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Abstract

NF-kB has been a luring target for cancer therapy due to its over activation in all tumors. In this study, we
showed that a gene therapy named as NF-kB-activated gene expression (Nage) could be used to induce
cancer cell death in vitro and in vivo by utilizing the NF-kB activity in cancer cells; however, it had no effect
on normal cells. In this gene therapy, we constructed a NF-kB-specific promoter by fusing a NF-kB decoy
sequence to a minimal promoter, which could be bound by the intracellular over activated NF-kB and thus
activate the expression of downstream effector gene in a NF-kB-specific manner. In this study, we firstly
demonstrated the cancer cell-specific activation of NF-kB. We then demonstrated the cancer cell specificity
of Nage vector expression by introducing a Nage vector that could express a reporter gene ZsGreen in various
cell lines. We next demonstrated that a Nage vector that could express CRISPR/Cas9 protein and a telomere-
targeting sgRNA could be used to specifically induce death of cancer cells. We finally showed that the
Cas9/sgRNA Nage vector packaged into the adeno-associated virus (AAV) could be used to inhibit the
growth of xenografted tumors in mouse by intravenously injecting recombinant AAV.
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1. Introduction

Nuclear factor-kappa B (NF-kB) is a sequence-specific DNA-binding transcription factor [1], it has been a
luring target for cancer therapy due to its over activation in all cancers [2]. NF-«xB is an inducible sequence-
specific DNA-binding transcription factor that plays critical role in immune response [3-5]. Its five members
can form hetero- and homodimers to bind variant DNA sequences named as kB in genomes [6]. NF-«xB plays
its functions by regulating the expression of its target genes via binding its DNA-binding sites in cis
regulatory elements [7-10]. NF-kB is found to be constitutively activated in inflammation and cancers [2,
11-14]. The active NF-kB turns on the expression of genes that keep the cell proliferation and prevent cell
from apoptosis [15]. NF-kB signaling pathway is involved in the proliferation and pathogenesis of tumors
via regulation of cell proliferation [16], control of apoptosis [17], promotion of angiogenesis, and stimulation
of invasion and metastasis [18, 19]. Recently, NF-kB was demonstrated playing key function in the
sustainment of cancer stemness [20]. Due to its always over activation in almost all cancer cells, NF-xB has
been a attracting target for cancer therapy. Therefore, countless NF-kB inhibitors have been developed in
past decades [10, 21, 22]; however, they rarely become clinical drugs due to their uncontrollable side effects.
For example, a most promising NF-kB inhibitor, NF-kB Decoy Oligonucleotide Ointment Drug for Atopic
Dermatitis (AnGes MG, Inc.), has recently failed in the phase 3 clinical trial in Japan.

A multitude of studies have demonstrated the fundamental role of NF-kB over activation in chronic
inflammation and its final ending of cancers [12, 23-27]. These increasing evidence strengthens NF-kB as a
luring therapeutic target of inflammation and cancer. However, many NF-kB activity inhibiting measures
have been failed in clinical trial. This fact suggests that the therapeutic strategy of inhibiting NF-xB activity,
directly or indirectly, is impracticable. The key underlying reason is that NF-xB is a double-edged sword
[28, 29]. Despite its detrimental roles in disease as inflammation and cancer, the basic NF-kB activity is
indispensable to cell normal functions such as tissue homeostasis and immunity. In other words, NF-xB-
targeting strategies lack cancer cell specificity. The current uncontrollable inhibition often lead to over
inhibition to its activity. To overcome this limitation, some new studies started to change strategy by focusing
on inhibiting NF-«B target gene rather other NF-«kB itself. For example, a D-tripeptide inhibitor, DTP3 (Ac-
D-Tyr-D-Arg-D-Phe-NH>), had been developed to targetedly inhibit the NF-«kB target gene GADDA458, a
NF-kB-regulated antiapoptotic factor [30, 31]. This GADD45f inhibitor could disrupt the interaction of
GADD45p with a JNK kinase MKK7, leading to restoring the MKK7 kinases activity and, ultimately, the
JNK-mediated cell death pathway. As a result, DTP3 made potent apoptosis of multiple myeloma cells in
vitro and in vivo, providing a promising candidate drug to multiple myeloma.

To develop new strategy to treat diseases by using NF-kB as a target, we recently developed a new type
NF-kB inhibitor by combining NF-kB-targeting decoy and microRNA, which can sense the intracellular NF-
kB activity and express an artificially designed microRNA targeting NF-kB RelA [32]. In this inhibitor, a
NF-kB decoy sequence fused with a minimal promoter was used as a NF-kB responsive promoter (named
as DMP) to control the expression of RelA-targeting microRNA. We found that this inhibitor can inhibit NF-
kB activity in a NF-kB self-controlling manner by a feed-back loop. This strategy addressed a key problem
of traditional NF-kB inhibitor, their in vivo application is uncontrollable. By inhibiting NF-«B activity, this
inhibitor could induce apoptosis of cancer cell HepG2 but not normal liver cell HL7702 [32]. In addition,
when cells were pre-treated with NF-«kB inhibitor, BAY11-7082, it significantly led to the down-regulation
of reporter gene, preliminarily indicating the NF-kB specificity of DMP as a NF-kB responsive promoter
[32]. Therefore, we deduced that DMP was a NF-kB-specific promoter, which may be employed to develop
a cancer cell-specific gene expression technique.

There is a Chinese tale about the first king of Xia Dynasty, Yu. His father, named Gun, was assigned by
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king Shun to control flood. He adopted to build dams to block flood. However, he failed and then killed by
Shun. Then his son, Yu, was assigned by Shun to address the problem. Contrary to his father’s strategy, he
used the strategy of dredging the river. He finally successfully controlled flood and became the new king.
Inspired by the Yu’s strategy of controlling flood and based on our persistent studies of NF-xB [33-43], we
thought that the constitutive activity of NF-kB in inflammatory and cancer cells may be utilize to treat these
diseases. This strategy is contrary to the traditional inhibition of NF-kB. Based on this idea, we developed a
cancer cell-specific NF-kB-activating gene expression (Nage) vector in this study. When the expression
vector was transfected into tumor cells, the highly activated NF-xB could bind DMP and thus activate the
expression of downstream effector gene CRISPR/Cas9. When a sgRNA targeting telomere DNA (TsgRNA)
was simultaneously expressed with Cas9, the associated Cas9-TsgRNA could target to telomere DNA of
cells, resulting in telomere DNA being cut and becoming shortening. The telomere DNA damage could
promote cancer cell death. By compacting the TsgRNA-DMP-Cas9 expression cassette into AAV vector
and intravenously injecting recombinant AAV (rAAV) to tumor-bearing mice, the Nage vector could inhibit
tumor growth.

2. Materials and methods

2.1 Cell culture

293T, HepG2, HelLa, PANC-1, MDA-MB-453, RAW264.7, and Hepal-6 cell lines were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (HyClone), supplemented with 10% fetal bovine serum (FBS)
(HyClone), 100 units/mL penicillin and 100 pg/mL streptomycin. A549, HT-29, SKOV-3, MRC-5, and
HL7702 cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium (HyClone),
supplemented with 10% FBS (HyClone), 100 units/mL penicillin and 100 pg/mL streptomycin. All cell lines
were obtained from the cell resource center of Shanghai Institutes for Biological Sciences, Chinese Academy

of Sciences and maintained in 5% CO, at 37 °C.

2.2 Western blotting

Western blotting was done referring to previous studies [44]. Briefly, nuclear protein was extracted from
293T, HepG2, HeLa, PANC-1, MDA-MB-453, A549, HT-29, SKOV-3, Hepal-6, RAW264.7, MRC-5, and
HL7702 cell lines with the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) according to the
manufacturer’s instruction. The concentration of nuclear protein was determined with the BCA Protein
Assay Kit (Beyotime) according to the manufacturer’s instruction. Then 10 pg of nuclear protein extracts
were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to PVDF membrane
(Millipore). After blocking with QuickBlock™ Blocking Buffer for Western Blot (Beyotime), the
membranes were incubated overnight at 4 °C with the primary antibodies NF-kB p65 Mouse mAb (Cell
Signaling Technology, diluted 1:1000) or TBP Rabbit mAb (Cell Signaling Technology, diluted 1:1000).
After washing three times with 1 M TBS (pH 7.6) containing 0.1% (v/v) Tween 20, the membranes were
then incubated 1 h at room temperature with second antibodies IRDye® 800CW Goat anti-Mouse IgG (LI-
COR, diluted 1:10000) or IRDye® 800CW Goat anti-Rabbit IgG (LI-COR, diluted 1:10000). Finally,
membranes were washed three times with 1 M TBS (pH 7.6) containing 0.1% (v/v) Tween 20, and scanned
with Infrared Imaging System (LI-COR), and the protein expression values of NF-xB were normalized with
that of internal reference TBP using Odyssey V3.0 software.

2.3 Vector construction

Two complementary oligonucleotides (DMP-F and DMP-R; Table S1) consisting of five NF-kB binding
sites (GGGAATTTCC GGGGACTTTCC GGGAATTTCC GGGGACTTTCC GGGAATTTCC) regarded
as NF-kB decoy and a minimal promoter sequence (TAGAGGGTATATA) were annealed, extended and
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amplified with primers DMP XS-F and DMP EB-R (Table S1) to generate DMP-1 fragment, then subcloned
into T-clone vector pMD19-T (TaKaRa) to generate pT-DMP-1. Linear ZsGreen fragment was amplified
from plasmid pLVX-shRNA-ZsGreen (Addgene) with primers ZsGreen E-F and ZsGreen B-R (Table S1),
then cloned into pT-DMP-1 using the cutting sites of EcoRI and BamHI enzymes (ThermoFisher Scientific)
to generate pDMP-ZsGreen.

Above NF-«kB decoy and minimal promoter sequence were annealed, extended and amplified with primers
DMP ENB-F and DMP XHS-R (Table S2) to generate DMP-2 fragment, then subcloned into T-clone vector
pMDI19-T (TaKaRa) to generate pT-DMP-2. Two complementary oligonucleotides (TsgRNA-F and
TsgRNA-R; Table S2) with a 20-bp targeting telomere sequences (TAGGGTTAGGGTTAGGGTTA) were
annealed and cloned into px458 (Addgene) using the digestion sites of Bbsl (NEB) to generate pTsgRNA-
Cas9. Linear TsgRNA fragment was amplified from pTsgRNA-Cas9 with primers U6 Ncol-F and U6
BamHI-R (Table S2), then cloned into pT-DMP-2 using the cutting sites of Ncol and BamHI enzymes
(ThermoFisher Scientific) to generate pT-TsgRNA-DMP. Linear Cas9-EGFP fragment was amplified from
px458 (Addgene) with primers Cas9 Sall-F and Cas9 HindIII-R (Table S2), then cloned into pT-TsgRNA-
DMP using the cutting sites of Sall and HindIIl enzymes (ThermoFisher Scientific) to generate pTsgRNA-
DMP-Cas9-EGFP.

