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ABSTRACT
Objective We found that carbonic anhydrase IV (CA4),
a member of the carbonic anhydrases, is silenced in
colorectal cancer (CRC). We analysed its epigenetic
inactivation, biological effects and prognostic significance
in CRC.
Design The biological functions of CA4 were
determined by in vitro and in vivo tumorigenicity assays.
The CA4 co-operator was identified by
immunoprecipitation and mass spectrometry. CA4
downstream effectors and signalling pathways were
elucidated by promoter luciferase assay, electrophoretic
mobility shift assay and chromatin immunoprecipitation.
The clinical impact of CA4 was assessed in 115 patients
with CRC.
Results CA4 was silenced in all nine CRC cell lines and
92.6% of CRC tumours. The promoter hypermethylation
contributed to the inactivation of CA4, and it was
detected in 75.7% of the patients with CRC. After a
median follow-up of 49.3 months, multivariate analysis
showed that the patients with CA4 hypermethylation
had a recurrence of Stage II/III CRC. The re-expression of
CA4 inhibited cell proliferation, induced apoptosis and
cell cycle arrest in the G1 phase. CA4 inhibited the
activity of the Wnt signalling pathway and mediated the
degradation of β-catenin. CA4 interacted with Wilms’
tumour 1-associating protein (WTAP) and induced WTAP
protein degradation through polyubiquitination.
Moreover, CA4 promoted the transcriptional activity of
Wilms’ tumour 1 (WT1), an antagonist of the Wnt
pathway, which resulted in the induction of transducin
β-like protein 1 (TBL1) and the degradation of β-catenin.
Conclusions CA4 is a novel tumour suppressor in CRC
through the inhibition of the Wnt signalling pathway by
targeting the WTAP–WT1–TBL1 axis. CA4 methylation
may serve as an independent biomarker for the
recurrence of CRC.

INTRODUCTION
Colorectal cancer (CRC) is a malignant disease
caused by a variety of factors involving the succes-
sive accumulation of genetic and epigenetic altera-
tions.1 CRC is still the second most common cancer
worldwide.2 3 One million new CRC cases are
reported annually; the disease-specific mortality rate
is nearly 33%.2 Surgical resection is the mainstay of
treatment for patients with CRC, but tumour

recurrence is not uncommon. In a large cohort
study, the median survival following CRC recur-
rence was 13.3 months.3 The mechanisms leading
to CRC development, progression and recurrence
are complex. The downregulation of the tumour-
suppressor genes caused by the hypermethylation of
C-phosphate-G (CpG) islands in their promoter
region is one of the crucial mechanisms in CRC

Significance of this study

What is already known on this subject?
▸ Transcriptional inactivation of

tumour-suppressor genes through promoter
hypermethylation plays an important role in the
development of colon cancer.

▸ Carbonic anhydrase IV (CA4), located on
chromosome 17q22, is a member of the family
of zinc-containing metalloenzymes that catalyse
the reversible hydration of carbon dioxide and
the dehydration of carbonic acid.

▸ CA4 is expressed in normal colon tissue.

What are the new findings?
▸ Promoter hypermethylation contributes to the

silencing of CA4 in colon cancer call lines and
tumour tissues.

▸ CA4 is a tumour suppressor in colon cancer.
▸ The antitumorigenic function of CA4 is

modulated by suppressing the activity of the
Wnt signalling pathway through targeting the
Wilms’ tumour 1-associating protein (WTAP)–
WT1–TBL1 axis: CA4 promotes the degradation
of WTAP and it enhances the WT1-binding
activity to induce the expression of transducin
β-like protein 1 (TBL1), and this results in the
degradation of β-catenin.

▸ CA4 methylation serves as a biomarker for
predicting the recurrence of colon cancer.

How might it impact on clinical practice in
the foreseeable future?
▸ Detection of methylated CA4 may serve as an

independent biomarker for the recurrence of
cancer in patients with colon cancer.
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development and progression.1 DNA methylation has been
reported to be a biomarker of cancer recurrence.4–6 Thus, the
identification of novel tumour-suppressive genes may uncover
tumour-suppressive pathways in colorectal carcinogenesis. In
addition, these discoveries may identify potential biomarkers for
tumour diagnosis and predictors of postoperative recurrence in
patients with CRC.7

We have recently identified a novel preferentially methylated
gene, carbonic anhydrase IV (CA4), located on chromosome
17q22,8 which is preferentially methylated in human colon
cancer through promoter methylation array (see online supple-
mentary table S1). CA4 belongs to a large family of zinc-
containing metalloenzymes that catalyse the reversible hydration
of carbon dioxide and the dehydration of carbonic acid9 and it
is reported to be expressed in normal colon tissues.10 11 The
downregulation of CA4’s homologues, either CAI or CAII, has
been shown to correlate with colorectal carcinogenesis.12

However, the role of CA4 in CRC recurrence is still unclear. In
this study, we identified that the frequent loss of CA4 expression
was due to promoter hypermethylation of the CA4 gene in
CRC. Further functional studies revealed that the ectopic
expression of CA4 results in a significant suppression of CRC
growth by inducing apoptosis and G1 cell cycle arrest. The
tumour-suppressive effect of CA4 was found to be associated
with the inhibition of the Wnt/β-catenin signalling pathway by:
(1) the inhibition of the active form of β-catenin; (2) the direct
interaction with Wilms’ tumour 1-associating protein (WTAP)
and the induction of WTAP degradation via polyubiquitination;
(3) the enhancement of Wilms’ tumour 1 (WT1)-binding activ-
ity, an antagonist of the Wnt pathway; and (4) the induction of
the protein expression of transducin β-like protein 1 (TBL1), a
downstream effector of WT1, which in turn contributes to
β-catenin degradation.13 14 Moreover, CA4 promoter hyper-
methylation was significantly associated with CRC recurrence.
Thus, our results reveal the mechanism and the clinical applica-
tion of CA4, a novel tumour-suppressive gene, in CRC.

MATERIAL AND METHODS
CRC cell lines and clinical samples
Colon cancer cell lines (CaCO2, DLD-1, HCT116, HT-29,
LOVO, LS180, SW480, SW620 and SW1116) were obtained
from the American Type Culture Collection (ATCC, Manassas,
Virginia, USA). The colon normal epithelial cell line NCM460
was obtained from In Cell (San Antonio, Texas, USA). Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco BRL,
Rockville, Maryland, USA) was used except HCT116 in
McCoy’s 5A medium (Gibco BRL).

