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Editorial on the Research Topic

Engineering Signal Sensors Based on Reprogrammed CRISPR Technologies

In the past few years, gene editing and regulation technologies based on the CRISPR-Cas system have
developed rapidly. Using CRISPR technology, we can not only knock out genes and edit DNA
sequences, but also regulate DNA transcriptions, and even target RNAs. The expression of CRISPR-
Cas system in cells includes both constitutive and inducible manners. The signal-inducible CRISPR-
Cas system has the characteristics of temporal and spatial specific expression, so it can be used in
medical research. This Research Topic aims to develop the reprogrammed CRISPR systems for
sensing and targeting specific disease signals. It includes original research articles from communities
involved with gene engineering, synthetic biology, RNA biology and tumor biology.

Firstly, as a gene editing and regulation tool, CRISPR-Cas can be used for cleaving DNA targets
or regulating DNA transcription. By targeting specific disease markers, the CRISPR system can be
used to study the functions and mechanisms of key molecules, and also directly inhibit the
occurrence and development of diseases. Chen et al. used CRISPR-Cas9 system to knockout the
HBV integrated fragments in PLC/PRF/5 cells that can potentially express HBsAg, which
suggested the prospect of controlling hepatitis B virus replication and treating hepatitis Lan
et al. revealed the possibility of using the CRISPR-dCas9 transcriptional suppression system to
treat intervertebral disk degeneration (IDD) through Parkin targeted inhibition. Ye et al. used
CRISPR-dCas9 to knockdown the expression of SNHG9, a lncRNA which promotes cell
proliferation, migration, and invasion of human hepatocellular carcinoma cells by increasing
GSTP1methylation. By targeting the oncogenic lncRNA PANDAR, Jia et al. observed proliferation
inhibition and apoptosis induction in oral squamous cell carcinoma using CRISPR-dCas9. Cao
et al. also observed anticancer effects in bladder cancer by using a similar CRISPR-dCas9 system
and indicated that lncRNA SNGH3 serves as a oncogene and could be employed as a prospective
diagnostic marker for clinical use. Zhao et al. developed the CRISPR-dCas9-KRAB, a much more
stronger transcriptional inhibitor, to regualte lncRNA gadd7 which protects spermatocyte
viability. Zheng and Chen found that downregulation of CacyBP by CRISPR/dCas9-KRAB
prevents bladder cancer progression and suggested that CacyBP is an important oncogene
contributing to malignant behavior. Chen and Zheng reported that lncRNA LINC00944
promotes tumorigenesis but suppresses Akt phosphorylation in renal cell carcinoma by
knockdown of LINC00944 using CRISPR-dCas9-KRAB. Yang et al. constructed the CRISPR-
dCas9-VPR, a transcriptional activator, to up-regulate lncRNA ERIC exrepssion which inhibits
cell proliferation and invasion and promotes apoptosis in human bladder cancer. Yang et al. used
both CRISPR-dCas9-VPR and CRISPR-dCas9-KRAB systems to study the biological functions of
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ITGB5, TIMP1, and TMEM176B, and found that the three
genes synergistically affect the proliferation, invasion and
migration capabilities of prostate cancer cells. More
interestingly, Gan et al. demonstrated that TRIM58 is
inactivated by promoter methylation in clear cell renal cell
carcinoma, and TRIM58 DNA demethylation mediated by
CRISPR-dCas9-TET1 can inhibit cancer cell proliferation and
migration by reactivating TRIM58 expression.

Secondly, nucleases represented by CRISPR-Cas13 can also
be used to cleave or edit cellular RNAs. Since the abnormal
expression and activity of the transcriptome are more closely
related to diseases, this will be a new direction. Che et al.
designed the CRISPR-Cas13a to target the enhancer RNA-
SMAD7, and knockdown of SMAD7e inhibits bladder cancer
development both in vitro and in vivo. Zhang et al. also used
CRISPR-Cas13 to inhibit the expression of another lncRNA
GACAT3, and they found that knockdown of GACAT3
inhibited cell proliferation and motility, and induced
apoptosis by increasing p21, Bax, and E-Cadherin expression
in bladder cancer. Zhuang et al. used CRISPR-Cas13d, another
enzyme similar to CRISPR-Cas13a, to cleave lncRNA
MIR497HG and this induces bladder cancer progression
through promoting the crosstalk between Hippo/Yap and
TGF-β/Smad signaling. Li et al. constructed CRISPR-CasRx
to cleave lncRNA LINC00341 which inhibits tumor cell
growth both in vitro and in vivo. More interestingly, Cao
et al. designed a dm6ACRISPR demethylation system,
dCas13b-ALKBH5, to accurately and specifically demethylate
3′UTR of PLOD2 mRNA, which has a high level of m6A
methylation in renal cell carcinoma. Their results suggested
that PLOD2 mRNA demethylated by dCas13b-ALKBH5 might
provide a new light on the treatment for renal cell carcinoma.

Thirdly, some intelligent CRISPR systems that regulated by
internal and external signals have been designed to treat
diseases. Wu et al. presented a blue light-inducible CRISPR-
Cas9 system for inhibiting progression of melanoma cells. This
light-inducible system may provide a novel strategy for skin
cancer treatment. Huang et al. also constructed a light-inducible
split-dCas9 system for inhibiting the progression of bladder
cancer cells by activating p53 and E-cadherin expression.
Zhuang et al. inserted the hTERT aptazyme into 3′UTR of
the Cas13d system, and used the reprogrammed system to sense
hTERT signals. This may provide a highly effective approach for

cancer gene therapy. Yang et al. used CRISPReader technology
to construct an endogenous molecular system for sensing the
oncogenic transcription factor Ets-1. This system can
specifically kill multiple types of cancer cells based on the
recognition of Ets-1, and has a wide range of potential
applications.

In addition to the works mentioned above, Yao et al. also
proposed a special study. They found that synthetic artificial
lncRNA shows a higher efficiency in malignant phenotype
inhibition compared to the CRISPR/Cas system. This is indeed
very interesting, because the guide RNA of the CRISPR-Cas
system is very similar to lncRNA in structure and function.
Maybe we can build a better gene editing and regulation
system based on the artificial lncRNA.

Overall, this Research Topic fully demonstrates the feasibility
of the CRISPR-Cas system to treat diseases by sensing or targeting
DNA, RNA and protein targets. In the future, the clinical
application progress of the CRISPR system will be more
worthy of attention.
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CRISPR-Cas13a Targeting the
Enhancer RNA-SMAD7e Inhibits
Bladder Cancer Development Both
in vitro and in vivo
Wenan Che1†, Shanting Ye2†, Aoxiang Cai1†, Xiaojuan Cui1 and Yuandong Sun1*
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Enhancers are cis-acting elements that can promote the expression of target genes and
respond to estrogen to induce the transcription of eRNAs, which are closely associated
with cancer development. Further study on eRNAs may lead to a better understanding
of the significance of transcriptional regulation and the progression of malignant
tumors. SMAD7 enhancer RNA (SMAD7e) is an estrogen-responsive eRNA. However,
the relationship between SMAD7e and bladder cancer remains unclear. SMAD7e
was significantly upregulated in bladder cancer tissues and estrogen-stimulated
cells. Knockdown of SMAD7e by CRISPR-Cas13a suppressed cell proliferation and
migration, and induced cell apoptosis and inhibited cell invasion. Estrogen caused
overexpression of SMAD7e and played a facilitating role in bladder cancer cells.
Furthermore, knockdown of SMAD7e by CRISPR-Cas13a prevented the cancer-
promoting effects of estrogen on bladder cancer both in vitro and in vivo. The present
study suggested the crucial role of SMAD7e in bladder cancer. Estrogen might promote
the development of bladder cancer by inducing SMAD7e production. These findings
may provide a potential target for CRISPR-mediated gene therapy for bladder cancer in
the future.

Keywords: CRISPR-Cas13a, SMAD7e, bladder cancer, estrogen, enhancer RNA (eRNA)

INTRODUCTION

Estrogen is reported to be associated with the development of many cancers (Horie, 2010).
To the best of our knowledge, bladder cancer mainly occurs in males, while female patients
have lower survival rates (Hartge et al., 1990; Madeb and Messing, 2004; Xu et al.,
2013; Murakawa et al., 2016). The sex difference in morbidity suggests the importance of
estrogen for bladder cancer development. However, the molecular mechanisms of estrogen
in bladder cancer remain unclear. Although there are many treatments for patients with
bladder cancer, such as chemotherapy, radiation, and surgery, the 5-year survival rate is
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low (Racioppi et al., 2012; Sofra et al., 2013; Rose and Milowsky,
2016). Therefore, there is a need to develop a more effective and
safer method for treating bladder cancer.

Recently, several studies suggested that natural enhancers
were occupied by RNA polymerase II (RNAP II) and transcribed
into non-coding (nc) RNAs termed enhancer RNAs (eRNAs)
(De Santa et al., 2010; Kim et al., 2010). The eRNA-producing
enhancer regions have been exploited and eRNAs may play
a crucial role in gene transcriptional regulation (Lam et al.,
2013). Studies have confirmed that the abnormal expressions
of eRNAs are closely related to diseases (He et al., 2013; IIott
et al., 2014; Yao et al., 2015; Bal et al., 2017; Gras et al.,
2017). SMAD7 is proved to be an intracellular protein with a
well-known ability to antagonize transforming growth factor-
β1 (TGF-β1) signaling through multiple mechanisms (Nakao
et al., 1997). Recent studies have shown that SMAD7 plays a
role in breast cancer development and progression (Rahman
et al., 2017). SMAD7 facilitated the proliferation of cancer
cells originating from colorectal, pancreatic, prostate, and lung
(Brionesorta et al., 2011). Previous studies found that the
corresponding enhancer of SMAD7 could be transcribed into
functional transcripts – SMAD7e with estrogenic stimulation
(Hah et al., 2013; Li et al., 2013). However, the roles of SMAD7e
in bladder cancer are completely unclear. It would therefore be
interesting to determine if the SMAD7e mediates the effect of
estrogen on bladder cancer.

In this study, we examined the clinical significance of SMAD7e
in 38 bladder cancer samples. The effects of SMAD7e knockdown
on the proliferation, migration, apoptosis, and invasion of
bladder cancer cells were determined. Moreover, we determined
the promoting effect of estrogen on bladder cancer and the
potential molecular mechanisms of estrogen in bladder cancer. In
addition, we demonstrated that SMAD7e knockdown mediated
by CRISPR-Cas13a reduced the cancer-promoting ability of
estrogen on bladder cancer cells both in vitro and in vivo. This
work suggested CRISPR-Cas13a as an effective tool to target one
specific enhancer RNA- SMAD7e in bladder cancer and revealed
its advantage in anticancer research.

RESULTS

SMAD7e Was Overexpressed in Bladder
Cancer Tissues and Positively Correlated
With Clinicopathological Features
We measured the relative expression levels of SMAD7e in a total
of 38 patients with bladder cancer by real-time qPCR. Compared
with normal counterparts, the SMAD7e expression was obviously
overexpressed in 29 cancer tissues (Figures 1A,B). We further
analyzed the relationship between SMAD7e expression and
clinical features of patients. As shown in Table 1, there was a
positive correlation between the SMAD7e expression level and
the clinical features including histological grade and TNM stage
of bladder cancer. However, sex and age had no relationship with
the SMAD7e expression level. Therefore, SMAD7e may function
as a oncogenic factor in bladder cancer.

Estrogen Induced the Production of
SMAD7e, Facilitated Cell Proliferation,
Increased Cell Migration, Suppressed
Cell Apoptosis, and Promoted Cell
Invasion in Bladder Cancer
We measured SMAD7e expression levels after estrogen
stimulation for 1 h in 5637 cells and T24 cells, using RT
qPCR. These results indicated that SMAD7e expression was
significantly increased in bladder cancer cells when stimulated
by estrogen (Figure 2A). To determine the impact of estrogen on
bladder cancer cells, the cell proliferations of 5637 and T24 were
determined by CCK8 and Edu assays. Estrogen-promoted cell
growth was observed in 5637 cells and T24 cells (Figures 2B,C).
We further determined that estrogen promoted cell migration
in bladder cancer using wound healing assays (Figure 2D).
Furthermore, estrogen suppressed cell apoptosis in bladder
cancer. The relative activity of caspase-3 was determined using a
caspase 3 ELISA (Figure 2E). Estrogen promoted cell invasion
in bladder cancer (Figure 2F). These results demonstrated that
estrogen played a cancer-promoting role in bladder cancer.

Knockdown of SMAD7e by
CRISPR-Cas13a Suppressed
Proliferation, Inhibited Migration,
Promoted Apoptosis, and Decreased
Invasion in Bladder Cancer Cells
CRISPR-Cas13a was used to measure the effect of SMAD7e
knockdown on biological behaviors of bladder cancer cells.
After Cas13a-SMAD7e or Cas13a-NC transfection for 24 h,
the relative expression levels of SMAD7e were significantly
reduced (Figure 3A). We used CCK8 and Edu assays to
compare the cell proliferations between the SMAD7e knockdown
group and the negative control group. The results showed that
knockdown of SMAD7e suppressed cell growth in 5637 and
T24 cells (Figures 3B,C). The cell migration was significantly
inhibited, as shown by wound healing assays in 5637 and T24
cells (Figure 4A). We also used caspase 3 ELISA assays to
compare the cell apoptosis rates of the two groups. The results
indicated that knockdown of SMAD7e increased cell apoptosis
(Figure 4C). Furthermore, knockdown of SMAD7e decreased cell
invasion, as demonstrated using Transwell R© assays (Figure 4E).
Therefore, knockdown of SMAD7e inhibited the tumorigenicity
of bladder cancer cells.

Knockdown of SMAD7e Attenuated the
Carcinogenesis Effect of Estrogen in
Bladder Cancer Cells
We hypothesized SMAD7e played a key role in the carcinogenic
effects of estrogen in bladder cancer. Bladder cancer cells
were transfected with Cas13a-SMAD7e or Cas13a-NC
vectors and treated with estrogen. Compared with the
negative control, cell proliferation was obviously decreased
(Figures 3B,D); the cell migration ratio was reduced
(Figure 4B); the cell apoptosis was increased (Figure 4D);
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FIGURE 1 | The expression of SMAD7e in bladder cancer. (A) SMAD7e was up-regulated in bladder cancer. The relative expression levels of SMAD7e were
detected by qPCR in 38 bladder cancer patients. (B) The relative expression level of SMAD7e was significantly increased in bladder cancer tissues compared to
paired normal tissues. Data are shown as the mean ± SD.

and the invasive ability of the cells was also prominently
weakened (Figure 4F) in the SMAD7e knockdown group
treated with estrogen.

To verify the effects of SMAD7e on the carcinogenic effects of
estrogen in vivo, xenograft models were established by injecting
stable knockdown SMAD7e T24 cells and vector transfected T24
cells into subcutaneous tissues of nude mice. All nude mice
developed xenogeneic tumors at the injection site (Figure 5A).
Tumor growth of SMAD7e silenced cells was slower than
that of the SMAD7e knockdown group treated with estrogen
(Figure 5B). As shown in Figures 5C,D, downregulation of
SMAD7e significantly decreased the xenograft tumor volume
and tumor weight compared to the SMAD7e knockdown group
treated with estrogen. In conclusion, knockdown of SMAD7
attenuated the effects of estrogen on bladder cancer.

TABLE 1 | Correlation between SMAD7e expression and clinicopathological
characteristics of bladder cancer patients.

Characteristics Total SMAD7e expression P value

Low High

Gender

Female 7 3 (28.6%) 4 (71.4%) 0.186

Male 31 6 (32.3%) 25 (67.7%)

Age

≤60 10 4 (30.0%) 6 (70.0%) 0.157

>60 28 5 (17.9%) 23 (82.1%)

Histological grade

Low 14 7 (60.0%) 7 (40.0%) 0.004**

High 24 2 (21.7%) 22 (78.3%)

TNM stage

0/I 6 4 (83.3%) 2 (16.7%) 0.007**

II/III/IV 32 5 (18.8%) 27 (81.2%)

∗∗p < 0.01 was considered significant.

DISCUSSION

Previous studies on gene-related cancers have focused on coding
genes, because they directly affect cell function. However,
accumulating evidences has indicated that ncRNAs play a non-
redundant role in regulating gene transcription and protein
generation, including the eRNAs (Murakawa et al., 2016).
Compared to other mRNAs and lncRNAs, eRNAs can promote
the development of various cancers by regulating the expression
of multiple genes, and should be ideal anticancer targets.

It has been reported that human breast cancer cell E2 binding
to estrogen receptor α leads to increased transcription of eRNAs
on enhancers, along with the upregulation of E2-associated
coding genes (Wang et al., 2011). The corresponding enhancers
of SMAD7 can respond to estrogen stimuli to transcribe SMAD7
eRNA. The eRNAs appear rapidly after induction, and the half-
life is very short. The mean transcription unit length of eRNAs
from the estrogen receptor binding site is ∼3–5 kb, and therefore
eRNAs may interact with enhancers.

The production of eRNAs is positively correlated with the
expression of the target genes. Increased evidence suggests
that eRNAs may affect cell biological behaviors, such as cell
migration, invasion, proliferation, and apoptosis by upregulating
the expression of target genes. Some studies further indicates
that CREB-binding protein (CBP) can directly bind to eRNAs
(Castello et al., 2012). CBP controls gene expression patterns
in organisms by regulating histone acetylation, reducing histone
affinity for DNA, and facilitating chromatin loosening to promote
transcription. Although some studies have shown that eRNAs
play a role in gene regulation, further studies are needed to reveal
their biological functions.

SMAD7e is an estrogen-associated eRNA that enhances
gene transcription. Our study was the first to demonstrate the
overexpression of SMAD7e in bladder cancer tissues. Further
research demonstrated that the expression level of SMAD7e
was closely associated with the histological grade and the TNM

Frontiers in Molecular Biosciences | www.frontiersin.org 3 November 2020 | Volume 7 | Article 6077409

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-607740 November 11, 2020 Time: 15:18 # 4

Che et al. CRISPR-Cas13a Targeting SMAD7e

FIGURE 2 | The effect of E2 on bladder cancer cells. (A) After stimulation with estrogen for 1 h, the relative expression levels of SMAD7e were significantly increased
in bladder cancer cells. (B,C) Estrogen facilitated cell proliferation as revealed by CCK8 and Edu assays in 5637 and T24 cells. (D) Estrogen promoted cell migration
as revealed by wound healing assays in 5637 and T24 cells. (E) Estrogen reduced bladder cancer cell apoptosis. (F) Estrogen increased cell invasion as detected by
Transwell R© assays. E2 represents estrogen. Data are shown as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).

stage. Our results suggested that SMAD7e may contribute to
the initiation and progression of bladder cancer. In addition,
we demonstrated that estrogen could induced the synthesis of
SMAD7e and promoted the malignant biological behaviors of
bladder cancer cells. Therefore, SMAD7e is a potential anticancer
target in human bladder cancer.

To further verify the function of SMAD7e in bladder cancer,
we knocked down SMAD7e by CRISPR-Cas13a (Abudayyeh
et al., 2017). Since there lacks an effective tool to target this
specific type of non-coding RNA, we therefore used the newly
developed biological method- CRISPR-Cas13a to resolve the

targeting problem. Some recent studies (Zhao et al., 2018; Qi
et al., 2019; Chen et al., 2020) also used CRISPR-Cas13a to
inhibit different cancers by suppressing oncogenic mRNAs. Our
results showed that downregulation of SMAD7e suppressed
proliferation and migration, promoted apoptosis, and decreased
invasion in bladder cancer. Therefore, it was suggested that
SMAD7e had a cancer-promoting effect in bladder cancer. We
also hypothesize that there might be a unique relationship
between SMAD7e and the tumor-promoting action of estrogen,
whereby estrogen causes the induction of SMAD7e. Lastly, we
observed the cell malignant abilities after estrogen treatment
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FIGURE 3 | The effect of Cas13a-SMAD7e on the proliferation of E2-treated bladder cancer cells. (A) SMAD7e expression levels were dramatically downregulated
by Cas13a-SMAD7e. (B) Cell proliferation was detected by CCK8 assays in T24 and 5637 cells after transfection for 24 h. Knockdown of SMAD7e by Cas13a
inhibited cell growth and reduced the proliferative effects of estrogen as determined by CCK8 assays in 5637 and T24 cells. (C) Edu assays were used to measure
cell proliferation. Downregulation of SMAD7e inhibited cell growth of bladder cancer cells. (D) SMAD7e knockdown reduced the pro-proliferative effects of estrogen
in 5637 and T24 cells. E2 represents estrogen. Data are shown as the mean ± SD (**p < 0.01, ***p < 0.001).

was impaired after Cas13a-SMAD7e transfection both in vitro
and in vivo. These results demonstrated that SMAD7e might
contribute to the carcinogenic effects of estrogen on bladder
cancer, and that Cas13a-SMAD7e should be a powerful molecular
approach to inhibit bladder cancer development.

MATERIALS AND METHODS

Patients and Tissue Specimens
Thirty-eight bladder urothelial carcinoma patients who received
radical cystectomy were included in this study. The samples
were stored in liquid nitrogen immediately after resection. These
methods were based on approved guidelines. Formal written
approvals from these patients were also received. The study was
approved by the Research Ethics Committee of our institute.

Cell Culture and Treatments
Human bladder cancer cell lines (5637, T24) were obtained from
the America Type Culture Collection (ATCC, Manassas, VA,
United States). The 5637 cells were grown in RPMI-1640 medium
(Gibco BRL, Gaithersburg, MD, United States) supplemented
with 10% charcoal-stripped fetal bovine serum (FBS; Gibco

BRL) and 1% antibiotics (100 U/mL penicillin and 100 µg/mL
streptomycin sulfates) in a 5% CO2 humidified incubator at
37◦C. The T24 cells were cultured in DMEM medium (Gibco
BRL), supplemented with 10% charcoal-stripped FBS (Gibco
BRL) and 1% antibiotics (100 U/mL penicillin and 100 µg/mL
streptomycin sulfates) in a 5% CO2 humidified incubator at 37◦C.
Cells were treated with 10 nM DMSO (Sigma-Aldrich, St. Louis,
MO, United States) or 10 nM estrogen (Sigma-Aldrich) for 1 h
to induce SMAD7e.

CRISPR-Cas13a Vector Transfections
CRISPR-Cas13a targeting SMAD7e (Cas13a-SMAD7) and
negative control (Cas13a-NC) were purchased from Syngen
Tech Co., Beijing, China. Bladder cancer cells 5637 and T24
were seeded in 6-well plates and were transfected with 2.5 µg
Cas13a-SMAD7e or Cas13a-NC when 80–90% confluent.

RNA Extraction and Real-Time qPCR
Analysis
The total RNA of the tissue samples were extracted using
the TRIzol reagent (Invitrogen, Carlsbad, CA, United States)
according to manufacturer’s instructions. The cDNA was
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FIGURE 4 | The effect of Cas13a-SMAD7e on the migration of E2-treated bladder cancer cells. (A,B) Cell migration was detected by wound healing assays.
SMAD7e knockdown inhibited migration of bladder cancer cells induced by estrogen. (C,D) The effects of knockdown of SMAD7e and SMAD7e knockdown with
estrogen treatment were measured by caspase 3 ELISA assays. (E,F) Knockdown of SMAD7e and downregulation of SMAD7e attenuated estrogen-induced
invasion of bladder cancer cells. E2 represents estrogen. Data are shown as the mean ± SD (**p < 0.01, ***p < 0.00).

synthesized using a Revertra Ace qPCR RT Kit (Toyobo, Osaka,
Japan) according to the instructions. qPCR was carried out
using real time PCR Master Mix (Toyobo) according to the
instructions under conditions of 40 cycles of 15 s at 95◦C, 15 s

at 60◦C, and 45 s at 75◦C using the ABI PRISM 7500 Fluorescent
Quantitative PCR System (Applied Biosystems, Foster City, CA,
United States). The 2−11Ct method was chosen to calculate the
relative expression levels.
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FIGURE 5 | The effect of Cas13a-SMAD7e on the in vivo growth of E2-treated bladder cancer cells. (A) Representative images of xenograft models. (B) Xenograft
tumors from respective groups were shown after injection with SMAD7e stable knockdown T24 cells and vector transfected T24 cells. (C) Tumor growth curves
were measured every 3 days. (D) Average weight of excised tumors. ****p < 0.0001.

Cell Proliferation Assays
Cell proliferation was determined using a Cell Counting
Kit-8 (CCK-8) (TransGen, Beijing, China) and 5-ethynyl-20-
deoxyuridine (Edu) assay kit (Ribobio, Guangzhou, China) China
according to the instructions. For CCK-8 assays, cells were
incubated in a 96-well plate for 24 h and then transiently
transfected with CRISPR-Cas13a. The absorbance was detected
at 0, 24, 48, and 72 h after transfection by a microplate reader
(Bio-Rad, Hercules, CA, United States). Each test was carried out
at least three times.

Cell Migration Assays
Cell migration was detected using the wound healing assay.
Bladder cancer 5637 and T24 cells were cultured and transfected
with either Cas13a-SMAD7e or Cas13a-NC for 24 h. For the
wound healing assay, a sterile 200 µL pipette tip was used
to create clear lines and photographs were immediately taken.
The cells were cultured in medium supplemented with 1% FBS.
The migration distance was observed after 24 h of wound
formation and measured by the HMIAS-2000 software program.
Experiments were repeated at least three times.

Cell Apoptosis Assays
Cell apoptosis was determined using enzyme-linked
immunosorbent assays (ELISAs). Bladder cancer 5637 and
T24 cells were transfected with Cas13a vector in petri plates.
After 24 h, the caspase 3 ELISA assay kit (Hcusabio, Wuhan,
China) was used to detect the activity of caspase 3 according
to the manufacturer’s protocol. OD values were measured at

450 nm by using a microplate reader (Bio-Rad). Each test was
carried out at least three times.

Cell Invasion Assays
Cell invasion was detected using Transwell R© assays. For the assay,
about 1.5 × 105 5637 cells and 5 × 104T24 cells supplemented
with 200 µL serum-free medium were plated into the upper
chambers (24-well insert, pore size 8 µm: Corning, Sunnyvale,
CA, United States) containing Matrigel R© (1:8, 50 µL/well: BD
Bioscience, San Jose, CA, United States). The lower chamber was
filled with 500 µL of complete medium with 10% FBS and 1%
antibiotics. Cells were cultured for 24 h and then cells under the
surface of the lower chamber were washed with 1 × phosphate-
buffered saline, fixed with methanol for 20 min, stained with
0.1% Crystal Violet for 25 min, and washed three times. Cells
were observed using an inverted microscope and imaged. Each
chamber with the invaded cells was than soaked in 1 mL 33%
acetic acid for 10 min to wash out the Crystal Violet and 100 µL
of 33% acetic acid was added into each well of the 96-well plates.
The absorbance was determined at a wavelength of 570 nm using
a microplate reader (Bio-Rad). Experiments were repeated at
least three times.

Xenograft Tumor Model
Male BALB/c nude mice (4–6 weeks old), weighting 18–
20 g, were purchased from Shanghai Experimental Animal
Center (Shanghai, China). All mice were kept in a strict
pathogen-free conditions. The Ethics Committee for
Animal Experiments of University approved the animal
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experiments. To establish the xenograft model, a total of 4 × 106

tumor cells were subcutaneously injected into the right flank of
the nude mice. Every 3 days, we measured the tumor length and
width with caliper. At the end point, the mice were euthanized,
and tumor tissues were weighted.

Statistical Analysis
Each experiment was performed in triplicate. The data are
presented as the mean ± standard deviation (SD), and all
statistical analyses were conducted using SPSS 17 software (IBM,
Chicago, IL, United States). The SMAD7e expression differences
between bladder cancer tissues and matched normal tissues
were analyzed using paired samples t-tests. CCK-8 assay data
were analyzed by analysis of variance. Other data were analyzed
by the independent samples t-test. P < 0.05 was regarded as
statistically significant.
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Melanoma is an aggressive skin tumor that shows a high mortality rate and level of
metastasis. BRAF gene mutation (BRAF V600E) is directly related to the occurrence
of melanoma. In this study, a light-inducible gene expression system was designed to
control the Cas9 transcription, which could then cleave the BRAF V600E. To prove the
potential utility of this system in melanoma, the physiological function of melanoma cells
was tested. It illustrated that the light-induced CRISPR-Cas9 system could inhibit the
progression of G361 and A375 cells. Thus, this system may provide a novel therapeutic
strategy of melanoma intervention.

Keywords: melanoma, light-inducible system, CRISPR/Cas9, gene switch, BRAF V600E

INTRODUCTION

Melanoma is one of the most malignant skin tumors. Despite its low prevalence rate, its incidence
increases every year (Hernandez-Davies et al., 2015; Chang et al., 2020; Strub et al., 2020). For
more than 40 years, there have been few available treatments, and none of the clinical trials
conducted during this period have been successful (Schadendorf et al., 2018). BRAF V600E was
found as the most common mutant position and had a strong connection with the morbidity and
prognosis of melanoma (Young et al., 2012; Greaves et al., 2013). Over the past years, molecule-
targeted drugs – such as BRAF and MEK inhibitors have been used in clinical practice (Luke et al.,
2017; Dummer et al., 2018a,b; Chavda and Bhatt, 2020). Though effective initially, drug resistance
often occurs after treatment for 2–18 months (Chang et al., 2020). As the resistance developed,
the tumor cells almost always become more invasive to further dissemination and metastasis
(Cohen-Solal et al., 2018). To understand the underlying mechanism of this resistance, previous
researchers found the reactivation of the BRAF/MEK/ERKs pathway accounted for 80% of the
resistant tumors (Rizos et al., 2014). In addition, the PI3-K/AKT pathway that is closely interacted
with the BRAF/MEK/ERKs could be another cause of drug resistance when reactivated (Davies,
2012; Rizos et al., 2014).

CRISPR-Cas9 was used to edit the genome in various fields (Carey and Gagnon, 2020;
Crunkhorn, 2020; Moghadam et al., 2020). Emerging evidence suggests that genome editing of
BRAF V600E is possible and effectively induces the apoptosis of melanoma cells (Yang et al., 2017).
Our group has tried to design sgRNAs targeting BRAF V600E and edited it with the combined
effect of Cas9. According to the results of Sanger sequencing and cell function tests, the edited
BRAF V600E caused the apoptosis of melanoma cells. Although CRISPR-Cas9 is efficient, how to
precisely control its function requires further investigation (Akcakaya et al., 2018; Lino et al., 2018;
Huang et al., 2020). Thus, developing a more accurate regulatory system is in urgent need. As an
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epidermal tumor, melanoma is easily accessible to light, which
is widely used in various disciplines as a gene regulatory tool,
especially in synthetic biology (Yazawa et al., 2009; Kennedy et al.,
2010; Rana and Dolmetsch, 2010; Lin et al., 2016). According
to a previous study, a blue light-switchable transgene system
(GAVPO) was presented and tested in mammalian cells and in
mice (He et al., 2020). We considered applying this system to the
treatment of melanoma.

Here, we described a light-inducible gene expression system
based on CRISPR-Cas9 and the optimized light-switchable
device (GAVPO) interaction. The GAVPO system consists of
three parts: GAL4 (65), Vivid protein and p65 (Wang et al.,
2012). The GAL4(65), which contains GAL4 residues 1–65,
virtually eliminates binding to its consensus cognate DNA
sequence, the upstream activating sequence of Gal (UASG).
Vivid (VVD) protein, the smallest light-oxygen-voltage (LOV)
domain–containing protein, forms a rapidly exchanging dimer
upon blue-light activation. The transcriptional activator p65 was
ligated to the C-terminal of GAL4 (65)-VVD fusion protein
to produce the GAVP system. Then, the double mutations of
C71V and N56K in the VVD domain decreased the background
gene expression to a minimal level [optimized GAVP (GAVPO)],
which was named the light-on system (Light On). When
exposed to blue light, GAVPO binds to the UASG and activates
downstream gene expression. In this study, we made a codon
optimization of the original GAVPO sequence and combined the
light-on system with CRISPR and applied it to melanoma, which
was a controllable and efficient anti-tumor method. When the
GAVPO-CRISPR system was transferred into melanoma cells,
under the effect of blue light, the proliferation, invasion and
migration of melanoma cells were inhibited, and the apoptosis
rate was selectively increased. As a simple method, the light-
induced tumor-killing module has worked effectively, and it was
expected to become a novel anti-cancer method.

RESULTS

CRISPR-Cas9 System Cleaved the BRAF
V600E
The function and specificity of our sgRNA were tested by gRNA
Activity Assay Test Kit (Beijing Syngentech Co., Ltd.). The mKate
gene in pHS-ACR-ZQ191 and pHS-ACR-ZQ190 was terminated
prematurely by a terminator. In order to test the activity of
our gRNA, the target mutant BRAF was inserted after the
terminator. After the action of Cas9 and sgRNA, the double-
strand DNA at the target site was cleaved to form a double-
strand break (DSB), and the mKate was activated through cell
homologous recombination. HEK293 cells were transfected with
pHS-ACR-ZQ170 and pHS-AVC-ZQ190 as a negative control
group (NC group) and transfected with pHS-ACR-ZQ170 and
pHS-AVC-ZQ191 as the treatment group. The gRNA activity
assay demonstrated that the CRISPR-Cas9 system specifically
cleaved the mutant BRAF V600E (Supplementary Figure S1),
but had no effect on the wild type.

The Cas9-sgRNA (BRAF V600E) plasmid was transferred to
A375 and G361 cells, and the cell genome was extracted and

amplified by Polymerase Chain Reaction (PCR). The amplified
DNA fragments were cloned by TA cloning technology. Twenty-
one single positive clones were picked randomly and the plasmids
were extracted for sequencing. According to the results, we found
that BRAF V600E was successfully cut out and three examples
were shown (Figure 1).

The Blue Light-Inducible BRAF V600E
Gene Cleavage System Was Designed
and Constructed
As shown in Figure 2, we have constructed two vectors to form
a blue light-induced BRAF V600E cleavage system. The GAVPO
element driven by CMV promoter was a fusion protein composed
of GAL4(65), VVD and p65. The Cas9 gene was promoted by
5 × UAS and sgRNA targeting BRAF V600E was promoted by
a U6 promoter. The DNA-binding property of Gal4(65)-VVD-
p65 fusion protein would be light-switchable. As the light induced
dimerization of the fusion protein, it could bind to the UAS and
activate Cas9 transcription. Therefore, blue light could flexibly
regulate the work of Cas9-sgRNA systems. In this study, we call
this system the “GAVPO-CRISPR.”

Cell Proliferation Was Inhibited by the
GAVPO-CRISPR System in Melanoma
Cells
To examine the effects of the GAVPO-CRISPR system on
melanoma cell growth under the illumination condition
(0.84 W/m2; 1 s:30 s), the cell counting kit-8 (CCK8) assay
was performed. The results showed that the GAVPO-CRISPR
system suppressed cell growth in A375 (Figure 3C) and G361
(Figure 3D) significantly (P < 0.01) after 72-h exposure to
the blue light, compared to the negative controls. The colony-
formation assay investigated further into the effect of GAVPO-
CRISPR on the proliferation of melanoma cells (Figures 3A,B),
and its results supported the CCK-8 experiment. After a 2-week
cell culture, the picture of the cells stained with crystal violet
solution directly reflects the inhibitory effect of light-induced
GAVPO-CRISPR system on the growth of melanoma cells.

Cell Migration Was Suppressed by the
GAVPO-CRISPR System in Melanoma
Cells
To investigate the effects of the GAVPO-CRISPR system on
melanoma cell migration under the blue light (0.84 W/m2;
1 s:30 s), the wound healing assay was performed. Blue light and
dark conditions were given when scratches were formed, and the
healing of scratches was observed after 48 h. The results showed
that GAVPO-CRISPR could inhibit the migration of A375 and
G361 cells under blue light illumination (Figures 4A,B).

Cell Invasion Was Restrained by the
GAVPO-CRISPR System in Melanoma
Cells
Transwell assay was performed to assess the effect on cell
invasion of GAVPO-CRISPR treated melanoma cells. After 24 h
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FIGURE 1 | Cas9 edited BRAF V600E. (A) Specific sgRNA was designed for BRAF locus. Under the action of Cas9/sgRNA, the BRAF V600E sequence was cut in
melanoma cells. Here three examples are cited. (B) Detailed sequencing maps.

FIGURE 2 | Construction of blue light-induced BRAF V600E cleavage system. Synthesis of a blue light-induced BRAF V600E cleavage system based on two
plasmids. One is CMV promoted GAL4(65), VVD and p65 fusion protein. The other is 5× UAS promoted Cas9 and U6 promoted sgRNA. Under blue light condition,
the fusion proteins get dimerized and activated the 5× UAS promoter, leading to gRNA-Cas9 expression and BRAF V600E specific editing.

of dark and blue light (0.84 W/m2; 1 s:30 s) conditions, the cell
invasion rate was obviously suppressed in the GAVPO-CRISPR
group compared to the groups under dark conditions and the
control group under blue light (Figures 5A,B). These results
demonstrated that the light-controlled system could restrain cell
invasion in melanoma cells.

Cell Apoptosis Was Promoted by the
GAVPO-CRISPR System in Melanoma
Cells
Flow cytometry assay was performed to detect the effects
on cell apoptosis of GAVPO-CRISPR treated melanoma cells.
Before the flow cytometry, cells were cultured in dark and
blue light (0.84 W/m2; 1 s:30 s) condition for 48 h. As
shown in Figures 6A,B, compared to the negative controls,
the apoptosis of A375 and G361 in the GAVPO-CRISPR
group was significantly increased. (∗∗∗P < 0.001). These results

demonstrated that the light-controlled system could promote cell
apoptosis in melanoma cells.

DISCUSSION

Melanoma is a highly malignant skin cancer that is
commonly treated with surgical resection and chemotherapy.
Early stage patients benefit from the surgery, yet the
prognosis of the late-stage patients is poor. Tumorigenesis
is a result of accumulated multi-gene mutation, in
which BRAF gene mutation (mainly BRAF V600E)
is significantly higher than other pathogenic genes in
melanoma. It is therefore one of the research hotspots in
melanoma therapy.

In the field of gene therapy, CRISPR is a convenient and
effective technology. Using CRISPR to edit the mutation sites
of genes can effectively disrupt the function of pathogenic genes
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FIGURE 3 | Light-induced GAVPO-CRISPR system inhibited melanoma cell growth. (A,B) Colony-formation assay implicating the effect of light-induced
GAVPO-CRISPR system under blue-light or dark conditions on cell proliferation in A375 (A) and G361 (B) cells, compared to the negative control. (C,D) CCK-8
assay representing the effect of light-induced GAVPO-CRISPR system under blue-light or dark conditions on cell proliferation in A375 (C) and G361 (D) cells,
compared to the negative control. Data are presented as the means ± SD from at least three biological replicates. (*P < 0.05, **P < 0.01, ***P < 0.001).

(Yang et al., 2017; György et al., 2019; Wang D. et al., 2019; Zhao
H. et al., 2020). In this study, we used CRISPR-Cas9 technology
to edit the BRAF V600E gene and found a good inhibitory effect
on tumor cells. Since melanoma is often found on the skin surface
with a limited range of size. It is meaningful to control CRISPR
in time and space dimensions.

As a simple and easy-to-obtain light source, blue light is often
used for anti-inflammation and sterilization on the skin, without

side effects on the human body (Lotan et al., 2019; Zhao J.
et al., 2020). In this study, we used blue light as the controller
of the CRISPR-Cas9 system. In the absence of blue light, the
CRISPR system stopped working. When irradiated by blue light,
CRISPR-Cas9 was activated to edit the gene. By controlling blue
light exposure, the CRISPR-Cas9 tool can be flexibly regulated
in the time and space dimensions, making it an ideal tool for
anti-BRAF V600E.
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FIGURE 4 | Light-induced GAVPO-CRISPR system inhibited melanoma cell migration. (A) Wound healing assay implicating the effect of light-induced
GAVPO-CRISPR system under blue-light or dark conditions on cell migration in A375 cells, compared to the negative control. (B) Wound healing assay representing
the effect of light-induced GAVPO-CRISPR system under blue-light or dark conditions on cell migration in G361 cells, compared to the negative control. Data are
presented as the means ± SD from at least three biological replicates. (*P < 0.05, **P < 0.01, ***P < 0.001).

In this study, we cultured cells under dark and 460 nm
blue light conditions, respectively, and verified their functions
through a series of cell functional experiments. The results
showed that blue light could effectively activate the function of
GAVPO-CRISPR and inhibit the proliferation of tumor cells.

In this study, melanoma mutant gene BRAF V600E was edited
by the CRISPR gene-editing tool, resulting in an obvious killing
effect on tumor cells. Then, combined with the characteristics of
melanoma, the blue light on the surface of the skin can be used
to control the work of CRISPR manually. This study expands
the application scenario of the CRISPR tool and exerts its anti-
tumor effect by effectively combining it with a photogenetic tool.
In clinical gene therapy, we can further optimize the system,
such as using smaller Cas protein (like CasX) to play the role
of gene editing, and using vectors such as adeno-associated virus
(AAV) to deliver them to organisms for cancer biotherapy. In fact,
researchers have made many successful attempts in the treatment
of diseases with light control devices. The research of AAV has
entered the clinical treatment stage, the combination of AAV and
light control devices is feasible (Wang E. et al., 2019; Yang et al.,
2020; Yu et al., 2020).

In summary, we have synthesized a gene circuit that combined
photogenetic tools and CRISPR gene editing techniques to
specifically suppress the melanoma cells. Our study explores a
new approach for the potential treatment of melanoma, and the
synthetic gene circuit has the potential for clinical application.

MATERIALS AND METHODS

Plasmids Construction
To construct the vector expressing the Cas9 and sgRNA targeting
BRAF V600E, the three sgRNAs were designed and synthesized
by Syngentech Co., Ltd. (Beijing, China). To generate a plasmid
that expresses sgRNA targeting mutant BRAF in melanoma cells,
a plasmid (pHS-ACR-ZQ170) containing a U6 promoter driven
sgRNA that targeted the mutant BRAF gene and a Cas9 protein
driven by phEF1a promoter was constructed. In order to test the
function and specificity of the sgRNA, two plasmids containing a
wild-type BRAF sequence (pHS-ACR-ZQ190) and BRAF V600E
(pHS-ACR-ZQ191) were constructed. Both plasmids contained
a prematurely terminated mKate gene (a new type of dark red
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FIGURE 5 | Light-induced GAVPO-CRISPR system restricted melanoma cell invasion. (A) Transwell assay implicating the effect of light-induced GAVPO-CRISPR
system under blue-light or dark conditions on cell invasion in A375 cells, compared to the negative control. (B) Transwell assay representing the effect of
light-induced GAVPO-CRISPR system under blue-light or dark conditions on cell invasion in G361 cells, compared to the negative control. Data are presented as the
means ± SD from at least three biological replicates. (*P < 0.05, **P < 0.01, ***P < 0.001).

fluorescent protein originated from TagRFP) driven by phEF1a
promoter. After the single-strand annealing test, an effective
sgRNA was picked out and used.

To construction the vector that expresses the GAL4(65)-
VVD-p65, the sequence of GAL4(65)-VVD-p65 was inserted
into pHS-AVC-LW477 between the restriction sites EcoRI
and BamHI. To create vectors expressing 5× UAS-Cas9-U6-
sgRNA (BRAF V600E), we used the UAS sequence to replace
CMV promoter, respectively and place the sequence of Cas9
in the middle of sgRNA and UAS in the pHS-ACR-LW352
vector. Finally, the ultimate two vectors (GAL4(65)-VVD-p65
and UAS-Cas9-sgRNA) were packaged by lentivirus. Relative
sequences were presented in Supplementary Table S1 and
Supplementary Figure S1.

Cell Lines and Cell Culture
The melanoma cell lines (A375 and G361) were purchased from
the Institute of Cell Research, Chinese Academy of Sciences,
Shanghai, China. The A375 and G361 cells were maintained in
1640 medium (Invitrogen, Carlsbad, CA, United States) with
10% fetal bovine serum (FBS) and 1% antibiotics (100 ug/ml
streptomycin and 100 U/ml penicillin) at 37◦C in the atmosphere
of 5% CO2.

Cell Transfection and Illumination
The constructed vectors from Escherichia coli bacteria were
extracted by E.Z.N.A Fastfiler Endo-free Plasmid Maxiprep kits

(Omega, Norcross, GA, United States). The cell was transfected
with vectors using Lipofectamine 3000 Transfection Reagent
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s protocol. After transfection in dark about 12 h,
cells were illuminated by a blue light LED lamp (460 nm,
0.84 W m−2). The lentivirus vectors were packaged and
concentrated by Syngentech Co., Ltd. (Beijing, China). After
puromycin screening, cells were illuminated by blue light.
The blue light can be controlled by a timer adjusting the
illuminate dose.

DNA Extraction, Original TA Cloning and
Gene Sequencing
The DNA Maxi Kit (Omega, Norcross, GA, United States)
was used to extract cell DNA after transfection according
to the manufacturer’s protocol. The primers were used to
amplify the sequence containing BRAFV600E by PCR, then the
PCR fragments were sited into the pMDTM19-T vector using
pMDTM19-T Vector Cloning Kit (Takara, Dalian, China). The
primers used were:

BRAFV600E-forward: GCTGTGGATCACACCTGCCTT
AAA
BRAFV600E-reverse: TCGCCCAGGAGTGCCAAGAGA

The cloning vectors were sequenced by Syngentech Co., Ltd.
(Beijing, China).
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FIGURE 6 | Light-induced GAVPO-CRISPR system promoted melanoma cell apoptosis. (A) Flow cytometry results representing the effect of light-induced
GAVPO-CRISPR system under blue-light or dark conditions on cell apoptosis in A375 cells, compared to the negative control. (B) Flow cytometry results
representing the effect of light-induced GAVPO-CRISPR system under blue-light or dark conditions on cell apoptosis in G361 cells, compared to the negative
control. Data are presented as the means ± SD from at least three biological replicates. (*P < 0.05, **P < 0.01, ***P < 0.001).

Wound Healing Assay
The wound healing assay was used to assess the migration ability
of G361 and A375 in vitro. Before a blue light illumination,
lentivirus infected cells were seeded in the 6-well plate to get
more than 90% confluence and serum-starved for 24 h. Then
illumination started, wounds were scratched by passing the sterile
200 µl pipette tip across the monolayer cells at the same time. We
considered the time of wound infliction as 0 h, and wound closure
was determined at 24 h. The width of the wound was monitored
with the help of a digital camera system and the areas covered by
migrated cells (%) were quantified.

Cell Proliferation Assay
The effects of dark and blue light illumination to melanoma cells
were measured by CCK-8 assay. After dark and illumination
treating, about 3 × 103 cells per well were seeded in a 96-well
plate and pre-incubated for 12 h. At the time of 0, 24, 48, and
72 h, 10 µl of Cell Counting Kit solution (TransGen, Beijing,
China) was added to each well. The absorbance at 450 nm was
calculated by the CCK-8 reader machine (Bio-Rad, Hercules, CA,
United States) after an hour’s incubation. The experiments were
performed at least three times. For the colony-formation assay,
the transfected G361 and A375 cells were cultured in 6 cm culture
dishes at a density of 2000 cells per well and incubated for 15 days
and exposed to blue light. Finally, the cells were stained with 0.1%

crystal violet and imaged. The stained cells were washed with 33%
glacial acetic acid. The absorbance in each well was measured at
550 nm using a microplate reader.

Cell Invasion Assay
The effects of dark and blue light illumination on cell invasion
were measured by Transwell assay. G361 and A375 cells were
seeded in 24-well plates. About 5 × 105 cells were seeded
in triplicate onto a 24-well plate with chambers (Corning,
NY, United States) coated with Matrigel. The lower chamber
contained 10% FBS medium and the upper one contained a
serum-free medium. With the incubation of 24 h, we counted the
percentage of cells passing the membranes under a microscope.

Flow Cytometry Assay
G361 and A375 cells were seeded in six-well plates. Then
transfected cells were collected after incubation under light/dark
for 24 h and harvested using trypsin without EDTA. According
to the manufacturer’s protocols, the FITC Annexin V Apoptosis
Detection Kit (TransGen, Beijing, China) could double stain cells
with FITC Annexin and PI. The ratio of early apoptotic cells in
melanoma cells was determined by the flow cytometry (EPICS,
XL-4, Beckman, CA, United States). The experiments were done
at least three times.
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Statistical Analyses
All data from at least three independent experiments were
presented as mean ± standard deviation (SD). Statistical data
was analyzed by SPSS 20.0 software (SPSS Inc., Chicago, IL,
United States). P < 0.05 was considered statistically significant.
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Objective: Both oncogenic transcription factors (TFs) and microRNAs (miRNAs) play
an important regulator in human cancer by transcriptional and post-transcriptional
regulation, respectively. These phenomena raise questions about the ability of artificial
device to regulate miRNAs and TFs simultaneously. In this study, we aimed to construct
an artificial long non-coding RNA, “alncRNA,” which imitated CRISPR/Cas systems
and to illuminate its therapeutic effects in bladder cancer cell lines. At the same time,
we also compared the efficiency of alncRNA and CRISPR/Cas systems in regulating
gene expression.

Study Design and Methods: Based on engineering principles of synthetic biology, we
combined tandem arrayed cDNA sequences of aptamer for TFs with tandem arrayed
cDNA copies of binding sites for the miRNAs to construct alncRNA. In order to prove
the utility of this platform, we chose β -catenin, NF-κB, miR-940, and miR-495 as
the functional targets and used the bladder cancer cell lines 5637 and T24 as the
test models. Real-time Quantitative PCR (qPCR), dual-luciferase assay and relative
phenotypic experiments were applied to severally test the expression of relative gene
and therapeutic effects of our devices.

Result: Dual-luciferase assay indicated alncRNA could inhibit transcriptional activity of
TFs. What’s more, the result of qPCR showed that expression levels of the relative TFs
target genes and miRNAs were reduced by corresponding alncRNA and the inhibitory
effect was better than CRIPSR dCas9-KRAB. By functional experiments, decreased
cell proliferation, increased apoptosis, and motility inhibition were observed in alncRNA-
infected bladder cells.

Conclusion: In summary, our synthetic devices indeed function as anti-tumor regulator,
which synchronously accomplish transcriptional and post-transcriptional regulation
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in bladder cancer cell and show higher efficiency in specific malignant phenotype
inhibition compared to the CRISPR/Cas systems. Most importantly, Anti-cancer effects
were induced by the synthetic alncRNA in the bladder cancer lines. Our devices,
therefore, provides a novel strategy for cancer therapy and could be a useful “weapon”
for cancer cell.

Keywords: bladder cancer, synthetic biology, aptamer, miRNA, transcription factors

INTRODUCTION

Bladder cancer (BCa) is a malignant tumor that occurs on
the mucous membrane of the bladder. It is the most common
malignant tumor in the urinary system and one of the ten
most common tumors in the whole body (Kluth et al., 2015;
Kamat et al., 2016; Siegel et al., 2017). At present, the treatment
for BCa is mainly of surgical treatment, but the post-operative
recurrence and metastasis of tumor are still important factors
that threaten the life of patients (Racioppi et al., 2012). In
addition, chemotherapy or radiotherapy can reduce some of the
symptoms of BCa patients, they all have certain curative effect
on BCa, but the adverse reactions are large, and these treatment
methods cannot actually prolong the survival of patients (Marta
et al., 2012; Sofra et al., 2013). There are several novel anti-
tumor drugs have been developed and clinically testing their
effectiveness, however, these drugs can only be used in the
adjuvant treatment of BCa (Wong et al., 2017). It is therefore
necessary to develop new treatment methods for BCa. The
molecular targeted therapy of tumor is a novel and effective way
to improve the therapeutic effect of BCa.

Research on molecular biology confirms that the occurrence
and development of malignant tumor is a multi-factor and
multi-step process, and the development of BCa is more so
(Hanahan and Weinberg, 2011). miRNAs are non-coding RNAs
of approximately 19–23 nucleotides lengths, and like other
small RNAs, miRNAs have been considered as the byproducts
of transcription in the past (Djebali et al., 2012). With the
deepening of the research on miRNAs, miRNAs had been found
to have an effect on the biological physiological and pathological
changes (Rupaimoole and Slack, 2017). As a type of endogenous
small single-stranded non-coding RNA, miRNAs regulate the
translation and stability of mRNAs through complementary
binding with the 3′UTR of mRNAs and play a role in post-
transcriptional regulation (Bracken et al., 2016). Although the
number of miRNAs is relatively small, more than 1/3 of the cell
transcriptional groups are regulated by miRNAs. In addition, the
dysregulation of miRNAs expression is an important mechanism
to promote the occurrence and development of tumors, and
so is the human BCa. Previous work has shown that miR-495
can target phosphatase and tensin homolog and promote the
proliferation and invasion of BCa cells through its interaction
with phosphatase and tensin homolog (Tan et al., 2017). miR-
940 plays a role in promoting the progression of human
BCa by activating the c-myc protein, and its upregulation
has been proved to serve as an effective biomarker that
predicts the poor prognosis for BCa (Wang et al., 2018). Thus,
regulating the dysregulation of miRNAs and reprogramming

the signaling pathway in BCa cells will effectively control the
malignant phenotype of BCa cells and achieve the purpose
of treating BCa.

Transcription factors (TFs) are presented in the nucleus
and play a central role in the expression of gene within the
cells (Haberle and Stark, 2018). In tumor cells, TFs affect the
formation, evolution and metastasis of the tumor by regulating
the expression of oncogenes, tumor suppressor genes and cell
cycle related molecules. To date, some cancer-related TFs such
as β-catenin (Lee et al., 2006) and NF-κB (Culler et al., 2010) have
been proved to be significantly abnormal and highly expressed in
BCa, which is highly correlated with the malignancy of the tumor.
Therefore, it would be a further important attempt to inhibit
tumorigenesis if these cancer-related TFs can be restrained from
continuing to function in the tumor cells.

In this study, we constructed a working “artificial long non-
coding RNA” (alncRNA) based on synthetic biology principles
and tested its effectiveness in the BCa cell lines. The alncRNA
we constructed is mainly composed of miRNAs binding sites and
cancer-related TFs specifically binding sites. This alncRNA can
simultaneously absorb and downregulate cancer-related miRNAs
and protein with the BCa cells and achieved multiple targets and
inhibiting tumor cells at the same time.

MATERIALS AND METHODS

Cell Lines and Cell Culture
The human bladder cancer cell lines (T24, 5637, and SW780)
and the human normal bladder epithelial cell line (SV-HUC1)
are all bought from the American Type Culture Collection
(ATCC, Manassas, VA, United States). In our study, we used two
types of mediums, Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Thermo Fisher Scientific, Waltham, MA, United States)
and F12K medium (Gibco). The bladder cancer cell lines T24,
5637, and SW780 were grown in the DMEM, supplemented
with 10% fetal bovine serum (Gibco). The SV-HUC1 cell line
was grown in the F12K medium which was supplemented with
10% fetal bovine serum. All the cells were cultured at 37◦C
and 5% CO2.

Construction of the Artificial Long
Non-coding RNA and Cell Transfection
We linked the binding sites of miR-940 and miR-495 to construct
the module 1 of the alncRNA. In addition, the aptamers for
β-catenin and NF-κB were bulged by us to construct the
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module 2. All the nucleic acid sequences required in our study
were gained by chemical synthesis.

Dual-Luciferase Reporter Assay
The dual-luciferase reporter assay was performed to evaluate the
transcriptional activity of β-catenin in our study. We constructed
the dual-luciferase reporter vectors of β-catenin, respectively.

RNA Extraction and Real-Time
Quantitative PCR Assay
Total RNAs from cancer tissues or cells after transfection were
extracted using the TRIzol reagent (Invitrogen, Grand Island,
NY, United States) according to the manufacturer’s instructions.
PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Japan)
was used to transform RNA to cDNA. The mRNA expression
levels were measured by using SYBR R© Premix Ex TaqTM (TaKaRa,
Japan) according to the user’s manuals on the Roche lightcycler
480 Real-Time PCR System. GAPDH was utilized as the control
to normalize the data. The primer sequences were listed in
Table 1. The comparative 1Ct method was used to analyze the
results by calculating the relative amount. All experiments were
carried out at least three repetitions.

Cell Proliferation Assay
In our study, we used CCK-8 assay (TransGen, Beijing,
China) and Edu incorporation assay (Ribobio, Guangzhou,
China) to determine cell proliferation. The operation steps
of both experiments were mainly carried out according to
the instructions of the manufacturer and adjusted through
the operation steps of previous studies. Additionally, we have
repeated these experiments for three times.

TABLE 1 | Relative primers used in this research.

Name Sequences

GAPDH-F CGCTCTCTGCTCCTCCTGTTC

GAPDH-R ATCCGTTGACTCCGACCTTCAC

β-catenin-F CTGCTCTAGTAATAAGCCGGCT

(β-catenin-R CAGGTGACCACATTTATATCAT

NF-(κB-F AGAGGCGTGTATAAGGGGCT

NF-(κB-R TTACTGTCATAGATGGCGTCTG

c-MYC-F GGCTCCTGGCAAAAGGTCA

c-MYC-R CTGCGTAGTTGTGCTGATGT

Cyclin D1-F GCTGCGAAGTGGAAACCAT

Cyclin D1-R CCTCCTTCTGCACACATTTGAA

BCL-XL-F GAGCTGGTGGTTGACTTTCTC

BCL-XL-R TCCATCTCCGATTCAGTCCCT

TRAF1-F TCCTGTGGAAGATCACCAATGT

TRAF1-R GCAGGCACAACTTGTAGCC

Vimentin-F GACGCCATCAACACCGAGTT

Vimentin-R CTTTGTCGTTGGTTAGCTGGT

Slug-F CGAACTGGACACACATACAGTG

Slug-R CTGAGGATCTCTGGTTGTGGT

E-cadherin-F CGAGAGCTACACGTTCACGG

E-cadherin-R GGGTGTCGAGGGAAAAATAGG

Cell Apoptosis Assay
Flow cytometry assay and caspase-3 assay were used to determine
the apoptosis level in our study. Aliquots of 1 × 106 cells were
counted to measure the activity of caspase-3 by using caspase-3
ELISA assay kit (Biovision, Milpitas, CA, United States). The OD
values were measured at 405 nm by using a microplate reader. As
for flow cytometry assay, the flow cytometry assay kit (TransGen,
Beijing, China) was used to evaluate the cell apoptosis level and
the specific operation steps were performed according to the
instructions of the manufacturer. Additionally, we have repeated
these experiments for three times.

Cell Motility Assay
The level of cell motility was measured by wound-healing assay.
A sterile 200 µL pipette tip was used to create the wound field
when cells grown reached approximately 85–90% confluence.
A digital camera system was used to monitor the migration
of cells. After the wound was created for 24 h, the migration
distance (µm) of cells was measured by the software program
(HMIAS-2000). We have repeated these experiments for three
times. Additionally, the specific experimental procedure is mainly
referred to the previous literature.

Statistical Analysis
All the experiments were repeated five times. All the digital data
were represented in the form of mean± standard deviation (SD).
SPSS 17.0 software (IBM Corp, Armonk, NY, United States) was
used to perform the statistical analyses in our study. Statistical
significance was tested by Chi square test, ANOVA and Student’s
t-test. P < 0.05 was considered to be statistically significant.

RESULTS

The Design and Construction of Artificial
Long-Non-coding RNA for Suppressing
BCa
The alncRNA we constructed that functions as a tumor
suppressor is mainly composed of two modules, one of which
is the module for downregulating the TFs that are related to
the cancer, and the other is a module for down-regulation of
miRNAs. The nucleic acid aptamers are small oligonucleotide
sequences or short polypeptides screened and they can bind to
the corresponding protein ligands with high affinity and strong
specificity (Kwak et al., 2009). After the aptamers specifically
binds to the protein ligands, the function of the protein will
be inhibited (Culler et al., 2010; Liu et al., 2013). Inspired by
the interaction between the aptamer and the protein ligand, we,
respectively, connected two different aptamers to form the first
module. In addition, some RNA elements can bind and regulate
miRNAs based on the principle of base pairing. According to this
principle, we designed the corresponding miRNA sponges and
put them together in series to form the second modules.

In our study, we connected two aptamers for β-catenin (Tetsu
and McCormick, 1999) and NF-κB in series to construct the first
modules of the alncRNA we designed. In addition, after analyzing
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the sequences of miRNA-495 and miRNA-940, we designed the
miRNA sponges sequence of these two miRNAs according to
the principle of competing endogenous RNAs (ceRNAs). We
connected five miRNA sponges for miRNA-495 and five miRNA
sponges for miRNA-940 in series to construct the second modules
of the alncRNA. Finally, we effectively combine the two modules
to form the complete alncRNA. In order for the alncRNA to
be stably present in the cells without degradation, we attached
the tail of MALAT1 at the 3′ end of the alncRNA (Zhan et al.,
2018; Figure 1).

