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Purpose: Colorectal cancer (CRC) is one of the major contributors to cancer mortality and

morbidity. Finding strategies to fight against CRC is urgently required. Mutations in driver genes

of APC or β-catenin play an important role in the occurrence and progression of CRC. In the

present study, we jointly apply CRISPR/Cas9-sgRNA system and Single-stranded oligodeoxynu-

cleotide (ssODN) as templates to correct a heterozygous ΔTCT deletion mutation of β-catenin

present in a colon cancer cell line HCT-116. This method provides a potential strategy in gene

therapy for cancer.

Methods: A Cas9/β-catenin-sgRNA-eGFP co-expression vector was constructed and co-

transfected with ssODN into HCT-116 cells. Mutation-corrected single-cell clones were

sorted by FACS and judged by TA cloning and DNA sequencing. Effects of CRISPR/Cas9-

mediated correction were tested by real-time quantitative PCR, Western blotting, CCK8,

EDU dyeing and cell-plated clones. Moreover, the growth of cell clones derived tumors was

analyzed at nude mice xenografts.

Results: CRISPR/Cas9-mediated β-cateninmutation correction resulted in the presence of TCT

sequence and the re-expression of phosphorylation β-catenin at Ser45, which restored the normal

function of phosphorylation β-catenin including reduction of the transportation of nuclear β-

catenin and the expression of downstream c-myc, survivin. Significantly reduced cell growth was

observed in β-cateninmutation-corrected cells. Mice xenografted with mutation-corrected HCT-

116 cells showed significantly smaller tumor size than uncorrected xenografts.

Conclusion: The data of this study documented that correction of the driven mutation by the

combination of CRISPR/Cas9 and ssODN could greatly remedy the biological behavior of the

cancer cell line, suggesting a potential application of this strategy in gene therapy of cancer.
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Introduction
Colorectal cancer is one of the common malignant tumors of the digestive tract and is

a leading cause of cancer mortality worldwide.1,2 Several risk factors associated with

CRC have been identified including aberrantly activated Wnt/β-catenin signaling path-

way due to adenomatous polyposis coli (APC) or β-cateninmutation.3–6 Though altera-

tion ofAPC is found in approximately 70% of CRC patients, several studies reported that
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β-catenin also has oncogenic activity in CRC cells. Activating

mutations lead to accumulation of β-catenin in the cytoplasm

and nuclear transportation to form transcriptional activation

complex with the T cell transcription factor/lymphoid enhan-

cer factor (TCF/LEF) and then up-regulate downstream genes

expression to drive tumor formation and progression.

Correcting these mutations can restore β-catenin phosphoryla-

tion-degradation cascade, in turn, inhibit activation of tran-

scription of Wnt targeted gene and formation of the tumor.

Recent studies showed that the Clustered Regularly

Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-

associated protein 9 (Cas9) and single-guide RNA (sgRNA)

system has emerged as a powerful gene-editing tool, which

can be used to correct gene mutations in many cell lines and

offer considerable advantages over earlier genome editing

tools, such as ZFN and TALENs.7–9 Under the guidance of

sgRNA, Cas9 nuclease can be programmed to cleave the

target DNA to a site-specific double-strand break (DSB)

and initiate non-homologous end joining (NHEJ) or homol-

ogy-directed repair (HDR).10 With a donor template, the

precise HDR of DSB can engineer genomic DNA both

in vivo and in vitro. ssODNs can be used as donor templates

to improve HDR repair in cells.11–13

In the present study, we applied CRISPR/Cas9 and

ssODN to correct a heterozygous ΔTCT deletion mutation

of β-catenin gene in colon cancer HCT-116 cells. This ΔTCT

deletion mutation is responsible for encoding the 45th serine

(Ser45) at the N-terminal region of the protein. We per-

formed functional studies in vitro and in vivo to determine

whether the wild-type function of β-catenin Ser45 phosphor-

ylation was restored following mutation correction. The

results showed that mutation-corrected single-cell clone had

decreased growth rate and related to the formation of tumors

in a smaller size. Our data demonstrated that a combination

of CRISPR/Cas9 and ssODN provided a new therapeutic

strategy for genetic disorder disease.

