding
RNAs (IncRNAs) cannot be translated into proteins, they
have emerged as key regulators of the development of bladder
cancer (5-7). Therefore, cancer gene therapy via targeting of
oncogenic IncRNAs may be a future treatment option.

The IncRNA, PVTI, can promote the progression of
various types of tumor, including bladder cancer (8-10). The
IncRNA, ANRIL, is also involved in numerous diseases and
has been demonstrated to promote DNA methylation, which
may be a perinatal marker for subsequent adiposity (11).
Overexpression of ANRIL has been reported to accelerate cell
invasion and suppress apoptosis in osteosarcoma (12). ANRIL
expression is upregulated in bladder cancer and promotes
disease progression through the intrinsic pathway (13). Taking
into consideration the importance of these two IncRNAs in
bladder cancer, they were used as targets in the present study.

Gene editing can alter DNA sequences using nucleases,
which act as molecular scissors (14). The clustered regularly
interspaced short palindromic repeats (CRISPR)-associated
(Cas) protein 9 system combines two components, guide
RNA (gRNA) and Cas nuclease (15). This system depends on
gRNA for specific cleavage (16). The CRISPR/Cas9 system
is considered a promising gene editing tool (17), which can
function in various types of cells (18,19). Numerous methods
based on this tool have been created and used for cancer
study (20,21). It has been revealed that CRISPR/Cas9 can
control gene expression by generating loss-of-function or
gain-of-function mutations in oncogenes (22). However, due
to potential off-target effects of CRISPR/Cas9, the consistent
and safe use of this system remains a challenge. Artificially
controlling the ‘switch’ of this system may reduce the adverse
off-target cellular effects.

A tetracycline-inducible element was applied in the present
study, consisting of the tetracycline repressor protein (TetR),
a specific DNA-binding site, and the tetracycline operator
sequence (TetO). TetR is separated from TetO via a conforma-
tional change, which is induced by tetracycline or its derivatives,
including doxycycline (DOX) (23). The tetracycline-inducible
switch controls the expression of Cas9. The nontoxic inducer,
DOX, is widely used in preclinical studies (24). Cas9 was
efficiently activated when DOX was added to the system.
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Thus, constant expression of Cas9 nuclease could not have
been achieved without the presence of DOX.

In the present study, gRNAs were designed to target
oncogenes, PVT1 and ANRIL. The objective of the study
was to suppress the progression of bladder cancer by targeting
multiple sites using the CRISPR/Cas9 system. In addition, the
present study aimed to eliminate the off-target effects of this
system by utilizing the tetracycline-inducible element. The
results indicated that, although all vectors were transfected
into cells, the phenotype of the bladder cancer cells was not
altered in the absence of DOX. However, when DOX was
added, the malignant behavior of bladder cancer cells was
significantly inhibited through this tetracycline-inducible
CRISPR/Cas9 system. Therefore, this system could efficiently
suppress the phenotype of bladder cancer cells and also reduce
the side effects of the CRISPR/Cas9 system.

Materials and methods

Cell lines and cell culture. The human bladder cancer cell
lines, T24 and 5637, were obtained from American Type
Culture Collection (Manassas, VA, USA). The T24 cells were
cultured in DMEM (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS;
HyClone; GE Healthcare, Chicago, IL, USA). The 5,637 cells
were maintained in RPMI-1640 media (Invitrogen; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS and
cultured at 37°C in 5% CO,.

Vectors. A total of 5 gRNA vectors targeting IncRNA
PVTI and 5 targeting IncRNA ANRIL were designed
using CRISPR-ERA (http://crispr-era.stanford.edu/). The
following gRNA sequences were cloned into a plasmid vector
(cat. no. 53188; Addgene, Inc., Cambridge, MA, USA) using
the restriction enzymes sites Ndel and BIPl: PVT1-gRNAI:
5'“TCTCCAGAAGGACAGAATAA-3'; PVT1-gRNA2:
5'-AAAAGAATTTAATAGACACG-3"; PVTI-gRNA3:
S"TTGGTGGGGCTTGTGAATC-3'"; PVT1-gRNA4: 5-ACG
AGGCCGGCCACGCCACG-3"; PVTI-gRNAS: 5'-GAT
TCACAAGCCCCACCAAG-3"; ANRIL-gRNAI1: 5-GGG
GCGCGGCCTCGGCGGAT-3; ANRIL-gRNA2: 5-CCG
CTCCTCGGCCAAGTCCA-3"; ANRIL-gRNA3: 5'-CGC
CGCGGCGCGGGGACTAG-3"; ANRIL-gRNA4: 5'-GCA
GCAGCAGCTCCGCCACG-3"; ANRIL-gRNAS: 5'-ACG
GCCAACGGTGGATTATC-3'". Tetracycline-inducible Cas9
(vector 1) was purchased from SyngenTech Co., Ltd. (Beijing,
China). The vector 2 simultaneously expressing PVT1-gRNA3,
PVT1-gRNA4, ANRIL-gRNA2 and ANRIL-gRNAS was
constructed by SyngenTech Co., Ltd, (Beijing, China).

