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Ascl2 has been shown to be involved in tumorigenesis in
colorectal cancer (CRC), although its epigenetic regulatory
mechanism is largely unknown. Here, we found that methyl-
ation of the Ascl2 promoter (bp -1670 � -1139) was signifi-
cantly increased compared to the other regions of the Ascl2
locus in CRC cells and was associated with elevated Ascl2
mRNA expression. Furthermore, we found that promoter
methylation was predictive of CRC patient survival after
analyzing DNA methylation data, RNA-Seq data, and clinical
data of 410 CRC patient samples from the MethHC database,
the MEXPRESS database, and the Cbioportal website. Using
the established TET methylcytosine dioxygenase 2 (TET2)
knockdown and ectopic TET2 catalytic domain–expression cell
models, we performed glucosylated hydroxymethyl–sensitive
quatitative PCR (qPCR), real-time PCR, and Western blot as-
says to further confirm that hypermethylation of the Ascl2
promoter, and elevated Ascl2 expression in CRC cells was
partly due to the decreased expression of TET2. Furthermore,
BCLAF1 was identified as a TET2 interactor in CRC cells by
LC-MS/MS, coimmunoprecipitation, immunofluorescence
colocalization, and proximity ligation assays. Subsequently, we
found the TET2–BCLAF1 complex bound to multiple elements
around CCGG sites at the Ascl2 promoter and further
restrained its hypermethylation by inducing its hydrox-
ymethylation using chromatin immunoprecipitation-qPCR and
glucosylated hydroxymethyl-qPCR assays. Finally, we demon-
strate that TET2-modulated Ascl2-targeted stem gene expres-
sion in CRC cells was independent of Wnt signaling. Taken
together, our data suggest an additional option for inhibiting
Ascl2 expression in CRC cells through TET2–BCLAF1–medi-
ated promoter methylation, Ascl2-dependent self-renewal of
CRC progenitor cells, and TET2–BCLAF1–related CRC
progression.

Studies have investigated the genes and encoded proteins
involved in the maintenance of stemness in colorectal cancer
(CRC) cells, which contain a population of CRC progenitor
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cells (1–3). Indeed, it is important to identify the regulatory
mechanisms involved in CRC cells to develop novel reagents
that target stemness (4).

Achaete scute-like 2 (Ascl2), a basic helix-loop-helix tran-
scription factor (TF), is a downstream target of Wnt signaling.
Ascl2 may be a regulatory factor that controls the fate of in-
testinal Lgr5+ crypt-based stem cells and CRC progenitor cells
(5–7). It has also been found to initiate T helper cell devel-
opment, differentiation from mouse trophoblast stem cells to
trophoblast progenitors, and intestinal neoplastic epithelial cell
differentiation to a goblet cell phenotype (8–10). However, the
molecular mechanism of Ascl2 overexpression in CRC pro-
genitor cells is still unclear. Wnt signaling enhances Ascl2
autoregulation and cobinding to the Ascl2 promoter by the
YAP1–Krüppel-like Factor 5 (KLF5) complex, and hypoxia
inducible factor-1α (HIF-1α) forms a transcriptional switch to
activate Ascl2 expression (11–13). This mechanism has an
impact on the self-renewability of CRC progenitor cells.

Aberrant DNA methylation is related to altered gene
expression patterns and is a fundamental feature of cancer
(14). It is commonly known that a cancer-specific redistribu-
tion of DNA methylation occurs, including global hypo-
methylation punctuated by regional hypermethylation of gene
promoters (14, 15), and this regional hypermethylation of gene
promoters leads to the upregulation of paradoxical gene acti-
vation in cancer (16, 17). This finding seems to be contradic-
tory to the classical knowledge in which dense promoter DNA
methylation is associated with transcriptional repression (18).
There is increasing recognition that this paradigm drives the
evolution of malignancy. Reversing DNA methylation abnor-
malities by targeting the maintenance DNA methylation ma-
chinery represents a potential therapeutic strategy for treating
malignancy (19, 20).

Epigenetic modification has fundamental roles in defining
unique cellular identity through the establishment and main-
tenance of lineage-specific chromatin and methylation status
(21, 22). DNA modifications, such as 5-hydroxymethylcytosine
(5hmC), are catalyzed by ten-eleven-translocation (TET)
enzyme (TET1-3) methylcytosine dioxygenase family mem-
bers, and the roles of TET proteins in regulating chromatin
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architecture and gene transcription independent of DNA
methylation have been gradually uncovered (23, 24). TET2 is
frequently mutated in hematological malignancies (25, 26),
and patients carrying TET2 mutations often show significantly
reduced global 5hmC levels (27). Interestingly, loss of 5hmC is
also observed in many solid tumors (28–30), where TET2
mutations are rarely detected (19). However, how TET2
inactivation and loss of 5hmC affect promoter or enhancer
methylation has been controversial (27, 31–35).

Little is known about the epigenetic regulatory mechanism
regulating Ascl2 expression in CRC. In this study, we found an
interesting epigenetic regulatory mechanism of Ascl2 in CRC.
Using the MethHC database (http://methhc.mbc.nctu.edu.tw)
and other sources to mine gene methylation data, we identified
that there was a region (transcription start site [TSS]
1500: −1670 � −1139) in Ascl2 promoter with higher
methylation level comparing with the other regions of the
Ascl2 locus in CRC samples and was associated with Ascl2
mRNA expression and predicted CRC patient survival. We
now proposed a new mechanism of TET2–Bcl-2-associated
transcription factor 1 (BCLAF1)–mediated Ascl2 TSS1500
promoter demethylation, which was involved in modulating
Ascl2 overexpression in CRC cells. The epigenetic modifica-
tion of Ascl2 promoter in CRC cells may represent another
mechanism to control Ascl2-dependent CRC cell fate. Our
present data thus also suggested an additional option for
inhibiting Ascl2 expression in CRC, Ascl2-dependent self-
renewal of CRC progenitor cells and TET2–BCLAF1
complex–related CRC progression.
Results

DNA methylation pattern of the Ascl2 locus and its correlation
with Ascl2 mRNA levels in CRC tissues

We downloaded DNA methylation data from the MethHC
database and then compared the methylation levels across the
Ascl2 locus between cancerous samples (n = 369) and normal
colon mucosa tissues (n = 45) from CRC patients. The Ascl2
locus included an upstream Ascl2 promoter located -1500 nt
before the TSS, which was defined as TSS1500; an upstream
Ascl2 promoter located 200 nt before the TSS, which was
defined as TSS200; a 50-UTR; the first exon; and a 30-UTR. The
methylation level in the Ascl2 TSS1500 promoter was signif-
icantly higher than that of TSS200, the 50-UTR, the first exon,
and the 30-UTR in CRC samples, and there was higher
methylation level in this region (-1670 � -1139) of Ascl2
promoter comparing cancerous tissues with normal colon
mucosa tissues (Fig. 1A). We screened for methylated CpGs
across the Ascl2 locus and found that they were significantly
associated with Ascl2 mRNA expression in 410 CRC samples
from the MEXPRESS database. Interestingly, the methylation
levels of some CpGs located in TSS1500 were positively
correlated with Ascl2 mRNA expression, while the methyl-
ation levels of CpGs in other regions were inversely correlated
with Ascl2 mRNA expression (Fig. S1).

The UCSC Genome Browser (http://genome.ucsc.edu/cgi-
bin/hgGateway) tracks showed the Ascl2 locus and a
2 J. Biol. Chem. (2022) 298(7) 102095
hypermethylation status in the Ascl2 TSS1500 promoter from
Infinium/Illumina 450K methylation array data analysis of
Caco-2 colon cancer cells (orange color, beta value ≥ 0.6)
(Fig. 1B). Methylated CpGs significantly associated with Ascl2
expression are marked by array probes (Fig. 1B), and the
methylation levels between cancerous and normal colon mu-
cosa tissues are compared from the MEXPRESS database
(Fig. 1C). Among the 26 methylated CpGs related to Ascl2
expression, 23 differentially methylated CpGs (DMCs) had
different methylation levels between cancerous and normal
colon mucosa tissues (Fig. 1C). DMCs in TSS1500 of the Ascl2
locus marked as red text showed a hypermethylation status in
the CRC samples (Fig. 1C).

Ascl2 TSS1500 promoter DMC methylation levels predicted
CRC patient survival

In addition to our global analysis of DMCs in TSS1500 of
the Ascl2 locus of human CRC, we also used TCGA gene
expression and clinical data to determine how well Ascl2
TSS1500 promoter DMC methylation levels predict CRC pa-
tient outcome by dividing the beta values of each DMC into
low- and high-methylation groups using Kaplan–Meier sur-
vival analysis (Fig. S2). The log-rank test results showed that
three out of eight DMCs at Ascl2 TSS1500 marked as purple
dots were significantly associated with both overall survival
(OS) and disease-free survival (DFS) of patients (p < 0.05,
hazard ratio > 1). These three DMCs were cg01156550,
cg20392764, and cg21063716. Their methylation level, T stage,
N stage, and AJCC stage in CRC patients were all prognostic
factors for OS and DFS of CRC patients (p < 0.05, hazard ratio
> 1), among which cg20392764 was an independent prog-
nostic factor (OS: p = 0.006, hazard ratio = 2.773; DFS: p =
0.037, hazard ratio = 1.789), suggesting that the methylation
status of cg01156550, cg20392764, and cg21063716 residing at
the Ascl2 TSS1500 promoter played a crucial role in CRC
prognosis (Fig. S2).