Materials and Methods
Reagents, Oligonucleotides, and Primers

for Vector Construction
Oligonucleotides used for annealing and primers used for PCR

were synthesized by GIGA Biotechnology (Guangzhou,

China). The endonucleases were obtained from New

England Biolabs Inc. (Ipswich, MA, USA), and DNA purifi-

cation kits were purchased from Tiangen Co. (Beijing, China).

ssODN used for transfection studies were synthesized by

GenScript (Nanjing, China), and were dissolved in 10 mM

Tris buffer (pH 7.6) to a final concentration of 100 μM.

Establishment of MCF-7-GFP-Mut Stable

Cell Line
The human cell lines 293T and MCF-7 were obtained from

American Type Culture Collection (ATCC, Manassas, VA,

USA).14 In order to construct a GFP silent mutation cell line,

the triplet TCA in GFP gene coding sequence was mutated to

stop the code of TGA (Fig. S1A). The full-length sequence of

mutated GFP was cloned into lentivirus vector pSIN-EF1-

IRES-puromycin, and co-transfected with auxiliary pSPAX2

and pMD2.G plasmids into 293T cells to generate lentivirus.

Following lentivirus infection, MCF-7-GFP-Mut cell clones

were screened out by puromycin, and the positive cell clones

were verified by DNA sequencing and used for the experi-

ments (Fig. S1A and B).

Cell Transfection and Detection of

Correction of GFP Silent Mutation
MCF-7-GFP-mut cells were seeded into 6-well plate

before transfection. After 24hrs, 3.0 μL GFP ssODN

(sense or antisense ssODN) and 3.0 μg CRISPR/Cas9-

sgRNA vector were transfected into MCF-7-GFP-mut

cell line using Lipofectamin2000 according to the manual.

The vector of CRISPR/Cas9-sgRNA was designed to spe-

cific target GFP mutation sequence (Fig. S1A). After 48

hrs, cells were harvested and divided into three parts for

detection of correction of GFP silent mutation. The first

portion was used to analyze the rate of GFP-positive cells

by fluorescence-activated cell sorting (FACS).The second

portion was used for DNA extraction and DNA sequen-

cing. The third part was seeded into a 6-cm cell culture

dish to expend for further assays of fluorescence micro-

scopy and Western blot. The experiment was repeated

three times.

Construction of Cas9-GFP-U6-sgRNA

Vector for Targeting β-catenin ΔTCT
Ser45 Deletion Mutation
The cloning cohesive sites, sgRNAs targeted to β-catenin

ΔTCT Ser45 deletion sequences were obtained by anneal-

ing two synthesized complementary oligonucleotides.

Then, sgRNAs were cloned into the BbsI-digested gRNA

expression vector pUC57-U6-sgRNA. Next, a pair of pri-

mers with the cloning cohesive sites Xho I and Xba

I (Table S1) were used to amplify the U6-sgRNA
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expression frame from pUC57-U6-sgRNA, and the

sgRNA of β-catenin ΔTCT Ser45 sequence was inserted

into the locus in front of PolyA of the pCS2-3×FLAG-

SpCas9-PolyA-IERS-GFP to construct a sgRNA and Cas9

co-expression vector, pCS2-Cas9-polyA-IRES-GFP-U6-

sgRNA (β-catenin ΔTCT Ser45).

Selection of β-catenin ΔTCT Ser45

Mutation-Corrected HCT-116 Clones
The human cell line HCT-116 was obtained from

American Type Culture Collection (ATCC, Manassas,

VA, USA).15 HCT-116 cells were seeded in a 6-well

plate at a density of 8.0×105 cells/well for 24 hrs before

transfection. Cells were transfected by Lipfectamine2000

according to the manual (Invitrogen) using the following

programs: 3.0 μg pCS2-Cas9-GFP/sgRNA plasmid and

0.3 pmol ssODN were added to 250 μL optimum medium

and 10 μL transfection reagent (lipfectamine2000) was

added to 250 μL optimum medium, respectively. Then,

the medium was mixed and incubated at room temperature

for 20 min, and finally added to the cell culture medium.