Surgically excised CRC tissues and surrounding non-tumour
colon tissues were obtained from 115 patients with CRC at the
Beijing University Cancer Hospital. The patient demographics
and clinicopathological features are shown in online supplemen-
tary table S2. Each tumour was staged in accordance with the
primary tumor (T) nearby lymph node (N) metastasis (M)
(TNM) staging system. Patients were regularly followed up, and
the median follow-up duration since the time of diagnosis was
49.3 months (range 12.4–85.3 months).

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) experiment was per-
formed, as described previously.15 Briefly, stable CA4-expressing
HCT116 cells and control HCT116 cells were cross-linked with
formaldehyde and then collected for nuclear protein extraction.
Chromatin from the extracted cross-linked nuclei was sheared by
sonication and precipitated with antibody to WT1 (Abcam); the

immunoprecipitated protein-DNA complex was then captured
with protein-G magnetic beads. An equal number of cells
(1×107) was used for each immunoprecipitation. The same
amount of non-specific IgG was used as control. After the rever-
sal of the cross-link and digestion of proteins with proteinase K,
the immunoprecipitated DNAwas isolated by the phenol/chloro-
form/isoamyl alcohol method. The presence of TBL1 DNA in
the immunoprecipitant was examined by PCR by using the
primers, as follows: forward, 50- thymine, guanine, adenine
(TGA) CTG AGC AAG GCG AAA GGA G-30 and reverse,
50-GTG CAATAG AAA ACC CGA ACG AGC-30.

Electrophoretic mobility shift assay
Electrophoretic mobility shift assay was performed, as reported
previously.16 Briefly, HCT116 and SW1116 (4×106 cells/each)
were seeded on 10 cm dishes and transfected either with 5 g of
pcDNA 3.1 or pcDNA3.1-CA4 by Lipofectamine 2000.
Forty-eight hours post-transfection, the cells were treated with
2 mM of MG132 or dimethyl sulfoxide (DMSO) for 6 h and
then fixed, harvested and subjected to sonication in lysis buffer
for making the major DNA fragment in 200–300 bp. Anti-WT1
antibody (1:100) was added to the resulting reaction mixture.
The WT1/DNA complex was eluted and analysed by 4.5% of
native polyacrylamide gel. The DNA was stained by SYBR green
(Molecular Probe), and the complex in the gel was visualised by
UV illumination.

Statistical analysis
The results were expressed as mean±SD. The Mann-Whitney U
test was performed to compare the difference of the CA4
protein expression between the tumour and the adjacent non-
tumour tissues. The difference in the tumour growth rate
between the two groups of nude mice was determined by
repeated-measures analysis of variance. The χ2 test was used for
comparison of patient characteristics and distributions of methy-
lation and covariates by vital status. The patients’ ages (at entry
to follow-up) were compared by using the t test. Crude risk
ratios (RRs) of recurrence associated with CA4 methylation and
other predictor variables were estimated by using a univariate
Cox proportional hazards regression model. A multivariate Cox
model was constructed to estimate the adjusted RR for CA4
methylation. The overall recurrence rate in relation to methyla-
tion status was evaluated by the recurrence curve and the
log-rank test. Analysis of overall recurrence was limited to a
5-year period to avoid the probability of the recurrence not
being related to CRC. A p value <0.05 was regarded as statistic-
ally significant (see online supplementary materials and
methods).

RESULTS
CA4 is downregulated in primary colorectal tumours
We first examined the CA4 expression in normal human tissues
and found that CA4 was expressed in most of the normal
human tissues, including those in the colon (see online supple-
mentary figure S1). However, CA4 mRNA expression was sig-
nificantly downregulated in 92.6% (25/27) of the CRC tumour
tissues compared with their adjacent non-tumour tissues
(p<0.0001; figure 1A). Consistently, the CA4 protein level was
reduced in the CRC tumour tissues compared with their adja-
cent non-tumour tissues (p<0.01; figure 1B). Moreover, CA4
expression was silenced in all nine CRC cell lines tested (figure
1C). These results suggested an aberrant downregulation of
CA4 in CRC.
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Figure 1 Promoter hypermethylation of CA4 led to the downregulation of CA4 in colorectal cancer (CRC) tissues and served as independent
predictor of CRC recurrence. (A) Expression of CA4 mRNA was significantly downregulated in CRC tumour tissues compared with adjacent
non-tumour tissues (n=27) (normalised to β-actin). (B) Representative images of immunohistochemical staining of CA4 protein expression in CRC
tumour and adjacent normal tissues (upper panel). Quantification of CA4 protein expression by counting cells with positive nuclear staining (n=12).
(C) CA4 expression was lost or reduced in all colon cancer cell lines. Methylation-specific PCR was performed to determine the status of CA4
promoter methylation. ‘M’ indicates methylation while ‘U’ indicates unmethylation. (D) Bisulfite-sequencing was performed on the CA4 genomic
region (−168 bp to +169 bp) relative to transcription start site. Dense methylation was observed in CRC cell lines, but not in normal colon tissue.
(E) The mRNA expression of CA4 was restored after treatment with demethylation agent 5-Aza-20-deoxycytidine (5-Aza). (F1) Representative gel
images of the CA4 methylation status in CRC tumour and adjacent non-tumour tissues determined by combined bisulfite restriction analysis
(COBRA), and confirmed by bisulfite-sequencing. The digested fragments represent the methylated DNA (M), while the undigested fragment
represents the unmethylated DNA (U). (F2) Patients with CA4 hypermethylation (n=87) had higher recurrence than those without methylation (U)
(n=28) based on the log-rank test (p<0.01).
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Transcriptional silence of CA4 is mediated by promoter
hypermethylation
To determine the mechanism leading to the downregulation of
CA4, we evaluated the methylation status of the CA4 promoter
by methylation-specific PCR. Full or partial methylation was
detected in all nine CRC cell lines but not in normal colon
tissue (figure 1C). The detailed methylation status of the indi-
vidual CpG sites within the CA4 promoter region was then
examined by bisulfite genomic sequencing (figure 1D).
Consistent with methylation-specific PCR, dense methylation
was confirmed in the CRC cell lines by bisulfite genomic
sequencing (figure 1D). To further confirm that promoter
methylation was involved in the silencing of CA4, six CRC cell
lines (CaCO2, DLD-1, HT29, HCT116, LS180 and SW1116)
with silenced CA4 expression were treated with the DNA
methyltransferase inhibitor 5-Aza. A restored expression of CA4
was observed in all colon cancer cell cells detected (figure 1E).
Our results therefore indicate that the transcriptional silence of
CA4 was mediated by DNA methylation.