TsgRNA-DMP-Cas9 fragment was cut out from pTsgRNA-DMP-Cas9-EGFP, then cloned into pAAV-
MCS vector (Stratagene) using the cutting sites of EcoRI and HindIII enzymes (ThermoFisher Scientific) to
generate pAAV-TsgRNA-DMP-Cas9.

2.4 Cell transfection

In order to investigate the cancer cell-specificity of Nage vector, 293T, HepG2, HeLa, PANC-1, MDA-MB-
453, A549, HT-29, SKOV-3, Hepal-6, RAW264.7, MRC-5, and HL7702 cell lines were seeded into 24-well
plates at a density of 0.5x10° cells/well and cultivated overnight. Then cells were transfected 500 ng of
pDMP-ZsGreen or pEGFP-C1 (Addgene) using Lipofectamine® 2000 Reagent (ThermoFisher Scientific)
according to the following protocol. For each transfection, cells were cultured with 500 pL of Opti-MEM®
Medium (ThermoFisher Scientific) at 37 °C for 30 min. Two stock solutions were prepared for each
transfection, one was 50 pL of Opti-MEM, 500 ng of total DNA, another was 50 pL of Opti-MEM, 2 pL of
Lipofectamine 2000, respectively. The two solutions were vortexed and incubated for 5 min at room
temperature, respectively. Then, the Opti-MEM/Lipofectamine solution was added to the Opti-MEM/DNA
solution in dropwise, vortexed, and incubated for 20 min at room temperature before being added to each
well. After incubated for 5 h, the medium of each well was replaced with 500 pL of fresh DMEM or RPMI
1640 medium containing 10% FBS. The cells were incubated in 5% CO; at 37 °C for another 24 h. All cells
were then observed and photographed with a fluorescence microscope (IX51; Olympus) at the constant
magnification of 200x. The fluorescence intensity of cells were quantified with a flow cytometry (Calibur;
BD), and the mean fluorescence intensity (MFI) was calculated by BD software of flow cytometry.

In order to investigate whether the Nage vector could be used to kill cancer cells, 293T, HepG2, HelLa,
PANC-1, MDA-MB-453, A549, HT-29, SKOV-3, Hepal-6, RAW264.7, MRC-5, and HL7702 cells were
seeded into 24-well plates and transfected with 500 ng of pTsgRNA-DMP-Cas9-EGFP or pEGFP-C1
(Addgene) using Lipofectamine® 2000 Reagent (ThermoFisher Scientific) according to the above protocol.
After transfection, cells were cultivated with the fresh medium containing 10% FBS for 24 h. Then cells
were washed twice with PBS and stained with 100 pg/mL acridine orange (Solarbio) for 10 min at room
temperature. All cells were observed and photographed with fluorescent fluorescence microscope (IX51;
Olympus) at the constant magnification of 200x.
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2.5 Cytotoxicity assay

In order to detect cell viability, 293T, HepG2, HeLa, PANC-1, MDA-MB-453, A549, HT-29, SKOV-3,
Hepal-6, RAW264.7, MRC-5, and HL7702 cell lines were seeded into 96-well plates at a density of 1x10*
cells/well and cultivated overnight. Then cells were transfected with 100 ng of pTsgRNA-DMP-Cas9-EGFP
or pEGFP-C1 (Addgene) using Lipofectamine® 2000 Reagent (ThermoFisher Scientific) according to the
manufacturer’s instructions. After transfection, cells were cultivated with the fresh medium containing 10%
FBS (100 pL/well) for 5 h, then added with 10 pL of alamar blue (Yeasen) per well. Cells were then cultivated
for 24 h. The fluorescence intensity of each well was measured with a microplate reader (Synergy HT;
BioTek) by using an excitation wavelength at 530 nm and an emission wavelength at 590 nm. The cell
survival rate of treated cells was calculated as the percentage of fluorescence intensity of treated cells wells
to that of control wells.

2.6 Telomere length measurement

The telomere measurement by quantitative PCR was performed as previous study [45]. Briefly, the genomic
DNA (gDNA) was extracted from 293T, HepG2, HeLa, PANC-1, MDA-MB-453, A549, HT-29, SKOV-3,
Hepal-6, RAW264.7, MRC-5, and HL7702 cell lines after transfection with pTsgRNA-DMP-Cas9-EGFP
24 h using the TIANamp Genomic DNA Kit (Tiangen) according to the manufacturer’s instructions. The
quantitative telomere length was analyzed by qPCR with primers Tel qF and Tel gqR (Table S3). The single
copy internal control of B-globin gene was analyzed by qPCR with primers B-globin gF and B-globin qR
(Table S3). The qPCR reaction (20 puL) contained 10 uL of SYBR Green Real-time PCR Master Mix (2%)
(Roche), 0.25 uM primers, and 10 ng of gDNA. For telomere qPCR, the program was as follows: 95 °C for
10 min, 22 cycles of 95 °C for 15 s and 54 °C for 2 min. For B-globin gene qPCR, the program was as
follows: 95 °C for 10 min, 30 cycles of 95 °C for 15 s and 58 °C for 1 min. A melting curve was conducted
to monitor the PCR amplification. The gPCR programs were run on a StepOne Plus real-time PCR machine
(Applied Biosystems). Each qPCR detection was performed in at least three technical replicates. Melting
curve analysis revealed a single PCR product. Data analysis was performed using the Applied Biosystems
StepOne software v2.3, and Ct values of telomere (T) were normalized with that of single copy gene B-

globin (8). The relative telomere length was calculated as T/S ratio according to the equation: RQ = 22,

2.7 rAAV preparation

293T cells were plated in 75-cm? flask at a density of 5x10° cells/flask and cultivated overnight. Then cells
were transfected with pAAV-TsgRNA-DMP-Cas9 and pAAV-MCS using Lipofectamine® 2000 Reagent
(ThermoFisher Scientific) according to the following protocol. Before transfection, 293T cells were cultured
with 15 mL of Opti-MEM® Medium (ThermoFisher Scientific) at 37 °C for 30 min. Two stock solutions
were prepared for each transfection. One was 1 mL of Opti-MEM plus 4 pg of pAAV-TsgRNA-DMP-Cas9
or pAAV-MCS, 4 ng of pAAV-RC (Stratagene), and 4 pg of pHelper (Stratagene). The other was 1 mL of
Opti-MEM plus 45 pL of Lipofectamine® 2000. The two solutions were then vortexed and incubated at room
temperature for 5 min, respectively. Then the Opti-MEM/Lipofectamine solution was added to the Opti-
MEM/DNA solution in dropwise. The mixture was vortexed and incubated at room temperature for 20 min
before added to cells in a flask. After incubated for 5 h, the medium of each flask was replaced with 15 mL
of fresh DMEM medium containing 10% FBS. Cells were cultivated for 72 h.

In order to prepare viral lysates, the transfected 293T cells were scraped off with a cell scraper and
transferred the cell suspension into 50-mL screw-cap conical tubes. The cell suspension was subjected three
rounds of freeze—thaw—vortex cycles to release rAAV from cells as follows: froze cells at -70 °C for 2 h,
thawed cells in a 37 °C water bath, and vortexed vigorously. Then cell debris was removed by centrifugation
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at 500 g at room temperature for 10 min and the supernatant was collected as the initial rAAV lysate. The
supernatant was pooled into a 50-mL conical tube, added 1/10 volume of chloroform and incubated at 37°C
for 1 h with rotation. Solid sodium chloride was then added to the mixture at a final concentration of 1 M.
The supernatant was collected by centrifuging at 10,000 g at 4 °C for 15 min and transferred into a new 50-
mL conical tube. The supernatant was then added with PEG8000 (Sigma) at a final concentration of 10%.
The mixture was incubated on ice for 1 h. The mixture was then centrifuged at 10,000 g at room temperature
for 15 min to remove the supernatant. The pellet was resuspended with 5 mL of PBS buffer, which was used
as intermediate rAAV product. In order to concentrate and purify the rAAYV, the intermediate rAAV product
was added with DNase and RNase at a final concentration of 1 pg/mL and incubated at room temperature
for 30 min. Then the intermediate rAAV product was added with the same volume of chloroform and mixed
by rotation. The mixture was centrifuged at 10,000 g at 4 °C for 10 min to collect the supernatant, which
was used as the final rAAV product. Two final rAAV products were prepared, named as rAAV-TsgRNA-
DMP-Cas9 and rAAV-MCS.

2.8 rAAV titration

The titration of rAAV was analyzed by quantitative PCR (qPCR). The qPCR amplification of rAAV-
TsgRNA-DMP-Cas9 and rAAV-MCS used the primers DMP qF/R and MCS gF/R, respectively (Table S3).
A purified TsgRNA fragment with known molecule copy number was used as standard sample to establish
a standard curve, which was 10-fold serially diluted at the concentrations ranging from 1:10 to 1:10*. The
gPCR amplification of TsgRNA fragment used the primers U6 F and U6 R (Table S3). The PCR reaction
(20 pL) consisted of 10 pL of SYBR Green Real-time PCR Master Mix (2x) (Roche), 0.25 pM primers, and
2 pL of purified rAAV or TsgRNA fragment. The PCR programs were as follows: 95 °C for 10 min and 45
cycles of 95 °C for 15 s and 60 °C for 1 min. A melting curve was conducted to monitor the PCR
amplification. The qPCR programs were run on a StepOne Plus real-time PCR machine (Applied
Biosystems). Each qPCR detection was performed in at least three technical replicates. Melting curve
analysis revealed a single PCR product. Data analysis was performed using the Applied Biosystems StepOne
software v2.3, the concentration of virus genome (vg) was determined according to the standard curve.

2.9 rAAV evaluation

In order to evaluate the prepared rAAVs, HepG2, Hepal-6, MRC-5, and HL.7702 cells were seeded into 24-
well plates at a density of 0.5x10° cells/well and cultivated overnight. Cells were then transfected with the
viruses rAAV-TsgRNA-DMP-Cas9 and rAAV-MCS at the dose of 1x10? vg/cell, respectively. The
transfected cells were cultivated for 24 h. Cells were then stained with acridine orange as described above.
All cells were observed and photographed with a fluorescence microscope (IX51; Olympus) at the constant
magnification of 200x.