Ascl2 TSS1500 promoter hydroxymethylation was related to
its methylation level and Ascl2 expression in human CRC
tissues

Cytosine methylation of CpGs is the major epigenetic
modification of mammalian DNA and plays important roles in
development and cancer. Loss of TET family associated 5hmC
is concomitant with aberrant promoter hypermethylation in
cancer cells (36). In CRC, a global reduction in 5hmC is an
obvious phenomenon (37).

To determine the roles of 5hmC and 5-methylcytosine
(5mC) in aberrant expression of Ascl2 in CRC tissues, we
analyzed the potential 5hmC/5mC sites containing CCGG
(P1-P4) in the genome from cg01156550 to cg12499235
residing in the TSS1500 promoter region (Fig. 2A) and
detected site-specific levels of 5hmC and 5mC in human CRC
samples and their paired pericancerous tissues (n = 7) by using
glucosylated hydroxymethyl (GluMS)–sensitive quatitative
PCR (qPCR), as well as Ascl2 mRNA levels in human CRC
samples and their pericancerous tissues by using real-time
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Figure 1. The DNA methylation pattern of the Ascl2 locus in colorectal cancer from the TCGA database. A, methylation levels differed across the
different regions of the Ascl2 locus (TSS1500, TSS200, 50-UTR, first exon, and 30-UTR) between cancerous and normal colon mucosa tissues from CRC
patients. The y-axis indicates beta value: scores in the range between 0 and 1 indicate the level of DNA methylation. B, UCSC screenshot of the Ascl2 locus
and distribution of differentially methylated CpGs (DMCs) from TSS1500 to the 30-UTR within Ascl2 locus are shown in their approximate location.
C, comparison of the methylation levels of DMCs distributed from TSS1500 to the 30-UTR across the Ascl2 locus between CRC and normal colon tissues. The
red text indicates DMCs in TSS1500 of the Ascl2 locus. nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired two-tailed Student’s t test.
CRC, colorectal carcinoma; TSS: transcriptional start site.
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Figure 2. Hydroxymethylation of the Ascl2 TSS1500 promoter was related to its methylation level and Ascl2 expression. A, schematic diagram of the
Ascl2 TSS1500 promoter. The black circles above the solid line (P1, P2, P3, and P4) represent the potential 5hmC/5mC sites containing CCGG in the genome
from cg01156550 to cg12499235 residing in the TSS1500 promoter region. B, Ascl2 mRNA levels in the human CRC samples (n = 7) quantitated by real-time
PCR were significantly higher than those of the paired pericancerous mucosa derived from endoscopic biopsy. **p < 0.01, paired two-tailed student’s t test.
C and D, site-specific levels of 5hmC and 5mC at TSS1500 of the Ascl2 promoter in human CRC samples (n = 7) and their paired pericancerous tissues were
determined by using GluMS-qPCR. E, correlation analysis was performed for Ascl2 mRNA levels and methylation levels at P1 to P4, as well as Ascl2 mRNA
levels and hydroxymethylation levels at P1 to P4. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired two-tailed Student’s t test. 5hmC, 5-hydroxymethylcytosine;
CRC, colorectal cancer; GluMS, glucosylated hydroxymethyl–sensitive; qPCR, quatitative PCR; TSS, transcription start site.
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PCR. The Ascl2 mRNA level in CRC tissues was significantly
higher than that in pericancerous tissues (p < 0.01) (Fig. 2B).
The P1, P2, P3, and P4 site-specific levels of 5hmC at Ascl2
TSS1500 promoter in human CRC samples were lower than
those in pericancerous tissues (p < 0.05 or p < 0.01) (Fig. 2C),
and the P1, P2, P3, and P4 site-specific levels of 5mC at Ascl2
TSS1500 promoter in human CRC samples were higher than
those in pericancerous tissues (p < 0.01 or p < 0.001)
(Fig. 2D). Correlation analysis for Ascl2 mRNA levels and
methylation levels at P1 to P4 indicated a positive correlation,
whereas there was an inverse correlation between Ascl2
mRNA levels and hydroxymethylation levels at P1 to P4 (n =
17) (Fig. 2E). These primary results indicated that DNA
hypermethylation at a specific site of the Ascl2 TSS1500
promoter could be related to the reduced hydroxymethylation
at these sites and be responsible for altered Ascl2 expression.
Furthermore, we focused on confirmation of its mechanism.
TET2 was inversely correlated with Ascl2 expression in CRC
samples and CRC cell lines

Altered hydroxymethylation levels were attributed to inac-
tivation or abnormal expression of TET proteins. We
compared TET1, TET2, TET3, and Ascl2 mRNA levels in
human CRC samples and their pericancerous mucosa from the
TCGA RNA-Seq database and found that TET2 mRNA level
in human CRC samples was significantly lower than their
pericancerous mucosa, and Ascl2 mRNA level in human CRC
samples was significantly higher than their pericancerous
mucosa (p < 0.0001, Fig. 3A), whereas there was no significant
difference in TET1 and TET3 mRNA levels between human
CRC samples and their pericancerous mucosa (data not
shown). Correlation analysis of TET2 and Ascl2 mRNA levels
4 J. Biol. Chem. (2022) 298(7) 102095
in human CRC samples from the TCGA RNA-Seq database
indicated that TET2 mRNA levels in CRC tissues were
inversely correlated with Ascl2 mRNA levels (R = −0.5064,
p < 0.0001, Fig. 3B). TET2 and Ascl2 mRNA levels in
HCT116, LOVO, SW480, and SW620 colon cancer cells were
quantified by real-time PCR and were inversely correlated
(R = −0.8946, p < 0.0001, Fig. 3, C and D). TET2 and Ascl2
protein levels in four kinds of colon cancer cells detected by
Western blot and assessed by ImageJ software (https://imagej.
nih.gov/ij/) indicated that those cells with high TET2 protein
expression had low Ascl2 protein expression (Fig. 3, E and F).
Ascl2 mRNA and protein levels in colon cancer cells after
exposure to hydroxymethylase inducer vitamin C for 0 to 4 h
were decreased but partially recovered at 8 h after exposure to
vitamin C. Ascl2 mRNA and protein levels in colon cancer
cells after exposure to hydroxymethylase inhibitor dimethy-
loxalylglycine (DMOG) or deferoxamin (DFO) for 0 to 8 h
were increased (Fig. 3,G–I). The current data indicated the
possible role of TET2-mediated hydroxymethylation in regu-
lating Ascl2 expression.
TET2 suppressed Ascl2 expression by regulating 5hmC and
5mC levels of the Ascl2 TSS1500 promoter

To confirm whether TET2 regulates Ascl2 expression, we
first established two stable TET2-knockdown HCT116 cells
and SW480 cells and two stable SW620 cell line ectopically
expressing WT TET2 catalytic domain or mutated TET2
catalytic domain with mutation of the HxD motif, which is
located in the core double-stranded β-helix domain in the
TET2 catalytic domain (H1382/Y and D1384A) (Fig. 4A).
Next, we examined TET2 and Ascl2 mRNA and protein levels
in the TET2-knockdown HCT116 cells and SW480 cells by
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Figure 3. TET2 expression in CRC tissues was downregulated and inversely correlated with Ascl2 mRNA levels. A, TET2 and Ascl2 mRNA levels in
human CRC samples and their paired pericancerous mucosa from the TCGA RNA-Seq database. B, correlation analysis between TET2 and Ascl2 mRNA levels
in CRC tissues. C, TET2 and Ascl2 mRNA levels in four kinds of colon cancer cells were determined by quantitative real-time PCR (n = 3). D, correlation
analysis between the mRNA expression of TET2 and Ascl2 in four kinds of colon cancer cells (n = 3). E and F, TET2 and Ascl2 protein levels in four kinds of
colon cancer cells were determined by Western blot and assessed by Image J software (n = 3). G–I, Ascl2 mRNA and protein levels in colon cancer cells were
determined by quantitative real-time PCR (G) and Western blot (H) in different periods after exposure to the hydroxymethylase inhibitors DMOG and DFO
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Figure 4. TET2 suppressed Ascl2 expression by regulating 5hmC and 5mC levels of the Ascl2 TSS1500 promoter. A, schematic diagram of TET2
construct. The core DSBH domain harbors an HxD motif that interacts with Fe (II) and 2OG and is a key catalytic motif for TET2. The mutated TET2 catalytic
domain (TET2CD-MUT) carried two critical mutations (H1382/Y and D1384A) in the HxD motif compared with the WT TET2 catalytic domain (TET2CD-WT).
B–K, TET2 and Ascl2 mRNA and protein levels in stable TET2-knockdown HCT116 cells and stable TET2-knockdown HCT116 cells overexpressing TET2CD-WT
or TET2CD-MUT (B–D) and stable TET2-knockdown SW480 cells and stable TET2-knockdown SW480 cells overexpressing TET2CD-WT or TET2CD-MUT (G–I)
were determined by quantitative real-time PCR and Western blot, respectively, and the site-specific levels of 5hmC and 5mC at TSS1500 of the Ascl2
promoter in aforementioned cells were determined by using GluMS-qPCR (E, F, J, and K). L–N, TET2 and Ascl2 mRNA and protein levels in stable SW620 cells
overexpressing TET2CD-WT or TET2CD-MUT were determined by quantitative real-time PCR and Western blot, respectively, and the site-specific levels of
5hmC and 5mC at TSS1500 of the Ascl2 promoter in aforementioned cells were determined by using GluMS-qPCR (O and P). The protein levels in Western
blot were assessed by ImageJ (n = 3) (D, I, and N). *p < 0.05, **p < 0.01, ***p < 0.001, nsp > 0.05, unpaired two-tailed Student’s t test. 5hmC,
5-hydroxymethylcytosine; GluMS, glucosylated hydroxymethyl–sensitive; qPCR, quatitative PCR; TSS, transcription start site.

