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Synthetic molecular sensors based on CRISPR-Cas9 redirect
anticancer signal flows to treat retinoblastomas

Dear editor:

The abnormality of intracellular cancer-related signal
pathways is a critical factor for the emergence of
retinoblastoma (RB).! Herein, we developed molecular
sensors based on CRISPR-dCas9? that acted on RB cells,
which aimed to redirect the signaling pathways in RB cells,
and to induce tumor cell apoptosis and inhibit the malig-
nant phenotype of these cells.

The dCas9-based molecular sensor acted as the center of
intracellular reprogrammed signaling pathways to control
endogenous proteins. The single guiding RNA (sgRNA)
was engineered by integrating aptamers® that responded
to signals and ribozymes involved in self-cleavage, thus
linking intracellular signals to gene expression events
(Figure 1). The aptamer of tetracycline was combined
with hammerhead ribozyme sequences as additional
sequences of sgRNA to reprogram the CRISPR-dCas9 sys-
tem and construct corresponding activating (tet-activator)
and inhibitory (tet-inhibitor) sensors. The fluorescence
expressions in HEK293t cells were used to evaluate the
inhibitory and activation effects, respectively, of the sen-
sors. We used different tetracycline concentrations as the
experimental control groups, and found that the degrees
of activation of tet-activators (Figure 1) and inhibition of
tet-inhibitors (Figure 1) were tetracycline concentration
dependent. In addition, the mutant aptamers were used to
replace regions of the aptamers to construct negative sgR-
NAs and the unmodified wild-type sgRNAs as experimen-
tal control groups. We found that the experimental results
of negative sgRNA groups were not significantly different
from the activation and inhibition effects of tet-sensors at
a tetracycline concentration of 0 umol/L, which indicated
that tet-sensors had an excellent silencing effect without
target signal molecules. However, WT-sgRNA showed bet-
ter output effects than tet-sensors using all concentrations
of tetracycline, which indicated that the design of molec-
ular sensors may have had a certain impact on the func-
tion of the CRISPR-dCas9 system. Next, we tested the effec-

tiveness of synthetic molecular sensors on endogenous
genes such as vascular endothelial growth factor (VEGF)
in HEK-293t cells (Figure 1J). After adding tetracycline,
the VEGF expressions were increased and decreased under
the action of tet-activators and tet-inhibitors, respectively
(Figure 1).

One hypothetical use of molecular sensors is to link
oncogenic signals to anticancer pathways. Nucleophos-
min (NPM)® serves as a signaling molecule that functions
by activating the MAPK pathway during the progression
of RB and promotes cell proliferation. Compared to nor-
mal cells, NPM was highly expressed in RB cells (Fig-
ure 2). We constructed molecular sensors that further reac-
tivated the expression of P53 (TP53) and P21 (CDKNI1A),
the well-known tumor suppressors, by sensing intracellu-
lar NPM proteins, thereby reconnecting the NPM signal-
ing pathway.* We engineered NPM aptamers® into mod-
ular molecular sensors targeting the upstream promoter
regions of P53 and P21 in RB cells. The molecular sen-
sors significantly increased the expressions of P53 and
P21 compared with the negative control molecular sen-
sor (Figure 2). Cell proliferation of RB cells transfected
with molecular sensors was inhibited. In addition, both
shRNA-p53 and shRNA-p21 partially reversed the inhibi-
tion of cell proliferation, indicating that molecular sen-
sors achieved their functions by activating P53 and P21
(Figure 2). The c-myc is another oncogenic signal pro-
tein that activates multiple carcinogenic pathways and pro-
motes RB cell proliferation.” We inserted the NPM aptamer
into the sgRNA, which specifically located the upstream
region of the c-myc promoter and expressed dCas9-KRAB
in RB cells and reprogrammed c-myc signaling-associated
tumor proliferation pathways in response to intracellu-
lar NPM. The molecular sensor significantly decreased
the expression of c-myc, in comparison to the nega-
tive control sgRNA (Figure 2). As expected, upregulating
the expression of c-myc partially reversed the inhibitory
effect of cell growth by molecular sensors, suggesting that

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2021 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics

Clin. Transl. Med. 2021;11:e618.
https://doi.org/10.1002/ctm2.618

wileyonlinelibrary.com/journal/ctm2 1of6


http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.618

LETTER TO EDITOR

20f6 CLINICAL AND TRANSLATIONAL MEDICINE
‘OpenAccess.