2.10 Animal experiment

Four-week-old female nude mice (BALB/c-Foxn1™) purchased from the Model Animal Research Center of
Nanjing (Nanjing, China) were used as the experimental animals. Each mouse weighed 18-22 g and was
maintained under specific pathogen-free conditions. All animal experiments in this study followed the
guidelines and ethics of the Animal Care and Use Committee of Southeast University (Nanjing, China).

In the first animal experiment, the nude mice was subcutaneously transplanted with the mixture of 1x10’
Hepal-6 cells and 1x10° vg rAAV-MCS or rAAV-TsgRNA-DMP-Cas9. On each mouse, the mixture of
Hepal-6 and rAAV was transplanted on both sides of abdomen. After two weeks, all mice were euthanized
and photographed. Tumor size was measured with a precision caliper. Tumor volume was calculated with
the formula V = (Dd?)/2, in which D is the major tumor axis and d is the minor tumor axis.
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In the second animal experiment, the nude mice was subcutaneously transplanted with 1x107 Hepal-6
cells on both sides of abdomen to produce the tumor-bearing mice. After one week, the tumor-bearing mice
were randomly divided into two groups and intravenously injected with 1x10° vg of rAAV-MCS or rAAV-
TsgRNA-DMP-Cas9, respectively. After one week, all mice were euthanized and photographed. Tumor size
was measured and calculated as described above.

2.11 Virus detection

In order to detect the presence of virus in tissues with qPCR, the heart, liver, spleen, lung, kidney, and tumor
tissues were collected from mice in the second animal experiment. The genomic DNA (gDNA) was extracted
from above tissues using the TIANamp Genomic DNA Kit (TTANGEN) according to the manufacturer’s
instructions. The rAAV DNA abundance was analyzed by qPCR with primers MCS gqF and MCS gR (Table
S3). The internal control of GAPDH gene was analyzed by qPCR with primers GAPDH gqF1 and GAPDH
qR1 (Table S3). The qPCR reaction (20 puL) contained 10 puL of SYBR Green Real-time PCR Master Mix
(2x) (Roche), 0.25 uM primers, and 10 ng of gDNA. The qPCR program was as follows: 95 °C for 10 min,
45 cycles of 95 °C for 15 s and 60 °C for 1 min. A melting curve was conducted to monitor the PCR
amplification. The qPCR programs were run on a StepOne Plus real-time PCR machine (Applied
Biosystems). Each qPCR detection was performed in at least three technical replicates. Melting curve
analysis revealed a single PCR product. Data analysis was performed using the Applied Biosystems StepOne
software v2.3, and Ct values were normalized with that of GAPDH. The relative abundance of viral DNA

was calculated as relative quantity (RQ) according to the equation: RQ = 224,

2.12 RT-PCR

In order to detect the expression of RelA and Cas9 in tissues with qPCR, the heart, liver, spleen, lung, kidney,
and tumor tissues were collected from mice in the second animal experiment. Total RNA was extracted from
above tissues with Trizol® reagent (Invitrogen), then 500 ng of total RNA was reversely transcribed into
cDNA using PrimeScript™ RT Master Mix (TaKaRa) according to the manufacturer’s instructions in a total
volume of 10 pL. Then RelA and Cas9 mRNA expression levels were analyzed by qPCR with primers RelA
qF/R and Cas9 gqF/R (Table S3). The internal control of GAPDH gene was analyzed by qPCR with primers
GAPDH qF2 and GAPDH gqR2 (Table S3). The qPCR reaction (20 puL) contained 10 pL of 2x SYBR Green
Real-time PCR Master Mix (Roche), 0.25 uM primers, and 2 pL of cDNA. The qPCR program was as
follows: 95 °C for 10 min, 45 cycles of 95 °C for 15 s and 60 °C for 1 min. A melting curve was conducted
to monitor the PCR amplification. The qPCR programs were run on a StepOne Plus real-time PCR machine
(Applied Biosystems). Each qPCR detection was performed in at least three technical replicates. Melting
curve analysis revealed a single PCR product. Data analysis was performed using the Applied Biosystems
StepOne software v2.3, and Ct values were normalized with that of GAPDH. The relative RelA and Cas9

mRNA expression level was calculated as relative quantity (RQ) according to the equation: RQ = 2744¢t,

2.13 Statistics
Data were expressed as means values + standard deviation (SD). The statistical significance was analyzed
by a two-tailed unpaired Student’s t-test. Differences at p < 0.05 were considered statistical significance.

3. Results

3.1 Evaluation of NF-kB activity in different cell lines

Because the intracellular NF-kB activity is critical to Nage vector, we firstly detected the NF-kB activity in

twelve cell lines, including seven human cancer representing different cancers (HepG2, A549, PANC-1,

MDA-MB-453, HT-29, HeLa, and SKOV-3), two mouse cancer cell lines (Hepal-6 and RAW264.7), and
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two normal human cell lines (MRC-5 and HL7702). We also detected the NF-kB activity in an engineered
normal human cell lines (293T), which was widely used to transfect exogenous genes with high efficiency.
We expected to known the cancer cell-specific over activation of NF-kB. Because the main functional NF-
kB protein is the heterodimer of RelA-p50 and the activated NF-kB protein locates in nucleus, we detected
the abundance of RelA protein in nuclear extracts with Western blot by using a anti-RelA antibody. Another
reason of detecting RelA is that only this protein has transcriptional activation domain in RelA-p50 dimer,
which exerts the NF-kB’s function of gene transcriptional activation. The results indicated that a single 64-
kDa band of NF-«kB protein was detected in 293T and all other tumor cells, including HepG2, HelL.a, PANC-
1, MDA-MB-453, A549, HT-29, SKOV-3, Hepal-6, and RAW264.7 cells (Figure 1a). However, no NF-kB
protein was found in two normal cells (MRC-5 and HL7702) (Figure 1a). In this Western blot detection, the
nuclear protein TBP was simultaneously detected as a loading control (a single 37-kDa band) (Figure 1a).
In contrast to HL7702, all cancer cell lines and 293T had significantly high NF-xB activity (Figure 1b).
However, the relative NF-kB activity is not identical among different cell lines, showing cell type-dependent
NF-kB activation level. It was found there was the highest relative NF-kB activity in 293T cell. These results
indicated that NF-xB was only constitutively over activated in all detected cancer cells.

3.2 Activation of reporter gene expression in cells by Nage vector

In this study, we expect to induce cancer cell death by transfecting a Nage vector. In this vector, we used a
NF-kB-specific promoter to drive expression of a downstream effector gene that can induce cell death. The
NF-kB-specific promoter was a DNA sequence formed by fusing a NF-kB decoy sequence with a minimal
promoter [32], which was therefore named as DMP, referring to decoy minimal promoter. To investigate the
cancer cell-specific gene activation of Nage vector, we constructed a plasmid vector named DMP-ZsGreen
by cloning ZsGreen gene downstream of DMP (Figure 2a). We conceived that the expression of ZsGreen
protein could be activated by NF-kB activity in cancer cells but not in normal cells without NF-«xB activity
(Figure 2a). We thus transfected all cell lines detected above with the DMP-ZsGreen plasmid. The results
indicated that ZsGreen was successfully expressed in 293T and all cancer cells (Figure 2b). By quantifying
the fluorescence intensity of as many as 10,000 cells with flow cytometry, the MFI was measured to be 15%
(293T), 8.3% (HepG2), 8.7% (HeLa), 10% (PANC-1), 1.8% (MDA-MB-453), 8.3% (A549), 2.2% (HT-29),
6.2% (SKOV-3), 8.3% (Hepal-6), and 1.4% (RAW264.7), respectively (Figure 2b). In contrast, ZsGreen
was not expressed in normal cells including MRC-5 and HL7702 when transfected with the same plasmid
(Figure 2b). As a blank control, all cells only transfected lipofectin showed no fluorescence (Figure S1).

In this transfection, it was found that 293T cell showed the highest ZsGreen expression, in agreement
with the highest NF-kB activity in this cell (Figure 1). However, in cancer cells, there is no correlation
between ZsGreen expression level and NF-kB activity. For example, in all cancer cells, HT29 cell had the
highest NF-kB activity but the almost lowest ZsGreen expression; however, PANCI1 cell had the lowest NF-
kB activity but the highest ZsGreen expression. This phenomenon may be related with the transfection
efficiency of different cells. Anyway, the Nage vector was activated to express ZsGreen in all NF-xB over
activated cells, including 293T and all cancer cells; however, it was not activated in all normal cells,
indicating the cancer cell-specific expression of Nage vector.

As a transfection control, we also simultaneously transfected all cells with a plasmid C1-EGFP, in which
the EGFP expression was driven by CMV promoter. This promoter is a widely used natural mammalian
promoter with the highest transcriptional activation activity [42]. The results demonstrated that all cell lines
showed EGFP expression, including two normal cell lines (MRC-5 and HL.7702), indicating the cancer cell
non-specificity of this powerful promoter. This result is in agreement with our previous study, in which the
CMYV promoter and DMP were compared by only transfecting HepG2 and HL7702 [32]. Our previous study
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revealed that the transcriptional activation activity of CMV promoter also had close relationship with NF-
kB activity because it contains four canonical NF-«kB binding sites [42]; however, this study verified that it
is not a NF-kB-specific promoter. Therefore, it could drive EGFP expression in two normal cell lines that
had no NF-«B activity. Finally, by comparing the MFI of cells other than two normal cells transfected by
CMV-EGFP and DMP-ZsGreen, we noticed that there was a linear correlation (Figure S2), indicating that
the above described no correlation between the ZsGreen expression level and the NF-xB activity resulted
from the different transfection efficiency of different cells.

3.3 Promotion of cancer cell death in vitro by expressing Cas9 with a plasmid Nage vector

After validating the cancer cell-specific exogenous gene expression by Nage vector, we expected to known
whether the Nage vector could be used to promote cancer cell death. Because the CRISPR/Cas9 was widely
used to introduce double-strand break (DSB) to genomes of living cells and the DNA damage can induce
cell apoptosis, we thus selected Cas9 as an effector gene in Nage vector. Because previous study revealed
that a telomere-targeting sgRNA (TsgRNA) could guide a EGFP-fused dead Cas9 (dCas9) to an array of
telomere positions for imaging telomeres in cells [46], we deduced that the Nage vector-expressed Cas9
protein could be guided to telomeres of cancer cells by a co-expressed TsgRNA, where Cas9 should be
produce DSBs to telomere DNA and thus promote cancer cell death (Figure 3a). However, in normal cells
without NF-kB activity, the Cas9 protein can not be expressed; accordingly, the Nage vector transfection
should exert no effect on normal cells (Figure 3a). Therefore, we constructed a new plasmid Nage vector,
TsgRNA-DMP-Cas9-EGFP, in which the expression of TsgRNA was under the control of U6 promoter but
the expression of Cas9-EGFP was under the control of DMP (Figure 3a).