CA4 is an independent predictor of the recurrence in
patients with CRC
To evaluate the association of CA4 methylation with the clinico-
pathological features and clinical outcomes of patients with CRC,
we evaluated the CA4 promoter hypermethylation status in 115
primary CRCs and in nine adjacent normal colon tissues by com-
bined bisulfite restriction analysis (figure 1F1). Frequent hyper-
methylation was detected in 76% of the CRC tumour tissues (87/
115) but not in any of the adjacent normal tissues (figure 1F1). As
shown in online supplementary table S2, there was no correlation
between CA4 hypermethylation and age, gender, tumour localisa-
tion, differentiation and the TNM stage of the patients with CRC.
In univariate Cox regression analysis, CA4 hypermethylation was
associated with an increased risk of cancer recurrence (RR 2.63,
95% CI 1.185 to 5.823; p<0.05) (table 1). After adjustment for
potential confounding factors, multivariate Cox regression analysis
showed that CA4 hypermethylation was an independent predictor
of cancer recurrence in patients with CRC (RR 2.65, 95% CI
1.193 to 5.902; p<0.05) (table 1). As shown in the recurrence
curves, the patients with CRC with CA4 hypermethylation had a

significantly higher risk of cancer recurrence (p<0.01, log-rank
test) (figure 1F2). Therefore, our results indicate that CA4 pro-
moter hypermethylation is an independent predictor of CRC
recurrence.

CA4 suppresses CRC cell growth
The frequent silencing of CA4 in CRC cell lines and tissues sug-
gests that CA4 may have a tumour-suppressive function to
promote CRC tumorigenesis. To prove this, we generated two
stable transfected CRC cell lines (HCT116 and SW1116) with
CA4 overexpression. Conversely, a normal human colon epithe-
lial cell line (NCM460) with CA4 expression was used for loss
of CA4 function by stable transfection of shCA4. The effects of
CA4 ectopic expression and knockdown were verified by real-
time (RT)-PCR and western blot, respectively (figure 2A). The
ectopic expression of CA4 significantly suppressed cell viability
in HCT116 and SW1116 compared with empty vector-
transfected HCT116 and SW1116, while an inverse effect was
observed in NCM460 with a knockdown of CA4 (figure 2B). In
keeping with this, the number of colonies which had formed in
CA4-transfected HCT116 and SW1116 were reduced signifi-
cantly compared with empty vector-transfected HCT116 and
SW1116, while knockdown CA4 promoted the colony forma-
tion ability in NCM460 (figure 2C). These results indicate that
CA4 is important for inhibiting CRC cell growth.

To determine the mechanism by which CA4 inhibited cell
growth, we analysed the effect of CA4 on cell cycle distribution by
flow cytometry. The ectopic expression of CA4 in the CRC cells
led to a significant increase in the G1 phase population, and a cor-
responding reduction in the S phase population (figure 2D1).
Consistently, CA4 reduced the protein expression of the G1-S
transition promoter cyclin D1, but enhanced the G1 gatekeepers
p21Cip1 and p27Kip1 (figure 2D2). These results suggest that CA4
acts on the G1/S checkpoint to prohibit the cell cycle in CRC cells.

Ectopic expression of CA4 promotes cell apoptosis
We further examined the contribution of apoptosis to the
observed growth inhibition in CRC cells by CA4. Flow cytometry
with annexin V and 7-AAD double staining was performed to
analyse the effect of CA4 on apoptosis. The result showed an

Table 1 Cox regression analysis of potential recurrence predictor for patients with colon cancer

Univariate Cox regression analysis Multivariate Cox regression analysis

Variables RR (95% CI) p Value RR (95% CI) p Value

Age 1.007 (0.987 to 1.028) 0.481 1.005 (0.984 to 1.027) 0.629
Gender
M 1.217 (0.689 to 2.149) 0.498 1.290 (0.729 to 2.282) 0.382
F 1.00 1.00

TNM
II 1.00 0.545
III 1.208 (0.656 to 2.225)

Localisation
Colon 1.078 (0.628 to 1.852) 0.785
Rectum 1.00

Differentiation
Low 1.224 (0.664 to 2.255) 0.517
Moderate/high 1.00

CA4 methylation
Yes 2.626 (1.185 to 5.823) 0.017 2.654 (1.193 to 5.902) 0.017
No 1.00 1.00
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increase in the number of early apoptotic cells (32.01±3.50% vs
9.23±0.83%, p<0.01) and the late apoptotic cells (8.34±0.68%
vs 2.15±0.47%, p<0.01) in the CA4-transfected HCT116

cells compared with the vector-transfected HCT116 cells
(figure 2E1). A similar effect was observed in the
CA4-transfected SW1116 cells, which showed an increased

Figure 2 CA4 inhibited colorectal cancer cell growth and induced cell apoptosis. (A1) Ectopic expression of CA4 in HCT116 and SW1116 cell lines
was confirmed by RT-PCR and western blot. (A2) Knockdown effect of CA4 by shCA4 in normal colon epithelial cell line NCM460 was confirmed by
RT-PCR and western blot. (B1) Cell growth was inhibited by ectopic expression of CA4 in HCT116 and SW1116 cells. (B2) Knockdown of CA4 by
shCA4 promoted the growth of NCM460 cells. (C1) Ectopic expression of CA4 suppressed colony formation in HCT116 and SW1116 cells. (C2)
Knockdown of CA4 promoted colony formation in NCM460 cells. (D1) CA4 increased cell population at G1 phase but decreased at S phase by flow
cytometry analysis in HCT116 and HCT1116 cells. (D2) Ectopic expression of CA4 reduced the protein level of cyclin-D1 while enhanced the level of
p27Kip1 and p21Cip1, but had no effect on p15INK4B level. (E1) CA4 promoted cell apoptosis analysed by flow cytometry of cells stained with annexin
V/7-Aminoactinomycin D (7-AAD). (E2) CA4 induced protein expression of the active forms of caspase-3, caspase-7 and caspase-8 by western blot.
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proportion of cells in the early apoptotic phase (11.32±0.46%
vs 8.85±0.37%, p<0.05) and in the late apoptotic phase (22.08
±1.30% vs 10.05±1.9%, p<0.01) compared with the control
cells (figure 2E1). We examined the key cell apoptosis regulators
and found that CA4 significantly enhanced the protein levels of
the active forms of caspase-3, caspase-7 and caspase-8 in the
HCT116 cells and the SW1116 cells (figure 2E2). Therefore, our
results indicate that CA4 favours the occurrence of apoptosis in
CRC cells.

