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A B S T R A C T

SARI (suppressor of activator protein 1, regulated by IFN) functions as a tumour suppressor and is inactivated in
various cancers. However, the mechanism underlying SARI inactivation in cancer remains elusive. In this study,
we detected a high level of DNA methylation of the SARI promoter and an inverse correlation between SARI
promoter methylation and expression in malignant tissues from patients with colon cancer. Furthermore, we
found that the SARI promoter methylation status is a prognostic indicator for patients with colon cancer. A
dCas9-multiGCN4/scFv-TET1CD-sgRNA-based SARI-targeted demethylation system (dCas9-multiGCN4/scFv-
TET1CD-sgSARI) was constructed to precisely and specifically demethylate regions of SARI; this system resulted
in the substantial activation of SARI expression. Further in vitro and in vivo data confirmed that dCas9-
multiGCN4/scFv-TET1CD-sgSARI exerts anti-tumour effects by regulating tumour proliferation, apoptosis, and
angiogenesis. Collectively, specific demethylation of the SARI promoter and restoration of endogenous SARI
expression by dCas9-multiGCN4/scFv-TET1CD-SARI have therapeutic applications for colon cancer and perhaps
for other cancers.

1. Introduction

DNA methylation has an important physiological role in transcrip-
tional regulation, and alterations in methylation result in pathological
conditions, such as cancer development and progression [1–3]. Thus,
the inhibition of DNA methylation is a promising approach for cancer
therapy [3,4]. 5-aza-2′-deoxycytidine (DAC), a broad-spectrum agent
for DNA demethylation, showed anti-leukaemic effects in several clin-
ical trials and has been approved by the FDA for the treatment of
myelodysplastic syndromes [5,6]. However, the global demethylation
process has undesirable effects, and this low specificity limits the use of
DAC or 5-azacytidine (AZA) in clinical settings [7,8].

To dissect the functional significance of DNA methylation events in
the human genome, zinc-finger nucleases (ZFNs) [9], transcription

activator-like effector (TALE) [10], and CRISPR–Cas9 [11–13] have
been used for targeted epigenome editing by fusion with epigenome-
modifying enzymes. Recently, many enzymes, including TET (ten
eleven translocation), have been found to catalyse active DNA de-
methylation via distinct mechanisms [14]. Among these, TET1 is a di-
oxygenase that catalyses the hydroxylation of 5-methylcytosine to 5-
hydroxymethylcytosine and the subsequent generation of 5-for-
mylcytosine and 5-carboxylcytosine with the TET catalytic domain
(TET-CD) as the smallest functional module [15]. A catalytically in-
active Cas9 (dCas9)-based system fused to the catalytic domain of TET1
(TET1CD) that hydroxylates specific loci has been designed to activate
site-specific demethylation [12,16,17].

Suppressor of activator protein 1, regulated by IFN (SARI; also
known as BATF2) is located on human chromosome 11q (mouse
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chromosome 19) and belongs to the BATF family, which includes
BATF1 and BATF3. SARI was initially identified as a regulator involved
in immune responses [18], similar to BATF1 and BATF3 [19]. SARI
induces the production of inflammatory and host-protective proteins,
e.g. TNF, Ccl5, and Nos2, by directly targeting Irf1 during Myco-
bacterium tuberculosis infection [20]. SARI additionally controls Th17-
mediated immunopathology by suppressing IL-23 production during
Trypanosoma cruzi infection in innate immune cells [21]. In cancers, the
ectopic expression of SARI significantly inhibits tumour cell prolifera-
tion and the epithelial–mesenchymal transition and induces apoptosis
[22–28]. SARI also has an anti-tumour effect via the up-regulation of IL-
12 p40 in TAMs, which eventually induces CD8+ T-cell activation and
accumulation within the tumour [29]. We have also shown that SARI
inhibits angiogenesis by directly targeting the ceruloplasmin and in-
hibiting the HIF-1α/VEGF axis in colon cancer [30]. Furthermore, SARI
is downregulated in malignant tissues and its expression is inversely
correlated with clinical outcomes in patients in various cancers, in-
cluding colon cancer [27,30], B lymphoma [26], and lung cancer [28].
However, the mechanism underlying SARI downregulation in malig-
nant tissues remains unclear.

In the present study, we found that SARI downregulation in colon
cancer is DNA methylation-dependent and SARI promoter methylation
is inversely correlated with the prognosis of patients with colon cancer.
We employed a dCas9-multiGCN4/scFv-TET1CD-sgRNA-based targeted
demethylation system to restore SARI expression and demonstrated its
effectiveness and specificity. dCas9-multiGCN4/scFv-TET1CD-sgSARI
had anti-tumour roles in vitro and in vivo by regulating the expression of
downstream targets in colon cancer.