DNA sequencing. An amount of 1 yg/ml DOX was added to
the transfected cells and after 48 h the cells were harvested
and genomic DNA was extracted using EasyPure Genomic
DNA kit (Beijing Transgen Biotech Co., Ltd., Beijing, China),
according to the manufacturer's protocol. DNA sequencing
was performed by Sangon Biotech Co., Ltd. (Shanghai, China).

Cell transfection. The propagated vectors were extracted from
E. coli using Plasmid Midiprep kit (Promega Corporation,
Madison, WI, USA), according to the manufacturer's protocol.
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T24 and 5637 cells (2x10°) were transfected with 2 ug vectors
for 48 h per well in 6-well plates using 4 pl Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to
the number of cells seeded in the plates. Following transfection,
T24 and 5637 cells were used for subsequent experiments
immediately.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gqPCR). Total RNA was
extracted from 2x10°T24 or 5637 cells following incubation
with TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. Total RNA was
reverse transcribed into cDNA using a PrimeScript RT reagent
kit with gDNA Eraser (Takara Biotechnology Co., Ltd.,
Dalian, China), according to the manufacturer's protocol. The
mRNA expression levels of PVT1 and ANRIL were measured
by RT-gPCR by SYBR® Premix Ex Taq IT (cat. no. RR420A;
Takara Biotechnology Co., Ltd.) using a Roche LightCycler®
480 Real-Time PCR system. The following thermocycling
conditions were used: Initial incubation at 95°C for 1 min;
40 cycles at 95°C for 30 sec, 60°C for 30 sec and 72°C for
30 sec, and a final extension step at 72°C for 10 min. GAPDH
was used as the endogenous control. The following primer
pairs were used: PVTI, forward, 5'-GCCCCTTCTATGGGA
ATCACTA-3', reverse, 5-GGGGCAGAGATGAAATCG
TAAT-3'; ANRIL, forward, 5-CAACATCCACCACTGGAT
CTTAACA-3, reverse, 5-AGCTTCGTATCCCCAATGAGA
TACA-3"; GAPDH, forward, 5-CGCTCTCTGCTCCTCCTG
TTC-3', reverse, 5'-ATCCGTTGACTCCGACCTTCAC-3'.
The comparative 2244 method (25) was used to analyze the
relative expression of PVT1 and ANRIL. All the experiments
were performed at least three times.

Proliferation assay. Cell Counting kit-8 (CCK-8; Beyotime
Institute of Biotechnology, Shanghai, China) was used to
measure proliferation, according to the manufacturer's
protocol. Cells were seeded into a 96-well plate at 5,000 cells
per well. Subsequently, 24,48 or 72 h after transfection, 10 pl of
CCK-8 was added to each well and the cells were incubated for
30 min. Absorbance was measured at a wavelength of 450 nm
using an ELISA microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). All the assays were performed at
least in triplicate.

ELISA. A cell death detection ELISA kit (Roche Applied
Science, Penzberg, Germany) was used to determined apop-
totic rate by quantifying histone-complexed DNA fragments
(nucleosomes) in the cytoplasm, according to the manufac-
turer's protocols. The absorbance was measured at 405 nm
wavelength using a microplate reader (Bio-Rad, Laboratories,
Inc.). The experiment was performed =3 times.