CA4 suppressed invasion and migration of colon cancer cells
To investigate the effects of CA4 on colon cancer cell migration
and invasion, the monolayer wound healing assay and Matrigel
invasion assay were performed. The ectopic expression of CA4
markedly suppressed the cell migration ability in the HCT116
cells and the SW1116 cells (figure 3A). Quantitative analyses at
48 h confirmed a significant reduction in wound closure in the
CA4-expressing cells compared with the control cells (28% in

the HCT116 cells and 53% in the SW116 cells, respectively),
thereby suggesting that the migration rate of the CA4-expressing
cells was significantly lower than the control cells. Matrigel inva-
sion assay also showed that CA4 significantly impaired the inva-
siveness of the HCT116 cells and the SW1116 cells (figure 3B).
Moreover, the protein expression of the epithelial-mesenchymal
transition (EMT) markers, including E-cadherin, N-cadherin
and Vimentin in the CA4-overexpressing cells, was examined by
western blot. As shown in figure 3C, the ectopic expression of
CA4 enhanced the protein levels of E-cadherin, while reducing
N-cadherin and Vimentin in the HCT116 cells and the
SW1116 cells. Thus, CA4 suppresses the migration and the
invasive abilities of colon cancer cells by modulating the key
EMTregulating factors.

CA4 inhibits tumorigenicity in nude mice
To further explore the in vivo tumorigenic ability of CA4,
empty vector-transfected and CA4-transfected HCT116 cells,

Figure 3 Expression of CA4 suppressed migration and invasion abilities of colorectal cancer (CRC) cells. (A) Expression of CA4 suppressed CRC cell
migration. Wound-healing assay was performed and representative images are shown. (B) Expression of CA4 suppressed CRC cell invasion. Matrigel
invasion assay was performed and representative images are shown. (C) The effect of CA4 expression on protein expression of key epithelial-
mesenchymal transition (EMT) markers by western blot.
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respectively, were injected into the right flanks of nude mice.
The tumour growth rates in the nude mice injected with the
HCT116-CA4 cells were significantly slower than in those
injected with the HCT116-vector control cells (figure 4A).
Eighteen days after injection, the mice were sacrificed and the
xenografts were excised. The average tumour weight in the
nude mice injected with HCT116-CA4 (0.168±0.080 g) was
significantly lower compared with that in the control mice
(0.825±0.072 g) (p<0.01, figure 4A). The CA4 expression in
the CA4-transfected tumours was confirmed by RT-PCR and
western blot, respectively (figure 4B), thus allowing the infer-
ence that CA4 suppressed the tumorigenesis in vivo.

Concomitant with the inhibition of cell proliferation in vitro,
tumours from the mice injected with CA4-transfected cells dis-
played significantly reduced proliferative activity compared with
the control littermates by Ki-67 immunostaining (77.3±2.3% vs
54.4±1.5%, p<0.005; figure 4C). Furthermore, TUNEL stain-
ing analysis showed that the apoptotic index significantly
increased in tumour cells with CA4 overexpression compared
with vector control (28.6±5.5% vs 71.4±13.4%, p<0.005;
figure 4D). The results from the in vivo model provide further
evidence of the tumour-suppressive role of CA4.

CA4 directly interacts with WTAP and the tumour-suppressor
function of CA4 is WTAP-dependent
To further define the molecular basis mediated by CA4 to
execute its tumour-suppressive function, we performed immu-
noprecipitation followed by mass spectrometry analysis to

identify the interaction candidates of CA4 in CRC. WTAP was
identified to be a CA4-interacting partner with functional inter-
est (figure 5A). Reciprocal co-immunoprecipitation was per-
formed to ascertain the functional interaction of CA4 and
WTAP. As expected, a positive WTAP signal was observed in the
immunoprecipitant pulled down by the CA4 antibody.
Moreover, CA4 was also detected in the protein pool pulled
down by the WTAP antibody (figure 5B). These results confirm
the interaction between CA4 and WTAP. It was essential to
evaluate whether WTAP would cooperate with CA4 to exert the
inhibitory effect on cell proliferation. We examined the effect of
WTAP knockdown on the CA4-mediated inhibition of cell pro-
liferation. As shown in figure 5C, WTAP knockdown abolished
the suppressive effect of CA4 on cell viability (figure 5C1) and
on colony-formation abilities (figure 5C2). These results there-
fore indicate that CA4 exerts its tumour-suppressive function
depending on the existence of WTAP.

The tumour-suppressive function of CA4 is mediated
through the inhibition of the Wnt signalling pathway
Because the Wnt signalling pathway plays a significant onco-
genic role in CRC, modulators on this pathway may alter the
development and progression of CRC. Because CA4 interacted
with WTAP in CRC, we hypothesised that CA4 might be
involved in the regulation of the Wnt signalling pathway. To
verify this, we performed luciferase reporter assay to determine
the effect of CA4 on the activity of the Wnt signalling pathway.
The ectopic expression of CA4 in CRC cell lines HCT116 and