FIGURE 1 | The design and construction of artificial long-non-coding RNA.
(A) The design of artificial long-non-coding RNA. (B) The construction of
artificial long-non-coding RNA. (C) The work pattern of artificial
long-non-coding RNA.

The alncRNA Inhibited the Oncogenic
Factors β-Catenin in the BCa Cells
β-catenin and NF-κB are important oncogenic transcription
factors, and their abnormal upregulation has been found in the
tumor cells, especially BCa cells (Liu et al., 2016). In our study,
to investigate the expression levels of them in the BCa, we used
qRT-PCR assay to measure their expression levels in the BCa cell
lines T24, 5637, and SW780. Meanwhile, we used the normal
bladder epithelial cell line (SV-HUC1) as the control group to
verify the abnormal overexpression of theβ-catenin and NF-κB in
the BCa cells. The results were as expected, the expression levels
of β-catenin and NF-κB were significantly higher than those of
the control group (Figure 2A).

We set the aptamers of β-catenin and NF-κB in the alncRNA
and intended to use them to absorbed these oncogenic factors. In
this way, the alncRNA we designed would serve as an anti-cancer
factor which may effectively inhibit the function of β-catenin and
NF-κB and inhibit the development of BCa. In order to validate
that the alncRNA can indeed absorb β-catenin and NF-κB to
as the anti-cancer factors, we used the dual-luciferase reporters
assay to verify this effect. The responsive promoter sequences of
β-catenin and NF-κB were specifically set into the dual-luciferase
vectors, respectively, and we used these reporters to sense the
transcriptional activity of β-catenin and NF-κB within the cells
(Figures 2B,C).

Firstly, we transfected the two dual-luciferase reporters into
the cell lines in our study to observe the feasibility of these
two reporters. Results as expected, the transcriptional activity
of β-catenin in the BCa cell lines (T24, 5637, and SW780)
was decreased obviously after transfected with the alncRNA
compared to negative control alncRNA (Figure 2B). Next, we
explore whether the alncRNA we constructed can inhibit the
transcriptional activity of NF-κB within the cells. Surprisingly,
the alncRNA can obviously inhibit the transcriptional activity of
NF-κB in the BCa cells, but when it comes to the control group,
there was no significant change in the transcriptional activity
ofβ-catenin (Figure 2C). It may be that in the normal cells, the
expression level of β-catenin is low, and they mainly located in the
cytoplasm rather than the nucleus, so the reporters is not sensitive
to them in the normal cells. In conclusion, we have proved that
the alncRNA we constructed can effectively down-regulate the
transcriptional activity ofβ-catenin in the BCa cells.

The alncRNA Inhibited the Oncogenic
micoRNAs
In our study, we selected two oncogenic micoRNAs (miRNA-
495 and miRNA-940) as the mainly targets of the module 2.
To investigate the expression levels of miRNA-495 and miRNA-
940 in the BCa cells, we also used the qRT-PCR assay to
measure the relative expression of them in the T24, 5637,
and SW780. Meanwhile, we used the SV-HUC1 as the control
group. As expected, the expression levels of miRNA-495 and
miRNA-940 in the BCa cell lines were higher than the normal
baldder epithelial cell line (Figures 3A,B). After the transfection
of the alncRNA, the expression level of the miRNA-495 and
miRNA-940 in the cell lines were reduced to varying degrees
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FIGURE 2 | The oncogenic factors β-catenin and NF-κB is repressed by
alncRNA in the BCa cells. (A) QRT-PCR analyses the expression levels of
β-catenin and NF-κB in the normal bladder epithelial cell line (SV-HUC1) and
BCa cell lines T24, 5637 and SW780. (B) The relative luciferase activity of
β-catenin in the normal bladder epithelial cell line and BCa cell lines. (C) The
relative luciferase activity of NF-κB in the normal bladder epithelial cell line and
BCa cell lines. *p < 0.05, **p < 0.01, and ***p < 0.001.

(Figures 3A,B). Therefore, we believed that the alncRNA we
constructed was indeed effective in downregulating the target
micoRNAs (miRNA-495 and miRNA-940).

FIGURE 3 | The alncRNA inhibited the oncogenic micoRNAs in the BCa cells.
(A) QRT-PCR analyses the expression levels of miRNA-495 in the normal
bladder epithelial cell line (SV-HUC1) and BCa cell lines T24, 5637 and
SW780. (B) QRT-PCR analyses the expression levels of miRNA-940 in the
normal bladder epithelial cell line (SV-HUC1) and BCa cell lines T24, 5637,
and SW780. **p < 0.01 and ***p < 0.001.

The Inhibitory Effect of alncRNA Was
Better Than CRISPR dCas9-KRAB
CRISPR/Cas9 genome engineering has revolutionized all aspects
of biological research, including cancers, with epigenome
engineering transforming gene regulation studies. Here, we
would like to compare the inhibitory effect of alncRNA with
CRISPR/Cas9. First, fusions of nuclease-inactive dCas9 to
the Krüppel-associated box (KRAB) repressor (dCas9-KRAB)
can silence target gene expression. So, we targeted dCas9-
KRAB to the promoter of β-catenin, NF-κB, miRNA-495, and
miRNA-940 (Figure 4A). Then we observed the expression
levels of β-catenin, NF-κB, miRNA-495, and miRNA-940 were
significantly decreased after transfected with the dCas9-KRAB.
Unexpectedly, the results showed that the alncRNA showed a
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FIGURE 4 | The inhibitory effect of alncRNA was better than CRISPR dCas9-KRAB. (A) The construction of dCas9-KRAB and the targets of sgRNA. (B) QRT-PCR
analyses the expression levels of β-catenin, NF-κB, miRNA-495 and miRNA-940 in the normal bladder epithelial cell line (SV-HUC1) and BCa cell line (T24) after
transfected with the alncRNA and dCas9-KRAB. (C) QRT-PCR analyses the expression levels of β-catenin, NF-κB, miRNA-495, and miRNA-940 in the normal
bladder epithelial cell line (SV-HUC1) and BCa cell line (5637) after transfected with the alncRNA and dCas9-KRAB. *p < 0.05, **p < 0.01, and ***p < 0.001.

better inhibitory effect than dCas9-KRAB in T24 and 5637 BCa
cell lines (Figures 4B,C).

The alncRNA Effectively Inhibited the
Downstream Oncogenic Signals
Next, we further investigated the action mechanism of the
alncRNA to clarify its anti-cancer effect. We examined the relative
expression of the downstream oncogenic signals of the target
TFs and miRNAs in the BCa cell lines T24, 5637, and SW780.
As we know from the previous qRT-PCR results, the alncRNA
we constructed could significantly reduce the expression of the
target oncogenic TFs and miRNAs. C-myc and cyclin D1 are the
most important functional signaling molecules in the regulatory
pathway ofβ-catenin and miRNA-940, while Bcl-XL and TRAF1
are the final signaling factors that are upregulated by miRNA-
495 when they play a role in promoting the development of
BCa. In theory, when we down-regulate these oncogenic TFs
and miRNAs which are targeted by the alncRNA we constructed,
these final effector factors will be inhibited. In this way, the
alncRNA we constructed may effectively inhibit the malignant
phenotype of the BCa cells and finally achieve the effect
of treating BCa.

We mainly used qRT-PCR assay to determine whether
the alncRNA could successfully down-regulate these important
oncogenic signaling molecules (c-myc, cyclin D1, Bcl-XL, and
TRAF1). As shown in the Figure 5, we found that the alncRNA
can actually down-regulate the expression of c-myc, cyclin D1,
Bcl-XL, and TRAF1in the BCa cell lines.

The alncRNA Induced the Cell Apoptosis
of BCa Cell Lines
Prior to this, we have shown that the alncRNA can be used to
interfere with the oncogenic signaling pathways. At present, we
investigated the effect of the alncRNA on inducing cell apoptosis.
In our work, we used caspase-3 ELISA assay and flow cytometry
assay to evaluate the level of apoptosis induced by the alncRNA.
First, apoptosis levels of BCa cell lines (T24, 5637, and SW780)
were measured with caspase-3 ELISA assay (Figure 6A) and flow
cytometry assay (Figures 6B–G). Next, after the stable expression
of alncRNA in the BCa cells (T24, 5637 and SW780), we
evaluated the apoptosis levels of these cells with caspase-3 ELISA
assay (Figure 6A) and flow cytometry assay (Figures 6B–G).
According to these experimental results, we concluded that the
alncRNA we constructed could effectively induce cell apoptosis
of BCa cells. Previous study has reported that β-catenin inhibited
apoptosis by inhibiting the action of cleaved-PARP –apoptotic
protein and caspase-3 protein (Jeon et al., 2011; Yang et al.,
2015). Therefore, the alncRNA we constructed can promote
apoptosis of the BCa cells by influencing the relevant pathways
of β-catenin.

The alncRNA We Constructed Inhibited
Cell Proliferation in BCa Cells
Next, we investigated whether the alncRNA can effectively inhibit
cell proliferation in BCa cell lines (T24 and 5637). C-myc and
cyclin D1 are well-known cell cycle regulator factors, which may
serve as oncogenic factors and promote the cell proliferation of
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FIGURE 5 | The alncRNA effectively inhibited the downstream oncogenic
signals. (A) QRT-PCR analyses the expression levels of the downstream
oncogenic signals in BCa cell line (T24). (B) QRT-PCR analyses the expression
levels of the downstream oncogenic signals in BCa cell line (5637).
(C) QRT-PCR analyses the expression levels of the downstream oncogenic
signals in BCa cell line (SW780). *p < 0.05, **p < 0.01, and ***p < 0.001.

BCa cells. In our study, we planned to use this alncRNA to inhibit
the signaling pathways associated with C-myc and cyclin D1 and
tried to suppress tumor proliferation in this way. In the previous

FIGURE 6 | The alncRNA induced the cell apoptosis of BCa cell lines. (A) The
relative expression of caspases-3 in BCa cell lines with or without alncRNA.
(B,C) The alncRNA induced apoptosis in BCa cell line (T24) by flow cytometry
analysis following Annexin V and 7-AAD staining. (D,E) The alncRNA induced
apoptosis in BCa cell line (5637) by flow cytometry analysis following Annexin
V and 7-AAD staining. (F,G) The alncRNA induced apoptosis in BCa cell line
(SW780) by flow cytometry analysis following Annexin V and 7-AAD staining.
*p < 0.05 and ***p < 0.001.

experimental results, we have demonstrated that the alncRNA we
constructed indeed down-regulate the expression of C-myc and
cyclin D1. Now, we planned to verify that this approach does
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FIGURE 7 | The alncRNA inhibited cell proliferation in BCa cells (A) The growth curves of T24 cells infected with or without alncRNA were determined using CCK-8
assay. (B) The growth curves of 5637 cells infected with or without alncRNA were determined using CCK-8 assay. (C) The proliferation of T24 cells infected with or
without alncRNA were also determined using the EDU incorporation assay. (D) The proliferation of 5637 cells infected with or without alncRNA were also determined
using the EDU incorporation assay. *p < 0.05 and **p < 0.01.

inhibit cell proliferation in BCa cells (T24, 5637, and SW780).
CCK-8 assay (Figures 7A,B) and edu assay (Figures 7C,D) were
used to determine the cell proliferation levels of BCa cell lines
T24 and 5637 in our study. First, we determined the levels of
cell proliferation in BCa cell lines T24 and 5637. And then,
after the stable expression of the alncRNA in the BCa cell
lines, the cell proliferation of these cell lines will be measured
again by using CCK-8 assay and edu assay. By comparison,
we concluded that this alncRNA we constructed can effectively
inhibit cell proliferation.

The alncRNA We Constructed Inhibited
Cell Migration in BCa Cells
Last, we tried to elucidate whether the alncRNA acted as a
cell migration suppressor in BCa cells. Within the BCa cells,
the targeted miRNAs miRNA-495 and miRNA-940, as well as
β-catenin, were reported to induce cancer cell migration and
invasion by inducing epithelial-mesenchymal transition (EMT)
(Sun et al., 2016; Chen et al., 2017; Zhong et al., 2017; Wang
et al., 2018). We supposed that this alncRNA can inhibit the
cell migration of the BCa cells by inhibiting EMT. To validate
our hypothesis, we investigated the relationship between the
expression levels of mesenchymal markers (vimentin, slug) and
epithelial marker (E-cadherin) and the cell migration levels of
BCa cell (T24, 5637, and SW780) under the function of the
alncRNA. qRT-PCR was used to measure the expression levels
of E-cadherin, vimentin and slug, while wound healing assay
was used to evaluate the cell migration activity in our study. We
found that when the alncRNA was present, the expression of

vimentin and slug were decreased obviously, while the expression
of E-cadherin was increase obviously (Figures 8A,B). In addition,
we also found that the cell migration of BCa cells was significantly
reduced when the alncRNA was present (Figures 8C,D).

DISCUSSION

Nucleic acid aptamer is a small series of nucleotide sequences or
short polypeptides to be screened in vitro, and it can bind to the
corresponding ligands with high affinity and strong specificity.
In our study, we concatenate the apatamers of β-catenin and
NF-κB together to form the module1 of the alncRNA. The
relationship between the aptamer and the protein ligand was
taken advantage of by us to make the alncRNA we constructed
specifically bindβ-catenin and NF-κB, respectively, and inhibit
their oncogenic role within the BCa cells.

As one of the important regulatory factors, micoRNAs can
reverse the expression of the target genes by inhibiting the
translation of the target genes or degrading the mRNAs of the
target genes. However, in the course of the actual regulatory
process, some non-coding RNAs also have the binding site of
miRNAs, which act as the miRNA sponge within the cells. These
non-coding RNA can prevent miRNAs from inhibiting the target
genes, thus increasing the expression level of the target genes.
According to this principle, we designed module 2 of alncRNA.

In our study, we effectively combined the sequences of the
oncogenic transcription factors aptamers and the sequences of
the oncogenic miRNAs to construct an anti-cancer alncRNA
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FIGURE 8 | The alncRNA we constructed inhibited cell migration in BCa cells. (A) The relative expression of E-cadherin, vimentin and slug in T24 cell with or without
alncRNA. (B) The relative expression of E-cadherin, vimentin and slug in 5637 cell with or without alncRNA. (C) The relative rate of cell migration was calculated in
T24 cell infected with or without alncRNAs using the wound-healing assay. (D) The relative rate of cell migration was calculated in 5637 cell infected with or without
alncRNAs using the wound-healing assay. *p < 0.05 and **p < 0.01.

molecule. The alncRNA we constructed inhibited the malignant
phenotype of the BCa cells by binding to the oncogenic factors
specifically. Our study also demonstrated that the malignant
phenotype of the BCa cells can indeed be effectively inhibited
by constructing the form of alncRNA molecules. At the same
time, the inhibitory effect of alncRNA was better than CRISPR
dCas9-KRAB. This strategy of inhibiting the progression of
BCa may also provide novel ideas for the treatment of other
malignant tumors.

However, there are still some deficiencies in our works. Firstly,
our work primarily focused on the level of eukaryotic cells
rather than demonstrating the effectiveness of the alncRNA
in vivo. After all, we have not been able to demonstrate the
validity of the alncRNA in vivo, which is not convincing enough
for the suitability of this strategy for the clinical treatment.
Secondly, we mainly use transfection to get the alncRNA
into the cancer cells in our work. This approach, however,
cannot make the alncRNA stable in cells over the long term.
Therefore, the use of other more effective approach that enable
the alncRNA to be stably retained in the cells will be our
focus in the future.

In summary, we successfully constructed the alncRNA
which can down-regulate the oncogenic factors in the
BCa cells.
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A subset of long non-coding RNAs (lncRNAs), categorized as miRNA-host gene
lncRNAs (lnc-miRHGs), is processed to produce miRNAs and involved in cancer
progression. This work aimed to investigate the influences and the molecular
mechanisms of lnc-miRHGs MIR497HG in bladder cancer (BCa). The miR-497 and
miR-195 were derived from MIR497HG. We identified that lnc-miRHG MIR497HG and
two harbored miRNAs, miR-497 and miR-195, were downregulated in BCa by analyzing
The Cancer Genome Atlas and our dataset. Silencing of MIR497HG by CRISPR/Cas13d
in BCa cell line 5637 promoted cell growth, migration, and invasion in vitro. Conversely,
overexpression of MIR497HG suppressed cell progression in BCa cell line T24. MiR-
497/miR-195 mimics rescued significantly the oncogenic roles of knockdown of
MIR497HG by CRISPR/Cas13d in BCa. Mechanistically, miR-497 and miR-195 co-
ordinately suppressed multiple key components in Hippo/Yap and transforming growth
factor β signaling and particularly attenuated the interaction between Yap and Smad3.
In addition, E2F4 was proven to be critical for silencing MIR497HG transcription in BCa
cells. In short, we propose for the first time to reveal the function and mechanisms of
MIR497HG in BCa. Blocking the pathological process may be a potential strategy for
the treatment of BCa.

Keywords: bladder cancer, MIR497HG, CRISPR/Cas13d, Yap, TGF-β

Frontiers in Molecular Biosciences | www.frontiersin.org 1 December 2020 | Volume 7 | Article 61676835

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2020.616768
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmolb.2020.616768
http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2020.616768&domain=pdf&date_stamp=2020-12-09
https://www.frontiersin.org/articles/10.3389/fmolb.2020.616768/full
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-616768 December 3, 2020 Time: 17:31 # 2

Zhuang et al. MIR497HG Inhibition via CRISPR/Cas13d

INTRODUCTION

Bladder cancer (BCa) is one of the most prevalent epithelial
malignancies worldwide (Sanli et al., 2017). Most of the
diagnosed patients have non–muscle-invasive BCa (MIBC)
confined to the mucosa or lamina propria, and approximately
25% have MIBC that invades the detrusor muscle (Burger et al.,
2013; Robertson et al., 2018). MIBC is more aggressive and have a
worse prognosis (Felsenstein and Theodorescu, 2018; Robertson
et al., 2018). Existing therapies for MIBC have not changed
mortality rates over the past years (Felsenstein and Theodorescu,
2018). Genome and transcriptome profiling studies have revealed
considerable differences in the molecular and genetic features of
BCa cells, such as mutations, copy number, and gene epigenetic
alterations, determining tumor heterogeneity and therapeutic
resistance (Guo G. et al., 2013; Robertson et al., 2018; Kamoun
et al., 2020). However, non-genetic or epigenetic mechanisms in
BCa remain elusive.

Non-coding RNAs (ncRNAs), particularly long non-coding
RNAs (lncRNAs, >200 nt) and microRNAs (miRNAs, 20–
22 nt), are critical for epigenetic regulation (Spitale et al.,
2011; Ameres and Zamore, 2013). Recent studies have reported
that certain lncRNAs are referred to as miRNA-host gene and
acquire functionality by serving as the precursor to microRNAs
capable of regulatory role (Rodriguez et al., 2004; Cai and
Cullen, 2007; Dhir et al., 2015). For example, MIR100HG-
derived miR-100 and miR-125b induce chemotherapy resistance
via augmenting Wnt pathway (Lu et al., 2017). MiR-675 derives
from lncRNA-H19 and inhibits cell proliferation in response to
cellular stress or oncogenic signals (Keniry et al., 2012). MiR-
17∼92 cluster miRNAs encoded by MIR17HG downregulate
transforming growth factor β (TGF-β) and STAT3 signaling in
Feingold syndrome mouse models (Mirzamohammadi et al.,
2018). LncRNA MIR497HG and derived miR-497∼195 cluster
are downregulated in BCa (Itesako et al., 2014; Eissa et al.,
2019). Furthermore, the expression of miR-195 and miR-497 is
inhibited, and they function as tumor suppressors in various
types of human cancer including breast cancer (Li et al., 2011),
lung cancer (Chae et al., 2019), colorectal cancer (Guo S. T.
et al., 2013), and hepatocellular carcinoma (Furuta et al., 2013).
However, the impact of these lncRNAs or derived miRNAs in BCa
progression is largely unknown.

The function of MIR497HG was verified via forward
and reverse validation in BCa. To inhibit the expression of
MIR497HG, we design siRNAs targeting MIR497HG while the
expression of MIR497HG was not changed after transfection
of siRNAs in our work. Other method to restrain MIR497HG
expression is carried out in this study. New discovered type
VI CRISPR system is used to suppress the expression of
MIR497HG. A single protein effector (Cas13) can cleave a
specific RNA with a single RNA (crRNA) in this system
(Smargon et al., 2017). There are four subtypes (A–D) in
type VI systems (Wang et al., 2019). Type VI-D CRISPR
effectors, known as RfxCas13d, were recently discovered and
used for RNA depletion with high efficiency and specificity
in mammalian cells, including cancer (Abudayyeh et al., 2017;
Granados-Riveron and Aquino-Jarquin, 2018).

Many signaling pathways such as JAK-STAT, nuclear factor
κB, mTOR, and mitogen-activated protein kinase have been
reported to affect the survival of BCa (Abbosh et al.,
2015). Evolutionarily conserved Hippo pathway has been
shown to paly critical roles during BCa progression and
tumorigenesis (Xia et al., 2018). The Hippo pathway regulates
cell proliferation and migration via the downstream effector
Yes-associated protein (Yap; Mo et al., 2014). Yap is highly
expressed and acts as oncogenes in BCa (Liu et al., 2013;
Ciamporcero et al., 2016). TGF-β serine/threonine kinase
complex binds to TGF-β receptors and further activates different
downstream substrates and regulatory proteins, mainly the
SMAD, inducing transcriptions of different target genes involved
in cell proliferation and differentiation (Massagué, 2012). Besides,
activation of the TGF-β/Smad signaling pathway often co-
ordinates with Hippo/Yap pathway in human cancer, including
BCa (Dong et al., 2019).

Here we report that MIR497HG plays antitumorigenic roles
in BCa. We found that miR-497, miR-195, and their host gene
MIR497HG were low expressed in BCa tissues and cell lines. MiR-
497 and miR-195 synergistically targeted Yap and SMAD3 and
their downstream genes and decreased the formation of a Yap-
SMAD complex (Luo, 2017). We also identified that E2F4 is a
critical transcriptional suppressor of MIR497HG. Our findings
uncover an ncRNAs-mediated epigenetic mechanism to block
the crosstalk between Hippo/Yap and TGFβ/Smad signaling.
It may contribute to search for effective personalized targeted
therapies to treat BCa.

MATERIALS AND METHODS

Cell Culture
SV-HUC-1 (normal human immortalized urothelial cell line)
and the human BCa cell lines T24, 5637, RT4, UM-UC-
3, SW780, and TCCSUP were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, United States).
T24, 5637, and SW780 were cultured in RPMI-1640 medium.
UM-UC-3 and TCCSUP were cultured in DMEM. RT4 was
maintained in McCoy’s 5a, and SV-HUC-1 was cultured in
F-12K medium. Ten percent fetal bovine serum (Biological
Industries, Beit Haemek, Israel) and 1% penicillin/streptomycin
(GIBCO, Gaithersburg, MD, United States) were added to obtain
complete growth medium.

BCa Specimens
All BCa samples were collected from the Peking University
Shenzhen Hospital and Shenzhen University Nanshan Hospital.
All patients signed written informed consent, and this study
was approved by the Ethics Committee of Shenzhen University
Nanshan Hospital. The pathological status of the specimens was
provided by the board-certified pathologist.

Western Blot
Protein extracts were prepared in RIPA lysis buffer (#P0013B;
Beyotime), supplemented with phenylmethylsulfonyl fluoride
(PMSF; protease inhibitor and phosphatase inhibitor cocktail).
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FIGURE 1 | MIR497HG and embedded miR-497 and miR-195 were downregulated in bladder cancer. (A) Genomic representation of MIR497HG, host gene of the
miR-497/195 cluster, was shown on human chromosome 17. (B–D) The expression of MIR497HG and miR-497/195 cluster analyzed by qRT-PCR in 27 paired BCa
tissues and adjacent normal tissues. **P < 0.01 and ***P < 0.001 by paired-samples t test. (E–G) TGCA bladder cancer datasets were analyzed for MIR497HG and
miR-497/195 cluster expression. *P < 0.05. (H) The qRT-PCR analysis of MIR497HG, miR-497, and miR-195 expression levels among a panel of 7 BCa cell lines.
GAPDH or U6 snRNA served as the internal control.

Protein concentrations were determined using bicinchoninic acid
kit (Sigma–Aldrich) according to the manufacturer’s protocol.
sodium dodecyl sulfate–polyacrylamide gel electrophoresis was
used to resolve cell lysates and transferred onto polyvinylidene
fluoride membranes. Membranes were incubated for 1 h with
non-fat milk in Tris Buffered Saline Tween (TBST) buffer and
incubated overnight at 4◦C with primary antibodies and required
secondary antibodies conjugated to horseradish peroxidase and
developed by chemiluminescent substrates.

Reverse Transcription–Quantitative
Polymerase Chain Reaction and
Chromatin Immunoprecipitation
TRIzolTM Reagent (Invitrogen) was utilized to extract total
RNA, and RNA was purified using RNeasy Mini Columns

(Qiagen), according to the manufacturer’s protocol. For mRNA
and lncRNA MIR497HG detection, cDNA was generated using
SureScriptTM First-Strand cDNA Synthesis Kit (GeneCopoeia).
Quantitative polymerase chain reaction (qPCR) was then
performed using the SYBR Green qPCR MasterMix (Takara).
To analyze the expression level of miR-195 and miR-497, cDNA
was synthesized by a mir-X miRNA First-Strand Synthesis Kit
(Takara, Dalian, China). MiRNA expression was used for mir-
X miRNA quantitative reverse transcription (qRT)–PCR SYBR
kit (Toyobo, Osaka, Japan) according to the manufacturer’s
instructions, with U6 as the control.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were
performed according to manufacturer’s instructions using
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FIGURE 2 | MIR497HG suppresses BCa cell growth, migration, and invasion in vitro. (A) The schematic of CRISPR/Cas13d system. (B) Knockdown of MIR497HG
with Cas13d compared with corresponding RNAi. (C) The CCK-8 assays showed that silencing of MIR497HG promotes BCa cell proliferation in 5637 cell line.
(D) Clonogenic assay was performed to measure the capacity of foci formation in 5637 cells stably expressing indicated plasmids. (E) Wound healing assay of 5637
cells stably expressing indicated plasmids. (F) Representative images of Transwell invasion assay for MIR497HG-silencing 5637 cells. Cell number was counted in
six randomly captured pictures. Invasive ability was normalized to control. Data are shown as mean ± SD. n = 3 for technical replicates. *P < 0.05, **P < 0.01, and
***P < 0.001. P values are calculated by Student t test.

Cell Signaling Immunoprecipitation Kit (#9002). Briefly,
5637 cells were fixed with paraformaldehyde and lysed in
buffer A supplemented with DTT. Protease inhibitor cocktail
(PIC) and PMSF were maintained on ice for 10 min. Nuclei
were pelleted and resuspended in buffer B + DTT. DNA
was digested with 0.5 µL micrococcal nuclease. Nuclei were
again pelleted, resuspended in ChIP buffer with PIC and
PMSF, and incubated at 4◦C. The lysates were clarified by
centrifugation, and ChIP was carried out by incubating the
sample with rabbit immunoglobulin G or E2F4 antibody
(Abcam), followed by immobilization on protein A/G-agarose
beads (Life Technologies). The chromatin was eluted from
antibody/protein G agarose beads, cross-links were reversed,
and DNA was purified using spin columns. The qPCR was
performed using MIR497HG promoter or GAPDH primers.
Ct values were normalized to input DNA. The detailed
primer sequences for RT-qPCR and ChIP assays are listed in
Supplementary Table 1.

Cell Counting Kit-8 (CCK-8) Assay
Cells were cultured in 96-well plates at a concentration of
3 × 103 cells per well. After treatment, 10 µL CCK-8 reagent
(Dojindo, Kumamoto, Kyushu, Japan) was added to each well to

react for 0.5 h. The absorbance was measured at 450 nm using a
microplate reader.

Colony Formation Assay
One thousand cells cells/well were plated onto six-well plates,
which were incubated at 37◦C and 5% CO2 until colonies
were formed. After 10 to 15 days, colonies were fixed using
0.05% crystal violet in 4% paraformaldehyde and counted
using ImageJ program.

Cell Migration Assay
Cells were seeded in six-well plate (5 × 105/per well) and
incubated at 37◦C in a humidified incubator containing 5%
CO2 to get 100% confluence before transfection. A clear line
was produced with scratching using a sterile 200-µL pipette tip.
Images were taken from each well quickly. After 24 h, pictures
were taken again with the help of a digital camera system. The
time of 0 and 24 h of migration distance was calculated, and
assays were performed at least three times.

Cell Invasion Assay
Cells were transfected with siRNAs/plasmids for 48 h and
then trypsinized and resuspended in serum-free medium. Cells
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FIGURE 3 | MiR-497 and miR-195 rescued the enhancing effects of MIR497HG inhibition via CRISPR/Cas13d on BCa progression. (A, B) Clonogenic assay
showed that miR-497 or miR-195 mimics reversed partial Cas13d-mediated silenced MIR497HG enhancing growth of BCa cell. Wound healing assays (C, D) and
Transwell assays (E, F) indicated that miR-497 or miR-195 mimics rescued the enhancing function of Cas13d-mediated MIR497HG knockdown on migratory and
invasive activity of 5637 cells. Data are shown as mean ± SD. n = 3 for technical replicates. *P < 0.05, **P < 0.01, and ***P < 0.001. P values are calculated by
Student t test.

(1× 105) were then added to the upper chambers of the Transwell
inserts (Millicell; Merck KGaA) and allowed to migrate toward
the bottom of the chambers. After 24 h, the remaining cells in the
upper chamber were removed, and at room temperature, cells on
the underside were fixed in 4% paraformaldehyde for 30 min and
stained with 0.1% crystal violet for 30 min and captured using
an Olympus-type light microscope sz30. Quantification of the
migrated cells was performed by counting cell numbers.

Plasmids, Lentiviral Production, and
Transfection
Yes-associated protein1 and SMAD3 coding sequence was
cloned into pCMV-HA-N expression vector (SalI/BglII and

KpnI/NotI). Cas13d vector was obtained from Addgene 109049,
and crRNA was designed according to the previous study
(Abudayyeh et al., 2017). The crRNA sequence was designed
according to the website, https://cas13design.nygenome.org/,
and the top three crRNA sequences were chosen for
this study (AAGAGCAAAATTTAGGGTGCA TC, GA
GCAAAATTTAGGGTGCATCCC, and AGAGCAAAATT
TAGGGTGCAT CC). The primer sequences are presented
in Supplementary Table 1. pLemiR control, pLemiR-195, or
pLemiR-497 plasmid was packaged with pMDL, VSVG, and
pRSV-Rev into HEK-293T cells. To establish stable cell lines,
the concentrated lentivirus was directly added into cancer cells
and incubated at 37◦C for 48 h before they were washed out
with phosphate-buffered saline. Finally, cells were selected with
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FIGURE 4 | MiR-497 and miR-195 directly suppressed multiple key components in Hippo/Yap and TGF-β signaling. (A) The Kyoto Encyclopedia of Genes and
Genomes analysis of miR-497 and miR-195 target genes. (B) Predicted miR-497 and miR-195 binding conversed (red) and poorly conversed (blue) sites in 3′ UTRs
of Birc5, Yap1, CCND1, and Smad3. CDS, coding sequence. (C) Luciferase reporter assay of candidates predicted to be regulated by miR-497 or miR-195. Renilla
luciferase activity was normalized to firefly activity. n = 3 independent experiments. *P < 0.01 and **P < 0.01 by Student t test. (D) Western blot analysis of Birc5,
cyclin D1, Smad3, and Yap1 in the indicated cells. Gapdh served as the loading control. Representative of three independent experiments.

2.5 mg/mL puromycin for 4 days. The 3′ UTR fragments of
Yap1, SMAD3, CCND1, and BIRC5 containing the wild-type or
mutant miR-497∼195 cluster putative target sites were directly
synthesized from GeneCreate (Wuhan, China) and cloned
downstream of the Renilla luciferase cassette in psiCHECK-2
(Promega). The connective tissue growth factor (CTGF)–luc
plasmids were generated as described previously (Zhao et al.,
2008). The promoter fragments of human MIR497HG were
directly synthesized from GeneCreate (Wuhan, China) and
cloned into pGL3-Basic vector (Promega). A site-directed
mutagenesis kit (Thermo Fisher Scientific) was used to mutate
the miR-497∼195 cluster or E2F4-binding sites of these vectors.
The primer sequences used for the site-directed mutagenesis
are provided in Supplementary Table 1. All sequences were
confirmed by sequencing.

The miRNA inhibitors and mimics of miR-ctrl, miR-195,
and miR-497 were obtained from Ribobio (Guangzhou, China).
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States)

was used to transfect 50 nM of mimic or inhibitor of miR-ctrl,
miR-195, and miR-497 into indicated cancer cells according to
the manufacturer’s protocol. The expression levels of miR-195
and miR-497 were quantified after 48-h transfection.

Luciferase Reporter Assay
miR-497 or miR-195 mimic or control mimic (Ambion) and
indicated psiCHECK-2-3′ UTR wild-type or mutant plasmids
were co-transfected into 5637 cells cultured in 24-well plates
using Lipofectamine 3000 (Thermo Fisher Scientific). Renilla and
firefly luciferase activities were tested with the dual-luciferase
reporter assay system (Promega, Madison, WI, United States)
according to the manufacturer’s manual.

In order to measure promoter activities, the MIR497HG
promoter fragment sequence was inserted into pGL3-basic
plasmid, named pGL3-MIR497HG. Then pcDNA3.1-E2F4
expression plasmid or empty vector control and pGL3-
MIR497HG or pGL3-MIR497HG-mut were co-transfected into
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FIGURE 5 | MiR-497 and miR-195 co-ordinately attenuated Yap and Smad3 dependent transcriptional activity. (A, B) 5637 cells were transfected with expression
vectors as indicated. Cell lysates were subjected to immunoprecipitation (IP) with an anti-Flag antibody and subsequent WB with indicated antibodies.
(C) CTGF-luciferase reporter was co-transfected with other plasmids into 5637 cells as indicated for luciferase assay. Results are expressed as mean ± SD.
**P < 0.01 and ***P < 0.001. (D) Western blot analysis of CTGF in the cells transfected with miR-497 and miR-195 mimics.

5637 cells cultured in 24-well plates using Lipofectamine 3000
(Thermo Fisher Scientific). The firefly and Renilla luciferase
activity was measured after 48 h with the dual-luciferase
reporter assay system (Promega). Firefly luciferase activity was
normalized to Renilla activity.

Statistical Analysis
Statistical analysis was performed by the SPSS 21 (SPSS Inc.,
Chicago, IL, United States). Two-tailed unpaired or paired
Student t test, analysis of variance (ANOVA; Dunnett or least
significant difference post hoc test), and Pearson correlation
coefficients were used according to the type of experiment.
The statistical significance between data sets was expressed as
P values, and P < 0.05 was considered significant, ∗P < 0.05,
∗∗P < 0.01, and ∗∗∗P < 0.001.

RESULTS

MIR497HG and MIR497HG-Derived
miR-497 and miR-195 Were
Downregulated in BCa
MIR497HG is the host gene of the miR-497∼195 cluster on
chromosome 17 (Figure 1A). We first examined the expression

of MIR497HG, miR-497, and miR-195. The RT-qPCR analysis
confirmed the downregulation of endogenous MIR497HG, miR-
497, and miR-195 expression in BCa tissues compared with
normal adjacent tissues (Figures 1B–D). Furthermore, we
analyzed The Cancer Genome Atlas (TCGA) bladder urothelial
carcinoma RNA sequencing data and revealed that the expression
levels of miR-497 and miR-195 were inhibited in various stage of
BCa (Figures 1E,F), and these data also showed that MIR497HG
was downregulated in BCa (Figure 1G). Similarly, the expression
levels of MIR497HG, miR-195, and miR-497 were repressed in
different BCa cell lines including 5637, T24, UMUC-3, SW780,
RT4, and TCCSUP. Thus, MIR497HG, miR-497, and miR-195
were downregulated in both human BCa tissues and cell lines
(Figure 1H). These data suggest that MIR497HG, miR-497, and
miR-195 may be involved in the progression of BCa.

MIR497HG Suppressed BCa Cell Growth,
Migration, and Invasion in vitro
Forward and reverse validation of the function of MIR497HG
was verified in BCa cells. The expression level of MIR497HG was
not changed after transfection of three different siRNAs targeting
MIR497HG (Supplementary Figure 1). Thus, CRISPR/Cas13d
system (crRNA and Cas13d) was used in this study, and the
schematic of this system is shown in Figure 2A. Although
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FIGURE 6 | E2F4 transcriptionally repressed MIR497HG expression in BCa cells. (A) The correlation between E2F4 gene expression and MIR497HG level in TCGA
datasets. (B) 5637 cells expressing either E2F4 or non-silencing control siRNA were analyzed for E2F4 (left) or MIR497HG (right) mRNA expression using qRT-PCR.
(C) E2F4-binding motif. (D) E2F4 binding in the MIR497HG promoter and primer designation. (E) Chromatin immunoprecipitation was performed in 5637 cells with
either IgG or E2F4 and subsequently subjected to qPCR analysis with the indicated primers. Student t test, *P < 0.05 and ***P < 0.001. (F) HIF-1a promoter activity
was determined in 5637 with E2F4 overexpression. One-way ANOVA with Dunnett posttest, *P < 0.05 and **P < 0.01. (G) A schematic representation of deletion or
mutation constructs spanning the −1,500 to + 200 region of the MIR497HG promoter. (H, I) The luciferase vector pGL3 driven by either wild-type, deletion, or
mutant MIR497 promoter was transfected in 5637 cells, and luciferase activity was measured. n = 3 independent experiments. *P < 0.05 and **P < 0.01 by Student
t test.

the expression level of MIR497HG was decreased significantly
in both 5637 and T24 cells, it was higher in 5637 than that
in T24. Thus, the expression of MIR497HG was inhibited
significantly using CRISPR/Cas13d targeting MIR497HG
in BCa 5637 cells (Figure 2B). CCK-8 assays and colony
formation assays showed that inhibition of MIR497HG via
CRISPR/Cas13d significantly promoted cell proliferation,
migration, and invasion in 5637 (Figures 2C–F). Conversely,
overexpression of MIR497HG in BCa T24 cells restrained
significantly cell growth (Supplementary Figures 2A–C), scratch
wound healing (Supplementary Figures 2D,E), and invasion
abilities (Supplementary Figures 2F,G) compared with vector
control. However, MIR497HG has no effects on cell apoptosis in
BCa cells (data was not shown). Thus, MIR497HG was regarded
as a tumor suppressor gene in BCa.

MiR-497 and miR-195 Rescued the
Enhancing Effects of MIR497HG
Inhibition via CRISPR/Cas13d on BCa
Progression
Considering that a major role of miRNA-host gene lncRNAs (lnc-
miRHGs) depends on their derived miRNAs (Augoff et al., 2012;
Keniry et al., 2012; Lu et al., 2017; Wu et al., 2017), we test whether
the phenotypes associated with MIR497HG are mediated by miR-
497 and miR-195 in BCa cell lines. miR-497 and miR-195 mimics
were transiently transfected into 5637 cells after MIR497HG
inhibition through CRISPR/Cas13d tool. The most significant
suppressive effect was detected using crRNA sequence 1, and we
picked these sequences for further study (data was not presented).
As shown in Figure 3, miR-497 or miR-195 mimics partially
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FIGURE 7 | The schematic diagram of mechanism of lncRNA MIR497HG in BCa. E2F4 bound to the promoter of MIR497HG to act as inhibitory transcription factors
to suppress the expression of MIR497HG. miR-497 and miR-195 were derived from MIR497HG, and they suppressed the crosstalk of Yap and SMAD3, which were
key components in Hippo/Yap and TGF-β/Smad signaling. Then, the downstream of Yap/SMAD3 complex, oncogenic CTGF, was restrained to curb cell progression
of BCa.

reversed the promotion of cell proliferation (Figures 3A,B),
migration (Figures 3C,D), and invasion (Figures 3E,F) induced
by MIR497HG suppression. Collectively, these data suggested
that miR-497 and miR-195 are indispensable in the biological
function of MIR497HG in BCa.

MiR-497 and miR-195 Directly
Suppressed Multiple Key Components in
Hippo/Yap and TGF-β Signaling
To explore the molecular pathways of miR-195 and miR-497
in BCa cells, we performed in silico analyses using mirPath v.3
and TargetScan. Based on the Kyoto Encyclopedia of Genes
and Genomes pathway enrichment analysis, 14 pathways were
enriched in miR-195/497 cluster putative targets (Figure 4A and
Supplementary Table 2). Then, we focused on genes predicted as
miR-195/497 cluster targets and involved in Hippo signaling and
TGF-β pathway. Analyses of TargetScan database and previous
studies (Li et al., 2011; Itesako et al., 2014; Jafarzadeh et al., 2016;
Zhang L. et al., 2016) revealed that 3′ UTRs of Yap, SMAD3,
CCND1, and BIRC5 contained at least one conserved binding
site for miR-497∼195 cluster (Figure 4B). These genes are the
key components in the Hippo signaling and TGF-β pathway.
Next, luciferase reporter assays confirmed that miR-497 and miR-
195 directly target the 3′ UTR of these candidates (Figure 4C).
The RT-qPCR and Western blot analysis showed that miR-
497 or miR-195 mimics dramatically inhibited Yap, Smad3,
Ccnd1, and Birc5 expression in BCa 5637 cells (Figure 4D and
Supplementary Figure 3).

MiR-497 and miR-195 Co-ordinately
Attenuated Yap- and Smad3-Dependent
Transcriptional Activity
Previous studies suggest that Yap–Smad3 interaction is essential
for the crosstalk between Hippo signaling and TGF-β pathway
(Varelas et al., 2008; Fujii et al., 2012; Luo, 2017). To examine
whether miR-497∼195 clusters affect the formation of Yap–Smad
complex, we performed immunoprecipitations to detect Yap–
Smad3 interaction in 5637 cell lines. Our results showed that
the interaction between Yap and Smad3 was inhibited/enhanced
via miR-497 or miR-195 mimic/inhibitor treatment, respectively,
(Figures 5A,B). Interaction between Yap and Smad3 is required
to positively regulate transcriptional activity of their common
downstream genes including CTGF, a critically oncogenic target
(Fujii et al., 2012). Next, CTGF luciferase assays showed that
miR-497∼195 clusters blocked CTGF promoter transcriptional
activity mediated by Yap and Smad3 (Figure 5C). CTGF
protein expression was decreased with miR-497 or miR-195
overexpression (Figure 5D). These data suggest that miR-497
and miR-195 synergistically repress Yap- and Smad3-mediated
transcriptional activity of CTGF.

E2F4 Transcriptionally Repressed
MIR497HG Expression in BCa Cells
To determine the mechanism of downregulation of miR-
497∼195 clusters in BCa, we analyzed the host gene MIR497HG
promoter sequence using MethPrimer and JASPAR. First, no
CpG island exists in the promoter region of MIR497HG predicted
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by MethPrimer. It suggested that MIR497HG expression
might not be repressed by promoter methylation. Then we
identified conserved DNA-binding sites for fork head/winged
helix transcription factors. Among these transcription factors,
we focused on E2F transcription factor 4 (E2F4), which was
negatively correlated with MIR497HG expression (Figure 6A)
and had relatively high scores (Supplementary Table 3).
Therefore, we individually knocked down E2F4 or E2F6
(another high score transcription factor) in 5637 cell line
using siRNA and analyzed the effect of these knockdowns on
MIR497HG expression. Silencing of E2F4 significantly promoted
MIR497HG expression (Figure 6B), except knockdown of E2F6
(Supplementary Figure 4). It inspired us to determine whether
the transcription factor E2F4 directly targets MIR497HG.
Thus, we first utilized the Ensembl and JASPAR to identify
forkhead/winged helix motif (GGCGGGAA) in the MIR497HG
1.5-kb promoter region and found four potential binding sites
(Figures 6C,D). Next, real-time PCR after ChIP confirmed that
E2F4 was significantly enriched at the MIR497HG promoter
(Figure 6E). We further confirmed that E2F4 directly regulates
MIR497HG expression using luciferase reporter assays. E2F4
overexpression significantly decreased the activity of the
MIR497HG promoter (Figure 6F). Sequential mutations and
deletions of four binding sites revealed that forkhead/winged
helix-binding site “−189∼−179” was the major site for E2F4
repressing MIR497HG transcriptional activity (Figures 6G–I).
Altogether, these data clearly demonstrate that E2F4 inhibited
MIR497HG transcription by directly binding to its promoter
in BCa cells. The schematic diagram of mechanism of lncRNA
MIR497HG is shown in Figure 7. E2F4 bound to the promoter
of MIR497HG to inhibit the expression of MIR497HG. miR-497
and miR-195 were derived from MIR497HG and suppressed the
crosstalk of Yap and SMAD3, which were key components in
Hippo/Yap and TGF-β/Smad signaling. Then, the downstream of
Yap/SMAD3 complex, oncogenic CTGF, was restrained to curb
cell proliferation of BCa.

DISCUSSION

MIR497HG is a host gene of the miR-497 and miR-195 embedded
in its first intron. MIR497HG was significantly downregulated
and might serve as a potential diagnostic marker in BCa (Eissa
et al., 2019). MiR-495 and miR-195 were also reduced in BCa
and inhibited cancer cell progression (Han et al., 2011; Itesako
et al., 2014; Zhang Y. et al., 2016). Consistent with these findings,
we confirmed that concomitant low expression of MIR497HG,
miR-497, and miR-195 occurred in BCa and that miR-497
and miR-195 co-ordinately play critical antioncogenic roles in
BCa cells. In vitro, we found that inhibition/overexpression
of MIR497HG significantly promotes/inhibits the viability and
proliferation of BCa cells. No properly designed siRNAs may
be the possible reason for the ineffectiveness of the siRNAs
targeting MIR497HG. CRISPR/Cas13d was used to knock
down the expression of MIR497HG. Compared with other
type VI effectors, the size of Cas13d is smaller and has been
verified as effective tools for RNA targeting and editing (Yan
et al., 2018). However, more work about the construction of

synthetic CRISPR/Cas13d sensing RNA will be performed in
the future. Besides, mechanistically, integrated in silico analyses
and luciferase reporter assays revealed that miR-195/497 cluster
directly targeted Yap, SMAD3, BIRC5, and CCND1, the key
components in the Hippo and TGF-β pathway. Moreover, we
found that miR-195/497 cluster decreased the formation of
regulatory transcription complex containing Yap and Smad3,
while decreasing their common target genes, such as the gene-
encoding CTGF (Luo, 2017). Various studies have revealed that
CTGF is critical in cancer progression and initiation (Chen et al.,
2019; Pu et al., 2019; Zhou et al., 2020).

Although we focused on the target genes in the Hippo and
TGF-β pathway, it is likely that other genes or pathways are
changed in BCa cells as a result of miR-195/497 cluster–mediated
posttranscriptional gene silencing. For example, miR-195/497
cluster maintained Notch activity and HIF-1α protein expression
by targeting FBXW7 in endothelial cells (Yang et al., 2017).
However, we observed no similar changes of HIF-1α and FBXW7
expression after miR-195/497 mimic treatment in BCa cells
(data was not shown). The reasons for the disparities remain
unclear. One possibility is that miRNA performs distinct genetic
programs in the different cells and microenvironments in which
the cells reside.

Numerous studies points toward an important role for E2F4
with reports of transcriptional stimulatory or repressive effects of
E2F4 in different cell type or tissue context (López-Díaz et al.,
2013; Cuitiño et al., 2019; Hsu et al., 2019; Kanakkanthara et al.,
2019). It is possible that E2F4 serves as a transcriptional activator
or repressor upon binding distinct transcriptional cofactors. E2F4
drives genes transcription by interacting with acetyltransferase
GCN5 and the essential cofactors TRRAP (Lang et al., 2001).
Conversely, E2F4 silence target genes rely on its interaction with
the “pocket protein,” such as retinoblastoma (Rb), p107, and p130
that recruit DNA methyltransferases (DNMTs) (Iaquinta and
Lees, 2007; López-Díaz et al., 2013). Our data showed that E2F4
represses MIR497HG transcriptional activity, while inhibiting its
embedded miR-497 and miR-195 expression. Further studies are
needed to investigate whether a novel co-repressor that interacts
with E2F4 exists.

In conclusion, E2F4 suppressed the expression of MIR497HG,
and MIR497HG suppresses BCa progression through disrupting
the crosstalk between Hippo/Yap and TGF-β/Smad signaling
by reducing expression of four key genes involved in these
two pathways and Yap–Smad3 interaction. Our findings
may open up avenues for developing effective therapeutic
strategies to treat BCa.
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mimic-ctrl transfected cells. Data are shown as mean ± SD. n = 3 for technical
replicates. ∗∗P < 0.01 and ∗∗∗P < 0.001.

Supplementary Figure 4 | RT-qPCR suggested that the expression of
MIR497HG was no changed after knock down of E2F6. ∗∗∗p < 0.001.
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ChIP-qPCR and RT-qPCR in this work.
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miR-195/497 cluster putative targets involve in different biological pathways.
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MIR497HG was predicted by JASPAR database.
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A Corrigendum on

Silencing of lncRNA MIR497HG via CRISPR/Cas13d Induces Bladder Cancer Progression
Through Promoting the Crosstalk Between Hippo/Yap and TGF-β/Smad Signaling
by Zhuang, C., Liu, Y., Fu, S., Yuan, C., Luo, J., Huang, X., Yang,W., Xie, W., Zhuang, C. (2020), Front
Mol Biosci. 7:616768. doi: 10.3389/fmolb.2020.616768

In the original article (Zhuang et al., 2020), there were two errors in Supplementary Figure 2. The “T24
Wound Healing” images of 24 h of “ctrl” in Supplementary Figure 2D and the Supplementary Figure 2F
(right) mistakenly used the 5,637 cells data. We then proceed to re-check all original data, found that the
inadvertent errors happened during figure processing. All the original pictures of Wound Healing and
migration assays of 5,637 and T24 cells were put in a same folder for faster processing and mistakes were
happened in the process of image processing using Adobe Illustrator CS6. The authors truly apologize for
the oversight on thismatter to the editors, reviewers and readers for any confusion that has been caused by
these unintentional errors.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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Optogenetic systems have been increasingly investigated in the field of biomedicine.

Previous studies had found the inhibitory effect of the light-inducible genetic circuits on

cancer cell growth. In our study, we applied an AND logic gates to the light-inducible

genetic circuits to inhibit the cancer cells more specifically. The circuit would only be

activated in the presence of both the human telomerase reverse transcriptase (hTERT)

and the human uroplakin II (hUPII) promoter. The activated logic gate led to the expression

of the p53 or E-cadherin protein, which could inhibit the biological function of tumor cells.

In addition, we split the dCas9 protein to reduce the size of the synthetic circuit compared

to the full-length dCas9. This light-inducible system provides a potential therapeutic

strategy for future bladder cancer.

Keywords: CRISPR, split-dCas9, light-inducible, bladder cancer, logic gate

INTRODUCTION

Bladder cancer ranks as the tenth highest incidence with ∼550 thousand people diagnosed
worldwide in 2018. The incidence in males is significantly higher than in females, and the
highest incidence is observed in men from Europe and North America (https://gco.iarc.fr/today/
data/factsheets/cancers/30-Bladder-fact-sheet.pdf). Bladder cancer is often associated with a poor
prognosis since the surgery naturally involves the urogenital tract, which leads to a profound
psychological impact as well as the physical impact (2017). In addition to the surgery, chemotherapy
is often considered as a part of the combination therapy (Leow et al., 2014). However, poor patient
compliance due to the side effects and the lack of durable response evokes an urgent need for more
targeted and personalized approaches (Vasekar et al., 2016).

Synthetic biology and gene therapy have enormous potential in satisfying these requirements
(Rivière and Sadelain, 2017; Sedlmayer et al., 2018). After several decades of development, we
now acquire various genetic editing methods, like TALEN(transcription activator-like effector
nucleases) (Beerli et al., 2000), ZFNs(zinc-finger nucleases) (Zhang et al., 2011) and CRISPR
(clustered regularly interspaced short palindromic repeats) technology. (Jinek et al., 2012; Qi et al.,
2013). The high efficiency, ease of use and low cost soon make the CRISPR a preferable tool in the
field of gene editing (Zhan et al., 2019).
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Small molecules have long been the preferential choice for
regulating gene expression (Gossen et al., 1995; Schenone et al.,
2013). They present great regulatory performance in vitro and
in vivo, however, they often trigger side effects for therapeutic
use (Muller and Milton, 2012). Thus, scientists proposed that
the future transcription-control systems will be a molecule-
free or traceless remote control (Folcher et al., 2014; Ye and
Fussenegger, 2019). Following this, increasing investigation upon
light-inducible gene-regulating devices was conducted during the
recent decade. Other than molecule-free, light control systems
allow precise spatial and temporal regulation of cell behavior,
which makes it ideal for gene regulation (Polstein and Gersbach,
2015).

Previous studies found that under blue light illumination, the
cryptochrome 2 (CRY2) photoreceptor could form a heterodimer
with its specific binding CIB1 protein (cryptochrome-interacting
basic-helix-loop-helix 1) (Yamada et al., 2020; Zhao et al., 2020).
Incorporated this light-responsive module to the dCas9 protein
and the transcriptional activation domain could flexibly tune the
transcriptional regulatory function of dCas9 protein. However,
applying the CRISPR-dCas9 circuits to clinical use is hindered
by the cargo size of current viral delivery vehicles (Truong
et al., 2015; Li et al., 2018). To solve this problem, researchers
proposed that dCas9 protein can be split into different domains
and integrated inside the cells (Nihongaki et al., 2015; Zetsche
et al., 2015; Ma et al., 2016).

In this study, we established a light-induced gene expression
device based on the dCas9 protein and the CRY2-CIB1
photosensitive module. Then, we incorporated a modular
AND logic gate with a CRISPR-dCas9 system for improved
specificity. The system would only activate the output gene
in the presence of both inputs and the blue light (Liu
et al., 2014). In addition, for better practicality, we reduced
the size of the dCas9 protein by splitting it in half. Our
results demonstrated that by activating the exogenous p53
or endogenous E-cadherin via this system, the cancer cell
proliferation and invasion could be effectively inhibited in vitro,
while apoptosis was promoted. This device not only presented
a more advanced specificity and modularity, but also easier to
transport, which had the potential of being a promising cancer
therapeutic strategy.

RESULTS

Construction of the Split
CRISPR-dCas9-Based Light-Inducible
System
We constructed a light-inducible genetic circuit that only
activates the target gene expression in the presence of blue
light illumination. The circuit composed of a dCas9-CIB1
fusion protein which anchored to the target gene, and a
CRY2-AD (activator domain) fusion protein which acted as
the transcriptional activator (Figure 1). Under the blue light
condition, the CRY2 and CIBI domains were heterodimerized.
Then the AD domain could activate the target gene transcription

(Figure 1B). Whereas, without the blue light, the CRY2-AD
component freely diffuses within the nucleus (Figure 1A).

In addition, we combined the logical AND gate with split
dCas9 protein which allows the reconstitution of dCas9 only
when both input promoters worked. The dCas9 protein was
divided into C-terminal (IntC) and N-terminal (IntN) split
inteins. The input promoter A drives the transcription of dCas9
IntN and a light-sensitive CIBN domain. The input promoter B
drives the transcription of dCas9 IntC and a light-sensitive CIBN
domain (Figure 1C).

Dose-Dependent Reporter Gene
Expression Induced by Blue Light
Illumination
A light-inducible CMV promoted dCas9 expression circuit was
constructed to assess the efficiency of this light-inducible device.
The results showed that the relative activity of hRluc luciferase
production in the light group was significantly higher than that
in the dark group in 293T and 5,637 cell lines (Figures 2A,C).
The performance of the full-length dCas9 was better than the split
dCas9. In addition, with a higher illumination dose, the relative
luciferase activity increased (Figures 2B,D). Then, the time-
course analysis of the expression of the fluorescence reporter gene
in 5,637 cells showed that the expression level of the fluorescence
gene increased with the prolongation of light (Figures 2E,F).

Construction of the Two-Input Logic and
Gate
Next, we modified this system to increase its specificity toward
bladder cancer cells by changing the input CMV promoter to
hTERT and hUPII promoters, which are specific cancer cell and
bladder cell markers (Figure 3A). The CMV circuit acted as a
positive control and had higher effector expression compared
to the hTERT/hUPII circuit when activated. In both 5,637 and
T24 cells, both circuits were activated under light condition.
Whereas, in 293T cells, only the CMV circuit was activated
under light condition, no significant change was observed using
the hTERT/hUPII circuit between the dark and light condition
(Figure 3B).

Construction and Optimisation of the
Two-Input and Logic Circuit
To investigate the potential therapeutic use of this system in
bladder cancer, we altered the effector to exogenous p53 and
endogenous E-cadherin protein. Both of them are well-known
tumor suppressors (Figure 4A). When both hTERT/hUPII
promoters were activated, the dCas9-CIB1 fusion protein would
be reconstituted. Under the light condition, the heterodimerized
CRY2-AD and dCas9-CIBI would activate the target gene
transcription under gRNA guidance. We designed gRNAs
specifically targeting CHD1 gene (Figure 4C) and exogenous
TRE promoter which regulate the activation of p53 expression
(Figure 4B).
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FIGURE 1 | Design strategy for light-inducible split CRISPR-dCas9 gene expression system. (A,B) Schematic of the light-inducible CRISPR-dCas9 gene expression

system without blue light illumination (A) and with blue light illumination (B); (C) Schematic of the light-inducible split CRISPR-dCas9 gene expression system with

blue light illumination.

The Inhibitory Effect of Dcas9-Based
Light-Induced p53 Expression in Bladder
Cancer Cells
Furthermore, we detected the expression of p53 mRNA induced
by light (Supplementary Figure 1b), and examined the effect
of the synthetic circuit and elevated exogenous p53 expression
on the bladder cancer cells via a set of functional assays. The
cell proliferation assay, CCK8 and the cell colonization assay
indicated that the light-induced p53 expression significantly
reduced both 5,637 and T24 cell growth in light condition
(Figures 5A,C). The light-dark group significantly decreased the
cell colonization in T24 cells compared to the dark control, yet in
5,637 cells, no obvious difference was observed (Figure 5A).

Then the cell invasion assay was performed. According to
Figure 5B, relative cell invasion was significantly reduced in
both cell lines under light condition and light-dark condition
compared to the dark condition (Figure 5B). Finally, the
cell apoptosis was examined using caspase-3/ELISA (enzyme-
linked immunosorbent assay). The light-induced p53 expression
significantly increased the cell apoptosis in both cell lines in the
light group and light-dark group compared to the dark control
(Figure 5D).

The Inhibitory Effect of Dcas9-Based
Light-Induced E-cadherin Circuit in
Bladder Cancer Cells
The effect of the activated E-cadherin expression was assessed on
the bladder cancer cells. In addition, to optimize the efficiency of
CRISPR-dCas9 system, we selected three sgRNAs for verification.
The efficiency of the sgRNAs was assessed by comparing the

relative CHD1 mRNA level between the experimental and
control groups, and only sgRNA3 was proved to have high
efficiency (Supplementary Figure 1a). The cell proliferation and
colonization assay showed that the light-induced E-cadherin
expression reduced both 5,637 and T24 cell growth in light
condition significantly (Figures 6A,C). The light-dark group
showed a decrease in cell growth, yet not as significant as the
light group.

According to Figure 6B, cell invasion was also significantly
affected by the expression of light-induced E-cadherin. Even
under light-dark condition, the cells exhibited a large decrease
in their invasion ability (Figure 6B). Finally, caspase-3/ELISA
(enzyme-linked immunosorbent assay) performed to assess the
bladder cancer cell apoptosis. The light-induced E-cadherin
expression significantly promoted the cell apoptosis in both cell
lines. In T24 the cell apoptosis was higher in the light-dark group
compared to the dark control, yet no significant difference was
observed in the 5,637 cells (Figure 6D).