Cell migration assay. T24 and 5637 cells were seeded in
6-well plates at 37°C and reached 90% confluence prior to
transfection. They were divided into negative control and
experimental groups. A mass of 1 pg vector 1 and 1 ug
vector 2 were transfected into the cells and a sterile pipette
tip was used to create a wound in the cell layer. After 24 h
of transfection, the migration distance was detected using
the software program, HMIAS-2000 (version 2.0; Wuhan
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Figure 1. DNA sequencing was performed following transfection of cells with different gRNAs and Cas9. (A) The locations of the gRNA targets on PVT1
and ANRIL. Overlapping peaks were evident when the CRISPR/Cas9 system generated mutations in the PVT1 and ANRIL sequences using (B) gRNAI,
(C) gRNA2, (D) gRNA3, (E) gRNA4 and (F) gRNAS. No change was observed in PVT1 targeted by gRNA2. There was no effect on the DNA sequence of
ANRIL following transfection with gRNA3/Cas9. gRNA, guide RNA; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR

associated protein 9.

Qianping Imaging Technology Co., Ltd., Wuhan, China). The
experiments were repeated >3 times.

Western blotting. The transfected cells were washed with
PBS and then lysed in radioimmunoprecipitation assay
buffer (Beyotime Institute of Biotechnology). The assay
was performed as previously described (26). The specific
primary antibody against Cas9 (Streptococcus pyogenes)
(clone no. D8Y4K) rabbit mAb (cat. no. 65832) and GAPDH
(clone no. D16H11) XP® Rabbit mAb (cat. no. 5174) were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA; both dilutions, 1:1,000). Incubation with diluted
primary antibodies, whilst shaken gently, was at 4°C overnight.
The peroxidase-conjugated secondary antibody anti-rabbit
IgG (cat. no. A0545) was bought from Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany (1:10,000). Incubation

with diluted secondary antibody, whilst shaken, at room
temperature for 1 h. The experiments were repeated =3 times.

Statistical analysis. All statistical analyses were performed
using SPSS 20.0 version software (IBM Corp., Armonk, NY,
USA). The data are presented as the mean + standard devia-
tion. Data was analyzed using Student's t-test or analysis of
variance with the Least-Significant-Difference post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results
Shearing efficiency of CRISPR/Cas9, analyzed by DNA

sequencing. The bladder cancer cells were cultured in 6-well
plates and transfected with gRNA and tetracycline-inducible
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Figure 2. The relative expression levels of PVT1, ANRIL and Cas9 following transfection with tetracycline-inducible CRISPR/Cas9. (A) The expression levels
of PVT1 and ANRIL in T24 cells following transfection with different gRNAs and tetracycline-inducible Cas9. (B) The mRNA expression levels of PVT1 and
ANRIL in 5637 cells following transfection with different gRNAs and tetracycline-inducible Cas9. The expression levels of gRNA1, gRNA2, gRNA3, gRNA4
and gRNAS were measured, compared with the gRNA empty vector group. gRNA3 and gRNA4 targeting PVT1, and gRNA2 and gRNAS5 targeting ANRIL
significantly inhibited PVT1 and ANRIL expression compared with the negative control (gRNA empty vector group) in T24 and 5637 cells. (C) The expres-
sion levels of PVT1 and ANRIL were significantly suppressed following addition of DOX in T24 cells, compared with the NC+DOX group cells (P<0.01).
(D) The expression levels of PVT1 and ANRIL were significantly suppressed following addition of DOX in 5637 cells, compared with the NC+DOX group
cells (P<0.01). Error bars represent the mean + standard deviation. "P<0.05, “"P<0.01. (E) In the absence of DOX, Cas9 was not expressed in T24 and 5637
cells. However, following DOX addition, expression of Cas9 was evident. CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR

associated protein 9; gRNA, guide RNA; DOX, doxycycline.