Regular medium was replaced after 5hrs. After 48 hrs,

cells were harvested and rinsed with 1×PBS, and GFP-

positive cells were sorted out by FACS using FACS Aria

(BD Biosciences, USA), and plated single-cell in 96-well

plates and incubated at 37°C for 2 weeks. Selected clones

were expanded for further experiments.

DNA Isolation, TA Cloning, and Sequencing
Genomic DNAwas extracted from the cultured cells using

a DNA isolation kit (Tiangen, Beijing, China). Briefly,

targeted gene sequences were amplified using premix LA

Taq (Takara). The amplicons were separated using agarose

gel electrophoresis and the target bands were extracted and

purified using the GEL/PCR Purification Kit (Tiangen,

Beijing, China). A spectrophotometer is used to measure

the DNA concentration. For TA cloning ligation, DNA

fragment (0.1–0.3 pmol) was mixed with pMD18-T vector

(Takara) and incubated at 16°C overnight. After TA clon-

ing, 20 TA clones were randomly picked up for DNA

sequencing, and the disruption rate (%) was calculated

based on the results of DNA sequencing.

T7E1 Assay
To analyze the disruption rate of Cas9-sgRNA targeting the

GFP-mut, the method of T7E1 assay was used as described

previously.16,17 In short, after Cas9-sgRNA vector targeting

GFP-mut transfection into MCF-7-GFP-mut cells, cellular

DNA was extracted and used as templates to amplify the

fragment harboring target sites byPCR.Then, the PCRproduct

was denatured, reannealed, and digestedwith T7 endonuclease

I (NewEngland BioLabs Inc, Ipswich,MA,USA). Finally, the

digestion production was analyzed by agarose gel electrophor-

esis and the cleaved fragmentwas observed byGel imager. The

disruption rate was calculated as described previously.16,17

PCR Amplification and Mutation

Detection
For detection of mutation correction of β-catenin ΔTCT
Ser45, we designed two pairs of primers flanking the β-

catenin ΔTCT Ser45 site (Table S1, Supplementary infor

mation). A total of 100 ng genomic DNA of each sample

was used for PCR. PCR was carried out using Q5TM Hot

Start High-Fidelity 2×Master Mix (M0494L, New England

BioLabs, Ipswich, MA, USA) with the following cycling

condition: 98°C for 1 min, then 32 cycles of 98°C for 10 s,

59°C for 20 s and 72°C for 30 s, and a final cycle of 72°C

for 3 min. The mutation and mutation correction of β-

catenin were confirmed by DNA sequencing.

CCK8 Assay, EDU Dyeing and

Clonogenic Assay
For CCK8 assay, HCT-116 cells and HCT-116 corrected

clone cells were seeded into 96-well cell culture plates

(5000 cells/well). After 24, 48, and 72 hrs, CCK8 solution

(Beyotime, China) was added for an additional 4 hrs at 37°C.

Absorbance at 450 nm was determined for each well using

a microplate enzyme-linked immunosorbent assay reader.

For EDU dyeing, HCT-116 cells and HCT-116 corrected

clone cells were seeded into 96-well cell culture plates (5000

cells/well). After 24 hrs, 25 µM 5-ethynyl-2ʹ-deoxyuridine

(EDU) was added for an additional 2 hrs at 37°C. Then, the

cells stain with Cell-LightTM Apollo Stain Kit (RIBOBIO,

Guangzhou, China) after washed with PBS and fixed with

4% formaldehyde for 30 mins. Before stained with Hoechst

(RIBOBIO, Guangzhou, China) for 15mins, the cells were

permeabilized with 0.5% Triton X-100 (Solarbio, Beijing,

China) for 15 min. Images were obtained using a fluorescent

microscopy (BX-51, Olympus Corporation, Tokyo, Japan).

For clonogenic assay, cells were plated onto 6-well

plates (500 cells/well). Plated cells were cultured in 5%

CO2 with 95% humidity at 37°C for 14 days. The plates

were then fixed with 4% formaldehyde and stained with

Giemsa. The colonies containing more than 50 cells were
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counted using ImageQuantTL7.0 Image Analysis Software

(GE Healthcare, Buckinghamshire, UK).