DISCUSSION

In this study, we demonstrated that in the presence of input
signals, the split dCas9 can be reconstituted and carry out its
transcriptional regulatory function in vitro. In addition, the
dose-dependent reporter gene expression induced by blue light
illumination suggested a successful integration of the CRY2-CIB1
light-sensitive module with the dCas9 protein. Upon optimizing
the light-induced dCas9 system, we performed functional assays
to examined the effect of our system on bladder cancer cell lines
and profound effects were observed.
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FIGURE 2 | Dose-dependent luciferase activity induced by light in the cancer cell. (A,C) Relative luciferase activity examined of full-length dCas9 group, split dCas9

group and the negative control under dark and light condition in 293T (A) and 5637 (C) cells. (B,D) The relative luciferase activity increases with increasing light dose

in 293T (B) and 5637 (D) [1s:20s-1s:120s represents 1 s illumination (0.84 W/m2) every 20–120 s]. (E) The EYFP reporter assay was used to detect changes in the

expression of EYFP over time in 5,637 cells under light, dark, and light-dark conditions. (F) Time course of EYFP gene expression under light, dark, and light-dark

conditions in 5,637 cell using fluorescence microscope. Data are means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).

Utilization of light-inducible gene-regulating devices in
synthetic biology caught researchers’ attention these years due to
its precise spatial and temporal control (Polstein and Gersbach,
2015; Yamada et al., 2020; Zhao et al., 2020). The previous
studies showed that a CRISPR-dCas9 based light-sensitive gene
expression system could regulate an exogenous p53 expression
in a dose-dependent manner (Lin et al., 2016). Via controlling
the p53 expression, the bladder cancer cell proliferation was
successfully inhibited. Here we adopted the idea of a light-
sensitive gene-regulating device, and improved it by integrating
AND logic gate with split dCas9 protein. The AND logic gate
was composed of two inputs: hTERT and hUPII, which are
the cancer-specific promoter and bladder specific promoter,
respectively (Zhu et al., 2004; Jusiak et al., 2016). The CMV

promoter, a strong promoter in eukaryotes was used as a control
logic gate (Figure 3) (Zarrin et al., 1999). Through the AND logic
gate, we aimed to selectively identify the bladder cancer cells and
trigger the following output gene expression.

Besides the AND logic gate, we used split dCas9 protein
to restrict the cargo size. This is particularly appealing to
future in vivo applications, where the adeno-associated viral
vectors (AAV) are commonly used (Santiago-Ortiz and Schaffer,
2016; George et al., 2017). They are well-known for the low
immunogenicity and having various serotypes suitable for a
tissue-specific infection (Verdera et al., 2020). However, the
packaging of Streptococcus pyogenes (SpCas9) and gRNA is
challenging due to the payload capacity of AAV is limited to
∼4.7 kb (Wu et al., 2010; Senís et al., 2014). In order to solve
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FIGURE 3 | Design and validation of the AND gate genetic circuits. (A) The logic AND gate has the hUP II and hTERT promoters as the inputs. In the presence of both

inputs, the effector hLuc expression will be activated. (B) Luciferase expression levels of 293T, 5,637, and T24 cell lines transfected with the hTERT/hUPII circuit under

dark or blue light condition, compared to the CMV control circuit. Data are means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 4 | Construction of the p53/E-cadherin circuit. (A) The hUP II and hTERT promoters are designed to be the AND logic gate inputs, and the outputs are

exogenous p53 or endogenous E-cadhenrin. (B,C) In the presence of both inputs and light condition, the effector p53 (B) or E-cadherin (C) gene expression will be

activated.
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FIGURE 5 | The expression of exogenous p53 inhibits the bladder cancer cell function. (A,C) Colony-formation assay (A) and CCK-8 assay (C) indicating the effect of

light-induced exogenous p53 expression under blue-light, dark, or light-dark condition on 5,637 and T24 cell proliferation. (B) Transwell assay diaplaying the effect of

light-induced exogenous p53 expression under blue-light, dark, or light-dark condition on 5,637 and T24 cell invasion. (D) Caspase-3/ELISA suggesting the effect of

light-inducible exogenous p53 expression under blue-light, dark, or light-dark condition on 5,637 and T24 cell apoptosis. Data are means ± SD. (n = 3, *p < 0.05, **p

< 0.01, ***p < 0.001).

this problem, scientists proposed various ways including finding
shorter and equally efficient Cas9 analogs (Ran et al., 2015). Some
researchers have applied full-length Cas9 and split Cas9 to disease
treatment and compared them (Hoffmann et al., 2019).Others
worked on splitting the Cas9 protein and packaged each section
into an individual AAV (Moreno et al., 2018). After transfecting
the cell with both AAVs, the whole protein can be reconstituted
(Chew et al., 2016; Ma et al., 2016). In addition, there was
also a study to expand split-Cas9 into a platform for genome-
engineering applications (Wright et al., 2015). In general, the
AND logic circuit and split dCas9 protein system we generated
could increase the specificity and reduce the size of the device,
which could potentially benefit the future therapeutic use.

The output targets of the AND logic gate was exogenous
p53 or endogenous E-cadherin, whose inactivation were well-
known factors that contributed to cancer development (van Roy
and Berx, 2008; Valente et al., 2018; Manshouri et al., 2019;
Miller et al., 2020). p53 is the most frequently mutated tumor
suppressor gene in cancer. Its mutation has direct association
with tumor development and functions as an oncogene (Mircetic
et al., 2017; Zhan et al., 2018). E-cadherin was found to be
partially or even completely lost in the malignant progression
of epithelial tumors (Strumane et al., 2004; Onder et al., 2008).
Others also showed that E-cadherin had strong anti-invasion and

anti-metastasis effects (Mendonsa et al., 2018; Wong et al., 2018).
Our results were in line with previous findings, the activation of
p53 and E-cadherin had a profound effect on bladder cancer cell
proliferation, invasion and apoptosis.

In conclusion, our results validated the inhibitory effect of
our light-induced split dCas9 system on the bladder cancer cells.
In addition, based on the previous studies, we improved the
specificity and practicality of this transcriptional regulatory tool
by combining the light-inducible CRISPR system with the split
CRISPR-dCas9 system. This work provides a potential strategy
for precise and quantitative inhibition of bladder cancer cells.

MATERIALS AND METHODS

Plasmids Construction
The anchor domain [CMV-CIBN-dCas9(1-1153)-IntN,
CMV-IntN-dCas9(1154-1368)-CIBN, hTERT-CIBN-dCas9(1-
1153)-IntN, hUPII-IntN-dCas9(1154-1368)-CIBN], activator
domain (CRY2PHR-VPR), EYFP reporting vector driven by Tet
promoter (Tet-EYFP), dual-luciferase reporter vector driven
by Tet promoter (TRE-hluc-SV40-hRluc) were purchased
from Syngentech Co., Ltd. (Beijing, China). The sequence of
sgRNA targeting Tet promoter of TRE-p53 vector and luciferase
reporter vector: TACGTTCTCTATCACTGATA. The above
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FIGURE 6 | The expression of E-cadherin inhibits the bladder cancer cell function. (A,C) The effect of light-induced E-cadherin expression on cell proliferation

examined by colony-formation assay (A) and CCK-8 assay (C) under blue-light, dark, or light-dark condition in 5,637 and T24 cells. (B) The effect of light-induced

E-cadherin expression on cell invasion examined by Transwell assay under blue-light, dark, or light-dark condition in 5,637 and T24 cells. (D) The effect of

light-induced E-cadherin expression on cell apoptosis examined by Caspase-3/ELISA under blue-light, dark, or light-dark condition in 5,637 and T24 cells. Data are

means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).

plasmid abbreviations were listed in Supplementary Table 1.
The relative sequences were listed in Supplementary Table 2.

Cell Lines and Cell Culture
HEK 2923T (Human embryonic kidney cell line) was purchased
from the Institute of Cell Research, Chinese Academy of
Sciences (Shanghai, China). 5,637 and T24 (human bladder
cancer cell lines) were purchased from American Type Culture
Collection (ATCC). 293T and T24 were cultured in DMEM
media (Invitrogen), 5,637 was maintained in RPMI-1640 media
(Invitrogen). All cells were maintained by adding 10% fetal
bovine serum, 1% penicillin/streptomycin (100 U/ml penicillin
and 100µg/ml streptomycin), and cultured in an atmosphere of
37◦C and 5% CO2.

Cell Transfection and Illumination
The plasmids were extracted by E.Z.N.A Fastfiler Endo-free
Plasmid Maxiprep kits (Omega, Norcross, USA) from E.coli
bacteria. Cells were transfected with a mixture of plasmids with
lipofectamine 3000 (Invitrogen) according to the manufacturer’s
protocols. Anchor domain vector [CIBN-dCas9(1-1153)-IntN,
IntN-dCas9(1154-1368)-CIBN], sgRNA-activator vector and
effector vector weremixed in an amount of 0.8µg per component
in a 6-well and transfected at a ratio of 1:1:1:1. After 12 h
of transfection, kept the cells in dark or under an LED lamp

(460 nm, average irradiance of 0.84 W/m2) for culture. The
illumination dose depended on the frequency and intensity of
light and was controlled by a timer.

Quantitative Real-Time PCR
According to the manufacturer’s protocol, RNAeasyTM RNA
Isolation Kit (Beyotime Biotechnology, China) was used to isolate
total RNA from cells under different illumination conditions.
cDNA was synthesized using BeyoRTTM II cDNA Synthesis Kit
(Beyotime Biotechnology, China). The mRNA expression was
performed using SYBR Green qPCR MasterMix (Takara, Dalian,
China), with gapdh as the control. The relative mRNA (CDH1)
level was calculated by 11Ct method. The primers for gapdh
and chd1 were shown in the following sequences, with directions
ranging from 5′to 3′:

gapdh (F): TCCCATCACCATCTTCCA
gapdh (R): CATCACGCCACAGTTTCC
p53 (F): CCTCAGCATCTTATCCGAGTGG
p53 (R): TGGATGGTGGTACAGTCAGAGC
cdh1 (F): ACCAGAATAAAGACCAAGTGACCA
cdh1 (R): AGCAAGAGCAGCAGAATCAGAAT

Cell Proliferation Assay
The effect of blue light illumination on bladder cancer cells
was detected by Cell Counting Kit (CCK-8). After dark and
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illumination treatment, cells were seeded in 96-well-plates with
2 3 × 103 cells per well and pre-incubated for 12 h. At 0, 24,
48, and 72 h, replace the medium with 100 µl fresh medium
containing 10 µl of CCK reagent (Transgen, China). After
incubation for 1 h, the microplate reader (Bio-Rad) was used to
determine the absorbance at 450 nm of the wells. At the same
time, the colony formation assay was performed to detect the
clones of 5,637 and T24. The related control and light-inducible
vectors were packaged by lentiviruses to infect tumor cells. The
infected 5,637 and T24 cells were cultured in 6 cm culture dishes
at a density of 3,000 cells per well and incubated about 10 days,
during which the cells were cultured in dark, light [1s:30s, 1
second light illumination (0.84 W/m2) every 30 s] and light-dark
(after 12 h of 1s:30s light illumination, cells were cultured in dark)
condition. Finally, in order to quantify the number of cells, the
cells were stained with 0.1% crystal violet and imaged. Then wash
the stained cells with 33% glacial acetic acid, and measure the
absorbance of each sample at 550 nm with the microplate reader.

Cell Invasion Assay
The transwell assay was used to detect the effect of dark and
light conditions on cell invasion. Digest the transfected cells
and inoculate 200 µl into the transwell chamber at a density
of 3 × 105/ml, and the chamber was pre-plated with Matrigel
(Corning, USA). The chamber was placed in the 24-well-plate,
with 10% FBS medium under the cell and serum-free medium
in the cell, so that cells could migrate to the medium containing
serum in the lower chamber. After incubation for 24 h, the cells
passing through the membrane were fixed by paraformaldehyde
and stained with 0.1% crystal violet (2 mg/ml). The number of
cells migrated through the membrane pores was counted under
an optical microscope.

Cell Apoptosis Assay
Cells transfected with negative control vector and light-
controlled vectors were inoculated on a 12-well-plate (2
× 105/well) with 70–80% confluency. After 48 h, the cell

apoptosis was detected by the caspase-3/ELISA (enzyme-linked
immunosorbent assay) assay (Hcusabio, China). The caspase-3
enzyme is a marker for inflammation and apoptosis signaling,
since it can regulate the destruction of DNA or cytoskeletal
proteins. Each test was performed at least three times.

Statistical Analysis
All statistical data was analyzed by SPSS 21.0 software for
Windows (SPSS Inc. Chicago, IL, USA). Statistical analysis was
conducted using Student’s t-test or ANOVA and p<0.05 was
considered statistically significant.
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Schenone, M., Dančík, V., Wagner, B. K., and Clemons, P. A. (2013). Target

identification andmechanism of action in chemical biology and drug discovery.

Nat. Chem. Biol. 9, 232–240. doi: 10.1038/nchembio.1199

Sedlmayer, F., Aubel, D., and Fussenegger,M. (2018). Synthetic gene circuits for the

detection, elimination and prevention of disease. Nat. Biomed. Eng. 2, 399–415.

doi: 10.1038/s41551-018-0215-0

Senís, E., Fatouros, C., Große, S., Wiedtke, E., Niopek, D., Mueller, A. K., et al.

(2014). CRISPR/Cas9-mediated genome engineering: an adeno-associated viral

(AAV) vector toolbox. Biotechnol. J. 9, 1402–1412. doi: 10.1002/biot.201400046

Strumane, K., Berx, G., and Van Roy, F. (2004). Cadherins in cancer. Handb. Exp.

Pharmacol. 2004, 69–103. doi: 10.1007/978-3-540-68170-0_4

Truong, D. J., Kühner, K., Kühn, R., Werfel, S., Engelhardt, S., Wurst, W., et al.

(2015). Development of an intein-mediated split-Cas9 system for gene therapy.

Nucleic Acids Res. 43, 6450–6458. doi: 10.1093/nar/gkv601

Valente, J. F. A., Queiroz, J. A., and Sousa, F. (2018). p53 as the focus of

gene therapy: past, present and future. Curr. Drug Targets 19, 1801–1817.

doi: 10.2174/1389450119666180115165447

van Roy, F., and Berx, G. (2008). The cell-cell adhesion molecule E-cadherin. Cell.

Mol. Life Sci. 65, 3756–3788. doi: 10.1007/s00018-008-8281-1

Vasekar, M., Degraff, D., and Joshi, M. (2016). Immunotherapy in bladder cancer.

Curr. Mol. Pharmacol. 9, 242–251. doi: 10.2174/1874467208666150716120945

Verdera, H. C., Kuranda, K., andMingozzi, F. (2020). AAV vector immunogenicity

in humans: a long journey to successful gene transfer. Mol. Ther. 28, 723–746.

doi: 10.1016/j.ymthe.2019.12.010

Wong, S. H. M., Fang, C. M., Chuah, L. H., Leong, C. O., and Ngai, S. C. (2018).

E-cadherin: its dysregulation in carcinogenesis and clinical implications. Crit.

Rev. Oncol. Hematol. 121, 11–22. doi: 10.1016/j.critrevonc.2017.11.010

Wright, A. V., Sternberg, S. H., Taylor, D.W., Staahl, B. T., Bardales, J. A., Kornfeld,

J. E., et al. (2015). Rational design of a split-Cas9 enzyme complex. Proc. Natl.

Acad. Sci. U.S.A. 112, 2984–2989. doi: 10.1073/pnas.1501698112

Wu, Z., Yang, H., and Colosi, P. (2010). Effect of genome size on AAV vector

packaging.Mol. Ther. 18, 80–86. doi: 10.1038/mt.2009.255

Yamada, M., Nagasaki, S. C., Suzuki, Y., Hirano, Y., and Imayoshi, I.

(2020). Optimization of light-inducible Gal4/UAS gene expression system in

mammalian cells. iScience 23:101506. doi: 10.1016/j.isci.2020.101506

Ye, H., and Fussenegger, M. (2019). Optogenetic medicine: synthetic therapeutic

solutions precision-guided by light.Cold Spring Harb. Perspect. Med. 9:a034371.

doi: 10.1101/cshperspect.a034371

Zarrin, A. A., Malkin, L., Fong, I., Luk, K. D., Ghose, A., and Berinstein, N. L.

(1999). Comparison of CMV, RSV, SV40 viral and Vlambda1 cellular promoters

in B and T lymphoid and non-lymphoid cell lines. Biochim. Biophys. Acta 1446,

135–139. doi: 10.1016/S0167-4781(99)00067-6

Zetsche, B., Volz, S. E., and Zhang, F. (2015). A split-Cas9 architecture for inducible

genome editing and transcription modulation. Nat. Biotechnol. 33, 139–142.

doi: 10.1038/nbt.3149

Zhan, H., Xie, H., Zhou, Q., Liu, Y., and Huang, W. (2018). Synthesizing a genetic

sensor based on CRISPR-Cas9 for specifically killing p53-deficient cancer cells.

ACS Synth. Biol. 7, 1798–1807. doi: 10.1021/acssynbio.8b00202

Zhan, T., Rindtorff, N., Betge, J., Ebert, M. P., and Boutros, M. (2019).

CRISPR/Cas9 for cancer research and therapy. Semin. Cancer Biol. 55, 106–119.

doi: 10.1016/j.semcancer.2018.04.001

Zhang, F., Cong, L., Lodato, S., Kosuri, S., Church, G. M., and Arlotta, P.

(2011). Efficient construction of sequence-specific TAL effectors formodulating

mammalian transcription. Nat. Biotechnol. 29, 149–153. doi: 10.1038/nbt.1775

Zhao, W., Wang, Y., and Liang, F. S. (2020). Chemical and light inducible

epigenome editing. Int. J. Mol. Sci. 21:998. doi: 10.3390/ijms21030998

Zhu, H. J., Zhang, Z. Q., Zeng, X. F., Wei, S. S., Zhang, Z. W., and

Guo, Y. L. (2004). Cloning and analysis of human UroplakinII

promoter and its application for gene therapy in bladder

cancer. Cancer Gene Ther. 11, 263–272. doi: 10.1038/sj.cgt.770

0672

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Huang, Zhou, Wang, Cao, Ma, Ye and Gui. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 9 January 2021 | Volume 7 | Article 62784857

https://doi.org/10.7150/ijbs.16162
https://doi.org/10.1038/ncomms6393
https://doi.org/10.1038/ncomms13056
https://doi.org/10.1038/s41467-019-12832-z
https://doi.org/10.1038/s41388-018-0304-2
https://doi.org/10.1039/D0CS00163E
https://doi.org/10.1038/s41467-017-01688-w
https://doi.org/10.1016/j.ymthe.2018.04.017
https://doi.org/10.1038/nrd3801
https://doi.org/10.1038/nbt.3245
https://doi.org/10.1158/0008-5472.CAN-07-2938
https://doi.org/10.1038/nchembio.1753
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1038/nature14299
https://doi.org/10.1016/j.ymthe.2017.03.034
https://doi.org/10.1016/j.jconrel.2016.01.001
https://doi.org/10.1038/nchembio.1199
https://doi.org/10.1038/s41551-018-0215-0
https://doi.org/10.1002/biot.201400046
https://doi.org/10.1007/978-3-540-68170-0_4
https://doi.org/10.1093/nar/gkv601
https://doi.org/10.2174/1389450119666180115165447
https://doi.org/10.1007/s00018-008-8281-1
https://doi.org/10.2174/1874467208666150716120945
https://doi.org/10.1016/j.ymthe.2019.12.010
https://doi.org/10.1016/j.critrevonc.2017.11.010
https://doi.org/10.1073/pnas.1501698112
https://doi.org/10.1038/mt.2009.255
https://doi.org/10.1016/j.isci.2020.101506
https://doi.org/10.1101/cshperspect.a034371
https://doi.org/10.1016/S0167-4781(99)00067-6
https://doi.org/10.1038/nbt.3149
https://doi.org/10.1021/acssynbio.8b00202
https://doi.org/10.1016/j.semcancer.2018.04.001
https://doi.org/10.1038/nbt.1775
https://doi.org/10.3390/ijms21030998
https://doi.org/10.1038/sj.cgt.7700672
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


ORIGINAL RESEARCH
published: 18 January 2021

doi: 10.3389/fmolb.2020.627774

Frontiers in Molecular Biosciences | www.frontiersin.org 1 January 2021 | Volume 7 | Article 627774

Edited by:

Yonghao Zhan,

Zhengzhou University, China

Reviewed by:

Kai Yang,

Zhejiang University, China

Yingying Zhang,

Northwest A and F University, China

*Correspondence:

Guosheng Yang

2008yangguosheng@sina.com

Specialty section:

This article was submitted to

Molecular Diagnostics and

Therapeutics,

a section of the journal

Frontiers in Molecular Biosciences

Received: 10 November 2020

Accepted: 27 November 2020

Published: 18 January 2021

Citation:

Zhang Z, Chen J, Zhu Z, Zhu Z,

Liao X, Wu J, Cheng J, Zhang X,

Mei H and Yang G (2021)

CRISPR-Cas13-Mediated Knockdown

of lncRNA-GACAT3 Inhibited Cell

Proliferation and Motility, and Induced

Apoptosis by Increasing p21, Bax,

and E-Cadherin Expression in Bladder

Cancer. Front. Mol. Biosci. 7:627774.

doi: 10.3389/fmolb.2020.627774

CRISPR-Cas13-Mediated
Knockdown of lncRNA-GACAT3
Inhibited Cell Proliferation and
Motility, and Induced Apoptosis by
Increasing p21, Bax, and E-Cadherin
Expression in Bladder Cancer
Zhongfu Zhang 1,2,3,4, Jieqing Chen 3,4, Zhongshuang Zhu 5, Zhongqing Zhu 6, Xinhui Liao 3,4,
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The current study is to investigate the expression pattern and biological function

of long non-coding RNA Focally gastric cancer-associated transcript3 (GACAT3) in

bladder cancer. Real-time quantitative qPCR was used to detect the expression level

of GACAT-3 in tumor tissues and paired normal tissues. Human bladder cancer T24

and 5637 cell lines were transiently transfected with specific CRISPR-Cas13 or negative

control CRISPR-Cas13. Cell migration, proliferation, and apoptosis were measured by

using wound healing assay CCK-8 assay and Caspase-3 ELISA assay, respectively.

The expression changes of p21, Bax, and E-cadherin after knockdown of GACAT3

were detected by using Western blot. The results demonstrated that GACAT3 was

up-regulated in bladder cancer tissues than that in the paired normal tissues. Inhibition

of cell proliferation, increased apoptosis, and decreased motility were observed in T24

and 5637 cell lines transfected by CRISPR-Cas13 targeting GACAT3. Downregulation

of GACAT3 increased p21, Bax, and E-cadherin expression and silencing these genes

could eliminate the phenotypic changes induced by knockdown of GACAT3. A ceRNA

mechanism for GACAT3 was also revealed. By using CRISPR-Cas13 biotechnology,

we suggested that GACAT3 may be a novel target for diagnosis and treatment of

bladder cancer.

Keywords: long non-coding RNA, GACAT3, bladder cancer, CRISPR-Cas13, cancer development
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INTRODUCTION

Bladder cancer (BC) is the most common type in malignancy
tumors of the urinary system all over the world. The cause of
bladder cancer is complex, which include both genetic factors
and external environmental factors (Czerniak et al., 2016). Under
the action of internal and external factors, the signal networks
changed in the bladder epithelial cells lead to the occurrence of
bladder cancer. Therefore, the development of bladder cancer
is the result of a sophisticated multi-molecule effect (Sathe
and Nawroth, 2018). These disrupted molecular networks are
the root of the appearance of the malignant phenotypes of
bladder cancer. For a long time, we have been trying to find the
signal molecules which are located in the center of the signal
network and attempt to achieve the goal of interfering with
the progression of bladder cancer by acting on these molecules.
Although traditional treatment such as surgery, chemotherapy
and radiation can treat with bladder cancer to a certain extent,
they usually cause severe side effect (Amit and Hochberg, 2010).
Thus, it is necessary to develop a newmethod to deal with bladder
cancer specifically.

A growing number body of evidences demonstrated that
long non-coding RNAs (lncRNAs) play an important role in
the pathological and physiological processes of cells, including
the formation of cancers (Huarte, 2015). Compared with
other types of RNA such as siRNA, piRNA, or miRNA,
the mechanisms of lncRNAs are more sophisticated. Through
interaction with RNAs, DNA, or other protein molecules,
lncRNAs regulate the expression of many proteins (Jariwala
and Sarkar, 2016). LncRNA-DILC inhibits the expression of
IL-6 by binding to the IL-6 promoter DNA in hepatocellular
carcinoma, thereby inhibiting the growth of cancer stem cells
(Wang et al., 2016). In breast cancer, lncRNA-LINP1 was
found to serve as an important regulator which enhances
DNA-repair activity by interacting with DNA-PKcs and Ku80
proteins (Zhang et al., 2016). Moreover, the dysregulation
of hundreds of lncRNAs are closely related to the clinical
pathologies of gastric cancer in one previous research (Zhao et al.,
2015).

LncRNA-GACAT3 is located on human Chr 2p24.3 and
it was reported to be upregulated in some types of cancer
tissues, such as gastric cancer (Feng et al., 2018), colorectal
cancer (Zhou et al., 2018) and non-small cell lung cancer (Yang
et al., 2018). The potential of lncRNA-GACAT3 as an important
regulatory point in cancer is gradually developed. Although
the role of lncRNA-GACAT3 in regulating cell function has
been reported in previous studies, its biological function and
molecular mechanism in BC is not clear yet (Shen et al., 2016;
Feng et al., 2018; Zhou et al., 2018).

In this study, we found that lncRNA-GACAT3 was
upregulated in bladder cancer and can promote malignant
phenotypes for the first time. Moreover, we also found
that GACAT3 can inhibit cell apoptosis, and promote cell
proliferation and migration by downregulating the expression
of P21, Bax, and E-cadherin proteins in bladder cancer. These
results might provide a novel potential methods for targeted
therapy or diagnosis of bladder cancer.

METHODS

Cell Culture
We purchased the bladder cancer cell lines T24 and 5637 from
the Institute of Cell Research, Chinese Academy of Sciences,
Shanghai, China. These cells were cultured in DMEM medium
which had added 10% fetal bovine serum. We grew the cells in
the 37◦C atmosphere which contains 5% CO2.

qRT-PCR Assay
The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to
extract the total RNAs from the cancer simple tissues and bladder
cancer cell lines. The cDNAs all were synthesized from the total
extracted RNAs and put into effect with the RevertAidTM First
Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA).We
used the All-in-OneTM qPCR Mix (GeneCopoiea Inc, Rockville,
MD, USA) to carry out the qRT-PCR assay in our study.

Western Blot Assay
The antibodies of P21 protein, Bax protein and E-cadherin
protein were got from Cell Signaling Technology (Boston, MA,
USA). The process of the western blot assay in our study is carried
out according to the traditional western blot assay method.

Cell Counting Kit-8 Assay
We evaluated the level of cell proliferation by using Cell Counting
Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology,
shanghai, China). The CCK-8 assay was put into effect according
to the instructions of the manufacturer.

Caspase-3 ELISA Assay
The Caspase-3 ELISA assay kit (R&D, Minneapolis, MN, USA)
was used to evaluate the level of cell apoptosis in our study. The
operation step of this experiment was performed according to the
instructions of manufacturer.

Wound Healing Assay
The migration level of bladder cancer cells in our study was
evaluated by using wound healing assay. We carried out this
experiment according to the traditional method.

Nuclear/Cytoplasmic Fractionation
Nuclear/cytoplasmic fractionation was performed with PARIS
Kit (Life Technologies, MA) based on the manufacturer’s
instructions. After the cell nuclear and cytoplasmic fractionating,
the expression level of GACAT3 were determined by RT-qPCR
with GAPDH as internal controls, respectively.

Dual-Luciferase Reporter Assay
The vectors of lncRNA GACAT3 Wild Type or Mutant
were constructed and co-transfected with miR-497 mimics or
corresponding negative control (miR-NC) into bladder cancer
cells. Forty-eight hours after transfection, luciferase activity
was measured by using the Dual-Luciferase Reporter Assay
System (Promega).
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Statistical Analysis
The different expression level of GACAT3 RNA between
bladder cancer tissues and the paired normal tissues were
analyzed by using paired samples t-test. The GACAT3
RNA expression differences between cancer subgroups
were analyzed using independent samples t-test. The
diversities between different groups in the CCK-8 assay
were analyzed by utilizing ANOVA. Cell apoptosis
assays and wound healing assays were analyzed using
independent samples t-test. Pearson’s coefficient correlation
was used for expression correlation assay. All these
statistical analyses were carried out in SPSS (Version

19.0 SPSS Inc.). A P-value of <0.05 was thought to be
statistically significant.

RESULTS

lncRNA-GACAT3 Was Upregulated in
Bladder Cancer Tissues
In our work, a total of 32 sets of urothelial malignant tumor
specimens were collected. All these specimens were collected
from the patients who diagnosed with bladder cancer and
treated with surgical treatment in the Shenzhen second people’s

FIGURE 1 | GACAT3 was overexpressed in bladder cancer. Relative GACAT3 expression was detected using Real-Time qPCR. The relative GACAT3 expression

value was set as the base value of 1 in each control group. N, number of study population in each group. (A) T represents tumor, N represents normal. The heights of

the columns in the chart represent the log2-transformed fold changes (tumor/normal) in GACAT3 expression in 36 patients. (B) GACAT3 expression levels were higher

in tumors than those in normal tissues (**p < 0.01). GACAT3 expression levels were higher in high grade cancers than those in low grade cancers (**p < 0.01).

GACAT3 expression levels were higher in invasive cancers than those in non-invasive cancers (*p < 0.05).

TABLE 1 | Clinical features of patients with bladder cancer.

No. Sex Age Grade Stage Surgery No. Sex Age Grade Stage Surgery

1 M 57 Low T2N0M0 Partial 18 M 61 Low T1N0M0 Partial

2 M 64 Low T1N0M0 Partial 19 M 64 High T2N0M0 Radical

3 M 51 Low T2N0M0 Partial 20 M 61 Low T1N0M0 Partial

4 M 64 High T3N0M0 Radical 21 M 54 High T2N0M0 Radical

5 M 65 Low T2N0M0 Partial 22 M 58 High T2N0M0 Radical

6 M 58 Low T1N0M0 Partial 23 M 50 High T3N0M0 Radical

7 M 53 High T2N0M0 Radical 24 M 42 High T2N0M0 Radical

8 M 61 Low T2N0M0 Partial 25 M 58 High T2N0M0 Radical

9 M 41 Low T1N0M0 Partial 26 M 57 High T3N0M0 Radical

10 M 54 High T2N0M0 Radical 27 F 58 High T3N0M0 Radical

11 M 51 High T2N0M0 Radical 28 F 56 High T3N0M0 Partial

12 M 55 Low T2N0M0 Partial 29 F 51 Low T1N0M0 Partial

13 M 55 Low T2N0M0 Partial 30 F 52 Low T1N0M0 Partial

14 M 73 High T2N0M0 Radical 31 F 51 High T3N0M0 Partial

15 M 55 Low T1N0M0 Partial 32 F 52 High T3N0M0 Radical

16 M 50 Low T1N0M0 Partial 33 F 43 High T3N0M0 Radical

17 M 57 High T2N0M0 Radical 34 F 69 High T3N0M0 Radical

No., patient number; M, male; F, female; Age, years old; Grade, the 2004 WHO classification; Stage, AJCC TNM classification; Radical, radical cystectomy; Partial, partial cystectomy.
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FIGURE 2 | Knockdown of GACAT3 inhibited cell proliferation. Cell proliferation was measured by CCK-8 assay. After transfection of CACAT3 CRISPR-Cas13 or

negative control CRISPR-Cas13, OD values were measured and converted to cell numbers. ANOVA was used for the comparison of curves of cell proliferation. (A)

Inhibition of cell proliferation was observed in bladder cancer 5637 cells (**p < 0.01). (B) Inhibition of cell proliferation was observed in bladder cancer T24 cells

(**p < 0.01). Data are shown as mean ± SD. Each experiment in both cell lines was performed in double for three independent times.

Hospital. We conserved the tumor specimens and the normal
paired cancer tissues in the liquid nitrogen environment. A
written informed consent form is gained from each patient. The
study was approved by the first affiliated Hospital of Shenzhen
University (Shenzhen, China).

The relative expression level of GACAT3 was detected
by utilizing the Real-Time qPCR in a total of 32 patients
with bladder cancer. The expression fold change of GACAT3
(bladder cancer tissue/matched histologically normal tissue) in
each patient is indicated in Figure 1A. The clinical features
of this set of patients are displayed in Table 1. GACAT3
was upregulation in bladder cancer compared to the paired
normal tissues (Figure 1B). We analyzed expression differences
according to grading and staging. The column diagram indicates
the relative expression of GACAT3 in each group. GACAT3
expression levels were higher in high grade tumors than
in low grade tumors (Figure 1B). GACAT3 expression levels
were higher in invasive tumors than in non-invasive tumors
(Figure 1B).

Specific CRISPR-Cas13 Down-Regulated
the Expression of lncRNA-GACAT3
Bladder cancer cell lines T24 and 5637 were grown
and transfected with CRISPR-Cas13 or negative control
CRISPR-Cas13. Forty-eight hours after transfection, the
GACAT3 RNA expression levels were analyzed by Real-Time
qPCR. The inhibitory rate (GACAT3 CRISPR-Cas13/negative
control CRISPR-Cas13) was 80.23 ± 2.19% in T24 cells and
79.31 ± 4.81% in 5637 cells, respectively. Data are shown as
mean± SD. Each experiment in both cell lines was performed in
triplicate for three independent times.

Knockdown of lncRNA-GACAT3 Inhibited
Cell Proliferation
Bladder cancer T24 and 5637 cells were transfected with
GACAT3 related CRISPR-Cas13 or negative control
CRISPR-Cas13 and the cell proliferation rates of bladder

FIGURE 3 | Knockdown of GACAT3 induced apoptosis. Forty-eight hours

after transfection of GACAT3 CRISPR-Cas13 or negative control

CRISPR-Cas13, the cell apoptosis changes were determined by ELISA. Cell

apoptosis induction was observed in GACAT3 CRISPR-Cas13-transfected

bladder cancer 5637 (***p < 0.01) and T24 (***p < 0.01) cells using ELISA.

Data are shown as mean ± SD. Each experiment in both cell lines was

performed in triplicate for three independent times.

cancer cells were determined by CCK-8 assay. Cell proliferation
was inhibited in both T24 cells (Figure 2A) and 5637 cells after
knockdown of GACAT3 (Figure 2B).

Knockdown of lncRNA-GACAT3 Induced
Apoptosis and Inhibited Cell Migration
Bladder cancer T24 and 5637 cell lines were transfected with
GACAT3 related CRISPR-Cas13 or negative control CRISPR-
Cas13. Forty-eight hours after transfection, the cell apoptosis
and migration of bladder cancer T24 and 5637 cells were
determined using ELISA (Figure 3) and wound healing analysis
(Figures 4A,B). Induced cell apoptosis and suppressed cell
migration were observed in both bladder cancer cell lines after
knockdown of GACAT3.

Knockdown of GACAT3 Increased p21,
Bax, and E-Cadherin Protein Expression
To investigate the potential bio-markers that induce the above
phenotypic changes after knockdown of GACAT3, we used
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FIGURE 4 | Knockdown of GACAT3 decreased cell motility. After transfection of GACAT3 CRISPR-Cas13 or negative control CRISPR-Cas13, wound healing assay

was used to detect cell motility changes in bladder cancer cells. (A) Representative images of wound healing assay in 5637 and T24 cells. (B) Decreased cell motility

was observed in 5637 and T24 cells. Data are indicated as mean ± SD. Each experiment in both cell lines was performed in triplicate for three independent times.

FIGURE 5 | Knockdown of GACAT3 increased p21, Bax, and E-cadherin protein expression. After transfection of GACAT3 CRISPR-Cas13 or negative control

CRISPR-Cas13, western blot assay was used to detect expression changes of p21, Bax, and E-cadherin in bladder cancer cells. (A) Representative images of

western blot assay in 5637 cells. (B) Representative images of western blot assay in T24 cells.

western blot assay to determine the protein levels of p21, Bax, and
E-cadherin that are well-known for bladder cancer development.
GACAT3 CRISPR-Cas13 significantly up-regulated the
expression of p21, Bax, and E-cadherin at protein levels in
T24 (Figure 5A) and 5637 cells (Figure 5B). To further verify
the functional roles of these markers in GACAT3 knockdown
experiments, we also performed double knockdown using two
CRISPR-Cas13. p21 CRISPR-Cas13 eliminated the proliferation

inhibition effects induced by GACT3 CRISPR-Cas13 in T24 and
5637 (Figure 6A). E-cadherin CRISPR-Cas13 eliminated the
migration inhibition effects induced by GACAT3 CRISPR-Cas13
in T24 and 5637 (Figure 6B). Bax CRISPR-Cas13 eliminated
the apoptosis-promoting effects induced by GACAT3 CRISPR-
Cas13 in T24 and 5637 (Figure 6C). p21 CRISPR-Cas13
did not reverse the migration inhibition effects (Figure 6B)
and apoptosis-promoting effects (Figure 6C) induced by
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FIGURE 6 | Knockdown of GACAT3 induced cellular phenotypic changes via p21, Bax, and E-cadherin regulation. After transfection of CRISPR-Cas13, CCK-8

assay, wound healing assay, and ELISA assay were used to detect cell proliferation, migration and apoptosis, respectively. (A) p21 CRISPR-Cas13 eliminated the

proliferation inhibition effects induced by GACAT3 CRISPR-Cas13 in T24 and 5637 (p < 0.05). (B) E-cadherin CRISPR-Cas13 eliminated the migration inhibition

effects induced by GACAT3 CRISPR-Cas13 in T24 and 5637, whereas p21 CRISPR-Cas13 has no such function (***p < 0.001). (C) Bax CRISPR-Cas13 eliminated

the apoptosis-promoting effects induced by GACAT3 CRISPR-Cas13 in T24 and 5637, whereas E-cadherin CRISPR-Cas13 has no such function (*p < 0.05).

GACAT3 CRISPR-Cas13 in these cells, possibly because
p21 could not induce cell death or inhibit cell migration
on its own.

lncRNA GACAT3 Was Predominantly
Distributed in Cytoplasm and Acted as a
Sponge for miR-497
To further explore the mechanism how lncRNA GACAT3
modulates tumorigenesis, we used nuclear/cytoplasmic
fractionation assay. The experimental results showed that
lncRNA GACAT3 was primarily distributed in cytoplasm of
Bca cells (Figure 7A). miRDB database (http://mirdb.org/
miRDB/) predicted that miR-497 has a sequence complementary
to that of GACAT3 (Figure 7B). The potential sequence
of lncRNA GACAT3 which was predicted complementary
to the seed sequence of miR-497 were mutated and
used to construct dual-luciferase reporter vector. Dual-
luciferase reporter assay showed that co-transfection
of lncRNA GACAT3-WT and miR-515-5p significantly
inhibited luciferase activity than that of control group
(Figures 7C,D). It demonstrated the ceRNA mechanism
for GACAT3.

DISCUSSION

Recent research indicated that human cancers are caused by
dysregulation of a large number of lncRNAs. It has been
believed that lncRNAs have great clinical potential as a group
of cancer biomarkers and therapeutic targets (Sahu et al., 2015;
Sun and Kraus, 2015). For example, lncRNAs MALAT1 (Tian
and Xu, 2015), SUMO1P3 (Zhan et al., 2016), and CCAT2 (Li
et al., 2016) have been reported to promote cell proliferation
and suppress cell apoptosis in bladder cancer. As a recently
discovered lncRNA, several previous works were conducted
to characterize the oncogenic properties of GACAT3. It may
represent a therapeutic target in cancers and increases the
transcription of genes including p21 via stabilization of BMI1
(Hu et al., 2014; Jeong et al., 2016). It has been reported that
p21 is a gene that involved in several processes, such as cell
proliferation and apoptosis. Knockdown of GACAT3 stimulated
cell-cycle arrest and senescence. GACAT3 plays an important
role in cell-cycle progression and was associated with aggressive
tumor behavior. These data demonstrated that GACAT3 may be
a cancer driver during tumor development.

Since GACAT3 displayed striking oncogenic activity in
previous studies (Feng et al., 2018), it is intriguing to explore
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FIGURE 7 | lncRNA GACAT3 directly interacted with miRNA-497. (A) Nuclear/cytoplasmic fractionation assay revealed that lncRNA GACAT3 primarily distributed in

cytoplasm of Bca 5637 cells. (B) Nuclear/cytoplasmic fractionation assay revealed that lncRNA GACAT3 primarily distributed in cytoplasm of Bca T24 cells. (C)

Bioinformatics analysis predicted the probable sequences of lncRNA GACAT3 that are complementary to the seed sequence of miR-497. (D) Dual-luciferase assay

showed that co-transfection of lncRNA GACAT3 and miR-497 significantly inhibited luciferase activity (**p < 0.01).

its biological function in bladder cancer. With this aim,
in this study, we found that GACAT3 was overexpressed
in bladder cancer compared to matched normal tissue.
High level expression of GACAT3 was associated with high
grade and stage bladder cancer. The differential expression
patterns of GACAT3 between bladder cancer and control and
the association of GACAT3 with clinicopathological features
suggest that long non-coding RNA GACAT3 emerges as a
novel player in the development and progression of the
bladder cancer.

To understand the possible impacts of GACAT3 on bladder
cancer, we determined the changes in cell proliferation, apoptosis
and motility induced by knockdown of GACAT3 in bladder
cancer by using CRISPR-Cas13 biotechnology, which has a better
targeting performance than that of siRNA/shRNA. Inhibition
of cell proliferation, increased apoptosis, and decreased motility
were observed in GACAT3 CRISPR-Cas13-transfected bladder
cancer T24 and 5637 cell lines.

To investigate the potential pathways that induce the above
phenotypes, we also performed western blot assay and found
that knockdown of GACAT3 increased p21, Bax, and E-cadherin
protein expression. This result was consistent with the previous
studies which indicated that p21 is one GACAT3 downstream

target. In other studies on bladder cancer, inactivation of p21
was also shown to promote tumorigenesis and cell proliferation
(Tang et al., 2015). Bax, an important homolog of Bcl-2, is
a promoter of cell apoptosis and serves as an independent
parameter to envisage clinical outcome for patients with bladder
cancer (Golestani Eimani et al., 2014; Liu et al., 2016). E-cadherin
is a cell-cell junction protein that is frequently absent during
the migration of bladder cancer cells (Liu et al., 2014; Zhao
et al., 2014). Using double knockdown experiments, we further
showed that the expression changes of these bio-markers can at
least partly explain the phenotypic changes after knockdown of
GACAT3. GACAT3may associate with the epigenetic repressors,
thus regulating the transcription of Bax or E-cadherin. Further
studies demonstrated that miR-497 is a direct target of GACAT3,
which indicated a ceRNA mechanism.

These findings suggest that GACAT3 functions as an
oncogene in carcinogenesis of bladder cancer. Targeting
GACAT3 may be a promising approach to the treatment of
bladder cancer. More works will be needed to determine the
potential molecular mechanism of GACAT3 in the regulation
of Bax and E-cadherin in bladder cancer. CRISPR-Cas13-based
therapies (Gao et al., 2020; Li et al., 2020) that target GACAT3
are also should under intensive investigation.
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CRISPR-CasRx Targeting LncRNA
LINC00341 Inhibits Tumor Cell Growth
in vitro and in vivo
Chunjing Li1,2*†, Yu Cao3†, Li Zhang1,4†, Jierong Li1,4†, Jianfeng Wang1,4, Yanfen Zhou1,
Huiling Wei1, Mingjuan Guo1, Liang Liu4, Chunxiao Liu2, Shilin Zhang1,4 and Guoqing Liu1,4

1Affiliated Foshan Maternal and Child Healthcare Hospital, Southern Medical University, Foshan, China, 2Department of
Urology, Zhujiang Hospital of Southern Medical University, Guangzhou, China, 3Ningxiang Hospital, Hunan University of
Traditional Chinese Medicine, NingXiang, China, 4The Second School of Clinical Medicine, Southern Medical University,
Guangzhou, China

CRISPR-CasRx technology provides a new and powerful method for studying cellular RNA in
human cancer. Herein, the pattern of expression of long noncodingRNA00341 (LINC00341) as
well as its biological function in bladder cancer were studied using CRISPR-CasRx. qRT-PCR
was employed to quantify the levels of expression of LINC00341 in tumor tissues alongwith the
matched non-tumor tissues. sgRNA targeting LINC00341 or the sgRNA negative control were
transiently transfected into the T24 as well as 5,637 human bladder cancer cell lines. CCK-8,
ELISA as well as wound healingmethodswere employed to explore cell proliferation, apoptosis
and migration, respectively. The tumorigenicity experiment in nude mice also performed to
detect cell proliferation. The expression of p21, Bax as well as E-cadherin were assayed using
western blot. The results demonstrated that LINC00341 was overexpressed in bladder cancer
in contrast with the healthy tissues. The LINC00341 expression level in high-grade tumors was
higher in contrast with that in low-grade tumors. The expression of linc00341was higher relative
to that of non-invasive tumors. In T24 as well as 5637-cell lines harboring LINC00341-sgRNA,
inhibition of cell proliferation (in vitro and in vivo), elevated apoptosis rate and diminished
migration ability. Moreover, silencing LINC00341 upregulated the expressions of p21, Bax as
well as E-cadherin. Knockout of these genes could eliminate the phenotypic changes causedby
sgRNA targeting LINC00341. Our data demonstrate that LINC00341 has a carcinogenic role in
human bladder cancer.

Keywords: long noncoding RNA, LINC00341, cancer, CRISPR-CasRx 3, CRISPR

INTRODUCTION

Bladder cancer constitutes one of the most frequent malignancies in male urinary system
worldwide and the ninth most frequent malignancy worldwide. Its most common
histopathologic type is urothelial carcinoma. The genetic modulation is found to be
responsible for the pathogenesis of bladder cancer, and the genetic mutations and epigenetic
modifications that account to the development as well as progression of bladder cancer are to be
identified (Chen et al., 2014; Wang et al., 2015).

Long non-coding RNAs (lncRNAs) comprise non-protein coding RNA transcripts that are larger
than 200 nt in length (Gloss and Dinger, 2016). The investigations on lncRNAs have revealed that
they can function as scaffolds or intermediators to form gene-gene networks and thus serve pivotal
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roles in the mediation of gene expression as well as disease
progressions (Zhou et al., 2015). The dysregulation of
lncRNAs is associated with the process of tumorigenesis,
invasion, and metastasis, which makes them potential
diagnostic and therapeutic biomarkers of human cancers (Hu
et al., 2014; Jeong et al., 2016). LINC00341, a new long intergenic
non-protein-coding RNA , whose role is unclear and no
literatures have studied the biological role of this lncRNA in
any diseases including cancers.

Herein, we established that LINC00341 is overexpressed in
bladder cancer in contrast with the corresponding non-tumor
bladder tissue. Moreover, the LINC00341 expression in high-
grade tumors is elevated in contrast with low-grade tumors.
LINC00341 RNA is more enriched in invasive tumors in
contrast with non-invasive tumors. The knockdown of

LINC00341 with CRISPR--CasRx technology can repress
bladder cancer cell proliferation, trigger cell apoptosis, as well
as reduce cell motility.

MATERIALS AND METHODS

Patient Samples
To determine the expression of LINC00341 in tissue samples, we
enrolled 36 patients diagnosed with urothelial carcinoma of the
bladder who underwent partial or radical cystectomy into the
study. Tumor histology was reviewed by two urological
pathologists. The bladder cancer tissues along with the
matched histologically non-tumor tissues acquired from the
subjects were immediately snap-frozen in liquid nitrogen after

FIGURE 1 | LINC00341 was overexpressed in bladder cancer.qRT-PCR was employed to explore LINC00341 relative expression. In each control group, the
relative expression value of LINC00341 was set to a basic value of 1. N, the number of samples in each group. (A). T stands for tumor and N stands for normal. The height
of each column in the chart indicates the fold change (tumor/non-tumor) expressed by LINC00341 in 36 patients after log 2 conversion. (B). Comparing the expression
level of LINC00341 between tumor and healthy tissues (**p < 0.01). Differences in the expression of LINC00341 between high-grade cancer and low-grade cancer
was compared (**p < 0.01). The expression level of LINC00341 in invasive cancer and non-invasive cancer was compared (**p < 0.01).

TABLE 1 | Clinical characteristics of patients with bladder cancer.

No. Sex Age Grade Stage Surgery No. Sex Age Grade Stage Surgery

1 M 56 Low T2N0M0 Partial 19 M 60 Low T1N0M0 Partial
2 M 68 Low T1N0M0 Partial 20 M 63 High T2N0M0 Radical
3 M 52 Low T2N0M0 Partial 21 M 62 Low T1N0M0 Partial
4 M 62 High T3N0M0 Radical 22 M 53 High T2N0M0 Radical
5 M 67 Low T2N0M0 Partial 23 M 59 High T2N0M0 Radical
6 M 56 Low T1N0M0 Partial 24 M 49 High T3N0M0 Radical
7 M 53 High T2N0M0 Radical 25 M 41 High T2N0M0 Radical
8 M 62 Low T2N0M0 Partial 26 M 59 High T2N0M0 Radical
9 M 42 Low T1N0M0 Partial 27 M 57 High T3N0M0 Radical
10 M 76 Low T2N0M0 Partial 28 M 54 High T3N0M0 Radical
11 M 55 High T2N0M0 Radical 29 M 57 High T3N0M0 Radical
12 M 55 High T2N0M0 Radical 30 M 55 Low T1N0M0 Partial
13 M 51 Low T2N0M0 Partial 31 F 50 Low T1N0M0 Partial
14 M 52 Low T2N0M0 Partial 32 F 53 Low T1N0M0 Partial
15 M 70 High T2N0M0 Radical 33 F 50 Low T1N0M0 Partial
16 M 54 Low T1N0M0 Partial 34 F 51 High T3N0M0 Radical
17 M 52 Low T1N0M0 Partial 35 F 43 High T3N0M0 Radical
18 M 58 High T2N0M0 Radical 36 F 68 High T3N0M0 Radical

No., patient number; M, Male; F, Female. Age, years old, Grade, the 2004 WHO classification. Stage, AJCC TNM classification. Radical, radical cystectomy. Partial, partial cystectomy.
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surgical operation. All the subjects provided a written informed
consent. Moreover, the Institutional Review Board of the Foshan
Women and Children’s Hospital (Foshan, China) approved the
study as per the declaration of Helsinki. subjects signed informed
consents prior to sample collection.

Cell Culture
To study the biological function of LINC00341 in cells, the T24 as
well as 5,637 human bladder cancer cell lines were acquired from
the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). These cells were inoculated in minimal essential medium
(DMEM) (Invitrogen, Carlsbad, CA, United States) enriched with
10% fetal bovine serum (Invitrogen, Carlsbad, CA, Unitd States)
and allowed to grow. All media contained 1% penicillin/
streptomycin. The culture environment was humidified air
enriched with 5% CO2 at 37°C.

Real-Time Quantitative PCR
To investigate the RNA expression of LINC00341, Trizol (Ambion,
Austin, TX, United States) was employed to isolate total RNA as
described by the manufacturer. RNA was reverted into
complementary DNA (cDNA) using the Promega M-MLV kit.

The sequences of the primers were: LINC00341 primers (Hu et al.,
2014) forward: 5’- GCAGGACTCAGCATCTCCCA -3’, reverse: 5’-
CTCGGCTGGACAAGGTGGTT -3’; p21 primers forward: 5’-
GGGATGAGTTGGGAGGAGG -3’, reverse: 5’-CGGCGTTTG
GAGTGGTAG -3’; Bax primers forward: 5’- TGGCAGCTG
ACATGTTTTCTGAC-3’, reverse: 5’- TCACCCAACCACCCT
GGTCTT-3’; E-cadherin primers forward: 5’- CGCATTGCC
ACATACACTCT -3’, reverse: 5’- TTGGCTGAGGATGGTGTA
AG -3’; GAPDH primers forward: 5’-CGCTCTCTGCTCCTCCTG
TTC-3’, reverse: 5’-ATCCGTTGACTCCGACCTTCAC-3’. The
PCR reaction volume of 20 μl consisted of 10 μl of 2 × All-in-
OneTM qPCR Mix (GeneCopoiea Inc., Rockville, MD, United
States), 0.4 μl ROX Reference Dye, 0.4 μl forward primer, 0.4 μl
reverse primer, 1 μl First-Strand cDNA, as well as 7.8 μl DEPC
treated water. The PCR was run and analyzed on an ABI PRISM
7000 Fluorescent Quantitative PCR System (Applied Biosystems,
Foster City, CA, United States). Each PCR reaction was replicated
thrice. GAPDH served as the internal standard. The PCR cycling
conditions were: 10 min initial denaturation step at 95°C, 40 cycles
constituting of 15 s denaturation at 95°C, 20 s annealing at 55°C,
and 30 s extension at 70°C. In each triplicate, the median was
employed to compute the relative LINC00341 level via the

FIGURE 2 | Knockdown of LINC00341 by CRISPR-CasRx suppressed cell proliferation. CCK-8 assay was employed to explore cell proliferation. After transfection
with LINC00341 sgRNA or negative control sgRNA, the OD value was determined and converted into cell number. Analysis of variance is used to compare cell
proliferation curves. (A). There was suppression of cell proliferation in T24 bladder cancer cells (** p < 0.01). (B). There was suppression of cell growth in 5,637 cells
(**p < 0.01). The data is shown as the average ± SD. The experiments were conducted in triplicates. (C). There was inhibition of tumor growth in vivo in 5,637
bladder cancer cells (**p < 0.01). The data is indicated as the average ± SD.
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comparative ΔCt approach (value of 2-ΔCt (LINC00341-
GAPDH)). After normalization with reference to GAPDH
expression, expression fold changes were computed through the
2-ΔΔCt approach (VanGuilder et al., 2008).

CRISPR-CasRx Plasmid Construction and
sgRNA/siRNA Transfection
The sgRNA targeting LINC00341 has been designed, synthesized
and inserted into the downstream of the U6 promoter, while the
-CasRx gene was driven by the CMV promoter.

Genepharma Co., Ltd. (Suzhou, China) synthesized the p21
siRNA for the knockdown of gene expression. The p21 siRNA
sequence (Sense) 5’- GAUGGAACUUCGACUUUGUUU-3’;
(Antisense) 5’- ACAAAGUCGAAGUUCCAUCUU-3’. siRNAs
targeting Bax along with E-cadherin were supplied by
Genepharma (Suzhou, China). The negative control siRNA
was also purchased from Genepharma Co., Ltd., Suzhou,
China. Transfection of either the specific siRNAs or the
siRNA negative control into the cell lines was done using the
Lipofectamine 2000 Transfection system (Invitrogen, Carlsbad,
CA, United States) as described by the manufacturer.

Cell Counting Kit-8 (CCK-8) Assay
To explore the impact of LINC00341 on cell growth, the Cell
Counting Kit-8, CCK-8 (Beyotime Institute of Biotechnology,
shanghai, China) was employed to explore cell growth as per the

protocol provided by the manufacturer. Cells were planted into
96-well plates and maintained overnight at 37°C. Afterwards,
transfection of these cells with LINC00341 sgRNA/-CasRx or the
negative control sgRNA/CasRx was conducted. At 0, 24, 48 as
well as 72 h post-transfection, we introduced 10 μl of CCK-8
(5 mg/ml) into each well, allowed the cells to grow for an
additional 1 h. After that, a microplate reader (Bio-Rad,
Hercules, CA, Unites States) was employed to read the OD
values of the samples at a wavelength of 450 nm. Finally, we
converted the OD values into cell numbers via standard curves.

Cell Apoptosis Assessment
To study the impact of LINC00341 on cell apoptosis, the caspase
three ELISA assay kit (R&D,Minneapolis, MN, Unites States) was
utilized to explore cell apoptosis as described by the
manufacturer. The bladder cancer cells were grown and then
transfection of either the LINC00341 sgRNA/-CasRx or the
sgRNA/-CasRx negative control into cells was performed with
the lipofectamine 2000 transfection system as per the
manufacturer provided protocol. Thereafter, the cells were
allowed to grow for 48 h, and then apoptosis triggered by
LINC00341 knockdown was explored through exploring the
caspase three activity as described by the manufacturer.
Afterwards, the OD values were mesured with the microplate
reader (Bio-Rad, Hercules, CA, Unites States). Data are indicated
as the ratios of the OD values of LINC00341 sgRNA-transfected
cells to the sgRNA negative control -transfected cells.

Wound Healing Assessment
To study the impact of LINC00341 on cell migration, we cultured
the bladder cancer cell lines and transfected them with either
LINC00341 sgRNA or negative control sgRNA. Thereafter, a
monolayer of the cells was scratched and then grown under
normal parameters. The migration distances were finally
determined at 0, 24 h after scratching for T24 and 5,637 cells,
respectively.

Tumorigenicity Assay in Nude Mice
Cells suspensions (5 × 10 7 cells/ml) were prepared using normal
saline. We enrolled six 4-6-week-old male nude mice of specific-
pathogen free (SPF) (weight: 18–20 g, an average of 18.81 ± 0.78 g)
supplied by Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). Following anesthesia with pentobarbital
sodium, we routinely disinfected the nude mice followed by
subcutaneous administration of 200 μl of tumor cell suspension.
Afterwards, the mice underwent culture under SPF conditions.

Western Blot Assay
To study the influence of LINC00341 on target gene expression,
PBS was employed to rinse the T24 as well as 5,637 cells, followed
by lysing with the RIPA buffer. Thereafter, quantitation of the
proteins was performed via the BCA protein assay. An equivalent
amount of the whole protein isolates were fractionated on an
SDS-PAGE , and then blotting onto the PVDF membrane
(Millipore, Billerica, MA, United States) performed.
Subsequently, blocking of the samples was conducted using
5% dry milk. Thereafter, the samples were inoculated with the

FIGURE 3 | Knockdown of LINC00341 by CRISPR-CasRx triggered
apoptosis. 48 h post transfection with LINC00341 sgRNA or the negative
control sgRNA, the changes of apoptosis were measured by ELISA.
Apoptosis induction was observed in T24 cells (**p < 0.01) and 5,637
cells (**p < 0.01) transfected with LINC00341 sgRNA via ELISA. The data is
indicated as the average ± SD. The experiments were conducted in triplicates
for three independent times for both cell lines.
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primary antibody against E-cadherin (1: 200; Santa Cruz
Biotechnology, Santa Cruz, CA, United States), hBAX (1:1,000;
Santa Cruz Biotechnology, Santa Cruz, CA, United states), as well
as p21 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA,
United States), and GAPDH (1:10,000; Sigma-Aldrich) and
incubated overnight. Afterwards, inoculation of the samples
with HRP-labelled secondary antibodies (Amersham,
Piscataway, NJ, United States) was performed, and Western
blots were performed with the SuperSignal chemiluminescence
reagents (Pierce Chemical Co.).

Statistical Analysis
A paired sample t-test was employed to analyze the difference in
LINC00341 RNA expression between bladder cancer tissue and
matched non-tumor tissue. The independent samples t-test was
employed to explore the differences in LINC00341 RNA
expression between cancer subgroups. ANOVA was applied to
examine the differences between the different groups in the CCK-
8 analysis. Moreover, an independent sample t-test was utilized to
analyze the apoptosis assay and wound healing assay. Pearson’s
coefficient correlation is applied to measure the expression

correlation. The SPSS (version 19.0 SPSS Inc.) as well as
GraphPad Prism 8.0 (GraphPad Software, San Diego, CA,
Unites States) softwares were employed to perform all the
statistical analyses. p <0.05 signified statistical significance. All
data are indicated as the mean ± SD.

RESULTS

LINC00341 was Overexpressed in Bladder
Cancer
The relative LINC00341 expression in 36 bladder cancer patients
was explored via qRT-PCR. Figure 1A shows the fold change in
the expression of LINC00341 (bladder cancer tissue/
corresponding histological non-tumor tissue) in every patient.
Table 1 indicates the clinical features of this group of patients. In
contrast with the matched non-tumor tissues, LINC00341 was
overexpressed in bladder cancer (Figure 1B).

We examined differences in expression based on grade and
stage. The bar graph indicates the lncRNA-LINC00341 relative
expression in all the groups. The LINC00341 expression level in

FIGURE 4 | Knockdown of LINC00341 by CRISPR-CasRx decreased cell motility. Following the transfection with LINC00341 sgRNA or the negative control
sgRNA, we performed the wound healing analysis to explore the cell motility alterations in T24 as well as 5,637 cells. (A). Wound healing assay illustrative images in 5,637
cells. (B). Diminished cell motility was seen in 5,637 cells (**p < 0.01). (C). Wound healing assay illustrative images of T24 cells. (D). Diminished cell motility occurred in
T24 cells (**p < 0.01). Data are indicated as mean ± SD. The experiments were conducted in triplicates for three independent times for both cell lines.
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high-grade tumors is higher in contrast with that in low-grade
tumors (Figure 1B). The LINC00341 expression level in
infiltrating tumors was higher relative to that in non-
infiltrating tumors (Figure 1B).