Ascl2 promoter methylation contributes to CRC cell stemness
real-time PCR and Western blot assays. We found that
reduced TET2 expression resulted in increased Ascl2 expres-
sion, and enforced expression of the TET2 catalytic domain in
and the hydroxymethylase inducer vitamin C, respectively. Their Ascl2 prote
**p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired two-tailed Student’s t test
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the TET2-knockdown HCT116 cells and SW480 cells led to a
reduction in Ascl2 expression, while mutated TET2 catalytic
domain with mutation of the HxD motif failed to reduce Ascl2
in levels in Western blot were assessed by ImageJ (n = 3) (I). *p < 0.05,
. CRC, colorectal cancer; DFO, deferoxamin; DFS, disease-free survival.
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expression (Fig. 4, B–D, G and I), suggesting that TET2-
mediated Ascl2 expression was dependent on the TET2 cat-
alytic domain.

Moreover, we performed GluMS-qPCR to quantify the
specific-site 5hmC and 5mC levels at the P1 to P4 locus on
Ascl2 TSS1500 promoter and found that TET2 knockdown
led to a significant decrease in 5hmC levels and an increase in
5mC levels at the P1 to P4 locus. Ectopic expression of
the TET2 catalytic domain in the TET2-knockdown
HCT116 cells and SW480 cells significantly increased
5hmC levels and reduced 5mC levels at the P1 to P4 locus,
while the mutant TET2 catalytic domain, which disturbed
their catalytic activity in oxidizing 5mC, failed to increase
5hmC levels and recovered their 5mC levels at the P1 to P4
locus (Fig. 4, E, F, J and K).

Enforced expression of the TET2 catalytic domain in
SW620 cells led to a reduction in Ascl2 expression, while
mutated TET2 catalytic domain failed to reduce Ascl2
expression (Fig. 4, L and N). Ectopic expression of the TET2
catalytic domain in SW620 cells significantly increased 5hmC
levels and reduced 5mC levels at the P1 to P4 locus, while the
mutant TET2 catalytic domain failed to increase 5hmC levels
and recovered their 5mC levels at the P1 to P4 locus (Fig. 4, O
and P).

These results confirmed that TET2 suppressed Ascl2
expression by regulating 5hmC and 5mC levels residing in the
Ascl2 TSS1500 promoter.
TET2 modulated the CRC stemness phenotypes independent of
Wnt signaling

We examined the mRNA levels of several stemness genes in
stable TET2-knockdown SW480 and HCT116 cells and stable
SW620 cells with ectopic TET2 catalytic domain expression or
mutated TET2 catalytic domain expression. The data showed
that TET2 knockdown resulted in an increase of multiple
stemness genes expression, and forced TET2 catalytic domain
expression inhibited their expression of these genes, while the
mutant TET2 catalytic domain weakened the TET2 catalytic
domain effect on their expression (Fig. 5A). Flow cytometry
assays revealed that stable TET2-knockdown SW480 and
HCT116 cells had an increased proportion of CD44+ cells and
CD133+ cells (72.08% and 73.31%) compared with their con-
trol cells (25.72% and 31.02%), respectively. Stable SW620 cells
with the WT TET2 catalytic domain had a decreased pro-
portion of CD133+ cells (25.90%) compared with their control
cells (90.79%), while stable SW620 cells with the mutant TET2
catalytic domain had a similar proportion of CD133+ cells as
their control cells (89.99% versus 90.79%) (Fig. 5B). Stable
TET2-knockdown SW480 and HCT116 cells exhibited an
increased tumorsphere potential compared with their control
cells. Stable SW620 cells with ectopic expression of WT TET2
catalytic domain had a decreased tumorsphere potential
compared with their control cells, while stable SW620 cells
with the mutant TET2 catalytic domain exhibited tumorsphere
potential similar to that of their control cells (Fig. 5, C and D).
Vitamin C enhanced the inhibitory effect of the TET2 catalytic
domain on tumorsphere formation compared with its control
cells (Fig. S3). In vivo tumorigenicity showed that stable
SW620 cells with the WT TET2 catalytic domain had reduced
tumor volume and weight compared with their control cells,
while its mutant had no significant effect on tumor volume and
weight (Fig. 5, E–G). The aforementioned results indicated
that TET2 could repress the expression of stemness genes and
the stemness phenotypes of CRC cells.

Ascl2 is the target of Wnt signaling (38), whereas, the zinc
finger TF PLAGL2 activates Ascl2 expression independent of
canonical Wnt signaling (39), whether TET2 regulates Ascl2
expression through Wnt signaling remains unclear. We first
analyzed the RNA-Seq data for CRC tumors from the TCGA
database according to Wnt-activating mutations (truncating
mutations in APC or AXIN2 or missense mutations in
β-catenin) (40). The correlation coefficient of Ascl2 and TET2
expression presented no obvious change between Wnt mutant
(R = −0.4755, p < 0.0001) and nonmutant CRC tumors
(R = −0.4325, p < 0.0001) (Fig. 5, H and I). Next, we examined
the mRNA levels of Ascl2 and the other stemness genes in
stable TET2-knockdown SW480 and HCT116 cells treated
with IWP-2, an inhibitor that selectively blocks porcine-
mediated Wnt palmitoylation and does not affect Wnt/β-cat-
enin, which significantly inhibited the transcriptional levels
(mRNA) of two canonical Wnt target genes Axin2 and Twist
(Fig. 5J). After 72 h of 2 μM IWP-2 treatment, the mRNA
levels of Ascl2 and its downstream Cdca7, c-myc, Lgr5, and
Sox9 were still increased in stable TET2-knockdown SW480
and HCT116 cells (Fig. 5K), suggesting that TET2 regulated
Ascl2 and Ascl2 downstream stemness genes independently of
canonical Wnt signaling.
TET2-Ascl2 axis modulated CRC stemness phenotypes

Because of the TET2 effect on Ascl2 expression and the
critical role of Ascl2 in CRC stem cells, we hypothesized that
TET2 might regulate the phenotypes of CRC stem cells by
modulating the expression of CRC cell stemness genes. We
examined the mRNA and protein levels of Ascl2 and its
downstream stemness genes using real-time PCR and Western
blot in stable SW620 cells overexpressing the WT TET2CD
and stable SW620 cells overexpressing the WT TET2CD and
heterologous Ascl2. Forced TET2 catalytic domain expression
inhibited the expression of Ascl2 and its downstream
stemness-related genes, including Cdca7, c-myc, Lgr5, and
Sox9, ectopic expression of Ascl2 for 72 h in stable
SW620 cells with the TET2 catalytic domain significantly
restored the expression of Ascl2 and its downstream stemness
genes at both the mRNA and protein levels (Fig. 6, A and B).
Flow cytometry assays for CD133+ cells revealed that stable
SW620 cells overexpressing the TET2 catalytic domain had a
decreased proportion of CD133+ cells (40.05%) compared with
their control cells (79.04%), but there were almost 91.06%
CD133+ cells in stable SW620 cells with TET2 catalytic
domain and heterologous Ascl2 expression (C). Stable
SW620 cells with the TET2 catalytic domain had an inhibited
tumorsphere formation, while its forced Ascl2 expression
J. Biol. Chem. (2022) 298(7) 102095 7



Figure 5. TET2 restrained the expression of stemness genes and the stem-like phenotypes of CRC cells. A, heatmap of the stemness genes displaying
significant changes in stable TET2-knockdown SW480 and HCT116 cells, as well as in stable SW620 cells overexpressing the TET2-catalytic domain or mutant
TET2-catalytic domain compared with their negative controls. B, FACS for CD133 and CD44 in the cells described in (A). C, tumorsphere cells derived from
cells described in (A) were grown in stem cell culture media in suspension for 5 to 10 days D, the numbers of tumorsphere were counted from three wells
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Figure 6. TET2-Ascl2 axis modulated CRC cell stemness phenotypes. A and B, the mRNA and protein expression levels of CRC cell stemness genes were
detected by quantitative real-time PCR and Western blot, respectively, in stable SW620 cells overexpressing WT TET2CD (Lv-TET2CD-WT) and stable
SW620 cells overexpressing WT TET2CD and heterologous Ascl2 (Lv-TET2CD-WT+Ascl2). The results are presented as mean ± SD. C, FACS for proportion of
CD133+ cells in the cells described in (A). D, tumorsphere cells derived from cells described in (A) were grown in stem cell culture media in suspension for
5 to 10 days E, the numbers of tumorsphere were counted from three wells and calculated as the mean ± SD. F, the in vivo tumorigenicity of tumorsphere
cells derived from cells described in (A) was assessed by tumor size and weight (F–H). Values were mean ± SD. I, the mRNA levels of CRC cell stemness genes
were detected by quantitative real-time PCR in tumor xenografts developed using different tumorsphere cells, n = 15. The results are presented as mean ±
SD. **p < 0.01. ***p < 0.001, unpaired two-tailed Student’s t test. CRC, colorectal cancer; FACS, fluorescence-activated cell sorter.