2. Methods

2.1. Cell lines and antibodies

All colon cancer cell lines (SW480, HCT116, HT29, RKO and
HCT15) were purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and antibiotics. Cell line authentication was
assessed using a short tandem repeat DNA profiling method in our la-
boratory, and the latest verification was done in July 2017. The my-
coplasma detecting kit (catalogue no. MD001), purchased from
Shanghai Yise Medical Technology was performed to test whether there
are mycoplasma contamination in all cells. HUVECs were maintained as
described previously and cultured in EndoGRO-VEGF medium
(Millipore, MA, USA) [30].

Antibodies used in this study were as follows: SARI (ab157466,
Abcam, London, UK), CD31 (ab28364-100, Abcam, London, UK), HIF-
1α (H6536, Sigma, MO, USA), VEGF (ab46154, Abcam), MMP-2(4022,
CST, MA, USA), Phospho-c-Jun (3270, CST, MA, USA), Met(8198, CST,
MA, USA), Phospho-Met(3077, CST, MA, USA), Cleaved Caspase-
3(9664, CST, MA, USA), Cyclin D1(2978, CST, MA, USA), MMP-
7(71031, CST, MA, USA), c-Jun(9165, CST, MA, USA), GAPDH
(sc365062, Santa Cruz Biotechnology).

2.2. Animals

Female BALB/c nude mice were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China) and allowed to
acclimate for 1 week before use. All mouse care and experiments were
carried out in accordance with institutional guidelines concerning an-
imal use and care of Sichuan University. Control and sgSARI cells
(HCT116 and RKO cells) (5× 106 cells) were injected into the flank of
female BALB/c nude mice to establish a subcutaneous cancer model.
Tumour size was determined by collecting length and width measure-
ments, and calculating the tumour volume (mm3) as (tumour
length× (tumour width)2)× 0.52. When mice were killed, tumours
from each animal were collected, weighed and used for

histopathological studies.

2.3. Construction of targeted demethylation vector

The all in one vector (Addgene plasmid 82559) which contains Cas9
peptide array (linker length: 22aa), antibody-sfGFP-TET1CD, and gRNA
expression system [12] was used in the present study. Cloning was
performed by linearization of the Addgene plasmid 82559 AflII site and
Gibson assembly-mediated incorporation of the gRNA insert fragment.
Mix the plasmid 82559 digested with AflII (50 ng) with 1 μl insert oli-
gonucleotide mixture, 6 μl 2×Gibson Assembly Master Mix, and H2O
to adjust the volume to 10 μl. Incubate at 50 °C for 15min. Perform
bacterial transformation using 5 μl reaction mixture described above
into competent Escherichia coli, and spread them over solid medium
containing kanamycin to select for successfully transformed clones.
Culture the colony and purify the plasmid. The target sequences are
described in Supplementary Sequences.

2.4. Cell transfection

In demethylation experiments, cells were seeded in 12-well format
(Corning) and the plasmids were transfected into cells using X-
tremeGENE HP DNA Transfection Reagent (Roche), respectively, ac-
cording to the manufacturer's protocols. Cells were harvested 4 days
after transfection. To establish the cell lines that stably expressed the
demethylation system, cells were subjected to sustained G418 treat-
ment (1000 μgml−1, medium change per 3 days). Colonies were picked
and harvested for RNA and genomic DNA extraction to examine the
expression and DNA demethylation of the targeted genes.

2.5. RT–PCR and real-time PCR

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). RNA samples (1 mg) were subjected to
RT–PCR using the TaKaRa One-step RT-PCR kit (Takara, Shiga, Japan).
All PCR products were separated by electrophoresis in 1% agarose gels
and were visualized using GoldView. For real-time PCR, resulting
complementary DNA was analysed in triplicate using SYBR Green
(Takara) with the following PCR conditions:95 °C for 150 s; 40 cycles of
95 °C for 10 s, 58 °C for 30 s; 95 °C for 10 s, 65 °C for 60 s, 97 °C for 1 s.
All transfections were done in triplicate and for each biological re-
plicate at least three technical replicates of the qPCR assay were done.
Statistical significance was determined by comparing experimental
samples against the off-target con-trol using a one-sided t-test after
confirming that data sets exhibited a normal distribution as determined
by a Shapiro-Wilk test for normality (P < 0.05).