Figure 4 CA4 inhibited tumorigenesis in vivo. (A) Expression of CA4 reduced the tumour volume and tumour weight in nude mice. (B) CA4
expression in tumours from CA4-transfected nude mice was confirmed by RT-PCR and western blot. (C) Cell proliferation in tumour tissues isolated
from CA4-expressing or control nude mice was determined by Ki-67 staining. Cell proliferation index was quantified by counting the proportion of
Ki-67-positive cells. (D) Cell apoptosis in tumour tissues isolated from CA4-expressing or control nude mice was examined by TUNEL staining.
Apoptosis index was quantified by counting the proportion of TUNEL-positive cells.
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Figure 5 CA4 interacted with Wilms’ tumour 1-associating protein (WTAP) and the repressed Wnt signalling pathway. (A) Immunoprecipitant of
CA4 was analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were stained by silver staining. Proteins from
region of interest were identified by mass spectrometry (indicated by arrow). (B) The interaction between CA4 and WTAP was confirmed by
co-immunoprecipitation (IP). (C) Knockdown of WTAP abolished the growth-suppressive effect mediated by CA4 determined by cell viability assay
(C1) and colony formation assay (C2) in HCT116 and SW1116 cells. (D) CA4 inhibited the Wnt signalling pathway in HCT116, SW1116 and HEK293
(control) cells with a pronounced effect after inducing Wnt signalling by Wnt1 transfection, as revealed by TOP-Flash luciferase reporter assays.
HCT116, SW1116 and HEK293 cells were transiently transfected with pcDNA3.1 empty vector, pcDNA3.1-CA4, pCS2+/Wnt-1 plasmid, pCS2+/Wnt-1
+pcDNA3.1-CA4 and co-transfected with TOP-Flash plasmid or FOP-Flash plasmid for 6 h. (E) Ectopic expression of CA4 reduced the level of active
β-catenin by western blot. (F1) Knockdown effect of WTAP by siWTAP was evaluated by RT-PCR and western blot. (F2) Knockdown of WTAP
abolished the suppressive effect of CA4 on the Wnt signalling pathway.
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SW1116 reduced the activity of the endogenous Wnt signalling
pathway, as demonstrated by TOP-Flash luciferase reporter
assays, but not in the normal HEK293 cells (figure 5D).
Activating Wnt signalling is achieved by Wnt1 transfection in
HCT116, SW1116 and HEK293, whereas the cotransfection of
CA4 in these three cell lines dramatically inhibited the Wnt sig-
nalling pathway (figure 5D). In keeping with this, CA4 reduced
the protein levels of active β-catenin in the HCT116 cells and
the SW1116 cells, they being an essential component of the
Wnt signalling pathway (figure 5E). WTAP knockdown by
siWTAP abolished the suppressive effect of CA4 on the Wnt sig-
nalling pathway (figure 5F). These results suggest that CA4 inhi-
bits the CRC growth through compromising the Wnt signalling
pathway. The effect of CA4 on the inhibition of the Wnt signal-
ling pathway is WTAP-dependent.

CA4 induces WTAP protein degradation via
polyubiquitination
In the light of the interaction between CA4 and WTAP, we tested
whether the ectopic expression of CA4 could alter the expression
of WTAP. As shown in figure 6A1, WTAP mRNA levels were not
changed in the CA4-transfected HCT116 cells and the SW1116
cells compared with the vector-transfected control cells.
However, the WTAP protein levels were significantly reduced in
both cell lines transfected with CA4 (figure 6A2). Moreover,
CA4 reduced the WTAP protein levels of the cytoplasm and the
nucleus (figure 6B), thereby implying that CA4 might be involved
in mediating the degradation of WTAP. The ubiquitin proteasome
system (UPS) and autophagy are two major mechanisms which
mediate protein degradation. Because autophagy mediated the
bulk degradation of proteins in membrane-bound vacuoles, and
CA4 was not reported to be stored in membrane-bound orga-
nelles or vacuoles, autophagy was therefore less likely to mediate
the degradation of WTAP.17 Instead, UPS should mediate the deg-
radation of WTAP. To confirm this, we treated cells with MG132
which is an inhibitor of UPS. The protein level of WTAP was
restored in the CA4-expressing HCT116 cells treated with
MG132 (figure 6C). This finding suggests that UPS mediated the
degradation of WTAP. To further confirm this, we examined ubi-
quitin on WTAP since polyubiquitination is a signature of protein
being degraded via UPS. Consistently, we found that CA4 dra-
matically promoted the polyubiquitination of the endogenous
WTAP proteins (figure 6D). Collectively, these results suggest
that CA4 promotes WTAP degradation through stimulating
polyubiquitination.

CA4 inhibits the Wnt signalling pathway by activating WT1
WTAP (WT1-associating protein), as its name implies, can inter-
act with the WT1-suppressor protein.18 WT1 is a negative regu-
lator of the Wnt signalling pathway.19 In the light of our
observation that the ectopic expression of CA4 promotes the
degradation of WTAP, the degradation of WTAP caused by CA4
would release free WT1 which thus suppresses the Wnt signalling
pathway. To confirm this hypothesis, co-immunoprecipitation
was performed to determine the effect of CA4 on the interaction
between WTAP and WT1. As expected, CA4 clearly reduced the
level of the WTAP/WT1 protein complex, therefore releasing
free WT1 (figure 6E). This was further confirmed by the
DNA-binding activity of WT1 by using the electrophoretic
mobility shift assay. As shown in figure 6F, CA4 enhanced the
DNA-binding activity of WT1 towards the WT1-response
element in nuclear extracts; while, when the CA4-expressing
cells were treated with MG132, the enhancement of the
DNA-binding activity of WT1 was abolished (figure 6F), thereby

indicating that CA4 could release WT1 and increase the binding
activity of WT1 to its nuclear elements.

TBL1 is essential for the CA4-mediated degradation of
β-catenin
TBL1 is one of the downstream targets of WT113 and it regu-
lates the degradation of β-catenin.14 We therefore speculated
that CA4 could induce the expression of TBL1 in CRC cells. To
verify this, ChIP-PCR was performed in stable CA4-expressing
HCT116 cells and control HCT116 cells. We found that the
ectopic expression of CA4 favoured WT1 binding to the pro-
moter region of TBL1 (figure 6G1). CA4 also increased the
TBL1 mRNA level, as determined by RT-PCR (figure 6G2).
These data further confirmed the effect of CA4 in activating
WT1 in CRC. Because TBL1 was reported to mediate the
β-catenin level, we examined the effect of CA4 on β-catenin
expression and the Wnt signalling activity under the condition
of TBL1 knockdown by siTBL1 (see online supplementary
figure S2A). As expected, the knockdown of TBL1 diminished
the effect of CA4 on inhibiting the protein expression of the
active form of β-catenin (figure 6H1). Apart from the protein
level, luciferase reporter assay confirmed that the knockdown of
TBL1 abolished the effect of CA4 on the inhibition of β-catenin
activity (figure 6H2). The knockdown of TBL1 did not alter the
WTAP expression (see online supplementary figure S2B).
Collectively, our results demonstrate that TBL1 is essential for
the CA4-mediated degradation of β-catenin.