Ascl2 promoter methylation contributes to CRC cell stemness
counteracted the inhibition of tumorsphere formation by the
WT TET2CD (Fig. 6, D and E). The in vivo tumorigenicity
assay showed that stable SW620 cells with the WT TET2
catalytic domain had reduced tumor volume and weight
compared with their control cells, while forced Ascl2 expres-
sion in stable SW620 cells with the WT TET2 catalytic domain
significantly increased the tumor volume and weight (Fig. 6, F–
H). The mRNA levels of CRC cell stemness genes in xenografts
developed with different tumorspheres derived from stable
SW620 cells overexpressing the WT TET2CD significantly
decreased compared with control, whereas significantly
increased due to Ascl2 forced expression in stable SW620 cells
and calculated as the mean ± SD. E–G, the in vivo tumorigenicity of tumorsph
domain or mutant TET2 catalytic domain was assessed by tumor size and wei
expression in colorectal tumors with or without activating Wnt pathway mutati
from the TCGA RNA-Seq database (n = 580). J, the mRNA levels of two Wnt-sens
SW480 cells treated with 2 mM IWP-2 for 72 h. K, quantitative real-time PCR for
with 2 mM IWP-2 for 72 h. The results are presented as mean ± SD. **p < 0.0
FACS, fluorescence-activated cell sorter.
with WT TET2CD (Fig. 6I). These data suggested that TET2
regulated Ascl2 expression modulated CRC stemness
phenotypes.
LC-MS/MS identified that BCLAF1 was an interactor of TET2 in
CRC cells

TET2 lacks a DNA-binding domain and needs to be recruited
by TFs to gene regulatory elements. LC-MS/MS identified TET2
catalytic domain–binding proteins (Table S1) that included TFs
(red) in stable SW620 cells overexpressing the TET2 C-terminal
catalytic domain (aa 1129–2002)with three FLAGepitopes at the
ere cells derived from stable SW620 cells overexpressing the TET2 catalytic
ght. Values were mean ± SD. H and I, correlation analysis of TET2 and Ascl2
ons (truncating mutation of APC or Axin2 or missense mutation of β-catenin)
itive genes, Axin2 and Twist, were significantly inhibited in both HCT116 and
stemness genes in stable TET2-knockdown SW480 and HCT116 cells treated
1. ***p < 0.001, unpaired two-tailed Student’s t test. CRC, colorectal cancer;
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N terminus, which were used for efficient immunoprecipitation.
BCLAF1, as a TF (41), had the most peptides bound to the TET2
catalytic domain. Kinesin family member 11 (KIF11) was not
chosen as an interactor of TET2 because it is not a TF and not
involved with transcription regulation (Fig. 7A). Coimmuno-
precipitation (Co-IP) analysis of SW620 cells transfectedwith the
3 × FLAG-tagged TET2 catalytic domain indicated that the
TET2 catalytic domain could bind endogenous BCLAF1
(Fig. 7B). Stable SW620 cells overexpressing the 3 × FLAG-tag-
ged TET2 catalytic domain were immunostained for BCLAF1
(green) and FLAG (red), and the merged image showed the
overlapping yellow signal between BCLAF1 and FLAG in the cell
nucleus stained by 40,6-diamidino-2-phenylindole (Fig. 7C). The
scattergram presented the overall relationship between the in-
tensities of homologous pixels, and Pearson’s correlation coef-
ficient represented the overlap of red and green pixel intensities
(Fig. 7D). To further confirm their interaction, we analyzed
BCLAF1 interference or enforced heterologous BCLAF1 over-
expression in stable SW620 cells with a 3 × FLAG-tagged TET2
catalytic domain. BCLAF1 interference led to a reduction in
BCLAF1-blotting intensity but also a reduction in FLAG-
blotting intensity, and BCLAF1 overexpression exerted the
opposite effect (Fig. 7E). Finally, proximity ligation assays (PLAs)
were performed to detect their interaction in stable SW620 cells
with a 3× FLAG-tagged TET2 catalytic domain treated with
BCLAF1 interference or enforced heterologous BCLAF1 over-
expression. Quantification of PLA spots per nucleus, which
provided evidence of their interaction, confirmed that BCLAF1
interference led to a significant reduction in PLA spots per nu-
cleus and that BCLAF1 overexpression led to a significant in-
crease in PLA spots per nucleus (Fig. 7F). These data provided
exact confirmation that BCLAF1 was an interactor of TET2 in
CRC cells.
TET2–BCLAF1 repressed Ascl2 expression by mediating
hydroxymethylation and methylation levels of the Ascl2
TSS1500 promoter

To investigate the role of the TET2–BCLAF1 association in
hydroxymethylation of the Ascl2 TSS1500 promoter and
sequential transcription of Ascl2, we first detected the alter-
ation of endogenous Ascl2 expression in stable SW620 cells
overexpressing the TET2 catalytic domain treated with
recombination plasmids expressing BCLAF1 or BCLAF1
siRNA for 72 h. The ectopic expression of BCLAF1 in stable
SW620 cells overexpressing the TET2 catalytic domain
strengthened the effect of TET2 on Ascl2 expression inhibi-
tion, while reduced BCLAF1 expression by siRNA almost
eliminated the inhibitory effect of TET2 on Ascl2 expression
(Fig. 8, A and B). The results suggested that TET2 repressed
Ascl2 expression in a BCLAF1-dependent manner.

BCLAF1, as a transcription factor, contains a bZIP homolog
and a Myb homolog DNA-binding motif (41). We analyzed the
putative binding sites of BCLAF1 in the genome from
cg01156550 to cg12499235 residing in the Ascl2 TSS1500
promoter by using the JASPAR database and found that there
were three Myb-binding and five bZIP-binding sites around
10 J. Biol. Chem. (2022) 298(7) 102095
CCGG sites of the P1 to P4 locus (Fig. S4). These binding sites
were divided into four binding regions (binding sites 1–4)
according to their distance from CCGG sites, and we per-
formed chromatin immunoprecipitation (ChIP)-qPCR analysis
to determine the TET2–BCLAF1 co-occupancy on these re-
gions by using a C-terminal antibody that recognized the
TET2 catalytic domain and an antibody that recognized the
hemagglutinin polypeptide conjugated to the N terminus of
BCLAF1 (Fig. 8C) and specific primers for the detection of
5hmC and 5mC levels at CCGG sites. TET2 binding at these
sites was significantly increased upon stable ectopic expression
of the TET2 catalytic domain and substantially increased by
the coexpression of BCLAF1, while TET2 binding at these sites
was obviously decreased upon transient BCLAF1 knockdown
(Fig. 8E).

GluMS-qPCR experiments showed that 5hmC levels at P1
to P4 were significantly increased upon BCLAF1 over-
expression in stable SW620 cells with an ectopic TET2 cata-
lytic domain compared with the control cells, which was
accompanied by significant decreases in 5mC levels at the
same sites (Fig. 8D). In contrast, even in stable TET2-
overexpressing SW620 cells, BCLAF1 knockdown resulted in
significant inhibition of 5hmC levels and restored 5mC levels
at P1 to P4 (Fig. 8F). Our findings indicated that BCLAF1
could recruit TET2 to specific genomic sites at the Ascl2
TSS1500 promoter to regulate Ascl2 expression by mediating
hydroxymethylation and methylation levels at the Ascl2
TSS1500 promoter.
TET2–BCLAF1 interaction counteracted stem traits of CRC cells
and controlled the survival of CRC patients

To test the model in which BCLAF1 bridges TET2 to bind
the Ascl2 TSS1500 promoter and thereby facilitates TET2 to
regulate Ascl2 target genes, we compared transcripts associ-
ated with TET2 and BCLAF1 coexpression in CRC samples
from the TCGA database by using Gene Set Enrichment
Analysis (GSEA) against a gene set of mRNAs altered upon
Ascl2 knockdown LS174T cells (42). Genes associated with
low coexpression of TET2 and BCLAF1 were enriched for
reduced transcripts upon Ascl2 knockdown (enrichment score
[ES] = −0.386, normalized enrichment score [NES] = −1.468,
false discovery rate (FDR) q =0.028, p-value = 0.031) (Fig. 9A),
while genes associated with high coexpression of TET2 and
BCLAF1 were enriched for induced transcripts upon Ascl2
knockdown (ES = 0.285, NES = 1.261, FDR q = 0.157, p-
value = 0.160) (Fig. 9B). The mRNA and protein expression
levels of the stem genes Cdca7, c-myc, Lgr5, and Sox9 in stable
SW620 cells overexpressing the TET2 catalytic domain that
were then transiently transfected with the BCLAF1-
overexpressing construct were significantly reduced
compared with their control cells but restored in stable
SW620 cells overexpressing the TET2 catalytic domain that
were then transiently transfected with BCLAF1-interfered
siRNA for 48 h (Fig. 9, C and D). A significantly decreased
proportion of CD133+ cells in stable SW620 cells over-
expressing the TET2 catalytic domain were then transiently