We then transfected all cells with the new plasmid Nage vector, TsgRNA-DMP-Cas9-EGFP. The results
indicated that the EGFP protein was expressed in all cancer cells with different levels (Figure S3), suggesting
that Cas9 protein was successfully expressed in all cancer cells by Nage vector. At the same time, as expected,
the transfection with this Nage vector induced the visible death of all cancer cells (Figure 3b). In contrast,
the two normal cells (MRC-5 and HL7702) showed no both EGFP expression (Figure S3) and cell death
(Figure 3b) when transfected with the same Nage vector. The quantitative measurement of cell viability with
alamar blue also indicated that the Nage vector transfection led to significant decrease of cell viability of all
cancer cells except MDA-MB-453. In above transfection, we also simultaneously transfected all cells with
pC1-EGFP (also named as pCMV-EGFP) and lipofectin and detected their effect on cell viability with alamar
blue assay. The results indicated that the two transfections had no effect on cell viability (Figure S3). These
results demonstrated that the Nage vector could be used to effectively and specifically induce cancer cell
death by expressing Cas9 and TsgRNA. It was interesting that the TsgRNA-DMP-Cas9-EGFP transfection
exerted no significant effect on 293T cells (Figure 3) despite the EGFP was most highly expressed in this
cell (Figure S3).

To verify that the telomere was damaged by the Nage vector-expressed TsgRNA-Cas9, we subsequently
detected the telomere length of Nage vector-transfected cells by using a qPCR method. The results indicated
the telomere of all cancer cells became significant shortened with the transfection of Nage vector expressing
TsgRNA-Cas9 (Figure 4). However, the telomere of two normal cells did not shorten despite transfection
with Nage vector (Figure 4). Unexpectedly, the telomere of 293T was also not shortened (Figure 4). These
results demonstrated that the telomere of all cancer cells could be specifically damaged by the cutting of
TsgRNA-Cas9 that was expressed by the Nage vector. The death of cancer cells was induced by the telomeric
DNA damage resulted from TsgRNA-Cas9 cutting.

3.4 Promotion of cancer cell death in vitro by expressing Cas9 with an AAV Nage vector
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To explore the in vivo application of the Cas9-expressing Nage vector, the whole sequence of U6 promoter,
TsgRNA, DMP, and Cas9 in plasmid TsgRNA-DMP-Cas9-EGFP was cloned into an AAV vector to
construct rAAV-TsgRNA-DMP-Cas9. Then, the effect of rAAV-TsgRNA-DMP-Cas9 to promote cancer cell
death was evaluated by transfecting four cell lines including HepG2, Hapal-6, MRC-5, and HL7702. The
results indicated that rAAV-TsgRNA-DMP-Cas9 induced significant cell death in two cancer cells (HepG2
and Hepal-6) (Figure 5a, b). However, it exerted no effects on two normal cells (MRC-5 and HL7702)
(Figure 5c, d). As a negative control, we also simultaneously transfected the four cell lines with rAAV-MCS
that was cloned no TsgRNA-DMP-Cas9 sequences (Figure 5). The results indicated that the growth of all
four cell lines was not affected by the control rAAV. These results verified the effect of rAAV-TsgRNA-
DMP-Cas9.

3.5 Inhibition of tumor growth in vivo by expressing Cas9 with AAV Nage vector

To explore whether the Nage vector packaged in AAV viron could inhibit tumor growth in vivo, we next
performed animal experiments. In the first animal experiment, the Hepal-6 cells were firstly mixed with the
control virus rAAV-MCS and rAAV-TsgRNA-DMP-Cas9 in vitro, respectively. Then the mixtures were
subcutaneously transplanted at two sides of abdomen of nude mice at the same time. After two weeks, all
nude mice transplanted with the Hepal-6/rAAV-MCS mixture appeared obvious large tumors on both sides
and tumor mass hyperemia and swelling (Figure 6a; Figure S4a). The mean tumor size of left and right side
was up to 190 mm’ and 207.75 mm?, respectively (Figure 6b). However, the tumor size of nude mice
transplanted with the Hepal-6/rAAV-TsgRNA-DMP-Cas9 mixture was significantly smaller than that of
control groups (Figure 6a). The mean tumor size of left and right side was only 12.58 mm?® and 15.96 mm?,
respectively (Figure 6b). We noticed that many tumors completely did not grow out in mice transplanted
with the Hepal-6/rAAV-TsgRNA-DMP-Cas9 mixture (Figure 6a; Figure S4b). However, all tumors grow
out in mice transplanted with the Hepal-6/rAAV-MCS mixture. These results demonstrated the strong tumor
inhibition function of rAAV-TsgRNA-DMP-Cas9 in vivo.

In the second animal experiment, all mice were firstly subcutaneously transplanted with the Hepal-6 cells
on both sides of abdomen to produce tumor-bearing mice. After one week, the mice were randomly divided
into two groups and intravenously injected with rAAV-MCS and rAAV-TsgRNA-DMP-Cas9, respectively.
After one week, the mice were sacrificed for photographing and measuring the tumor size. The results
revealed that all tumor-bearing mice injected with rAAV-MCS appeared large tumor on both sides (Figure
6¢; Figure S5a). The mean tumor size of left and right sides was up to 202.2 mm? and 130.3 mm?, respectively
(Figure 6d). However, the tumor size of tumor-bearing mice injected with rAAV-TsgRNA-DMP-Cas9 was
small in comparison with the control group. The mean tumor size of left and right side was only 14.85 mm?
and 39.95 mm?®, respectively (Figure 6d). Some tumor were even eradicated (Figure 6¢; Figure S5b). These
results also demonstrated the strong tumor inhibition function of rAAV-TsgRNA-DMP-Cas9 by single
intravenous administration. In addition, no mouse died in two animal experiments after rAAV administration,
indicating the safety of rAAV vectors.

To further explore the cancer cell-specific expression of effector gene in the Nage vector, we collected the
main tissues of mice in the second animal experiment, including heart, liver, spleen, lung, kidney, and tumor
tissues. We detected the virus skeleton DNA and Cas9 mRNA in these tissues with qPCR. The results
indicated that the viral skeleton DNA that represents virus distribution in tissues was in high abundance in
the liver and tumor tissues (Figure 6e¢), indicating the tissue tropism of rAAV. There was also little
distribution of rAAV in other tissues (Figure 6e). However, the qPCR detection of Cas9 expression
demonstrated that Cas9 was only expressed in tumors (Figure 6f), indicating the tumor-specific expression
of Nage vector. In order to preliminarily explore the factors leading to different tumor inhibition efficiency,
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two large and two small tumors were collected from the mice of the second animal experiments. The virus
abundance in these tumors was detected with qPCR. The results indicated that there was more viruses in
small tumors than in large tumors (Figure 6h). It suggested that the in vivo tumor inhibition efficiency is
related to the abundance of AAV vectors in tumors.

Finally, to further explore the correlation between effector gene expression of Nage vector and NF-kB
activity, we also detected the abundance of NF-kB RelA mRNA in variant tissues of mice of the second
animal experiment by qPCR. The results indicated that NF-kB was transcribed at the highest level in tumors
(Figure 6h). NF-xB was also transcribed at a higher level in spleen than in other tissues (Figure 6h). However,
there was significant difference between tumor and spleen (Figure 6h), indicating high transcription of NF-
kB in cancers. To further detect the activation of NF-«B in tissues, we prepared the nuclear extracts from
heart, liver, spleen, lung, kidney, and tumor tissues of tumor-bearing mice. We then detected the NF-xB
protein abundance in nuclear extracts with Western blot by using a anti-RelA antibody. The results indicated
that a single 64-kDa band of NF-kB RelA protein was detected in liver, spleen, lung, kidney, and tumor
tissues (Figure 61). The relative NF-kB protein abundance in nuclear extracts of variant tissues was compared
after normalized against TBP. The results indicated that there was the highest NF-xB activity in tumors
(Figure 61). Interestingly, it was found that there was also higher NF-xB activity in spleen than in other
tissues (Figure 61). However, there was significant difference between tumor and spleen (Figure 6h),
indicating over activation of NF-kB in cancer. In combination with the result of Cas9 expression only in
tumors, it can be concluded that only the NF-xB over activity in tumors can activate the expression of effector
gene in Nage vector. Despite there was NF-kB activity in other tissues including liver, kidney, lung, and
spleen, the effector gene expression was not activated by these relative low NF-«kB activities, even not by
the relatively high NF-kB activity in spleen. The results suggested that the effector gene expression of Nage
vector is dependent on over activation of NF-kB in cancer, suggesting the in vivo safety of the Nage strategy.

4. Discussion

Contrary to the traditional strategy of inhibiting NF-xB activity, this study developed a novel strategy of
utilizing NF-xB activity. In this strategy, an engineered NF-xB-specific promoter (DMP) was employed to
drive gene expression. Activated by the constitutive NF-xB activity in cancer cells, an exogenous gene could
be specifically expressed in cancer cells. To validate the strategy, we firstly demonstrated the cancer cell-
specific over activation of NF-«kB by detecting the NF-xB abundance in nuclear extracts of twelve cell lines.
We then verified the strategy by expressing a reporter gene ZsGreen in twelve cell lines, which demonstrated
that ZsGreen could only be specifically expressed in all detected cancer cell lines. We next verified the
strategy by expressing CRISPR/Cas9 protein in twelve cell lines, which demonstrated that the Cas9 protein
could also be specifically expressed in all detected cancer cell lines (reported by EGFP in Figure S1).
Moreover, the Cas9 protein could induce death of all detected cancer cells by associating with a telomere-
targeting sgRNA (TsgRNA). Because this strategy activated the expression of exogenous genes by depending
on intracellular NF-kB activity, we thus named it as NF-kB-activating gene expression (Nage). In the Nage
vector, the expression of a downstream effector gene was controlled by a NF-xB-specific promoter (DMP),
which was constituted by a NF-kB decoy sequence and a minimal promoter sequence. Finally, we verified
that the new strategy could be used to inhibit tumor growth in mice, in which a Nage vector co-expressing
Cas9 protein under the control of DMP and TsgRNA under the control of U6 promoter was packaged in AVV
viron.