Quantitative Real-Time PCR
Total RNAwas isolated using a RNeasy Mini kit (QIAGEN)

according to the manufacturer’s instructions. A total of 2 μg
RNAwas subjected to reverse transcription reaction to obtain

cDNAs (Reverse Transcription System, promega, USA).

Specific quantitative real-time PCR experiments were per-

formed using GoScriptTM RT System (Promega, USA) fol-

lowing the manufacturer’s protocol (Applied Biosystems).

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

used as the internal control. The primers used in this research

are listed in Table S1 (Supplementary information).

Western Blotting
Total protein was extracted from cells with RIPA buffer

(Beyotime, China). Nuclear protein and cytoplasmic protein

were extracted with a nuclear cytoplasmic protein extraction

kit (Beyotime, China). All protein concentrations were mea-

sured by BCA protein assay kit (Beyotime, China).

Approximately 40 μg protein extract per sample was separated

using a SDS polyacrylamide gel and transferred onto the

PVDF membrane (Millipore, USA), and 5% bovine serum

albumin was used to block membrane. The membranes were

incubated with rabbit anti-GFP (1:1000, Beyotime, China),

anti-β-catenin (1:1000, Cell Signaling, USA), anti-Survivin

(1:1000, Abcam, USA), anti-cyclin D (1:1000, Cell

Signaling, USA), anti-c-myc (1:1000, Abcam, USA), anti-β-
catenin Ser45 phosphorylation (1:1000, Cell Signaling, USA),

and mouse antibody against β-actin (1:10,000, Sigma, USA),

anti-Histone 3 (1:1000, Sigma, USA) overnight at 4°C, fol-

lowed by incubation for 1hr with horseradish peroxidase

(HRP)-conjugated secondary antibodies (1:10,000). After

extensive washing in TBST, the expression levels of the

protein were detected by Quantity-one software (Bio-Rad

Laboratories, USA) using the ECL kit.

Xenograft Tumor Growth
The 6-week-old male athymic BALB/c nude mice were

purchased from Hunan SLAC Jingda Experimental Animal

Company (Changsha, China). Nude mice were maintained in

laminar flow cabinets under conditions of specific pathogenic

free. Five mice in each group were subcutaneously injected

with 5.0 × 106 stable HCT-116 corrected cells or control cells

in 0.2 mL PBS with 50% matrigel. Five weeks after the

injection, the nude mice were sacrificed, and the dorsal

tumors were excised and weighed after they had been

photographed and measured. Sections from the tumors

were stained with hematoxylin and eosin (H&E) for general

histology, or immunohistochemistry (IHC) stained with spe-

cific antibodies (anti-Ki67 for proliferation).All animal

experiments were approved by the Ethical Committee of

the First People’s Hospital of Chenzhou City, university of

South China.We followed the guideline, Laboratory Animal-

guideline for Ethical Review of Animal Welfare of P.R.

China, for the welfare of animals.

Statistics
Quantitative data are expressed as mean ± SD. SPSS.20

was used for data analysis. The Student’s t-test or one-

way ANOVA was applied to determine significant differ-

ences in multiple comparisons. In these analyses, p values

were two-sided, and p values <0.05 were considered sta-

tistically significant.

Results
Correction of GFP Silent Mutation in

MCF-7 Cells Using CRISPR/Cas9-sgRNA

and ssODN
To verify whether using CRISPR/Cas9-sgRNA and ssODN

can correct gene mutations in mammalian cells, we con-

structed a MCF-7-GFP-mut cell line containing GFP silent

mutation by lentivirus-mediated transduction (Fig. S1). The

vector of Cas9-sgRNA specific targeting GFP mutation

sequence was used to transfect into MCF-7-GFP-mut cells

combined with GFP wild-type ssODN (sense or antisense

ssODN) (Fig. S1, Table S1). Compared to no Cas9-sgRNA

transfection groups, the GFP-positive cells using CRISPR/

Cas9-sgRNA and ssODN to correct were obviously increased

by FACS assay (Figure 1A and B). The efficiency of using

antisense ssODN as templates is higher than that using sense

ssODN in our test, which is consistent with the previous

reports.11,18 These results were further confirmed by fluores-

cence microscopy, DNA sequencing and Western blot show-

ing the correction of GFP silent mutation in MCF-7-GFP-mut

cells using CRISPR/Cas9-sgRNA and ssODN (Figure 1C–E).