Specific sgRNA/-CasRx Down-Regulated
LINC0034l Expression
The T24 as well as 5,637 bladder cancer cells were grown and
inserted with LINC00341 sgRNA/-CasRx or negative control
sgRNA/-CasRx. The RNA expression of LINC00341 was
assayed 48 h after transfection via qRT-PCR. Consequently,
the inhibition rate (LINC00341 sgRNA/negative control
sgRNA) was 82.14 ± 2.67% and 78.31 ± 3.82% in T24 cells

and 5,637 cells, respectively. The data are expressed as mean ±
SD. Each sample was assayed in triplicates.

Knockdown of LINC00341 by
CRISPR-CasRx Repressed Cell
Proliferation
We transfected the T24 as well as 5,637 bladder cancer cells with
LINC00341 sgRNA or negative control sgRNA, and then
determined the rate of growth of bladder cancer cells
proliferation via the CCK-8 assay. After knocking down
LINC00341 (Figure 2B), the cell proliferation of T24 cells
(Figure 2A) as well as 5,637 cells were inhibited. The
inhibitory effect of LINC00341on the growth of tumors in vivo
was also confirmed (Figure 2C), which indicated that LINC00341
repressed bladder cancer cell proliferation.

Knockdown of LINC00341 by
CRISPR-CasRx Induced Apoptosis
Transfection of T24 as well as 5,637 bladder cancer cell lines with
LINC00341 sgRNA or negative control sgRNA was performed.
48 h post transfection, we utilized ELISA to assay for the
apoptosis of T24 as well as 5,637 bladder cancer cells
(Figure 3). After knocking down LINC00341, induced
apoptosis occurred in T24 as well as 5,637 bladder cancer
cell lines.

Motility Changes Triggered by Knockdown
of LINC00341 Using CRISPR-CasRx
We employed the wound healing to explore the changes in
motility of the cells triggered by LINC00341 knockdown in
bladder cancer cells. Diminished motility of the cells was
reported in 5,637 cells as indicated in Figures 4A,B, as well as
T24 cells as indicated in Figures 4C,D.

FIGURE 5 | Knockdown of LINC00341 by CRISPR-CasRx increased
p21, Bax and E-cadherin protein expression. LINC00341 sgRNA or negative
control sgRNA transfected cells were subjected to western blot assay to
examine expression changes of p21, E-cadherin, as well as Bax in
bladder cancer cells. (A). Western blot results showing protein expression T24
cells. (B). Western blot assay images showing protein expression in
5,637 cells.

FIGURE 6 | Negative correlation of LINC00341 with p21, Bax and E-cadherin expression. qPCR was employed to assay the expression changes of p21,
E-cadherin, as well as Bax in bladder cancers compared to non-tumor tissues (N � 36). (A). Inversely expressed LINC00341 and p21 in bladder cancer. (B). Inversely
expressed LINC00341 and Bax in bladder cancer. (C). Inversely expressed LINC00341 and E-cadherin in bladder cancer.
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Knockdown of LINC00341 by
CRISPR-CasRx Increased p21, Bax as well
as E-Cadherin Protein Expression
To assess the prospective biomarkers that trigger the
aforementioned phenotypic alterations after knocking down
LINC00341, Western blot was conducted to assess the protein
contents of p21, Bax, as well as E-cadherin that have vital roles in
the bladder cancer development. LINC00341 sgRNA significantly
up-regulated the p21, Bax as well as E-cadherin expressions in
T24 and 5,637 cells as indicated in Figures 5A,B at the protein
level. In addition, clinical samples also showed that LINC00341
was negatively correlated with p21 (Figure 6A), Bax (Figure 6B)
and E-cadherin expression (Figure 6C). To further verify the
functional role of these markers in the LINC00341 knockdown
experiment, we also used two siRNAs for double knockdown. p21
siRNA abolished the proliferation inhibitory effect induced by

LINC00341 sgRNA in T24 and 5,637 (Figure 7A). E-cadherin
siRNA abolished the migration inhibitory effects induced by
LINC00341 sgRNA in T24 and 5,637 (Figure 7B). Bax siRNA
eliminated the apoptosis-promoting effect induced by
LINC00341 sgRNA in T24 and 5,637 (Figure 7C). p21 siRNA
could not reverse the migration inhibitory effect (Figure 7B) and
apoptosis promotion effect (Figure 7C) induced by LINC00341
sgRNA in these cells, possibly because p21 alone could not induce
cell death or inhibit cell migration.

DISCUSSION

Recent studies have shown that human cancer is caused by a large
number of lncRNA disorders. It is thought that lncRNA has great
clinical significance as a set of cancer molecular markers as well as
treatment targets(Sahu et al., 2015; Sun and Kraus, 2015). For

FIGURE 7 | Knockdown of LINC00341 by CRISPR-CasRx induced cellular phenotypic changes via p21, Bax as well as E-cadherin regulation. After siRNA
transfection, CCK-8, wound healing as well as ELISA analyses were respectively employed to detect cell proliferation, migration as well as apoptosis. (A). p21 siRNA
eliminated the proliferation inhibitory effect induced by LINC00341 sgRNA in T24 as well as 5,637 (p >.05). (B). E-cadherin siRNA eliminates the migration inhibitory effect
induced by LINC00341 sgRNA in T24 and 5,637, while p21 siRNA does not have this function. **p < 0.01. (C). Bax siRNA eliminates the apoptosis-promoting
effect induced by LINC00341 sgRNA in T24 and 5,637, while p21 siRNA does not have this function. **p < 0.01.
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example, it is reported that lncRNA PVT1 (Zhuang et al., 2015),
SUMO1P3 (Zhan et al., 2016) and CCAT2 (Li et al., 2016) can
facilitate cell proliferation as well as repress cell apoptosis in
bladder cancer. As a recently discovered lncRNA, no work has
been done to characterize the carcinogenic properties of
LINC00341. It may provide the potential target of cancer
treatment (Zhong et al., 2015).

LINC00341 may be a cancer driving factor in tumor
development. Therefore, it is very interesting to explore its
biological role in bladder cancer. For this purpose, herein, we
established that LINC00341 is overexpressed in bladder cancer in
contrast with the corresponding non-tumor tissues. The high
expression of LINC00341 is related to high-grade as well as staged
bladder cancer. The differential expression pattern of LINC00341
between bladder cancer and control along with the association of
LINC00341 with clinicopathological characteristics indicate that
the lnRNA LINC00341 has a new role in the occurrence and
development of bladder cancer. To elucidate the possible
influences of LINC00341 on bladder cancer, we assessed the
changes in cell proliferation, apoptosis, as well as motility induced
by LINC00341 silencing by CRISPR-CasRx in bladder cancer.
Although traditional methods including siRNA/shRNA also
offers a possibility for inhibiting LINC00341, the unexpected
off-target effects significantly limit their applications. As a newly
identified Cas system from RNA-targeting CRISPR enzymes,
CRISPR-CasRx exhibits high efficiency and specificity for RNA
cleavage (Jiang et al., 2020; Zhou et al., 2020). Inhibition of cell
proliferation, escalated the rate of apoptosis, and reduced the
motility rate in LINC00341 sgRNA-transfected T24 as well as
5,637 bladder cancer cell lines.

In order to study the potential ways to induce the above
phenotype, we also performed a Western blot experiment and
found that knocking down LINC00341 by CRISPR-CasRx can
increase the expression of p21, Bax and E-cadherin. This finding
is congruent with previous studies, which indicated that p21 is a
downstream target of LINC00341. In other studies on bladder
cancer, inactivation of p21 has also been shown to promote
tumorigenesis and cell proliferation (Tang et al., 2015). Bax is
a vital homologue of Bcl-2, an enhancer of apoptosis, and can be
used as an independent parameter for predicting the clinical
prognosis of individuals with bladder cancer (Golestani Eimani
et al., 2014; Liu et al., 2016). E-cadherin is a cell-cell junction
protein that is often absent during the migration of bladder
cancer cells (Liu et al., 2014; Zhao et al., 2014). Using double
knockdown experiments, we further show that the expression
changes of these biomarkers can at least partially explain the

phenotypic changes after LINC00341 knockdown. LINC00341
may be associated with an epigenetic repressor, thereby regulating
the transcription of Bax or E-cadherin.

In summary, the above data indicate that LINC00341 serves as
an oncogene in the carcinogenesis of bladder cancer. Targeting
LINC00341 may be a promising method for human cancer gene
therapy. More work is required to establish the prospective
molecular mechanism of LINC00341 in the regulation of Bax
as well as E-cadherin in bladder cancer. The treatment of
LINC00341 should also be studied in depth.
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Transcriptional Inhibition of lncRNA
gadd7 by CRISPR/dCas9-KRAB
Protects Spermatocyte Viability
Jun Zhao†, Wenmin Ma†, Yucheng Zhong†, Hao Deng†, Bingyu Zhou, Yaqin Wu,
Meiqiong Yang and Huan Li*

Assisted Reproductive Technology Center, Foshan Maternal and Child Health Care Hospital, Foshan, China

Our previous study found that lncRNA gadd7 was up-regulated in the semen of varicocele
patients, and could promote the apoptosis of mouse spermatocytes and inhibit their
proliferation. Therefore, we further explored whether down-regulation of Gadd seven
expression could protect the viability of spermatocytes. Here we designed specific
sgRNAs targeting the ORF region of gadd7, and constructed a CRISPR-dCas9-KRAB
system that effectively inhibits gadd7 at the transcriptional level. The CRISPRi system can
effectively prevent the apoptosis of spermatocytes and enhance their proliferation, which is
expected to provide a potentially effective molecular intervention method for the treatment
of male infertility caused by varicocele.

Keywords: lncRNA gadd7, CRISPR, varicocele, infertility, male

INTRODUCTION

Varicocele is a common disease of the male reproductive system (Hyun, 2020). The incidence rate in
the general male population is 15%, and the incidence rate in the infertile population is as high as 39%
(Alsaikhan et al., 2016; Barratt et al., 2017). It is considered by the World Health Organization to be
one of the most common causes of male infertility. It affects the spermatogenic function of the testis
through a variety of pathophysiological changes. The theory of renal venous reflux is considered to be
a possible cause of damage to spermatogenesis (Sayfan and Adam, 1978; Graif et al., 2000). Toxic
metabolites from the reflux of kidneys/adrenal glands cause local microenvironmental changes in
spermatogenesis of testis. Clinically, semen quality testing is often used to determine the effect of
varicocele on men. For patients with moderate to severe varicocele, surgical treatment is the most
effective treatment method, and microscopy is the current gold standard for surgical treatment
(Johnson and Sandlow, 2017).

Long noncoding RNAs (LncRNAs) are a type of RNA molecules with a transcript length of more
than 200 nt (Kopp and Mendell, 2018). They are widely present in mammals and participate in
various normal activities of cells, such as genome imprinting, transcription regulation, X
Chromosome silencing and nuclear transport (Chen, 2016). They also participate in the
pathological process of tumors and other diseases. LncRNAs do not encode proteins, but they
regulate gene expression at multiple levels in the form of RNA, and are related to a series of major
human diseases, especially neurological diseases and cancers (Renganathan and Felley-Bosco, 2017;
Choudhari et al., 2020).

In recent years, the research on LncRNAs has progressed rapidly, but the function and
mechanism of most LncRNAs are still unclear. The gene expressing gadd7 was cloned from
Chinese hamster ovary cells exposed to ultraviolet light in 1988 (Hollander et al., 1996). It is a
LncRNA specifically expressed in hamster cells. Basically all factors such as growth arrest, DNA
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damage, and excessive oxidative stress can induce its expression
(Mizenina et al., 1998). Currently, there still lacks much research
on the function and mechanism of its action. Studies have found
that, in addition to inhibiting cell clone formation, the lncRNA
gadd7 also plays an important regulatory role in lipotoxicity-
induced cell death. Our previous studies have found that gadd7 is
elevated in the sperm of patients with varicocele, and can promote
the apoptosis of mouse spermatocytes and inhibit their
proliferation (Zhao et al., 2018).

A more interesting idea is whether down-regulation of
lncRNA gadd7 can protect spermatocytes. However,
traditional RNAi technology is difficult to achieve effective
knockdown of lncRNA, which limits the implementation of
this idea. The CRISPRi transcription suppression technology
developed in recent years is expected to inhibit the expression
of lncRNA (Liu et al., 2017; Stojic et al., 2018; Liu et al., 2020). The
dCas9 protein targeted to the ORF region of the gene can silence
the expression of specific lncRNA by fusing the KRAB
transcription repressor. In this study, we designed a specific
sgRNA for the ORF region of gadd7, and screened and
obtained a CRISPRi system that effectively inhibits gadd7.
This system can effectively slow down the apoptosis of
spermatocytes and promote their proliferation, which is

expected to provide a potentially effective molecular
intervention method for the treatment of male infertility
caused by varicocele.

MATERIALS AND METHODS

Cell Lines and Cell Culture
The two mouse germ cell lines, GC-1 and GC-2, had been
purchased from the Institute of Cell Research, Chinese
Academy of Sciences (Shanghai, China). Cells were grown in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(Invitrogen) at 37°C in a 5% CO2 atmosphere.

FIGURE 1 | CRISPR-dCas9-KRAB inhibits lncRNA gadd7 expression.
(A) cDNA sequences of the first 20 nt of the sgRNAs targeting the ORF region
of gadd7. (B) Inhibition of gadd7 expression using the designed sgRNAs in
GC-1 and GC-2 cells. The relative expression level of gadd7 wad
determined by qRT-PCR. *p < 0.05, relative to the negative control by paired,
one-sided t-test. **p < 0.01, relative to the negative control by paired, one-
sided t-test.

FIGURE 2 | Inactivation of gadd7 by CRISPR-dCas9-KRAB prevents
cell apoptosis. (A) Cell apoptosis changes were determined using flow
cytometry analysis in GC-1 cells. (B) Cell apoptosis changes in GC-2 cells.
(C) Caspase-3 activity was determined using ELISA in GC-1 cells. (D)
Caspase-3 activity was determined using ELISA in GC-2 cells. The error
bars indicate the S.D. from three different experiments. NC, negative
control. **p < 0.01, relative to the negative control group by paired, one-
sided t-test.
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Construction of CRISPR-dCas9-KRAB and
Transfection
The plasmid vectors pcDNA-dCas9-KRAB (#110820, Addgene)
was used to transiently express dCas9-KRAB fusion protein (for
CRISPR-based interference) in mouse germ cells. The designed
cDNA sequence for each sgRNA was designed using the online
software tool (http://crispr-era.stanford.edu/), and synthesized
and inserted into pGPU6/GFP/Neo vector which was digested
with Bam HI/Bbs I. The leader sequence of sgRNA negative
control was 5′-GTACGTTCTCTATCACTGATA-3′.

The above plasmids were transfected into GC-1 and GC-2 cells
using Nanofectin™ Transfection reagent (Excell Bio, Shanghai,
China) according to the supplier’s protocol. The final
concentration of plasmid was 1 μg/ml.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from indicated cells or frozen
specimens using Trizol reagents (Invitrogen). Reverse
transcription was performed using M-MLV Reverse
transcriptase (Invitrogen) and the extracted RNA. qRT-PCR
was conducted on the Applied Biosystems 7,300 Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA,
United States) using SYBR® Green Realtime PCR Master Mix
(Toyobo, Osaka, Japan) and the primers 5′-ACAATGACGCCA
TCGTTTTCT-3’ (forward) and 5′- TGTCCTCCATCTGGG
CATTT-3-3’ (reverse) for gadd7. The expression levels were
calculated using the comparative CT method for relative
quantification against GAPDH. The primers for GAPDH were
forward 5′-CGCTCTCTGCTCCTCCTGTTC-3′, and reverse 5′-
ATCCGTTGACTCCGACCTTCAC-3′.

Cell Proliferation Assay
Cell proliferation abilities were evaluated using Cell counting kit-
8 (CCK-8).Briefly, 3,000 indicated GC-1/GC-2 cells were plated
into 96-well plates per well. After incubation for 24 h, 48 h, or
72 h, 10 μL CCK-8 solution (Biyuntian Biological Engineering

Co. Ltd., Shanghai, China) was added to per well. After
incubation for 2 h, the absorbance at 450 nm was measured at
490 nm by a microplate reader (Bio-Rad, Hercules, CA). Each
experiment was done at least three times.

Cell Apoptosis Assays
GC-1 and GC-2 cells were transiently transfected with plasmid
vectors, and then cells were harvested and resuspended in fixation
fluid 48 h after transfection. 5 μl of Annexin V—FIFC and 2 μl of
propidium iodide were added to 500 μl of cell suspension. Cell
apoptosis was then determined using flow cytometry (EPICS, XL-
4, Beckman, CA, United States). Each experiment was done at
least three times.

The caspase-3 activity in GC-1 and GC-2 cells was determined
by ELISA using a Caspase-3 Activity Assay kit (Fluorometric). At
48 h after transfection, cells were reaped and cultured in lysis
buffer for 15 min at 4°C, followed by centrifugation and
supernatant collection. The final absorbance (at 405 nm) was
determined using a microplate reader.

Statistical Methods
The t test (homogeneity of variance) or t ’test (heterogeneity of
variance) of two or more independent samples was used for the
normal distribution data. SPSS 17.0 software was used for
analysis, and p < 0.05 was considered statistically significant.

RESULTS

Design and Construction of
CRISPR-dCas9-KRAB Targeting gadd7
To determine whether the CRISPRi technology can be used to
inhibit the expression of lncRNA gadd7, we targeted the dCas9-
KRAB protein to the ORF regions of gadd7 using designed
sgRNAs (sgRNA1∼3) (Figure 1A). Then, we introduced
dCas9-KRAB and sgRNA combination into GC-1 and GC-2
cells. The expression of these sgRNAs induced various

FIGURE 3 | Inactivation of gadd7 by CRISPR-dCas9-KRAB enhances cell proliferation. Cell proliferation was detected by CCK-8 assay. (A) Compared to the
negative control group, the proliferative ability of GC-1 cells transfected with gadd7 sgRNA was significantly increased (p < 0.01). (B) Compared to the negative control
group, the proliferative ability of GC-2 cells transfected with gadd7 sgRNA was significantly increased (p < 0.01).
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significant decreases in gadd7 expression, and the strongest
inhibition was achieved with sgRNA-2 (Figure 1B). Therefore,
we chose sgRNA-2 to do the following experiments.

Downregulation of gadd7 by
CRISPR-dCas9-KRAB Reduced Cell
Apoptosis
To investigate the downstream effect of downregulation of
gadd7 on the apoptosis of GC-1 and GC-2 cells, the cell
apoptotic rates of these cells were determined using the Flow
cytometry assay. The results shown in Figure 2 demonstrated
that the apoptotic cells (%) of GC-1 (Figure 2A) and GC-2
(Figure 2B) cell lines transfected with the CRISPR-dCas9-
KRAB system were much lower than those transfected with
the negative control plasmid. These results suggested that
downregulation of gadd7 by CRISPR-dCas9-KRAB could
prevent the apoptosis of germ cells.

Downregulation of gadd7 by
CRISPR-dCas9-KRAB Enhanced Cell
Proliferation
To investigate the downstream effect of downregulation of gadd7
on the proliferation of GC-1 and GC-2 cells, the cell proliferation
rates of these cells were determined using the CCK-8 assay. The
results shown in Figure 2 demonstrated that the proliferation rate
of GC-1 (Figure 3A) and GC-2 (Figure 3B) cell lines transfected
with the CRISPR-dCas9-KRAB system were much higher than
those transfected with the negative control plasmid. These results
suggested that downregulation of gadd7 by CRISPR-dCas9-
KRAB could enhance the proliferation of germ cells.

DISCUSSION

It has always been the dream of many biologists to have a
technology that can control gene expression at will. The
emergence of CRISPR/Cas9 system meets this need. Cas9 is

like a DNA scissors. Under the guidance of sgRNA, it
specifically cuts the target sequence and forms DNA double
strand breaks (Jiang and Doudna, 2017; Kosicki et al., 2018).
Later studies obtained dead Cas9 (dCas9) by inactivating the
endonuclease activity of Cas9. dCas9 only binds to the target site
under the guidance of sgRNA, but does not cleave DNA. The
coupling of dCas9 with epigenetic modifiers can efficiently
regulate the transcription of specific genes (Komor et al., 2016;
Savić and Schwank, 2016). When the kox1 domain of KRAB is
fused with dCas9, the CRISPR system can be used to induce
transcriptional suppression. In addition to the regulation of
protein coding region, CRISPR-dCas9 system can also act on
non coding RNAs including lncRNAs.

In this study, we designed a CRISPR-dCas9-KRAB
transcriptional regulation system which inhibits mouse
lncRNA gadd7. To the best of our knowledge, this is the first
report which used CRISPR-dCas9 to regulate gene expression in
spermatocytes. By inhibiting the expression of gadd7, this system
can protect the viability of spermatocytes, which is manifested in
the reduction of apoptosis and enhancement of proliferation.
These results suggest that CRISPRi technique may be used in
male oligoasthenospermia caused by varicocele. There may be
other lncRNAs with functions similar to gadd7 that can affect
spermatocytes, which need to be further explored.

In the future, further animal experiments are needed to verify
the biological protection effect of the system in vivo.
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Silencing of the TRIM58 Gene by
Aberrant Promoter Methylation is
Associated with a Poor Patient
Outcome and Promotes Cell
Proliferation and Migration in Clear
Cell Renal Cell Carcinoma
Ying Gan1,2,3†, Congcong Cao4†, Aolin Li 1,2,3†, Haifeng Song1,2,3, Guanyu Kuang1,2,3,
Binglei Ma1,2,3, Quan Zhang1,2,3 and Qian Zhang1,2,3*

1Department of Urology, Peking University First Hospital and Institute of Urology, Peking University, Beijing, China, 2National
Urological Cancer Center, Beijing, China, 3Beijing Key Laboratory of Urogenital Diseases (male) Molecular Diagnosis and
Treatment Center, Beijing, China, 4The Guangdong and Shenzhen Key Laboratory of Male Reproductive Medicine and Genetics,
Peking University Shenzhen Hospital, Institute of Urology of Shenzhen PKU-HKUST Medical Center, Shenzhen, China

To investigate the underlying molecular mechanism of tripartite motif-containing 58
(TRIM58) in the development of clear cell renal cell carcinoma (ccRCC), we explored
TRIM58 expression and methylation in tumor tissues and the association with
clinicopathological features and prognosis of tissue samples; Moreover, we examined
the direct gene transcription of TRIM58-specific DNA demethyltransferase (TRIM58-TET1)
by the CRISPR-dCas9 fused with the catalytic domain of TET1 and the biological functions
in RCC cells. In this study, we demonstrate that TRIM58 is frequently downregulated by
promoter methylation in ccRCC tissues, associated significantly with tumor nuclear grade
and poor patient survival. TRIM58-TET1 directly induces demethylation of TRIM58 CpG
islands, and activates TRIM58 transcription in RCC cell lines. Besides, DNA demethylation
of TRIM58 by TRIM58-TET1 significantly inhibits cell proliferation andmigration Overall, our
results demonstrate that TRIM58 is inactivated by promoter methylation, associates with
tumor nuclear grade and poor survival, and TRIM58 DNA demethylation could directly
activate TRIM58 transcription and inhibit cell proliferation and migration in RCC cell lines.

Keywords: clear cell renal cell carcinoma, TRIM58, DNA methylation, engineered demethyltransferase, CRISPR-
dCas9

INTRODUCTION

Renal cell carcinoma (RCC) is one of the most common malignancies of the urinary system and
accounts for approximately 2–3% of adult malignant solid tumors. The incidence of this disease has
been steadily increasing in recent decades, partially because of increase in life expectancy and
advance in medical imaging techniques (Ferlay et al., 2015; Bray et al., 2018). RCC lacks specific
clinical manifestations, and approximately 20–30% of patients were reported to be initially diagnosed
with distant metastasis (Alt et al., 2011). The response rate to targeted therapy and immunotherapy
for metastatic patients is only approximately 30%. With the emergence of drug resistance, the vast
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majority of patients will eventually die from tumor progression
(Linehan and Ricketts, 2014). Clear cell renal cell carcinoma
(ccRCC) is the most common pathological subtype of RCC
(accounting for 75–80%) (Moch, 2013). Therefore, it is of
great significance to further investigate the molecular
mechanism underlying ccRCC occurrence and development,
which will benefit future research in discovering effective
biomarkers and therapeutic targets.

Genome-wide epigenetic alterations are associated with
human tumorigenesis. The silence of tumor suppressor genes
(TSGs) by aberrant promoter methylation happens frequently
and is recognized as a hallmark of the occurrence and
development of cancers, including RCC (Sharma et al., 2010;
Klutstein et al., 2016). Many critical TSGs have been reported to
be inactivated by promoter methylation in RCC, such as APAF-
1, RASSF1A, SFRP, CADM2, CDKN2A, DKK1, IRF8, and SOX7
(Morrissey et al., 2001; Christoph et al., 2006; Hirata et al., 2011;
He et al., 2013; Ricketts et al., 2014; Zhang et al., 2014; Ricketts
et al., 2018; Wang et al., 2019), among others. TRIM58
(tripartite motif-containing 58), a member of the TRIM
family, which is located at 1q44, encodes a protein that
exhibits E3 ubiquitin ligase activity. It was found to
participate in a wide range of physiological processes, such as
innate immunity, cell proliferation, and DNA damage repair, as
well as many genetic diseases and cancers (Hatakeyama, 2011).
Studies have revealed that the TRIM58 gene is hypermethylated
and downregulated in a variety of malignancies including lung
cancer, liver cancer, and pancreatic ductal adenocarcinoma
(Tao et al., 2011; Kajiura et al., 2017; Xu et al., 2019).
Moreover, TRIM58 protein can inhibit proliferation and
invasion in gastrointestinal cancer cells, indicating the
tumor-suppressive role in such cancers (Liu M. et al., 2018;
Liu et al., 2020). However, the direct methylation–expression
pattern and biological function of TRIM58 in ccRCC remains
unclear.

To dissect the functional significance of DNA methylation
events in human cancer, CRISPR–dCas9 has been used for
targeted epigenome editing by fusion with epigenome
modifying enzymes such as Dnmt3a (a DNA
methyltransferase enzyme) and TET (catalyze active DNA
demethylation) (Sasaki and Matsui, 2008; Morita et al., 2016;
Vojta et al., 2016; Xu et al., 2016). A catalytically inactive dead
Cas9 (dCas9)-based system fused to the catalytic domain of
TET1 (TET1CD) that hydroxylates specific loci. This system has
been designed to activate site-specific demethylation in the
genome DNA (Yin and Xu, 2016; Gallego-Bartolome et al.,
2018; Liu X. S. et al., 2018). Here, a TRIM58-specific DNA
demethyltransferase (TRIM58-TET1) was used to directly
activate TRIM58 transcription and the subsequent functional
effects.

In this study, we investigated whether TRIM58 was a newly
identified tumor suppressor gene with aberrant promoter
methylation for ccRCC. To get this conclusion, we explored
TRIM58 expression and methylation status in primary tumors,
as well as its relationship with clinicopathological characteristics
and survival. We also examined its tumor-suppressive functions
by TRIM58-TET1 in RCC cells.

RESULTS

TRIM58 was Frequently Silenced and
Promoter Methylated in ccRCC Samples
To evaluate TRIM58 expression in ccRCC tissues, the mRNA
transcription level of TRIM58 was examined by qRT-PCR in
ccRCC samples compared to that in adjacent non-malignant
renal tissues from our center. Compared with the adjacent non-
malignant renal tissues, TRIM58 was significantly decreased in 15
paired renal tumor tissues (p < 0.001, Figure 1A). TRIM58
protein expression levels were also decreased in ccRCC
samples according to IHC, as compared to those in adjacent
non-malignant renal tissue (Figure 1B). We next validated the
expression pattern of TRIM58 in KIRC using the TCGA database.
According to RNA-sequence data from 530 KIRC patients, KIRC
exhibited significantly decreased expression of TRIM58 mRNA
compared to that in normal renal tissues (p < 0.001, Figure 1C).

It is generally known that DNA methylation in the promoter
region may directly in-activate gene transcription. By exploring
the UCSC Genome Browser, we found there is a CpG island near
the TRIM58 promoter region. It is attractive that if there are any
change of DNA methylation status of TRIM58 promoter region
in ccRCC. TRIM58 methylation status was analyzed in 92 ccRCC
samples and 22 adjacent non-malignant renal tissues from our
center. Primers targeting this region were designed for MSP and
BGS (Figure 1D). MSP analysis showed that methylation of the
TRIM58 promoter could be detected in 80.4% (74/92) of ccRCC
samples but in only 18.2% (4/22) of adjacent non-malignant renal
tissues (p < 0.001, Figure 1E). As expected, BGS analysis of five
ccRCC samples with paired adjacent non-malignant tissues
demonstrated that TRIM58 methylation levels were greater in
ccRCC tissues based on 32 CpG sites (Figure 1F). Meanwhile, we
analyzed the methylation data of 317 KIRC patients from
UALCAN and found TRIM58 promoter methylation level in
KIRC was significantly higher than that in normal renal tissue
(p < 0.001, Figure 1G). To investigate the relationship between
the expression and promoter methylation of TRIM58, we
performed correlation analysis. The results showed a
significant negative correlation between mRNA expression and
promoter methylation levels for this gene (R � −0.21, p < 0.001,
Figure 1H).

TRIM58 Hypermethylation and Low
Expression was Associated With
Clinicopathological Features and Poor
Prognosis in ccRCC Samples
We evaluated the relationship between TRIM58 methylation and
clinicopathological features of RCC patients from our center.
According to their TRIM58 methylation status of tumor tissue
samples, 92 KIRC patients were allocated into a methylated group
and a non-methylated group, with their corresponding
clinicopathological characteristics analyzed. Among the 92
patients, 63 were males and 29 were females, with an average
age of 57.28 ± 12.42 years. We found that the TRIM58 promoter
methylation was significantly associated with nuclear grade.
Nuclear grade was higher in the methylated group compared

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 6551262

Gan et al. TRIM58 DNA Methylation in ccRCC

81

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


to the unmethylated group (p � 0.02). Moreover, methylation of
the TRIM58 promoter was not significantly associated with
patient age, sex, and T stage (Table 1). UALCAN patients
were then divided into high and low methylation groups
according to the median TRIM58 methylation level. Chi-
square test showed that the methylation of TRIM58 was
significantly associated with T stage and nuclear grade in
ccRCC; patients with a high methylation level had higher T
stages (p < 0.001) and nuclear grades (p < 0.001, Table 1).

To further explore the correlation between TRIM58 DNA
methylation inactivation and the prognosis of KIRC patients, the
median mRNA expression level of TRIM58 was separately set as
the cut-off value using the TCGA database. Survival analysis
indicated significant differences between high and low
expression groups in terms of both overall survival (OS) and
disease-free survival (DFS); patients with high TRIM58
expression had a longer OS (p � 0.025, Supplementary

Figure S1A) and DFS (p � 0.02, Supplementary Figure
S1B). In addition, patients from UALCAN with a high
TRIM58 methylation level had significant worse OS
(p � 0.014, Supplementary Figure S1C) and DFS (p < 0.001,
Supplementary Figure S1D) than patients with low
methylation. These results indicate that TRIM58 methylation
inactivation is correlated with the poor prognosis of KIRC.

Methylation of TRIM58 Promoter Correlated
With Its Downregulation in RCC Cell Lines
To evaluate the expression level of TRIM58 in RCC cell lines, we
examined mRNA and protein expression in RCC cell lines (786-
O, 769-P, ACHN and OS-RC-2). The TRIM58 expression was
significantly reduced and even silenced, when compared to that in
HK-2 normal human kidney proximal tubular epithelial cells
using qRT-PCR (Figure 2A) and Western Blot (Figure 2B). We

FIGURE 1 | TRIM58 is frequently silenced and hypermethylated in ccRCC samples. (A) The relativemRNA transcription level of TRIM58 in 15 paired renal tumor tissues
and the adjacent non-malignant renal tissues; (B) Representative IHC staining for TRIM58 in human ccRCC cancer (right panels) and adjacent normal renal tissues
(left panels); (C)mRNA transcription level of TRIM58 in KIRC from TCGA database; (D) Primers targeting TRIM58 promoter region designed for MSP and BGS; (E)MSP
analysis in 92 ccRCC samples and 22 adjacent non-malignant renal tissues fromour center; (F)BGS analysis on TRIM58promoter 32CpG sites of five ccRCC samples
with paired adjacent tissues; (G) Methylation level of 317 KIRC patients from UALCAN; (H) Correlation analysis between the expression and methylation of TRIM58.
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then examined the methylation status of the TRIM58 promoter in
those cells. MSP results showed that the RCC cell lines, especially
786-O and OS-RC-2, exhibited DNA hypermethylation in the
promoter region of TRIM58 compared to HK-2 cells (Figure 2C).

To determine whether TRIM58 expression was directly
repressed by DNA methylation, we examined the TRIM58
mRNA expression level and DNA methylation status in RCC
cell lines after treating them with the demethylation drug 5-AZA.
The TRIM58 mRNA levels were restored after the treatments
(Figure 2D), accompanied with a decrease of TRIM58 promoter

CpG site methylation from ∼55.5% to ∼10.3% in 786-O, and from
∼83.9% to ∼38.7% in OS-RC-2, respectively (Figures 2E–G).
These results suggested that TRIM58 promoter methylation
mediates its decreased expression in RCC cells.

TRIM58 DNA Demethylation Directly
Activated Gene Transcription
To explore whether DNA demethylation is essential for re-
activation of TRIM58, TRIM58 promoter-specific DNA

TABLE 1 | Association of TRIM58 promotor methylation with clinicopathological features in ccRCC.

Features PKUFH (n = 92) TCGA (n = 317)

Methylated (%) Unmethylated (%) p High (%) Low (%) p

Age 0.056 0.154
<65 145 (54.9%) 119 (45.1%) 67 (44.7%) 83 (55.3%)
≥65 124 (46.6%) 142 (53.4) 88 (52.7%) 79 (47.3%)

Gender 0.637 0.055
Male 172 (50%) 172 (50%) 107 (53.0%) 95 (47.0%)
Female 97 (52.2) 89 (47.8%) 48 (41.7%) 67 (58.3%)

T stage 0.142 <0.001
T1-T2 59 (77.6%) 17 (22.4%) 73 (36.5%) 127 (63.5%)
T3-T4 15 (93.7%) 1 (6.2%) 82 (70.1%) 35 (29.9%)

Nuclear grade 0.020 <0.001
G1-G2 56 (75.7%) 18 (24.3%) 52 (35.6%) 94 (64.4%)
G3-G4 18 (100%) 0 (0%) 103 (60.2%) 68 (39.8%)

Bold values indicate statistical significance.
PKUFH, Peking University First Hospital; TCGA, The Cancer Genome Atlas.

FIGURE 2 | TRIM58 methylation correlates with its downregulation in RCC cell lines. (A, B) TRIM58 expression in RCC cell lines (786-O, 769-P, ACHN and OSRC)
and HK-2 normal cells using qRT-PCR (A) and Western Blot (B); (C) MSP for methylation status of the TRIM58 promoter; (D) TRIM58 mRNA expression level after
treating with the demethylation drug 5-AZA; (E)Methylation pattern of TRIM58 in HK-2 cells; (F, G) TRIM58 promoter CpG site methylation after treating with 5-AZA in
786-O and OS-RC-2 cells.
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demethyltransferase (TRIM58-TET1) leading by four guide
RNAs (sgRNA1-4) using CRISPR-dCas9 systems (Figure 3A)
was transfected transiently into 786-O and OS-RC-2 RCC cell
lines. Then, methylation of CpG islands within the TRIM58
promoter region was detected using bisulfite-sequencing. As
expected, TRIM58-TET1 induced TRIM58 DNA
demethylation in both 786-O and OS-RC-2 cells (Figures
3B,C) and significantly activated TRIM58 gene transcription
and protein expression (Figures 3D,E). Taken together, these

results indicated that TRIM58 promoter region demethylation
could directly activate gene transcription and expression.

TRIM58 DNA Demethylation Suppressed
Cell Proliferation andMigration in RCCCells
To characterize the biological behaviors of cancer cells following
TRIM58-specific activation by DNA demethylation, we
determined whether TRIM58 demethylation inhibited RCC

FIGURE 3 | TRIM58 targeted demethylation directly activates gene transcription. (A) Contruction of TRIM58-TET1 using CRISPR-dCas9 systems with 4 gRNAs
targeting TRIM58 promoter region and the catalytic domain of DNA hydroxymethylase; (B, C) Bisulfite clone-sequencing results from 786-O and OS-RC-2 cells
transiently transfected with TRIM58-TET1; (D, E) TRIM58 gene transcription (D) and protein expression (E) following TRIM58-TET1 transfection.

FIGURE 4 | Proliferation andmigration assays carried out with RCC cells transient transfected with TRIM58-TET1 vector. (A,B)CCK-8 assay for cell proliferation of
TRIM58-TET1 transient transfected 786-O and OS-RC-2 cells; (C, D) Transwell assays for the migration ability of 786-O and OS-RC-2 cells; (E–H) The wound-healing
assays for TRIM58 demethylation in both RCC cells.
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cell proliferation. As shown in Figures 4A,B, we found that
TRIM58 demethylation in 786-O and OS-RC-2 cells significantly
inhibited cell proliferation by CCK-8 assay. Next, we evaluated
the migration ability of TRIM58 demethylation in RCC cell lines
by transwell migration assays and wound healing. The migration
ability of 786-O and OS-RC-2 cells was significantly decreased
following TRIM58 demethylation (Figures 4C,D). The wound-
healing assays showed that TRIM58 demethylation in both RCC
cells closed the wound much slower than controls (Figures
4E–H). Taken together, these results implied that TRIM58
DNA demethylation reduced the proliferation and migration
phenotypes of RCC cells.

DISCUSSION

Methylation-mediated silencing of tumor-suppressor genes is a
critical event in the occurrence and development of various
malignancies, including ccRCC(Malouf et al., 2016; Morris and
Latif, 2017; Joosten et al., 2018). In the previous series of research,
we identified some tumor-specifically methylated genes in RCC,
such as DLC1, DLEC1, IRF8, ADAMTS18 (Zhang et al., 2007;
Zhang et al., 2010; Zhang et al., 2014). TRIM58, a member of the
TRIM family, has been reported to play a tumor suppressive role
and to be regulated by DNA methylation in lung cancer,
colorectal cancer, and gastric cancer (Kajiura et al., 2017; Liu
M. et al., 2018; Liu et al., 2020). However, its DNA methylation
status and biological function in ccRCC remained unclear. In the
present study, we preliminarily verified that TRIM58 is silenced
and hypermethylated in ccRCC based on the TCGA database.
The methylation level of TRIM58 was strongly associated with
nuclear grade in both our samples and database, as well as with
tumor stage in database. Although patients with higher T stages
had higher methylation rates of TRIM58 than patients with lower
T stages in our center, no statistical difference was found between
them. We speculated that this was because of the small sample
size of high T stage patients. In addition, ccRCC patients with
high TRIM58 expression and hypomethylation levels of TRIM58
have better OS and DFS.

In vitro, we confirmed the methylation of TRIM58 in several
RCC cell lines. RCC cells with low TRIM58 expression were
found to be hypermethylated and the demethylation drug 5-AZA
upregulated the expression of TRIM58, suggesting that the low
expression of TRIM58 in ccRCC was probably induced by
promoter methylation. We found TRIM58 was frequently
inactivated and methylated in RCC cell lines and in primary
RCC tissues. Thus, we investigated whether TRIM58
demethylation is capable of activating transcription. To target
specific epigenetic alterations in cancer cells, we selected the
CRISPR-dCas9 system. CRISPR-dCas9 was derived from the
CRISPR-Cas9 system, and has been used in many fields such
as gene regulation, epigenetic regulation and high throughput
screening. dCas9 lacks nuclease activity but maintains its ability
to bind both the sgRNA and targeted DNA. Several groups have
developed modified versions of Cas9 for applications that go
beyond genome editing (Bikard et al., 2013; Chavez et al., 2015;
Kardooni et al., 2018). Here, we used dCas9-TET1 and gRNAs

targeting the TRIM58 gene promoter to induce DNA
demethylaton and activate transcription.

In lung squamous cell carcinoma, TRIM58 methylation is
associated with eight prognostic genes, and may be used as a
potential prognostic biomarker (Zhang et al., 2018). In gastric
cancer, TRIM58 may function as a tumor suppressor and
potentially suppress the tumor growth (Liu et al., 2020). In early-
stage lung adenocarcinoma, TRIM58 was robustly silenced by
hypermethylation and the restoration of TRIM58 expression in cell
lines inhibited cell growth in vitro and in vivo (Kajiura et al., 2017). In
the present study, we have provided evidence to demonstrate that
TRIM58-TET1 induced demethylation could directly inhibit
proliferation and migration of cancer cells in vitro. These facts
strongly implicate the inactivation of TRIM58 by DNA methylation
as a possible promoter of proliferation and migration in RCC.

MATERIALS AND METHODS

Patients and Tissue Specimen Collection
92 primary clear cell renal cell carcinoma (ccRCC) samples and 22
adjacent non-malignant renal tissues with patients’ informed consent
were obtained from the Urology Department of Peking University
First Hospital (PKUFH), Beijing, China. This study followed the
Helsinki declaration and was approved by the Institutional Ethical
Review Board of PKUFH. Samples were collected immediately in the
operating room after surgical removal and were stored in liquid
nitrogen after rapid freezing in liquid nitrogen. The pathological
diagnosis was made by professional urological pathologists.

Further, mRNA expression and clinical information for 530
kidney renal clear cell carcinoma (KIRC) patients with available
RNA-sequence data were downloaded from The Cancer Genome
Atlas (TCGA). Methylation data (Illumina Human Methylation
450K BeadChip) of 317 KIRC patients were downloaded from
UALCAN (http://ualcan.path.uab.edu/).

Cell Lines Culture and Demethylation
Treatment
RCC cell lines (786-O, 769-P, ACHN and OS-RC-2) were used in
this study. HK-2 human kidney proximal tubular epithelial cells
were used as normal controls. These cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas, VA,
United States) and National Infrastructure of Cell Line Resource,
China. Cell lines were routinely cultured in RPMI 1640 or DMEM,
which was supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, United States) and incubated in a 5% CO2

environment at 37°C. These cells were split to a low density
(30% confluence) for 12 h before drug treatment, then
incubated with 5-aza-2′-deoxycytidine (5-Aza; Sigma, St. Louis,
MO, United States) at a concentration of 10 μM in the optional
medium, which was exchanged every 24 h. After 5-Aza treatment
for 72 h, the cells were harvested for further analysis.

Construction of Vectors and Transfection
The sequences of the TRIM58 gene promoter region containing
the CpG islands were extracted using the UCSC genome browser.
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The CRISPR dCas9 plasmid dCas9-Tet1CD (#84475) and
pgRNA-humanized (#44248) were purchased from Addgene.
Four gRNAs that target the TRIM58 promoter were cloned
into pgRNA-humanized and listed in Table 2. All designed
gRNAs were subjected to MEGABLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) to avoid mismatch to unexpected genes in the
human genome.

DNA and RNA Extraction
Total RNA and genomic DNA of primary RCC tissues and cell
lines were extracted using an RNA-easy Isolation Reagent
(Vazyme Biotech, Nanjing, China) and TIANamp Genomic
DNA Kits (TIANGEN, Shanghai, China) according to their
instructions, respectively, as previously described (Zhang et al.,
2014; Wang et al., 2019).

Bisulfite Treatment and Promoter
Methylation Analysis
The bisulfite modification of genomic DNA was performed using
the EZ DNA Methylation-Gold™ Kit (Zymo Research, Menlo
Park, CA, United States). Methylation specific PCR (MSP) and
bisulfite genomic sequencing (BGS) were used to analyze
methylation status of TRIM58 promoter region. The primers
for TRIM58 used for MSP and BGS were listed in Table 2. For
BGS, PCR products were subcloned into the fast-T1 clone vector
(Vazyme Biotech, Nanjing, China) and 8–10 colonies were
randomly selected and sequenced.

Quantitative RT-PCR, Western Blot and
Immunohistochemistry Staining of TRIM58
Expression
cDNA was synthesized using HiScript III RT SuperMix for qPCR
(Vazyme Biotech, Nanjing, China). qRT-PCR was performed

using spectrophotometry (ABI Prism 7500TM instrument,
Applied Biosystems) with Universal SYBR Green qPCR Master
Mix (Vazyme Biotech, Nanjing, China). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as reference
gene. Primers used for TRIM58 and GAPDH qRT-PCR were
listed in Table 2.

Total protein was extracted by KeyGEN Bio TECH protein
extraction kit (KGP1100) and separated on 10% SDS-PAGE
and transferred onto nitrocellulose membrane. After blocking,
blots were immunostained with primary antibodies and
secondary antibodies respectively as previously described
(Wang et al., 2017). The antibodies were as follows: TRIM58
(ab254786, Abcam, 1:500); GAPDH (0494-1-AP, proteinteach,
1:10000).

Immunohistochemistry staining was performed using a
primary antibody of TRIM58 (ab254786, Abcam) at a 1:300
dilution following a protocol described previously (Liu et al.,
2015). All photographs were taken randomly and measured using
Image Pro Plus (Media Cybernetics, Rockville, MD,
United States).

Wound-Healing Assay
The cell motility was assessed by scratch wound healing assay.
786-O and OS-RC-2 cells (2–3×106 per well) were plated in a 6-
well plate for 1 day and then transfected with vectors for 24 h. The
cell layers were washed with PBS after carefully scratching by
sterile tips. After incubation for 0 and 24 h, photos were taken.
The assays were performed in triplicate.

Transwell Migration Assay
The 786-O and OS-RC-2 cells suspended in 150 uL serum-free
medium (2×105 cells/mL) were placed on the upper layer of a cell
permeable membrane. Following another 24–48 h incubation, the
cells migrated through the membrane were stained with 1%
Crystal Violet and counted.

TABLE 2 | Primers for RT-qPCR, MSP, BGS and sequence of gRNAs.

Target Sequence (59-39) Application

TRIM58 F: GGTGTGTTTGGATTTTTTGTAGGAG RT-qPCR
R: CCACAACCAAAACAAAAAAACC

GAPDH F: GGAGCGAGATCCCTCCAAAAT RT-qPCR
R: GGCTGTTGTCATACTTCTCATGG

TRIM58 M-F: CGTTTACGTTTGTTCGTAGTGTC MSP
M-U: CAAAAACGACTCAAATCCTCG

TRIM58 U-F: TGTTTATGTTTGTTTGTAGTGTTG MSP
U-R: CAAAAACAACTCAAATCCTCACC

TRIM58 F: GAGGAGGGATTTTAGTTAGAAATGTTT BGS
R: ACTCCTACAAAAAATCCAAACACAC

TRIM58-sgRNA-1 F: TTGGGTACGTTTGTTCGTAGTGTCGGGGC dcas9-TET1CD
R: GAACAACCCATGCAAACAAGCATCACAGC CCCGAGCT

TRIM58-sgRNA-2 F: TTGGGAGTCGGTTAGCGTGGATTGGGGC dcas9-TET1CD
R: GAACAACCCTCAGCCAATCGCACCTAAC CCCGAGCT

TRIM58-sgRNA-3 F: TTGGGCCTCGGGCTTTCGCCCCAACGGGC dcas9-TET1CD
R: GAACAACCCCGGTTGGGGCGAAAGCCCGA CCCGAGCT

TRIM58-sgRNA-4 F: TTGGGCGGGCCTGGTGGAGAGCGTGGGGC dcas9-TET1CD
R: GAACAACCCCACGCTCTCCACCAGGCCCG CCCGAGCT

TRIM58-sgRNA-NC F:TTGGGGTAATGCCTGGCTTGTCGACGCATAGTCTGGGGC dcas9-TET1CD
R:GAACAACCCCAGACTATGCGTCGACAAGCCAGGCATTACCCCGAGCT
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Statistical Analysis
When comparing two groups of measurement data, t test was used
for data conforming to normal distribution, whereas a Wilcoxon
test was used for data not conforming to normal distribution, and
the measurement data were expressed as the mean ± standard
deviation (SD). A Chi-square test was used to analyze comparisons
between groups for enumeration data. Pearson correlation analysis
was used to investigate the relationship between mRNA
expression levels and methylation levels of TRIM58. The
Kaplan–Meier method was used for survival analysis, and a
log-rank test was applied for comparations between groups. R
packages used in this study included “GDCRNATools,”
“clusterProfiler,” “org.Hs.eg.db,” “tidyr,” “dplyr,” “ggplot2,”
“ggsignif,” “survival,” and “survimier.” Annotation gene sets
used in GSEA were hallmark gene sets from the Molecular
Signatures Database (MSigDB). All statistical analyses were
performed and visualized using RStudio (Version1.2.1335,
Boston, MA, United States), GSEA (Version4.0, UC San Diego
and Broad Institute, United States) 23, Medcalc (Version16.8,
Ostend, Belgium), and GraphPad Prism (Version 8.0, GraphPad,
Inc., La Jolla, CA, United States). A two-tailed p < 0.05 was
considered statistically significant.
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Aptazyme and CRISPR/Cas gene editing system were widely used for regulating gene
expression in various diseases, including cancer. This work aimed to reconstruct CRISPR/
Cas13d tool for sensing hTERT exclusively based on the new device OFF-switch hTERT
aptazyme that was inserted into the 3’ UTR of the Cas13d. In bladder cancer cells, hTERT
ligand bound to aptamer in OFF-switch hTERT aptazyme to inhibit the degradation of
Cas13d. Results showed that engineered CRISPR/Cas13d sensing hTERT suppressed
cell proliferation, migration, invasion and induced cell apoptosis in bladder cancer 5637
and T24 cells without affecting normal HFF cells. In short, we constructed engineered
CRISPR/Cas13d sensing hTERT selectively inhibited the progression of bladder cancer
cells significantly. It may serve as a promising specifically effective therapy for bladder
cancer cells.

Keywords: CRISPR/Cas13d, hTERT, bladder cancer, aptazyme, degradation

INTRODUCTION

Bladder cancer is one of the most common urologic neoplasms all over the world (Siegel et al., 2020).
About 50% of bladder cancer patients will develop metastases within two years after diagnosis of
bladder cancer (Sternberg et al., 2013). For bladder cancer patients with advanced metastasis,
chemotherapy is the main treatment (Lenis et al., 2020). However, severe adverse reactions are
caused due to poor specificity of chemotherapy drugs (Lenis et al., 2020). Thus, finding a highly
specific targeted therapy for bladder cancer is of great value for bladder cancer patients.

Gene expression can be controlled by various tools including ligand-dependent small self-cleaving
ribozymes (Lee et al., 2016). These ribozymes are named as aptazymes with properties of small,
modular and no need of regulatory protein factors and have promising use in clinical applications
(Felletti et al., 2016). Ribozyme platform, a communicationmodule and aptamer are three main parts
of the aptazymes (Nomura et al., 2012). The hammerhead ribozyme (HHR) is the common ribozyme
platform (Zhong et al., 2016). When aptamer combines with ligand, the induced conformational
change will be transferred to HHR via the communication module, generating cleavage activity
(Spöring et al., 2020). OFF-switch and ON-switch are two types of aptazymes (Nomura et al., 2013;
Beilstein et al., 2015; Yokobayashi, 2019). OFF-switch represents that gene expression is suppressed
without corresponding ligand (Yokobayashi, 2019).

CRISPR/Cas13 is the class II type VI CRISPR (clustered regularly interspaced short palindromic
repeats) gene editing tool (Huynh et al., 2020). A guide RNA (CRISPR-RNA, crRNA) and Cas13 are
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two components in this system (Huynh et al., 2020). It can target
RNA substrate instead of DNA (Makarova et al., 2020). There are
four subtypes of Cas13, including Cas13a, Cas13b, Cas13c and
Cas13d and Cas13d is the smallest protein (Makarova et al.,
2020). Compared with RNA interference (RNAi), CRISPR/Cas13
shows high efficiencies and on-target effects (O’Connell, 2019).
CRISPR/Cas13 has been used in various fields. For example,
Gootenberg et al. (2017) . had created a CRISPR/Cas13a-based
molecular detection platform to distinguish genotype human
DNA, pathogenic bacteria and identify mutations in cell-free
tumor DNA (Gootenberg et al., 2017). Wang et al. (2019).
reported that the formation of glioma intracranial tumors in
mice was inhibited significantly using the collateral effect of
CRISPR/Cas13a (Wang et al., 2019). A recent study showed
that lung cancer cell viability was decreased significantly via
CRISPR/Cas13a targeting EML4-ALK (Saifullah et al., 2020).

In our previous studies, we have shown that compared with
normal cells, hTERT only existed in bladder cancer cells and it
may be regarded as a specific ligand in bladder cancer (Liu et al.,
2014; Huang et al., 2017). In this study, engineered CRISPR/
Cas13d was constructed to selectively suppress the progression of
bladder cancer via sensing hTERT ligand. The hTERT OFF-
switch aptazyme was synthesized and inserted into the 3’UTR of
Cas13d. MYC is an oncogene in bladder cancer and crRNA was
designed to target MYC. As we expected, engineered CRISPR/
Cas13d inhibited the mRNA and protein levels of MYC, and thus
suppressed cell proliferation, migration, invasion and induced
apoptosis of bladder cancer cells in vitro. However, there was no
effects in normal human foreskin fibroblast (HFF) cells. In short,
engineered CRISPR/Cas13d sensing hTERT may be another
highly effective approach for kill bladder cancer cells specifically.

MATERIALS AND METHODS

Cell Culture
Human foreskin fibroblast (HFF) was purchased from the Type
Culture Collection of the Chinese Academy of Sciences, Shanghai,
China. Human bladder cancer cell lines T24 and 5637 were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA). T24 and 5637 were cultured from
bladder cancer tissues with the histological grade of G3 and
G2, respectively. These cells were cultured according to the
manufacturer’s protocol.

Cell Transfection
HFF or bladder cancer cells were seeded in plates. The
corresponding plasmids were transfected into cells with
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States)
according to the manufacturer’s instructions.

RT-qPCR
TRIzol reagent was used to isolate total RNA from cells. A
PrimeScript RT Reagent Kit with gDNA Eraser (Takara,
Dalian, China) was utilized to synthesize the first strand of
cDNA for detection of MYC and GAPDH. Quantitative PCR
was then performed using the SYBR Premix Ex TaqTM kit

(Takara, Dalian, China) on the Roche lightcycler 480 Real-
Time PCR System. The comparative 2−ΔΔCT method was used
to analyze the expression levels.

Vector Construction
Inactivated aptazyme sensing hTERT included hTERT aptamer
and hammerhead ribozyme. The sequence of hTERT aptamer or
hammerhead ribozyme was shown in the previous studies (Chen
et al., 2010; Varshney et al., 2017). The sequence of hTERT
aptamer is 5’-AGACAAGAAUAAAACGCUCAAUAUUGG
GCUUUUAGCUUCUUGGUUGGAUAAUAGAUACACAUU
CGACAGGAGGCUCACAACAGGC-3’. The inactivated
aptazyme sensing hTERT was inserted into 3’ UTR of the
Cas13d (Addgene 109049) or downstream of the Renilla
luciferase cassette in psiCHECK-2 (Promega). The crRNA
targeting MYC mRNA was designed according to a previous
study (Zhu et al., 2018). The sequence of crRNA used in this study
was 5’-ACUCGCUGUAGUAAUUCCAGCGAGAGGCA-3’.

Luciferase Reporter Assay
The psiCHECK-2 vectors with inactivated aptazyme sensing
hTERT were transfected into HFF or bladder cancer cells.
Renilla and firefly luciferase activities were tested with the
dual-luciferase reporter assay system (Promega, Madison, WI,
United States) according to the user manuals.

Cell Proliferation Assays
Cell Counting Kit-8 (CCK-8) assay and colony formation assay
were used to detect engineered CRISPR/Cas13d on cell
proliferation. For CCK-8 assay, 2,000 cells/well were cultured
in 96-well plates. 10 μl CCK-8 reagent was added to each well for
0.5 h. The absorbance wasmeasured at 450 nm using amicroplate
reader. For colony formation assay, 1,000 cells/well were plated
onto six-well plates, and were incubated at 37°C and 5% CO2.
After about 2°weeks, colonies were fixed using 0.05% crystal violet
in 4% paraformaldehyde and counted using Image J program.

Cell Apoptosis Assay
The FITC Annexin V Apoptosis Detection Kit (TransGen, Peking,
China) was utilized to double stain cells with FITC-Annexin V and
PI according to the manufacturer’s instructions. Right lower
quadrant represents the percentage of early apoptosis cells.

Cell Migration and Invasion Assays
100% confluence of bladder cancer/normal cells were scratched
via a sterile 200 μl pipette tip. Images were taken from per well at
0 and 24 h. The migration distance between 0 and 24 h in each
group was calculated. For cell invasion assay, cells were seeded to
the upper chambers of the Transwell (Millicell, Merk KGaA).
After 24 h, cells on the underside chambers were fixed in 4%
paraformaldehyde for 30 min and stained with 0.1% crystal violet
for 30 min and captured using a microscope. Quantification of
the migrated cells was performed by counting cell numbers.

Western Blot
RIPA Lysis Buffer (#P0013B; Beyotime) was used to extract
protein. Protein concentrations were measured using
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Bicinchoninic Acid Kit (Sigma-Aldrich) according to the
manufacturer’s protocol. Cell lysates were resolved by SDS-
PAGE and transferred onto PVDF membranes. Membranes
were blocked for 1 h with 5% non-fat milk in TBST and
incubated overnight at 4°C with primary antibodies and
required secondary antibodies conjugated to horseradish
peroxidase and developed by chemiluminescent substrates.

Statistical Analysis
All the above experiments were performed at least three times in
this study. SPSS software version 22.0 (SPSS Inc., Chicago, IL,
United States) was used to analyze all statistical analysis. All data
are presented as the mean ± standard error (SD). Student’s t-test,
was used to analyze the group difference. A p-value < 0.05 (two-
sided) was regarded as statistical significance.

RESULTS

The Expression of Renilla Luciferase Was
Stable in Bladder Cancer Cells
The hTERT OFF-switch aptazyme was constructed as described
in the Materials and Methods section. The hTERT aptazyme was
synthesized and inserted into the 3’UTR of Renilla luciferase gene
in psiCHECK-2 vector (Figure 1A). As shown in Figure 1B,

compared with the NC aptazyme group, the relative luciferase
activities of hTERT aptazyme group were no difference in HFF.
However, the relative luciferase activities of hTERT aptazyme
group was increased significantly in bladder cancer 5637 and T24
cells. It represents that hTERT ligand bound to OFF-switch
aptazyme and restrained the degradation of Renilla luciferase.

Engineered CRISPR/Cas13d Sensing
hTERT Selectively Suppressed the mRNA
and Protein Levels of MYC
As shown in schematic diagram in Figure 2A, the sequence of
hTERT OFF-switch aptazyme was inserted into the 3’UTR of
Cas13d. The crRNA targeting oncogene MYC mRNA was
designed. In HFF, the expression of hTERT ligand was very
low or loss, and induces the degradation of Cas13d. However,
Cas13d is highly expressed in cancer cells and with the guidance
of crRNA targeting MYC mRNA, Cas13d binds to MYC mRNA
results in degradation of MYC expression at mRNA and protein
levels. Finally, the progression of bladder cancer is suppressed. In
order to validate this mechanism of engineered CRISPR/Cas13d
sensing hTERT, we detected the mRNA and protein expression
levels of MYC. TheMYCmRNA expression levels were decreased
significantly between NC aptazyme and hTERT aptazyme group
in bladder cancer 5637 and T24 cells. However, it was no
difference in HFF (Figure 2B). Similarly, the MYC protein
levels were selectively inhibited markedly in bladder cancer
5637 and T24 cells except HFF. In short, the mRNA and
protein levels of MYC were restrained selectively in bladder
cancer without affecting normal cells via engineered CRISPR/
Cas13d sensing hTERT.