DISCUSSION
In this study, we first demonstrated that CA4 was readily
expressed in normal human colonic tissues, but frequently
silenced in CRC cell lines and primary CRC tumour tissues. We
showed that the silencing of CA4 was regulated by promoter
hypermethylation. Demethylation treatment by DNA methyl-
transferase inhibitor 5-Aza successfully restored the expression
of CA4, thereby indicating that the promoter hypermethylation
of CA4 by DNA methyltransferase plays a key role in the tran-
scriptional silence of CA4 in CRC.

A series of in vitro and in vivo functional experiments
revealed that CA4 possesses a tumour-suppressive function in
CRC. The overexpression of CA4 could suppress the cell prolif-
eration in two CRC cell lines in vitro and in nude mice tumori-
genesis in vivo; while the knockdown of CA4 promoted the cell
proliferation. These results strongly suggest that CA4 acts as a
tumour suppressor in CRC. This prompted us to address the
underlying mechanism by which CA4 regulates cell growth. Cell
cycle distribution analysis by fluorescence-activated cell sorting
(FACS) revealed that the re-expression of CA4 arrested CRC
cells in the G1 phase, with a concomitant reduction in cellular
proliferation compared with the control cells. To explore the
molecular mechanism underlying the G1 phase arrest, we
studied the regulatory proteins which control the G1 checkpoint
in the cell cycle. We found that G1 phase arrest by CA4 was
associated with the downregulation of cyclin-D1, a G1 cyclin,
and the upregulation of p21Cip1 and p27Kip1, two key Cdk inhi-
bitors.20 Concomitantly with the inhibition of cell proliferation,
the growth-inhibitory effect of CA4 was also related to the
induction of apoptosis, as evidenced in the CA4-expressing cul-
tured CRC cell lines and in xenografted tumours in the nude
mice (figure 4). Apoptosis was mediated by the caspase-
dependent apoptosis pathway including casepase-8, casepase-3,
casepase-7 and poly ADP ribose polymerase (PARP). Therefore,
CA4 exerts its effect on regulating cell cycle and cell death to
suppress tumour growth. The significance of CA4 on cell
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migration and invasion was evaluated. The re-expression of
CA4 in two colon cancer cell lines (HCT116 and SW1116) sig-
nificantly inhibited their migration and invasion abilities. The
molecular mechanisms by which CA4 exerts its anti-invasive
function were shown to be mediated via enhancing the
E-cadherin expression and inhibiting the N-cadherin and
Vimentin expression. E-cadherin functions as an invasion

suppressor; while N-cadherin and Vimentin promote cell motil-
ity and invasion in cancers.21–23 Taken together, CA4 inhibits
cell migration and invasion through modulating the key ele-
ments of EMT, such as E-cadherin, N-cadherin and Vimentin,
that contribute to its tumour-suppressive effect in CRC.

The overexpression of CA4 could reduce the level of
cyclin-D1 which was regulated by β-catenin in the Wnt

Figure 6 CA4 mediated the degradation of Wilms’ tumour 1-associating protein (WTAP), resulting in the activation of WT1. (A1) Ectopic
expression of CA4 did not change mRNA expression of WTAP. (A2) CA4 lowered protein expression of WTAP. (B) CA4 reduced nucleus and
cytoplasm WTAP protein expression. Lamin A/C is a nuclear marker, while glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a cytoplasmic
marker. (C) Treatment of MG132 (10 mM) for 12 h, an inhibitor of the ubiquitin proteasome system, abolished the effect of CA4 on the inhibition of
WTAP protein expression. (D) Ectopic expression of CA4 promoted polyubiquitination of WTAP. Cell lysates were subjected to immunoprecipitation
(IP) with anti-WTAP antibody or rabbit IgG as a control followed by immunoblotting with respective antibodies, as shown. Smear bands showed the
polyubiquitination. (E) Ectopic expression of CA4 compromised the interaction between WTAP and WT1. (F) The interaction between WT1 and its
DNA-binding element was revealed by electrophoretic mobility shift assay (EMSA). Ectopic expression of CA4 enhanced the level of WT1 associated
with its DNA-binding elements. We isolated the WT1/DNA complex with CA4 antibody. The presence of the complex was analysed in a native
polyacrylamide gel. The DNA was stained by SYBR green. The brightness of the band indicates the relative abundance of the WT1/DNA complex.
This assay demonstrates the overall DNA-binding activity of WT1 with a significant difference between vector and CA4. (G1) Enrichment of WT1 in
TBL1 promoter was found in CA4-expressing cells. Chromatin immunoprecipitation (ChIP)-PCR was performed to determine the interaction between
WT1 and TBL1 promoter. (G2) Ectopic expression of CA4 enhanced the mRNA expression of TBL1. (H1) Knockdown of TBL1 by siTBL1 diminished
the effect of CA4 on downregulation of β-catenin protein. (H2) HCT116 cells and SW116 cells were stable transfected with pcDNA3.1-CA4 or
pcDNA3.1 empty vector. Knockdown of TBL1 by siTBL1 abolished the effect of CA4 on the inhibition of the Wnt signalling pathway determined by
luciferase reporter assay. *p<0.0001.
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signalling pathway. This suggests that CA4 might be involved in
the regulation of the Wnt signalling pathway. Indeed, luciferase
reporter assay demonstrated that CA4 could suppress the Wnt
signalling pathway in CRC cells. We thus investigated how CA4
governed the Wnt signalling pathway. We first identified WTAP
as an interacting partner of CA4. WTAP was a negative regula-
tor of WT1 which negatively regulated the Wnt signalling
pathway.24 We identified that the tumour-suppressive effect of
CA4 was dependent on WTAP; this was because the knockdown
of WTAP abolished the suppressive effect of CA4 on cell prolif-
eration in CRC cells. The ectopic expression of CA4 reduced
the protein expression but did not alter the mRNA expression
of WTAP. Moreover, CA4 led to the polyubiquitination of
WTAP. Polyubiquitination is regarded as a tag for protein deg-
radation.25 Proteins with polyubiquitination are subjected to
degradation via proteasome. Together, these findings suggest
that the interplay of CA4 and WTAP is important in regulating
the stability of WTAP, which in turn activates WT1 to suppress
the Wnt signalling pathway (figure 7).