Correction of β-catenin ΔTCT Ser45

Deletion Mutation in HCT-116 Cells Using

CRISPR/Cas9-sgRNA-GFP Vector and

ssODN
The human colorectal cell line HCT-116 was chosen for

this study as it has a heterozygous deletion mutation
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(ΔTCT) of β-catenin genes, which is responsible for

encoding the regulatory 45 serine (Ser45) at the

N-terminal region of the protein.19 We confirmed the loca-

tion of ΔTCT Ser45 deletion mutation on the exon 3 of β-

catenin gene and the CRISPR/Cas9 PAM site by gene

sequencing (Figure 2A).

With sgRNAs targeting to β-catenin ΔTCT Ser45 dele-

tion sequences obtained by annealing two synthesized

partially complementary oligonucleotides, we constructed

a Cas9-GFP/sgRNA co-expression vector. A 96-nt ssODN

containing the wild-type β-catenin gene sequence as

a template for HDR (Figure 2A). After HCT-116 cells

Figure 1 Correction of GFP silent mutation in MCF-7 cells using CRISPR/Cas9-sgRNA and ssODN. The FACS assay results of using CRISPR/Cas9-sgRNA and ssODN to

correct GFP silent mutation in MCF-7-GFP-mut cells. Represented images (A), and the statistics results of the GFP-positive cell rate (*p<0.05, **p<0.01) (B). (C–E) Further
verified results after using CRISPR/Cas9-sgRNA and ssODN to correct GFP silent mutation in MCF-7-GFP-mut cells. (C) The results of fluorescence microscopy assays. (D)

The results of DNA sequencing. (E) The results of Western blot. MCF-7-GFP-mut/MCF-7-mut: MCF-7 cells with GFP silent mutation; ssODN: GFP-sense-ssODN-90bp;

anti-sense ssODN: GFP-antisense-ssODN-90bp; Cas9: CRISPR/Cas9-sgRNA vector targeting to GFP mutation sequence;293T-GFP: GFP transfected 293T cells; MCF-7-mut

ssODN + Cas9: MCF-7-GFP-mut cells transfected using the vector of CRISPR/Cas9-sgRNA and GFP ssODN (sense-ssODN or antisense-ssODN).
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Figure 2 CRISPR/Cas9-directed mutation correction of β-catenin ΔTCT Ser45 mutation in HCT-116 cells. (A) Depiction of the CRISPR/Cas9 targeted mutation site (ΔTCT
Ser45) in green letters and surrounding sequences in exon 3 of β-catenin gene and the sequence of ssODN. The genetic codes of serine and threonine phosphorylated amino

acids around the target site are marked in red-color letters. (B) The disruption rate induced by transfecting the Cas9-GFP/sgRNA (ΔTCT Ser45) co-expression vector into

HCT-116 cells. (C, D) The representative results of using PCR products directed sequencing of the β-catenin gene for HCT-116 wild-type cells (C), and mutation-corrected

cell clones (D).
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were co-transfected with the vector and ssODN, GFP-

positive cells were sorted by FACS and expanded, and

the mutation correction efficiency was calculated by TA

cloning and sequencing. The disruption rate of specific

targeting β-catenin ΔTCT Ser45 deletion sequence was

46.2% by this method (Figure 2B).

Due to a deletion mutation in one allele of the gene, the

sequencing map of β-catenin in HCT-116 cells showed

overlapped peaks starting from the mutation locus

(Figure 2C). After mutation was corrected, we found the

presence of a TCT sequence in the mutation locus and the

overlapped peaks starting from the mutation locus was

disappeared accordingly (Figure 2D). These data indicated

that co-transfected with the Cas9-GFP/sgRNA co-

expression vector and ssODN could correct the β-catenin

ΔTCT Ser45 deletion mutation in HCT-116 cells.