Bladder Cancer Cell Proliferation Was
Selectively Inhibited by Engineered
CRISPR/Cas13d Sensing hTERT
Next, the effects of engineered CRISPR/Cas13d sensing hTERT
were detected in bladder cancer cells using CCK-8 and colony
formation assay. Cell growth was not changed in HFF between
NC aptazyme and hTERT aptazyme group (Figure 3A).
However, compared with NC aptazyme set, cell proliferation
of bladder cancer 5637 and T24 cells was suppressed significantly
(Figures 3B,C). Analogously, colony formation was no difference
between these two objects. Nonetheless, bladder cancer 5637 and
T24 cell colony was inhibited dramatically between NC aptazyme
and hTERT aptazyme group (Figure 3D). All in all, these results
demonstrated that engineered CRISPR/Cas13d sensing hTERT
selectively restrained bladder cancer cell proliferation.

Bladder Cancer Cell Apoptosis Was
Selectively Promoted by Engineered
CRISPR/Cas13d Sensing hTERT
The FITC Annexin V Apoptosis Detection Kit was used to
measure the effects of engineered CRISPR/Cas13d on cell
apoptosis in bladder cancer cells. As shown in Figure 4A, cell
apoptosis was not changed between NC aptazyme and hTERT

FIGURE 1 | Relative luciferase activities were stable expressed in hTERT
aptazyme group compared with NC aptazyme (A) The hTERT aptazyme was
inserted into the 3’ UTR of Renilla luciferase gene and the schematic diagram
of the hTERT aptazyme mode (B) Relative luciferase activities were
stable expressed in hTERT aptazyme group in bladder cancer 5637 and T24
cells. However, Renilla luciferase was degraded significantly in normal cell
HFF. *** represents p < 0.001.
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aptazyme group. However, the cell apoptosis of hTERT aptazyme
group was increased significantly compared with NC aptazyme
object in bladder cancer 5637 cells (Figure 4B). Homoplastically,
engineered CRISPR/Cas13d sensing hTERT promoted apoptosis
obviously in bladder cancer T24 cells compared with the negative
control (Figure 4C). In short, the above results illustrated that
engineered CRISPR/Cas13d sensing hTERT selectively promoted
bladder cancer cell apoptosis.

Bladder Cancer Cell Migration and Invasion
Were Selectively Suppressed by Engineered
CRISPR/Cas13d Sensing hTERT
Engineered CRISPR/Cas13d sensing hTERT had no effects on cell
migration and invasion in HFF and bladder cancer cells (Figures
5A,D–F). However, cell migration and invasion were inhibited
significantly via engineered CRISPR/Cas13d in bladder cancer
5637 and T24 cells (Figures 5B–F). These results demonstrated
that engineered CRISPR/Cas13d sensing hTERT could selectively
inhibit bladder cancer cell migration and invasion.

DISCUSSION

The role of hTERT was in-depth study in recent years and
hTERT involves in the development of diseases including
cancer. The hTERT is highly expressed in all human
cancers except normal human cells (not include embryonic
stem cells and germ cells) (Chen et al., 2020). Studies have
demonstrated that hTERT maintains cancer cell
immortalization and involves closely in cancer growth,
metastasis and transformation (Liu et al., 2017; Chen et al.,
2018b). Lots of studies have reported that hTERT is a
promising cancer biomarker in various kinds of cancer (Shi
et al., 2014; Chen et al., 2017). In our previous studies (Huang
et al., 2017; Zhuang et al., 2017), we have validated that
hTERT was only expressed in bladder cancer cells except
normal cells HFF. The strategy of utilization of hTERT will
be a valuable method to distinguish bladder cancer cells and
normal cells.

Artificial riboswitch (aptazyme) has been used to regulate
gene expression precisely via binding between RNA and

FIGURE 2 | Schematic diagram of engineered CRISPR/Cas13d sensing hTERT in bladder cancer (A) The working mechanism of engineered CRISPR/Cas13d
sensing hTERT in bladder cancer cells (B and C) Engineered CRISPR/Cas13d sensing hTERT selectively suppressed the MYC mRNA and protein expression levels
without affecting HFF. *represents p < 0.05, ** means p < 0.01.
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ligand (Pu et al., 2020). Aptazyme was utilized to control
mRNA cleavage through self-cleavage within the mRNA
(Takahashi and Yokobayashi, 2019; Spöring et al., 2020).
Aptazyme can be inserted into 5’ or 3’ UTR of gene
mRNA for controlling gene expression (Chen et al.,
2018a). A previous study has reported that an optimal
hTERT aptamer was synthesized, screened and can

exclusively bind to hTERT in vitro and in vivo (Varshney
et al., 2017).

Various studies demonstrated that CRISPR/Cas gene
editing tools have been used for gene expression in cancer
(Sharma et al., 2020). Targeting DNA of CRISPR/Cas9
system was widely reconstructed to create new gene
circuits for cancer treatment (Liu et al., 2020). However,

FIGURE 3 | Engineered CRISPR/Cas13d sensing hTERT selectively inhibited bladder cancer cell proliferation (A–C) Cell growth was suppressed by engineered
CRISPR/Cas13d sensing hTERT without affecting HFF through CCK-8 assay (D) Results of colony formation assay illustrated that bladder cancer cell proliferation was
selectively inhibited via engineered CRISPR/Cas13d sensing hTERT.
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high off-target effect is inevitable for CRISPR/Cas9 (Pruett-
Miller, 2020). CRISPR/Cas13d was another gene editing
method to targeting RNA molecules (Lin et al., 2020). It

showed higher efficiencies and on-target effects in cells (Lin
et al., 2020). In this study, we synthesized the OFF-switch
hTERT aptazyme and inserted into 3’UTR of the Cas13d

FIGURE 4 | Engineered CRISPR/Cas13d sensing hTERT selectively induced bladder cancer cell apoptosis. Engineered CRISPR/Cas13d sensing hTERT have no
effects on apoptosis in HFF (A). However, cell apoptosis was significantly increased by engineered CRISPR/Cas13d sensing hTERT in bladder cancer 5637 (B) and
T24 (C) cells.
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according to previous studies. When hTERT existed in cells,
hTERT bound to OFF-switch hTERT aptazyme and
restrained the degradation of Cas13d. On the contrary,
Cas13d was degraded without hTERT in normal cells.
This engineered CRISPR/Cas13d sensing hTERT was
tested in bladder cancer 5637 and T24 cells in this
subject. Results showed that engineered CRISPR/Cas13d
sensing hTERT selectively suppressed the progression of
bladder cancer cells except normal cell HFF. However,

deficiencies of this study still existed. The protein
expression levels of Cas13d were not shown in this study
owing to lack of Cas13d antibody at present. The role of
engineered CRISPR/Cas13d sensing hTERT in vivo is lack.
We will further confirm this in vivo effect in the near future.

In short, engineered CRISPR/Cas13d sensing hTERT was
constructed and selectively suppressed the progression of
bladder cancer cells. It may provide a promising precise
exclusively method for bladder cancer.

FIGURE 5 | Engineered CRISPR/Cas13d sensing hTERT selectively suppressed bladder cancer cell migration and invasion. Engineered CRISPR/Cas13d sensing
hTERT have no effects on cell migration and invasion in HFF (A,E,F). However, cell migration and invasion were significantly suppressed by engineered CRISPR/Cas13d
sensing hTERT in bladder cancer 5637 and T24 cells (B–F).
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Knockdown of LncRNA PANDAR by
CRISPR-dCas9 Decreases
Proliferation and Increases Apoptosis
in Oral Squamous Cell Carcinoma
Tingting Jia1, Fengze Wang2, Bo Qiao1, Yipeng Ren1, Lejun Xing1, Haizhong Zhang1* and
Hongbo Li1*

1Department of Stomatology,The First Medical Center of Chinese PLAGeneral Hospital, Beijing, China, 2Clinic of Oral and Cranio-
Maxillofacial Surgery, University Hospital Basel, Basel, Switzerland

Oral squamous cell carcinoma (OSCC) is the most common malignant epithelial tumor in
the oral cavity. Emerging evidence has demonstrated the important function roles of long
noncoding RNAs (lncRNAs) in human cancers. LncRNA promoter of CDKN1A antisense
DNA damage activated RNA (PANDAR) functions as an oncogene in multiple carcinomas,
whereas its function in OSCC has not been investigated yet. The aim of our study is to
investigate the possible regulatory mechanism of PANDAR in OSCC. First of all, PANDAR
was highly expressed in OSCC cells and loss-of-function assays mediated by CRISPR-
dCas9 observed that PANDAR silencing restrained cell proliferation and promoted cell
apoptosis. Then we found and confirmed the interaction between PANDAR and serine and
arginine rich splicing factor 7 (SRSF7). Subsequently, serine/threonine-protein kinase pim-
1 (PIM1) was proved to be regulated by PANDAR in SRSF7-dependant way. Rescue
experiments validated that PANDAR modulated the proliferation and apoptosis in OSCC
through PIM1. In conclusion, PANDAR bound with SRSF7 to increase PIM1 expression,
hence promoting the development of OSCC. These data shed new lights into the seeking
for effective diagnostic biomarkers and therapeutic targets for OSCC patients.

Keywords: CRISPR-dCas9, oral squamous cell carcinoma, PANDAR, SRFS7, PIM1

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is a well-known cancer that accounts for more than 90% of all
types of oral cancers (Bagan et al., 2010). Due to efforts made on cancer therapy, such as
radiotherapy, chemotherapy, and molecular target therapy, the 5-year relative survival more
than doubled in the last 26 years for OSCC (Sutton et al., 2003; Jerjes et al., 2010; van Putten
et al., 2018). Nevertheless, the pathogenesis and molecular mechanism of OSCC have not been clear,
and further research is needed.

Long noncoding RNAs (lncRNAs) are noted as nonprotein coding transcripts which are longer
than 200 nucleotides (nt) in length (Xing et al., 2016). Over the past years, researchers have identified
thousands of lncRNAs and also demonstrated their roles in physiological and pathological processes
of diseases (Du et al., 2018; Ye et al., 2018). For example, SP1-induced lncRNA CASC11 promotes
the tumorigenesis of glioma by targeting FOXK1 through sponging miR-498 (Jin et al., 2019). APF
lncRNA affects autophagy and myocardial infarction by sponging miR-188-3p (Wang et al., 2015).
DLX6-AS1 promotes pancreatic cancer development by regulating miR-497-5p/FZD4/FZD6/
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Wntβ-catenin pathway (Yang et al., 2019). Although lncRNAs
have been widely studied in many diseases, more investigations
about the aberrant lncRNAs in OSCC are urgently needed.

LncRNA promoter of CDKN1A antisense DNA damage
activated RNA (PANDAR), which is located in chromosome
6p21.2, functions an oncogene in many kinds of tumors, such as
pancreatic ductal adenocarcinoma (Jiang et al., 2017), breast cancer
(Li et al., 2019), gastric cancer (Liu et al., 2018), acute myeloid
leukemia (Yang et al., 2018), retinoblastoma (Sheng et al., 2018),
ovarian cancer (Wang et al., 2018), and colorectal and cervical
cancer (Huang et al., 2017; Rivandi et al., 2019). However, the
regulation mechanism of PANDAR in OSCC is to be investigated.

Besides for lncRNAs, the functions of serine/threonine-
protein kinase pim-1 (PIM1) in multiple cancers have already
been reported by researches. Alpinumisoflavone promotes
apoptosis in esophageal squamous cell carcinoma via
modulation of miR-370/PIM1 signaling (Han et al., 2016).
MicroRNA-33a silencing increases cyclin-dependent kinase 6,
cyclin D1, and PIM1 expression and promotes cell proliferation
in gastric cancer (Wang et al., 2015). Epstein-Barr virus-encoded
LMP1 regulates Pim1 kinase expression to promote proliferation
of cancer cells (Ding et al., 2019). Physcion 8-O-
β-glucopyranoside represses tumor growth of hepatocellular
carcinoma via downregulation of PIM1 (Wang et al., 2017).
The investigation for the relationship between lncRNAs and
PIM1 in OSCC is vitally imperative.

In this study, we aim to reveal novel regulatory mechanisms of
PANDAR in OSCC. First of all, we found that PANDAR was
highly expressed in OSCC cells. It was observed from CRISPR-
mediated functional assays that PANDAR silencing restrained
cell proliferation and promoted cell apoptosis in OSCC. Then we
found and confirmed the binding between PANDAR and SRSF7.
Next, PIM1 was revealed to be regulated by PANDAR through
SRSF7 inhibition. Rescue experiments validated that PANDAR
modulated the proliferation and apoptosis in OSCC
through PIM1.

MATERIALS AND METHODS

Cell Culture
A human immortalized oral keratinocytes (NOKs) and the five
most commonly used OSCC cell lines (SAS, Cal27, SCC9, SCC15,
and SCC4) from the Institute of Biochemistry and Cell Biology at
the Chinese Academy of Sciences (Shanghai, China) were used in
this study. All cell lines were cultured in RPMI 1640 (Gibco,
Darmstadt, Germany) supplemented with 10% fetal bovine
serum (FBS; Gibco), 100 U/ml penicillin, and 100 mg/ml
streptomycin (Invitrogen, Carlsbad, CA) at 37°C in 5% CO2.

Cell Transfection
At 24 h prior to transfection, cells were cultured in 6-well plates. Then,
the cells were transfected using Lipofectamine 2000 (Thermo Fisher
Scientific, Inc., Waltham, MA, United States). All cells were harvested
after 48 h. Single guide RNAs (sgRNAs) targeting PANDAR and
SRSF7 (sgRNA-PANDAR#1/2/3 and sgRNA-SRSF7) and the
negative control sgRNA (sgRNA-NC) were constructed by RiboBio

(Guangzhou, China). The sequences of sgRNAs targeting PANDAR
are as follows: sgRNA-PANDAR#1GGCCAGACCTATAATATTAA;
sgRNA-PANDAR#2GCCAGACCTATAATATTAAT; sgRNA-
PANDAR#3GGAGATACCACCACTGTCAA. The overexpression
of PIM1 was achieved by treating cells with pcDNA3.1/PIM1 and
empty control (RiboBio).

RNA Extraction and Quantitative Real-Time
PCR Assays
According to the recommendations provided bymanufacturer, total
RNA was extracted from cells using TRIzol reagent (Invitrogen).
Then the PrimeScript reverse transcriptase reagent kit (Takara Bio
Inc., Kusatsu, Shiga, Japan) was used to synthesize complementary
DNA (cDNA). Real-time PCR amplification was then performed
using an SYBR Green Real-Time PCR Kit on the Bio-Rad CFX96
System (Applied Biosystems, Foster City, CA). Furthermore,
GADPH was used as the endogenous control. The 2−ΔΔCT

method was used for transcript quantification. The primers for
genes are as follows: PANDAR forward 5′-CTCCATCATGCCAAG
TTCTGC-3′ and reverse 5′-GAAGGCAGGCAAGACTCGAA-3′;
SRSF7 forward 3′-GCGGTACGGAGGAGAAAC-5′ and reverse
3′-TCGGGAGCCACAAATCAC-5′; Pim1 forward 5′-CTTCGG
CTCGGTCTACTCAG-3′, reverse 5′-AGTGCCATTAGGCAG
CTCTC-3′; GAPDH forward 5′- TGCACCACCAACTGCTTA
GC -3′, and reverse 5′- GGCATGGACTGTGGTCATGAG -3′.

CCK-8 Assays
The proliferation rate of cells was determined via Cell Counting
Kit-8 (CCK-8) assay kit. The cells were seeded in 96-well plates (3
× 103 cells/well) and cultured for five periods (0, 24, 48, 72, and
96 h) at 37°C with 5% CO2. At the same time, each well was added
with 10 µL of CCK-8 solution and incubated for 4 h continuously.
Finally, the OD value (450 nm) was assessed with a Bio-Rad
iMark microplate absorbance reader (Bio-Rad Laboratories Inc.,
Hercules, CA, United States).

RNA Immunoprecipitation Assay
The EZ-Magna RIP RNA-Binding Protein Immunoprecipitation
kit (Millipore, Bedford, Massachusetts, United States) was applied
to perform RIP assay. A total of 2 × 107 cells were harvested and
lysed in 100 µl lysis buffer (Millipore) for RIP reaction. Anti-IgG
or anti-SRSF7 was added into cell lysates, and then the whole-cell
extract was incubated with rotation overnight at 4°C. Finally, the
immunoprecipitated RNA was purified using TRIzol regent, and
binding targets were analyzed with qRT-PCR.

EdU Assays
To examine cellular proliferation, 5′-Ethynyl-2′-deoxyuridine
(EdU; RiboBio, Guangzhou, China) incorporation experiment
was performed in light of the operational manual. When cell
confluence is up to 80%–90%, all cells were incubated by EdU
diluent for 2 h at 37°C. Subsequently, cells were fixed and then
stained with Apollo 567 working solution for 30 min away from
light. After staining, the cells were washed by penetrant. Images
were captured and photographed under a fluorescence
microscope (Leica, Wetzlar, Germany).
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Biotinylated RNA Pull-Down Assays
Chemically synthesized probes for PANDAR-WT, PANDAR-
MUT, PIM1-WT, PIM1-MUT, and their relative negative control
(NC) were biotin-labeled (they were named as Bio-PANDAR-
WT, Bio-PANDAR-MUT, Bio-PIM1-WT, Bio-PIM1-MUT, and
Bio-NC) using the Biotin RNA Labeling Mix (Roche Diagnostics,
Indianapolis, IN). The biotinylated RNAwas incubated overnight
with lysates from cells and then treated with magnetic beads with
Streptomyces for 48 h. Finally, the RNA present in the pull-down
material was assessed using qRT-PCR.

Western Blotting Assay
By using RIPA reagent (Beyotime, Beijing, China) and protease
inhibitor cocktail, proteins were separated by 10% SDS-PAGE
and transferred to PVDF membranes. The membranes were
blocked with 5% nonfat milk for 60 min and incubated with
primary antibodies at 4°C for 12–16 h. Autoradiograms were
monitored by densitometry through Quantity One software (Bio-
Rad). Antibodies for PIM1 and GAPDH were obtained from Cell
Signaling Technology (Danvers, MA, United States).

Caspase-3 Activity Assays
The activity of Caspase-3 was determined at 48 h after transfection
by Caspase-3 activity kit (Beyotime Institute of Biotechnology,
Guangzhou, Guangdong, China). Protein samples were obtained
through lysis buffer and then diluted to 50 µl of final volume. The
diluted protein was subjected to 75 µl of caspase-3 substrate for 3 h,
and the hydrolysis of Ac-DEVD-pNA was detected at 405 nm by
caspase-3 released free pNA (yellow formazan product).

Statistical Analysis
All the numerical data are presented as the means ± SD. Each
experimental procedure was repeated for more than two times.

Student’s t-test and one-way ANOVA were used to analyze
significant difference of groups, and p < 0.05 was taken as the
significance threshold. Statistical analyses were performedwith SPSS
13.0 Software (GraphPad Software, San Diego, CA, United States).

RESULTS

PANDAR Was Highly Expressed in OSCC
and PANDAR Inhibition Restrained Cell
Proliferation and Promoted Cell Apoptosis
To explore whether lncRNA PANDAR affects the biological
activities of OSCC cells, we initially examined the expression
level of PANDAR in OSCC cells (SAS, Cal27, SCC9, SCC15, and
SCC4) and normal oral keratinocytes (NOKs). The high levels of
PANDAR in OSCC cells were shown in Figure 1A. PANDAR
was accordingly silenced by transfecting with sgRNA-
PANDAR#1/2/3 in SAS and Cal27 cells and sgRNA#3
achieved the best performance (Figure 1B). Therefore, this
sgRNA was chosen for the following functional studies. The
analysis from CCK-8 assay found that cell proliferation was
inhibited after PANDAR silencing (Figure 1C). Also, the
repression on cell proliferation was observed when PANDAR
was knocked down, as tested by EdU assay (Figure 1D). Caspase-
3 activity assay revealed that PANDAR downregulation had a
stimulative effect on cell apoptosis (Figure 1E). In order to
further prevent the false positive problem caused by potential
off-targeting effects of sgRNA, we also used sgRNA # 1 and 2 to
repeat the above functional experiments and obtained similar
results (Supplementary Figure S1). These findings illustrated
that silencing of PANDAR inhibited cell proliferation and
induced cell apoptosis.

FIGURE 1 | The impact of PANDAR knockdown on proliferation and apoptosis of OSCC cells. (A) The relative expression level of PANDAR in cancerous cell lines
and normal cell line. (B) The knockdown efficiency of specific sgRNAs targeting PANDARwas detected in OSCC cells by qRT-PCR. (C–E)Cell proliferation assays (CCK-
8 and EdU) and cell apoptosis assay (caspase-3 activity assay) were carried out to assess the functional role of PANDAR knockdown in OSCC. Data were represented as
the mean values (±SD) of three independent experiments. *p < 0.05, significantly different from the control.
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PANDAR Bound With SRSF7
LncRNAs have been reported to bind with RNA-binding proteins
(RBPs) so as to influence cellular processes (Nguyen et al., 2018;
Zhang et al., 2018). From starBase v3.0, the binding between
PANDAR and SRSF7 was uncovered (Figure 2A). SRSF7
expression was upregulated in OSCC cells compared to NOKs
cells (Figure 2B). Then RIP and RNA pull-down assays were
performed and the results demonstrated that PANDAR was only
enriched in anti-SRSF7 group and merely bio-PANDAR-WT
pulled down SRSF7 protein, suggesting the direct interaction
between PANDAR and SRSF7 (Figures 2C,D). Moreover, after
knocking down of PANDAR, the SRSF7 expression was
increased. These results indicated that PANDAR bound with
SRSF7 and downregulated SRSF7.

PANDAR Regulated PIM1 Expression
Through Binding With SRSF7
RBP interactions with mRNAs are identified in numerous cancers
(Chand et al., 2017; Zhong et al., 2019). PIM1 is an oncogene in
OSCC and has been known to regulate the proliferation ability of
OSCC cells. Strikingly, we found out the interaction between
SRSF7 and PIM1 from starBase v3.0 (Figure 3A). qRT-PCR
analysis detected that PIM1 was highly expressed in OSCC cells
(Figure 3B). The binding between SRSF7 and PIM1 was also
confirmed through RIP and RNA pull-down experiments. In RIP
assay, the enrichment of PIM1 was observed in SRSF7 group
(Figure 3C). In RNA pull-down assay, SRSF7 was simply pulled
down by bio-PIM1-WT probe (Figure 3D). In addition, PIM1
expression was augmented after SRSF7 was downregulated or
PANDAR was knocked down (Figures 3E–G). The coinfluences
of PANDAR and SRSF7 on PIM1 were measured through qRT-
PCR. PIM1 expression was silenced by PANDAR inhibition but

recovered partly by SRSF7 downregulation (Figure 3H). Taken
together, PANDAR modulated PIM1 through binding to SRSF7.

PANDAR Affected the Proliferation and
Apoptosis in OSCC Through PIM1
Finally, we performed rescue experiments to validate the whole
mechanism in OSCC. SAS cells were transfected with sgRNA-
NC, sgRNA#3 + pcDNA3.1, and sgRNA#3 + PIM1, respectively
(Figure 4A). Through EdU and CCK-8 assays, we observed that
the proliferation ability repressed by PANDAR knockdown was
rescued by PIM1 overexpression (Figures 4B,C). In caspase-3
activity assay, PANDAR repression activated cell apoptosis, and
this phenomenon was counteracted when PIM1 was upregulated
(Figure 4D). All in all, overexpression of PIM1 reversed the
corresponding effects of PANDAR inhibition on cell proliferation
and apoptosis.

DISCUSSION

Numerous researches have demonstrated the crucial roles of long
noncoding RNAs (lncRNAs) in human tumors, including OSCC.
However, further explorations are needed.

In this study, we investigated the lncRNA PANDAR in OSCC.
We showed that PANDAR expression is upregulated in OSCC cells
in comparison with normal oral keratinocytes, and knockdown of
PANDAR by CRISPR-dCas9 reduces proliferation and increases
apoptosis of OSCC cells. We also demonstrated that those
phenotypes are dependent of PIM1 regulation, via binding to SRSF7.

First of all, we investigated the expression pattern and
biological function of PANDAR in OSCC. Mounting evidence
has illustrated the oncogenic function of PANDAR in other

FIGURE 2 | SRSF7 acted as a RBP of PANDAR in OSCC. (A) In line with the prediction of starBase, SRSF7 was found to be a RBP of PANDAR. (B) The expression
level of SRSF7 in cancerous cells and normal cells. (C,D) RIP and RNA pull-down assays were conducted for validating the interaction between SRSF7 and PANDAR in
OSCC cells. (E) PANDAR knockdown increased SRSF7 expression in OSCC cells. Data were represented as the mean values (±SD) of three independent experiments.
*p < 0.05 and **p < 0.01, significantly different from the control.
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carcinomas except for OSCC. For instances, PANDAR
promotes cell proliferation and suppresses cell apoptosis in
pancreatic ductal adenocarcinoma (Jiang et al., 2017);
inhibition of PANDAR reduces cell proliferation and cell
invasion and suppresses EMT process in breast cancer (Li
et al., 2019); PANDAR blocks CDKN1A gene transcription
via competitive interaction with p53 protein in gastric cancer
(Liu et al., 2018); SP1-induced PANDAR regulates cell growth
and apoptosis of retinoblastoma cells (Sheng et al., 2018). Our
research firstly gives the evidence for the high expression of
PANDAR in OSCC cells. Loss-of-function experiments suggest
that inhibition of PANDAR restrained the proliferation capacity
of OSCC cells.

RNA-binding proteins (RBPs) provide one connector through
which lncRNAs regulate mRNAs expression specifically (Glisovic
et al., 2008; Barbagallo et al., 2018). According to the data from
starBase v3.0, PANDAR was merely predicted to interact with
SRSF7. In the past studies, SRSF7 has been revealed to be
heightened in carcinomas and promotes cancer progression in
various tumors. For example, inhibition of SRSF7 promotes
apoptosis in colon and lung cancers (Boguslawska et al., 2016).
MicroRNAsmodulate the expression of osteopontin splice variants

in renal cancer cells by targeting SRSF7 splicing factor
(Boguslawska et al., 2016). The comparative expression patterns
and diagnostic efficiencies of HNRNPA1 and SR splicing factors
were discovered in gastric and colorectal cancers (Park et al., 2016).
The present research discovered the interaction between PANDAR
and SRSF7. Additionally, increasing reports have indicated that
PIM1 is a tumor growth promoter via influencing cell proliferation
and apoptosis (Wang et al., 2015; Wang et al., 2017; Ding et al.,
2019), which forced us to study the potent relationship among the
three genes. Interestingly, the binding between SRSF7 and PIM1
was unveiled though the assistance of starBase v3.0 website.
Further investigations validated the regulatory role of
PANDAR/SRSF7/PIM1 axis in OSCC, where PANDAR
modulated the proliferation and apoptosis of OSCC through
PIM1. Therefore, PANDAR/SRSF7/PIM1 axis may be a
potential therapeutic target for the treatment of OSCC.

This study also highlights the important role of CRISPR-
dCas9 in lncRNA research. Through the flexible regulation of
lncRNA expression level, it would be easy to study the function
and molecular regulation mechanism of lncRNAs (Dominguez
et al., 2016; Pulecio et al., 2017; Gjaltema and Schulz, 2018). This
is an unprecedented convenience.

FIGURE 3 | PANDAR affected PIM1 expression by regulating SRSF7 in OSCC. (A) According to starBase, SRSF7 was identified as a RBP of PIM1. (B). The high
expression level of PIM1 inOSCCcells. (C,D) The interaction between SRSF7 andPIM1was confirmed byRIP andRNApull-down assays. (E,F)The sgRNA targeting SRSF7
decreased SRSF7 and increased PIM1 expression. (G,H)PIM1 expression level was reduced by sgRNAPANDAR#3, and this effect was reversed partially by sgRNASRSF7
in OSCC cells. Data were represented as the mean values (±SD) of three independent experiments. *p < 0.05 and **p < 0.01, significantly different from the control.
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In summary, in OSCC cells, PANDAR interacts with SRSF7 to
upregulate PIM1 expression, therefore promoting the
proliferation ability of OSCC cells. These data provided novel
insights into the seeking for effective biomarkers and therapeutic
targets for patients with OSCC.
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Recent research evidence documents that lncRNAs (long non-coding RNAs lncRNAs)
play a pivotal role in the tumorigenesis and development of tumors. LncRNA SNGH3
(small nucleolar RNA host gene 3) is highly expressed in numerous forms of cancer,
serving as an oncogene in cancer progression. Nonetheless, the clinical relationship,
along with the mechanism of SNGH3 in bladder cancer, have not been studied. Herein,
the findings exhibited upregulation of SNGH3 in bladder cancer tissues, along with the
cell lines. Furthermore, overexpressed SNGH3 was positively linked to the TNM stage,
as well as the histological grade of bladder cancer. Moreover, the silencing of SNGH3,
using CRISPR-dCas9, suppressed cell growth along with migration, but elevated
bladder cancer cell apoptosis. In summary, we established that SNGH3 serves as a
bladder cancer oncogene and could be employed as a prospective diagnostic marker
for clinical use, and is also a therapeutic target for CRISPR-mediated gene therapy.
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INTRODUCTION

Human bladder cancer, which has high incidence and a high mortality, is the most frequent type
of the urinary system tumors. According to statistics, there are approximately 549,000 new cases
of bladder cancer and 200,000 people died of the disease in 2018 (Bray et al., 2018). Although
significant advancements have been made in the treatment of bladder cancer in recent years, the
5 year survival rate and prognosis of patients with advanced bladder cancer remain low (Kamat
et al., 2016; Dy et al., 2017; Massari et al., 2018). Early diagnosis and treatment of bladder cancer
is strongly linked to the prognosis of patients. Frequent relapse along with distant metastasis of
bladder cancer are the primary causes of treatment failure. However, the exact molecular biology of
bladder cancer remains unknown. Therefore, it is critical to find new effective biological targets for
the diagnosis, as well as the treatment of bladder cancer.

Long non-coding RNA (lncRNA) is a non-coding RNA molecule with a length of more than
200 nt. Because lncRNAs lack (ORFs) open reading frames, they cannot be translated into proteins
(Ponting et al., 2009). Recent research findings have documented that lncRNAs have a core role in
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cell proliferation, apoptosis, infiltration, and other biological
processes, as well as gene regulation, chromatin remodeling, and
other molecular levels (Tsai et al., 2010; Quinodoz and Guttman,
2014). In addition, a large number of lncRNAs participate in
tumor development along with metastasis (Huarte, 2015). The
expression characteristics of lncRNAs have obvious tissue or
cell specificity. They can be used as oncogenic factors or tumor
repressors (Evans et al., 2016; Chen Y. et al., 2017). In many
classical instances, lncRNAs are employed as guides or molecular
scaffolds that modulate protein-protein or DNA-protein cross
talks, as enhancers that modulate transcription, or as miRNA
(microRNA) sponges to adsorb miRNAs (Jandura and Krause,
2017; Marchese et al., 2017). lncRNA can also be used as
readouts of active cellular genetic programs or conductors of
distinct cellular signaling events, can assess the pathological
state of cancers, and offers prognostic ability for cancer patients
(Engreitz et al., 2016). For example, lncRNA MALAT-1 has
been found to be upregulated in various malignant tumors,
and upregulated MALAT-1 is remarkably linked to worse OS
(overall survival) or DFS (disease-free survival) in individuals
with gastrointestinal carcinomas (Chen D. et al., 2017; Wu et al.,
2018). High expression of lncRNA HOTAIR in primary, as well as
metastatic breast cancer indicates dismal prognosis. It promotes
the infiltration along with the metastasis of breast cancer cells by
mediating PRC2 relocation and modulating H3K27 methylation
(Milevskiy et al., 2016; Portoso et al., 2017). LncRNA-HOXD-
AS1 functions as a sponge of miRNA and competitively bind
with miR-130a, thereby upregulating the expression of the
EF28 transcription factor, and enhancing the migration and
infiltration of glioma cells (Chen et al., 2018). Therefore, it is
extremely necessary to conduct a comprehensive genomic and
cellular functional study on the changes of lncRNA in tumor
development along with metastasis, which will help to uncover
new cancer diagnosis and treatment targets.

The dysregulation of lncRNAs is closely linked to multiple
cancer types, such as small nucleolar RNA host gene (SNHG)
related lncRNA. Recently, accumulating evidence suggests that
small nucleolar RNA host genes of lncRNAs participate in the
onset of cancer, accelerating the progression of cancer cells. For
instance, lncRNA SNHG1 promotes the growth of colon and
lung cancer by enhancing the transcriptional level of neighboring
gene SLC3A2 and accelerating the phosphorylation of the
PI3K/Akt pathway (Sun et al., 2017). The oncogenic lncRNA,
SNHG6 enhances genomic hypomethylation by inhibiting the
generation of SAMe. Moreover, SNHG6 sponges miR-1297 to
increase MAT2A expression, upregulating MAT2A expression
in hepatocellular carcinoma (Guo et al., 2018). Shan et al.
(2018) documented that lncRNA SNHG7 was highly expressed
in colorectal cancer and increased up regulated SNHG7
expression, promoted the cell growth and migration by acting
as the miR-216b sponge to affect the expression and GALNT1
and EMT markers.

To the best of our knowledge, there is no study showing the
biological function of lncRNA SNHG3 in bladder cancer. Herein,
the data revealed lncRNA SNHG3 upregulation in bladder cancer
tissues, as well as cell lines in contrast with the matched bladder
non-malignant tissues and SV-HUC1 cells, respectively. Elevated

SNHG3 expression was positively linked to the TNM stage along
with the histological grade of individuals with bladder cancer. In
addition, upregulated SNHG3 expression was shown to result in
the dismal prognosis of bladder cancer patients, causing lower
OS and DFS. Further functional assays illustrated that SNHG3
silencing, by CRISPR-dCas9, repressed the bladder cancer cell
growth, as well as migration and enhanced cell apoptosis.

MATERIALS AND METHODS

Patient Samples
Overall, 41 individuals who were diagnosed with bladder cancer
and who had undergone partial or radical cystectomy at the
Affiliated Foshan Maternal and Child Healthcare Hospital were
enrolled in the study. All the bladder cancer tissues along with
the matching neighboring non-malignant tissues were stored in
RNA later and then immediately snap-frozen in liquid nitrogen.

All subjects who enrolled in the present study approved this
research and provided written informed consent. In addition,
we performed the study with the approval of the Research
Ethics Committee of the Affiliated Foshan Maternal and Child
Healthcare Hospital.

Cell Culture
The 5637, SW780, and T24 human bladder cancer cells along
with the SV-HUC-1 human non-malignant bladder epithelial
cells were all supplied by ATCC. The RPMI-1640 Medium
(Gibco) augmented with 10% FBS (Invitrogen, Carlsbad, CA,
United States) was utilized to grow all the cells under 37◦C and
5% CO2 growth conditions.

Cell Transfection
SW780 along with the 5637 cells were transiently inserted
with specific sgRNA targeting on lncRNA SNHG3 through
transfection. The SNHG3 sgRNA sequence was listed as
follows: sgRNA-1: 5′-GGACTTCCGGGCACTTCGTA-3′;
sg-RNA-2: 5′-GGACTTCCGGGCACTTCGTA-3′; sgRNA-3:
5′-GATGCTTGCCACCGGAGTTG-3′. SNHG3 sgRNA (sg-
SNHG3), and the sg-NC (negative control) were synthesized
by GenePharma (Suzhou, China). The Lipofectamine 3000
(Invitrogen, Carlsbad, CA) was employed to transfect the bladder
cancer cells as described by the manufacturer. Transfection was
done after the cultured cells attained 50–70% confluence in
six-well plates. We harvested the transfected cells for real-time
quantitative PCR after 48 h.

RT-qPCR
The Trizol reagent (Invitrogen, Carlsbad, CA, United States) was
utilized to isolate total RNA from the bladder cancer tissues and
cells as described in the manual provided by the manufacturer.
After that, cDNA was processed from 1 µg total RNA with the
PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Dalian,
China) via reverse transcription. Subsequently, 2 µl of cDNA
was employed as the template in qPCR process consisting of 10
µl of SYBR Green PCR kit mix (Takara, Dalian, China), 0.5 µl
specific forward primer, 0.5 µl specific reverse primer, and 7 µl
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of deionized water. This assay was carried out and analyzed
on the ABI7000 system (Applied Biosystems, Foster City, CA,
United States). The GAPDH gene served as the internal standard.
Each sample was assayed in triplicate.

Cell Proliferation Assessment
The CCK along with the MTT assays were employed to study
cell proliferation. At 48 h after transfection with sg-SNHG3 or
sg-NC, we harvested the cells and then inoculated them in a
96-well plate for 24 h. Afterward, 10 µl CCK-8 reagent was
introduced to every well at intervals of 0, 24, 48, and 72 h post
cell attachment. The cells were cultured in darkness for 1 h. Next,
a micro-plate reader (Bio-Rad, Hercules, CA, United States) was

employed to determine the OD values at 450 nm. The MTT
assay was employed to validate the CCK-8 assay data. In brief,
we introduced 10 µl of MTT reagent to every well at 0, 24, 48,
and 72 h post cell attachment. The cells were cultured in darkness
for 1 h and then 100 µl of DMSO was introduced. A micro-plate
reader (Bio-Rad, Hercules, CA, United States) was employed to
determine the OD values at 450 nm after 10 min of vibration.

Cell Migration Assessment
Cell migration was explored by the scratch assay and transwell
assay. The bladder cancer cells were inserted with specified
sgRNA oligonucleotides when cells attained 90% confluence. At
24 h after transfection, we used a sterile 200 µl pipette tip to

FIGURE 1 | SNGH3 was highly expressed in bladder cancer tissues, and cell lines. (A) 41 bladder cancer samples were analyzed herein. SNHG3 was highly
expressed in 28 of 41 bladder cancer tissue samples. (B) Total SNHG3 expression in bladder cancer tissue was remarkably higher in contrast with that in matched
neighboring non-malignant tissues. (C) SNGH3 RNA content was higher in T2-T4 stage cancers in contrast with those in Ta-T1 cancers. (D) SNGH3 RNA content
was higher in high grade cancers in contrast with those in low grade cancers. (E) The association of SNGH3 content with OS. (F) The association of SNGH3 RNA
content with DFS. (G) SNGH3 was overexpressed in SW780 and 5637 cells in contrast with that in SV-HUC1. Data were indicated as means ± SD from three
independent experiments (**P < 0.01).
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generate a clear line in the wells. The images of mobilized cells
were captured from every well with a digital camera at 0 and
24 h post scratching for bladder cancer cells. Relative migration
distance was measured using Photoshop software. To validate
the scratch assay data, a transwell assay was also conducted.
Approximately 10,000 transfected cells enriched with 100 µl
serum-free medium were planted into the upper compartments
(24-well plate, pore size 8 µm, Corning). 500 µl of DMEM
medium enriched with 10% FBS was introduced into the lower
compartments in each well. The cells were grown for 24 h
and then the chambers were rinsed with PBS twice. Afterward,
4% paraformaldehyde fixation of the cells under the lower
compartment surface was done for 30 min. Subsequently, 0.1%
crystal violet staining of the cells was done for 40 min, followed
by rinsing twice with PBS. An inverted microscope was employed
to observe the migrated cells, which were imaged. Lastly, 600 µl
of 33% glacial acetic acid was introduced to each chamber to wash
out the crystal violet and was then incubated for 30 min. 100 µl of
scrubbing solution was added to 96-well plates and a microplate
reader was employed to examine the absorbance at 570 nm.

Caspase 3 ELISA Assay
Caspase 3 ELISA analysis was employed to investigate cell
apoptosis. 5637 and SW780 bladder cancer cells were inserted
with sg-SNHG3 or sg-NC in 12-well plates through transfection.
Forty-eight hours post transfection, the activity of capase-3 was
employed to assay the apoptosis caused by decreased SNHG3
expression as described in the manufacturer manual (Cusabio,
Wuhan, China). Absorbance was examined by a microplate
reader. The ratios between the OD values of the sg-SNHG3
cell transfects and those of the sg-NC cell transfects were
employed to present the results. Experiments were replicated at
least three times.

Statistical Analyses
All these statistical analyses were executed with SPSS 20.0. The
Paired samples t-test was employed to explore the SNHG3
RNA expression differences between bladder cancer tissues and
matching non-malignant tissues. Moreover, the differences in
SNHG3 RNA content between cancer cells and SV-HUC1 were
assessed using the independent samples t-test. The results of the
CCK-8 assay and MTT assay were explored by the independent
samples t-test at each time point. Cell migration along with an
apoptosis assay were assessed by the independent samples t-test.
P < 0.05 designated statistical significance.

RESULTS

LncRNA SNHG3 Is Highly Expressed in
Bladder Cancer Tissues and Cell Lines
The relative lncRNA SNHG3 expression was determined by
performing a qRT-PCR assay in bladder cancer tissues, as
well as the cells. In contrast with the matching non-malignant
bladder peritumoral tissues, SNHG3 expression was highly
expressed in 68.3% (28 of 41) of bladder cancer tissues

(Figure 1A). The SNHG3 expression fold change (bladder cancer
tissues/corresponding non-malignant tissues) in total bladder
cancer patients is shown in Figure 1B. Moreover, elevated
SNHG3 content was strongly linked to the TNM stage along
with histological grade of individuals with bladder cancer, but
irrelevant to other clinical features, including gender, lymph
node metastasis, age, distant metastasis, as well as tumor size
(Table 1). The expression differences based on the TNM stage and
histological grade were shown as follows. The SNHG3 expression
fold change in T2-T4 stage bladder cancer tissues was 2.47 times

TABLE 1 | Relationship of SNGH3 expression with clinicopathological features of
bladder cancer patients.

Parameters Group Total Expression P-value

High Low

Gender Male 26 16 10 0.221

Female 15 12 3

Age (years) <60 10 6 4 0.779

>>60 31 22 9

Tumor size <3 14 10 4 0.756

>>3 27 18 9

TNM stage Ta + Tis + TI 12 5 7 0.009

T2 or above 29 24 5

Grade Low 8 2 6 0.003

High 33 26 7

Lymph node metastasis No 24 15 9 0.344

N1 or above 17 13 4

Distant metastasis No 38 25 13 0.22

Yes 3 3 0

P < 0.05 signified statistical significance.

FIGURE 2 | Knockdown of SNGH3 expression. (A) Silencing of SNGH3 with
sgRNA in 5637 cell. (B) Silencing of SNGH3 with sgRNA in SW780 cell. Data
were indicated as means ± SD from three independent experiments (**
denotes P < 0.01). sg: sgRNA.
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FIGURE 3 | SNGH3 silencing repressed in vitro cell proliferation. (A,B) CCK-8 assay illustrated that repression of SNGH3 reduced the growth of 5637 and SW780
cells. (C,D) MTT assay illustrated that SNGH3 silencing dramatically repressed the growth of 5637 and SW780 cells. Data were indicated as means ± SD from three
independent experiments (** denotes P < 0.01, * denotes P < 0.05). sg: sgRNA.

that in Ta-T1 stage bladder cancer tissues (Figure 1C). The
SNHG3 expression fold change in high grade bladder cancer
tissues was 2.21 times that in low grade bladder cancer tissues
(Figure 1D). Moreover, the OS (Figure 1E) and DFS (Figure 1F)
in the SNHG3 overexpression group was remarkably lower in
contrast to that in the SNHG3 down-regulation group, indicating
that SNHG3 could be applied as a prognostic indicator for
bladder cancer. Lastly, we established that SNHG3 was highly
expressed in the bladder cancer cells (5637 and SW780) in
contrast to that in SV-HUC1 (Figure 1G), implying that SNHG3
is a bladder cancer oncogene. Hence, 5637 and SW78O cells were
selected to perform functional experiments.

Specific sgRNA Inhibited the Expression
of SNHG3
According to the promoter sequence of SNHG3, we designed
three different sgRNAs (sg-SNHG3-3, sg-SNHG3-2, as well as sg-
SNHG3-1) targeting SNHG3 and evaluated their efficiencies in
5637 and SW780 bladder cancer cells inserted with a sg-SNHG3
or sgRNA negative control (sg-NC). At 48 h post transfection,
SNHG3 expression was measured. As shown in Figures 2A,B,
sg-SNHG3-1 induced the maximal knockdown effect of SNHG3
in 5637 and SW780 cells. Therefore, sg-SNHG3-1 was used to
perform the functional experiments.

Suppression of SNHG3 Repressed Cell
Proliferation
To assess the influence of SNHG3 on cell growth, CCK-8
assay along with MTT assay were carried out. As indicated in

FIGURE 4 | SNGH3 silencing triggered cell apoptosis. (A) Relative caspase
activity in the 5637 cells transfected with sg-SNGH3 was remarkably
increased in contrast with that in the negative control group. (B) Relative
caspase-3 activity in the sg-SNGH3 transfected SW780 cells was remarkably
up-regulated in contrast with that in the negative control group. Data were
indicated as means ± SD from three independent experiments (**P < 0.01).
sg: sgRNA.

Figures 3A,B, the results of CCK-8 demonstrated that sg-SNHG3
repressed cell growth remarkably in both 5637 and SW780 cells.
In addition, the results of MTT were congruent with the results
of the CCK-8 assay data. As indicated in Figures 3C,D, SNHG3
silencing remarkably reduced the growth curve of SW780 and
5637 cells. Collectively, the data confirmed that suppression of
SNHG3 inhibited bladder cancer cell growth.
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SNHG3 Silencing Promoted Cell
Apoptosis
Forty-eight hours post transfection, we harvested the bladder
cancer cells and then used them to perform the Capase-3 ELISA
assay. As indicated in Figures 4A,B, there were remarkably
elevated relative Capase-3 activity in sg-SNHG3 bladder cancer
cells in contrast with sg-NC cell transfects.

Knockdown of SNHG3 Inhibited Cell
Migration and Infiltration
The scratch assay along with the transwell assay were employed
to verify the effect of SNHG3 on cell migration, as well as
infiltration. The scratch experiment showed that bladder cancer
cells transfected with sg-SNHG3 exhibited a slower rate of
closing of scratched wounds in contrast with the sg-NC groups
(Figures 5A,B). Further data analysis indicated that the relative
migration distance in the sg-SNHG3 group was decreased by

49% in the 5637 cell (Figure 5C) and reduced by 60% in the
SW780 cell (Figure 5D). The Transwell assay was additionally
conducted to explore bladder cancer cell invasion. In contrast
with the sg-NC group, cell infiltration potential of the sg-
SNHG3 group was extremely inhibited in the 5637 (Figure 6A)
and SW780 cells (Figure 6B). The OD value of washing-up
liquid in the sg-SNHG3 transfected 5637 (Figure 6C) and
SW780 cells (Figure 6D) was remarkably lower in contrast
with the sg-NC group. Altogether, these data revealed that
SNHG3 silencing repressed migration along with the infiltration
of bladder cancer cells.

DISCUSSION

LncRNAs are a kind of non-protein coding RNAs with a length
of about 200 nucleotides. Mounting research evidence suggest
that lncRNAs are involved with gene expression regulation by

FIGURE 5 | Silencing of SNGH3 repressed migration of cells. The wound healing experiment was applied to examine bladder cancer cell migration. (A) Suppression
of SNGH3 caused a slower closing of scratch wounds in 5637 cells. (B) Reduced cell migration was reported in 5637 cells treated with sg-SNGH3. (C) Knockdown
of SNGH3 caused a slower closing of scratch wounds in SW780 cells. (D) Cell migration inhibition was assayed in SW780 cells treated with sg-SNGH3. Data were
indicated as means ± SD from three independent experiments (** denotes P < 0.01). sg: sgRNA.
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FIGURE 6 | SNGH3silencing inhibited cell infiltration. Transwell assay was employed to explore bladder cancer cell infiltration. (A) Images illustrating transwell assay
in 5637 cells. (B) Inhibition of SNGH3 reduced the invasion of 5637 cells. (C) Images illustrating wound healing assay in SW780 cells. (D) Inhibition of SNGH3
reduced the invasion of 5637 cells. Data were indicated as means ± SD from three independent experiments (** denotes P < 0.01). sg: sgRNA.

affecting the gene transcription, post-transcriptional process,
and chromatin modification (Meller et al., 2015; Engreitz
et al., 2016). Furthermore, lncRNAs can act as competitive
endogenous RNA to capture microRNA which can suppress
the transcriptional and translational process by docking to
the 3′UTR region of mRNA (Thomson and Dinger, 2016).
Hence, lncRNAs participate in modulatory roles in nearly all
the biological processes, constituting cell growth, tissue, as
well as organ development, cell apoptosis, energy metabolism,
and so on (Kopp and Mendell, 2018; Krause, 2018). However,
dysregulation of lncRNAs will cause the disorder of the internal
environment and multiple types of human diseases, especially
cancers. Aberrant expression of lncRNAs can enhance the
growth, infiltration, and drug resistance of cancer cells. Moreover,
the disorder of lncRNAs can disturb the cell apoptosis process
(Parasramka et al., 2016; Schmitt and Chang, 2016). For instance,
upregulation of lncRNA HOXD-AS1 has been documented in
bladder cancer tissues, as well as cells, and HOXD-AS1 can
enhance the cell growth and migration, but can repress cell
apoptosis during the progression of bladder cancer (Li et al.,
2016). LncRNA SPRY4-IT1 enhances the growth along with the
metastasis of bladder cancer cells though sponging miR-101-3p
to increase EZH2 expression (Li et al., 2017; Liu et al., 2017).
As a recently identified lncRNA, multiple previous studies were
summarized to characterize the oncogenic features of lncRNA
SNHG3, a 2,238 nt in length lncRNA located on chromosome
1p36.1. SNHG3 is overexpressed in hepatocellular carcinoma

(HCC) tissues in contrast with the matched non-malignant
tissues. SNHG3 RNA content is positively correlated with portal
vein tumor thrombus tumor size and tumor relapse of HCC
patients. Increased expression of SNHG3 causes lower OS, poorer
recurrence-free survival, as well as lower DFS (Zhang et al., 2016).
Zhang et al. (2018) demonstrated that overexpression of SNHG3
facilitates cell infiltration, the epithelial−mesenchymal transition
(EMT) progress, along with sorafenib resistance by sponging
miR−128 to up-regulate CD151 expression in HCC cells. Huang
et al. (2017) extracted the data from the TCGA dataset and
documented that SNHG3 was up-regulated in CRC tissues and
cells in contrast with neighboring non-malignant tissues and
normal cells, respectively. SNHG3 silencing repressed cell growth
and tumor growth by capturing miR-182-5p, which can suppress
c-Myc expression. Fei et al. (2018) found that SNHG3 could
recruit EZH2 to the KLF2 and p21 promoter region to suppress
KLF2 and p21 expression in the malignant progression of glioma
cells. Li et al. (2018) also extracted the data of ovarian cancer
from the TCGA data resource and documented that SNHG3
was closely linked to the OS and energy metabolism. Further
analysis suggested that SNHG3 absorbed miRNAs and EIF4AIII
to affect the expression of UQCRH, IDH2, PKM, and PDHB and
in the energy metabolism related cascades. Moreover, SNGH3
was remarkably overexpressed in lung adenocarcinoma samples
in contrast with neighboring samples. Forced SNGH3 expression
facilitated A549 cell growth and inhibited A549 cell apoptosis
(Liu et al., 2018). In general, SNGH3 is overexpressed in HCC,
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CRC, glioma, and lung adenocarcinoma. SNGH3 promotes the
malignant phenotype of these cancer cells via sponging miRNA
or acting as a protein scaffold.

CRISPR-dCas9 is a new gene regulation system which was
developed in 2013 (Vigouroux et al., 2018; Lee et al., 2021).
It was first used in bacteria and was later widely used in
human cells. The mutated dCas9 protein cannot cut DNA but
can bind to the promoter region or ORF region of the gene,
thus hindering the normal transcription of the gene through
steric hindrance. This tool is very suitable for studying the
function of lncRNAs.

To the best of our knowledge, this is the first report
to explore the role of lncRNA SNGH3 in bladder cancer.
Herein, it was discovered that SNGH3 was highly expressed
in bladder cancer tissues along with the cell lines, in contrast
with the matched non-malignant tissue and cell. Elevated
SNGH3 expression was directly linked to the TNM stage, as
well as the histological grade of bladder cancer. Moreover,
bladder cancer individuals with high SNGH3 expression showed
worse OS and DFS. The differential SNGH3 expression trends
between bladder cancer tissues and non-malignant tissues
and the correlation of SNGH3 with clinic pathological data
indicate that SNGH3 emerges as a pivotal player in the onset
and progression of bladder cancer. A further functional assay
showed that cell proliferation, repression reduced motility,
and escalated apoptosis were remarkably detected in the sg-
SNGH3 transfected group. These findings demonstrated that
SNGH3 played oncogenic roles in the development of bladder
cancer. Furthermore, SHGH3 may act as prospective prognostic
biomarker and treatment target for bladder cancer. Targeting on
SNGH3 using CRISPR technology may be a valuable strategy to
fight against bladder cancer.
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Up-Regulating ERIC by
CRISPR-dCas9-VPR Inhibits Cell
Proliferation and Invasion and
Promotes Apoptosis in Human
Bladder Cancer
Jiangeng Yang, An Xia, Huajie Zhang, Qi Liu, Hongke You, Daoyuan Ding, Yonghua Yin and
Bo Wen*

Department of Urology, Shenzhen Hospital of Integrated Traditional Chinese and Western Medicine, Shenzhen, China

LncRNAs are defined as non-coding RNAs that are longer than 200 nucleotides in length.
The previous studys has shown that lncRNAs played important roles in the regulation of
gene expression and were essential in mammalian development and disease processes.
Inspired by the observation that lncRNAs are aberrantly expressed in tumors, we extracted
RNA from Bladder urothelial carcinoma and matched histologically normal urothelium from
each patient and bladder carcinoma cell lines. Then, we reversed transcribed them into
cDNA.Last, we investigated the expression patterns of ERIC by the fluorescence
quantitative PCR in bladder cancer tissues and cell lines. CRISPR-dCas9-VPR
targeting ERIC plasmid was transfected into T24 and 5637 cells, and cells were
classified into two groups: negative control (NC) and ERIC overexpression group. MTT
assay, transwell assay, and flow cytometry were performed to examine changes in cell
proliferation, invasiveness, and apoptosis. We found that the expression of ERIC was
down-regulated in bladder urothelial carcinoma compared to matched histologically
normal urotheliam. The differences of the expression of this gene were large in the
bladder cancer lines. Compared with the negative control group, the ERIC
overexpression group showed significantly decreased cell proliferation rate (t � 7.583,
p � 0.002; t � 3.283, p � 0.03) and invasiveness (t � 11.538, p < 0.001; t � 8.205, p � 0.01);
and increased apoptotic rate (t � −34.083, p < 0.001; t � −14.316, p < 0.001). Our study
lays a foundation for further study of its pathogenic mechanism in bladder cancer.

Keywords: CRISPR-dCas9-VPR, long non coding RNA, ERIC, cancer, bladder

INTRODUCTION

Long non-coding RNA (lncRNAs) is an RNA molecule with a length greater than 200bp. It has
mrna-like structure and polyA tail and promoter structure after splicing. During differentiation,
it has dynamic expression and different splicing modes. LncRNAs are mainly transcribed by
RNA polymerase II (RNA PII), polyadenylation and splicing, and most of them are located in the
nucleus (Zhang et al., 2013). LncRNAs do not encode proteins, but regulate gene expression in
the form of RNA at the epigenetic, transcriptional and post-transcriptional levels (Mattick,
2005).
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At first, researchers found that they do not encode proteins, so
they were treated as the "noise" of genome transcription, with no
biological function (Gershon, 2005). With the deepening of
studies on lncRNAs, the regulatory mechanism of lncRNAs in
cells has gradually attracted extensive attention. At present, the
functions of most of the lncRNAs have not been clearly studied,
but most scholars believe that the study of lncRNAs will help to
understand the complex gene regulatory network of living
organisms, and is expected to provide new molecular basis for
the prediction, diagnosis and treatment of complex diseases
(Zhang et al., 2013).

Numerous studies have shown that the expression level of
certain lncRNAs can be significantly changed in tumor tissues
and cells. For example, pcat-1 and PCGEM1 are significantly
down-regulated in prostate cancer (Gibb et al., 2011; Prensner
et al., 2011). While in breast cancer, GAS5 is overexpressed
(Mourtada-Maarabouni et al., 2009). This change may be
closely related to many biological processes, so lncRNAs can
provide a basis and target for the molecular diagnosis and
treatment of malignant tumors. With the rapid development
of high-throughput screening sequencing technology and
bioinformatics, more lncrnas with important functions in
tumors will be discovered, which will also provide new
theories and basis for the diagnosis and treatment of these
major diseases.

ERIC, e2f1-regulated Inhibitor of Cell Death, is a long non-
coding RNA–XLOC 006942. The gene is regulated by E2Fs
transcription and inhibits apoptosis induced by E2F1 and
DNA damage. On the chromosome diagram, ERIC (also
known as TCONS_00014875) is located on chromosome 8
(CHR 8:141646242–141648531), corresponding to a position
on band 8q24.3, and transcribed from the positive chain.
ERIC is composed of two exons and a transcription sequence
with a size of 1745 bp (Feldstein et al., 2013).

Bladder cancer is the most common malignant tumor in the
genitourinary system, which is mainly divided into three
subtypes: transitional cell carcinoma (TCC), squamous cell
carcinoma (SCC) and adenocarcinoma. Its main pathological
type is TCC, accounting for more than 90% of cases of bladder
cancer (Rahmani et al., 2013). Among them, 70–80% of patients
were diagnosed as non-muscular invasive bladder cancer
(formerly known as superficial bladder cancer), and the other
20–30% were diagnosed as muscular invasive bladder cancer.

The incidence of bladder cancer ranks 9th among all
malignant tumors and 6th among male tumors. Globally, there
are 350,000 new cases a year (Griffiths, 2013). In the
United States, there are 72,570 new cases of bladder cancer
and 15,210 new deaths each year (Siegel et al., 2013). It costs
$40 billion a year in the United States alone to treat bladder
cancer, which requires repeated examinations and follow-up
treatment after surgery. Thus, bladder cancer is the most
expensive malignancy in the United States on average per
patient. In China, the incidence and mortality of bladder
cancer are the highest in urinary system tumors. In the past
decade, the incidence of the disease has been increasing year by
year and getting younger (Li et al., 2017). The most common
treatment for bladder cancer is surgery, chemotherapy,

immunotherapy, and radiation (Liu et al., 2012). Many
patients were already in the middle and late stage when they
went to the doctor. Bladder cancer, like other cancers, has become
a major public health problem threatening human health.

Currently, the pathogenesis of bladder cancer is still not clear.
However, with the development of molecular biology and genetic
technology in recent years, more and more scholars believe that
the pathogenesis of bladder cancer is a complex process involving
multiple factors, multiple genes andmultiple steps. Accumulation
of abnormal mutant genotypes and the role of external oncogenic
environment eventually led to the emergence of malignant
phenotype of bladder cancer. It is an urgent task to explore
the pathogenesis of bladder cancer and find specific targets for
bladder cancer, so as to achieve early diagnosis, effective
treatment and prevent its recurrence.

Currently, some international scholars have proposed the
hypothesis of abnormal chromatin remodeling in tumors,
including bladder cancer (Michaeleen, 2011). Most studies of
long non-coding RNAs have recognized that they regulate the
expression of many genes mainly through large region chromatin
remodeling (Costa, 2008). So LncRNAs are important regulators
of the interaction between gene expression and the important
pathways of cell growth, proliferation, differentiation and
survival. Changes in the function of lncRNAs promote tumor
formation and development, as well as metastasis of prostate
cancer, bladder cancer and renal cell carcinoma. LncRNAs can be
used as non-invasive tumor markers in malignant tumors of the
urinary system. The increasing study on the molecular
mechanism of LncRNAs in normal and malignant cells will
contribute to a better understanding of tumor biology and
may be a new therapeutic target for the treatment of cancer of
the urinary system (Chung et al., 2011; Luo et al., 2013; Yang et al.,
2013; Martens-Uzunova et al., 2014). Therefore, lncRNAs with
significant expression differences in bladder cancer were screened
out to further explore their biological functions, which will bring
new opportunities for the diagnosis, treatment and postoperative
detection of this disease.

METHODS

Sample Collection
A total of 5 bladder cancer samples were obtained. The 4 normal
samples were defined as bladder tissues located 2.0 cm outside of
visible cancer lesions. All resection samples were confirmed to be
bladder cancer by clinical pathology. The collection and use of the
patient samples were reviewed and approved by the Institutional
Ethics Committee of Shenzhen Shajing Affiliated Hospital of
Guangzhou Medical University, and written informed consent
from all patients was appropriately obtained.