2.6. Western blotting

After plasmid transfection, cells were collected and lysed on ice for
30min with the RIPA lysis buffer (Beyotime, Nanjing, China) con-
taining 1% protease inhibitor cocktail (Merck Millipore). The lysis was
centrifuged for 15min by 12,000 g at 4 °C, and the supernatants were
collected. The Bradford protein assay kit (Thermo Scientific, MA, USA)
was employed to determine the protein concentrations. An amount of
20 μg protein with equal amount was loaded and separated by
SDS–PAGE gel electrophoresis, followed by the transfer of proteins onto
the polyvinylidenedi fluoride membranes (Merck Millipore). After
blocking with TBS/T buffer containing 5% milk, the membranes were
incubated with the primary antibodies against SARI (1:400, Abcam)
and GAPDH (1:50,000, CST) in 5% milk TBS/T buffer overnight at 4 °C.
Following incubation with horseradish peroxidase-conjugated sec-
ondary antibodies (Zsbio, Beijing, China) at room temperature for 1 h,
the bands were detected using a chemiluminescent substrate ECL kit
(Merck Millipore).
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2.7. DNA methylation analysis

Genomic DNA was extracted from cells and tissues with Tissues &
Cell Genomic DNA Purification Kit (DP021, GeneMark) and treated
with the CpGenome Turbo Bisulfite Modification Kit (Merck KGaA)
according to the manufacturer's instruction. The modified DNA was
amplified with the PCR primers described in Supplementary Table S4.
For methylation analysis of the surrounding area, bisulfite sequencing
analysis was performed. Briefly, amplified fragments were ligated into
the TOPO vector (TsingKe) and at least 5 clones were sequenced. Se-
quences were analysed by the methylation analysis tool QUantification
tool for Methylation Analysis (QUMA). We used pyrosequencing ana-
lysis(Oebiotech) both in order to study this simple and efficient method
for a potential clinical use, as well as to quantitatively assess the me-
thylation level of tissue samples and correlate them with overall sur-
vival of our patients. After bisulfite conversion of the target sequences,
two CpG sites were analysed by pyrosequencing. In brief, double
stranded PCR products were denatured with NaOH and washed before a
sequencing primer was annealed. The pyrosequencing reaction started
at the 3′-end of the sequencing primer. Nucleotides (A, T, C, and G)
were dispensed into each sample well, one at a time. Whenever a base
complementary to the base in the PCR product was added, it was in-
corporated into the growing DNA strand, resulting in an enzymatic
cascade and production of light. The light intensity was measured at
each dispensation and presented graphically in a program. Methylation
data are presented as percentage of average methylation in all observed
CpG sites.

2.8. Cell proliferation assays

Cells were seeded at a density of 2000 cells per well in 96-well
plates and incubated. 10 μl Cell Counting Kit-8 (Dojindo) was added to
the wells and incubated for 2 h. The absorbance was measured at
450 nm to calculate the numbers of viable cells in each well. Each
measurement was performed in triplicate and the experiments were
repeated twice.

2.9. Colony formation assays

For colony formation assays, cells were seeded in six-well plates at a
density of 500 cells per well and cultured at 37 °C for two weeks. At the
end of the incubation, the cells were fixed with 4% paraformaldehyde
and stained with 0.1% (w/v) Crystal Violet. Each measurement was
performed in triplicate and the experiments were each conducted at
least three times.

2.10. HUVEC tube formation assays

A total of 2×105 control and sgSARI cells were plated in the well of
a six-well plate with 2ml of DMEM medium containing 10% FBS. And
48 h later, the conditioned medium was collected and used for in vitro
tube formation. For the tube formation assay, the wells of a 96-well
plate were coated with 50ml ice-cold BD Matrigel (BD Biosciences).
HUVECs (20,000) in 100ml of conditioned medium were added into
the well that plated with Matrigel. HUVECs were incubated for 4–6 h at
37 °C and then visualized by light microscopy. The amount of branch
points (≥3 cells per branch) were counted and analysed in five random
fields per replicate.

2.11. Migration and invasion assays

Cell migration assay: 5× 104 cells were suspended in 200 μl serum-
free DMEM medium and seeded into the upper chamber of each insert.
Then, 500 μl of DMEM containing 10% FBS was added to a 24-well
plate. After incubation at 37 °C, the cells that migrated were fixed and
stained for 30min in a 0.1% Crystal Violet solution in PBS.

Cell invasion assay: chambers were uniformly covered with 60 μL
Matrigel diluted with DMEM to a certain percentage and incubated at
37 °C for 2–4 h. Then, 5×104 cells were suspended in 200 μL DMEM
and seeded in the upper chambers, and 500 μl DMEM containing 10%
FBS was added to the lower chamber. After incubation at 37 °C, the cells
were fixed and stained.

2.12. Immunofluorescence analysis

4% paraformaldehyde was employed to fix the sections at room
temperature for 10min. Then, the sections were blocked with goat
serum and incubated with primary antibodies against CD31 (1:400,
Abcam, London, UK) for 1.5 h at 37 °C, followed directly by Texas Red-
conjugated secondary antibodies (1:500, CST, MA, USA) for 1.5 h at
37 °C. Nuclei were counterstained with DAPI (Roche, Basel,
Switzerland). All specimens were evaluated using an Olympus BX600
microscope and SPOT Flex camera.