To induce cancer cell death by using the Nage strategy, we used telomere DNA as target. The human
telomere DNA consists of thousands of tandem repeats of TTAGGG [47]. Telomere functions in
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chromosome positioning, integrity and genomic stability through prohibiting nucleolytic degradation,
chromosomal end-to-end fusion and irregular recombination [48]. In humans, the average length of telomere
ranges from 1015 kb [49]. However, the telomere DNA loses about 50-200 bp during per cell division due
ot the inability of DNA polymerase to replicate the ends of liner DNA [50]. In general, the critically short
telomere length can trigger cell death [51]. Therefore, telomere length acts as the mitotic clock for lifespan
of eukaryotic cells [52]. However, due to the re-activation of telomerase, cancer cells can repair telomere
DNA shortening, by which cancer cells become immortal [53]. Telomerase is a natural RNA-containing
enzyme that can synthesize the repetitive telomere sequences [54], which thus helps to maintain the integrity
of the genome in some cells such as embryonic stem cells [55]. Telomerase is silenced in most normal tissue
cells but reactivated in most human cancer cells [56, 57]. Therefore, telomerase has been a attracting target
to cancer therapy [58, 59]. Many telomerase inhibitors has thus been developed to treat cancers; however,
none of them becomes the applicable clinical drugs due to their side effects [59-61]. On the other hand, a
recent study indicated that the telomeric DNA damage could promote cancer cell death [62]. Therefore, we
targeted telomere DNA to induce cancer cell death by Nage vector in this study.

CRISPR/Cas9 is a currently widely used gene editing tool to produce double-strand break (DSB) in
genomic DNA [63-66]. In this study, we therefore used Cas9 as effector gene, which can introduce DSB to
telomeric DNA by being guided by a telomere-targeting sgRNA. Our detection of telomere length indicated
that the transfection of TsgRNA-DMP-Cas9-EGFP plasmid induced the shortening of telomere of
transfected cancer cells; however, it produced no effect on telomere of normal cells. Because the TTAGGG
repeats are the unique sequence of human telomere DNA, the genome blast showed that the TsgRNA target
sequence is uniquely mapped to human telomere sequences. Therefore, the human telomere is the unique
target of TsgRNA. The same TsgRNA has also been used to specifically image telomere with
CRISPR/dCas9-EGFP [46]. Another reason to use telomere as target of Cas9 in this study is that human
telomere DNA is long double-stranded DNA consisting of a multitude of tandem repeats of TTAGGG.
Therefore, the human telomere could be multiply cut by Cas9-TsgRNA, which could rapidly produce enough
DNA damage to promote cancer cell death. The previous studies revealed that TsgRNA could guide dCas9-
EGFP to array of positions on telomere, by which telomere could be imaged with CRISPR/dCas9 [46].
Beside Cas9, many other genes that can induce cell apoptosis, differentiation, and suicide can also be used
as effector genes in Nage vector.

To investigate if the Nage vector could be used to inhibit tumor growth in vivo by expressing TsgRNA
and Cas9, we compacted the whole gene expression cassette including U6 promoter, TsgRNA, DMP, and
Cas9 into AAV vector. We showed that the rAAV could efficiently inhibit tumor growth in model mice. AAV
is now a widely used clinical gene therapy vector that has several significant advantages, including the
tropism of both dividing and non-dividing cells, no host genome integration, stable long-term transgene
expression, high production yields, and low immunogenicity [67]. In the past 2017, the US Food and Drug
Administration (FDA) has approved several gene therapy such as hemophilia [68] and spinal muscular
atrophy [69]. All of these gene therapy clinical tests use AAV as gene vector due to its long-standing safety
[70]. However, a disadvantage of AAV vector is its limited packaging capacity (~4.7 kb). Despite long length
of Cas9 protein coding sequence, due to short length of DMP, U6 promoter, and sgRNA coding sequence,
we compacted the whole Nage vector cassette that expressing TsgRNA and Cas9 into a AAV viron. This
single AAV viron package of full-length Nage vector is beneficial for increasing virus administration dosage
and enhancing therapeutic effect. This is better than the current multiple AAV combinant in vivo application
due to large size of CRISPR/Cas9 system and limited package capacity of AAV vector [71]. Because DMP
is a weak promoter, the capability of stable long-term transgene expression capability of AAV vector is
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helpful for the sufficient expression of Cas9 proteins. Also due to the long-term transgene expression
capability of AAV vector, as performed in the current clinical gene therapies, we performed single
administration of rAAV to cancer therapy of tumor-bearing mice. The serotype of AAV used in this study is
AAV2, which is an liver-tropism AAV. In this study, we transfected human hepatoma HepG2 and mouse
hepatoma Hepal-6 cells in vitro with rAAV. We treated the mice bearing the tumors caused by Hepal-6
inoculation. It is worthy to mention that no mice died when two animal experiments, indicating safety of
TAAV.

In this study, we also used the 293T cell in detecting NF-«xB activity, transfection DMP-ZsGreen and
TsgRNA-DMP-Cas9-EGFP. We found that there were the highest NF-xB activity (Figure 1) and expression
of ZsGreen (Figure 2) and EGFP (Figure S2) in this cell. However, the transfection of TsgRNA-DMP-Cas9-
EGFP did not induce the significant death of the cell (Figure 3). The detection of telomere length revealed
that the transfection of TsgRNA-DMP-Cas9-EGFP also did not shorten the telomere length of the cell (Figure
4). This is an unexpected but interesting result. It is known that HEK293 cell line was derived from the
normal human embryonic kidney tissue cultured in vitro. 293T cell line was derived from HEK293 cells
after a series of transfection with sheared gDNA of Adenovirus 5 [72, 73]. The “T” means that it expresses
the Large T antigen which is important for replicating plasmids containing an SV40 origin of replication to
high copy number in the transfected cell. These facts suggested that 293T cell is not a normal cell line as
MRCS5 and HL7702. However, despite its abnormal chromosome number (64) and structure, it has also never
been used as a cancer cell line. Therefore, the underlying reason why TsgRNA-DMP-Cas9-EGPF
transfection did not induce death of this cell should be further explored in the future.

In this study, we found that there was also basic NF-«kB activity in normal organs, including liver, lung,
kidney, and spleen. This may be reason why the traditional NF-«xB inhibitors have unacceptable side effects.
Despite the basic NF-kB activity in these normal organs, we found that the effector gene expression of Nage
vector was not activated by these relative low NF-kB activities, especially not by the relatively high NF-xB
activity in spleen. The results showed the high cancer specificity of effector gene expression of Nage vector.
The relative high NF-kB activity in spleen should be related with the major physiological function of NF-
kB in immunity. Spleen is the biggest immunity. There is a large number of lymphocytes and macrophage
in spleen. As we discussed above, DMP is a weak promoter. According to the results of this study, DMP can
not be activated by the relative low NF-kB activities in normal organs. This is critical for the clinical
application of Nage vector as a gene therapy of cancers.

In summary, we developed a novel gene therapy of cancer based on a newly discovered cancer cell-
specific gene expression technique, Nage. This technique fully utilizes the widely over-activated NF-xB
activity in cancer cells, which is completely opposite to the current strategy that inhibits NF-xB activity with
various inhibitors. Until now, there is still no Nage-like strategy has been developed. Therefore, this is the
first time to develop a NF-«xB utilizing strategy for cancer therapy, which may be also used to treat other NF-
kB over activated diseases such as inflammation [12]. By changing effector gene in Nage vector, variant
gene therapies can be developed to treat the NF-kB over activated diseases.

Supplemental information

Supplemental information includes five figures, three tables and three vector sequences.
Conflict of interest

None of the authors declared a conflict of interest.

Author contributions


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

J.K.W. conceived the study and designed experiments. W.D. designed and performed main experiments. J.W.

prepared reagents and performed partial experiments. J.K.W. and W.D. wrote the manuscript with support

from all authors.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (61571119) and the National
Key Research and Development Program of China (2017YFA0205502).

Reference

1. Sen, R. and D. Baltimore, Multiple nuclear factors interact with the immunoglobulin enhancer sequences.
Cell, 1986. 46(5): p. 705-16.

2. Ben-Neriah, Y. and M. Karin, Inflammation meets cancer, with NF-kappaB as the matchmaker. Nat
Immunol, 2011. 12(8): p. 715-23.

3. Oeckinghaus, A., M.S. Hayden, and S. Ghosh, Crosstalk in NF-kappa B signaling pathways. Nature
Immunology, 2011. 12(8): p. 695-708.

4. Hatada, E.N., D. Krappmann, and C. Scheidereit, NF-kappaB and the innate immune response. Curr Opin
Immunol, 2000. 12(1): p. 52-8.

5. Hayden, M.S., A.P. West, and S. Ghosh, NF-kappaB and the immune response. Oncogene, 2006. 25(51): p.
6758-80.

6. Oeckinghaus, A. and S. Ghosh, The NF-kappaB family of transcription factors and its regulation. Cold
Spring Harb Perspect Biol, 2009. 1(4): p. a000034.

7.  Wan, F. and M.J. Lenardo, Specification of DNA binding activity of NF-kappaB proteins. Cold Spring Harb
Perspect Biol, 2009. 1(4): p. a000067.

8. Smale, S.T., Hierarchies of NF-kappaB target-gene regulation. Nat Immunol, 2011. 12(8): p. 689-94.

9. Pahl, H.L., Activators and target genes of Rel/NF-kappa B transcription factors. Oncogene, 1999. 18(49):
p. 6853-6866.

10. Ahn, K.S. and B.B. Aggarwal, Transcription factor NF-kappa B - A sensor for smoke and stress signals.
Natural Products and Molecular Therapy, 2005. 1056: p. 218-233.

11. Karin, M., NF-kappa B as a Critical Link Between Inflammation and Cancer. Cold Spring Harbor
Perspectives in Biology, 2009. 1(5): p. a000141.

12. DiDonato, J.A., F. Mercurio, and M. Karin, NF-kappa B and the link between inflammation and cancer.
Immunological Reviews, 2012. 246: p. 379-400.

13. Hoesel, B. and J.A. Schmid, The complexity of NF-kappa B signaling in inflammation and cancer.
Molecular Cancer, 2013. 12.

14. Basseres, D.S. and A.S. Baldwin, Nuclear factor-kappa B and inhibitor of kappa B kinase pathways in
oncogenic initiation and progression. Oncogene, 2006. 25(51): p. 6817-6830.

15. Barkett, M. and T.D. Gilmore, Control of apoptosis by Rel/NF-kappaB transcription factors. Oncogene,
1999. 18(49): p. 6910-24.

16. Biswas, D.K., et al., Epidermal growth factor-induced nuclear factor kappa B activation: A major pathway
of cell-cycle progression in estrogen-receptor negative breast cancer cells. Proc Natl Acad Sci U S A, 2000.
97(15): p. 8542-7.