WT1 is a transcription factor that governs the expression of a
set of effectors.26 A genome-wide screening analysis identified
that WT1 also governs the expression of the genes which regu-
late the Wnt signalling pathway.13 TBL1 is one of the down-
stream targets controlled by WT1. We demonstrated that the
overexpression of CA4 promotes the interaction between WT1
and promoter of TBL1 by ChIP-PCR and increased the expres-
sion of TBL1. Moreover, the knockdown of TBL1 could abolish
the effect of CA4 on inhibiting β-catenin activity (figure 6H).
TBL1 has been reported to regulate the degradation of
β-catenin,27 thus TBL1 is essential for the CA4-mediated deg-
radation of β-catenin. TBL1 is important for mediating the deg-
radation of β-catenin in CRC.

Collectively, our findings demonstrate that CA4 promotes
WTAP degradation by stimulating polyubiquitination, which in
turn activates WT1 and therefore promotes the interaction
between WT1 and its downstream transcriptional effector
TBL1. The enhanced expression of TBL1 by WT1 therefore
leads to the degradation of β-catenin. The reduced level of
β-catenin results in the decreased activity of the Wnt signalling

pathway. All of these provide a mechanistic feature for explain-
ing the involvement of CA4 in suppressing the Wnt signalling
pathway (figure 7).

Other mechanisms of action of WT1 have been reported.
During developmental and homoeostatic events, the Wnt signal-
ling mechanism can be regulated by Dishevelled (Dvl1) which
inhibits GSK3β activity and reduces the degree of β-catenin deg-
radation.28 Therefore, a modulator, such as the WT1-induced
inhibitor of Dvl1 (WID), can inhibit the activity of Dvl1 and
regulate the activity of the Wnt signalling mechanism.19

Moreover, ebi (also called TBL1) induced by p53 can mediate
the degradation of β-catenin regardless of its phosphorylation
status.14 Therefore, the regulation of the Wnt signalling mech-
anism is complex. Our study shows that there is an additional
regulation mechanism of WT1 involved in regulating Wnt
signalling.

To ascertain the clinical application of CA4 in colon tumori-
genesis in vivo, we examined the promoter methylation of CA4
in 115 patients with CRC. CA4 hypermethylation was detected
in 76% of these CRC cases. Thus, CA4 promoter hypermethyla-
tion is a common event in colorectal carcinogenesis. The clinical
outcomes of CRC vary greatly, depending on the growth status
and aggressiveness of the individual tumour. One of the main
outcomes is the recurrence of the disease. At present, many
patients succumb to disease recurrence, especially those with
Stage II or Stage III CRCs. These patients belong to a high-risk
group for tumour recurrence. In one report, local recurrence
occurred within 2 years and 3 years in 59.9% and 82.4% of the
patients, respectively.29 Apart from carcinoembryonic antigen
(CEA), few non-invasive markers are available for the monitor-
ing or prognostication of patients with CRC. It is therefore
crucial to identify predictive biomarkers that can provide better
risk assessment for CRC recurrence. The Wnt signalling
pathway associates with the capacity of colon cancer recur-
rence.30 We found that CA4 regulated the stability of β-catenin
which was a central hub of the Wnt signalling pathway. We
examined the influence of CA4 hypermethylation on the out-
comes of patients with CRC and revealed that CA4 hypermethy-
lation was associated with tumour relapse. Multivariate Cox

Figure 7 Proposed mechanistic scheme of CA4 suppressing the Wnt signalling pathway in colorectal cancer. CA4 promoted Wilms’ tumour
1-associating protein (WTAP) degradation by stimulating polyubiquitination, which in turn releases WT1 and therefore promotes the interaction
between WT1 and TBL1 promoter. Induction of TBL1 mediates the degradation of β-catenin, and therefore suppresses the Wnt signalling pathway.
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regression analysis indicated that CA4 hypermethylation could
represent as an independent predictor for the recurrence of
patients with Stage II/III CRC. Therefore, these findings suggest
that CA4 has clinical implications as a biomarker for disease
recurrence.

In conclusion, our study uncovered for the first time the
tumour-suppressive role of CA4 in CRC, and the mechanisms
involved in cell cycle arrest and apoptosis induction. We also
provide further evidence that CA4 suppresses the Wnt/β-catenin
signalling pathway by a direct interplay with WTAP and by tar-
geting the WTAP–WT1–TBL1 axis. The detection of CA4
hypermethylation may serve as an independent biomarker for
the recurrence of CRC.
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Supplementary Material and Methods 
 

Methylated DNA immunoprecipitation (MeDIP) array and data analysis  

Genomic DNA samples isolated from two CRC cell lines HCT116 and LS180 and two normal 

colon tissues were employed for promoter methylation analysis by MeDIP array analysis 

(Welgene Biotech CO., LTD, Taipei, Taiwan). The Agilent Human CpG Island Array (G4492A) 

is a single array design including all well-characterized RefSeq promoter regions and all known 

CpG Islands annotated by UCSC. The array covers 5.5 kb promoter region for all 33,202 gene 

promoters reported in the Human RefSeq and 27,627 CGIs annotated in the UCSC genome 

browser. The array was scanned using the Agilent G2565BA microarray scanner and data were 

extracted using the Agilent G4460AA Feature Extraction software. We observed 2674 

methylated CpG islands (CGIs) both of CRC cell lines and normal tissues (Supplementary table 

1). Based on the ratio, we chose the first 400 genes with the highest ratio. With reference to the 

protein expression data in Human Protein Alta (http://www.proteinatlas.org/), we compared the 

ratio and the expression of corresponding candidates in normal colon tissue to further narrow to 

six candidates including LECT1, KHDC1, MKX, CA4, CBX8, FAM159B. mRNA expression 

levels of these 6 genes were measured in 5 CRC cell lines and a normal colon tissue. Only CA4 

was silenced in all 5 CRC cell lines while readily expressed in normal colon tissue, which went 

beyond the other candidates (Supplementary figure 1A). 

