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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 (WTERT)
and the human uroplakin Il (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.
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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
(Riviere 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
etal., 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 (Figure1). 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

lllumination

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 (Figures2B,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 (Figure4A). 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 (Figure4C) and exogenous
TRE promoter which regulate the activation of p53 expression
(Figure 4B).
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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 (Figure5B). 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 Iuciferase 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/m?) every 20-1205s]. (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  promoter, a strong promoter in eukaryotes was used as a control
synthetic biology caught researchers’ attention these years due to  logic gate (Figure 3) (Zarrin et al., 1999). Through the AND logic
its precise spatial and temporal control (Polstein and Gersbach,  gate, we aimed to selectively identify the bladder cancer cells and
2015; Yamada et al, 2020; Zhao et al, 2020). The previous trigger the following output gene expression.
studies showed that a CRISPR-dCas9 based light-sensitive gene Besides the AND logic gate, we used split dCas9 protein
expression system could regulate an exogenous p53 expression  to restrict the cargo size. This is particularly appealing to
in a dose-dependent manner (Lin et al., 2016). Via controlling  future in vivo applications, where the adeno-associated viral
the p53 expression, the bladder cancer cell proliferation was  vectors (AAV) are commonly used (Santiago-Ortiz and Schaffer,
successfully inhibited. Here we adopted the idea of a light-  2016; George et al,, 2017). They are well-known for the low
sensitive gene-regulating device, and improved it by integrating ~ immunogenicity and having various serotypes suitable for a
AND logic gate with split dCas9 protein. The AND logic gate tissue-specific infection (Verdera et al., 2020). However, the
was composed of two inputs: hTERT and hUPII, which are  packaging of Streptococcus pyogenes (SpCas9) and gRNA is
the cancer-specific promoter and bladder specific promoter, challenging due to the payload capacity of AAV is limited to
respectively (Zhu et al., 2004; Jusiak et al., 2016). The CMV ~ ~4.7kb (Wu et al., 2010; Senis 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 Il 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).
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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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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 100 pg/ml streptomycin), and cultured in an atmosphere of
37°C and 5% CO,.

Cell Transfection and lllumination

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 were mixed in an amount of 0.8 jLg per component
in a 6-well and transfected at a ratio of 1:1:1:1. After 12h
of transfection, kept the cells in dark or under an LED lamp

(460 nm, average irradiance of 0.84 W/m?) 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, RNAeasy™ RNA
Isolation Kit (Beyotime Biotechnology, China) was used to isolate
total RNA from cells under different illumination conditions.
cDNA was synthesized using BeyoRT™ 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 AACt method. The primers for gapdh
and chdl 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

cdhl (F): ACCAGAATAAAGACCAAGTGACCA

cdhl (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 x 10 cells per well and pre-incubated for 12h. At 0, 24,
48, and 72h, replace the medium with 100 pl fresh medium
containing 10 pul of CCK reagent (Transgen, China). After
incubation for 1h, 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/m?2) every 30s] 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 pl into the transwell chamber at a density
of 3 x 10°/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
x 10°/well) with 70-80% confluency. After 48h, the cell
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