Figure 7. The TET2 catalytic domain interacted with BCLAF1 in the cellular nucleus. A, LC–MS/MS identified TET2 catalytic domain–binding proteins
that included transcription factors (red) in stable SW620 cells overexpressing the TET2 C-terminal catalytic domain. Among all transcription factors, BCLAF1
had the most peptides bound to TET2 catalytic domain. B, Co-IP analysis of SW620 cells transfected with the 3× FLAG-tagged TET2 catalytic domain
indicated that the TET2 catalytic domain could bind endogenous BCLAF1. C, stable SW620 cells overexpressing the 3× FLAG-tagged TET2 catalytic domain
were immunostained for BCLAF1 (green) and FLAG (red). Merged images show the overlapping yellow signal between BCLAF1 and FLAG in the cell nucleus
stained by DAPI. D, scattergram presenting the overall relationship between the intensities of homologous pixels. Pearson’s correlation coefficient rep-
resents the overlap of red and green pixel intensities corresponding to (C). E, the TET2 catalytic domain interacted with endogenous BCLAF1 in stable
SW620 cells overexpressing the 3× FLAG-tagged TET2 catalytic domain with BCLAF1 interference or with heterologous BCLAF1 overexpression. F, proximity
ligation assays (PLAs) were performed in cells described in (E) to detect the interaction between the TET2 catalytic domain and BCLAF1. The negative
control represents an assay with each primary antibody (FLAG or BCLAF1). G, quantification of PLA spots per nucleus for (F). PLA assays were performed in
five biological replicates. The results are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired two-tailed Student’s t test. DAPI,
40 ,6-diamidino-2-phenylindole.
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Figure 8. BCLAF1–TET2 repressed Ascl2 expression by mediating hydroxymethylation and methylation levels of the Ascl2 TSS1500 promoter. A
and B, TET2, BCLAF1, and Ascl2 expression (mRNA in A, protein in B) in SW620 cells with TET2 catalytic domain overexpression or BCLAF1 overexpression or
BCLAF1 interference for 48 h. C, stable SW620 cells transfected with lentiviral particles expressing the TET2 catalytic domain were transiently transfected
with HA-BCLAF1 construct for 48 h. The occupancy of TET2 and BCLAF1 at the P1-P4 sites on the TSS1500 promoter regions of Ascl2 was determined by
ChIP-qPCR with specific primers. Rabbit IgG was included as a negative control. D, site-specific levels of 5hmC and 5mC at TSS1500 of the Ascl2 promoter in
SW620 cells described in (C) were determined by using GluMS-qPCR. E, stable SW620 cells transfected with lentiviral particles expressing the TET2 catalytic
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Figure 9. BCLAF1–TET2 mediated Ascl2 promoter demethylation inhibited stemness, and TET2–BCLAF1 coexpression patterns predicted CRC
patient survival. A and B, GSEA of the downstream genes of Ascl2 (Oikonomou et al. cell reports. 2015) between CRC patients with high coexpression of
TET2 and BCLAF1 versus those with low coexpression of TET2 and BCLAF1. C and D, the mRNA and protein expression levels of Cdca7, c-myc, Lgr5, and Sox9
in stable SW620 cells overexpressing the TET2 catalytic domain, which were then transiently transfected with a BCLAF1-overexpressing construct or
BCLAF1-interfered siRNA for 48 h E, FACS for CD133 in stable SW620 cells described as (C and D). F, tumorsphere cells were derived from stable SW620 cells
described as (C and D), and spheres were formed on the fifth day after transfection. G, survival analysis of 444 CRC patients with coexpression of TET2 and
BCLAF1. *p < 0.05, **p < 0.01, unpaired two-tailed Student’s t test. CRC, colorectal cancer; FACS, fluorescence-activated cell sorter.
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transfected with the BCLAF1-overexpressing construct
(15.99%) compared with SW620 cells (81.61%) and stable
SW620 cells overexpressing the TET2 catalytic domain
(32.74%) but were restored in stable SW620 cells over-
expressing the TET2 catalytic domain, which were then tran-
siently transfected with BCLAF1-interfered siRNA (73.76%)
(Fig. 9E). Tumorsphere cells were derived from SW620 cells
with overexpression of both the TET2 catalytic domain and
domain were transfected with BCLAF1-interfered siRNA for 48 h. The occupa
determined by ChIP-qPCR with specific primers. Rabbit IgG was included as a
Ascl2 promoter in SW620 cells described in (E) were determined by using GluM
Student’s t test. ChIP, chromatin immunoprecipitation; GluMS, glucosylated hy
BCLAF1, and spheres were formed on the fifth day after
transfection. The tumorsphere formation potential was
inhibited in SW620 cells overexpressing both the TET2 cata-
lytic domain and BCLAF1 and recovered in stable SW620 cells
overexpressing the TET2 catalytic domain, which were then
transiently transfected with BCLAF1 siRNA (Fig. 9F).

Survival analysis of 444 CRC patients according to TET2
and BCLAF1 expression levels was performed using the
ncy of TET2 at P1-P4 sites on the TSS1500 promoter regions of Ascl2 was
negative control. F, site-specific levels of 5hmC and 5mC at TSS1500 of the
S-qPCR. nsp > 0.05, *p < 0.05, **p < 0.01. ***p < 0.001, unpaired two-tailed
droxymethyl–sensitive; qPCR, quatitative PCR; TSS, transcription start site.
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Kaplan–Meier survival analysis method. Patients were divided
further into four groups based on the expression levels of
TET2 and BCLAF1: TET2 (+) BCLAF1 (+), TET2 (+) BCLAF1
(−), TET2 (−) BCLAF1 (+), and TET2 (−) BCLAF1 (−). TET2–
BCLAF1 mRNA expression levels were associated with patient
OS (p = 0.056), DFS (p = 0.0166), and progression-free survival
(p = 0.017) (Fig. 9G). The results suggested that these two
genes may be used as prognostic markers for patients ac-
cording to their associated expression levels.
Discussion

Our study provides an epigenetically important delineation
of how TET2 drives Ascl2 promoter hydroxymethylation and
demethylation through recruitment by BCLAF1 to the Ascl2
TSS1500 promoter and how this contributes to key Ascl2-
dependent malignant properties of CRC. First, there are im-
plications regarding the interplay between TSS1500 promoter
hypermethylation, CRC biology, prognosis of CRC patients,
and the balance of roles for critical TET2–BCLAF1 interaction
and their specific binding to Ascl2 TSS1500 promoter in its
hypermethylation maintenance via TET2–BCLAF1–mediated
demethylation remodeling. For methylation maintenance of
the Ascl2 TSS1500 promoter, our data demonstrated that
there is an absolute requirement of TET2 and BCLAF1, which
mediate recognition of the potential three Myb-binding and
five bZIP-binding sites around CCGG sites, respectively. These
distinctions suggest that targeting the TET2–BCLAF1 com-
plex may hold therapeutic potential for preventing Ascl2
TSS1500 promoter remethylation after demethylating activity.

CRC is the third leading cause of death from cancer
worldwide (43). Cancer stem cells, a subpopulation of cancer
cells, have been proposed to explain the functional heteroge-
neity and carcinogenesis of cancer (44, 45). It is important to
identify the regulatory mechanisms and signaling pathways
involved in CRC progenitor cells to develop novel reagents to
target the refractory CRC progenitor cell population (45).
Ascl2 can be regulated by the hpo/Mst signaling pathway, as
well as the Tssc3, HIF 1α and 2α, L1 family of cell adhesion
receptors, and through Ascl2 autoregulation (9, 46–50).
Although it was reported that aberrant upregulation of Ascl2
by promoter demethylation promotes the growth and resis-
tance to 5-fluorouracil of gastric cancer cells (51), there is no
available report about the epigenetic regulatory mechanism
regulating abnormal expression of Ascl2 in CRC cells. DNA
methylation is one of the most important hallmarks of tumor
development and progression. While the role of hyper-
methylation in the silencing of tumor suppressor genes is well
documented, DNA methylation is also a dynamic epigenetic
indicator that undergoes extensive changes during the differ-
entiation of self-renewing stem cells and is responsible for the
regulation of the expression of some stem cell markers, such as
CD133, OCT4, and NANOG (52). We found that Ascl2
TSS1500 promoter (-1670–-1139) hypermethylation was an
epigenetic switch to activate Ascl2 expression.

In cancer, global patterns of DNA methylation are altered
with global hypomethylation of repeat-rich intergenic regions
14 J. Biol. Chem. (2022) 298(7) 102095
and hypermethylation of a subset of CpG-dense gene-associ-
ated regions (CpG islands). The classical model of DNA
methylation is recognized in gene silencing and strong evi-
dence supports this paradigm. The prominent gene-silencing
role of human DNA methylation is now being questioned in
particular biological contexts, including carcinogenesis,
metastasis, development, and induced pluripotent stem cells
(16). Aberrant DNA methylation in promoters leads to inap-
propriate transcriptional activation of some oncogenes (53).
Failure to demethylate and to consequently reactivate these
methylation-induced tumor genes is a contributor to tumor
progression. One of the possible reasons for the failure to
demethylate these methylated genes is the deregulation of the
TET pathway (54). 5hmC is considered an intermediate in an
active demethylation process catalyzed by the TET family,
which comprises three members, TET1 to TET3, that have
combinatory roles in different developmental processes as well
as carcinogenesis (54). The decrease in TETs and 5hmC was
identified as a hallmark of multiple types of solid tumors, and
importantly, enhanced expression of TET2 suppresses both
the proliferation and metastasis of cancer cells (55, 56). TET2
is a unique member of this family that is highly expressed in
hematopoietic lineages. Several recent studies have shown that
the level of 5hmC in many various types of human malig-
nancies, including CRC, is profoundly reduced and that the
degree of the reduction is proportional to tumor stage (57).
The Ascl2 TSS1500 promoter (−1670–−1139) had CpG-dense
gene-associated regions and had hypermethylation levels that
were regulated by TET2 expression in CRC cells. TET2
downregulation in CRC cells led to dysfunction of demethy-
lation and further led to Ascl2 TSS1500 promoter
(−1670–−1139) hypermethylation and Ascl2 overexpression.