17. Lane, D.P, et al., On the regulation of the p53 tumour suppressor, and its role in the cellular response to
DNA damage. Philos Trans R Soc Lond B Biol Sci, 1995. 347(1319): p. 83-7.

18. Sen, R., Control of B lymphocyte apoptosis by the transcription factor NF-kappaB. Immunity, 2006. 25(6):

p. 871-83.
15


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Ainbinder, E., et al., Mechanism of rapid transcriptional induction of tumor necrosis factor alpha-
responsive genes by NF-kappaB. Mol Cell Biol, 2002. 22(18): p. 6354-62.

Su, S., et al., CD10(+)GPR77(+) Cancer-Associated Fibroblasts Promote Cancer Formation and
Chemoresistance by Sustaining Cancer Stemness. Cell, 2018. 172(4): p. 841-856 ¢16.

Karin, M., Y. Yamamoto, and Q.M. Wang, The IKK NF-kappa B system: a treasure trove for drug
development. Nat Rev Drug Discov, 2004. 3(1): p. 17-26.

Gupta, S.C., et al., Inhibiting NF-kappa B activation by small molecules as a therapeutic strategy.
Biochimica Et Biophysica Acta-Gene Regulatory Mechanisms, 2010. 1799(10-12): p. 775-787.

Nguyen, D.P,, et al., Recent insights into NF-kappa B signalling pathways and the link between
inflammation and prostate cancer. Bju International, 2014. 114(2): p. 168-176.

Vykhoyanets, E., et al., Nuclear factor-kappaB provides mechanistic link between inflammation and
prostate cancer. Journal of Immunology, 2009. 182.

Grinberg-Bleyer, Y. and S. Ghosh, A Novel Link between Inflammation and Cancer. Cancer Cell, 2016.
30(6): p. 829-830.

Karin, M., et al., NF-kB: a factor that provides a link between stress, inflammation and cancer. European
Journal of Cancer, 2002. 38: p. S116-S116.

Karin, M., NF-kappa B as a Critical Link Between Inflammation and Cancer. Cold Spring Harbor
Perspectives in Biology, 2009. 1(5).

Pikarsky, E. and Y. Ben-Neriah, NF-kappaB inhibition: a double-edged sword in cancer? Eur J Cancer,
2006. 42(6): p. 779-84.

Xiao, G., et al., Alternative pathways of NF-kappaB activation: a double-edged sword in health and
disease. Cytokine Growth Factor Rev, 2006. 17(4): p. 281-93.

Tornatore, L., et al., Cancer-Selective Targeting of the NF-kappaB Survival Pathway with
GADDA45beta/MKK?7 Inhibitors. Cancer Cell, 2014. 26(6): p. 938.

Rega, C., et al., Probing the interaction interface of the GADD45beta/MKK7 and MKK7/DTP3 complexes
by chemical cross-linking mass spectrometry. Int J Biol Macromol, 2018. 114: p. 114-123.

Wang, D., et al., Control the intracellular NF-kappaB activity by a sensor consisting of miRNA and decoy.
Int J Biochem Cell Biol, 2018. 95: p. 43-52.

Wang, J.K., et al., Evaluating the binding affinities of NF-kappaB p50 homodimer to the wild-type and
single-nucleotide mutant Ig-kappaB sites by the unimolecular dsDNA microarray. Anal Biochem, 2003.
316(2): p. 192-201.

Zhou, F., et al., NBPF is a potential DNA-binding transcription factor that is directly regulated by NF-
kappaB. Int J Biochem Cell Biol, 2013. 45(11): p. 2479-90.

Gu, G., et al., An improved SELEX-Seq strategy for characterizing DNA-binding specificity of transcription
factor: NF-kappaB as an example. PLoS One, 2013. 8(10): p. €76109.

Xing, Y., F. Zhou, and J. Wang, Subset of genes targeted by transcription factor NF-kappaB in TNFalpha-
stimulated human HeLa cells. Funct Integr Genomics, 2013. 13(1): p. 143-54.

Xing, Y., et al., Characterization of genome-wide binding of NF-kappaB in TNFalpha-stimulated HeLa
cells. Gene, 2013. 526(2): p. 142-9.

Zhou, F., et al., NF-kappa B target microRNAs and their target genes in TNF alpha-stimulated HeLa Cells.
Biochimica Et Biophysica Acta-Gene Regulatory Mechanisms, 2014. 1839(4): p. 344-354.

Zhou, F., et al., Identification of novel NF-kappaB transcriptional targets in TNFalpha-treated HelLa and
HepG2 cells. Cell Biol Int, 2017. 41(5): p. 555-569.

Zhou, F., et al., NF-kappaB controls four genes encoding core enzymes of tricarboxylic acid cycle. Gene,

16


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which

41.

42.

43.

44.

45.
46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

2017. 621: p. 12-20.

Dai, W., et al., Genes directly regulated by NF-kappaB in human hepatocellular carcinoma HepG2. Int J
Biochem Cell Biol, 2017. 89: p. 157-170.

Wang, D., et al., Improving transcriptional activity of human cytomegalovirus major immediate-early
promoter by mutating NF-kappaB binding sites. Protein Expr Purif, 2018. 142: p. 16-24.

Wu, J., et al., Massive GGAAs in genomic repetitive sequences serve as a nuclear reservoir of NF-kappa B.
Journal of Genetics and Genomics, 2018. 45(4): p. 193-203.

Correction: Mutant p53 Enhances Nuclear Factor kappaB Activation by Tumor Necrosis Factor alpha in
Cancer Cells. Cancer Res, 2015.

Cawthon, R.M., Telomere measurement by quantitative PCR. Nucleic Acids Res, 2002. 30(10): p. e47.
Chen, B., et al., Dynamic imaging of genomic loci in living human cells by an optimized CRISPR/Cas
system. Cell, 2013. 155(7): p. 1479-91.

Blackburn, E.H., Structure and function of telomeres. Nature, 1991. 350(6319): p. 569-73.

Moon, I.K. and M.B. Jarstfer, The human telomere and its relationship to human disease, therapy, and
tissue engineering. Front Biosci, 2007. 12: p. 4595-620.

Cairney, C.J. and W.N. Keith, Telomerase redefined: integrated regulation of hTR and hTERT for telomere
maintenance and telomerase activity. Biochimie, 2008. 90(1): p. 13-23.

Zhao, Y., et al., Telomere extension occurs at most chromosome ends and is uncoupled from fill-in in human
cancer cells. Cell, 2009. 138(3): p. 463-75.

Blackburn, E.H., C.W. Greider, and J.W. Szostak, Telomeres and telomerase: the path from maize,
Tetrahymena and yeast to human cancer and aging. Nat Med, 2006. 12(10): p. 1133-8.

Chen, W., Accelerating cancer evolution: a dark side of SIRT1 in genome maintenance. Oncotarget, 2012.
3(4): p. 363-4.

Counter, C.M,, et al., Stabilization of short telomeres and telomerase activity accompany immortalization of
Epstein-Barr virus-transformed human B lymphocytes. J Virol, 1994. 68(5): p. 3410-4.

Aschacher, T., et al., LINE-1 induces hTERT and ensures telomere maintenance in tumour cell lines.
Oncogene, 2016. 35(1): p. 94-104.

Deng, Y. and S. Chang, Role of telomeres and telomerase in genomic instability, senescence and cancer.
Lab Invest, 2007. 87(11): p. 1071-6.

Wright, W.E, et al., Telomerase activity in human germline and embryonic tissues and cells. Dev Genet,
1996. 18(2): p. 173-9.

Shay, J.W. and W.E. Wright, Role of telomeres and telomerase in cancer. Semin Cancer Biol, 2011. 21(6):
p. 349-53.

Huang, F.W., et al., Highly recurrent TERT promoter mutations in human melanoma. Science, 2013.
339(6122): p. 957-9.

Jafri, M.A, et al., Roles of telomeres and telomerase in cancer, and advances in telomerase-targeted
therapies. Genome Med, 2016. 8(1): p. 69.

Mosoyan, G., et al., Imetelstat, a telomerase inhibitor, differentially affects normal and malignant
megakaryopoiesis. Leukemia, 2017. 31(11): p. 2458-2467.

Tefferi, A., et al., A Pilot Study of the Telomerase Inhibitor Imetelstat for Myelofibrosis. N Engl ] Med,
2015. 373(10): p. 908-19.

Zeng, X., et al., Administration of a Nucleoside Analog Promotes Cancer Cell Death in a Telomerase-
Dependent Manner. Cell Rep, 2018. 23(10): p. 3031-3041.

Deltcheva, E., et al., CRISPR RNA maturation by trans-encoded small RNA and host factor RNase 1I.

17


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Nature, 2011. 471(7340): p. 602-7.

Horvath, P. and R. Barrangou, CRISPR/Cas, the immune system of bacteria and archaea. Science, 2010.
327(5962): p. 167-70.

Doudna, J.A. and E. Charpentier, Genome editing. The new frontier of genome engineering with CRISPR-
Cas9. Science, 2014. 346(6213): p. 1258096.

Samanta, M.K., A. Dey, and S. Gayen, CRISPR/Cas9: an advanced tool for editing plant genomes.
Transgenic Res, 2016. 25(5): p. 561-73.

Hermonat, P.L. and N. Muzyczka, Use of adeno-associated virus as a mammalian DNA cloning vector:
transduction of neomycin resistance into mammalian tissue culture cells. Proc Natl Acad Sci U S A, 1984.
81(20): p. 6466-70.

George, L.A., Hemophilia gene therapy comes of age. Blood Adv, 2017. 1(26): p. 2591-2599.

Mendell, J.R., et al., Single-Dose Gene-Replacement Therapy for Spinal Muscular Atrophy. N Engl J Med,
2017.377(18): p. 1713-1722.

Valdmanis, P.N. and M.A. Kay, Future of rAAV Gene Therapy: Platform for RNAi, Gene Editing, and
Beyond. Hum Gene Ther, 2017. 28(4): p. 361-372.

Shen, S., et al., Amelioration of Alpha-1 Antitrypsin Deficiency Diseases with Genome Editing in
Transgenic Mice. Hum Gene Ther, 2018.

Graham, F.L., et al., Characteristics of a human cell line transformed by DNA from human adenovirus type
5. J Gen Virol, 1977. 36(1): p. 59-74.

Louis, N., C. Evelegh, and F.L. Graham, Cloning and sequencing of the cellular-viral junctions from the
human adenovirus type 5 transformed 293 cell line. Virology, 1997. 233(2): p. 423-9.