2.13. Immunohistochemical (IHC) staining

Paraffin sections were used for immunohistochemical analysis.
Tumour tissue sections were deparaffinized, rehydrated, and antigen
retrieved. Then, the sections were incubated with primary antibodies
against SARI (1:100, Abcam), Ki67 (1:300, Abcam) and Caspase 3
(1:100, CST) in a moisture chamber overnight at 4 °C. The next day,
cells were incubated with secondary antibody for 2 h. We visualized
staining using DAB. Positive cells were indicated by the presence of
brown staining in both the nucleus and cytoplasm.

2.14. Apoptosis detection

For Annexin V-FITC/PI Staining(KeyGEN), cells were seeded in a 6-
well plate. After 48 h, the cellswere harvested by trypsinization, washed
with PBS twice and re-suspended in 500 μl binding buffer. Annexin V-
FITC (5 μl) and propidium iodide (5 μl) were added to cell suspension
for 5min in the dark at room temperature. The cells were analysed by
flow cytometry (ACEA NovoCyte).

2.15. Transcription array

Total RNA was prepared with TRIzol. Total RNA was extracted
using the mirVana miRNA Isolation Kit (Ambion) following the man-
ufacturer's protocol. RNA integrity was evaluated using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The
samples with RNA Integrity Number (RIN)≥ 7 were subjected to the
subsequent analysis. The libraries were constructed using TruSeq
Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA)
according to the manufacturer's instructions. Then these libraries were
sequenced on the Illumina sequencing platform (Illumina HiSeq X Ten)
and 150bp paired-end reads were generated. All of the procedures were
performed by Chengdu Basebiotech Co., Ltd (Chengdu, China). All of
the original data of the transcription array was uploaded into NCBI
(SRA accession number: SRP158316).

2.16. Statistical analysis

All experiments were repeated three to five times, and the data were
expressed as the mean ± s.d. Statistical analysis was performed by the
Student's t-tests for comparing two groups and by analysis of variance
for multiple group comparisons; P < 0.05 was considered statistically
significant. Kaplan–Meier curves and the log-rank test were used to
compare survival times among the groups. The Pearson correlation
analysis was performed to determine the correlation among the groups.
All calculations were performed using SPSS v19.0 (SPSS Inc., Chicago,
IL, USA).
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Fig. 1. SARI downregulation is dependent on DNA methylation in colon cancer. (A) SARI mRNA expression in colon cancer cells after DAC and AZA treatment. Data
are shown after normalization to β-actin (n = 3, **, p < 0.01, compared with the blank group). (B − C) Genomic DNAs extracted from colon cancer cells were
treated with bisulfite and then subjected to methylation-specific PCR. Using the PCR productions, the 7 CpG sites located between nucleotides −221 and 193 of SARI
were sequenced. The horizontal dots represent CpG islands, and the vertical dots represent the 5 individual clones sequenced. (D) SARI mRNA expression in paired
colon cancer tissues (n= 49). (E) SARI promoter methylation status in paired colon cancer tissues (n= 49). SARI methylation was determined by pyrosequencing.
(F) Correlation between SARImRNA expression and promoter methylation in colon tissues (Pearson correlation, p < 0.0001, r=−0.3545). (G) Kaplan–Meier curve
showing the overall survival of patients (in percentage) with colon cancer, stratified by SARI expression (high- and low-expression tumours; n= 93; p=0.0021;
long-rank test). (H) Kaplan–Meier curve showing the overall survival of patients (as percentages) with colon cancer, stratified by SARI methylation (high- and low-
methylation tumours; n= 93; p=0.0182; long-rank test).
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3. Results

3.1. DNA methylation mediates SARI downregulation in colon cancer

In a previous study, we found that SARI is downregulated in most
colon malignant tissues and colon cancer cells [30]. To determine the
potential role of DNA methylation in SARI downregulation, the de-
methylation agents DAC and AZA were used to treat colon cancer cells
(HCT116, RKO, SW480, and HT29). We observed higher SARI mRNA
expression levels after DAC and AZA treatment than in untreated con-
trol cells (Fig. 1A). Genomic DNA extracted from colon cancer cells was
treated with bisulfite and then subjected to methylation-specific PCR
(MSP) (Supplementary Table 1). After sequencing the MSP products,
three out of seven CpG sites were methylated in colon cancer cells with
low or no SARI expression; these sites were located between nucleotides
−221 and 193 of SARI (Fig. 1B). The few precise number of methylated
CpG sites were found in HCT15 colon cancer cells (Fig. 1C), which
exhibit high SARI expression. Quantitative real-time PCR results de-
monstrated that SARI was downregulated in 67.35% of human colon
tumour tissues, compared with levels in adjacent normal tissues
(Fig. 1D, Normal: 0.01857 ± 0.00337 vs. Malignant:
0.01083 ± 0.00087, p=0.0287). A higher methylation percentage
was found in malignant tissues (Fig. 1E; Normal: 37.07 ± 1.09% vs.
Malignant: 52.85 ± 2.63%, p < 0.0001). Indeed, the mean percen-
tage of CpG methylation (Fig. 1F) in SARI was inversely correlated with
the expression level (Pearson's r=−0.3545, p < 0.0001, Fig. 1F),
suggesting that DNA methylation represses SARI transcription in human
colon tumours. These results suggested that SARI downregulation in
human colon tumour tissues is DNA methylation-dependent.