Restoration of β-catenin Phosphorylation

at Ser45
Ser45 of the β-catenin is an important phosphorylation

site.20 Deletion mutation of the codon ΔTCT will result in

a significant decrease of β-catenin Ser45 phosphorylation in
HCT-116 cells. Therefore, to study whether β-catenin

ΔTCT deletion mutation correction resulted in restoration

of the expression of Ser45 phosphorylated β-catenin, we
tested the expression of Ser45 phosphorylated β-catenin and
total β-catenin by Western blotting. As expected, uncor-

rected HCT-116 cells had very weak detectable Ser45 phos-

phorylated β-catenin expression, compared to the DLD1

colorectal cancer cells without β-catenin ΔTCT deletion

mutations (Figure 3A). Importantly, the level of Ser45

phosphorylated β-catenin protein was significantly

increased in the mutation-corrected cells (Figure 3A).

There is no difference in the expression of total β-catenin
among the DLD1 cells, HCT-116 cells and mutation-

corrected HCT-116 cells. In summary, our data showed

that β-catenin ΔTCT deletion mutation correction resulted

in the restoration of β-catenin Ser 45 phosphorylation.

Effects on β-catenin Nuclei Transfer
β-Catenin is a key conductance regulator in the canonical

Wnt signaling pathway. The genetic mutation of the site

encoding phosphorylation residue of the β-catenin pre-

vents it from being phosphorylated and degraded, results

in its accumulation in the cytoplasm and transportation

into the nucleus. In order to investigate whether the

expression level of β-catenin changes in the nucleus, we

detected the cytoplasmic and nuclear β-catenin by Western

blotting. As expected, compared with the uncorrected

HCT-116 cells, the level of cytoplasmic β-catenin had no

significant change but the level of nuclear β-catenin was

dramatically decreased in the corrected cells (Figure 3B).

These findings indicate that corrected β-catenin mutation

restored phosphorylation and degradation of β-catenin and

reduced the transportation of β-catenin in the nucleus.

Effects on Expression of Downstream

Target Genes
β-Catenin, the transcription modulator in classical Wnt/β-
catenin pathway, interacts with TCF/LEF and leads the

expression of related downstream proteins, such as c-myc

and cyclinD1.21–24 In this study, we detected the expression

of c-myc, cyclinD1 and survivin in the control cells and

mutation-corrected cells byWestern blotting and quantitative

real-time PCR. The results showed the correction of β-
catenin genetic mutation restored phosphorylation and atte-

nuated both mRNA and protein expression of c-myc and

survivin (Figure 3C–F), though the expression of cyclinD1

was not significantly changed. Therefore, our data indicate

that the correction of β-catenin genetic mutation regulated

the activity of the Wnt/β-catenin signaling pathway.

Effects of Mutation Correction on Cell

Growth in vitro
The increased expression of β-catenin in the nucleus can

regulate cell proliferation and growth. After correcting the

genetic mutation of β-catenin in HCT-116 cells, its effect

on cell growth was evaluated by CCK8, EDU, and colony

formation assays. The results of CCK8 assay showed that

β-catenin correction significantly inhibited the prolifera-

tion of HCT-116 cells compared with control cells as

observed at the time points of 24, 48, and 72 hrs

(Figure 4E). The inhibited growth of HCT-116 cells with

β-catenin correction was also documented by EDU dyeing

assay (Figure 4A and B). The results of colonic formation

assay were consistent with the CCK8 and EDU assays

(Figure 4C and D). In summary, these results indicate

that β-catenin mutation correction disrupted the abnormal

cell proliferation in HCT-116 cells.