OFF state

(A) (B) (C)
ON state activated sensor @ inhibitory sensor

negative sgRNA  Oumol 15umol 60pmol

WT-sgRNA

15umol

§
g

§

Fluorescence intensity
(au)
n
g

Proportion of GFP cells (%)
Proportion of GFP cells (%)
Fluorescence intensity

(a.u)

0
control Oumol 15umol 30umol 45umol 60pmol  WT control Opmol 15umol 30pmol 45pmol S0umol  WT

control Oumol 15umol 30umol 45umol 60umol  WT

[
control Opmol 15umol 30umol 45pmol 60pmol ~ WT

-= molecular sensor
-+ WT sgRNA

(L) 1.59
~e- tet-activator

-~ negafive gRNA
=+ WTsgRNA

== tet-inhibitor
-=- negative SgRNA
= WT sgRNA

_
A
<
M

Relative expression of VEGF
»
*
H

Relative expression of VEGF

—_
[
-

input signal molecules input signal molecules

|

2

é

°
i
*
*

opmol  15pmol 30umol 45pmol  60umol Opmol  15pmol  30pmol  45pmol  60pmol

FIGURE 1 Design and effectiveness of the molecular sensor; the aptamer was combined with the ribozyme to construct a riboswitch,
and the riboswitch was connected to the 5" end of the single guiding RNA (sgRNA). (A) The spacer region of sgRNA bound to the riboswitch
sequence, which is in the “off” state; (B) the aptamer part of the riboswitch specifically binds to the target input molecules, which undergoes a
conformational change. The riboswitch was separated from the sgRNA, and the sgRNA was switched to the “on” state. (C) The figure on the
left shows the activated sensor, and the figure on the right shows the inhibitory sensor. Five experimental groups were used with tetracycline
concentrations of 0 umol/L, 15 umol/L, 30 umol/L, 45 umol/L and 60 umol/L. In addition, wild-type sgRNA without riboswitch modification
was used as the control group. (D) Tet-activator activates the expression levels of green fluorescent protein (GFP) in mini-GPF cells under the
action of different concentrations of tetracycline. (F) The proportion of GFP-expressing mini-GFP cells obtained using flow cytometry,

(E) tet-inhibitor inhibited the expression level of GFP in GPF cells under the action of different concentrations of tetracycline. (G) The
proportion of GFP-expressing GFP cells obtained using flow cytometry, (H & I) verification of the effects of tet-activator and tet-inhibitor at
different tetracycline concentrations in mini-luc cells and luc cells, respectively. (J) The molecular sensors regulated the target signal
pathways only when the input molecules were present. Five experimental groups were used with different tetracycline concentrations of 0
pumol/L, 15 umol/L, 30 umol/L, 45 umol/L and 60 umol/L. We also used a mutant aptamer instead of a mutated aptamer to construct a
negative sgRNA and used unmodified wild-type sgRNA as the experimental control group. (K) tet-activator-activated vascular endothelial
growth factor (VEGF) under the action of different concentrations of tetracycline, (L) tet-inhibitor-inhibited VEGF under the action of
different concentrations of tetracycline; we repeated each experiment three times ("<.05, ~<.01, " <.001)

molecular sensors performed their functions by inhibiting
c-myc (Figure 2).

We then determined that molecular sensors could redi-
rect the native signal pathways through multiple specific
input signals in the corresponding cells to establish an arti-
ficial signal network. NF-xB® and 8-catenin’ are important

cancer components in the growth of RB cells. For this sys-
tem, we designed two types of artificial connections based
on redirection of signal flows of the two cancer-related
components. The §-catenin sensor was designed according
to our construction protocol, and the aptamer of -catenin
was inserted at the 5’ end of the sgRNA backbone to sense
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FIGURE 2 The nucleophosmin (NPM) sensor redirects the effect of anticancer signal flows; construction of molecular sensors that

specifically recognized NPMs, and reactivated intracellular P53 and P21 related tumor suppressor pathways by recognizing NPM molecules

within retinoblastoma (RB) cells. NPM molecules in RB cells inhibited intracellular c-myc-related cancer-promoting pathways. (A) The

expressions of NPM in RB cells relative to normal cells, (B, C & D) the activation effect of NPM sensors on P53 and P21 proteins in RB cells,
(E, F & G) NPM sensors inhibited the proliferation of RB cells by promoting the expressions of P53 and P21 proteins. (H, I & J) The inhibitory
effect of NPM sensor on c-myc proteins in RB cells, (K, L & M) NPM sensors inhibited the proliferation of RB cells by inhibiting the
expression of c-myc protein; we repeated each experiment three times ("<.05, *<.01, " <.001)