3.2. SARI methylation is a prognostic indicator for patients with colon
cancer

We previously demonstrated that SARI protein expression is in-
versely correlated with poor prognosis in patients with colon cancer
[30]. The SARI mRNA expression and methylation was determined in
the present study and divided as “low” and “high” according to the
average value. The present results suggested that SARI mRNA expres-
sion is a positive prognostic indicator for patients with colon cancer
(n=93, p=0.0021, Fig. 1G). Furthermore, SARI methylation has a
predictive role in patients with colon cancer (n=93, p=0.0182,
Fig. 1H). The detailed correlations between clinicopathological char-
acteristics and the expression of SARI are listed in Supplementary
Table 2.

3.3. Selective demethylation of SARI in colon cancer cells upon transfection
with dCas9-multiGCN4/scFv-TET1CD-sgRNA

To reverse SARI expression by demethylation, seven sgRNAs
(Supplementary Table 3) designed to target the SARI region from −418
bp to 152 bp were used to construct a dCas9-multiGCN4/scFv-TET1CD-
sgRNA-based specific demethylation system [12] (Fig. 2A). After the
transfection of HCT116 cells with dCas9-multiGCN4/scFv-TET1CD-
sgSARI, the greatest increases in SARI transcription were detected for
sgSARI-1, -4, and -5 (Fig. 2B). Among these, dCas9-multiGCN4/scFv-
TET1CD-sgSARI-1 and dCas9-multiGCN4/scFv-TET1CD-sgSARI-5,
which caused the greatest increases, were selected for further analyses.
Quantitative real-time PCR and western blotting results confirmed the
efficient upregulation of SARI at the mRNA and protein levels in several
colon cancer cells (HCT116, RKO, SW480, HT-29; Fig. 2C&D). MSP
product-based sequencing also demonstrated reductions in methylated
CpG sites in dCas9-multiGCN4/scFv-TET1CD-sgSARI-1- and dCas9-
multiGCN4/scFv-TET1CD-sgSARI-5-transfected colon cancer cells
(Fig. 2E).

3.4. Evaluation of the off-target effects of the dCas9-based demethylation
system

Off-target effects are a major concern for the practical application of
any Cas9-based technique. Thus, the top 10 potential off-target loci
according to a COSMID web tool (https://crispr.bme.gatech.deu/) [31]
were selected to examine whether their mRNA transcription levels were
altered as a result of interference or random demethylation by dCas9-
multiGCN4/scFv-TET1CD-sgSARI-1 (Fig. 3A) and dCas9-multiGCN4/
scFv-TET1CD-sgSARI-5 (Fig. 3C). As shown in Fig. 3B&D, no significant
differences in the mRNA expression levels of these potential off-target
genes were detected between the dCas9-multiGCN4/scFv-TET1CD-
sgSARI-1 group and dCas9-multiGCN4/scFv-TET1CD-sgRNA (Fig. 3B)
or between dCas9-multiGCN4/scFv-TET1CD-sgSARI-5 and dCas9-mul-
tiGCN4/scFv-TET1CD-sgRNA (Fig. 3D). Collectively, these results con-
firmed the specificity of dCas9-multiGCN4/scFv-TET1CD-sgSARI on
SARI demethylation.

3.5. Targeted demethylation of SARI impairs colon tumour progression

To determine the potential anti-tumour effect of the targeted de-
methylation of SARI in colon cancer, dCas9-multiGCN4/scFv-TET1CD-
sgSARI-transfected colon cancer cells were used for various in vitro
experiments. Our results demonstrated the low proliferation activity of
HCT116 and RKO cells transfected with dCas9-multiGCN4/scFv-
TET1CD-sgSARI-1 or dCas9-multiGCN4/scFv-TET1CD-sgSARI-5
(Fig. 4A), accompanied by an increase in apoptotic cells (Fig. 4B). As
shown in Fig. 4C, fewer colonies were found in colon cancer cells with
SARI demethylation. A Matrigel-based HUVEC tube formation assay
indicated that the targeted demethylation of SARI efficiently inhibits
angiogenesis in vitro (Fig. 4D). Furthermore, fewer migrated and in-
vaded HCT116 and RKO cells were observed in the dCas9-multiGCN4/
scFv-TET1CD-sgSARI-transfected groups than in control groups (Fig. 4E
&F). These results demonstrated the anti-tumour effect of the targeted
demethylation of SARI in colon cancer.