However, TET2 lacks the CXXC DNA-binding domain,
which is present in TET1 and TET3 (58). It is unclear how
TET2 binds to a specific locus in the genome, and direct TET2
binding at promoters or enhancers of target genes within cells
has not been reported. Immunopurification coupled with mass
spectrometry (IP–LC-MS/MS) has been previously used by a
number of groups in attempts to identify TET-interacting
proteins. By this approach, a few proteins have been identi-
fied and functionally characterized, including O-linked β-N-
acetylglucosamine transferase (OGT) (59). Our IP–LC-MS/
MS experiment identified that BCLAF1 was an interactor of
TET2 in CRC cells. BCLAF1 is involved in diverse biological
processes, including apoptotic signaling, posttranscriptional
processes, Kaposi’s sarcoma-associated herpesvirus and hu-
man cytomegalovirus infection, lung development, T-cell
activation, angiogenesis, and carcinogenesis (60–62). BCLAF1
regulates the tumorigenesis of colon cancer cells (60), and the
prominent features of the BCLAF1 structure are the bZIP and
Myb DNA-binding domains, which are essential for BCLAF1
function in transcriptional regulation (41). Our present results
confirmed that BCLAF1 bound to bZIPs and that Myb resided
at the Ascl2 TSS1500 promoter, recruiting TET2 and leading
to TET2–BCLAF1–mediated demethylation reprogramming,
further relative hypomethylation, and finally Ascl2 transcrip-
tional suppression.
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In summary, this study described Ascl2 TSS1500 promoter
hypermethylation due to TET2–BCLAF1–mediated deme-
thylation remodeling functioning as an additional and novel
Ascl2-upregulating mechanism in CRC cells and further
conferred to Ascl2-dependent CRC cell fate (Fig. 10). Our
work served as the basis for the possible design of targeted
therapy to enhance TET2–BCLAF1 function, reverse Ascl2
TSS1500 promoter methylation status, and control Ascl2-
dependent maintenance of the stemness of cancer stem cells
in CRC tissues.
Experimental procedures

Human specimens

Patients with CRC who were scheduled for colonoscopy at
Southwest Hospital and 958 Hospital, Third Military Medical
University were enrolled in the study. Fresh CRC specimens
and matched adjacent tissues were collected from 17 CRC
patients by biopsy and immediately stored in liquid nitrogen
for further quantitation of Ascl2 mRNA and 5hmC as well as
5mC levels of Ascl2 TSS1500 promoter. The study was
approved by the local ethics committee. All provided
informed consent or resection surgery. Informed consent for
the study was signed by all of the subjects before their
colonoscopy.
Sequences of the oligonucleotides and antibodies

Sequences of the oligonucleotides used for real-time PCR,
ChIP-qPCR, siRNA, and shRNA was shown in Table 1, and the
Figure 10. Our proposed hypothesis detailing the epigenetic remodeling w
cell stemness.
antibodies used Western blotting, flow cytometry analysis,
immunofluorescence, ChIP assay, Co-IP, and PLA were shown
in Table 2.

Cell lines

The LOVO, HCT116, SW480, and SW620 human colonic
adenocarcinoma cell lines were obtained from Chinese
Academy of Sciences Cell Bank of Type Culture Collection. All
aforementioned cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) medium with fetal bovine serum at
10% v/v and maintained at 37 �C with 5% CO2.

Bioinformatics analysis

TCGA colorectal adenocarcinoma DNA methylation data
across genome regions of Ascl2 (TSS1500, TSS200, 50-UTR,
first exon, and 30-UTR) was obtained from MethHC database.
The β-value of Ascl2 in colorectal adenocarcinoma primary
tumors and their adjacent normal tissues were compared by
Student’s t test. To define DMCs associated to Ascl2 mRNA
level, we first downloaded methylation data of the CpG
probes and transcript data of Ascl2 from Mexpress database
to analyze the correlation between them. The genomic loca-
tions of these methylated CpGs, which were significantly
associated with Ascl2 mRNA level (p < 0.05), and their
methylated status in Caco2 colon cancer cells were visualized
by UCSC Genome Browser. Next, we compared the methyl-
ation levels of these CpG sites in primary tumor tissues from
CRC patients and their adjacent normal tissues and screened
out the significantly DMCs. For survival analysis and Cox
ithin the Ascl2 promoter by TET2–BCLAF1 modulates colorectal cancer
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Table 1
Sequences of the oligonucleotides used for qPCR, ChIP-qPCR, siRNA,
and shRNA

Type Sequence

Primers for qPCR 50-30
TET2 F: AGACTATGTGCCTCAGAAATCC

R: CCCTGTGACCCGAGTGAA
BCLAF1 F: TCTGGAATAGAAGGCACTCTAGG

R: ACCCTCGTCTTTTAGAAACAGGA
α-tubulin F: ACCTTAACCGCCTTATTAGCCA

R: ACATTCAGGGCTCCATCAAATC
Ascl2 F: CGTGAAGCTGGTGAACTTGG

R: GGATGTACTCCACGGCTGAG
Cdca7 F: CTCCTAATTTCTTCTGCCCGAA

R:ATTACATTGCCCACCAACCTTT
C-myc F: GGCTCCTGGCAAAAGGTCA

R: CTGCGTAGTTGTGCTGATGT
Lgr5 F: CTGCCTGCAATCTACAAGGT

R: CCCTTGGGAATGTATGTCAGA
Sox9 F: CTCTGGAGACTTCTGAACGA

R: ACTTGTAATCCGGGTGGTC
Bmi1 F: AAATGCTGGAGAACTGGAAAG

R: CTGTGGATGAGGAGACTGC
CD133 F: GCCACCGCTCTAGATACTGC

R: TGTTGTGATGGGCTTGTCAT
CD44 F: AGCAACCAAGAGGCAAGAAA

R:GTGTGGTTGAAATGGTGCTG
Sox2 F: TACAGCATGTCCTACTCGCAG

R: GAGGAAGAGGTAACCACAGGG
Smoc2 F: AAGGAAGTATACCCAGGAGCAA

R: GTGTAGCTGTGACACTGGACCT
Dkc1 F: GGTATAGTAGCCAAGATCAAGAG

R: TTCTGACTTGCCTTTGGAC
Rnf43 F: ATCACTGAGGATCGAGCTG

R: CTTCTCAGCGTCATTACCC
Znrf3 F: GCTATTGATCAGCTGAACCAG

R: CTTAATGGCATCTGCACCC
Ephb3 F: GTTTGAGACCACAAGTGAGAG

R: ATAGCGATGACCACGACAG
Ets2 F: ATTCCATTTCTCATGACTCCG

R: TTAAGGCTTGACTCATCACAG
Axin2 F: CAACACCAGGCGGAACGAA

R: GCCCAATAAGGAGTGTAAGGACT
Twist F: GTCCGCAGTCTTACGAGGAG

R: GCTTGAGGGTCTGAATCTTGCT
Bmp7 F: TCGGCACCCATGTTCATGC

R: GAGGAAATGGCTATCTTGCAGG
Tgif2 F: TGACCCCTGGTAGCACACTTA

R: GTGGTGGCGTGTTGAAGAGT
Primers for
5hmc/5mc-specific PCR

50-30

P1 F: AACCCGCCCCGCTTTCC
R: AAGGTGCCGCCCAGAGCC

P2 F: CTCTGGGCGGCACCTTA
R: GGAAGCGAGACGGAGAACA

P3 F: CTTGGCAAAGGCTCCC
R: TTAGGTCCTGCCTCACTG

P4 F: GGGGGAGCCTTTGCCA
R: AAATCTCCGTTCCCTGAGGT

siRNA and shRNA for TET2
siRNA-496

50-30
GGAUAGAACCAACCAUGUUTT
AACAUGGUUGGUUCUAUCCTT

siRNA-1417 GCUAAAUACCUGUUCCUUUTT
AAAGGAACAGGUAUUUAGCTT

siRNA-2077 GCAGUUGAUGAGAAACAAATT
UUUGUUUCUCAUCAACUGCTT

shRNA for TET2 GCTAAATACCTGTTCCTTT
siRNA for BCLAF1
siRNA-956

50-30
CCACCUAGUCAGAGUUCAUTT
AUGAACUCUGACUAGGUGGTT

siRNA-1229 GGAGAUCAGGAAACUGCAATT
UUGCAGUUUCCUGAUCUCCTT

siRNA-1967 GCUAGUACACUUGUCCAUUTT
AAUGGACAAGUGUACUAGCTT

Primers for ChIP-qPCR were consistent with primers for 5hmc/5mc-specific PCR.
Abbreviations: F, forward; R, reverse.
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regression analysis, clinical data of CRC patients from TCGA
were downloaded from the Cbioportal website (http://www.
cbioportal.org).
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For GSEA analysis, a gene set (NCBI GEO: GSE69036)
consisting of 1144 transcripts upregulated > 1.5-fold and 47
transcripts downregulated < 0.3-fold in Ascl2-knockdowned
LS174T colon cancer cells was used to compare with a
ranked list of 20,521 transcripts sorted from high coexpression
of TET2 and BCLAF1 TCGA dataset, relative to low coex-
pression of TET2 and BCLAF1 TCGA dataset. The tran-
scriptome data of CRC patients from TCGA was downloaded
from the Cbioportal website.