the input signal of 5-catenin within cells. The spacer region
of the -catenin sensor was designed to be located in the
upstream region of the Bax gene promoter. To induce -
catenin sensors to only trigger the expressions of down-
stream genes of interest without disturbance from dCas9
and their fusion proteins, the MS2 hairpins® were inserted
at the 3’ end of sgRNA, which specifically recruited the
MS2-VP64 fusion proteins (Figure 3). NF-xB sensors were
constructed in the same manner (Figure 3). The spacer
region of the NF-xB sensor was inserted into the promoter
region, upstream of the Bcl2 gene, and the AFP hairpin®
was inserted at the 3’ end of the NF-xB sensor, which
specifically recruited AFP-KRAB protein to inhibit expres-
sions of downstream genes of interest. To handle multi-
ple signals, we constructed an AND-gate genetic circuit
that functioned based on dual-signal sensing and used NF-
xB and B-catenin as inputs, which showed a strong out-
put only when both high input expressions were sensed

(Figure 3). We then identified the effectiveness of NF-xB
and B-catenin expression patterns in cancer cells and nor-
mal cells (Figure 3), and found that in comparison to the
normal cells, the expressions of NF-xB and 8-catenin were
stronger in RB cells. NF-xB sensors were used to inhibit
the expression of the BCL2 gene, and f-catenin sensors
were used to activate the expression of the Bax gene (Fig-
ure 3). The dual-signal genetic circuit based on NF-xB and
B-catenin molecular sensors selectively triggered cancer
cell apoptosis without affecting normal cells (Figure 4).
As a potential genetic device, molecular sensors regu-
lated the biological behavior of RB cells by redirecting the
signaling pathways of cancer cells, which may have clin-
ical value. They were able to switch between the on state
and off state by freely sensing the presence or absence of
target input molecules, and they showed dose dependence
of the input molecules. These characteristics all showed
that these molecular sensors possessed excellent ability to
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FIGURE 3 The effect of specific treatment of retinoblastomas (RBs) by the molecular-sensor-based artificial AND-gate genetic circuit
based on molecular sensors; we used NF-xB and $-catenin as input signals to construct the corresponding molecular sensors. (A) The
schematic diagram of the structure of the NF-xB sensor; we added the structure of MS2 RNA hairpins to the 3’ end of single guiding RNA
(sgRNA), which recruited the MS2-VP64 fusion protein within cells. (B) Schematic diagram of the structure of the 5-catenin sensor; we added
the structure of AFP RNA hairpins to the 3’ end of sgRNA, which recruited the AFP-KRAB fusion protein within cells. (C) The NF-xB sensor
was used to activate the expression of the bax gene, while the -catenin sensor was used to inhibit the expression of Bcl2, so as to construct an
AND-gate genetic circuit that specifically selected the RB cells from normal cells and promoted cancer cell apoptosis. (D & E) Compared with
a normal cell, the expressions of NF-xB and -catenin in RB cells were determined. (F, G & H) The activation effects of NF-xB sensor on the
Bax gene and the inhibitory effect of 3-catenin sensor on the Bcl2 gene in RB cells; (I) compared with normal cells, the AND-gate gene circuit
had an apoptotic effect on RB cells. We repeated each experiment three times ("<.05, *<.01, " <.001)
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FIGURE 4 The effect of molecular sensor-based genetic circuit promoting cell apoptosis of retinoblastoma (RB) cells in vivo; we used
NF-xB and $-catenin as input signals to construct genetic circuits to treat RB. (A) The results of flow cytometry assay showed that artificial
genetic circuits can significantly induce apoptosis of RB cells, but have little effect on normal cells. (B) Histogram of flow cytometry results,
(C) tumors collected from mice, (D) tumor weights of the artificial genetic circuit and negative control treatment groups were measured and
analyzed. (E) Tumor volume curves of the artificial genetic circuit and negative control treatment groups were measured and analyzed.

(F) Artificial genetic circuit inhibited bax expression in vivo. (G) Artificial genetic circuit increased Bcl-2 expression in vivo. We repeated each

experiment three times (*<.05, ' <.01, " <.001)

control and model various systems. Although there are still
some challenges in the development of clinically effective
treatments for RB treatment model based on molecular
sensors, this novel approach is expected to be extended to
the treatment of other malignant tumors or the regulation
of other cell biological processes.
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