3.6. Targeted demethylation of SARI inhibits colon tumour growth in vivo

Next, to determine whether the targeted demethylation of SARI
influences tumour growth in vivo, 5× 106 HCT116 and RKO cancer
cells were injected into the flank of female wild-type (WT) BALB/c nude
mice to establish a subcutaneous tumour model. Our results indicated
that the targeted demethylation of SARI significantly reduced the tu-
mour volume and weight of HCT116 cells (Fig. 5A&B, tumour volume:
sgRNA: 1793.2 ± 120.0 mm3 versus sgSARI-1: 911.3 ± 61.1 mm3 and
sgSARI-5: 1213.5 ± 80.2 mm3; tumour weight: sgRNA:
1.045 ± 0.077 g versus sgSARI-1: 0.571 ± 0.038 g and shSARI-5:
0.790 ± 0.060 g). Targeted demethylation of SARI also dramatically
inhibited the tumour volume and weight of RKO cells (Fig. 5C&E, tu-
mour volume: sgRNA: 1037.2 ± 117.2 mm3 versus sgSARI-1:
498.2 ± 64.3 mm3 and sgSARI-5: 682.6 ± 81.9mm3; tumour weight:
sgRNA: 0.553 ± 0.049 g versus sgSARI-1: 0.290 ± 0.048 g and
shSARI-5: 0.373 ± 0.061 g). SARI staining confirmed that SARI is ex-
pressed in dCas9-multiGCN4/scFv-TET1CD-sgSARI-1- or dCas9-mul-
tiGCN4/scFv-TET1CD-sgSARI-5-transfected HCT116 cells (Fig. 5E).
Additionally, fewer proliferative and more apoptotic cells were ob-
served in HCT116 tumours after the targeted demethylation of SARI
(Fig. 5F&G). CD31 staining also suggested that the targeted demethy-
lation of SARI significantly inhibits HCT116 tumour angiogenesis
(Fig. 5H). Collectively, these in vivo data suggest that the targeted de-
methylation of SARI is a potential anti-tumour strategy.

3.7. Targeted demethylation of SARI regulates downstream target
expression

A transcription array was used to evaluate the deregulation of genes
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after the targeted demethylation of SARI in HCT116 cells. We identified
304 downstream genes that were upregulated and 167 downstream
genes that were downregulated by dCas9-multiGCN4/scFv-TET1CD-
sgSARI (Fig. 6A). A KEGG analysis indicated that the apoptosis and cell

cycle pathways, PI3K-Akt signalling pathway, MAPK signalling
pathway, VEGF signalling pathway, and ubiquitin-mediated proteolysis
were involved in SARI demethylation (Fig. 6B). Western blotting results
suggested that the targeted demethylation of SARI inhibited p-c-Jun

Fig. 2. Demethylation of SARI by dCas9 and sgRNAs. (A) Schematic description of targeted demethylation via dCas9-multiGCN4/scFv-TET1CD-sgRNA. The sgRNAs
recognizing respective target sites are shown in red, and CpG sites are indicated with blue arrowheads. (B) SARI mRNA expression was determined by quantitative
real-time PCR after dCas9-multiGCN4/scFv-TET1CD-sgRNA and dCas9-multiGCN4/scFv-TET1CD-sgSARI (1–7) transfection for 2 days (dCas9-multiGCN4/scFv-
TET1CD-sgRNA, cells transfected with dCas9-multiGCN4/scFv-TET1CD but not any sgRNAs targeting SARI sites). (C&D) SARI mRNA (C) and protein (D) expression
levels were determined by quantitative real-time PCR and western blotting after transfection for 2 days. (E) Genomic DNA extracted from colon cancer cells was
treated with bisulfite and then subjected to methylation-specific PCR. The MSP products were sequenced to evaluate the 7 CpG sites located between nucleotides
−418bp and 152bp of the SARI promoter. The horizontal dots represent CpG islands, and the vertical dots represent the 5 individual clones sequenced.
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Fig. 3. Assessment of the off-target effects of the dCas9-based demethylation system. (A) The top 10 potential off-target sites predicted for sgSARI-1 were selected
using a scoring system described previously [31]. (B) Quantitative real-time PCR analysis of off-target mRNA expression levels in HCT116 and RKO cells transfected
with dCas9-TET-sgSARI-1, compared with those for the blank or sgRNA controls Data are shown after normalization to β-actin (n= 3). (C) The top 10 potential off-
target sites predicted for sgSARI-5 were selected using a scoring system described previously [31]. (D) Quantitative real-time PCR analysis of off-target mRNA
expression levels in HCT116 and RKO cells transfected with dCas9-TET-sgSARI-5, compared with those of the blank or sgRNA controls. Data are shown after
normalization to β-actin (n= 3). The primer sequences are listed in Supplementary Table 5.
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and CCND1 expression and promoted caspase 3 expression in colon
cancer cells (Fig. 6C). Furthermore, reduced levels of MMP-2 and MMP-
7 expression were also found in dCas9-multiGCN4/scFv-TET1CD-
sgSARI-transfected colon cancer cells (Fig. 6D). Consistent with the
inhibitory role of SARI in colon cancer, we found that the targeted

demethylation of SARI reduced HIF-1α and VEGF expression in colon
cancer cells (Fig. 6E&F).