Cas9 vectors. DOX was used to control mRNA expression
of Cas9. Genomic DNA was extracted from the cells 48 h
following transfection. The locations of different gRNAs
targeting PVT1 or ANRIL are indicated in Fig. 1A. A total
of 5 gRNAs targeting PVT1 and 5 targeting ANRIL were
designed. When genomic DNA was excised by CRISPR/Cas9,
overlapped peaks were identified in the DNA sequence.
Overlapped peaks appeared when mutations were generated
in the PVT1 and ANRIL sequences using gRNA1 (Fig. 1B),
¢RNA2 9 (Fig. 1C), gRNA3 (Fig. 1D), gRNA4 (Fig. 1E)
and gRNAS (Fig. 1F). However, no overlapping peaks were
evident when gRNA2 was used to target PVT1 (Fig. 1C).
In addition, gRNA3 targeting of ANRIL was not effective
in tetracycline-inducible CRISPR/Cas9 system (Fig. 1D).
Therefore, the effective gRNAs targeting of PVT1 (gRNAL, 3,
4 and 5) and the effective gRNA-targeting of ANRIL (gRNAI,

2,4 and 5) may guide the system to excise PVT1 or ANRIL
DNA (controlled by DOX).

Suppression efficiency of tetracycline-inducible CRISPR/
Cas9, analyzed by RT-gPCR and western blot analysis. The
expression levels of PVT1 and ANRIL in bladder cancer cell
lines, T24 and 5637, were measured by RT-qPCR. A total of
5 gRNAs targeting PVT1 and 5 gRNAs targeting ANRIL
were designed and subcloned into plasmids. Their effects on
PVTI1 and ANRIL were detected following transfection of
each CRISPR/Cas9 system into cells. Knockdown of PVT1
and ANRIL in T24 and 5637 cells was achieved by 4 gRNAs
targeting PVT1 (gRNAI1, gRNA3, gRNA4 and gRNAS5)
and 4 gRNAs targeting ANRIL (gRNA1, gRNA2, gRNA4
and gRNAS5) (Fig. 2A and B). The gRNA3 and gRNA4
targeting PVT1, gRNA2 and gRNAS targeting ANRIL
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Error bars represent mean + standard deviation. “P<0.01. CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR associated

protein 9; DOX, doxycycline; NC, negative control; OD, optical density.

were determined to induce maximal inhibition of PVT1 and
ANRIL expression, compared with the negative control in T24
and 5637 cells (Fig. 2A and B). gRNA3 and gRNA4 targeting
PVTI, and gRNA2 and gRNAS targeting ANRIL were
selected for further examination. In order to achieve higher
inhibition efficiency, the sequences of these four gRNAs were
inserted into one vector to achieve simultaneous expression.
A quantification analysis was conducted in order to verify the
tetracycline-inducible CRISPR/Cas9 system's ability to knock
down PVT1 and ANRIL. The mRNA expression levels of
PVTI and ANRIL were significantly suppressed following
addition of DOX to T24 cells (Fig. 2C; P<0.01) and 5637
cells (Fig. 2D; P<0.01). compared with the relative control
cells. In conclusion, the expression of Cas9 at the protein level
was verified. As indicated in Fig. 2E, Cas9 was expressed in
T24 and 5637 cells following DOX addition. However, in the
absence of DOX, no expression of Cas9 was evident.

Proliferation is inhibited by tetracycline-inducible
CRISPR/Cas9 in bladder cancer cells. The cells transfected
with gRNA vectors and tetracycline-inducible Cas9 vectors
were designated as the Treatment group. No significant differ-
ences were identified in the negative control (NC) and Treatment
groups in T24 and 5637 cells (Fig. 3A and B; P>0.05). When
1 ug/ml DOX was added to the medium, proliferation was
significantly inhibited in the Treatment+DOX group in T24
cells compared with the NC+DOX group (Fig. 3A; P<0.001)

and 5637 cells (Fig. 3B; P<0.001). Proliferation was inhibited
by controlling the expression of Cas9 via simultaneously
targeting two oncogenic IncRNAs in the bladder cancer cells.

Apoptotic rate is induced by tetracycline-inducible
CRISPR/Cas9 in bladder cancer cells. In the absence of
DOX, apoptotic rate was not significantly different between
the NC and Treatment groups. However, following the addi-
tion of DOX, Cas9 was expressed and CRISPR/Cas9 was able
to excise PVT1 and ANRIL. Apoptotic rate was significantly
increased in the Treatment+DOX group in T24 cells (Fig. 3C;
P<0.01) and 5637 cells (Fig. 3D; P<0.01) compared with the
NC+DOX group.