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure legends

Figure 1. Activation of NF-kB protein in various cell lines. Nuclear protein was extracted from cells and
detected with western blot by using a anti-RelA/p65 antibody. a, Western blot detection of NF-kB p65 and
TBP protein abundance in nuclear protein. b, Relative NF-«xB activity in cells. TBP was used as a loading
control of nuclear protein to normalize the abundance of NF-kB. The statistical significance was checked
between the normalized NF-xB activity in all cancer cell lines and that of HL7702 cell. *, p < 0.05; **, p <
0.01.

Figure 2. Expression of ZsGreen with Nage vector in various cell lines. a, Schematic of Nage vector to
activate ZsGreen expression. MP, minimal promoter; DMP, decoy minimal promoter; Nage, NF-xB
activating gene expression. b, Representative cell images under the bright field (Phase) and fluorescence

(GFP). Cells were transfected by the Nage vector expressing ZsGreen.

Figure 3. Expression of Cas9-TsgRNA with Nage vector in various cell lines. a, Schematic of killing tumor
cells with Nage vector. TsgRNA, telomere-targeting sgRNA; DMP, decoy minimal promoter; U6P, U6
promoter. b, Representative cell images under the bright field (Phase) and fluorescence (Stain). Cells were
transfected by the Nage vector expressing Cas9 and TsgRNA. Cells were stained with acridine orange. c,
Cell viability detected by alamar blue assay. MDA-MB, MDA-MB-453; RAW, RAW264.7.

Figure 4. Quantitative telomere length measurement with gPCR. Cells were transfected by the Nage vector
expressing Cas9 and TsgRNA. The telomere length was detected with a qPCR method. Lipo, Lipofectin;
DMP, TsgRNA-DMP-Cas9-EGFP; T, telomere; S, single copy gene B-globin.

Figure 5. Evaluation of rAAV. Cells were transfected by the recombinant AAV packaged with the Nage
vector expressing Cas9 and TsgRNA (rAAV-TsgRNA-DMP-Cas9). Cells were stained with acridine orange.
a—d, Representative cell images under the bright field (Phase) and fluorescence (stain) of four cell lines,
HepG2, Hepal-6, MRC-5, and HL7702 cells, respectively.

Figure 6. Gene therapy of xenografted cancers in mouse with the recombinant AAV packaged with the Nage
vector expressing Cas9 and TsgRNA (rAAV-TsgRNA-DMP-Cas9). a, Representative images of nude mice
subcutaneously transplanted with Hepal-6 cells mixed with rAAV-MCS or rAAV-TsgRNA-DMP-Cas9,
respectively (Experiment 1). b, Tumor size of nude mice in Experiment 1. L, left side; R, right side. c,
Representative images of tumor-bearing nude mice intravenously injected with rAAV-MCS or rAAV-
TsgRNA-DMP-Cas9 (Experiment 2). d, Tumor size of nude mice in Experiment 2. L, left side; R, right side.
e, Viral DNA abundance in variant tissues of mice in Experiment 2. f, Relative quantity (RQ) of RelA mRNA
in variant tissues of mice in Experiment 2. g, Ct values of qPCR detection of Cas9 mRNA in variant tissues
of mice in Experiment 2. h, Viral DNA abundance in tumors with different sizes. Tumors were of mice
Experiment 2. L, large-size tumor; S, small-size tumor. 1, tumor 1; 2, tumor 2. i, Western blot detection of
abundance of NF-xB p65 protein in variant tissues. Tissues were samples form tumor-bearing mice. TBP
was used as a loading control of nuclear protein to normalize the abundance of NF-kB. The quantified
relative NF-«xB protein abundance in variant tissues was shown beside the Western blot image. The statistical
significance was checked between the tumor and other tissues. *, p <0.05; **, p <0.01.


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

TBP 37
RN ‘b"‘/'\ 9

g 5 .3

P & & o
SN %*E’Q{o & & ¥ pa

Figure 1

@

¥ 186

[T *x

E k&

522 ] 4 2 M. .

.%E &

Eos o

%§ * *

2% 04

2~

% 00 T T T T T T T T T T -_i

x FANC U I T, - B VTN T S - B 2
S & W T VN LN C A
VLR RS v O & A

MR Ve
@0

20


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a DMP

Decoy MP ZsGreen gene

Nage vector

i transfection

Binding

1
v lexpression | expression
Y

ZsGreen .
Cancer cell Normal cell

Binding

(_-_

b 293T HepG2 HelLa PANC-1 MDA-MB-453 A549

Phase

GFP

FITC

3
FLI-A

RAW264.7 MRC-5 HL7702

i
FLI-A

Phase

GFP

FITC

3wk wS wh wS b
FLI-A FLI-A

Figure 2

21


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

i
<

a UGP  TsgRNA DMP Cas9 gene
transfection \L

Nage vector
NF-kB ' *\‘L Binding 3 Binding

¢ expression ¢ ¢ expression ¢

TsgRNA _A/\) ﬁ 4 — | Cas9

¢Telomere injury
apoptosis €«—— %4 gy

D
™ Cancer cell / Normal cell /

b 293T HepG2 Hela
Lipofectin TsgRNA-DMP-CasS-EGFP Lipofectin TsgRNA-DMP-Cas9-EGFP Lipofectin TsgRNA-DMP-Cas8-EGFP

Phase

Stain

PANC-1 MDA-MB-453 A549

[ ]
@
a
am 2m
- HT-29 SKOV-3

Phase

Stain

HL7702
[}
s
o
| - -
T
w
Cc 3 Lipofectin mm TsgRNA-DMP-Cas9-EGFP
@100 hiE S *k A Rk kA Lk * NS
T 80
o
T 60
2
S 40
z, 20
o
© ¢ : ; ; ; ‘ :
N ok A2 A e 22 20 NEE 0 1 5 [\
29% el we \DP\V\G \\[\OP‘N\ po o ‘5\‘*0 \,\993'\ s \bﬂ@m ‘J\?\G \8\\—11

Cells

22


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 3

23


https://doi.org/10.1101/553099

293T
64 NS
S a4
I
[%2]
B 2
O,
Lipo DMP
HT-29
3
28
& 21
g 144
7_
" Lipo DMP
Figure 4

HepG2

T/S ratio
E

Lipo DMP

SKOV-3

T/S ratio

Lipo DMP

Hela

T/S ratio

" Lipo DMP

Hepa1-6

ra

T/S ratio

Lipo DMP

.
N
i

T/S ratio
[4)
<

T/S ratio

©
e

@
i

PANC-1

*

Lipo DMP

1

T/8 ratio

T/S ratio

24

MDA-MB-453
2,

*%

w
1

(=2}
1

¢

Lipo DMP

MRC-5

NS

[s2]
1

R
1

L]
I

Lipo DMP

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A549

T/8 ratio

Lipo DMP

HL7702
1004 _ns
80
% 60+
@ 404
20

Lipo DMP


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a HepG2 b Hepal-6
rAAV-MCS rAAV-ng RNA-DMP-Cas9 rAAV-MCS rAAV-TsgRNA-DMP-Cas9

[}
72}
[

=

o

Phase

Stain

HL7702

MRC-5 d
rAAV-MCS rAAV-TsgRNA-DMP-Cas9

rAAV-MCS rAAV-TsgRNA-DMP-Cas9
. L . i

(]

Phase
Phase

Stain

Figure 5

25


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

rAAV-TsgRNA-DMP-Cas9 b
180
-
E 1201
o . N
o
@ L] A
by
5 T
= a
'T s ha
oy === =
LS P 2
& F K SR~
SIS
FFEE &9
rAAV-TsgRNA-DMP-Cas® d
150+
— . a
o~
E 100
©
<4
@ AA
=]
= £
ﬁ {}} v .00 F
° A e
S
R e . =
PV IRV o £
FF K S
R &5
FHLHy v
e 40—, CIrAAV-MCS R rAAV-TsgRNA-DMP-Cas9 f 30- COrAAV-MCS I rAAV-TsgRNA-DMP-Cas9
= s
30 o
20
g 20 o
10
10
= — ’-_E' 0
L — T
& SN S PR F & LfORN S S SRS
L R AR o A IS R - N N L &) L G R L L P S U\ - IR L L)
& W& & \\-‘aq\a RIS & \\“é}@ v & & @ \\‘\552\@' v & &
Tissue samples Tissue samples

h gy, COrAAVMCS memrAAV-TsgRNA-DMP-Cas9

[J Large-size tumor 1 60 i g

[ Large-size tumor 2 *
B Small-size tumor 1 8 40
I Small-size tumor 2
20 ﬂ
0 e

‘
L1 L2 S1 S2

e fFONS S OHNS
Tissue samples & \\“eq ¥ & & & \\“QQ\% N &

Tissue samples

- E 20 S—
1 0 N
& & & O .b(\@\ @é %E 1.5 p—
‘{@ \i'\ ‘oQ \\3\ N o kDa &£ @

o
25 10
Q¥
g% 05
Q-
E 0.0 m T T
% heart liver spleen lung kidney tumor

Tissue samples

Figure 6

26


https://doi.org/10.1101/553099

bioRxiv preprint doi: https://doi.org/10.1101/553099; this version posted February 18, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary information

Table S1. Oligonucleotides used in DMP-ZsGreen experiment.

Name Sequences (5'-3")

DMP-F GGCCTAACTGGCCGGTACCGGGAATTTCCGGGGACTTTCCGGGAATTTCCGGGGACTTTCCGGG
DMP-R CTGGAAGTCGAGCTTCCATTATATACCCTCTAGGAAATTCCCGGAAAGTCCCCGGAAATTCCCGG
DMP XS-F CCGCTCGAGACGCGTCGACGGCCTAACTGGCCGGTACCGGGAATTTC

DMP EB-R CGCGGATCCCCGGAATTCCTGGAAGTCGAGCTTCCATTATATACCC

ZsGreen E-F CCGGAATTCGCCACCATGGCCCAGTCCAAGCACGGCCTGACCAAGGAG

ZsGreen B-R CGCGGATCCTTAGGGCAAGGCGGAGCCGGAGGCGATGGCGTGC

Note: The bold and underline indicated the digest sites.

Table S2. Oligonucleotides used in TsgRNA-DMP-Cas9-EGFP experiment.