Fig. 4. Antitumour effect of the targeted demethylation of SARI in vitro. (A) A Cell Counting Kit-8 (CCK8) assay was performed to determine the growth of HCT116
and RKO cells transfected with dCas9-multiGCN4/scFv-TET1CD-sgRNA, dCas9-multiGCN4/scFv-TET1CD-sgSARI-1, and dCas9-multiGCN4/scFv-TET1CD-sgSARI-5
(n=5). (B) Flow cytometry was performed to detect apoptotic cells of HCT116 and RKO cells after transfection (n= 5). The percentages of early apoptotic cells (PI−

Annexin V+) and late apoptotic cells (PI+ Annexin V+) were analysed (n= 3). (C) Colony formation assay was performed using HCT116 and RKO cells after
transfection. The numbers of colonies per well were counted and analysed (n=3). (D) The supernatants of HCT116 and RKO cells after transfection were collected
for a Matrigel-based HUVEC tube formation assay. The number of branch points per frame were counted and analysed (n= 5). (E) HCT116 and RKO cells after
transfection were collected for a Transwell-based migration assay. The migrated cells per frame were counted and analysed (n= 5). (F) HCT116 and RKO cells after
transfection were collected for a Matrigel-based invasion assay. The invaded cells per frame were counted and analysed (n=5).
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Fig. 5. Antitumour effect of the targeted demethylation of SARI in vivo. (A&B) Tumour volume and end-stage tumour weight after the injection of 5× 106

HCT116 cells stably transfected with dCas9-multiGCN4/scFv-TET1CD-sgRNA, dCas9-multiGCN4/scFv-TET1CD-sgSARI-1, and dCas9-multiGCN4/scFv-TET1CD-
sgSARI-5 (n= 5). (C&D) Tumour volume and end-stage tumour weight after the injection of 5× 106 RKO cells stably transfected with dCas9-multiGCN4/scFv-
TET1CD-sgRNA, dCas9-multiGCN4/scFv-TET1CD-sgSARI-1, and dCas9-multiGCN4/scFv-TET1CD-sgSARI-5 (n = 5). (E&F) Immunohistochemical staining of SARI
and Ki67 in HCT116 tumours. The percentages of SARI- and Ki67-positive cells were analysed (n = 4, Scale bar = 100 μm). (G) Detection of apoptotic cells in
HCT116 tumours by a caspase 3 staining. The numbers of caspase 3 positive cells per frame were counted and analysed (n = 4, Scale bar = 100 μm). (H) Staining for
CD31 in HCT116 tumours (red). The cell nuclei were stained by DAPI (blue). The number of vessels per frame were counted and analysed (n = 4, Scale
bar = 100 μm). (*p < 0.05; **p < 0.01; ***p < 0.001, compared with the sgRNA group).
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4. Discussion

Our results demonstrated that DNA methylation causes SARI in-
activation in colon cancer and SARI methylation is a prognostic in-
dicator in colon cancer. Furthermore, we constructed a dCas9-
multiGCN4/scFv-TET1CD-sgRNA-based targeted demethylation system
(dCas9-multiGCN4/scFv-TET1CD-sgSARI) and demonstrated that it
precisely and specifically demethylates specific regions of SARI and
results in the substantial activation of SARI expression. Further in vitro
and in vivo analyses confirmed the anti-tumour role of dCas9-
multiGCN4/scFv-TET1CD-sgSARI by regulating tumour proliferation,
apoptosis, and angiogenesis.

DNA methylation of promoters and other gene regulatory regions
frequently results in the inactivation of gene expression, and the me-
thylation-mediated silencing of transcription has been linked to the
downregulation of tumour suppressor genes [32,33]. Gene expression

levels increase after the induction of demethylation in these regions.
Thus, DNA methylation is a potential epigenetic biomarker of various
types of cancer [34,35]. SARI expression is downregulated in most
malignant tissues of various cancers [26,27,30]. We observed a high
methylation rate of SARI CpG sites and an increase in SARI expression
by the general demethylating agents DAC and AZA in colon cancer cells,
which is consistent a previous study that indicated that SARI mRNA
expression in childhood medulloblastoma cells was restored by a DNA
methyltransferase inhibitor zebularine [36]. The highest level of de-
methylation was observed at CpG sites proximal to the sgSARI-1 and
sgSARI-5 binding site, accompanied by a substantial increase in SARI
expression. A strong correlation between SARI expression and SARI
methylation was further detected in colon tissues from patients with
colon cancer, which confirmed that the downregulation of SARI ex-
pression is mediated by SARI promoter methylation. Moreover, con-
sistent with the inverse correlation between SARI expression and poor