Cell Culture
The bladder cancer cell lines T24 and 5,637 were purchased from
the Institute of Cell Research, Chinese Academy of Sciences,
Shanghai, China. These cells were cultured in DMEM medium
which had added 10% fetal bovine serum, and were grown in the
37°C atmosphere which contains 5% CO2.
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Total RNA Preparation and Reverse
Transcription
Total RNA was extracted from tissue samples, and cell lines using
TRIZOL (Invitrogen, United States) according to the manufacture’s
protocol and evaluated using Agilent 2,100 Bioanalyzer (Agilent
Technologies, United States). RT was carried out using
Omniscript Reverse Transcriptase kit (Qiagen, Hilden, Germany).
The total reaction volume was 20 μl including 1 μg RNA. The
reaction mixture was incubated at 42°C for 60min, heated at 95°C
for 10min and then cooled on ice. The reaction was diluted 1:1 with
water and aliquoted for further analysis.

qRT-PCR Assay
The TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was
used to extract the total RNAs from the cancer tissues and bladder
cancer cell lines. The cDNAs were synthesized from the total
extracted RNAs with the RevertAid™ First Strand cDNA
Synthesis Kit (Fermentas, Hanover, MD, United States). The
All-in-One™ qPCR Mix (GeneCopoiea Inc., Rockville, MD,
United States) was used to carry out the qRT-PCR assay in
our study. ERIC forward primer:5′- AGCCTGTGGCTACCT
CCTTT-3′; reverse primer:5′- CTTGCACCCATATGCAGACA-3′;
GAPDH forward primer:5′-CGCTCTCTGCTCCTCCTGTTC-3′;
reverse primer:5′-ATCCGTTGACTCCGACCTTCAC-3′.

Plasmid Transfection
The CRISPR-dCas9-VPR targeting ERIC plasmid used in this
experiment was purchased from Gima Company. After
transforming into competent Escherichia coli DH5alpha, the
plasmids were extracted by monoclone and sequenced to
verify the cloned plasmids. At the logarithmic growth stage,
cells were transfected into 24-well plates to adjust the cell
density to 4 × 105/well; the fusion degree of cells was
70 –80%. In accordance with the Lipofectamine 2,000
transfection instructions, the plasmids were transfected into

T24 and 5,637. The cells were cultured in a constant-
temperature incubator with 5% CO2 at 37°C. After 48 h, the
culture plates were taken out and the cells were collected for
subsequent experiments.

MTT Assay
Cells in logarithmic growth phase were cultured overnight in an
incubator in 5%CO2 at 37°C for 4 h after adjusting the cell density
to 5 × 104 cells/mL. The cells were seeded in a 96-well plate in
100 μL of cell suspension and then cultured in a constant-
temperature incubator with 5% CO2 at 37°C for 4 h. After
incubation, 0.15 mL DMSO was added and the suspension was
shaken for 10 min. Optical density at 568 nm (OD568) was
measured using a microplate reader.

Transwell Assay
After 48 h of successful transfection, the cells of each group were
digested, collected with 0.25% trypsin, and centrifuged. The cells
were then washed twice with pre-cooled phosphate-buffered
saline (PBS). Cells were suspended in a serum-free medium
and counted by the plate count method. Next, 0.8 mL medium
with 10% FBS was transferred into a 24-well plate, which was then
placed in a transwell chamber. Then 1 mg/mL matrigel (100 µL)
was added vertically to the bottom of the upper transwell
chamber. After the matrigel solidified, 200 mL cell suspension
was added to the upper transwell chamber and cultured in 5%
CO2 at 37°C for 24 h. The transwell was then removed; the
chamber was washed with PBS; and the cells were fixed in
10% MeOH. After 30 min, the membrane was removed; the
cells were subjected to crystal violet (0.5%) staining at room
temperature for 20 min and finally washed with PBS. Images were
acquired and cell numbers calculated under a microscope.

Flow Cytometry
After 2 days of culture, cells were subjected to trypsin digestion
(0.25%) and then collected in a special flow tube. Approximately

FIGURE 1 | PCR results of cancer tissues and adjacent tissues. Bands of PCR in both the cancerous tissue and the paracancer tissueN, normal bladder tissurs. T,
bladder tumor tissues.
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105 suspended cells were centrifuged. Detection was conducted
following the instructions of the Annexin V-APC/7-AAD
detection kit. Binding buffer (0.05 mL, 5 × 105/mL) was added
to cells, and cells were resuspended. The 7-AAD solution (5 μL)
was added, and cells were incubated for 15 min at room
temperature. Finally, 0.45 mL binding buffer and 1 µL Annexin
V-APC were added for reaction at room temperature in the dark
for 15 min. The samples were investigated through flow
cytometry.

Statistical Analysis
Statistical analyses were performed using SPSS (v. 22.0). Data
were presented as mean ± SD, and independent t-tests were used
to investigate intergroup distinctions. A p < 0.05 was considered
significant.

RESULTS

PCR Results of Bladder Cancer and
Paracancer Tissues
As shown in Figure 1, there were bands of PCR in both the
cancerous tissue and the paracancer tissue, indicating the success
of reverse transcription. However, compared with bands of
bladder cancer, the normal bands were lighter in brightness,
indicating that the amount of cDNA in reverse transcription was
less. Fluorescence quantitative PCR was performed.

General PCRResults of Bladder Cancer Cell
Lines T24 and 5,637
Common PCR results of cell lines T24 and 5,637 were shown in
Figure 2: PCR bands were observed in both cell lines T24 and

5,637, indicating successful reverse transcription. However, the
band brightness of the three groups of 5,637 cell lines was lighter
than that of T24. Fluorescence quantitative PCR was performed.

Expression of ERIC Gene in Bladder Cancer
Real-time fluorescence quantitative PCR was used to detect the
expression level of ERIC gene in 36 bladder cancer tissues and
para-cancer normal tissues. As shown in Figure 3, the expression
level of ERIC in bladder cancer tissue was higher in seven cases
than that in the adjacent group (about 2.48 times on average), and
only one case was lower than that in the adjacent group.

Expression of ERIC Gene in Cell Lines T24
and 5,637
The fluorescence quantitative PCR results of cell lines T24 and
5,637 were shown in Figure 4: the expression level of T24 was
significantly higher than that of 5,637.

Effect of ERIC on T24 and 5,637 Cell
Proliferation
Compared with that in the T24 NC group, cell proliferation rate
in the T24 ERIC group was significantly decreased (t � 7.583, p <

FIGURE 2 | General PCR results of cell lines T24 and 5,637 cDNA. PCR
bands were observed in both cell lines T24 and 5,637, while the band
brightness of the three groups of 5,637 was lighter than that of T24.

FIGURE 3 | Expression of ERIC gene in bladder cancer tissues and
paracancer tissues of 8 patients. The relative expression level of ERIC was
determined by qRT-PCR assay. The mean value was shown.

FIGURE 4 | Expression of ERIC gene in bladder cancer cell lines T24 and
5,637. The relative expression level of ERIC was determined by qRT-PCR
assay. The mean value ± SD was shown.
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0.05). Similarly, compared with that in the 5637 NC group, the
cell proliferation rate in the 5637 ERIC group was significantly
decreased (t � 3.283, p < 0.05) (Figure 5).

Effect of ERIC on T24 and 5,637 Cell
Invasion
Compared with that in the ERIC groups (T24 and 5,637 + ERIC),
the number of cells in the negative control groups (T24 and 5637
NC) was significantly increased (t � 11.538, p < 0.001; t � 8.205,
p < 0.05, respectively) (Figure 6).

Effects of ERIC Inhibition on T24 and 5,637
Cell Apoptosis
To study the influence of ERIC on BCC apoptosis, flow cytometry
was used to detect T24 and 5,637 cell apoptosis. Compared with
that in the T24 NC group, the apoptosis rate in the T24 ERIC
group was dramatically increased (t � −34.083, p < 0.001).

Compared with that in the 5637 NC group, the apoptosis rate
in the 5637 ERIC group was also increased (t � −14.316, p <
0.001) (Figure 7).

DISCUSSION

In China, bladder cancer is the first malignant tumor of the
urinary system (Li et al., 2017). Currently, smoking and
occupational exposure to aromatic amine are the main risk
factors for bladder cancer (Bosetti et al., 2011). The
occurrence and development of bladder cancer is a multi-stage
and multi-step evolutionary process, and the long-term
accumulation of abnormal genotypes leads to the emergence
of malignant phenotypes. The purpose of determining the
expression status of certain genes in bladder cancer is to
determine whether this gene is related to bladder cancer, so as
to lay a foundation for the follow-up study on its function and
molecular mechanism. Finally, we hope to find specific targets for
bladder cancer and provide a new molecular basis for our clinical
diagnosis, treatment and prognosis.

Long non-coding RNA (lncRNA) is a class of RNA molecules
with a transcript length of more than 200 nt, which does not itself
encode proteins or has little function of encoding proteins, and is
generally transcribed in mammalian genomes. It was originally
thought to be a by-product of the transcription process, with no
biological function. With the deepening of research, new lncrnas
have been continuously discovered, and more and more evidence
shows that lncrnas have complex biological functions and are
closely related to human diseases, especially the occurrence of
tumors (Gupta et al., 2010).

The long non-coding RNA ERIC transcript is 1745bp in size
and is directly regulated by E2F in a p53 independent manner
(Feldstein et al., 2013). The expression of ERIC gene is regulated
by cell cycle and reaches its peak in G1 phase. Studies have shown
that ERIC gene and transcription factor E2F1 constitute a
negative feedback pathway, which regulates the activity of
E2F1, and ERIC inhibits the cell apoptosis induced by E2F1.

FIGURE 5 | Changes in cell proliferation rate in each group. The
proliferation rate was determined by MTT assay. The mean value ± SD was
shown. *p < 0.05. #p < 0.05.

FIGURE 6 | Changes in cell invasion levels in each group (200 times). Cell invasion level was determined by transwell assay. The mean value ± SD was shown.
*p < 0.05. #p < 0.05.
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With the increase of E2F1 activity, the expression of ERIC gene
also increased.

In this study, this gene was down-regulated in bladder cancer
tissues compared with para-cancer tissues, suggesting that this
gene may play a role of “tumor suppressor gene”. As they are
regulated by transcription factors E2F1 and E2F3, these two genes
are also down-regulated in bladder cancer. It laid a solid
foundation for further research on the function of this gene.

Currently, it has become one of the difficult problems in urology
surgery to find specific targets for bladder cancer, explore new
treatment methods and overcome the shortcomings of traditional
treatment methods such as chemotherapy and surgery. Revealing the
expression and function of lncRNAs in bladder cancer is an effective
way to find specific targets. Xue M et al. found that the up-regulated
expression of lncrna-uca1 can increase the proliferation, migration
and invasion ability of cells and inhibit apoptosis under the hypoxia
condition (Xue et al., 2014); Fan Y et al. demonstrated a positive
correlation between the expression of lncrna-uca1 andWnt6 in vivo,
and ultimately demonstrated that UCA1 increased cisplatin
resistance in bladder cancer cells by enhancing the expression of
Wnt6 (a member of theWnt6 pterlessMMTV integration site family
6), thus identifying potential targets for overcoming chemotherapy
resistance (Fan et al., 2014a); Fan Y TGF–such as beta MALAT1
induced bladder cancer cells and epithelial mesenchymal (EMT),
MALAT1 excessive expression was significantly associated with
bladder cancer patients with low survival rate, the expression of
targeted inhibit MALAT1 and suz12 can inhibit the TGF - beta
induced cell migration, and invasion characteristics, and think the
MALAT1 inhibition may be used to inhibit the development of
bladder cancer is a promising treatment (Fan et al., 2014b). These
studies will provide theoretical basis for the research and
development of new ways and new drugs to treat bladder cancer.

At present, there are few studies on ERIC gene, and its function in
tumor has not been reported. Although it was found to be down-

regulated in bladder cancer in this study, it was not statistically
significant due to the small number of study samples. Thererfore we
further study the function of this gene to reveal its role in bladder
cancer. CRISPR-dCas9-VPR technology was a new approach for
upregulating celluar gene expression without affecting cell viabillity.
By binding to the promoter region of targeted gene, it could activate
lncRNA transcription (Kardooni et al., 2018; Zhang et al., 2018;
Blanas et al., 2019). A CRISPR-dCas9-VPR targeting ERIC plasmid
was constructed and transfected into bladder cancer cell lines T24 and
5,637 to detect the effect on proliferation, invasion, apoptosis and
other aspects of bladder cancer cell lines and reveal its function.
Multi-level research will be helpful to find specific targets for bladder
cancer, and provide new scientific basis for clinical targeted treatment
of this disease and the research and development of new drugs. In our
study, the proliferation and migration of ERIC positive cells were
significantly reduced, and cell apoptosis was increased.

In conclusion, downregulated ERIC can inhibit the invasion of
human bladder cancer, and promote their apoptosis.
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Hepatocellular carcinoma (HCC) is among the major causes of cancer-related mortalities
globally. Long non-coding RNAs (LncRNAs), as epigenetic molecules, contribute to
malignant tumor incidences and development, including HCC. Although LncRNA
SNHG9 is considered an oncogene in many cancers, the biological function and
molecular mechanism of SNHG9 in HCC are still unclear. We investigated the effects
of lncRNA SNHG9 on the methylation of glutathione S-transferase P1 (GSTP1) and
the progression of HCC. Histological data analysis, CRISPR-dCas9, and cytological
function experiment were used to study the expression level and biological function
of SNHG9 in HCC. There was an upregulated expression of SNHG9 in HCC, which
was associated with shorter disease-free survival. Knockdown of SNHG9 can inhibit
cell proliferation, block cell cycle progression, and inhibit cell migration and invasion
by upregulating GSTP1. LncRNA SNHG9 recruits methylated enzymes (DNMT1,
DNMT3A, and DNMT3B) to increase GSTP1 promoter methylation, a common event
in the development of HCC. Inhibition of lncRNA SNHG9 demethylates GSTP1,
which prevents HCC progression, presents a promising therapeutic approach for
HCC patients.

Keywords: SNHG9, hepatocellular carcinoma, CRISPR-dCas9, GSTP1, promoter methylation

INTRODUCTION

Hepatocellular carcinoma (HCC) is a malignant tumor originating from hepatocytes and is the
most common primary hepatic malignant tumor. HCC is the sixth most common cancer and
the second-leading cause of tumor-related mortalities globally (Zhu et al., 2016; Kim et al., 2017;
Zhu and Rhim, 2019). China accounts for approximately 55% of the newly diagnosed HCC cases,
attributable to high incidence rates of chronic hepatitis B virus (HBV) infections (Wang et al., 2017).
Despite the improvements in clinical therapeutic efficacy, the recovery and long-term survival rate
of HCC patients remain low (Shen et al., 2017; Umeda et al., 2019). Recently, the discovery of
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targeted therapies has presented novel opportunities for treating
liver cancer (Chen et al., 2019; Fu and Wang, 2019); however,
the few HCC targeted drugs available are often associated with
resistance. Therefore, understanding the pathogenesis of HCC
can reveal potential therapeutic targets, which may facilitate the
development of novel molecular targeted therapies.

Long non-coding RNAs (lncRNAs) are newly discovered
non-protein-coding RNA molecules composed of over 200
nucleotides (Chen et al., 2016; Mathy and Chen, 2017). They are
found in the nucleus or cytoplasm and have complex structures
that transmit a variety of cellular functions and play an important
role in a variety of diseases (Beermann et al., 2016; Chen et al.,
2017). There is increasing evidence that lncrNA expression
disorders affect gene regulation and promote cancer development
(Fang and Fullwood, 2016; Tang et al., 2017; Arun et al., 2018).
Small nucleolar RNA host gene 9 (SNHG9) is a membrane-lipid-
related LncRNA that has been shown to regulate the proliferation
of pancreatic cancer cells (Zhang et al., 2018) and glioblastoma
cells (Zhang et al., 2019). However, the role of SNHG9 in HCC
remains unclear.

Glutathione s-transferase P1 (GSTP1) catalyzes the Q
coupling of electrophilic molecules to glutathione, is involved
in detoxification (Crawford and Weerapana, 2016; Gurioli et al.,
2018). Research shows that GSTP1 gene polymorphism is
associated with HCC among other cancers (Wang et al., 2016;
Chatterjee and Gupta, 2018; Ding et al., 2019). Besides, the
methylation of the GSTP1 promoter is correlated with gene
expression and function (Sophonnithiprasert et al., 2020).

We sought to establish the role of SNHG9 and GSTP1
in HCC pathology. The findings indicated the upregulated
expression of SNHG9 in HCC is associated with shorter
disease-free survival. Upregulating GSTP-1 expression led to
cell proliferation inhibition, cell cycle progression blockage, cell
migration, and invasion inhibition. LncRNA SNHG9 recruits
methylated enzymes (DNMT1, DNMT3A, and DNMT3B) to
promote the GSTP1 promoter’s methylation, which is a common
event in HCC development. Therefore, we underscore the
molecular mechanisms of HCC pathogenesis and potential
targets for treatment.

MATERIALS AND METHODS

Clinical Specimens
In this study, HCC specimens and adjacent tissues were obtained
from patients from the First Affiliated Hospital of Shenzhen
University from 2015 to 2018. All patients received written
informed consent. The research was approved by the Ethics
and Human Sciences Committee of Shenzhen University and
conducted as per the Helsinki Declaration.

Public Data Set Download
Liver cancer genome atlas (TCGA) level 3 RNA sequencing—
seq (RNA) data and their medical data were derived from the
genomic data sharing (GDC) data portal website1. Also, we

1https://portal.gdc.cancer.gov/

obtained three datasets (GSE19915 GSE13507 GSE3167) from
Gene Expression Omnibus (GEO2) based on the microarray data
sets (Zhang et al., 2018, 2019).

Real-Time Quantitative Polymerase
Chain Reaction
Total RNA was extracted using Trizol reagent (Invitrogen) as per
the manufacture’s instructions. cDNA was reverse-transcribed to
2–6 g total RNA using M-MLV reverse transcriptase (Promega,
Madison, WI, United States). Real-Time Quantitative Polymerase
Chain Reaction (Rt-qPCR) was performed by the StepOnePlus
real-time PCR system (ABI, United States) using a 20 L reaction
mixture consisting of 0.1 M primers, 10 L 2× FastStart Universal
SYBR Green Master (Rox, Switzerland), and 20–100 ng cDNA
samples. All the experiments were repeated at least three times.
Relative mRNA levels were standardized to -actin mRNA levels,
using 2−11CT Methods.

CCK-8 and Clone Formation Tests
About 1 × 104 cells were inoculated into 96-well plates
overnight. CCK-8 reagent (Japanese Dojindo) was mixed with
10%FBS + RMI-1640 medium at a ratio of 1:9 and cultured in the
dark for 3 h. Absorbance was measured after 0, 24, 48, and 72 h
at 450 nm using a multi-tablet reader (Bio-RAD, United States).
The ratio of absorbance after 24, 48, and 72 h to absorbance at
0 h was used to investigate the cells’ proliferation ability in five
independent experiments.

In the clone formation experiment, 200, 400, and 800 cells
were cultured in a 6-well plate at 37◦C until the clone was visible
to the naked eye. The clones were stained in 0.1% crystal violet
and 20% methanol, after which they were imaged and counted.

Cell Migration Test
Each group’s logarithmically growing cells were seeded into a 6-
well plate (1 × 106 cells/well). A line was evenly drawn on the
back of the 6-well plate using a marker pen as the subsequent
photo position and recorded. When the cells were attached to the
plate surface, the old medium was replaced with a fresh culture
medium containing 1% fetal bovine serum (FBS), after which the
cells were then starved for 12 h. The point of a 200 L spear was
scraped out in a straight line using a ruler on the board. Then the
cells were washed three times with 2 ml PBS and photographed at
0 h and 24 h. The experiment was replicated thrice. In each image,
15 lines were uniformly distributed, and the distances across the
lines were measured and averaged.

Transwell Assay
Matrigel (BD Biosciences, San Jose, CA, United States) was
added to a cell medium without serum (1:1 v/v). Matrigel
was then polymerized in a Transwell chamber (Corning, NY,
United States) at 50 L/well and placed in a 37◦C incubator.
The cells in the logarithmic growth phase were starved for 24 h
in a cell culture medium containing 1% fetal bovine serum.
After separation, the cells were resuspended in a 1 × 106

2http://www.ncbi.nlm.nih.gov/geo/
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serum-free medium. 50 L FBS was mixed with a 50 L medium
containing 2% FBS and added to the apical chamber of the
Transwell. A 600 L cell culture medium containing 10% fetal
bovine serum was added to the basal lateral compartment and
cultured in an incubator at 37◦C and 5% CO2, saturated humidity
and sufficient oxygen for 24 h. The Transwell chamber was
then removed, fixed with 4% paraformaldehyde, and stained
with crystal violet. Finally, the invasion cells were counted
in 5 randomly selected fields under an inverted microscope.
Three independent experiments were conducted, and the average
value was taken.

Cell Cycle Analysis (Image-Flow
Cytometry)
We harvested the transfected cells, washed them twice with cold
PBS, and then fixed them with 70% cold ethanol. A cell cycle
analysis kit (MultiSciences, China) was used to determine cell
cycle distribution. ModFit 5.2 software was used to sequence and
calculate cells at different stages of the cell cycle.

Methylation-Specific Polymerase Chain
Reaction
The DNA of cells was extracted using a standard procedure. The
cells were treated with protease K, after which chloroform was
added. The concentration of the extracted DNA was determined
using a spectrophotometer. Sodium bisulfite was mixed with the
DNA extract to produce vulcanized DNA. The PCR products
were then electrophoresed by agarose gel, and the target bands
were observed by gel imager.

Double Luciferase Reporter Gene
Detection
The GSTP1 promoter and lncRNA SNHG9 full-length sequences
were derived from the NCBI database3. Four plasmid expression
vectors (HA-PCMV5-GSTP1, PCMV5-SNHG9, GSTP1
promoter—LUC, and pCMV5 (control) were constructed
from Addgene (Cambridge, MA, United States), including. Then
the GSTP1 promoter—LUc and pCMV5 vectors, HA-PCMV5-
GSTP1, GSTP1 promoter—Luc, and PCMV5-SNHG9 vectors,
were transfected into the cells, respectively. Luciferase activity
was then determined using the luciferase reporter assay kit
(Promega, Madison, WI, United States). Briefly, 20 L of cell
lysate was added to a 1.5 mL centrifuge tube followed by 100 L
of LARII solution. After mixing, the absorbance was measured
at 460 nm with a luminescence detector (Promega, Madison,
WI, United States).

Fluorescence in situ Hybridisation
The Fluorescence in situ Hybridisation (FISH) technique was
performed using the RiboTM lncRNA FISH Probe Mix (Red)
to detect the localization of SNHG9 in HCC cells using the
procedure described by the manufacturer (Guangzhou RiboBio
Co., Ltd., Guangzhou, Guangdong China). Briefly, the cells were
inoculated in a six-well culture plate and covered with slides.

3https://www.ncbi.nlm.nih.gov/gene

The cells were 80% confluent after 24 h of culture. The glass
was washed with PBS, fixed with 1 mL 4% paraformaldehyde
at room temperature, and treated with protease K (2 g/mL),
glycine, and acetylation reagent. Subsequently, the additive plate
was used with a 250 L prehybridization solution and incubated at
42◦C for 1 h. After removing the prehybridization solution, the
250 L hybridization solution consists of an overnight incubation
of a detector (300 ng/mL) at 42◦C, followed by three and
phosphate buffer brine washing Tween-20 (PBST). Then, the
nuclei were diluted with PBST for 4′ and stained with 6-diamino-
2-pheninindole (DAPI) (1:800). 24-well plates were added for
5 min and washed with PBST for 3 min. Finally, the cells were
observed under a fluorescence microscope (Olympus Optical Co.,
Ltd., Tokyo, Japan).

RNA Binding Protein
Immunoprecipitation
The binding analysis of lncRNA SNHG9 with DNMT1,
DNMT3A, and DNMT3B was carried out step by step according
to the instructions of RNA Binding Protein Immunoprecipitation
(RIP) Kit (Millipore, Billerica, MA, United States). Briefly, cells
were washed using pre-cooled phosphate-buffered saline (PBS)
for 5 min. with 25 eases to L Tris–Hcl (pH 7.5),150 eases to L
potassium chloride, and 2 eases to L ediamine tetraacetic acid
(EDTA),0.5% NP40 L was more easily associated with sodium
fluoride,1 was more easily associated with Deloitte,100 U/ml
RNasin ribozyme inhibitor and EDTA-free protease inhibitor,
and centrifuged at 14,000 rpm for 10 min at 4◦C. A cell extract
portion was then taken as an input, and the other part was
incubated with an antibody for co-precipitation. To sum up,
50 L magnetic beads were extracted from each co-precipitation
reaction system. After washing, they were resuspended in 100 L
RIP washing solution, and then 5 g antibody was added in groups
for incubation and combination. Subsequently, the magnetic
bead—antibody complex was washed and again suspended in
900 L RIP wash solution and incubated at 4◦C overnight with
100 L cell extract. The samples were then placed on a magnetic
base to collect globin complexes. Samples and inputs were
separated by protease K, RNA was extracted, and quantitative
polymerase chain reaction (RT-QPCR) was performed. In this
study, rabbit anti-human antibodies DNMT1 (1:100, AB13537),
DNMT3A (1:100, AB2850), and DNMT3B (1:100, AB2851) were
uniformly mixed for 30 min at room temperature. Rabbit anti-
human immunoglobulin G (IgG) (1:100, AB109489) was used
as the negative control (NC). The antibodies were sourced from
Abcam (Cambridge, United Kingdom).

Chromatin Immunoprecipitation
After attaining a 70–80% confluence, cells in each group were
harvested and fixed in 1% formaldehyde for 10 min at room
temperature to cross-link DNA and proteins. The DNA and
proteins were then randomly separated by ultrasound. The
cells were centrifuged at 4◦C, 13,000 × g. The supernatant
was mixed with rabbit anti-IgG (AB109489 1:100, Abcam Inc.,
Cambridge, United Kingdom) CNC antibody and the target
protein-specific antibodies (DNMT1 (AB13537 1:100, Abcam
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Inc., Cambridge, United Kingdom), DNMT3A (AB2850 1:100,
Abcam Inc., Cambridge, United Kingdom), and DNMT3B
(Abcam AB2851, 1:100, Cambridge, United Kingdom), followed
by overnight incubation at 4◦C. The endogenous DNA-protein
complex was then precipitated with protein agarose/agarose.
After centrifugation for a while, the supernatant was removed,
and the non-specific complex was rinsed. Then, the cross-linking
was completed overnight at 65◦C, and the DNA fragments
were extracted and purified with phenol/chloroform solution.
Enrichment of GSTP-1 promoter fragment bound to DNMT1,
DNMT3A, and DNMT3B was detected by gSTP-1 promoter
fragment specific primer.

Statistical Analysis
Data analysis was performed using SPSS 20.0 software. The
quantitative variables were summarized as mean ± standard
deviation (SD). The students’ T-test was used to analyze the

differences between the two independent groups. The two-tailed
test was considered significant when P < 0.05 was calculated.

RESULTS

SNHG9 Expression Was Upregulated in
HCC Tissue Samples
To assess the expression of SNHG9 in HCC samples, we
downloaded 408 HCC sample and 19 adjacent normal tissue
TCGA data. TCGA data showed that SNHG9 was significantly
upregulated in HCC (P = 4.0 × 10−5). GEO datasets
showed significant increases in SNHG9 in HCC samples
(P = 3.92 × 10−4 for GSE3167, P = 0.003 for GSE13507,
and P = 0.002 for GSE19915) (Figure 1A). The Receiver
Operating Characteristic (ROC) curve was used to analyze the
sensitivity and specificity based on TCGA data to evaluate

FIGURE 1 | The expression and clinical significance of SNHG9 in HCC. (A) SNHG9 expression in non-cancerous liver tissues and HCC samples, based on data
from the public dataset. (B) ROC curve and AUC of SNHG9. (C) Kaplan–Meier survival curves of the two groups of patients based on TCGA data. Red: Patients with
high SNHG9 expression. Blue: Patients with low expression of SNHG9.
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FIGURE 2 | Knockdown of SNHG9 can inhibit the proliferation and cell cycle progression of HCC cells. (A) The expression of SNHG9 in sgRNA-NC and
sgRNA-SNHG9 transfected cells as detected by RT-qPCR. (n = 3 independent experiments). (B) The CCK-8 method was used to evaluate the effect of silencing
SNHG9 on cell proliferation. (n = 3 independent preparations) *P < 0.05. (C) Clones are stained with Giemsa and photographed with a digital camera. The clone
number was calculated and statistically analyzed. (D) The cell cycle was synchronized with the use of a double thymine block. The stack diagram shows the
percentage of cells in each cycle at each time point. Left: Cells transfected with sgRNA-NC. Right: Cells transfected with sgRNA-SNHG9. Blue: Phase G0. Red:S
phase. Gold:G2 and M phase.
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the diagnostic value of SNHG9 for HCC. The area under
the SNHG9 curve (AUC) was 0.737. At the critical value
of 11.20, the sensitivity and specificity were 0.54 and 0.90,
respectively (Figure 1B). Survival analysis showed that high
SNHG9 expression was associated with shorter disease-free
survival (P = 0.032) (Figure 1C).

Downregulation of the SNHG9 Gene
Inhibited the Proliferation of
Hepatocellular Carcinoma Cells and
Blocked the Progression of the
Cell Cycle
The HepG2 and Huh-7 HCC cell lines were established to
effectively express SNHG9 targeting sgRNA (sgRNA-SNHG9)
and negative control sgRNA (sgRNA-NC), respectively. Rt-qPCR
and Western blot were used to verify the effect of knockout. After
transfection of sgRNA-SNHG9, the expression of SNHG9 was
significantly decreased (HEPG2: P = 0.009; Huh-7: P = 0.003;
Figure 2A). Compared with the control group, the relative
expression of lncRNA in HepG2 and Huh-7 cells was reduced by
72.2 and 50.3%, respectively. These results indicated that SNHG9
was effectively knocked out. We compared the proliferation of
sgRNA-SNHG9 and sgRNA-NC groups in HEPG2 cells using
the CCK-8 method to determine the role of SNHG9 in HCC
cells. SNHG9 knockdown significantly reduced cell proliferation

(P = 0.018) (Figure 2B). On day 5, the proliferation of the sgRNA-
SNHG9 group decreased by 1.57 ± 0.95. In the clone formation
experiment, we found that the clonal formation capacity of
Huh-7 cells was significantly inhibited than the negative control
cells (Figure 2C).

We dynamically compared the cell cycle progression of the
sgRNA-SNHG9 group and sgRNA-NC group in HEPG2 cells
to establish the function of SNHG9 in the cell cycle. Cell cycle
synchronization was first blocked by double thymine at the G1/S
boundary and then released simultaneously. We found that most
cells in the sgRNA-NC group were in the G0/G1 phase and
entered the G2/M phase through the S phase within 6–12 h. In
the sgRNA-SNHG9 group, the G0/G1 phase cells slowly entered
the S phase from 0 to 12 h, suggesting that SNHG9 knockdown
led to cell cycle arrest at the G0/S phase (Figure 2D). These
results indicated that silencing lncRNA SNHG9 could impede
HCC cell growth.

Downregulation of SNHG9 Inhibited the
Migration and Invasion of Hepatocellular
Carcinoma Cells
The scratch test showed that cell mobility was significantly
reduced after sgRNA-SNHG9 treatment (P < 0.05;
Figures 3A,B). The results suggest that silencing lncRNA SNHG9
can inhibit cell migration. Subsequently, Transwell’s results
showed that sgRNA-SNHG9 significantly reduced cell invasion

FIGURE 3 | The downregulation of SNHG9 inhibited the migration and invasion of HCC cells. Panles (A,B) were used to detect the cell migration after SNHG9
knockdown by scratch test. (C,D) Cell invasion after SNHG9 gene knockout was detected by Transwell method. Statistical data were presented as
mean ± standard deviation, and One-Way ANOVA was used. The experiment was repeated three times; *P < 0.05.
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(P < 0.05; Figures 3C,D), indicating that the cell invasion rate
could be inhibited after lncRNA SNHG9 was inhibited.

LncRNA SNHG9 Promotes DNA
Methylation of the GSTP1
Bioinformatics analysis showed that lncRNA SNHG9 was
located in the nucleus, and online CpG prediction software
was used to predict the presence of methylated CpG islands in
the GSTP1 promoter (Figure 4A). The Methylation-Specific
Polymerase Chain Reaction (mS-PCR) results showed that after
treatment with sgRNA-SNHG9 and SGI-1027, methylation
inhibitors of GSTP1, the GSTP1 promoter’s methylation degree

was significantly reduced (Figure 4B). The results of double
luciferase reporter gene detection (Figure 4C) showed that
luciferase activity of GSTP1 promoter co-transfected with
GSTP1 gene was significantly lower than that of GSTP1
promoter transfected with GSTP1 gene only (P < 0.05). The
luciferase activities of the GSTP1 promoter, GSTP1 gene,
and lncRNA SNHG9 were significantly lower than that of
GSTP1 promoter after co-transfection with GSTP1 gene
(P < 0.05). Subsequently, FISH results showed that lncRNA
SNHG9 was mainly located in the nucleus (Figure 4D).
Besides, RIP analysis showed that lncRNA SNHG9 targeted
and bound methylation-related proteins (DNMT1, DNMT3A,
and DNMT3B) compared with the IgG group (P < 0.05)

FIGURE 4 | SNHG9 promotes GSTP1 promoter methylation by recruiting methylated proteins. (A) localization of GSTP1 methylated SNHG9 and CpG Island
predicted by bioinformatics; (B) Ms-PCR detected the methylation level of GSTP1 promoter after sgRNA-SNHG9 and SGI-1027 treatment. (C) Double luciferase
reporter gene assay confirmed the binding of SNHG9 to GSTP1 promoter. (D) FISH analysis of lncRNA SNHG9; The RIP analysis of panel (E), SNHG9 combined
with DNMT1, DNMT3A, and DNMT3B; CHIP detection of GSTP1 promoter in panel (F), IgG, and sgRNA-SNHG9.

Frontiers in Molecular Biosciences | www.frontiersin.org 7 April 2021 | Volume 8 | Article 649976127

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-08-649976 April 2, 2021 Time: 17:21 # 8

Ye and Ni CRISPR-dCas9 Targeting SNHG9 in HCC

(Figure 4E). CHIP analysis results revealed significantly
higher enrichment of the blank group’s GSTP1 promoter
region than the sgRNA-SNHG9’s group (Figure 4F). These
findings provide evidence that lncRNA SNHG9 inhibits
the expression of GSTPI by promoting the methylation of
the GSTP1 promoter.

Downregulation of SNHG9 Inhibits
Proliferation, Migration, and Invasion of
HCC Cells by Upregulating GSTP1
The RT-qPCR was used to detect the expression of GSTP1 mRNA
after treatment with sgRNA-SNHG9, sgRNA-GSTP1, PCDNA-
GSTP1, PCDNA-SNHG9, and PCDNA-GSTP1 + SNHG9.
The results are presented in Figure 5A. The GSTP1 mRNA’s
expression after treatment with PCDNA-GSTP1 and sgRNA-
SNHG9 was significantly higher (P < 0.05). The expression
of GSTP1 mRNA after PCDNA-GG9 +, sgRNA-GSTP1,
and PCDNA-SNHG9 treatment was significantly decreased
(P < 0.05) compared with that of the PCDNA-GSTP1 treatment.
The expression of lncRNA SNHG9 after PCDNA-SNHG9
treatment was significantly increased (P < 0.05), while the
expression of lncRNA SNHG9 after sgRNA-SNHG9 treatment
was significantly low (P < 0.05). After treatment with sgRNA-
GSTP1 and PCDNA-GSTP1, the expression of lncRNA SNHG9
showed no significant change (P > 0.05). Western blot analysis
showed significantly higher GSTP1 protein level after PCDNA-
GSTP1 and sgRNA-SNHG9 treatment (P < 0.05), while the
GSTP1 protein level decreased significantly after treatment
with sgRNA-GSTP1 and PCDNA-SNHG9 (P < 0.05). The
GSTP1 protein level was significantly lower after PCDNA-
GSTP1 + SNHG9 treatment than in PCDNA-GSTP1-treated
group (P < 0.05; Figure 5B). CCK8 experimental results showed
that the proliferation of the cells on the third and fourth day

after the treatment of PCDNA-GSTP1 and sgRNA-SNHG9 was
significantly low (P < 0.05), while the proliferation of the cells
on the third and fourth day after the treatment of sgRNA-GSTP1
and PCDNA-SNHG9 was significantly high (P < 0.05). The
cell proliferation after PCDNA-GSTP1 + SNHG9 treatment was
significantly higher than that after PCDNA-GSTP1 treatment
(P < 0.05) (Figure 5C). Besides, the scratch test revealed
significantly reduced cell migration after PCDNA-GSTP1 and
sgRNA-SNHG9 treatment (P < 0.05), while the cell migration
was significantly enhanced after treatment with sgRNA-GSTP1
and PCDNA-SNHG9 (P < 0.05). PCDNA-GSTP1 + SNHG9
indicated significantly higher cell migration than PCDNA-
GSTP1 (P < 0.05) (Figures 5D,E). Subsequently, Transwell
assay results showed that pcDNA-GSTP1 and sgRNA-SNHG9
significantly reduced cell invasion (P < 0.05), while sgRNA-
GSTP1 and PCDNA-SNHG9 significantly increased cell invasion
(P < 0.05). The PCDNA-GSTP1 + SNHG9-triggered cells were
significantly more aggressive than the PCDNA-GSTP1-triggered
ones (P < 0.05; Figures 5F,G). In summary, lncRNA with
low expression of SNHG9 and high expression of GSTP1
deters metastasis.

DISCUSSION

Elucidating the molecular mechanisms of hepatocellular
carcinoma remains an urgent clinical challenge. Currently,
the therapeutic efficacy of available drugs for advanced liver
cancer is limited (Faivre et al., 2020; Pfister et al., 2020). In
recent years, lncRNA has aroused extensive research interest
in various countries in the world. There is increasing evidence
that some lncRNAs are associated with the incidence and
development of cancer. Multiple lncRNAs have been identified
as playing a key role in HCC (Huang et al., 2020; Wei et al., 2020;

FIGURE 5 | Knockdown of SNHG9 can inhibit the proliferation, migration, and invasion of HCC cells by upregulating GSTP1. (A) The expression of SNHG9 and
GSTP1 after sgRNA-SNHG9 and SGI-1027 treatment and detected by RT-qPCR; (B) Western blot analysis of GSTP1 and DNMT after treatment with sg-SNHG9
and SGI-1027; (C) The proliferation of hepatocellular carcinoma cells treated with sgRNA-SNHG9, sgRNA-GSTP1, PCDNA-GSTP1, PCDNA-SNHG9, and
PCDNA-GSTP1 + SNHG9 as detected by the CCK-8 method. Panels (D,E) were used to detect the migration of hepatocellular carcinoma cells treated with
sgRNA-SNHG9, sgRNA-GSTP1, PCDNA-GSTP1, PCDNA-SNHG9, and PCDNA-GSTP1 + SNHG9 by the scratch method. (G) Transwell assay was used to detect
the invasive ability of sgRNA-SNHG9, sgRNA-GSTP1, PCDNA-GSTP1, PCDNA-SNHG9, and PCDNA-GSTP1 + SNHG9 to treat liver cancer cells.
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Yang et al., 2020). LncRNAs may play an important role in
predicting prognosis, treatment response, and cancer recurrence
based on the patients’ genetic profiles and can be used
in a personalized treatment design. In addition to editing
and modifying DNA sequences, the CRISPR system has also
been proven to regulate gene transcription, which brings
unprecedented convenience to the study of lncRNA functions.
The dCas9 protein could inhibit lncRNA expression by blocking
the binding of RNA polymerase and promoters through a
roadblock effect (Zhou et al., 2018; Huynh et al., 2020).

SNHG9 has been identified as an oncogene in pancreatic
cancer and glioblastoma (Zhang et al., 2018, 2019), but its
function is unclear. This study attempted to explore the biological
function of SNHG9 in HCC. We investigated the expression
level of SNHG9 in HCC clinical specimens. Clinical data
revealed overexpression of SNHG9 in HCC tissues than in
normal counterparts, and high SNHG9 expression may indicate
poor prognosis. Then, we investigated the biological function
of SNHG9 using CRISPR-dCas9. Unlike other classical gene
silencing methods, such as RNAi, which inhibit gene expression
by degrading mRNA in the cytoplasm, the CRISPR-dcas9 system
works as a transcriptional suppressor at the DNA level. The
binding of dCas9 protein to the target can interfere with RNA
polymerase binding in space and play a role in inhibiting the
transcription of targeted genes, a process known as CRISPRi (or
CRISPR interference). We found that reducing the expression of
SNHG9 could inhibit HCC metastasis. Moreover, we investigated
the molecular mechanism of SNHG9 in HCC. The binding
of SNHG9 to DNA methyltransferase was observed, and the
knockout of SNHG9 may cause GSTP1 promoter demethylation,
depicting its role in gene expression and tumorigenesis.

In summary, these findings present new insights on the
importance of SNHG9 in HCC progression and offer a theoretical
basis for developing lncRNA-based targeted therapies for HCC.
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Objective: The aim of this study is to explore the role of Parkin in intervertebral disk
degeneration (IDD) and its mitophagy regulation mechanism.

Study design and methods: Rat nucleus pulposus (NP) cells were stimulated with
hydrogen peroxide (H2O2) to a mimic pathological condition. Apoptosis and mitophagy
were assessed by Western blot, terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay, and immunofluorescence staining. The CRISPR–dCas9–KRAB
system was used to silence the expression of Parkin.

Result: In this study, we found that Parkin was downregulated in rat NP cells under
oxidative stress. In addition, treatment with H2O2 resulted in mitochondrial dysfunction,
autophagy inhibition, and a significant increase in the rate of apoptosis of NP cells.
Meanwhile, mitophagy inhibition enhanced H2O2-induced apoptosis. Furthermore,
repression of Parkin significantly attenuated mitophagy and exacerbated apoptosis.

Conclusion: These results suggested that Parkin may play a protective role in alleviating
the apoptosis of NP cells via mitophagy, and that targeting Parkin may provide a
promising therapeutic strategy for the prevention of IDD.

Keywords: CRISPR/dCas9, IDD, mitophagy, apoptosis, Parkin

INTRODUCTION

Intervertebral disk degeneration (IDD) is widely known as a main contributor to low back pain
(LBP), which has become a global public health problem associated with decline in quality of
life and heavy socioeconomic burden (Hoy et al., 2010; Foster et al., 2018). It is estimated that
approximately 80% of the population suffer from neck or back pain at some point in their lives
(Côté et al., 2001). As the largest avascular structure in the human body, the intervertebral disk
is a complex structure that consists of superior and inferior cartilage endplates (CEP), internal
jelly-like nucleus pulposus (NP), and external annulus fibrosus (AF) (Kadow et al., 2015). NP cells
are responsible for the synthesis of the extracellular matrix (ECM) and play an important role in
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maintaining the biological function of the intervertebral disk.
Emerging pieces of evidence reveal that excessive apoptosis of
NP cells can trigger IDD (Liu et al., 2013; Chen et al., 2016,
2017). Hence, a better understanding of the apoptosis mechanism
may provide a potential therapeutic target for the prevention and
treatment of IDD.

Oxidative stress is a common pathological process that is
characterized by overproduction of reactive oxygen species (ROS)
(Feng et al., 2017). As a main intracellular ROS-generating
organelle, mitochondria are also the primary target of ROS.
ROS overproduction causes mitochondrial injury. Furthermore,
mitochondrial dysfunction enhances ROS generation with a
positive feedback loop. Accumulated research has indicated
that ROS are a potent pro-apoptotic factor for NP cells (Xia
et al., 2019; Xiang et al., 2020; Zhao et al., 2020). Additionally,
mitochondria are responsible for the generation of ATP, which is
essential for maintaining cell survival and physiological function.
Considering that mitochondrial dysfunction is implicated in the
senescence and apoptosis of NP cells, mitochondrial homeostasis
is vital for the health of intervertebral disks.

Mitophagy is a special type of autophagy that selectively
targets damaged or redundant mitochondria to the lysosome
for elimination, which is a crucial step in mitochondrial
quality control (Novak and Dikic, 2011; Sun et al., 2020).
It is acknowledged that mitophagy impairment results in the
accumulation of defective organelles and ROS overproduction,
and subsequently increases the rate of apoptosis of NP
cells (Chen et al., 2020; Kang et al., 2020a,b). Hence,
balance between mitophagy and apoptosis determines the fate
of NP cells. However, the relationship between mitophagy
and apoptosis within disk cells in response to oxidative
stress remains poorly understood. Parkin is a key player
in the induction of mitophagy. It regulates ubiquitination
of mitochondrial outer membrane proteins and promotes
degradation of dysfunctional mitochondria. It is reported that
Parkin is closely related to the crosstalk between mitophagy and
apoptosis in NP cells (Zhang et al., 2018; Huang et al., 2020;
Madhu et al., 2020).

In this study, we hypothesized that mitophagy plays a
cytoprotective role in response to the oxidative stress of NP cells.
To confirm this hypothesis, hydrogen peroxide (H2O2) was used
to induce oxidative stress, which could mimic the pathological
mechanisms of mitochondrial dysfunction and apoptosis in NP
cells. Furthermore, we investigated the relationship between
mitophagy and apoptosis, and the Parkin signaling pathways
involved in their interactions. Finally, our study revealed that
Parkin is involved in the pathogenesis of IDD and may serve as a
therapeutic target for IDD.

MATERIALS AND METHODS

Cell Isolation and Culture
Nucleus pulposus cells were extracted from healthy NP of
young Sprague-Dawley rats. NP tissues were isolated under a
dissecting microscope and digested in 0.2% type II collagenase
for approximately 4 h at 37◦C. The isolated cells were cultured

in Dulbecco’s modified Eagle medium (DMEM) and 10% fetal
bovine serum (FBS) supplemented with antibiotics (Gibco,
Carlsbad, CA, United States). Second-generation NP cells were
used throughout the experiments.

Cell Viability Assay and NP Cells
Treatment
Cell Counting Kit-8 (CCK-8) assaying was performed to detect
the viability of NP cells (CCK-8; Dojindo Co., Kumamoto,
Japan) according to the protocol of the manufacturer. NP cells
were seeded in 96-well plates and incubated in DMEM/F12
with 10% FBS and 1% antibiotics at 37◦C for 24 h. NP
cells were treated using H2O2 with different concentrations
(0.1, 0.25, 0.5, and 1 mM) for 24 h or 1 mM for various
times (0, 6, 12, and 24 h). The cells were then washed with
phosphate-buffered saline (PBS), and a 10 µl CCK-8 solution
was added to each well. The wells were incubated at 37◦C for
1 h. Finally, the absorbance of the wells was then measured
at 450 nm using a micro-plate reader (BioTek, Winooski,
VT, United States).

Quantitative Real-Time PCR (RT-qPCR)
Total RNA was extracted from the cultured cells using a
TRIzol reagent (Invitrogen, Carlsbad, CA, United States).
Reverse transcription and gene amplification procedures were
conducted according to the instructions of the kit manufacturer
(TransGen Biotech, Beijing, China). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used to normalize the gene
expression of other mRNAs. PCR primers were as follows.

Western Blotting
The cells were lysed using radioimmunoprecipitation assay
(RIPA) buffer (Sigma, St. Louis, MO, United States). Total
protein extracts from NP cells were obtained through whole-
cell lysis assaying (KeyGen). Protein concentration was
determined using the bicinchoninic acid (BCA) method.
Protein samples were separated using sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
and transferred to a polyvinylidene fluoride (PVDF) membrane.
The membrane was incubated with primary antibodies against
P62 (1:1,000, ab56416 Abcam, Cambridge, United Kingdom),
Parkin (1:1,000, #4211; CST, Danvers, MA, United States),
LC3 (1:1,000, #83506, CST, Danvers, MA, United States),
Bcl-2 (1:1,000, #3498; CST, Danvers, MA, United States),
Bax (1:1,000, #14796; CST, Danvers, MA, United States),
GAPDH (1:10,000, #60004-1-Ig: Proteintech) overnight at 4◦C;
and target protein bands and internal reference bands were
visualized and calculated using the ImageJ software (ImageJ
1.48v, United States).

Immunofluorescence
Nucleus pulposus cells were fixed with 4% paraformaldehyde for
15 min and permeabilized with 0.5% Triton X-100 for 30 min.
After blocking with 5% bovine serum albumin (BSA) for 30
min, slides were incubated with primary antibodies against P62
(1:200) overnight at 4◦C. Secondary antibody (1:100; Invitrogen,
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FIGURE 1 | Hydrogen peroxide inhibited cell viability in NP cells. (A,B) Effects of H2O2 on cell viability were detected using the Cell Counting Kit-8 (CCK-8). *p <

0.05 vs. control group.

Carlsbad, CA, United States) was added the next day. The
nuclei were stained with 4′,6-diamino-2-phenylindole (DAPI) for
1 min. The cells were observed using a fluorescence microscope
(CTR4000B, Leica, Wetzlar, Germany).

Mitochondrial Membrane Potential
Measurement, ATP, and Complex III
The mitochondrial membrane potential was determined by JC-1
staining (Beyotime, Shanghai, China) according to the protocol
of the manufacturer. Intracellular ATP and complex III levels
were determined using the ATP Assay and ROS Assay Kits
according to the instructions of the manufacturer (Beyotime,
Shanghai, China).

Flow Cytometry Assay of Apoptosis
The apoptosis rate of the NF cells was detected using the Annexin
V-FITC/PI Double-Staining Kit (Fushen, Shanghai, China). NP
cells were collected and washed with PBS and subsequently
suspended in 100 µl binding buffer. The cells were then incubated
with 5 µl Annexin V-FITC and 5 µl PI at 37◦C for 30 min.
The early (Annexin V+/PI−) and the late apoptotic (Annexin
V+/PI−) cells were used to calculate apoptosis rate.

Transfection of Plasmids
Nucleus pulposus cells were plated using six-well plates
overnight before transfection. When the cell density reached 70%
confluence, the NP cells were co-transfected with sgRNA and
dcas9-KRAB plasmids using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, United States) according to the protocol of
the manufacture.

Statistical Analysis
Results were presented as the mean ± SD and analyzed using
SPSS 22 (IBM Corp., Armonk, NY, United States). Differences
between groups were analyzed by Student’s t-test or one-way
analysis of variance (ANOVA) followed by Tukey’s test. A p value
of less than 0.05 was considered significant.

RESULTS

Hydrogen Peroxide Increases Rate
of Apoptosis and Inhibits Mitophagy
in Rat NP
Initially, H2O2 was used to mimic oxidative stress in vitro, and
CCK-8 assaying was performed to investigate the cytotoxicity of
H2O2 in NP cells. As shown in Figures 1A,B, H2O2 treatment
was observed to reduce cell viability in a dose- and time-
dependent manner. Exposure to H2O2 with a concentration
exceeding 1 mmol/L for 24 h and treatment with H2O2
(1 mmol/L) for 24 h or longer showed a marked reduction in
cell viability. Therefore, H2O2 with a concentration of 1 mmol/L
was used in the subsequent experiments. Then, we assessed
the apoptosis response of the NP cells to oxidative stress. The
Western blot and qPCR results showed that H2O2-induced
oxidative stress did significantly increase cleaved-caspase3 and
Bax/bcl-2 (Figures 2A–C). Meanwhile, flow cytometry by
Annexin V-FITC/PI staining showed that the percentage of
apoptotic NP cells was higher in the H2O2-treated group
than in the control group (Figures 2D,E). To investigate the
effect of H2O2 on autophagy in the NP cells, we examined
the expression of LC3-II/LC3-I and p62 by Western blot. As
shown in Figures 3A,B, the ratio of LC3-II/LC3-I was decreased
and the level of p62 was increased after H2O2 treatment for
24 h. The immunofluorescence analysis of NP cells revealed
an accumulation of P62 protein in response to oxidative stress
(Figure 3C). Taken together, these results indicated that oxidative
stress induced by H2O2 could promote apoptosis and inhibit
autophagy in NP cells.

Mitochondrial Dysfunction Is Involved in
the H2O2-Induced Apoptosis of Rat NP
Mitophagy is responsible for quality control of mitochondria
under oxidative stress. As expected, oxidative stress inhibits
mitophagy but also causes mitochondrial dysfunction. After
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FIGURE 2 | Hydrogen peroxide promotes apoptosis in rat nucleus pulposus (NP) cells. (A,B) The protein levels of Bax and Bcl-2 in NP cells were measured by
Western blotting. (C) Relative mRNA expression of cleaved caspase-3 by RT-qPCR. (D,E) Apoptosis of NP cells with or without H2O2 treatment was detected by
flow cytometry. Data are represented as the mean ± SD. *p < 0.05 vs. control group.

treatment with H2O2, the green/red fluorescence ratio of
NP cells significantly increased, indicating that mitochondrial
membrane potential was reduced by the treatment of H2O2
(Figure 4A). Furthermore, the intracellular complex III level and
ATP production were markedly decreased under oxidative stress
(Figures 4B,C). Altogether, prolonged oxidative stress leads to
mitochondrial damage.

Mitophagy Inhibition by 3-MA Enhances
H2O2-Induced Apoptosis in Rat NP
To explore whether mitophagy was involved in the protective
response against H2O2 induced apoptosis, we determined the
expression of cleaved-caspase3, Bax, and Bcl-2. We found that
NP cells pre-treated with mitophagy inhibitor 3-MA significantly
increased pro-apoptotic protein expression (cleaved-caspase3

and Bax) and decreased anti-apoptotic protein (Bcl-2) expression
(Figures 5A,B). Similarly, TUNEL assay results also showed that
the mitophagy inhibitor dramatically exacerbated the apoptosis
of NP cells (Figure 5C,D). Collectively, these findings showed
that under oxidative stress mitophagy protected rat NP cells
against apoptosis.

Inhibition of Parkin by dCas9-KRAB
Significantly Attenuates H2O2-Induced
Mitophagy
In order to investigate the relationship between Parkin and
IDD in rat NP cells, we determined Parkin expression under
oxidative stress by Western blotting, and we found that the Parkin
expression decreased significantly in the H2O2 group compared
with that in the control group (Figure 6B). To further verify
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FIGURE 3 | Effects of H2O2 on mitophagy in NP cells. (A,B) The protein level of P62, LC3-I, and LC3-II in the NP cells was measured by Western blotting.
(C) Immunofluorescence of the P62 protein in NP cells (Green signal represents P62, blue signal represents DAPI). *p < 0.05 vs. control group.

FIGURE 4 | Mitochondrial dysfunction is involved in H2O2-induced apoptosis of rat NP. (A) Effect of H2O2 on mitochondrial membrane potential. (B) Summary data
for the effect of H2O2 on the relative content of complex III. (C) Intracellular ATP levels in NP cells. *p < 0.05 vs. control group.

the role of Parkin in mitophagy, we used the CRISPR/dCas9-
KRAB system to repress the expression of Parkin (Figure 6A).
We found that mitophagy decreased markedly (Figures 6C,D)
while apoptosis of NP cells increased dramatically (Figures 6E,F)
after repression of Parkin mediated with CRISPR/dCas9-KRAB.
Overall, these results suggested that the activation of mitophagy
against apoptosis was dependent on Parkin.

DISCUSSION

Intervertebral disk degeneration is a common reason for LBP,
which is one of the leading causes of chronic disability. To
date, conventional treatments including physical therapy,

anti-inflammatory medications, and surgeries remain
unsatisfactory (Legrand et al., 2007). Therefore, development of
biological therapies to prevent IDD is an issue that needs to be
solved urgently. Studies have shown that excessive apoptosis of
NP cells plays a crucial role in the development of IDD (Guo
et al., 2018; Yu et al., 2018). In addition, previous studies have
shown that oxidative stress participates in the apoptosis process
of NP cells (Nan et al., 2020). Nevertheless, the underlying
mechanisms of apoptosis induced by oxidative stress have not
been fully clarified.

In this study, we confirmed that both apoptosis and
autophagy were involved in the pathogenesis of oxidative stress-
induced IDD. In addition, we found that oxidative stress
resulted in mitochondrial dysfunction, autophagy inhibition,
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FIGURE 5 | Mitophagy inhibition enhances H2O2-induced apoptosis in rat NP. (A,B) Western blot of P62, LC3-I, and LC3-II expression in NP cells after treatment
with 3-MA. (C,D) Representative images of TUNEL staining and quantitative analysis showing NP cells apoptosis after treatment with 3-MA. *p < 0.05 vs. control
group.

and a significant increase in the rate of apoptosis of NP
cells. Furthermore, we investigated the relationship between
autophagy and apoptosis under oxidative stress by repressing
autophagy and found that apoptosis of NP cells was dramatically
enhanced, indicating that autophagy played a protective role
against apoptosis in response to oxidative stress. Finally,
mechanism study revealed that the expression of Parkin was
suppressed after H202 treatment, and downregulation of Parkin
by dCas9-KRAB led to aggravation of NP cell apoptosis and
autophagy inhibition. Hence, we propose that the activation
of Parkin could prevent oxidative stress-induced apoptosis and
mitochondrial dysfunction in rat NP cells via the promotion of
mitophagy (Figure 7).

Apoptosis of NP cells is thought to play a critical role in
the progression of IDD. In mammals, there are two main
apoptotic pathways: the extrinsic (also called death receptor)
and the intrinsic (also called mitochondrial) (Wajant, 2002).
It is acknowledged that oxidative stress-induced mitochondrial
dysfunction is one of the important mechanisms that trigger
the intrinsic pathway of apoptosis in NP cells (Lin et al.,
2020). An oxidative injury leads to decrease in mitochondrial
membrane potential and ATP production, and increase in
mitochondrial outer membrane permeability, followed by the
release of cytochrome c and activation of caspase cascade, which
eventually leads to apoptosis (Chen et al., 2003). Exposure

to hydrogen peroxide (1 mmol/L for 24 h) elicited oxidative
stress, and we confirmed that both mitochondria injury and
apoptosis of NP cells increased markedly after H2O2 treatment.
The results show that oxidative stress causes mitochondrial-
mediated intrinsic apoptosis of NP cells. Therefore, maintenance
of mitochondrial function and structural integrity is the key to
prevent NP cell apoptosis and IDD development.

In recent years, mitophagy has attracted increasing research
interest because of its important role in the clearance of damaged
mitochondria. Numerous research studies have shown that
proper activation of mitophagy plays a cytoprotective role against
apoptosis while excessive mitophagy leads to apoptosis (Park
and Park, 2013; Lan et al., 2021). A great effort has been made
to clarify the relationship between mitophagy and apoptosis,
however, the role of mitophagy in ROS-induced apoptosis of NP
cells remains unclear. In this study, we used 3-MA to inhibit
mitophagy and found that the apoptosis rate of NP cells increased
significantly, indicating that mitophagy might be the cellular
self-defense mechanism for oxidative stress damage. The results
are consistent with those of some previous studies (Wang J.
et al., 2018; Wang Y. et al., 2018). For example, the study
conducted by Lin et al. (2020) showed that mitophagy suppressed
NP cells apoptosis under oxidative stress and attenuated IDD.
However, opposite conclusions have also been reported in other
studies. For example, Zhan et al. (2020) found that autophagy
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FIGURE 6 | Inhibition of Parkin by the dCas9-KRAB system significantly attenuates H2O2-induced mitophagy. (A) Vector map of clustered regularly interspaced
palindromic repeat epigenome editing vectors targeting the Parkin gene promotor region. (B) Expression level of Parkin in NP cells. (C,D) Western blot of Parkin,
P62, LC3-I, and LC3-II expression in NP cells after Parkin inhibition. (E,F) Representative images of TUNEL staining and quantitative analysis showing NP cells
apoptosis after Parkin inhibition. *p < 0.05 vs. control group.

activation could promote NP cell apoptosis, senescence, and
ECM catabolism. Nevertheless, more and more studies show that
basal-level autophagy plays a housekeeping and cytoprotective
role; while autophagy dysfunction, either inadequate or excessive
autophagy, leads to the death of cells. In addition, the pro-survival
or pro-death effect of autophagy is also attributed to cell types,
time, and degree of stimulus.