Effects on Tumor Growth in Mouse

Xenograft
To determine the effects of β-catenin mutation correction

in vivo, we xenografted uncorrected control cells and
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mutation-corrected cell clones into nude mice. Compared to

controls, mice with mutation-corrected cells demonstrated

significantly smaller size and less weight of lumps, indicating

decreased proliferative ability of β-cateninmutation-corrected

HCT-116 cells in vivo (Figure 5A–C). IHC results showed

that the expression of Ki67 in β-catenin mutation-corrected

cells was significantly decreased compared with the uncor-

rected cells (Figure 5D and E). These data suggest that correc-

tion of β-catenin mutation in HCT-116 cells inhibits

proliferation in vivo.

Discussion
Colorectal cancer is the third most common cancer. CRC has

a strong association with deregulation of Wnt/β-catenin sig-

naling pathway.25–28 Wnt/β-catenin is the canonical β-catenin

dependent Wnt signaling of theWnt signaling pathway, which

controls numerous developmental processes and leads to

tumor formation when aberrantly activated.29–32 The key

step of Wnt/β-catenin pathway involves the balance between

stabilization and degradation of β-catenin. Normally, β-catenin

is phosphorylated at Ser45 by casein kinase 1 (CK1), and

consecutively at Ser33, Ser37 and Thr41 by glycogen synthase

kinase-3β (GSK-3β), which trigger the subsequent ubiquitina-

tion and proteasomal degradation.20,33–35 When Wnt protein

bind, β-catenin is stabilized by a supercomplexWnt-Frz-LRP5

/6-DVL-AXIN, which lead β-catenin accumulation in the

nucleus and regulate transcription of Wnt target genes, such

as c-myc, survivin and cyclinD1.21,36–40 Regulation of β-

catenin fails when β-catenin itself contains mutations.41

A high frequency of β-catenin gene mutations is found in

Figure 3 Functional effects of CRISPR/Cas9-mediated β-catenin ΔTCT Ser45 mutation correction. (A) Western blotting analysis of phospho-β-catenin (Serine 45) and total

β-catenin levels in DLD1, the control HCT-116 cells and multiple mutation-corrected HCT-116 cell clones (clone1-4). β-
actin was used as an internal control. (B) Western blotting (representative of one clone) shows total, nuclear and cytoplasmic β-catenin levels in the control and one

mutation-corrected HCT-116 cell clone. The H3 histone and β-actin were used as loading controls. (C) Western blotting shows the expression of E-cadherin, c-myc,

cyclinD1 and survivin of the control cells and one mutation-corrected HCT-116 cell clone. (D–F) Quantitative RT-PCR analysis the expression levels of c-myc, cyclinD1 and

survivin genes in one corrected clones compared with the control cells. Control: uncorrected cells with transfection of Cas9 control vector. Clone-1: one of clones with β-
catenin mutation correction. *p<0.05, **p<0.01.
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6% CRC and hotspot mutation region is observed in exon 3 of

β-catenin gene, which is responsible for encoding the regula-

tory sequence DS33GIHS37GAVT41QAPS45 in the N-terminus

of the protein.3,42 Mutations of these Ser/Thr residues alters

functionally significant phosphorylation sites, inhibits the β-

catenin phosphorylation-degradation cascade and results in

constitutive activation of Wnt/β-catenin signaling pathway.

Then, correcting β-catenin genetic mutation by gene-editing

technology may develop a next-generation therapeutic

approach for colon cancer.43–45

The CRISPR/Cas9 is a prokaryotic nucleic acid-based

adaptive immune system to confer resistance to foreign

genetic elements such as viral DNA or other foreign

DNA.46,47 Due to the guidance of sgRNA complementary

to the target DNA sequence, Cas9 protein binds to a specific

genomic locus and creates a site-specific DSB.48 DSB

Figure 4 CRISPR/Cas9-mediated β-catenin ΔTCT Ser45 mutation correction inhibit cell growth and colony formation. (A) Representative images of EDU dyeing assay from

the control and mutation-corrected HCT-116 cell clones. Red, EDU+ cells; Blue, Hoechst; Pink, EDU+ cells in the merged image. (B) Quantification of percent EDU+ cells.