Inhibition and induction of TET2 activity by DMOG, DFO, and
vitamin C

DMOG and DFO (Sigma–Aldrich) were used to inhibit
TET2 activity with 500 μm in SW480 cells for 0, 2, 4, and 8 h.
Vitamin C (Sigma–Aldrich) was used to induce TET2 activity
with 500 μg/ml in SW620 cells for 0, 2, 4, and 8 h and with 0,
100, 500, and 1000 μg/ml in SW620-derived tumorsphere cells
for 5 days.

Cell lentiviral infection and transfection

HCT116 and SW480 cells were infected with TET2 shRNA
lentiviral (GenePharma Co Ltd) (Table 1). SW620 cells were
infected with lentiviral particles expressing 3× FLAG-tagged
TET2 WT or TET2 mutant catalytic domain (Tsingke Co
Ltd). Stable cells with TET2 knockdown or TET2 ectopic
expression were established by selecting infected cells with
puromycin for 2 weeks. Stable HCT116 and SW480 cells with
TET2 knockdown were infected with lentiviral particles
expressing 3× FLAG-tagged TET2 WT or TET2 mutant
catalytic domain.

Stable SW620 cells with TET2 WT catalytic domain were
transfected with 2 μg pcDNA3.1 plasmid containing Ascl2 or
3× HA-tagged BCLAF1 encoding sequence (Tsingke Co Ltd)
by using the X-tremeGENE HP transfection reagent (Roche)
or transfected with 150pmol BCLAF1 siRNA (GenePharma Co
Ltd), using the GP-transfect-Mate transfection reagent (Gen-
ePharma Co Ltd). The cells were harvested 48 h after trans-
fection or selected using G418 (800 mg/ml) for 2 weeks.

Inhibiting Wnt signaling assay

HCT116 and SW480 cells and their stable cells with TET2
knockdown were seeded in 6-well plates and treated with 2 μM
IWP-2 (GlpBio). Cells were collected at 72 h and used for RNA
extraction and real-time PCR for Axin2, Twist, Ascl2, Lgr5,
Cdca7, c-myc, and Sox9 mRNA detection.

Flow cytometry analysis

For the analysis of CD133+ or CD44+ cell populations, the
single cell suspension was detached using 0.02% EDTA in PBS,
counted, and washed in PBS. At least 106 cells were incubated
with APC Mouse anti-CD133 antibody or APC-H7 Mouse
anti-CD44 antibody (Table 2) at 4 �C for 20 min in the dark, as
well as their negative control. After the washing steps, the
labeled cells were analyzed with a fluorescence-activated cell
sorter (BD Biosciences).

http://www.cbioportal.org
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Table 2
Antibodies used in this study

Antibodies Source Identifier

Mouse monoclonal anti-TET2 (clone hT2H 21F11), N-terminus Millipore Cat# MABE462
Rabbit monoclonal anti-TET2, C-terminus Cell Signaling Cat# 18950S
Rabbit polyclonal anti-BTF (clone EPR18803) Bethyl Cat# A300-610A
Mouse monoclonal anti-Ascl2 (clone 7E2) Millipore Cat# MAB4418
Mouse monoclonal anti-FLAG (clone M2) Sigma–Aldrich Cat# F3165
Rabbit monoclonal anti-HA (C29F4) Cell Signaling Cat#3724
Normal Rabbit IgG control Cell Signaling Cat#2729
Rabbit polyclonal anti-LGR5 Bioworld Technology Cat# BS72291
Rabbit polyclonal anti-SOX9 Bioworld Technology Cat#BS91275
Rabbit polyclonal anti-CDCA7 Proteintech Cat#15249-1-AP
Rabbit polyclonal anti-c-MYC Proteintech Cat#10828-1-AP
Rabbit polyclonal anti-α-tubulin Proteintech Cat#11224-1-AP
APC Mouse anti-CD133 (clone W6B3C1) BD Biosciences Cat# 566596
APC-H7 Mouse anti-CD44 (clone G44-26) BD Biosciences Cat# 560532
APC Mouse IgG1 κ Isotype Control (clone MOPC-21) BD Biosciences Cat# 554681
APC-H7 Mouse IgG2b, κ Isotype Control (clone 27-35) BD Biosciences Cat# 560183

Abbreviations: Cat, catalog.
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Tumorsphere formation and mouse xenografts assays

For tumorsphere formation assay, single cell suspensions
were plated on 6-well ultralow attachment plates (Costar) at a
density of 104 cells/ml. Colon tumorsphere cells were grown in
a serum-free DMEM/F12 medium (Hyclone) supplemented
with B27 (Invitrogen), 20 ng/ml EGF (STEMCELL), 20 ng/ml
bFGF (STEMCELL), and 4 μg/ml heparin (STEMCELL) for
7 days. The numbers of the spheres were quantified by using
an inverted microscope (Olympus) at 100× magnification.

For mouse xenografts assay, 104 suspended cells from
tumorsphere were mixed with Matrigel matrix (Corning) in a
volume ratio of seven to three and injected subcutaneously
into the flank area of 5-week-old male nude mice (Gem-
Pharmatech) with 100 μl volume. After 35 days, the nude mice
were sacrificed and their tumor weight and size were
measured.
LC-MS/MS analysis

The 108 stable SW620 cells with ectopically expressing
3× FLAG tagged TET2 WT catalytic domain were scraped and
then lysed with IP lysis (Thermo Fisher Scientific) at 4 �C. The
supernatant of lysed cells was subjected to immunoprecipita-
tion with 3 μg anti-FLAG antibody or IgG antibody (Table 2)
overnight at 4 �C. The 25 μl protein A/G Magnetic beads
(Thermo Fisher Scientific) prewashed with IP lysis twice were
added and incubated with the antigen sample/antibody
mixture for 1 h at room temperature (RT) with mixing. Protein
complex–containing beads were washed with IP lysis four
times and eluted with low-pH elution buffer (Thermo Fisher
Scientific) to obtain the supernatant containing the target
antigen immunized with anti-FLAG antibody.

Filter-aided sample preparation (FASP Digestion): 200 μg of
proteins for each sample were incorporated into 30 μl SDT
buffer (4% SDS, 100 mM DTT, 150 mM Tris–HCl pH 8.0).
The detergent, DTT, and other low-molecular weight com-
ponents were removed using UA buffer (8 M urea, 150 mM
Tris–HCl pH 8.0) by repeated ultrafiltration (Microcon units,
10 kD). Then 100 μl iodoacetamide (100 mM IAA in UA
buffer) was added to block reduced cysteine residues, and the
samples were incubated for 30 min in darkness. The filters
were washed with 100 μl UA buffer three times and then
100 μl 25 mM NH4HCO3 buffer twice. Finally, the protein
suspensions were digested with 4 μg trypsin (Promega) in 40 μl
25 mM NH4HCO3 buffer overnight at 37 �C, and the resulting
peptides were collected as a filtrate. The peptides of each
sample were desalted on C18 Cartridges (Empore SPE Car-
tridges C18 (standard density), bed I.D. 7 mm, volume 3 ml,
Sigma), concentrated by vacuum centrifugation, and recon-
stituted in 40 μl of 0.1% (v/v) formic acid. The peptide content
was estimated by UV light spectral density at 280 nm using an
extinctions coefficient of 1.1 of 0.1% (g/l) solution that was
calculated on the basis of the frequency of tryptophan and
tyrosine in vertebrate proteins.

HPLC: Each fraction was injected for nanoLC-MS/MS
analysis. The peptide mixture was loaded onto a reverse
phase trap column（Thermo Scientific Acclaim PepMap100,
100 μm*2 cm, nanoViper C18）connected to the C18-reversed
phase analytical column (Thermo Scientific Easy Column,
10 cm long, 75 μm inner diameter, 3 μm resin) in buffer A
(0.1% formic acid) and separated with a linear gradient of
buffer B (84% acetonitrile and 0.1% formic acid) at a flow rate
of 300 nl/min controlled by IntelliFlow technology. The linear
gradient was determined by the project proposal: 1 h gradient:
0 to 60% buffer B for 50 min, 60 to 90% buffer B for 4 min, hold
in 90% buffer B for 6 min.