Parkin-mediated mitochondrial autophagy is the most
intensively investigated mitochondrial autophagy pathway.
The autophagy mechanism is translocation of Parkin to
defective mitochondria and recruitment of p62/SQSTM1,
followed by engulfment of damaged mitochondria by
autophagosomes, and degradation by lysosomes (Nguyen
et al., 2016). Parkin, as a protective protein, plays many beneficial
roles in preventing degenerative diseases, such as Parkinson’s

disease (Kamienieva et al., 2021), osteoarthritis (Ansari et al.,
2018), and Alzheimer’s disease (Zhao et al., 2021). However,
studies regarding the relationship between Parkin and IDD are
limited. Our results revealed that Parkin was downregulated
in NP cells under oxidative stress. Moreover, the inhibition of
Parkin aggravated NP cell apoptosis, exacerbated mitochondrial
dysfunction, and suppressed mitophagy activity, indicating
that Parkin was able to prevent NP cell apoptosis and protect
mitochondrial function through upregulation of mitophagy.
Therefore, Parkin is a promising therapeutic target for the
treatment of IDD in the future. As mentioned, there are many
conventional methods to repress Parkin gene expression. In this
study, we innovatively used the dCas9-KRAB system to inhibit
the Parkin gene expression in NP cells under oxidative stress.
The CRISPR/Cas9 system, which is derived from Streptococcus
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FIGURE 7 | Schematic diagram of mechanisms shows the protective role of mitophagy in rat NP cells under oxidative stress.

pyogenes, is a powerful genetic editing tool and is widely used in
mammalian cells (Ran et al., 2013). CRISPR-dCas9-KRAB is a
new tool to silence a target gene expression with high efficiency,
low cost, and easy operation. However, the application of the
CRISPR/Cas9 system in the intervertebral disk field is limited.
A previous study by Stover et al. (2019) explored the potential
application of CRISPR epigenome editing to target inflammatory
receptors for pain modulation in degenerative intervertebral
disk. Our study confirmed that the potential application of
CRISPR/Cas9 as a novel gene therapy tool for IDD.

This study has several limitations. First, although our results
suggest that Parkin could be a potential therapeutic target for
IDD, this study is mainly in vitro; thus, further in vivo studies are
needed to be carried out to provide more convincing evidence.
Second, in this study we used NP cells from rats instead of
NP cells from humans, and species may cause some differences.
Third, since both AF cells and CEP chondrocytes also take part in
the degeneration process, the response of AF cells and CEP cells
to oxidative stress needs to be elucidated in the future.

CONCLUSION

In summary, this study has demonstrated that Parkin is involved
in the pathogenesis of IDD and that it plays an important
role in the clearance of damaged mitochondria via modulation

of mitophagy. These findings suggest a potential therapeutic
application of Parkin for the prevention and treatment of
disk degeneration.
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Functions of ITGB5, TIMP1, and
TMEM176B in Prostate Cancer Cells
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Although ITGB5, TIMP1, and TMEM176B are abnormally expressed in several cancers,
their molecular biological mechanisms in prostate cancer cells are still to be investigated.
The gene regulation technogies based on CRISPR transcription factors could be used to
investigate the biological functions of genes in cancer. In this study, we used CRISPR
interference (CRISPRi) and CRISPR activation (CRISPRa) technologies to regulate the
transcription of ITGB5, TIMP1, and TMEM176B in prostate cancer cells. Through a series
of cellualr experiments, we found that inhibition of ITGB5 or activation of TIMP1 and
TMEM176B suppress prostate cancer. The three genes synergistically affect the
proliferation, invasion and migration capabilities of cancer cells.

Keywords: prostate cancer, ITGB5, TIMP1, TMEM176B, CRISPR interference, CRISPR activation

INTRODUCTION

Prostate cancer is one of the most common malignant tumors in the genitourinary system. The
incidence rate of prostate cancer ranks the second among all kinds of malignant tumors worldwide
(Neupane et al., 2017). The incidence rate of prostate cancer is the highest in Europe and the
United States, and its mortality rate is only less than lung cancer (Siegel et al., 2018). In China, with
the acceleration of population aging, changes in diet structure and improvement of medical level, the
incidence rate of prostate cancer has also increased rapidly (Zhang et al., 2009). Prostate cancer tends
to occur in elderly men, but in recent years there is a trend of younger. For early diagnosis of prostate
cancer, radical surgery or radiotherapy can achieve curative effect, and its 5-years survival rate is
almost 100%. However, for advanced metastatic prostate cancer, the 5-years survival rate was only
34% (Preston, 2009). Therefore, early detection and diagnosis of prostate cancer is particularly
important to improve the survival rate of patients after treatment.

The study on early diagnostic markers of prostate cancer has been a hot topic in recent years. At
the same time, the clinical efficacy of advanced prostate cancer, especially castration resistant
prostate cancer, is still very limited. New therapeutic methods still depend on the development and
utilization of drug target molecules. The molecular biological mechanism of prostate cancer is also a
hot issue in the research of urinary tumor.

ITGB5, TIMP1, and TMEM176B are abnormally expressed in several human cancers. Among
them, ITGB5 is highly expressed cancers, TIMP1, and TMEM176B are lowly expressed in cancers.
ITGB5 (Integrin β5, Integrin β5) is one of the integrin family members. As a type of transmembrane
glycoprotein located on the cell surface, integrins are mainly dimers composed of α and β subunits
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(Alavi et al., 2003; Hood et al., 2003). Recently, there is new
evidence that ITGB5 can promote cell migration and invasion
Bianchi et al. (2010), and may participate in the epithelial-
mesenchymal transition. The epithelial-mesenchymal
transition plays an extremely important role in tumor
metastasis. It is found that ITGB5 promotes the lymph node
metastasis of colorectal cancer (Denadai et al., 2013). Bianchi
et al. found that over-expression of ITGB5 promotes the
differentiation and mutation of breast cancer cells and makes
breast cancer more aggressive (Bianchi et al., 2010). The protein
encoded by TIMP1 is a natural inhibitor of matrix
metalloproteinases which are a group of peptidases involved in
the degradation of extracellular matrix. TIMP1 is thus closely
related to tumor invasion and metastasis. TMEM176B is a
transmembrane protein that regulates the immune response of
the tumor microenvironment. Although these evidences suggest
that ITGB5, TIMP1, and TMEM176B may work together to
promote the invasion and metastasis of cancer cells, their
molecular biological mechanisms in prostate cancer cells are
still unclear and require further research.

In this work, we have used CRISPR interference (CRISPRi)
and CRISPR activation (CRISPRa) technologies to study the
biologocal functions of ITGB5, TIMP1, and TMEM176B in
prostate cancer cells. We found that ITGB5 promotes cancer,
while TIMP1 and TMEM176B suppress cancer. The three genes
synergistically affect the proliferation, invasion, and migration
capabilities of prostate cancer cells.

MATERIALS AND METHODS

Cell Culture
LNCap cells were obtained from The Cell Bank of Chinese
Academy of Sciences (Shanghai, China). The cells were
cultured in DMEM (HyClone, United States) added with
100 U/ml penicillin/streptomycin and 15% fetal bovine serum
(FBS; Gibco, United States) under a moisturized atmosphere with
a 5% CO2 level.

CRISPR Interference and CRISPR
Activation System
The CRISPR-dCas9-VPR and CRISPR-dCas9-KRAB plasmids
were ordered from Addgene (Cambridge, MA, United States).
The sgRNAs targeting ITGB5, TIMP1, and TMEM176B were
designed by the online software CHOPCHOP, a CRISPR/Cas9,
and TALEN web tool for genome editing.

Cell Transfection
LNCap cells were seeded in 6-well plates with a 3 × 106 cells per
well density in the environment of DMEM. Followed the
manufacturer’s protocol of Lipofectamine 2000 Transfection
Kit (Thermo Fisher Scientific, Waltham, MA, United States),
transfection was conducted. After that, the cells were set for 48 h
in order for future analysis.

Quantitative Real-Time Polymerase Chain
Reaction
At 48 h after gene transfection, TRIzol (Invitrogen) was used as a
separating reagent for total RNA to get the first-strand cDNA
using a FastKing RT Kit (With gDNase) (Tiangen) following the
official instructions. The qRT-PCR analysis was carried out by
SYBR Green (Tiangen). GAPDH was taken as endogenous
controllers for the three mRNAs.

Cell Proliferation Assay
LNCap cells were seeded in a 96-well plate at a 1 × 105/ml dose
and incubated for 24 h. Subsequently, cells were starved for
another 2 h. Culture medium was replaced with 20 μL of
methyl thiazolyl tetrazolium (MTT) solution (5 g/L)
(Sigma-Aldrich, St. Louis, MO, United States) and
incubated at 37°C for 4 h. The supernatant was discarded
and 100 μL of DMSO (dimethyl sulfoxide) (Sigma-Aldrich,
St. Louis, MO, United States) was put on to each well. The
absorbance value was tracked at the wavelength of 570 nm
with a microplate reader.

Cell Apoptosis Assay
At 48 h after cell transfection, the apoptosis of LNCap cells was
determined by the Caspase-3 Assay Kit (Fluorometric) (ab39383).
Caspase-3 activity was detected by spectrophotometry and each
assay was performed in triple.

Cell Migration Assay
LNCap cells were treated with 1.8 mmol/L hydroxyurea for
12 h to inhibit cell proliferation and then a 100 μL pipette tip
was used to make cell scratches in a vertical well plate. Then
the cell culture medium was discarded and washed three
times with PBS. Then the cells were culture and taken
pictures. The 0 and 24 h pictures were recorded, and the
imageproplus 6.0 software was used to analyze and calculate
the cell migration distance.

Cell Invasion Assay
After 48 h of transfection, cells from each group were taken,
trypsinized, and then inoculated in a matrigel-Tran-swell
chamber. The serum-free DMEM medium was used for
culture in the chamber. 10% FBS culture medium was
added to the lower chamber. After 24 h, the upper
uninvaded cells was wipped with a cotton swab. After
fixing with 4% polymethanol for 15 min, cells were stained
with 1% crystal violet for 5 min. After washing with PBS for
three times, five fields under the fluorescence microscope
were randomly selected and observed, and the invaded cells
were counted and recorded.

Statistical Analysis
The data were expressed as means ± standard deviations (SD).
The SPSS version 19.0 software (IBM Corporation, United States)
was used for statistical analysis. A p-value < 0.05 was considered
statistically significant.
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RESULTS

Expression of ITGB5, TIMP1, TMEM176B in
Prostate Cancer Cells
In order to clarify the overall expression patterns of the three genes in
prostate cancer, we tested the expression of ITGB5 (Figure 1A), TIMP1
(Figure 1B), and TMEM176B (Figure 1C) in the prostate cancer LNCap
cell line. We found that ITGB5 was significantly higher in prostate cancer
compared with BPH cells, and that TMP1 and TMEM176B were
significantly low expressed in prostate cancer. This suggests that ITGB5

is a potential proto-oncogene in the prostate cancer LNCap cell line, while
TMP1 and TMEM176B are potential tumor suppressor genes.

The Effects of Knockdown of ITGB5 or
Activation of TIMP1 and TMEM176B
Expression on Cell Proliferation and Apoptosis
In order to further clarify whether ITGB5 is a proto-oncogene
and whether TIMP1 and TMEM176B are tumor suppressor
genes, we used dCas9-KRAB-mediated CRISPRi technology

FIGURE 1 | Expression of ITGB5, TIMP1, TMEM176B in prostate cancer cells. (A) qRT-PCR analysis of ITGB5 expression in LNCap and BPH cell lines. (B) qRT-
PCR analysis of TIMP1expression in LNCap and BPH cell lines. (C) qRT-PCR analysis of TMEM176Bexpression in LNCap and BPH cell lines.

FIGURE 2 | The effects of knockdown of ITGB5 or activation of TIMP1 and TMEM176B expression on cell proliferation and apoptosis. (A) Vector maps of CRISPR-
KRAB and CRISPR-VPR plasmids constructed in this work. (B) LNCap cells were transfected by CRISPRi or CRISPRa systems and gene expression was confirmed by
real-time PCR. (C)MTT assays revealed that knockdown of ITGB5 or activation of TIMP1 and TMEM176B expression inhibited the growth rate of LNCap cells. (D) ELISA
assays revealed that knockdown of ITGB5 or activation of TIMP1 and TMEM176B expression increased the apoptosis rate of LNCap cells.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 6760213

Yang et al. ITGB5, TIMP1, and TMEM176B

143

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


(Figure 2A) to knock down the expression of ITGB5 (Figure 2B),
and used dCas9-VPR-mediated CRISPRa technology (Figure 2A) to
activate TIMP1 and TMEM176B expression (Figure 2B). The
experimental results of MTT show that inhibiting the expression of
ITGB5 can reduce cell proliferation, while activating the expression of

TIMP1 and TMEM176B can achieve the same effect (Figure 2C). In
addition, the results of Caspase-3 ELISA assay show that inhibiting the
expression of ITGB5 can increase cell apoptosis, while activating the
expression of TIMP1 and TMEM176B can observe the same effect
(Figure 2D).

FIGURE 3 | The effects of knockdown of ITGB5 or activation of TIMP1 and TMEM176B expression on cell migration. LNCap cells were transfected by CRISPRi or CRISPRa
systems and cell migration assay revealed that knockdown of ITGB5 (A) or activation of TIMP1 (B) and TMEM176B (C) expression inhibited the migration rate of LNCap cells.

FIGURE 4 | The effects of knockdown of ITGB5 or activation of TIMP1 and TMEM176B expression on cell invasion. LNCap cells were transfected by CRISPRi or CRISPRa
systems and cell migration assay revealed that knockdown of ITGB5 (A) or activation of TIMP1 (B) and TMEM176B (C) expression inhibited the invasion rate of LNCap cells.
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The Effects of Knockdown of ITGB5 or
Activation of TIMP1 and TMEM176B
Expression on Cell Migration
To further clarify whether inhibition of ITGB5 and activation
of TIMP1 and TMEM176B affect tumor cell migration, we
also used dCas9-KRAB-mediated CRISPRi technology to
knock down ITGB5 expression, and used dCas9-VPR-
mediated CRISPRa technology to induce TIMP1 and
TMEM176B activation. The results of the cell scratch
experiment showed that inhibiting the expression of
ITGB5 can reduce cell migration viability, while activating
the expression of TIMP1 and TMEM176B can achieve similar
effects (Figures 3A,B).

The Effects of Knockdown of ITGB5 or
Activation of TIMP1 and TMEM176B
Expression on Cell Invasion
Cell migration is always directly related to invasion behavior. To
further clarify whether knockdown of ITGB5 and activation of
TIMP1 and TMEM176B expression affect tumor cell invasion, we
used dCas9-KRAB-mediated CRISPRi to knock down ITGB5
expression, and used dCas9-VPR-mediated CRISPRa to activate
TIMP1 and TMEM176B expression. The results of cell invasion
experiments show that inhibiting the expression of ITGB5 can
reduce the ability of cell invasion, while activating the expression
of TIMP1 and TMEM176B can achieve similar effects
(Figures 4A,B).

DISCUSSION

Previous studies on gene function have often focused on
individual genes and lacked overall understanding of tumors.
A convenience provided by the advancement of CRISPR
technology is that by fusing dCas9 with different
transcriptional regulators, we can easily activate and
reduce the expression of different genes (Morgens et al.,
2016). In this way, the research on the biological functions
of genes can be quickly promoted. In the past, RNA
interference technology represented by siRNA tends to
have low gene knock-down efficiency and high off-target

efficiency (Fakhr et al., 2016). The overexpression gene
technology can only express genes with smaller coding
fragments (Capriotti et al., 2020). So there is a rapid progress.

In this study, we found that compared with prostate
hyperplasia cells BPH, ITGB5 is significantly higher expressed
in prostate cancer cells, and TMP1 and TMEM176B are
significantly lower expressed. We designed different CRISPR
transcriptional regulatory systems to silence ITGB5 in prostate
cancer cells and activate TIMP1 and TMEM176B at the same
time. MTT experiments, cell invasion and migration experiments
proved that knocking down ITGB5 or overexpressing TIMP1 and
TMEM176B can significantly inhibit the proliferation, invasion
and migration ability of LNCap cells. The three genes
synergistically affect the proliferation, invasion and migration
capabilities of cancer cells. ITGB5, TIMP1, and TMEM176B can
be used as molecular diagnostic targets or therapeutic targets in
the future, as their combination is useful for cancer treatment.
Furthermore, we can also use AAV to deliver the CRISPR system
to target and regulate these three genes for gene therapy of
prostate cancer.
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By targeting key genes, the CRISPR system can effectively exert its anti-cancer
activity. The latest research suggests that the CRISPReader system that regulates
gene transcription can effectively target and inhibit bladder cancer cells by sensing
transcription factors such as c-Myc and Get-1 in the cell. An interesting question is
whether the CRISPReader system can exert its anti-cancer ability against a variety
of tumors by sensing the broad-spectrum transcription factor Ets-1. In this work, a
CRISPReader system that senses the Ets-1 transcription factor has been constructed.
It can effectively identify a variety of cancer cell lines, and specifically induce apoptosis
in cancer cells. This study fully confirmed the effectiveness of Ets-1 as a broad-
spectrum cancer related signal and provided a new anti-cancer tool based on the
CRISPReader system.

Keywords: Ets-1, CRISPReader, cancer, cancer related signal, gene therapy

INTRODUCTION

CRISPR has become a popular gene editing technology in recent years, which can be used to
modify species and investigate gene functions (Lino et al., 2018). The CRISPR nuclease, such as
Cas9 protein, can induce DNA double-strand breaks and DNA recombination repair mediated by
homologous templates (Doudna and Charpentier, 2014). The mutated dead Cas9, dCas9, can bind
to the gene promoter region to regulate gene transcription levels (Gjaltema and Schulz, 2018). By
modifying the dCas9 protein or sgRNA, an inducible dCas9 system can be constructed (Dai et al.,
2018). The regulation of target genes by dCas protein is activated by sensing exogenous inducers
or endogenous proteins within cells (Liu Y. et al., 2016; Liu et al., 2017). This is significant because
it successfully realizes the systematic sensation of the key signals of tumor cells. The regulation
of downstream gene expression through inducible dCas9 is not only conducive to the specific
recognition of cancer cells but also can effectively inhibit the malignant growth of tumors. This
provides new strategies for basic research and the clinical treatment of tumors.

A key aspect of the research progress made for the CRISPR transcriptional regulation system
is to use the dCas9 transcription activator to bind to its transcription initiation element to
replace the promoter to perform gene expression functions. This is a very important technological
advancement. The related technology is called “CRISPReader” (Zhan H. et al., 2019), which was
originally used to reduce the gene expression cassette of CRISPR so that it can be loaded into
AAV vectors with limited capacity. The gene circuit based on CRISPReader can sense transcription
factors such as c-Myc and Get-1 in cancer cells (Liu et al., 2020). It can not only effectively identify
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FIGURE 1 | Construction of CRISPReader sensing the Ets-1 transcription
factor. When Ets-1 binds to the promoter region, weak expression of
Cas9/VP64 can be initiated. After Cas9/VP64 is combined with sgRNA, it can
further bind its promoter and drive its own expression. In this way, the
expression level of Cas9/VP64 is continuously increased through positive
feedback, and then the transcription of luciferase (A) or GFP (B) is activated.

bladder cancer cells from non-bladder cancer cells, but also
effectively inhibit the growth and metastasis of cancer cells.
However, this gene circuit is only suitable for the gene therapy
of bladder cancer because of the tissue expression specificity of
the Get-1 transcription factor.

Ets-1 is a transcription factor that is widely expressed in a
variety of tumors (Hahne et al., 2008). Previous studies have
found that the TERT promoter of many tumors has high
frequency mutations, and the mutated sequence increases the
binding site of Ets-1 (Li et al., 2015; Liu L. et al., 2016). TERT is
also a broad-spectrum tumor marker, which is conducive to the
excessive division of tumor cells.

A more interesting idea is to use CRISPReader to sense Ets-
1 and to develop a broad-spectrum anti-cancer tool. In this
study, based on the CRISPReader technology, we successfully
constructed a gene circuit that senses the endogenous Ets-1
transcription factor in cells. It can identify a variety of cancer cells
including bladder cancer and gastric cancer, and can specifically
and effectively induce apoptosis of cancer cells.

MATERIALS AND METHODS

Cancer Cell Culture
The cancer cell lines used in this study were purchased
from the Institute of Cell Research, Chinese Academy of
Sciences (Shanghai, China). Cells were grown in a high-sugar
DMEM medium (Qingdao Jieshikang Biotechnology Co., Ltd.)
supplemented with 10% fetal bovine serum (Invitrogen) at 37◦C
in a 5% carbon dioxide atmosphere.

Construction of the CRISPReader
System
The cDNA sequences for sgRNA binding regions were designed,
synthesized, and inserted into the corresponding vector,
which had been digested with restriction endonucleases. All
vectors were transformed into One Shot TOP10 Chemically
Competent E. coli cells, and the desired expression clones
were identified using polymerase chain reaction (PCR)
amplification and electrophoresis, and then confirmed with
Sanger sequencing.

Gene Transfection
The above plasmids were transfected into various cancer
cells using Lipofectamine 2000 kit according to the operation
instructions when the cell density reached 60 ∼70%.

Luciferase Activity Detection
After transfection for 48 h, cells were obtained. Next, the
activities of firefly and ranilla luciferase were analyzed by
double luciferase reporting assay (Promega) in line with the
manufacturer’s specifications.

GFP Reporter Gene Assay
GFP reporter gene assay was also used for studying the regulation
of gene expression. A specialized microscope was used to see

FIGURE 2 | Distinguishing between bladder cancer cells and normal cells. (A) Cell luciferase activity was determined using the dual luciferase reporting assay
(**p < 0.01). Data were expressed as mean ± SD. (B) Cell GFP expression was determined using the GFP reporter assay (**p < 0.01). Data were expressed as
mean ± SD.
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GFP-expressing cells. The percentage of cells showing green
fluorescence was quantified by the Image J software1.

Cell Apoptosis Assay
Cancer cells were transiently transfected with plasmid vectors,
and then a BD flow cytometer (Beijing Delica Biotechnology Co.,
Ltd.) was used to detect the cells that had been transfected for
48 h and stained by Annexin V and PI in a 6-hole plate, and the
experiment was repeated three times.

CCK-8 Cell Proliferation Assay
Cancer cells were transiently transfected with plasmid vectors,
and then cells were analyzed with CCK-8 assay after being
cultured in DMEM medium for 24, 48, and 72 h. For the
determination of cell proliferation, a Cell-Counting Kit 8
(Dojindo Laboratories) was used according to the instructions.
Fluorescence (450 nm) was recorded using a microplate reader.

Statistical Analysis
SPSS 21.0 (SPSS, Inc., Chicago, IL, United States) was used
to conduct statistical analysis. T-test was applied to express
the measurement data, which was expressed by the mean
number ± standard deviation (x ± SD). P < 0.05 was considered
statistically significant.

RESULTS

Construction of a CRISPReader That
Senses the Ets-1 Transcription Factor
We inserted the binding sequence of transcription factor Ets-1
into the upstream of the transcription initiation element TATA
box. Then, the sgRNA binding site was inserted between the
two elements. The Cas9/VP64 and sgRNA expression framework
were inserted downstream of the transcription start site. The

1https://imagej.nih.gov/ij/

FIGURE 3 | Distinguishing between gastric cancer cells and normal cells. Cell
luciferase activity was determined using the dual luciferase reporting assay
(**p < 0.01). Data were expressed as mean ± SD.

sgRNA also targets the promoter region of luciferase or GFP.
When the expression of the transcription factor Ets-1 in the
cell is very low, neither Cas9/VP64 nor sgRNA is expressed. In
cancer cells expressing Ets-1, Cas9/VP64 and sgRNA continue
to drive their self-expression, and then transcriptionally activate
luciferase (Figure 1A) or GFP (Figure 1B).

Distinguishing Between Bladder Cancer
Cells and Normal Cells
To verify whether the CRISPReader system can specifically
recognize bladder cancer cells by sensing the expression of
the transcription factor Ets-1, we transiently transferred the
plasmid expressing the system into a series of cancer cells and
corresponding normal cells. The luciferase test results suggest
that the CRISPReader can significantly activate the expression

FIGURE 4 | Specifically induced cancer cell apoptosis. Cell apoptosis activity
was determined using the flow cytometry assay (**p < 0.01). Data were
expressed as mean ± SD.

FIGURE 5 | Specifically inhibited cancer cell proliferation. Cell proliferation rate
was determined using the CCK-8 assay (**p < 0.01). Data were expressed as
mean ± SD.
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of luciferase in T24, 5637, RT4 bladder cancer cell lines that
highly express Ets-1, but cannot express luciferase in normal
urothelial cells SV-HUC-1 (Figure 2A). The results were the same
when the reporter gene was GFP (Figure 2B). The difference in
the expression of reporter genes suggests that the CRISPReader
system can effectively distinguish bladder tumor cells from
normal bladder cells.

Distinguishing Between Gastric Cancer
Cells and Normal Cells
To verify the broad spectrum of the CRISPReader system in
recognizing tumor cells, we transiently transferred the plasmid
expressing the system into a series of gastric cancer cells and
corresponding normal cells. The luciferase test results suggest
that the CRISPReader can significantly activate the expression
of luciferase in BGC-823, RPMI 1640, and HGC-27 gastric
cancer cell lines that highly express Ets-1, while it cannot express
luciferase in normal gastric epithelial cells GES-1 (Figure 3).
The expression difference of the reporter gene suggests that
the CRISPReader system can effectively distinguish gastric
tumor cells from normal gastric cells, indicating that the Ets-
1-sensing CRISPReader system has potential broad-spectrum
anti-tumor capabilities.

Inducing Cancer Cell Apoptosis
We then replaced the luciferase gene with the caspase-3 gene,
which can induce apoptosis. The CRISPReader expression
plasmid was transfected into bladder cancer and gastric cancer
cell lines and the corresponding normal cell lines, respectively.
The results of flow cytometry indicated that the apoptosis rate of
tumor cell lines was significantly higher than that of normal cell
lines (Figure 4), indicating that the Ets-1-sensitive CRISPReader
system can effectively induce the apoptosis of different tumor
cells and has broad-spectrum anti-tumor activity.

Inhibiting Cancer Cell Proliferation
For the final step, we replaced the luciferase gene with the PTEN
gene, which can inhibit cell proliferation. The CRISPReader
expression plasmid was transfected into bladder cancer and
gastric cancer cell lines and the corresponding normal cell lines,
respectively. The results of the CCK-8 assay indicate that the
proliferation rate of tumor cell lines was significantly lower
than that of normal cell lines (Figure 5), indicating that the
Ets-1-sensitive CRISPReader system can effectively inhibit the

proliferation of different tumor cells and has broad-spectrum
anti-tumor activity.

DISCUSSION

The application of the CRISPR system to the basic and
therapeutic research of tumors is a major trend in current
academic circles. An effective anti-cancer strategy is to use the
CRISPR system to target fusion genes to exert anti-cancer effects
(Zhan T. et al., 2019). However, the CRISPR system can not only
regulate its downstream target genes but also sense a series of
upstream signals, thus playing the role of the signal transmitter
(Liu et al., 2018). It has obvious advantages when applied to
tumor biotherapy, which can effectively identify and kill cancer
cells. The biggest problem is how to choose the carcinogenic
signal to be sensed. Ets-1 is a transcription factor that is generally
highly expressed in tumors, so it is an ideal signal molecule for
the CRISPR system.

In this study, we successfully designed a CRISPReader
system that senses the Ets-1 transcription factor. It can
effectively identify a variety of tumor cell lines including bladder
cancer and gastric cancer, and specifically induce apoptosis
and inhibit the proliferation of cancer cells. This study fully
confirmed the effectiveness of Ets-1 as a broad-spectrum tumor
recognition signal and provided a new anti-cancer tool based on
the CRISPR system.

The limitation of this study is that only in vitro cell
experiments were performed, and animal experiments will
be needed in the future to further prove the anti-cancer
effect of this tool.
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Targeted Demethylation of the PLOD2
mRNA Inhibits the Proliferation and
Migration of Renal Cell Carcinoma
Congcong Cao1, Qian Ma1, Xinbo Huang1, Aolin Li 2, Jun Liu2, Jing Ye1* and Yaoting Gui1*

1Guangdong and Shenzhen Key Laboratory of Male Reproductive Medicine and Genetics, Institute of Urology, Peking University
Shenzhen Hospital, Shenzhen-Peking University-The Hong Kong University of Science and Technology Medical Center,
Shenzhen, China, 2Department of Urology, Peking University First Hospital, Beijing, China

N6-methyladenosine (m6A) RNA modification is the most common internal mRNA
modification in mammals and has been reported to play a key role in gene expression
regulation. In this study, we detected a high level of m6A methylation of the PLOD2 3′-
untranslated regions (3′UTR) in renal cell carcinoma (RCC). Furthermore, we found that the
high expression level of PLOD2 was a prognostic indicator for patients with RCC. A
dm6ACRISPR demethylation system was performed to accurately and specifically
demethylate 3′UTR of PLOD2 and caused an inactivation of PLOD2 expression.
Furthermore, we also performed many in vitro experiments to confirm that PLOD2
exerted tumor promoter effects by promoting tumor proliferation and migration. In
conclusion, PLOD2 mRNA demethylated by dCas13b-ALKBH5 might provide a new
light on the treatment for RCC.

Keywords: CRISPR, dCas13b, (N6-methyladenosine), PLOD2, renal cell cancer

INTRODUCTION

Renal cell carcinoma (RCC) is one of the most common adult genitourinary cancers. According to
the latest cancer statistics report, there are more than 65,000 newly diagnosed cases in the
United States each year, and nearly 15,000 of them have renal cancer-related deaths, making it
the sixth most common tumor site (Siegel, Miller, and Jemal 2019). Renal clear cell carcinoma
(ccRCC) is the most common histologic subtype of renal cell carcinoma, accounting for 70% (Ronald
and Bukowski. 1997). Although diagnostic techniques for renal cell carcinoma have improved in
recent decades, ∼30% of patients with RCC have metastatic or local progression at the time of
diagnosis. Since ccRCC is resistant to chemoradiotherapy, surgery is still an effective method for the
treatment of ccRCC. However, about one-third of patients with localized renal cancer develop local
recurrence and metastasis after surgical treatment. Therefore, there is an urgent need to explore the
molecular mechanism of renal cell carcinoma and find new effective targets for treatment and
intervention of patients with renal cell carcinoma.

N6-methyladenosine (m6A) RNA modification is an epigenetic modification that occurs at the
transcriptome level, and is the most common post-transcriptional modification of mRNA in
eukaryotes. It is widely involved in a series of RNA-related metabolic activities such as RNA
stability regulation, splicing processing, transport and translation (Dominissini et al., 2012; Meyer
et al., 2012; Bodi et al., 2015). About 1/3 of human gene transcripts are m6A modified, with an
average of 3–5 m6Amodifications per mRNA. M6Amodification is a dynamic and reversible process
that is mainly regulated by three types of proteins: RNA methyltransferases (Writers), which
promote the methylation of N6-adenylate in RNA, including Mettl3, Mettl14, and WATP; RNA
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demethylases (erasers) were used to remove N6-adenosine
methylation, and FTO and ALKBH5 were common (Jia et al.,
2011; Liu et al., 2014; Ping et al., 2014; Schwartz et al., 2014). M6A
recognition proteins (readers) are responsible for binding to m6A
sites on RNA to affect splicing (Dominissini et al., 2012),
processing (Wang et al., 2014), degradation and other
processes of RNA, mainly including YTHDFs and YTHDCs
subtypes (Deng et al., 2018; Huang, Weng, and Chen 2020).

PLOD2 is a member of the PLOD (Procollagen-Lysine, 2-
oxoglutarate 5-dioxygenase) family, which selectively
hydroxylates the lysine residues of collagen-terminal peptides
to promote the picoline-hydroxyl cross-linking reaction of
collagen, thereby enhancing the stability of collagen (Gilkes
et al., 2013). Collagen is the most abundant protein in the
extracellular matrix, which is known as the “highway” for tumor
cell migration and invasion. Semenza et al.’s study showed that
hypoxic inducible factor 1 (HIF-1) can induce the expression of
collagen hydroxylase P4HA1, P4HA2, and PLOD2 under
hypoxic conditions, change extracellular matrix fiber
arrangement, and then affect cell morphology, adherent
ability and directional migration ability (Eisinger-Mathason
et al., 2013). PLOD2 expression was up-regulated in various
malignant tumors and negatively correlated with prognosis. It
has been reported that in sarcoma (Miyamoto et al., 2016),
pancreatic cancer (Kurozumi et al., 2016) and breast cancer
(Dong et al., 2005), HIF-1α can regulate the expression of
PLOD2 and thus affect tumor migration and invasion ability
(Rajkumar et al., 2011). PLOD2 up-regulates the expression of
HK2 through the STAT3 signaling pathway, which is a key
enzyme in glycolysis, thereby affecting the proliferation,
migration and invasion of colorectal cancer cells (Reis et al.,
2011). PLOD2 knockdown in glioma can inhibit the PI3K/Akt
signaling pathway, and then inhibit the expression of
downstream EMT-related molecules such as E-cadherin and
Snailin (Blanco et al., 2012). Recent studies have shown that in
head and neck squamous cell carcinoma (HNSCC), integrin β1
is more stable after Plod2-hydroxylated modification, and is
subsequently recruited to the cell membrane to regulate tumor
cell movement, thereby promoting tumor invasion and
metastasis (Dong et al., 2005).

In this research, we found that the PLOD2 m6A modification
of mRNA and expression levels were significantly elevated in
RCC. Then we wanted to clarify the effect of PLOD2 in the
development of renal cancer and its molecular mechanism of
m6A methylation modification. Based on previous literature
investigation and preliminary experimental results, we
speculated that m6A modification of PLOD2 could promote
the translation of PLOD2 protein after YTHDF1 recognition,
and then activate key molecules in the signaling pathway related
to migration and invasion, thus promoting the occurrence and
development of renal cancer.

In this study, we can achieve site-specific regulation of m6A
modification on PLOD2 mRNA by transfected with CRISPR/
dCas13b-ALKBH5 and targeted PLOD2 sgRNAs (Li et al., 2020).
At the cell level, the effects of PLOD2 m6A modification on the
proliferation, migration, invasion and apoptosis of renal
carcinoma cells were analyzed to explore its molecular

mechanism in the occurrence and development of renal
carcinoma.

RESULTS

The Expression Level and
N6-Methyladenosine Methylation Level of
PLOD2 Were Significantly Increased in
Renal Cell Carcinoma Tissues
To study the functional role of PLOD2 m6A methylation in renal
cell carcinoma (RCC), the PLOD2 m6A methylation levels were
measured in five tumor tissues relative to their normal control
samples. A significant increase in m6A modification in PLOD2
mRNA was observed in tumor samples (Figure 1A). Moreover,
our previous results exhibited that m6Amethylation of PLOD2 in
3′’-untranslated regions increased remarkably in five tumor
tissues compared to their paired adjacent normal tissues
(Figure 1D). Then we checked the expression levels of PLOD2
in RCC tumor and adjacent tissues by RT-qPCR and IHC. We
found the mRNA and protein levels of PLOD2 were significantly
increased in RCC tumor tissues compared to adjacent tissues
(Figures 1B,C). Besides, RCC patients with higher PLOD2
expression obtained shorter overall survival (OS) from TCGA
database (Figure 1E). These results implied that dysregulation of
PLOD2 mRNA and m6A methylation level might be involved in
the progression of RCC.

The mRNA and N6-Methyladenosine
Methylation Level of PLOD2 Was
Significantly Upregulated in Renal Cell
Carcinoma Cell Lines
To validate the expression pattern of PLOD2 in vitro, we firstly
measured the mRNA and protein level of PLOD2 in RCC cell
lines (786-O, 769-P, ACHN, OSRC, and CAKI-1) by RT-qPCR
and western blotting. We found PLOD2 was highly expressed in
786-O and OSRC RCC cell lines compared to HK-2, a normal
renal tubule epithelium cell (Figures 2A,B). Therefore, we then
examined the m6A methylation levels of PLOD2 in 786-O and
OSRC cells which PLOD2 was highly expressed. The results
showed that PLOD2 mRNA was highly methylated measured
by MeRIP-qPCR in 786-O and OSRC cells (Figure 2C).

dm6ACRISPR Induced Demethylation of
PLOD2 mRNA
Then, PLOD2 mRNA was specifically demethylated by
transfected with CRIPSR/dCas13b-ALKBH5 and PLOD2
sgRNAs in RCC cells lines. We designed two gRNAs targeted
PLOD2 mRNA methylation region (Figure 3A). Firstly,
dCas13b-ALKBH5 fusion protein was examined in cell by
western blot (Figure 3B). Next, the demethylation effect of
dm6ACRISPR on PLOD2 mRNA was validated by MeRIP-
qPCR. We found m6A levels of PLOD2 mRNA were
significantly inhibited after transfected with dCas13b-ALKBH5
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FIGURE 1 | The mRNA and m6A methylation levels of PLOD2 were significantly increased in RCC tissues compared to adjacent tissues. (A) M6A enrichment of
PLOD2 mRNA in five pairs of RCC tissues and matched adjacent tissues was measured by MeRIP-qPCR analysis. (B) PLOD2 mRNA expression levels in tumor and
adjacent tissues were detected by RT-qPCR. (C) Representative IHC stains of PLOD2 in RCC tumor and adjacent tissues. (D) The m6A abundances on PLOD2 mRNA
transcripts in five pairs of tumor and adjacent tissues by m6A-RIP-seq. (E) Survival analysis of PLOD2 expression in RCC patients. *p < 0.05.

FIGURE 2 | The mRNA and m6A methylation levels of PLOD2 were obviously increased in RCC cell lines. (A,B) PLOD2 mRNA and protein expressions in RCC cell
lines (786-O, 769-P, ACHN, OSRC, and CAKI-1) and normal epithelium cells of renal tubule HK2 by RT-qPCR and western blot. (C)m6A enrichment of PLOD2 in 786-O
and OSRC RCC cells detected by MeRIP-qPCR. *p < 0.05, **p < 0.01, ***p < 0.005.
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and PLOD2 sgRNAs in 786-O and OSRC cells (Figure 3C).
However, there were no significant change of PLOD2 mRNA
levels after transfected with dCas13b-ALKBH5 and PLOD2
sgRNAs (Figure 3D). But the protein levels of PLOD2 were
decreased after transfected with dCas13b-ALKBH5 and PLOD2
sgRNAs in 786-O and OSRC cells (Figure 3E). In conclusion, our
results exhibited that dCas13b-ALKBH5 could decrease protein
level not mRNA level of PLOD2 after demethylating its mRNA.

Targeting Demethylation of PLOD2
Transcripts by dCas13b-ALKBH5 Inhibited
Renal Cell Carcinoma Cells Proliferation
To further investigate that dm6ACRISPR targeting PLOD2
whether can modulate RCC cells proliferation, we performed
5-ethynyl-20-deoxyuridine (EdU) and cell counting kit-8
(CCK-8) assays to evaluate the proliferative activity of RCC
cells after dm6ACRISPR targeting PLOD2 in 786-O and OSRC
RCC cells. And the results showed that demethylation of
PLOD2 mRNA induced by dm6ACRISPR led to a decreased

cell proliferation rate in the 786-O and OSRC RCC cells as
compared with that of non-targeted gRNA combined with
dCas13b-ALKBH5 (Figures 4A–E). These results confirmed
that targeted demethylation of PLOD2 transcripts could
inhibit RCC cells proliferation.

Targeting Demethylation of PLOD2
Transcripts by dCas13b-ALKBH5 Inhibited
Renal Cell Carcinoma Cells Migration
To further explore the role of m6A methylation of PLOD2 in
RCC migration, we demethylated PLOD2 mRNA by
dm6ACRISPR in 786-O and OSRC RCC cells. Notably, an
obvious delay in migration was observed in PLOD2-
demethylating RCC cells in a scratch wound healing assay
(Figures 5A–C). Furthermore, PLOD2 demethylation
significantly suppressed the migration of RCC cells in
transwell assay (Figures 5D,E). These results confirmed that
targeted demethylation of PLOD2 transcripts in RCC cells
inhibited wound closure and migration activity.

FIGURE 3 | dm6ACRISPR induced demethylation of PLOD2 mRNA. (A) Construction of dCas13b-ALKBH5 with two gRNAs targeting methylation region of
PLOD2 3’UTR. (B) dCas13b-ALKBH5 fusion protein was examined in cell by western blot. (C) MeRIP-qPCR analysis of PLOD2 mRNA in 786-O and OSRC RCC cells
after transfected with dCas13b-ALKBH5 and sgRNAs for 24 h. (D)mRNA expression levels of PLOD2 in 786-O and OSRC RCC cells after transfected with dCas13b-
ALKBH5 and sgRNAs for 24 h by RT-qPCR. (E) Protein levels of PLOD2 in 786-O and OSRC RCC cells after transfected with dCas13b-ALKBH5 and sgRNAs for
24 h by western blot. **p < 0.01.
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FIGURE 4 | Targeting demethylation of PLOD2 transcripts by dCas13b-ALKBH5 inhibited RCC cells proliferation. (A–C) EdU assays of 786-O and OSRC cells
after transfected with dCas13b-ALKBH5 and sgRNAs. (D,E) CCK-8 assays of 786-O and OSRC cells after transfected with dCas13b-ALKBH5 and sgRNAs. *p < 0.05,
**p < 0.01, ***p < 0.005.

FIGURE 5 | Targeting m6A of PLOD2 transcripts by dm6ACRISPR inhibited RCC cells migration. (A–C) Wound healing assays of 786-O and OSRC cells after
transfected with dCas13b-ALKBH5 and sgRNAs. (D,E) Transwell migration assays of 786-O and OSRC cells after transfected with dCas13b-ALKBH5 and sgRNAs.
**p < 0.01.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 6756835

Cao et al. PLOD2 Demethylation Promotes RCC Proliferation

156

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


YTHDF1 Involved in N6-Methyladenosine
Regulated Expression of PLOD2
Mechanism of targeting demethylation of PLOD2 transcripts by
dCas13b-ALKBH5 inhibited its protein level need to be further
investigated. YTHDF1 acted as “reader” can recognize m6A
methylated mRNA and regulate the methylated mRNA
translation (Xiao et al., 2015). We then examined if there was
relationship between YTHDF1 and methylated PLOD2 mRNA
by RIP-qPCR. The results showed that PLOD2 mRNA could be
interacted by YTHDF1 protein in 786-O and OSRC RCC cells
(Figures 6A,B). In addition, after overexpressed YTHDF1 in 786-
O and OSRC RCC cells, we found the protein levels of PLOD2
were increased which confirmed previous data (Figures 6C,D).
These results validated that YTHDF1 could interact with
methylated PLOD2 mRNA and regulate its protein level by
m6A modification.

Targeted Demethylation of PLOD2 mRNA
Regulated Downstream Target Genes
Expression
Finally, we examined the impact of PLOD2 mRNA
demethylation on the transcriptome of 786-O and OSRC RCC
cells by RNA-seq. We identified 308 and 269 differentially
expressed genes in PLOD2 demethylated OSRC and 786-O
cells compared to control cells (Figures 7A,B,D). By
comparing differentially expressed genes in two cell lines, we

identified 19 genes that might be regulated by PLOD2
(Figure 7C). These differentially expressed genes were further
categorized based on the KEGG pathway, and we found they were
associated with “Lysine degradation,” “VEGF signaling pathway,”
“Transcriptional misregulation in cancer,” “Renal cell
carcinoma,” “MAPK signaling pathway,” “TNF signaling
pathway,” and “Metabolic pathways” in two RCC cell lines
related with PLOD2 demethylation (Figures 7E,F). Finally, we
demonstrated that demethylation of PLOD2 inhibited the
activation of the MAPK signaling pathway in RCC cells
(Figures 7G–I).

DISCUSSION

Renal cell carcinoma (RCC) is one of the most common
malignancies of urinary system. In 2015, it was reported that
there were 66,800 new cases and 23,400 deaths from renal cell
carcinoma in China (Siegel, Miller, and Jemal 2019). Clear cell
renal cell carcinoma (CCRCC) is the main pathological type of
renal cell carcinoma, accounting for 70–80% of renal cell
carcinoma (Ronald and Bukowski 1997). RCC has no specific
clinical manifestations and features in its early stage, and 20–30%
have metastasized at the time of initial diagnosis. Nephrectomy is
the main treatment for renal cell carcinoma (RCC). The 5 years
survival rate for patients with early stage surgery is more than
80%, while the prognosis for patients with advanced metastasis is
very poor. Renal cell carcinoma is not sensitive to radiotherapy

FIGURE 6 | YTHDF1 involved in m6A regulated protein level of PLOD2. (A,B) YTHDF1 RIP-qPCR analysis of PLOD2mRNA in 786-O and OSRC cells. GAPDH as a
negative control. (C,D) Western blot analysis of PLOD2 protein levels in 786-O and OSRC cells transfected with control or YTHDF1 construct for 24 h. ***p < 0.005.
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and chemotherapy. Existing targeted drugs have uncertain
efficacy, and most of them are still in clinical trials. Therefore,
further study of the molecular mechanism of the occurrence and
development of renal cell carcinoma and search for specific
diagnostic markers and therapeutic targets are of great
academic significance and application value for the early
diagnosis and precise treatment of renal cell carcinoma.

N6-methyladenosine RNA modification on the sixth
nitrogen atom of RNA molecule adenine has become one of
the hot topics in the field of biomedical research in recent years
(Dominissini et al., 2012; Meyer et al., 2012; Bodi et al., 2015).
More and more studies have shown that abnormal m6A
modification is closely related to the occurrence and
development of tumors (Jia et al., 2011; Liu et al., 2014; Ping
et al., 2014; Schwartz et al., 2014). This project used MeRIP-seq
to analyze the differences in m6A methylation modification
profiles of five pairs of RCC tumor tissues and adjacent tissues,
and combined with RNA-seq to compare the differences in
gene expression profiles of tumor tissues and adjacent tissues.

Through joint analysis, a number of genes that might be caused
by m6A modification changes were found to change the
expression levels. Among them, the modification and
expression level of m6A on PLOD2 mRNA were significantly
increased in renal clear cell carcinoma tissues, which aroused
our research interest.

Our preliminary experimental results showed that the
incidence of tumor metastasis was significantly increased in
RCC patients with elevated PLOD2 expression in cancer
tissues, and overall survival rate was significantly reduced. And
demethylation of PLOD2 significantly inhibited the proliferation
and migration of RCC cells, suggesting that PLOD2 played an
important role in the development and progression of RCC.
Overexpression of YTHDF1 in RCC cells significantly up-
regulated the protein levels of PLOD2, suggesting that
modification of m6A could regulate the protein level of
PLOD2. Finally, the RNA-seq data showed that typical
pathways involved in RCC development and progression such
as “Lysine degradation,” “VEGF signaling pathway,”

FIGURE 7 | Targeted demethylation of PLOD2 mRNA regulates downstream target genes expression. (A,B) The scatter diagram showed the differentially
expressed genes (DEGs) in PLOD2 demethylated 786-O andOSRC cells. (C) The venn diagram summarized the overlap of PLOD2 regulated genes in both cells. (D) The
heatmap showed the differentially expressed genes (DEGs) in PLOD2 demethylated 786-O and OSRC cells. (E,F) KEGG pathway analysis of DEGs in 786-O and OSRC
cells. (G–I) The protein levels of MAPK pathway related proteins were measured in PLOD2 demethylated 786-O and OSRC cells by western blot.
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“Transcriptional misregulation in cancer,” “Renal cell
carcinoma,” “MAPK signaling pathway,” “TNF signaling
pathway,” and “Metabolic pathways” were enriched by KEGG
pathway analysis. These results demonstrate that PLOD2 is a
transcriptional regulator associated with cancer development and
progression.

This study explores the role and molecular mechanism of
PLOD2 m6A modification in the occurrence and development
of RCC through targeted regulation of PLOD2 mRNA
methylation by dm6ACRISPR. The implementation of this
study will have important academic value in further
elucidating the molecular mechanism of the occurrence and
development of renal cell carcinoma, and will also provide a new
way for the early diagnosis and precise treatment of renal cell
carcinoma.

METHODS

Patients and Tissue Specimen Collection
Five primary clear cell renal cell carcinoma (ccRCC) samples
and five adjacent non-malignant renal tissues with patients’
informed consent were obtained from the Urology
Department of Peking University First Hospital (PKUFH),
Beijing, China. This study followed the Helsinki declaration
and was approved by the Institutional Ethical Review Board
of PKUFH. The pathological diagnosis was made by
professional urological pathologists. Samples were
collected immediately in the operating room after surgical
removal and were stored in liquid nitrogen after rapid
freezing in liquid nitrogen for the following RNA
isolation. We used these samples for the later mRNA and
protein analysis.

RT-qPCR and MeRIP-qPCR
Total RNA of primary RCC tissues and cell lines were
extracted using an RNA-easy Isolation Reagent (Vazyme
Biotech, Nanjing, China) according to their instructions,
respectively, as previously described. The fragmented RNA
was incubated with anti-m6A antibody-coupled beads. The
m6A-containing RNAs were then immunoprecipitated and
eluted from the beads. Both input control and m6A-IP
samples were subjected to RT-qPCR with gene-specific
primers. cDNA was synthesized using HiScript III RT
SuperMix for qPCR (Vazyme Biotech, Nanjing, China).
qRT-PCR was performed using spectrophotometry (ABI
Prism 7500TM instrument, Applied Biosystems) with
universal SYBR Green qPCR Master Mix (Vazyme Biotech,
Nanjing, China). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as reference gene. Primers were listed in
Supplementary Table S1.

Vector Construction and Design of gRNAs
The CRISPR dCas13b plasmids and Cas13b-gRNA
plasmids were purchased from Addgene. And All
designed gRNAs and dCas13b-ALKBH5 vector were
constructed by Synbio Technologies Company (Suzhou,

China). The sequences of related plasmids were listed in
Supplementary Table S1.

Cell Culture and Plasmid Transfection
RCC cell lines (786-O, 769-P, ACHN and OSRC) were used in this
study. HK-2 human kidney proximal tubular epithelial cells were
used as normal controls. These cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
United States) and National Infrastructure of Cell Line Resource,
China. Cell lines were routinely cultured in RPMI 1640 or DMEM,
which was supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, United States) and incubated in a 5% CO2

environment at 37°C. All plasmids were transfected with
lipo3000 (Invitrogen) following manufacture’s protocol and the
number of plasmids used in the experiments were 1 μg.

Protein Isolation and Western Blot
Total protein of cells was extracted by KeyGEN Bio TECH
protein extraction kit (KGP1100) and separated on 10% SDS-
PAGE and transferred onto nitrocellulose membrane. After
blocking, blots were immunostained with primary antibodies
and secondary antibodies respectively as previously described.
The antibodies were as follows: PLOD2 (1:1,000; Preteintech,
United States); ALKBH5 (1:1,000; Sigma, United States);
YTHDF1 (1:1,000; Preteintech, United States); ERK (1:1,000;
Cell Signaling Technology, United States); p-ERK (1:1,000; Cell
Signaling Technology, United States) and GAPDH (1:10,000;
Preteintech, United States). Immunohistochemistry staining
was performed using a primary antibody of PLOD2 at a 1:300
dilution following a protocol described previously. All
photographs were taken randomly and measured using Image
Pro Plus (Media Cybernetics, Rockville, MD, United States).

Wound-Healing Assay
The cell motility was assessed by scratch wound healing assay.
786-O and OSRC cells (2–3 × 106 per well) were plated in a six-
well plate for 1 day and then transfected with vectors for 24 h. The
cell layers were washed with PBS after carefully scratching by
sterile tips. After incubation for 0 and 24 h, photos were taken.
The assays were performed in triplicate.

Transwell Migration Assay
The 786-O and OSRC cells suspended in 150 ul serum-free
medium (2 × 105 cells/ml) were placed on the upper layer of
a cell permeable membrane. Following another 24–48 h
incubation, the cells migrated through the membrane were
stained with 1% Crystal Violet and counted.

RNA-Sequencing
Total RNA was prepared from RCC cells after transfected with
the dCas13b-ALKBH5 and gRNAs using Rneasy kit (Qiagen) and
was subjected to RNA-seq according the mRNA sequencing
protocol provided by Illumina (TruSeq RNA Sample
Preparation Kit). In brief, poly(A)-containing mRNA
molecules were purified using poly(T)-oligo-attached magnetic
beads, fragmented and applied to first-strand complementary
DNA (cDNA) synthesis using reverse transcriptase and random
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primers. Second-strand cDNA synthesis was performed using
DNA polymerase I and RNase H. cDNAs were then end-repaired,
A-tailed, ligated to adaptors and amplified to create the final
cDNA library. Afterwards, adaptor-ligated cDNA was sequenced
on a HiSeq2000 sequencer according to the manufacturer’s
instructions.

Statistical Analysis
When comparing two groups of measurement data, t test was
used for data conforming to normal distribution, whereas a
Wilcoxon test was used for data not conforming to normal
distribution, and the measurement data were expressed as the
mean ± standard deviation (SD). A Chi-square test was used to
analyze comparisons between groups for enumeration data. The
Kaplan-Meier method was used for survival analysis, and a log-
rank test was applied for comparations between groups. R
packages used in this study included “GDCRNATools,”
“clusterProfiler,” “org.Hs.eg.db,” “tidyr,” “dplyr,” “ggplot2,”
“ggsignif,” “survival,” and “survimier”. Annotation gene sets
used in GSEA were hallmark gene sets from the Molecular
Signatures Database (MSigDB). All statistical analyses were
performed and visualized using RStudio (Version1.2.1335,
Boston, MA, United States), GSEA (Version4.0, UC San Diego
and Broad Institute, United States) 23, Medcalc (Version16.8,
Ostend, Belgium), and GraphPad Prism (Version 8.0, GraphPad,
Inc., La Jolla, CA, United States). A two-tailed p < 0.05 was
considered statistically significant.
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Downregulation of CacyBP by
CRISPR/dCas9-KRAB Prevents
Bladder Cancer Progression
Hanxiong Zheng and Chiheng Chen*

Department of Urology, The Eighth Affiliated Hospital, Sun Yat-sen University, Shenzhen, China

Bladder cancer (BCa) is a leading cause of cancer-related death in the world. CacyBP is
initially described as a binding partner of calcyclin and has been shown to be involved in a
wide range of cellular processes, including cell differentiation, proliferation, protein
ubiquitination, cytoskeletal dynamics and tumorigenesis. In the present study, we
found that CacyBP expression was significantly upregulated in BCa tissues compared
with adjacent normal tissues. Moreover, its expression was negatively correlated with
overall survival time. Secondly, CacyBP had higher expressions in BCa cell lines than
normal urothelial cells which was consistent with the results of BCa tissues. Finally,
knockdown of CacyBP by CRIPSR-dCas9-KRAB in T24 and 5,637 BCa cells inhibited
cell proliferation and migration by CCK-8 assay and scratch assay, and promoted
apoptosis by caspase-3/ELISA. These data elucidate that CacyBP is an important
oncogene contributing to malignant behavior of BCa and provide a potentially
molecular target for treatment of BCa.

Keywords: cacybp, bladder cacner, CRISPR, proliferation, migration

INTRODUCTION

Bladder cancer is the most common urinary tract tumor with a high degree of malignancy, most of
which are urothelial carcinoma of the bladder, accounting for more than 90% (Pashos et al., 2002). Its
incidence is high over the years, among all malignant tumors, it ranks the 10th in China (Chen et al.,
2016). In 2012, the number of cases of bladder cancer in the world is expected to be as high as 430,000
(Feday et al., 2015). The morbidity and mortality of bladder cancer mainly occur in underdeveloped
areas and developing countries, which will be significantly higher than that in developed areas
(Antoni et al., 2017; Siegel et al., 2017). Bladder cancer is a heterogeneous disease with complex and
varied clinical features and atypical early clinical symptoms. Most patients come to the hospital after
hematuria occurs. As a result, when most patients are first diagnosed with bladder cancer, the tumor
has already reached the middle and advanced stage, and most of the tumors have already undergone
invasion and metastasis, leading to unsatisfactory treatment or recurrence of advanced bladder
cancer (DeGeorge et al., 2017; Babjuk et al., 2017). Therefore, in order to explore the pathogenesis of
bladder cancer, to analyze the molecular mechanism of its invasion and metastasis, and to find new
screening biological indicators, diagnosis and treatment markers and molecular therapeutic targets
for bladder cancer has always been a clinical difficulty and research hotspot. It is of great significance
to improve the diagnosis and treatment effect of bladder cancer, reduce its recurrence rate and
mortality rate, and improve the prognosis of patients.

CACYBP protein was first cloned from Eichenian ascites tumor cells by Filipek et al., with a
molecular weight of about 30 kDa. It can bind to calcyclin, so it was first named as CACYCLIN
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binding protein (CACYBP) (Filipek and Wojda, 1996; Filipek
et al., 2002; Nowotny et al., 2000). In 2001, Matsuzawa et al.
studied the process of β-catenin degradation induced by p53
activation in tumor cells, and found a new SAIH-1 binding
protein (SIP), which can bind with SAIH-1, SKPL, EBI, etc., to
form a complex, and eventually ubiquitinate to degrade β-catenin
(Matsuzawa and Reed, 2001). After amino acid sequence
alignment, it was found that human SIP was highly
homologous to mouse CacyBP, thus the naming of CacyBP/
SIP protein was formally established. Currently, it is known that
CacyBP/SIP plays a variety of molecular biological functions. It is
not only involved in protein ubiquitin and proteasome
degradation pathway, but also involved in the regulation of
cell cycle, mediating apoptosis signal transduction, and even
affecting the occurrence and development of tumors
(olska—Wo§ et al., 2016; Ning et al., 2016).

Taking gastric cancer as an example, CacyBP/SIP can
inhibit the proliferation of tumor cells, reduce the invasion
ability, and prolong the survival of tumor-bearing mice (Ning
et al., 2007). Another team studied the expression profile of
CacyBP/SIP in 181 cases of gastric cancer. Although the
expression of CacyBP/SIP was highly expressed in gastric
cancer tissues, it was not correlated with clinicopathological
characteristics (Zhai et al., 2015). In addition, besides high
expression in gastric cancer, CacyBP/SIP is also highly
expressed in pancreatic cancer (Zhai et al., 2008; Chen
et al., 2008), and plays a role in promoting cancer
progression (Chen X. et al., 2011). However, in renal cancer
and chronic lymphoblastic leukemia, the expression of
CacyBP/SIP is decreased (Sun et al., 2007; Fu et al., 2016),
which plays a role in tumor inhibition. Interestingly, in breast
cancer and glioma, the CacyBP/SIP expression profiles
reported by different teams were completely opposite (Nie

et al., 2010; Wang et al., 2010; Zhao et al., 2011; Shi et al., 2014).
These results suggest that CacyBP/SIP may be involved in
different molecular mechanisms in different tumors and play a
complex biological function.

In our present study, we found that CacyBP expression was
significantly upregulated in bladder cancer tissues compared
with adjacent normal tissues. And its expression level is
negatively correlated with overall survival time. Moreover,
knockdown of CacyBP by CRISPR-dCas9-KRAB inhibited
BCa cell proliferation and migration but promoted cells
apoptosis. Taken together, these results provide novel
insight into how CacyBP regulate bladder cancer
tumorigenesis and provide a potential therapeutic target for
bladder cancer.

RESULTS

The Expression Level of CacyBP Was
Significantly Upregulated in Bladder Cancer
Tissues
To explore the expression patten of CacyBP in bladder cancer
tissues, we firstly checked its expression level in TCGA
database. The results showed that CacyBP was significantly
upregulated in tumor tissues compared to normal tissues
(Figure 1A). Furthermore, based on results of Kaplan–Meier
survival curves, we found patients with high CacyBP expression
level had a worse overall survival rate compared to those with
low CacyBP expression (Figure 1B). In the disease-free survival
analysis, we found the same results that patients with high
CacyBP expression level had a worse survival rate compared to
those with low CacyBP expression (Figure 1C). These results

FIGURE 1 | The mRNA level of CacyBP was significantly increased in bladder cancer tissues (A) CacyBP expression levels in tumor and adjacent tissues from
TCGA database (B) The Kaplan–Meier survival curves of CacyBP in bladder cancer tissues from TCGA database (C) The disease-free survival curves of CacyBP in
bladder cancer tissues from TCGA database.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 6929412

Zheng and Chen CacyBP Down-Regulation Prevents Bladder Cancer

163

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


suggested that CacyBP was associated with the development
and progression of bladder cancer.

CRIPSR/dCas9-KRAB Decreased the
Expression Level of CacyBP in Bladder
Cancer Cells
We measured the expression level of CacyBP in bladder cancer cell
lines and found it was upregulated in bladder cancer cell lines (T24,
UMUC3, BIU-87 and 5,637) compared to normal urothelial cells
(SVHUC-1) (Figure 2A). Previous study had confirmed that
CRIPSR/dCas9-KRAB could decrease the mRNA level of targeted
genes (Chavez et al., 2015). Then we transfected with dCas9-KRAB
fusion protein in T24 and 5,637 cells, the results showed that the
expression level of CacyBP was decreased when transfected with
sgRNAs targeted CacyBP compared to sgRNA-NT (Figures 2B,C).