Fig. 6. Expression of downstream targets after the targeted demethylation of SARI. (A) Deregulated genes in HCT116 cells after the targeted demethylation of SARI.
(B) Deregulated KEGG pathways in HCT116 cells after the targeted demethylation of SARI. (C) Western blotting analysis of p-c-Jun, c-Jun, CCND1, and Caspase 3
expression in HCT116 and RKO cells transfected with dCas9-multiGCN4/scFv-TET1CD-sgRNA, dCas9-multiGCN4/scFv-TET1CD-sgSARI-1, and dCas9-multiGCN4/
scFv-TET1CD-sgSARI-5. (D) Western blotting analysis of MMP-2 and MMP-7 expression in HCT116 and RKO cells after transfection. (E) Western blotting analysis of
HIF-1α and VEGF expression in HCT116 and RKO cells after transfection. (F) Supernatants from HCT116 and RKO cells after transfection were collected for VEGF
detection by ELISA (n = 4, **p < 0.01, compared with the sgRNA group).
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prognosis in several cancers [30,37], we also demonstrated the pre-
dictive role of SARI methylation for survival in patients with colon
cancer. Collectively, DNA methylation is the major cause of SARI in-
activation in malignant tissues.

Owing to the undesirable effects caused by the global demethylation
process, DAC and AZA faced the serious challenges in clinical applica-
tions [7,8]. Therefore, developing targeted demethylation strategy is
necessary and urgent. ZFNs, TALEs, or the CRISPR-Cas9 system can be
used as targeting domains during epigenome editing [38]. TALE-based
systems benefit from their easy assembly and targeting in comparison
with ZFNs [10,39]. However, the limited sensitivity to CpG methylation
makes the TALE-based system inherently unsuitable for the modifica-
tion of mammalian gene promoter methylation [40]. Owing to its ef-
ficiency, targeting specificity by gRNAs, and insensitivity to CpG me-
thylation, the CRISPR-Cas9 system seems to be the best choice for
epigenome editing [11,13,41]. In the present study, a dCas9-based
system was developed using TET1CD as the functional domain in a
single expression vector. Our results demonstrated that dCas9-mul-
tiGCN4/scFv-TET1CD-sgSARI-1 and -5 could efficiently activate en-
dogenous SARI expression by the targeted demethylation of the SARI
promoter. Moreover, a scoring system [31] for off-target predictions
also confirmed the specificity of dCas9-multiGCN4/scFv-TET1CD-
sgSARI-1 and -5 on demethylation of the SARI promoter. Therefore,
dCas9-multiGCN4/scFv-TET1CD-sgSARI is an efficient and specific tool
to activate endogenous SARI expression by targeted demethylation of
the SARI promoter.

SARI acts as a tumour suppressor in various cancers [18,27,30,42].
Thus, based on the specificity and efficiency of dCas9-multiGCN4/scFv-
TET1CD-sgSARI on SARI demethylation and the restoration of en-
dogenous SARI expression, we next investigated the potential anti-tu-
mour roles of dCas9-multiGCN4/scFv-TET1CD-sgSARI in colon cancer
in vitro and in vivo. Our results suggested that dCas9-multiGCN4/scFv-
TET1CD-sgSARI inhibits tumour growth via the induction of apoptosis
and the inhibition of proliferative and angiogenic effects in vitro and in
vivo, consistent with the results of previous studies [27,30]. C-Jun is a
well-known direct and downstream target of SARI during the regulation
of cell proliferation and apoptosis [18,42]. In our study, we also de-
tected the inhibition of p-c-Jun expression, following CCND1 down-
regulation and Caspase 3 upregulation by dCas9-multiGCN4/scFv-
TET1CD-sgSARI. Furthermore, MMP-2 and MMP-7 downregulation
may be responsible for the inhibition of the invasion and migration
ability in dCas9-multiGCN4/scFv-TET1CD-sgSARI-transfected colon
cancer cells, as previously indicated [27]. dCas9-multiGCN4/scFv-
TET1CD-sgSARI also inhibited tumour angiogenesis by inhibiting HIF-
1α and VEGF expression, consistent with our previous results [30].
Therefore, the activation of endogenous SARI expression by the tar-
geted demethylation of the SARI promoter had an anti-tumour role by
regulating downstream target expression, similar to the effects of
overexpressed exogenous SARI. However, for acquiring the more suf-
ficient therapeutic effect on colon cancer, an efficient delivery system
should be used to deliver dCas9-multiGCN4/scFv-TET1CD-sgSARI into
cells. Viral-based delivery system, including lentivirus and adeno-as-
sociated viruses (AAVs) would be the best choice, according to the ef-
fectiveness [43]. The further study should be performed to determine
the possibility.

Collectively, specific demethylation of the SARI promoter and the
restoration of endogenous SARI expression by dCas9-multiGCN4/scFv-
TET1CD-SARI should have therapeutic applications for colon cancer
and perhaps for other cancers.
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