Cell migration was suppressed by tetracycline-inducible
CRISPR/Cas9 in bladder cancer cells. In the absence of DOX,
no difference in cell migration was evident between the NC
and Treatment groups in T24 (Fig. 4A) and 5637 cells (Fig. 4B).
Quantification analysis verified that, in the absence of DOX, no
significant differences in cell migration were identified in T24
cells and 5637 cells compared with the control (Fig. 4C and D;
P>0.05). However, with the addition of DOX to the medium,
cell migration was repressed in the Treatment+DOX group in
T24 and 5637 cells compared with the NC+DOX group. Cell
migration was inhibited by almost 50% in T24 cells (Fig. 4C;
P<0.01) and 60% in 5637 cells (Fig. 4D; P<0.01). These results
suggested that the tetracycline-inducible CRISPR/Cas9 system



4314

NC-DOX

Treatment
-DOX

NC+DOX

Treatment
+DOX

£3NC-DOX

@ & Treatment-DOX
E3INC+DOX
B3 Treatment+DOX

Ty

n 200 @ O
(=T =T =T = I = =

Relative cell migration (%)

T24

. Treatment

Treatment

PENG et al: EFFECT OF TETRACYCLINE-INDUCABLE CRISPR-Cas9 ON BLADDER CANCER CELLS

5637

T=0h

-DOX |

NC+DOX |

+DOX

D £ NC-DOX
" Treatment-DOX
& NC+DOX
&3 Treatment+DOX

Relative cell migration

5637

Figure 4. Cell migration was suppressed following transfection with tetracycline-inducible CRISPR/Cas9. (A) In the absence of DOX, no differences in cell
migration were identified between NC and Treatment groups in T24 cells. (B) The tetracycline-inducible CRISPR/Cas9 system had no effect on cell migration
in the absence of DOX in 5637 cells. (C) In the absence of DOX, quantitative analysis revealed no statistical difference in cell migration between the NC and
Treatment groups in T24 cells. With the addition of DOX to the medium, cell migration was significantly inhibited in the Treatment+DOX group compared
with the NC+DOX group in T24 cells (P>0.05). (D) Significant suppression was observed in the Treatment+DOX group compared with the NC+DOX group
in 5637 cells. Error bars represent mean + standard deviation. “P<0.01. CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR

associated protein 9; DOX, doxycycline; NC, negative control; T, time.

could function as an inhibitor of cell migration in bladder
cancer cells.

Discussion

CRISPR/Cas9 is used as a robust genome editing tool to induce
specific genomic modifications in mammalian cells (27,28).
CRISPR/Cas9 can induce mutations in genomes when
multiple gRNAs are integrated with Cas9 in an array (27).
This tool has been applied in transcription regulation and gene
therapy (15). In a previous study, a catalytically defective Cas9
mutant (dCas9) was created and co-expressed with gRNA
to generate a recognition complex, which was indicated to
control gene expression at a transcriptional level by interfering

with RNA polymerase, elongation and transcription factor
binding (29). In addition, CRISPR/Cas9 has been used to
target the long-terminal repeat promoter of HIV-1 to inhibit
HIV-1 expression in infected human cells (30).

However, there are certain adverse effects of the
CRISPR/Cas9 system, including off-target effects, proto-
spacer adjacent motif dependence and gRNA production (15).
Researchers have attempted to eliminate the off-target muta-
tions of CRISPR/Cas9 (31,32). The dosage of CRISPR/Cas9
has been demonstrated to affect the off-target effects (15) and,
in the present study, a tetracycline switch was used to control
the expression of Cas9 to regulate the dosage of CRISPR/Cas9.

Numerous long non-coding RNAs (IncRNAs) serve
important roles in the development of different types of cancer
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and may be potential biomarkers (33). Oncogenic IncRNAs in
bladder cancer were selected as targets in the present study.
With the use of CRISPR/Cas9 to simultaneously knock down
=2 IncRNAs, higher suppression efficiency may be achieved.
Previous studies revealed that overexpression of PVT1 and
ANRIL promoted the progression of bladder cancer (9,13).
Therefore, these 2 IncRNAs were selected for targeting by
gRNAS

In the present study, a tetracycline-inducible
CRISPR/Cas9 system was constructed targeting IncRNAs to
reduce off-target effects and inhibit the malignant behavior
of bladder cancer cells. The results indicated that this
tetracycline-inducible system had no effects in the absence of
DOX. However, with the addition of DOX, this system could
significantly repress the malignant phenotype of bladder
cancer cells.
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