Downregulation of CacyBP Inhibited the
Proliferation of Bladder Cancer Cells
Next, we determined whether the downregulation of CacyBP
inhibited bladder cancer cells proliferation. We found that the
downregulation of CacyBP by dCas9-KRAB in T24 and 5,637
cells significantly inhibited cell proliferation detected by CCK-8
assay (Figure 3A,B).

Downregulation of CacyBP Inhibited the
Migration of Bladder Cancer Cells
Besides, we further evaluated the migration ability after
downregulated CacyBP in bladder cancer cell lines checked
by wound healing and transwell migration assays. The
wound-healing assays showed that CacyBP downregulated
T24 and 5,637 cells closed the wound much slower than the

FIGURE 2 |CRIPSR/dCas9-KRAB decreased the expression level of CacyBP in bladder cancer cells (A) The expression level of CacyBP in bladder cancer cell lines
(T24, UMUC3, BIU-87 and 5,637) and normal urothelial cells (SVHUC-1) by RT-qPCR (B) The expression level of CacyBP in 5,637 cells after transfected with dCas9-
KRAB and sgRNAs for 24 h by RT-qPCR (C) The expression level of CacyBP in T24 cells after transfected with dCas9-KRAB and sgRNAs for 24 h by RT-qPCR.
**p < 0.01, ***p < 0.001.

FIGURE 3 | Downregulation of CacyBP inhibited the proliferation of bladder cancer cells (A, B) CCK-8 assays of T24 and 5,637 cells after transfected with dCas9-
KRAB and sgRNAs. *p < 0.05, **p < 0.01.
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controls after 24 h (Figures 4A–C). Transwell assays revealed
that the migration ability of T24 and 5,637 cells was
significantly decreased following the downregulation of
CacyBP (Figures 4D–F). These results suggested that

downregulated CacyBP by dCas9-KRAB inhibited the
migration of bladder cancer cells.

Downregulation of CacyBP Promoted the
Apoptosis of Bladder Cancer Cells
Finally, we performed the caspase3-Elisa assay and found the
CacyBP downregulated T24 and 5,637 cells significantly
promoted the cells apoptosis compared to the controls
(Figure 5fig5).

DISCUSSION

Bladder cancer is a common malignancy in genitourinary
diseases and one of the ten most common human tumors.
Bladder cancer is the second most common cancer in western
countries, after prostate cancer (Siegel et al., 2014). Bladder
cancer is characterized by high malignancy, multi-centrality,
easy recurrence and progression, and long treatment time,
easy to develop drug resistance, which seriously threatens
human health (Smith et al., 2014). Therefore, it is an urgent
scientific problem to actively explore the pathogenesis and
development of bladder cancer as well as new therapeutic targets.

More and more studies have shown that CACYBP/SIP protein
plays an important role in the occurrence, development, invasion
and metastasis of various tumors. Therefore, the role and
mechanism of CACYBP/SIP protein in tumors have become a
research hotspot. In the past 10 years, people have studied the role
of CACYBP/SIP in the occurrence and development of a variety

FIGURE 4 | Downregulation of CacyBP inhibited the migration of bladder cancer cells (A–C)Wound-healing assays for migration ability of T24 and 5,637 cells after
transfected with dCas9-KRAB and sgRNAs (D–F) Transwell assays for migration ability of T24 and 5,637 cells after transfected with dCas9-KRAB and sgRNAs.
**p < 0.01, ***p < 0.001.

FIGURE 5 | Downregulation of CacyBP promoted the apoptosis of
bladder cancer cells detected by caspase3-Elisa. **p < 0.01.
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of tumors. For instance, the high expression of CACYBP/SIP in
pancreatic cancer cells is positively correlated with different
stages and distant metastasis, suggesting that the high
expression of CACYBP/SIP may be associated with the
aggressiveness of pancreatic cancer (ZHAI et al., 2008; CHEN
et al., 2008). Increased levels of CACYBP/SIP protein were also
found in gastric, colon, nasopharyngeal, osteosarcoma, and
melanoma (GHOSH et al., 2011; KILANCZYK et al., 2012;
EVANS and CORFE, 2013; GHOSH et al., 2013; ZHU et al.,
2014). Among them, some studies have found that the level of
CACYBP/SIP in gastric cancer cells is positively correlated with
cancer differentiation, and we have also found that the high
expression of CACYBP/SIP can inhibit the proliferation and
invasion ability of gastric cancer cells and inhibit the growth
of tumor cells in vitro (NING et al., 2007). In colorectal cancer, a
study found that the expression of CACYBP was increased in
three different primary CRC cell lines and significantly decreased
its adhesion and β-catenin levels, suggesting that CACYBP/SIP
may be related to CRC metastasis (GHOSH et al., 2011). In renal
cancer, the expression of CACYBP/SIP protein was significantly
decreased in renal cancer tissues and renal cancer cell lines
(GHOSH et al., 2013).

This study demonstrated that CacyBP expression was
increased in bladder cancer tissues and cell lines, and CacyBP
may be involved in the regulation of malignant biological
behavior of bladder cancer. From our previous RNA-seq data
of bladder cancer tissues, we found the mRNA levels of CacyBP
were upregulated in bladder cancer tissues compared to normal
tissues. Then we used CRIPSR/dCas9-KRAB to knock down
CacyBP in T24 and 5,637 bladder cancer cells. We found the
expression levels of CacyBP were downregulated after transfected
with dCas9-KRAB in T24 and 5,637 bladder cancer cells. Then we
examined the cell proliferation andmigration ability after CacyBP
downregulated through a serious of in vitro experiments in T24
and 5,637 bladder cancer cells. The results showed that the
proliferation and migration ability of T24 and 5,637 bladder
cancer cells was decreased after transfected with dCas9-KRAB
and sgRNAs targeted CacyBP. Finally, we performed the
caspase3-Elisa assay to examine the apoptosis in T24 and
5,637 bladder cancer cells, we found that downregulation of
CacyBP promoted the apoptosis in bladder cancer cells.

Collectively, the expression level of CacyBP is frequently
increased in bladder cancer. CRISPR/dCas9-KRAB targeting
CacyBP inactivates its expression and suggested its potent
oncogenous function in bladder cancer through a serious of
in vitro experiments. It is hoped that these findings will
contribute to a potential therapeutic strategy in bladder cancer.

METHOD

Cell Culture and Plasmid Transfection
Human normal urothelial cells SVHUC-1, bladder cancer cells
T24, UMUC3, BIU-87 and 5,637 were cultured in DMEM
medium with 10% fetal bovine serum, respectively. The fluid
was changed once every 2 days, and the passage rate was 1:4 per
week. After all cells were cultured for 48 h, the expression of

CacyBP/SIP in cells was detected by RT-qPCR. Then T24 and
5,637 bladder cancer cells are used to transfected with dCas9-
KRAB and sgRNA. Transfection was performed according to the
instructions: T24 and 5,637 bladder cancer cells with a 1×106
density of/ mL were seeded into a 6-well plate. When 80% of the
cells were fused, dCas9-KRAB and gRNAs were transfected into
the cells. After 6 h of serum-free culture medium, 10% fetal
bovine serum DMEM medium was replaced for further
culture for 24 h.

Cell Scratch Assay
Cells were taken from each group and inoculated in a 6-well
plate at a density of 1×106 cells/ mL. When the cells were
completely filled, a vertical line was drawn with a 10 µL spear
head, and the cells were rinsed with PBS for 3 times.
Photographs were taken under an inverted microscope and
marked as 0 h pictures. Then, 10% fetal bovine serum DMEM
medium was added for further culture for 24 h. Photographs
were taken under an inverted microscope and labeled as 24 h
images. The Image of 0 h was used as reference, and the
software ImageJ was used to analyze the relative migration
area of cells. The relative cell migration rate is equal to the
migration area of the experimental group divided by the
migration area of the control group.

Transwell Migration Assay
The T24 and 5637 cells suspended in 150 μl serum-free medium
(2 × 105 cells/ml) were placed on the upper layer of a cell
permeable membrane. Following another 24–48 h incubation,
the cells migrated through the membrane were stained with 1%
Crystal Violet and counted.

Cell Counting Kit-8 Assay
Cells with good growth and in logarithmic phase were digested
into cell suspension, and 3,000–5,000 cells were inoculated
into 96-well plates after counting. Nine parallel wells were set
in each group. Cell culture plates were taken out after 24, 48
and 72 h, respectively, and the medium in each well was
drained. Then 100 μL of the reaction solution diluted 9:1
with normal medium and CCK-8 was added and put back
to the cell incubator for incubation for 1 h. Finally, the
absorbance of 450 nm wavelength was obtained by using
BioTek microplate analyzer.

RT-qPCR Assay
48 h after transfection, the cells were collected, the total
mRNA was extracted, and the target fragment was
amplified after reverse transcription. The PCR reaction
conditions were as follows: pre-denaturation at 95°C for
30°s, 95°C for 5°s, 60°C for 20°s, 40 cycles. The relative
quantitative analysis was performed using 2-ΔΔCT with
GAPDH as internal reference. The experiment was
repeated for 3 times. CacyBP forward primer:5’-
CTCCCATTACAACGGGCTATAC-3’; reverse primer:5’-
GAACTGCCTTCCACAGAGATG-3’; GAPDH forward
primer:5’-GGAGCGAGATCCCTCCAAAAT-3’; reverse
primer:5’-GGCTGTTGTCATACTTCTCATGG-3’.
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STATISTICAL ANALYSIS

All measurement results were expressed as (mean ± standard
deviation). SPSS 19.0 was used for statistical analysis of all
research data, and LSD-t test was used for pairwise comparison
between measurement data groups. p < 0.05 indicated that the
difference was statistically significant.
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LncRNA LINC00944 Promotes
Tumorigenesis but Suppresses Akt
Phosphorylation in Renal Cell
Carcinoma
Chiheng Chen and Hanxiong Zheng*

Department of Urology, The Eighth Affiliated Hospital, Sun Yat-sen University, Shenzhen, China

Long non-coding RNA (lncRNA) is a kind of RNA that possesses longer than 200
nucleotides and lacks protein coding function. It was recognized as a junk sequence
for a long time. Recent studies have found that lncRNAs are actively functioning in almost
every aspect of cell biology and involved in a variety of biological functions. LncRNAs are
closely related to a variety of human diseases, especially tumors. Recently, lncRNAs are
being increasingly reported in renal cancer. In our study, we identified the expression of
lncRNA LINC00944 is significantly elevated in renal cell carcinoma (RCC) tissues and cell
lines and high LINC00944 expression is significantly correlated with the tumor stage and
prognosis of RCC. The knockdown of LINC00944 by CRISPR/dCas9-KRAB in higher
expressing 786-O and 769-P RCC cells could significantly decrease proliferation and
migration and also promote phosphorylation of Akt compared with the control group. Our
study is the first to report the function of lncRNA LINC00944 in RCC. And we provide
clinicopathological and experimental evidence that lncRNA LINC00944 acts as an
oncogene in RCC, suggesting that targeting lncRNA LINC00944 expression might be
a promising therapeutic strategy for the treatment of RCC.

Keywords: LINC00944, tumorigenesis, Akt, phosphorylation, RCC

INTRODUCTION

Renal cell carcinoma (RCC), referred to as renal cancer for short, accounts for about 85% of primary
renal malignancies, ranking the third among urinary system tumors, and accounts for about 2–3% of
all adult malignancies (Lopez-Beltran et al., 2006; Siegel et al., 2019). In recent years, the global
incidence of RCC has been gradually increasing, with about 209,000 new cases and 102,000 deaths
per year (GUPTA et al., 2008). Although diagnostic techniques continue to improve, renal cancer
treatment has not progressed. The main reason for this is that, in addition to early resection, renal
cancer is not sensitive to other types of treatments, such as radiotherapy, chemotherapy, and
endocrine therapy, so the treatment effect is not obvious. Postoperative treatment cannot reduce the
metastasis rate of renal cancer, and immunotherapy is only effective for 15–20% of patients
(Bukowski, 2000; Negrier et al., 2000). However, about 50% of patients with renal cancer were
already in the advanced stage when they first visited the doctor, almost 40% of patients showed
recurrence or metastasis after surgery, and the three-year survival rate of patients without any
treatment was less than 5% (Mulders et al., 1997). At present, researchers are concerned about
finding out some new therapeutic methods to improve the therapeutic effect of renal cancer, reduce
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postoperative recurrence and metastasis, and improve the quality
of life of patients while conducting surgical treatment as early as
possible.

In the past decade, many new types of non-coding RNAs have
been discovered, and the important roles of some non-coding
RNAs in gene regulatory networks have been revealed (Qi and
Du, 2013). The results of a large number of clinical observations
and experimental evidence show that there is a close relationship
between the occurrence of renal clear cell carcinoma development
and the long chain of non-coding RNAs (lncRNAs). LncRNA is
considered important in epigenetics research, especially in life
science research (Tang et al., 2013), and is also one of the most
popular areas of current research. LncRNA is non-coding RNA
with a length of more than 200 nucleotides, including non-coding
small RNA, interfering small RNA, PIWI-interacting RNA,
nucleolar small RNA, and nuclear small RNA. One of the
clear characteristics of lncRNA is the acquisition of secondary
and tertiary three-dimensional structures, which are mainly
dependent on Watson–Crick base pairing (Geisler and Coller,
2013; Mercer and Mattick, 2013; Novikova et al., 2013). This
structure enables it to perform both RNA-related functions based
on nucleic acid complementarity and protein-like functions based
on spatial conformations (Ørom et al., 2010; Long et al., 2017).

Approximately 2,000 lncRNAs are abnormally expressed in
renal cell carcinoma (Malouf et al., 2015). These lncRNAs are
characteristic in RCC and are considered to play an important
role in the activation of the HIF pathway and are involved in a
variety of carcinogenic mechanisms. Zhang et al. (2015) verified
this in renal cancer tissues and cell lines and found that compared
with paratumoral tissues and normal renal tubular epithelial cell
lines, MALAT-1 was highly expressed in renal cancer tissues and
renal cancer cell lines and the high expression was correlated with
prognosis. Subsequently, Hirata et al. (2015) also reported that
MALAT-1 was highly expressed in renal cancer tissues and the
high expression of MALAT-1 could promote the expression of
EZH2, thus promoting tumor epithelial-to-mesenchymal
transition (EMT) and further promoting the progression of
renal cancer. Pei et al. (2014) found that HOTAIR was closely
related to the metastatic ability of renal cancer cell lines and
curcumin may inhibit HOTAIR, thereby inhibiting renal cancer
metastasis. Chiyomaru et al. (2014) found that, in renal cancer
tissues and cell lines, the expression of miR-141 was negatively
correlated with the expression of HOTAIR. Further studies
showed that miR-141 could regulate the expression of
HOTAIR by interacting with the immune complex A902.

In this study, through the screening and analysis of multiple
databases, we screened the lncRNA LINC00944 with obvious
differential expression in renal cancer tissues and paracancerous
tissues and verified the high expression of LINC00944 in renal
cancer tissues. Then, we knocked down LINC00944 by CRISPR/
dCas9-KRAB in 786-O and 769-P RCC cell lines. Cell function
experiments have shown that downregulation of LINC00944 can
reduce the proliferation and metastasis of renal cancer cells.
Moreover, we found there was a relationship between the
expression pattern of LINC00944 and TYMP in RCC tissues;
this indicated that LINC00944 might regulate TYMP expression
in RCC. Finally, we detected the activity of the PI3K/Akt pathway

by western blot and found LINC00944 knockdown promoted
phosphorylation of Akt in RCC cell lines. Therefore, LINC00944
may be closely related to the proliferation and metastasis of renal
cancer and play a role in promoting tumor progression.
LINC00944 may become one of the effective therapeutic
targets for renal cancer.

RESULTS

Long Non-Coding RNA LINC00944 Is Highly
Expressed in Renal Cell Carcinoma Tissues
and Is Associated With Patient Prognosis
To explore the role of lncRNA LINC00944 in the development of
RCC, we firstly checked its expression level in RCC tissues and
normal tissues from the TCGA database. We found the
expression of LINC00944 was significantly increased in RCC
tissues compared to normal tissues (Figure 1A). Then, we
examined its expression levels in ten RCC patients by qRT-
PCR and found it was increased in tumors (Figure 1B).
Moreover, Kaplan–Meier survival analysis from the TCGA
database showed that the low-expression group of LINC00944
had a longer postoperative survival than the high-expression
group (Figure 1C). Furthermore, the disease-free survival
analysis showed the same results with the overall survival
(Figure 1D).

Long Non-Coding RNA LINC00944 Is Highly
Expressed in Renal Cell Carcinoma Cells
andCanBeKnockedDown by dCas9-KRAB
We have confirmed that LINC00944 was highly expressed in RCC
tissues, so we used qRT-PCR to detect the expression of
LINC00944 in six human renal carcinoma cell lines with
different malignant potentials (ACHN, Caki-2, Caki-1, 769-P,
786-O, and OSRC) and one human normal renal tubular
epithelial cell line HK-2. The results showed that LINC00944
was highly expressed in OSRC, Caki-1, 786-O, and 769-P RCC
cells (Figures 2A,B). To investigate the function of LINC00944 in
RCC, we knocked down LINC00944 in 786-O and 769-P RCC
cells by dCas9-KRAB, and the expression levels of LINC00944
were decreased (Figures 2C,D).

Long Non-Coding RNA LINC00944
Promotes the Proliferation in 786-O and
769-P Renal Cell Carcinoma Cells
The CCK-8 assay was performed on 786-O and 769-P cells
transfected with sgRNAs, respectively. The cell proliferation of
786-O and 769-P groups transfected with sgRNA-LINC00944
was significantly reduced, and the difference gradually increased
after the second day compared with the 786-O and 769-P control
groups transfected with sgRNA-NT (Figures 3A,B). In order to
further verify the effect of LINC00944 on the proliferation ability
of RCC cells, the colony formation assay was performed on the
cells treated with the above method. The results showed that the
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number of cell colonies in the 786-O and 769-P groups
transfected with sgRNA-LINC00944 was significantly less than
that in the 786-O and 769-P control groups transfected with
sgRNA-NT (Figures 3C,D).

Long Non-Coding RNA LINC00944
Promotes the Migration of 786-O and 769-P
Renal Cell Carcinoma Cells
The migration ability of tumor cells is an important aspect of
tumor progression. Therefore, in order to further explore the

effect of LINC00944 on the migration ability of 786-O and
769-P RCC cells, we conducted the scratch assay and transwell
assay. The ability of scratch healing in the scratch experiment
reflects the ability of cell migration. The scratch test results
showed that the scratch healing rate of 786-O and 769-P
groups transfected with sgRNA-LINC00944 was less than
that of 786-O and 769-P control groups transfected with
sgRNA-NT after transfection for 24 h (Figures 4A–C).
Transwell results showed that compared with the 786-O
and 769-P control groups transfected with sgRNA-NT, the
786-O and 769-P groups transfected with sgRNA-LINC00944

FIGURE 1 | The expression level of lncRNA LINC00944was significantly increased in RCC patients. (A) LINC00944 expression levels in tumor and adjacent tissues
from the TCGA database. (B) Expression levels of LINC00944 in ten RCC patients detected by qRT-PCR. (C)Kaplan–Meier survival curves of LINC00944 in RCC tissues
from the TCGA database. (D) Disease-free survival curves of LINC00944 in RCC tissues from the TCGA database. *p < 0.05.
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inhibited the migration of 786-O and 769-P cells (Figures
4D–F). These results suggest that LINC00944 can promote the
migration ability of RCC cells.

Long Non-Coding RNA LINC00944
Regulates TYMP Expression and
Suppresses Akt Phosphorylation
From the TCGA database, we investigated the association of
LINC00944 expression with the expression of TYMP in a large
number of RCC tissues. Expectedly, there was a significantly
positive relationship between LINC00944 expression and the
expression of TYMP in RCC tissues (Figure 5A). Then, we
found the expression level of TYMP was also upregulated in
RCC tissues compared to normal tissues (Figure 5B). And
Kaplan–Meier survival analysis from the TCGA database
showed that the low-expression group of TYMP had a
longer postoperative survival than the high-expression
group (Figure 5C), which was the same with the expression
pattern of LINC00944. Finally, we detected the protein levels
of TYMP in 786-O and 769-P RCC cells after knocking down
LINC00944. The results showed that the expression levels of
TYMP were also decreased after downregulating LINC00944
in RCC cells. Furthermore, the knockdown of LINC00944
significantly promoted Akt phosphorylation in RCC cells
(Figure 5D).

DISCUSSION

Renal cancer is one of the most common malignancies of the
urinary system. For early or locally advanced renal cancer,
surgical resection is still the most effective treatment, but there
are still 20–30% patients with tumor recurrence or metastasis
after surgery. Advanced renal cancer is not sensitive to radiation
and chemotherapy, and the efficacy of immunotherapy is very
limited (Murai and Oya, 2004; Chen et al., 2015). Therefore, it is
particularly important and urgent to explore the mechanism of
renal cancer development and metastasis and to find a reliable
therapeutic target. It is of great significance to clarify the
mechanism of renal cancer development and metastasis and to
find suitable therapeutic targets for the treatment of the disease.
Designing drugs for key targets can reduce drug development
effort, and related drugs tend to be more effective and have lower
adverse reaction rates. A good example is targeted therapy for
renal cancer, where researchers have developed drugs that target
the mechanisms involved in angiogenesis in renal cancer such as
vascular endothelial growth factor tyrosine kinase inhibitors
(TKIs) sunitinib, axitinib, pazopanib, and so on.

Recent studies have found that long non-coding RNAs play
important roles in a variety of biological processes, such as cell
growth, apoptosis, differentiation, and metastasis. Similarly, long
non-coding RNAs are thought to be involved in tumor
progression and metastasis. In fact, long non-coding RNAs

FIGURE 2 | CRISPR/dCas9-KRAB decreased the expression level of LINC00944 in RCC cells. (A,C) Expression levels of LINC00944 in RCC cell lines (OSRC,
ACHN, Caki-1, Caki-2, 786-O, and 769-P) and normal renal tubular epithelial cell line (HK-2) by qRT-PCR and semi-quantitative RT-PCR. (B,D) Expression levels of
LINC00944 in 786-O and 769-P RCC cells transfected with dCas9-KRAB and sgRNA-NT or sgRNA-LINC00944 for 24 h by qRT-PCR and semi-quantitative RT-PCR.
*p < 0.05; **p < 0.01.
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can affect the transcription and translation of coding genes
through a variety of pathways, such as chromosome
remodeling, transcriptional activation or inhibition,
protein inhibition, and post-transcriptional modification.
Fachel et al. (2013) found that a series of intergene
lncRNAs can affect gene expression through cis and trans
effects, thereby regulating the occurrence and development
of tumors. For example, HOTAIR can recruit PRC2 and
LSDL complexes to specific sites through trans-regulation,
resulting in methylation or demethylation of specific genes,
thereby mediating tumor genesis and metastasis (Wu et al.,
2014). LncRNA can also play a role by acting as a competitive
binding miRNA between ceRNA and mRNA (Zhou et al.,
2014). For example, Yuan et al. (2014) found that, in the
occurrence of liver cancer, lncRNA-ATB could competitively
bind to miRNA-200 with ZEBL and ZEB2, thereby
upregulating the expression of ZEBL and ZEB2, promoting
the process of tumor EMT, and thus promoting the
metastasis of liver cancer. However, the mechanism of
action of long non-coding RNA in renal cancer is still
unclear, which needs further exploration and research.

In this study, we searched renal cancer–related datasets
through the TCGA database and screened lncRNAs, and we
found that lncRNA LINC00944 was significantly upregulated in

renal cancer tissues. The expression level and clinical
characteristics of lncRNA LINC00944 were analyzed, and it
was found that the high expression of lncRNA LINC00944
was related to the tumor stage. The results of survival analysis
showed that compared with the low-expression group, the high-
expression group had shorter postoperative survival time. In
order to further investigate the biological function of lncRNA
LINC00944 in RCC, we constructed 786-O and 769-P cell lines
capable of knocking down lncRNA LINC00944 by using CRISPR/
dCas9-KRAB plasmid transfection. The results showed that
compared with the control group transfected with sgRNA-NT,
the proliferation and migration abilities of 786-O and 769-P cells
transfected with sgRNA-LINC00944 were significantly decreased,
suggesting that knockdown of lncRNA LINC00944 expression
could inhibit the proliferation and metastasis of RCC.
Furthermore, we found lncRNA LINC00944 could regulate
TYMP expression and suppress Akt phosphorylation in
RCC cells.

In summary, this study is the first to report the function of
lncRNA LINC00944 in RCC. Through clinicopathological data
and in vitro cell experiments, it is confirmed that lncRNA
LINC00944 plays an oncogenic role in RCC. Knocking down
the expression of lncRNA LINC00944 could inhibit cell
proliferation and migration. These experiments suggested that

FIGURE 3 | Downregulation of LINC00944 inhibited the proliferation of RCC cells. (A,B) CCK-8 assays of 786-O and 769-P RCC cells transfected with
dCas9-KRAB and sgRNAs. (C,D) Colony formation assays of 786-O and 769-P RCC cells transfected with dCas9-KRAB and sgRNAs. **p < 0.01.
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lncRNA LINC00944 could serve as a new therapeutic target for
RCC therapy.

METHODS

Cell Culture
The human RCC cell lines 786-O, 769-P, ACHN, OSRC, Caki-1,
and Caki-2 and human renal tubular epithelial cell line HK-2
used in this study were all preserved by the Eighth Affiliated
Hospital of Sun Yat-sen University. In in vitro cell culture and
experiment, 786-O, ACHN, and OSRC cell lines were cultured in
RPMI-1640 medium (Hyclone), Caki-1 cells were cultured in
high-glucose medium (Hyclone), and Caki-2 cells were cultured
in McCoy 5A medium (Hyclone). All the above media were
supplemented with 10% fetal bovine serum (FBS; Gibco); all cells
were incubated in a 37°C chamber containing 95% air and 5%
carbon dioxide. In addition, trypsin used in cell culture came
from Beijing Solarbio Biological Technology Co., Ltd., and pipette
heads, centrifuge tubes, petri dishes, and cryopreserved tubes
were all from Coming Company. The other main instruments are
used continuously in the laboratory all year round with good
performance.

Plasmid Transfection
The plasmids used in this study were synthesized and provided by
Beijing Yingmaoxiang Technology Co., Ltd. According to the
instructions, dCas9-KRAB and sgRNA-NT or sgRNA-
LINC00944 were transfected into 786-O and 769-P cell lines
using Lipofectamine 2000 (Invitrogen, United States), and the

cells after transfection for 24–48 h were used for the next
experiment. After treatment, 786-O and 769-P cell lines were
divided into two groups: the experimental group (transfected with
sgRNA-LINC00944) and the control group (transfected with
sgRNA-NT).

Cell Proliferation Assay
The CCK-8 assay is used to reflect cell proliferation. The untreated
cells (about 1 × 105 786-O cells and 2 × 105 769-P cells) were spread
into a 60mm plate and cultured for 24 h; then, the plasmid was
transfected into the cells according to the above method. 24 h after
transfection, 1,000 cells were spread into 96-well plates, and 100 μL
of 10% serum was added to each well, followed by incubation in a
37°C incubator. The 96-well plates to be measured were removed at
0, 24, 48, 72, and 96 h after plate placement, and 20 μL buffer was
added to each well (Promega, United States). After further
incubation for 2 h, the absorbance values of each well at 490 nm
were read using a 96-well plate enzyme-linked immunoreader
(BioTek Instruments, United States). The abscissa of absorbance
value of cells treated in each period was time, and the ordinate was
the absorbance value to draw the cell proliferation curve. The
experiment was repeated three times with three replicates each time.

Colony Formation Assay
786-O or 769-P cells were inoculated into six-well plates and
transfected with plasmids, respectively. After 36 h of transfection,
cells in each group were collected and counted by suspension.
Cells in each group were inoculated into six-well plates
containing 5 ml medium with 10% fetal bovine serum, with
500 cells in each plate. After 14 days, they were taken out (the

FIGURE 4 | Downregulation of LINC00944 inhibited the migration of RCC cells. (A–C)Wound-healing assays for migration ability of 786-O and 769-P RCC cells
transfected with dCas9-KRAB and sgRNAs. (D–F) Transwell assays for migration ability of 786-O and 769-P RCC cells transfected with dCas9-KRAB and sgRNAs.
**p < 0.01.
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solution could be changed 1–2 times), fixed with formaldehyde
for half an hour, and stained with crystal violet. The number of
clones was counted under highmagnification (the number of cells
per clone should be greater than 50). Each experiment was
repeated three times, and three replicates were set for each
sample.

Cell Scratch Assay
The scratch test was used to detect cell migration. 2 × 105 786-O
or 769-P cells were inoculated into a six-well plate, and 3 ml
medium containing 10% serum was added. After the cells were
fused into a layer of monolayer cells and covered the bottom of
the dish, a 200 μL sterile yellow spear head was used to draw a

straight line at the diameter of the dish at a constant speed. The
fresh serum-free medium was changed and incubated in a warm
box. Photographs were taken at the same location in the same
dish 0 and 24 h after scratches. The scratch experiment was
repeated three times, and three points were selected from the
same dish for measurement each time.

Transwell Assay
After 48 h of cell transfection, the supernatant was discarded and
suspended to 10,000 cells/mL, and 200 μL of suspension was
added into the upper chamber of the 24-well plate. 500 μL culture
medium containing 5% fetal bovine serumwas added in the lower
chamber, followed by incubation in a warm box for 8–12 h. The

FIGURE 5 | LncRNA LINC00944 regulates TYMP expression and suppresses Akt phosphorylation. (A) LINC00944 expression was significantly positively
correlated with the expression of TYMP in RCC tissues (data from the TCGA database). (B) TYMP expression levels in tumor and adjacent tissues from the TCGA
database. (C) Kaplan–Meier survival curves of TYMP in RCC tissues from the TCGA database. (D) Protein levels of TYMP and Akt phosphorylation in 786-O and 769-P
RCC cells transfected with dCas9-KRAB and sgRNAs. *p < 0.05.
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upper chamber and the medium were removed, the upper cells
and matrix were wiped out with a clean cotton swab, and the
migratory cells were retained on the lower surface of the upper
chamber. The cells were fixed with formaldehyde for half an hour,
stained with crystal violet for 1 h, rinsed with water for a few
seconds, and placed in an oven at 80°C for 30 min, and the
number of cells that migrated to or invaded the lower surface was
counted under a microscope. Each experiment was repeated
three times.

RNA Isolation and Quantitative
Real-Time PCR
Total RNA of the cell lines was extracted using Trizol reagent
(Invitrogen, CA) and reverse transcribed into cDNA using the
One-Step RT-PCR Kit (Beijing Transgen Biotechnology Co.,
Ltd.) according to the instructions. The expression level of
lncRNA was quantitatively detected using a 7500 detection
system (Applied Biosystems, Foster City, CA), and the SYBR
reagent was purchased from Beijing Transgen Biotechnology Co.,
Ltd. The reaction system of qRT-PCR was as follows: a 20 μL
system consisting of 0.5 μL cDNA, 0.8 μL upstream and
downstream mixed primers, 10 μL mix containing SYBR
Green, 0.4 μL ROX mixture, and 8.3 μL deionized water. The
cycle parameters were as follows: one cycle at 95°C for 60 s and
then 40 cycles at 95°C for 5 s and 60°C for 34 s.

Western Blotting
Proteins in cells were extracted according to the instructions of the cell
protein extraction kit. According to the instructions of the Western
Blot Kit, 80 µg protein was added to each well for SDS-PAGE
electrophoresis. After cell electrophoresis, the protein was
transferred to the PVDF membrane. The PVDF membrane was
sealed with 5% skimmed milk powder, and the primary antibody
was incubated in a shaker at room temperature for 2 h. The films were
washed with TBST for 3 × 5min, incubated with a corresponding

dilution ratio of secondary antibody for 60min, and washed with
TBST for 3 × 10min. Enhanced chemiluminescence was performed
with GAPDH as the internal reference, and the gray optical density of
the relative bands was analyzed with ImageJ software.

Statistical Analysis
Each experiment was repeated three times, and the data were
expressed in terms of mean ± standard deviation. All data were
analyzed using SPSS 16.0 (SPSS, Chicago, United States), and
graphs were drawn using GraphPad Prism 6 (GraphPad Software,
San Diego, CA, United States) and Adobe Illustrator (Adobe,
United States). t-test, ANOVA, Fisher’s exact test, chi-square test,
and Wilcoxon test were used to determine whether the
differences between groups were statistically significant.
p < 0.05 was considered statistically significant.
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The integration of HBV DNA is one of the carcinogenic mechanisms of HBV. The clearance
of HBV integration in hepatocyte is of great significance to cure chronic HBV infection and
thereby prevent the occurrence of HBV-related hepatocellular carcinoma (HCC). However,
the low throughput of traditional methods, such as Alu-PCR, results in low detecting
sensitivity of HBV integration. Although the second-generation sequencing can obtain a
large amount of sequencing data, but the sequencing fragments are extremely short, so it
cannot fully explore the characteristics of HBV integration. In this study, we used the third-
generation sequencing technology owning advantages both in sequencing length and in
sequencing depth to analyze the HBV integration characteristics in PLC/PRF/5 cells
comprehensively. A total of 4,142,311 cleaning reads was obtained, with an average
length of 18,775.6 bp, of which 84 reads were fusion fragments of the HBV DNA and
human genome. These 84 fragments located in seven chromosomes, including chr3, chr4,
chr8, chr12, chr13, chr16, and chr17. We observed lots of DNA rearrangement both in the
human genome and in HBV DNA fragments surrounding the HBV integration site,
indicating the genome instability causing by HBV integration. By analyzing HBV
integrated fragments of PLC/PRF/5 cells that can potentially express HBsAg, we
selected three combinations of sgRNAs targeting the integrated fragments to knock
them out with CRISPR/Cas9 system. We found that the sgRNA combinations could
significantly decrease the level of HBsAg in the supernatant of PLC/PRF/5 cells, while
accelerated cell proliferation. This study proved the effectiveness of third-generation
sequencing to detect HBV integration, and provide a potential strategy to reach
HBsAg clearance for chronic HBV infection patients, but the knock-out of HBV
integration from human genome by CRISPR/Cas9 system may have a potential of
carcinogenic risk.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most
aggressive human cancers which currently ranks the fourth
leading cause of cancer-related deaths worldwide (Petrick
et al., 2020). The major risk factors for HCC include infection
with hepatitis B virus (HBV) and hepatitis C virus (HCV),
exposure to aflatoxins, alcohol abuse, and non-alcoholic
steatohepatitis (Baecker et al., 2018). The integration of
HBV in the human genome is considered to be one of the
key mechanisms of HBV carcinogenesis (D’Souza et al.,
2020). However, the characteristics of integration, its
functions, and the clinical implications are still not fully
understood.

The detection of HBV integration is the basis of all HBV
integration research. In the early 1980s, HBV DNA integration
was firstly found in the human chromosome of PLC/PRF/5 cell
line (Edman et al., 1980). Subsequently, a series of studies
confirmed HBV DNA is randomly inserted into the human
genome in HBV-infected liver tissues, including acute hepatitis
B, chronic hepatitis B, cirrhosis and especially HCC (Jiang et al.,
2012; Li et al., 2014). Previously, Southern blot, FISH
(fluorescence in situ hybridization) and Alu-PCR have been
used to detect HBV integration, but due to the low
throughput, these methods are less sensitive. With the
development of next-generation sequencing (NGS), many
studies have achieved genome-wide surveys of HBV
integration in HCC, and a great deal of data on the HBV
pathogen in HCC has been obtained. However, NGS-based
integration discovery is limited by the reads length, especially
for long complex structural variations (Zhao et al., 2016a). The
third-generation sequencing (TGS) technology developed in
recent years not only has extremely high sequencing
throughput, but also generate reads up to 60 kbp long (Rhoads
and Au, 2015), showing a good potential for detecting HBV
integration.

Studies have shown that the integrated HBV genome can
express viral proteins, such as HBsAg and HBx (Natoli et al.,
1992; Tu et al., 2001). Among them, HBsAg is not only a
serological marker of HBV infection, but also associated with
the occurrence of HCC. Because existing antiviral therapy does
not target HBV integration, the integration of HBV sequence
expression of HBsAg is also one of the reasons why CHB
patients are difficult to achieve clinical cure (Moucari et al.,
2009). Although studies have shown that siRNA can effectively
knock down the HBsAg level in PLC/PRC/5 cell lines, this
technology cannot eliminate the integrated HBV genome (Li
et al., 2004). CRISPR/Cas (clustered regularly interspaced short
palindromic repeat/CRISPR associated Cas) is considered a
breakthrough technology of genome editing, mainly because
of its high effectiveness and technical simplicity (Lin et al.,
2014). The earlier results in our laboratory have confirmed that
CRISPR/Cas9 technology can eliminate HBV cccDNA
effectively, and we have designed a series of sgRNA targeting
HBV genome (Wang et al., 2015; Wang et al., 2017), but
whether it can effectively knock out HBV integration is yet
to be revealed.

To gain a comprehensive panorama of HBV DNA integration
of PLC/PRF/5 cell line in a more unbiased way, this study directly
sequenced the DNA of PLC/PRF/5 cells using the whole genome
TGS technology. In addition, the CRISPR/Cas9 technology was
used to knock out the S genes in the HBV DNA integrated
fragments, so as to inhibit HBsAg expression in PLC/PRF/5 cells.
This study provides a more accurate and comprehensive
information of HBV integration in PLC/PRF/5 cells and a new
idea for the HBsAg clearance from HBV integration genome.

RESULTS

Detection of Hepatitis B Virus Integration in
PLC/PRF/5 Cell Line Using
Third-Generation Sequencing Technology
We applied the third-generation sequencing technology to scan
the HBV integration site at the whole genome level in PLC/PRF/5
cells, and the analysis flow chart is shown in Figure 1. In brief, the
DNA extracted from PLC/PRF/5 is sequenced by the Pacbio
platform, and then the correction module of the Canu software
was used for row reads correction. Next, the reads were mapped
to the HBV genome and the HBV containing reads were extracted
by using of BLAST. Finally, the TSD software was used to analyze
the HBV integration sites.

The PLC/PRF/5 pacbio raw sequencing data contained
5,770,093 reads, totaling 99.3 billion bases, and the average
sequencing depth was about 33.1 times. By the correction of
Canu, we finally obtained 4,142,311 reads, totaling 77.7 billion
bases, and the average sequencing depth was about 25.9 times.

FIGURE 1 | Analysis flow chart of HBV integration in PLC/PRF/5 cells.
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After mapping with the human reference genome, the coverage of
cleaning reads in chr2, chr3, chr4, chr7, chr8, chr10, and chr12
reached 100%, while the coverage of chr22 was the lowest, about
71.7% (Figure 2A). Overall, the coverage of the whole genome by
sequencing data reached 91.7%. (Figure 2B). The maximum
length of the reads is 120445 bp, and the average reads length
is 18,775.6 bp (Figure 2C). The above result shows that the
quality and coverage of this sequencing reached the
downstream analysis requirements.

Hepatitis B Virus Integration Profiles in PLC/
PRF/5 Cells
After mapping with HBV and the human genome, we obtained
84 HBV-human genome fusion reads in PLC/PRF/5 cell line, with
reads length range 5,067–119,485 bp (SupplementaryTable S1).
These reads are located on 7 chromosomes including chr3, chr4,
chr8, chr12, chr13, chr16 and chr17 (Figure 3). The reads located
at chr4, chr8, chr16 and chr17 contain at least one read that both
the 3 end and 5 end are human genome thereby we called it
complete sequence. For the reads located on chr3, although we
did not find the complete sequence, we found two types of reads,
one is HBV fragment at the 3 end and the other is HBV fragment
at the 5 end. Therefore, for the above five chromosomes, we
confirmed both the upstream and downstream integration sites of
HBV DNA. As for chr12 and chr13, we can only confirm the
downstream site of HBV integration.

The integration of HBV often causes genome instability.
Previous studies could not fully explore this problem due to
the limitation of sequencing length. Based on the advantages of
the third-generation sequencing length, we comprehensively
analyzed the instability of HBV integration fragment and the
nearby human genome. In chr3 and chr16, we observed about
1400 and 12 bp human genome fragment deletions near the HBV
integration site, respectively (Figure 3; Supplementary Figure
S1). In chr4, a large-scale genome amplification was observed,
and the amplified fragments of each reads are not the same. It is
worth noting that in chr4, the insertion direction of the copy
number amplified fragment is opposite to the original direction of
the genome (Figure 3; Supplementary Figure S1). In chr17, we
found two types of reads, one of which contained about 1800 bp
human genome deletion near the insertion site, and another type
contained about 14600 bp human genome amplification
(Figure 3; Supplementary Figure S2). In chr8, the sequence
upstream of the HBV insertion site cannot be mapped to the
human genome. The sequence similarity comparison shows that
the homology of this fragment with chr8 is 72%, and the
homology with chr1 is 79% (Figure 3). In addition, viral
genome rearrangements including deletions, inversions and
duplications were also observed. For example, the end of the
integration fragment in chr12 is located at positions
814 nt–816 nt of the HBV genome, with a difference of 3 bp,
and the end of the integration fragment in chr13 is located at
1673 nt–1799 nt of the HBV genomes, with a difference of more

FIGURE 2 | Sequencing coverage and reads length distribution plots (A) Box plot of sequencing coverage of each chromosome. (B) Cumulative percentage plots
of coverage depth for the whole genome, the x-axis represents the coverage depth, and the y-axis represents the percentage of bases that reach this coverage depth
level. (C) Distribution diagram of reads length.
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than 100 bp. In chr17, there is a big difference in the length of the
HBV integration fragment, the shortest one is 1192 bp, and the
longest one is 1706 bp (Figure 3; Supplementary Figure S2).
The above results indicate that the human genome and HBV
genome nearby the integration site contain many structural
variations, suggesting that HBV integration increases the
genome instabilities in both the HBV integrated fragment
and the nearby human genome.

Distribution of Hepatitis B Virus Integration
Fragment Breakpoints and Its Homology
With Human Chromosomes
Previous study shows that HBV breaks mainly at the DR1 and
DR2 regions and integrates into human genome (Li et al., 2014).
We also analyzed the distribution of the HBV integration
breakpoints of the 84 HBV containing reads in PLC/PRF/5
cells. A total of 116 HBV breakpoints were identified and the
distribution of these breakpoints is shown in Figure 4A. We

found that rather than concentrated in the DR1 and DR2 regions,
the HBV breakpoints of PLC/PRF/5 distributed randomly
throughout the HBV genome.

Next, we explored the homology of the HBV genome and
sequencing of the host cell genome close to the viral-host junction
revealed 52 (44.8%) microhomology connections among 116
HBV breakpoints between the HBV fragment and the human
genome in chr3, chr4, chr8, chr13, and chr17. Among them, the
micro homologous sequences in chr3 are AGAA and GGAC, in
chr4 are GTAATT and ACCAG, in chr8 are ATTT, in chr13 are
CGACAT, in chr16 are TACAGC and GCTGTA, and in chr17
are CCT and AGG (Figure 4B).

Host Genes Around the Hepatitis B Virus
Integration Sites
Previous studies by us and other teams have confirmed that HBV
integration can affect the expression of genes near the integration
site through a variety of mechanisms, which is one of the

FIGURE 3 | HBV integration pattern plots of PLC/PRF/5 cell line. The red line represents the HBV genome, the blue line represents the human genome, the
direction of the arrow represents the direction of the sequence, and the dashed line represents the sequence not mapping to the human reference genome.
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carcinogenic mechanisms of HBV integration (D’Souza et al.,
2020). We analyzed the genes within 100 kb upstream and
downstream of the HBV integration sites in PLC/PRF/5 cells.
There are 27 genes in the upstream of HBV integration sites and
13 genes in the downstream of HBV integration sites, with a total
of 43 potential target genes. Among the 43 genes, 23 genes were
protein coding genes, 9 genes were non-coding RNA, 3 genes
were miRNA and 8 genes were pseudogenes
(SupplementaryTable S2). This result suggested that there
were a large number of host functional genes around HBV
integration sites that might be affected by HBV integration.

Expression Potential of Viral Proteins by the
Integrated Hepatitis B Virus Fragment
The integrated HBV fragments have the potential to express HBV
proteins or HBV-human fusion proteins (Edman et al., 1980;
D’Souza et al., 2020;). According to the sequencing results, we
analyzed the possible viral proteins expressed by the integrated
fragments in PLC/PRF/5 cells. The analysis results showed that
the integrated fragments located in chr12, chr13, chr16, and
chr17 have the potential to express HBsAg. Moreover, the
integrated fragments located in chr13 and chr16 also have the
potential to express truncated HBx (Figure 5). In consistent with

FIGURE 4 | Distribution of HBV integration fragment breakpoints and its homology with human chromosomes. (A) Distribution of HBV integration fragment
breakpoints in HBV genome. (B) Homology analysis of virus-host junction sequences in HBV integration events. The red line represents the HBV genome, the blue line
represents the human genome, the direction of the arrow represents the direction of the sequence, and the red words represents microhomology connections of HBV
DNA and human genome.
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these analyses, we can detect the expression of HBsAg in the
supernatant of PLC/PRF/5 cells, which reached 1.796 IU/mL.

Knock-Out of Integrated Hepatitis B Virus
Genes by CRISPR/Cas9 System in PLC/
PRF-5 Cells
Our previous studies have designed 15 gRNAs against HBV
genome and demonstrated these gRNAs could specifically
destroy HBV expressing template, thereby inhibited HBV
replication (Wang et al., 2015). To eliminate HBsAg in PLC/
PRF/5 cell lines, we selected sgRNA2, sgRNA3 and sgRNA7 from
our previous studies and the targeting sites of these sgRNA in
integrated HBV fragments are shown in Supplementary Figure
S3. For better knocking out the integrated preS/S gene fragments
in the PLC/PRF/5 cell genome, the HBV specific gRNA/Cas9
plasmids containing sgRNA2, sgRNA3 and sgRNA7 were
combined in pairs for transient transfection. To determine
whether the paired gRNA can successfully knock out the
target HBV integration fragments, two pairs of PCR primers
were designed respectively in the upstream and downstream of
sgRNA, and the target sites of the primer are shown in the
Supplementary Figure S3.

In PLC/PRF/5 cells, after transfection of HBV specific gRNA/
Cas9 plasmids expressing sgRNA2+3, sgRNA3+7 and sgRNA2+3
+ 7, the expected small bands were observed by using PCR assay
(Figure 6A). No obvious off-target effects were observed in the
predicted off-target sites corresponding to the three sgRNAs by
using the T7 endonuclease I assay (Figure 6B). The sequencing of

these small bands showed that the integrated HBV fragments
were indeed cut at the expected sites and the integrated HBV
fragments were knocked out (Figures 6C,D). Most importantly,
the HBsAg level in the supernatant was significantly decreased
in these PLC/PRF/5 cells with integrated S genes knocked-out
(Figure 6E). Unexpectedly, we noticed that no matter which
sgRNA combination, after sgRNAs transfection, the
proliferation rate of PLC/PRF/5 cells was significantly faster
than that of the control group (Figure 6F). We also performed
the same knock-out assays with same sgRNA combination
together with 1.2 mer HBV plasmid in Huh7 cells. We found
that the sgRNA combination could significantly knocked out
HBV S gene and downregulated HBsAg level in Huh7 cells,
demonstrating that the combined HBV specific gRNA/Cas9
plasmids could efficiently decline HBV expressing templates
(Supplementary Figure S4). Taken together, these results
suggested that CRISPR/Cas9 system could effectively knock
out the S gene from the integrated genome, but it might
accelerate cell proliferation of hepatocytes.

DISCUSSION

HBV integration is regarded as a pivotal process of HBV infection
to induce liver cancer. In this study, we detected the HBV
integration profiles at the whole genome level in PLC/PRF/5
cells by using the whole genome TGS technology. This method is
a novel technique that overcomes the low-throughput
shortcomings of sanger sequencing and also overcomes the

FIGURE 5 | Analysis of the possibility of integrating HBV fragment sequences expressing HBV viral proteins
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FIGURE 6 | The knockout of integrated HBV S gene by CRISPR/Cas9 system in PLC/PRF/5 cells. (A) The plasmid pBB4.5-HBV1.2 (0.5 μg) was co-transfected
with gRNA2+3, gRNA3+7 and gRNA2+3+7 expression vectors (each 0.75 μg) to PLC/PRF/5 cells. Cellular DNA was extracted at 72 h post transfection, and PCR
amplifications were performed using the primers beyond the cleavage sites of each dual gRNAs. (B) The off-target effect of sgRNA was detected by T7 endonuclease I
assay. Each sgRNA detected the two most likely off-target sites. (C–D) Sequencing analysis of the smaller fragment formed by sgRNA3+7 and sgRNA2+3. (E).
HBsAg level in culture supernatant was measured by using an enzyme-linked immune sorbent assay. Data are shown as mean ± SE of 3 independent samples.
Statistical method: t test (two-side), * means p < 0.05, ** means p < 0.01,*** means p < 0.001. (F) The cell proliferation of PLC/PRF/5 cells after transfecting different
sgRNA plasmids. Cells transfected with empty PX458 plasmid were used as control group. Data are shown asmean ± SE of 3 independent samples. Statistical method:
t test (two-side).
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short reads shortcomings of the NGS. Our sequencing data will
help researchers to have a more comprehensive understanding of
the genome characteristics of PLC/PRF/5, the most classic cell
model for studying HBV integration. In addition, using CRISPR/
Cas9 system, we knocked out the integrated HBV S fragment and
decreased HBsAg level in PLC/PRF/5 cells, suggested the
potential use of CRISPR/Cas9 genome editing technique to cut
integrated HBV DNA, as well as for function cure of chronic
hepatitis B patients.

As early as the 1980, researchers have found that PLC/PRF/5
cell line genome contains HBV genome integration (Edman
et al., 1980). Since then, the HBV integration of PLC/PRF/5
cell line had been successively detected by Northern blot, FISH,
Alu-PCR and NGS technology (Jiang et al., 2012; Li et al., 2013;
Watanabe et al., 2015; Ishii et al., 2020). Although researchers
used the HBV-specific probe capture technology to improve the
sensitivity of HBV DNA detection and found that PLC/PRF/5
has HBV integration on chromosomes 3, 4, 5, 8, 10, 11, 12, 13,
16, 17, 19 (Li et al., 2013; Watanabe et al., 2015; Ishii et al., 2020),
there were selective bias in this technology so that it is
impossible to have a comprehensive analysis of the
characteristics of PLC/PRF/5 HBV integration. Meanwhile, it
is hard to analyze the complex variation of the genome
sequence surrounding the HBV integration sites through
NGS because the length of the sequencing fragment was
only 100 bp. In this study, we directly sequenced the DNA
of PLC/PRF/5 cell which made the maximum length of the
sequencing segment reach 150 kbp. The longest HBV
integrated fragment detected in this study was as long as
40 kbp. Therefore, the results of this study can not only
detect HBV integration in PLC/PRF/5 cell lines without
bias but also made an in-depth analysis of the structural
variation of the upper and lower host genome. We
successfully detected HBV integration on chromosomes 3,
4, 8, 12, 13, 16, and 17 in PLC/PRF/5 cell line through the
whole genome TGS technology. From the perspective of
detection sensitivity, our method is much higher than
Northern blot, FISH, Alu-PCR, and even has the same
sensitivity as the targeted captured NGS technology,
proving that the whole genome TGS technology is a
powerful method for detecting the HBV integration.

Studies have shown that HBV integration affects the genetic
stability near the integration site, which is one of the reasons for
HBV integration to cause cancer (Sung et al., 2012). Since the
whole genome TGS technology can obtain longer integration
fragments, it is more suitable for the analysis of rearrangement of
integrated HBV sequence and the local host genome sequence
surrounding integration sites. In this study, we found that there
are many viral DNA rearrangements in the integrant including
deletions, inversions and duplications of HBV sequence. In
addition, sequences of host genome near the viral-host
junction also has also undergone structural changes.
Additionally, despite the fact that previous studies have
showed the breakpoint of HBV integration concentrated
between DR1 and DR2 (Li et al., 2014) due to the features of
dslDNA which is the major source of the HBV integration (Tu
et al., 2017), in this study, we observed that the breakpoints of

HBV integration in PLC/PRF/5 cell lines are randomly
distributed. All these results indicate that HBV integration will
lead to the instability of the genome near the integration site
which was contributed to the pathogenesis of HCC, while the
long-term host DNA repair during tumor cell proliferation
exacerbate the genetic instability in host cells. Besides genetic
instability, we also observed that about 45% of the viral-host
junctions sites in PLC/PRF/5 cell connect to the human genome
were microhomology connections contained a short homologous
region between HBV integration fragments and the human
genome sequences. It is consisted with the previous studies
that proposed homologous end joining is the major source for
HBV to integrate into the human genome (Zhao et al., 2016b)
(Zhao et al., 2016b) (Zhao et al., 2016b) (Zhao et al., 2016b).

In recent years, quantitated serum HBsAg has been
becoming an important viral marker for evaluating the
response to antiviral therapy, and the seroclearance of
HBsAg is regarded as the most reliable indicator for
functional cure by several major guidelines (Sarin et al.,
2016). A large number of studies have confirmed that the
HBV sequence integrated into the genome has the potential to
express HBV protein (Sung et al., 2012). Therefore, serum
HBsAg can be produced from both HBV cccDNA and the
integrated HBV S gene in patients with HBV integration.
Especially in the HBeAg-negative group, the main source of
serum HBsAg was mainly derived from integrated HBV
fragments (Wooddell et al., 2017). Because the current
antiviral drugs could not eliminate HBsAg production
originated from the integrated HBV S gene, it is very
difficult to obtain serum HBsAg loss even if prolonging
nucleos(t)ide analogue (NUC) therapy. It has been
demonstrated that CHB patients who achieve HBsAg
seroclearance have reduced risks of HCC development (Liu
et al., 2016). Therefore, effective strategies to eliminate
integrated HBV DNA fragment-derived HBsAg should be
developed. In PLC/PRF/5 cells, we found that the
integration of HBV located in chr13, chr16, and chr17 in
lines has the potential to express HBsAg. Based on the
sequences of these integrated HBV DNA fragments, we
selected three CRISPR/Cas9-sgRNA combinations to target
HBV S gene in PLC/PRF/5 cells. The results showed that all
our CRISPR/Cas9-sgRNA combinations could effectively
reduce the HBsAg level in the PLC/PRF/5 cell supernatant,
proving that CRISPR/Cas9 system could effectively eliminate
HBV integration. The previous results in our laboratory have
confirmed that the transfection of these CRISPR/Cas9-sgRNA
plasmid did not affect the proliferation rate of Huh-7 cells
when co-transfecting HBV plasmids (Wang et al., 2017).
Surprisingly, in this study we found that the proliferation
rate of PLC/PRF/5 cells increased significantly after
transfection of the three CRISPR/Cas9-sgRNA
combinations, suggested that the potential dangers of
CRISPR/Cas9 need to be carefully considered.

We speculate that the cleavage of chromosomally integrated
HBV DNA may trigger unpredictable consequences of
chromosomal DNA recombination which induce cell
proliferation. In addition, there are a large number of host
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functional genes located within 100 kb upstream and
downstream of the HBV integration sites in PLC/PRF/5 cells.
Whether these genes could be affected by the cut of integrated
HBV DNA and thereby accelerate PLC/PRF/5 cell proliferation
need be further explored.

In summary, our study provided a comprehensive panorama
of HBV DNA integration profile of PLC/PRF/5 cell line, which
is of great significance for us to fully understand the
characteristics and mechanisms of HBV integration. In
addition, under the guidance of the sequencing results, we
successfully reduced the HBsAg level of PLC/PRF/5 through
the CRISPR/Cas9 system, suggested that the cleavage of
chromosomally integrated HBV DNA might be a new
therapeutic approach for the clearance of HBsAg for CHB
patients. However, the potential dangers of this approach
must be further explored.

MATERIALS AND METHODS

The Third-Generation Sequencing and Data
Analysis
DNA was extracted from PLC/PRF/5 cell line using DNeasy
Plant Mini Kit (Qiagen, Dusseldorf, Germany) according to
the manufacturer’s instructions and the quality of the
extracted DNA was evaluated by agarose gel
electrophoresis. Then DNA was commissioned to conduct
subsequent DNA quality assessment, library construction,
and third-generation sequencing by Annoroad Inc (Beijing,
China). The sequencing platform was PacBio Sequel II.
Through SMRTLink (v4.0) we converted the BAM format
files into fastq format files. Next, the Canu (v2.0, default
parameter) software (Koren et al., 2017) was used to clean
and correct the fastq files. The coverage statistics of the
sequencing were completed using the stats module of
samtools (v1.9, default parameter) (Li et al., 2009). The
cleaned and corrected reads were mapped with HBV A
genotype by BLAST to obtain HBV containing reads. TSD
software (Meng et al., 2019) was used to analysis the HBV
integration site and hg19 was used as the reference genome.
The genes around 100 kb upstream and downstream of the
HBV integration site were searched on the NCBI website
(https://www.ncbi.nlm.nih.gov/).

Plasmids and Transfection
The 1.2xHBV plasmid was constructed using a 1.2-fold length
HBV genome and pBB4.5 plasmid. The gRNA/Cas9 dual
expression vector pSpCas9(BB)-2A-GFP (PX458) was obtained
from Addgene (Cambridge, MA). The oligonucleotide sequences
for the construction of HBV-specific gRNA/Cas9 expression
vectors are listed in SupplementaryTable S3. The construction
method was described in the previous research of our lab (Wang
et al., 2015).

PLC/PRF/5 and Huh-7 cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (Gibco,
Maryland, United States). Before transfection, cells were
seeded into a 12-well plate at 1.5 × 105 cells/well. 24 h
later, Huh-7 cells were co-transfected with HBV
expression plasmid and HBV-specific gRNA/Cas9 dual
expression plasmids with Lipofectamine 2000 (Invitrogen,
New York, United States) for 72 h. PLC/PRF/5 cells were
transfected with HBV specific gRNA/Cas9 dual expression
plasmids with Lipofectamine 2000 for 72 h.

Testing the Deletion of the Integrated
Hepatitis B Virus S Gene Induced by
CRISPR/Cas9
After the CRISPR/Cas9 plasmid transfecting, genomic DNA
from PLC/PRF/5 or Huh7 cells were amplified by PCR using
unique primers designed to span the expected knockout
positions and the primers are listed in
SupplementaryTable S4. The PCR products were gel
purified and then sequenced by conventional Sanger
sequencing. Off-target sites were predicted using website
http://crispr.mit.edu/ and identified with T7E1 assay
system as described in our previous studies (Liang et al.,
2015). Primers for amplifying three sgRNAs off-target sites
were shown in SupplementaryTable S5.

Detection of HBsAg
Cell culture supernatants were collected for detection of HBsAg
by a time-resolved fluoroimmunoassay according to
manufacturer’s instructions (PerkinElmer, Waltham, MA). In
brief, culture supernatant (100 μl) was added into a microtiter
plate coated with anti-HBsAg and shook for 40 min at room
temperature, then washed for four times. Europium-labeled anti-
HBsAg was diluted 1:50 with HBsAg or HBeAg dilution buffer
and added at 100 μl per well, shook for 40 min in room
temperature, then washed six times. At last, after incubation
with enhancement solution (100 μl) for 5 min, the plates were
read using Anytest reader (SYM-BIO, Washington,
United States), and the concentrations of HBsAg were
calculated according to the standard curve. The relative
HBsAg level was calculated as the ratio of HBsAg
concentration in the cell culture supernatant of gRNA treated
and vector control cells.

Cell Counting Kit-8 Cell Proliferation Assay
Cell viability was evaluated using the Cell Counting Kit-8
(CCK8) assay (Dojindo, Japan) according to the
manufacturer instruction. Cells were plated at a density of
1 × 103 cells per well in 96-well plates for culturing 1, 2, 3, 4 and
5 days. At the indicated times, 10 μl CCK8 solution was added
to each well and incubated at 37°C temperature. The
absorbance was assessed at a 450 nm wavelength under a
plate reader (Bio-Rad Laboratories, California,
United States) after 2 h. All experiments were performed in
triplicate.
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Statistical Analysis
The difference comparison of quantitative data is done by t-test
using GraphPad Prism 5 software. p-value that less than 0.05 was
considered statistically significant.
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