LC-MS/MS analysis: LC-MS/MS analysis was performed by
using a Q Exactive mass spectrometer connected to Easy-nLC
1000 UHPLC system (Proxeon Biosystems, now Thermo
Fisher Scientific) at Shanghai Applied Protein Technology Co
Ltd in China. The mass spectrometer was operated in positive
ionmode. MS data were acquired using a data-dependent top10
method dynamically choosing the most abundant precursor
ions from the survey scan (300–1800 m/z) for higher-energy
collisional dissociation fragmentation. Automatic gain control
target was set to 1e6, maximum inject time to 40 ms，and
number of scan ranges to 1. Dynamic exclusion duration was
30.0 s. Survey scans were acquired at a resolution of 70,000 atm/
z 200 and resolution for higher-energy collisional dissociation
spectra was set to 17,500 at m/z 200, isolation width was 2 m/z,
J. Biol. Chem. (2022) 298(7) 102095 17
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microscans to 1, and maximum inject time to 50 ms. Normal-
ized collision energy was 27 eV and the underfill ratio, which
specifies theminimumpercentage of the target value likely to be
reached at maximum fill time, was defined as 0.1%. The in-
strument was run with peptide recognition mode enabled. The
raw MS data were searched against the Uniprot human protein
database (https://www.uniprot.org/), which contains 18,843
sequences as of February 17, 2020 by using the Mascot algo-
rithm (Xcalibur3.1, version 2.2, Matrix Science) with the
following parameters: mass tolerance for precursor ions =
20 ppm, mass tolerance for precursor ions = 0.1 Da, enzyme to
generate peptides = trypsin, filter by peptide confidence = high
(FDR < 0.01), FDR = 2× Ndecoy(t)/(Ndecoy(t)+Nnormal(t)),
Ndecoy(t): actual number of false positives (FP) from decoy
database, Nnormal(t): actual number of true positives (TP) from
target database. Variable modification: Oxidation (M); Fixed
modification: Carbamidomethyl (C); Missed cleavage = 2.

Immunofluorescence colocalization

For immunofluorescence colocalization analysis, cells grown
on 24 mm glass coverslips, were fixed in 4% paraformaldehyde
for 30 min at RT, and permeabilized with 0.5% Triton X-100.
After blocking with 2.5% bovine serum albumin in PBS
(blocking solution) for 1 h, the cells were incubated with rabbit
polyclonal anti-BCLAF1 (1:1000) and mouse monoclonal anti-
FLAG (1:1000) diluted in blocking solution overnight at 4 �C.
The cells were washed three times with PBS and incubated
with 50 μl Alexa Fluor 488-conjugate (anti-rabbit, 1:1000) and
Alexa Fluor 594-conjugated (antimouse, 1:1000) secondary
antibodies (Cell Signaling) at RT for 30 min in the dark.
Monolayers were washed with PBS, and cell nuclei were
stained with 50 μl 40,6-diamidino-2-phenylindole (Sigma–
Aldrich) solution for 10 min at RT. The analysis of immuno-
fluorescence was performed with a Zeiss LSM 780 confocal
laser scanner microscope (Carl Zeiss) equipped with a 100× oil
objective and ZEN lite 2.0 software (ZEISS). Colocalization
Finder, a plugin in ImageJ software was used to analyze the
overall relationship between red and green pixel intensities.

Duolink PLA

PLA was performed using the Duolink In Situ Red Starter
Kit (Sigma–Aldrich) following the manufacturer’s instructions.
Cells were fixed in 4% paraformaldehyde for 30 min at RT and
then permeabilized with 0.2% Triton X-100 (v/v in PBS) for
20 min at RT. After blocking with Duolink Blocking Solution
in a heated humidity chamber for 1 h at 37 �C, cells were
incubated overnight at 4 �C with primary antibodies specific
for FLAG (Sigma–Aldrich) and BCLAF1 (Bethyl) in diluent
buffer. PLA oligonucleotide probes incubated for 1 h at 37 �C
with samples to hybridize and then ligated together with a
ligation-ligase solution for 30 min at 37 �C. After rolling circle
amplification for 100 min at 37 �C, each interaction generated
a fluorescent spot that was analyzed under a Zeiss LSM 780
confocal laser scanner microscope (Carl Zeiss) equipped with a
100× oil objective and ZEN lite 2.0 software. Negative control
was performed with one primary antibody alone. Protein–
18 J. Biol. Chem. (2022) 298(7) 102095
protein interactions appeared as red spots. Images were pro-
cessed and red dots counted using the ImageJ software.

Co-IP

Stable SW620 cells with ectopically expressing TET2 WT
catalytic domain upon BCLAF1 overexpression or BCLAF1
interference were lysed using Magnetic IP/Co-IP Kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
The cell lysates were incubated with 3 μg anti-FLAG antibody,
anti-BCLAF1 antibody, or IgG antibody (Table 2) overnight at
4 �C, and the mixture was then incubated with protein A/G
magnetic beads for 1 h at RT. After thorough washing four
times, the protein samples were eluted with SDS-PAGE
5× loading buffer containing 50 nm DTT (Beyotime Biotech-
nology) for 15 min at RT and then processed on 6% SDS-
PAGE gels and analyzed by Western blot.

Western blot assay

Cell lysates dissolved in SDS sample buffer were separated
by SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Millipore). The membrane was probed with pri-
mary antibody overnight at 4 �C. Primary antibodies used in
Western blot were shown in Table 2. α-Tubulin was used as a
control. Detailed Western blotting procedures have been
described previously (7). The band intensity was analyzed us-
ing ImageJ. The densitometric data were compared with the
α-tubulin band intensity of respective samples.

RNA isolation and real-time PCR analysis

Total RNA was isolated from the cells using Eastep Super
Total RNA Extraction Kit (Promega). Complementary DNA
was synthesized by using the PrimeScript RT reagent kit
(TaKaRa). Real-time PCR was performed with the SYBR premix
Ex TaqTM Green II (TaKaRa). Relative expression levels were
normalized to the expression level of α-tubulin and calculated
by the formula 2−ΔΔCt using CFX Manager software (Bio-Rad).
The primers used for PCR amplification were shown in Table 1.

ChIP-qPCR assays

For ChIP-qPCR assays, the detailed procedure was referred to
the SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling).
Briefly, 2 × 107 cells were crosslinked with 1% formaldehyde in
mediumatRT for 10min.Total cell lysates containing chromatin
were digested by micrococcal nuclease to generated 150 to
900 bp DNA fragments at 37 �C for 20 min. Chromatin was
immunoprecipitated with anti-TET2 (Cell Signaling), anti-
FLAG (Sigma–Aldrich), and anti-HA (Cell Signaling). All
resulting precipitatedDNA samples were quantified by real-time
PCR. Data are calculated as the percentage of input DNA
referring to the formula input% = 2% × 2 (Ct 2% input-Ct IP samples).
The primer sequences used for qPCR were as listed in Table 1.

GluMS-qPCR analysis

Locus-specific 5hmC and 5mC levels in DMCs were
measured using the EpiMark 5hmC and 5mC Analysis Kit
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(New England Biolabs) according to the manufacturer’s in-
structions. Briefly, 5 μg genomic DNA from cells or tissues was
treated with or without T4 β-glucosyltransferase (T4-BGT) (30
units) for 16 h at 37 �C, which could add a glucose moeity to
5hmC to generate the glucosylated 5hmC (5-ghmC). The
glucosylated or nonglucosylated DNA was then digested with
100 units MspI or 50 units HpaII or without enzyme at 37 �C
for 12 h. MspI will cleave CCGG sites modified with 5mC and
5hmC but not 5-ghmC. Whereas, HpaII will cleave only
completely unmodified CCGG sites: any modification (5mC,
5hmC, or 5-ghmC) at either cytosine blocks cleavage. Based on
the aforementioned principles, the samples were divided into
six different treatment groups, as shown here: tube 1: DNA +
T4-BGT + UDP-Glc + MspI, tube2: DNA + T4-BGT + UDP-
Glc + HpaII, tube 3: DNA + T4-BGT + UDP-Glc, tube 4:
DNA + UDP-Glc + MspI, tube 5: DNA + UDP-Glc + HpaII,
tube 6: DNA + UDP-Glc. Each digested sample was incubated
with 1 μl proteinase K and 40 �C for 30 min and inactivated
proteinase K by incubating at 95 �C for 10 min. Real-time PCR
was then performed on 1 μl final DNA product using site-
specific primers (Table 1) and the Ct values represented the
amounts of cleaved and uncleaved amplicons containing
CCGG sites. For the convenience of comparison, real-time
PCR data were normalized to the nonglucosylated/undi-
gested DNA sample (tube 6) based on 2–ΔΔCt formula. And,
the normalized Ct values were used to calculate the percentage
of 5mC and 5hmC, and the relevant formulas are as follows: %
5hmC = [tube 1× (tube 6/tube 3) − tube 4]/tube 6, %5mC =
[tube 5 − tube 1× (tube 6/tube 3)]/tube 6. The statistics data
from three independent experiments were used for generate
the graphs.

Statistical analysis

All experiments were performed using three independent
repeated experiments for cells. Unless otherwise indicated,
data in the figures are presented as the mean ± SD. Statistical
analyses were performed using Student’s two-tailed unpaired
t tests by GraphPad Prism 8.0 software (GraphPad Software) ,
unless otherwise specified. The p values < 0.05 are considered
statistically significant and marked with asterisks (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001), as indicated in the
figure legends.

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the iProX partner
repository (63) with the dataset identifier PXD029415. The
identified proteins were listed in Table S1.
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