Name Sequences (5'-3")

DMP ENB-F CCGGAATTCCATGCCATGGCGCGGATCCGGCCTAACTGGCCGGTACCGGGAATTTC
DMP XHS-R CCGCTCGAGCCCAAGCTTACGCGTCGACCTGGAAGTCGAGCTTCCATTATATACCC
TsgRNA-F AGGAAGACGGCACCGGTAGGGTTAGGGTTAGGGTTAGTTTGGGTCTTCGA
TsgRNA-R TCGAAGACCCAAACTAACCCTAACCCTAACCCTACCGGTGCCGTCTTCCT

U6 Ncol-F CATGCCATGGGAGGGCCTATTTCCCATGATTC

U6 BamHI-R CGCGGATCCAAAAAAGCACCGACTCGGTGCCAC

Cas9 Sal-F ACGCGTCGACGCCACCATGCCAAAGAAGAAGCGGAAGGTCGGTATCC

Cas9 HindIII-R

CCCAAGCTTTTAGAATTCCTTGTACAGCTCGTCCATGCCGAGAGTG

Note: The bold and underline indicated the digest sites.

Table S3. Oligonucleotides used in qPCR experiment.

Name Sequences (5'-3")
Tel gF GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT
Tel R TCCCGACTATCCCTATCCCTATCCCTATCCCTTATCCCTA
B-globin qF GCTTCTGACACAACTGTGTTCACTAGC

B-globin gR CACCAACTTCATCCACGTTCACC

U6 qF GAGGGCCTATTTCCCATGATTCC

U6 gR AAAAAAGCACCGACTCGGTGCCAC

DMP gF CACAAGCCCGAGAACATC

DMP qR GTACATATCCCGCCCATT

MCS gF GGTGGTATGGAGCAAGGG

MCS qR AGGCTGAGGCAGGAGAAT

RelA gF CCTGGAGCAGGCTATCAGTC

RelA gR ATGGGATGAGAAAGGACAGG

Cas9 qF CACAAGCCCGAGAACATC

Cas9 qR GTACATATCCCGCCCATT

GAPDH ¢F1 AAGCCCATCACCATCTTCCA

GAPDH qR1 TAGACTCCACGACATACTCA

GAPDH qF2 GTGGCAAAGTGGAGATTGTT

GAPDH qR2 CTCGCTCCTGGAAGATGG
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Figure S3 continue. Killing cancer cells with Nage vector. a, Representative fluorescent images of cells.
Cells were transfected by plasmid Nage vector TsgRNA-DMP-Cas9-EGFP and pC1-EGFP. Cells were
imaged at the GFP channel for detecting EGFP expression. Cells were imaged at bright field for showing
growth. For more clearly showing the cell growth, cells were then stained with acridine orange and imaged
under fluorescence. b, Alamar blue assay of cell viability. The pC1-EGFP transfection was used to monitor
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the transfection process as a positive control. Here, the pC1-EGFP transfection was also used as a negative
control to show the effect of TsgRNA-DMP-Cas9-EGFP transfection on cell growth. Cells only
transfected by lipofectin were used as blank control. The results of TsgRNA-DMP-Cas9-EGFP
transfection were also included in this figure for easily comparing the results of different treatments.
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Figure S4. Application of Nage vector for cancer therapy by transplanting the mixture of Hepal-6 cells
and rAAV. a, Nude mice subcutaneously transplanted with the mixture of Hepal-6 cells and rAAV-MCS. b,
Nude mice subcutaneously transplanted with the mixture of Hepal-6 cells and rAAV-TsgRNA-DMP-Cas9.
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Figure S5. Application of Nage vector for cancer therapy by intravenously injecting rAAV into

tumor-bearing mice.
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Figure S5 continue. Application of Nage for cancer therapy by intravenously injecting rAAV into
tumor-bearing mice. a, Tumor-bearing nude mice intravenously injected with rAAV-MCS. b,
Tumor-bearing nude mice intravenously injected with rAAV-TsgRNA-DMP-Cas9. The tumor-bearing nude

mice were prepared by subcutaneously transplanting with Hepal-6 cells.
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Supplementary Sequences

>DMP-ZsGreen: decoy + minimal promoter + ZsGreen
GGGAATTTCCGGGGACTTTCCGGGAATTTCCGGGGACTTTCCGGGAATTTCCTAGAGGGTATATAATGGAA
GCTCGACTTCCAGGAATTCGCCACCATGGCCCAGTCCAAGCACGGCCTGACCAAGGAGATGACCATGAAG
TACCGCATGGAGGGCTGCGTGGACGGCCACAAGTTCGTGATCACCGGCGAGGGCATCGGCTACCCCTTCA
AGGGCAAGCAGGCCATCAACCTGTGCGTGGTGGAGGGCGGCCCCTTGCCCTTCGCCGAGGACATCTTGT
CCGCCGCCTTCATGTACGGCAACCGCGTGTTCACCGAGTACCCCCAGGACATCGTCGACTACTTCAAGAA
CTCCTGCCCCGCCGGCTACACCTGGGACCGCTCCTTCCTGTTCGAGGACGGCGCCGTGTGCATCTGCAAC
GCCGACATCACCGTGAGCGTGGAGGAGAACTGCATGTACCACGAGTCCAAGTTCTACGGCGTGAACTTCC
CCGCCGACGGCCCCGTGATGAAGAAGATGACCGACAACTGGGAGCCCTCCTGCGAGAAGATCATCCCCG
TGCCCAAGCAGGGCATCTTGAAGGGCGACGTGAGCATGTACCTGCTGCTGAAGGACGGTGGCCGLCTTGC
GCTGCCAGTTCGACACCGTGTACAAGGCCAAGTCCGTGCCCCGCAAGATGCCCGACTGGCACTTCATCCA
GCACAAGCTGACCCGCGAGGACCGCAGCGACGCCAAGAACCAGAAGTGGCACCTGACCGAGCACGCCA
TCGCCTCCGGCTCCGCCTTGCCCTAA

>TsgRNA:
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAA
TTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCA
GTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTA
TATATCTTGTGGAAAGGACGAAACACCGTAGGGTTAGGGTTAGGGTTAGTTTTAGAGCTAGAAATAGCAAGT
TAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT

>TsgRNA-DMP-Cas9-EGFP: U6 promoter + telomere target sequence + gRNA scaffold + DMP + SV40 NLS
+ Cas9 + SV40 NLS + T2A +

GAAACACCGTAGGGTTAGGGTTAGGGTTAGTTTTAGAGCTAGAAATAGCAAGT
TAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGGATCCGGCCTAAC
TGGCCGGTACCGGGAATTTCCGGGGACTTTCCGGGAATTTCCGGGGACTTTCCGGGAATTTCCTAGAGGGT
ATATAATGGAAGCTCGACTTCCAGGTCGACGCCACCATGCCAAAGAAGAAGCGGAAGGTCGGTATCCACG
GAGTCCCAGCAGCCGACAAGAAGTACAGCATCGGCCTGGACATCGGCACCAACTCTGTGGGCTGGGCCG
TGATCACCGACGAGTACAAGGTGCCCAGCAAGAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCA
TCAAGAAGAACCTGATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGGCTGAAGA
GAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTATCTGCAAGAGATCTTCAGCAACGA
GATGGCCAAGGTGGACGACAGCTTCTTCCACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAA
GCACGAGCGGCACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCCCACCAT
CTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGACCTGCGGCTGATCTATCTGGCCCTG
GCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTG
GACAAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAACGCCAGCG
GCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCAGACGGCTGGAAAATCTGATCGCCC
AGCTGCCCGGCGAGAAGAAGAATGGCCTGTTCGGAAACCTGATTGCCCTGAGCCTGGGCCTGACCCCCA
ACTTCAAGAGCAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTACGACGACG
ACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGACCTGTTTCTGGCCGCCAAGAACCTGTC
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CGACGCCATCCTGCTGAGCGACATCCTGAGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGC CGCCTCT
ATGATCAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCAGCAGCTG
CCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGCTACGCCGGCTACATTGACGGCGGAG
CCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCT
CGTGAAGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCATCCCCCACCA
GATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAAC
CGGGAAAAGATCGAGAAGATCCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACA
GCAGATTCGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGAGGAAGTGGTGG
ACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACCAACTTCGATAAGAACCTGCCCAACGAGAA
GGTGCTGCCCAAGCACAGCCTGCTGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATAC
GTGACCGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCATCGTGGACCTGCTG
TTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAAGAGGACTACTTCAAGAAAATCGAGTGCTTCG
ACTCCGTGGAAATCTCCGGCGTGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAA
AATTATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTGGAAGATATCGTGCTGACCC
TGACACTGTTTGAGGACAGAGAGATGATCGAGGAACGGCTGAAAACCTATGCCCACCTGTTCGACGACAA
AGTGATGAAGCAGCTGAAGCGGCGGAGATACACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACG
GCATCCGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGGCTTCGCCAACAGAAA
CTTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACATCCAGAAAGCCCAGGTGTCCGGC
CAGGGCGATAGCCTGCACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCTGC
AGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGGCACAAGCCCGAGAACATCGTGATCG
AAATGGCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATC
GAAGAGGGCATCAAAGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCTGCAG
AACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTACGTGGACCAGGAACTGGACATCA
ACCGGCTGTCCGACTACGATGTGGACCATATCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAAC
AAGGTGCTGACCAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGTCGTGAA
GAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATTACCCAGAGAAAGTTCGACAATCTG
ACCAAGGCCGAGAGAGGCGGCCTGAGCGAACTGGATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAA
ACCCGGCAGATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACGACGAGAATG
ACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCAAGCTGGTGTCCGATTTCCGGAAGGATTT
CCAGTTTTACAAAGTGCGCGAGATCAACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTG
GGAACCGCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTACAAGGTGTACG
ACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGGCAAGGCTACCGCCAAGTACTTCTTCTACAG
CAACATCATGAACTTTTTCAAGACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATC
GAGACAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCACCGTGCGGAAAGTG
CTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGAGGTGCAGACAGGCGGCTTCAGCAAAGAGTCTA
TCCTGCCCAAGAGGAACAGCGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCG
GCTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAAAAGGGCAAGTCCAAGA
AACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCAT
CGACTTTCTGGAAGCCAAGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACTCC
CTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAACTGCAGAAGGGAAACGAA
CTGGCCCTGCCCTCCAAATATGTGAACTTCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCC
CGAGGATAATGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAGCAG
ATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACAAAGTGCTGTCCGCCTACAACA
AGCACCGGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGG
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AGCCCCTGCCGCCTTCAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAGAGGTG
CTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAGCTGG
GAGGCGACAAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGAATTCGGCAGT
GGAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAATCCTGGCCCAGTGAGCAAGGG
CGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTT
CAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCAC
CGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCG
CTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGC
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTG
GTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAG
TACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCA
AGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCA
ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACG
AGCTGTACAAGGAATTCTAA
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