The proportion of EDU+ nuclei is decreased in mutation-corrected HCT-116 cell clones. (C) Colony formation assay showed that correction of β-catenin Ser45 mutation

reduced the colony formation of HCT-116 cells. (D) Normalized fold changes of colony formation in the control and mutation-corrected HCT-116 cell clones. (E) CCK8
assay showed that the proliferation rate of mutation-corrected HCT-116 cells was reduced. *p< 0.05.
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initiates inaccurate but dominant NHEJ or low efficient but

more precise HDR.49 Providing wild-type homologous DNA

repair templates can achieve precise gene editing. Previous

studies demonstrated that ssODN could be used as templates

to generate point mutations and short sequence insertions in

human cells and animal models.11–13,50,51 Our previous study

Figure 5 In vivo effects of CRISPR/Cas9-mediated correction of β-catenin Ser45 mutation in mouse xenografts. (A) Mutation-corrected HCT-116 cells inhibited the

formation of subcutaneous tumor in nude mice. Cells were inoculated subcutaneously on the back of nude mice. (B) The tumor size in the control group and mutation-

corrected cell clone group. (C) Normalized fold changes of tumor weight in the control and mutation-corrected HCT-116 cell clone. (D) The tumor sections were subjected

to H&E and IHC staining using antibodies against Ki-67. (E) Normalized fold changes of Ki-67 index in the control and mutation-corrected HCT-116 cell clone. The Ki-67

index was calculated as the number of Ki-67 positive cells divided by the number of total cells × 100%. The data is the mean ± SD of 4 independent experiments. *p<0.05,
**p<0.01, compared to the control.
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also suggested that the use of ssODN as repaired templates

facilitates the CRISPR/Cas9-directed HDR.16 In this study,

we sought to explore this strategy of combination of

CRISPR/Cas9 and ssODN to correct a specific ΔTCT
Ser45 heterozygous mutation of β-catenin, a gene frequently
mutated in colon cancer.

In the present study, the plasmid integrated CRISPR/

Cas9, eGFP and sgRNA targeting the β-catenin deletion

mutation sequence was constructed and co-transfected

with a β-catenin wild-type ssODN into HCT-116 cells.

Mutation-corrected single-cell clones were screened out

by GFP-positive flow cytometry and Sanger’s sequencing

of PCR products. We observed that β-catenin Ser45 ser-

ine phosphorylation level was restored completely com-

pared with control HCT-116 cells. Cell proliferation and

the growth rate of the mutant-corrected cells were much

slower than control HCT-116 cells documented by CCK8,

cell-plated clones assay and EDU dyeing analysis.

Furthermore, in nude mice subcutaneous xenograft

experiments, the tumor weight of mutation-corrected

cells was obviously lighter than that of the control cells,

indicating that the tumorigenic ability of the corrected

cells was weakened. These phenotypes of mutant-

corrected cells might be resulted from the reducing trans-

location of β-catenin from cytoplasm to nucleus leading

to the decreasing expression of downstream genes such

as c-myc and survivin. Our study also showed that

mutant-corrected cells expressed lesser c-myc and survi-

vin proteins as compared with control HCT-116 cells.

The expression of cyclinD1 in mutation-corrected cells

has no difference compared to that in control cells either

in protein or in mRNA, indicating this gene is not fully

regulated by β-catenin in HCT-116 cells.

Due to the high mutation frequency of β-catenin in

patients with CRC, the experimental results from the pre-

sent study provide the basis for further development of

gene therapy protocols for patients with β-catenin gene

mutations. However, there are still many obstacles in the

clinical application of tumor gene therapy that need to be

studied and overcome. For example, multiple genes’ muta-

tions in the same cancer drive tumor progression.

Therefore, several genes’ mutations need to be corrected

simultaneously. Furthermore, the mutations at various

stages of the tumor are also varied. More importantly, for

an effective target gene therapy for patients with tumor,

the current situation of gene mutations should be deter-

mined by accurate genetic detection. This study, to our

knowledge, is the first report of the β-catenin genetic

correction in colon cancer cells. The data of this study

suggest that a combination of gene-editing Cas9/sgRNA

and ssODN could be a useful method to correct targeted

gene mutation of the genome in situ at cancer cells, which

have potential applications in targeted gene therapy to

genetic diseases.
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