 

RNA extraction, semi-quantitative RT-PCR and real-time PCR analyses 

Total RNA was extracted from cells and tissues using TRIzol Reagent (Molecular Research 

Center Inc, Cincinnati, OH). cDNA was synthesized from 2 μg of total RNA using Transcriptor 

Reverse Transcriptase (Roche, Indianapolis, IN). For semi-quantitative RT–PCR, a 137-bp 



fragment of the CA4 gene was amplified using AmpliTaq Gold DNA polymerase (Applied 

Biosystems, Foster City, CA). β-actin was employed as internal control. The primer sequences of 

CA4 were as follows: forward, 5'- CCG GCT CAG AGG ACT CTT-3' and reverse, 5'-GTT 

GGA GGA CTC GGC TTG AA-3'. Real-time PCR was performed using SYBR Green master 

mixture (Roche, Indianapolis, IN) on LightCycler® 480 Instrument. Each sample was tested in 

triplicate. ΔΔCT method was employed to determine the fold change in gene expression level. 

ΔCT method were employed to determine the relative expression  levels of corresponding genes.  

 

Bisulfite treatment of DNA, methylation-specific PCR (MSP) and combined bisulfite 

restriction analysis (COBRA) 

Genomic DNA was extracted and the DNA was chemically modified with sodium 

metabisulphite. The bisulfite-modified DNA was amplified by MSP. COBRA was performed to 

semi-quantitate the methylated and unmethylated DNA after sodium bisulfite modification
12

. 

The sequences of primers were shown in Supplemental table 3.  

 

Bisulfite genomic sequencing (BGS) 

The PCR products of bisulfite-treated DNA were cloned into the pCR4-Topo vector (Life 

Technologies, Carlsbad, CA). Seven to eight colonies were randomly chosen and sequenced. 

Sequencing analysis was performed by SeqScape software (Applied Biosystems, Foster City, 

CA) and 40 CpG sites spanning in the promoter region of 337 bp were evaluated. 

 

Demethylation treatment 



1×10
6
 cells were placed in 100-mm dishes and grown for 24 h. Cells were then treated with 2 

μM of 5-aza-2'-deoxycytidine (5-Aza) (Sigma-Aldrich, St Louis, MO) for 48 hours. Culture 

medium containing 5-Aza was replenished every day.  

 

Construction of CA4 expression plasmid and establishment of stable CA4-expressing cells 

The full-length open reading frame sequence of CA4 was obtained by RT-PCR amplification of 

normal human colon cDNA. The PCR aliquots were subcloned into the mammalian expression 

vector pcDNA3.1 and then verified by DNA sequencing. HCT116 or SW1116 cells were 

transfected with pcDNA3.1 or pcDNA3.1-CA4 plasmid using lipofectamine 2000 (Life 

Technologies). Stable transfections were selected for 2 weeks with G418 antibiotics. 

 

RNA interference and transfection 

Knock-down CA4 expression in NCM460 cell lines was performed by a shRNA targeting CA4. 

Both NCM460-shRNA control and NCM460-CA4 shRNA cells were selected for 2 weeks with 

puromycin after transfection 48h. The cells were ready for further experiments. HCT116 and 

SW1116 cells were transfected with 50 nM WTAP siRNA (siWTAP: 5’-CCU UGU AAU GCG 

ACU AGC A-3’) (Guangzhou RiboBio Co., Ltd) or control siRNA (Guangzhou RiboBio) using 

lipofectamine 2000. The siRNA against TBL1 (5’-GGU GUG CAU CCA UGA UCU UTT-3’) 

was purchased (Life Technologies). 10 nM TBL1 siRNA was used to transfect HCT116 and 

SW1116 cells using lipofectamine 2000.  

 

Western blot analysis 



Total protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). The proteins in SDS-PAGE were transferred onto nitrocellulose membranes (GE 

Healthcare, Piscataway, NJ). The membrane was incubated with primary antibodies overnight, 

and then with secondary antibody at room temperature for 1 hour. Proteins of interest were 

visualized using ECL Plus Western blotting Detection Reagents (GE Healthcare). The antibodies 

used and their dilutions were listed in Supplementary table 4. 

 

Immunohistochemistry 

Paired primary tumor and adjacent non-tumor samples were obtained from 12 CRC patients after 

surgical resection. Tissue types (tumor or normal) were assessed by histological staining. The 

remaining tissue specimens were fixed in 10% of formalin and embedded in paraffin. 

Immunohistochemistry was performed on five-micrometer paraffin sections using anti-CA4 

antibodies (Novus Biologicals, Littleton, CO) with dilution of 1:200. CA4 staining was evaluated 

by scanning of the whole section and counting more than 1000 representative cells manually and 

blindly. The extent of CA4 staining was scored by assigning the percentage of positive tumour 

cells (0, none; 1, < 20% of positive staining cells; 2, 20-50% of positive staining cells; 3, >50% 

of positive staining cells). The ethics committee of the Chinese University of Hong Kong 

approved of this study, and written consents were obtained from all patients involved.  

 

Cell viability assay 

Cell viability of stably transfected cells was examined using the Vybrant MTT Cell Proliferation 

Assay Kit (Life Technologies) according to the manufacturer’s instructions. All experiments 

were conducted three times in triplicates. Results were shown as the means ± SD. 



Colony formation assay 

HCT116 and SW1116 cells (2×10
5
/well) were plated in a 12-well plate and transfected with 

pcDNA3.1-CA4 or empty vector. 48 hours post-transfection, cells were subsequently split at 

1:20 ratio on six-well plates with G418 (0.5 mg/mL). After culturing for 14-21 days, cells were 

fixed with 70% ethanol and stained with 0.5% crystal violet solution. Colonies with more than 

50 cells per colony were counted. All experiments were conducted three times in triplicates. 

 

Cell cycle analysis  

The transient transfected CRC cells (HCT116 and SW1116) were fixed in 70% ethanol-PBS for 

24 hours. The cells were then labeled with 50 μg/ml of propidium iodide (BD Pharmingen, 

Franklin Lakes, NJ). The cells were sorted by FACSCalibur (BD Biosciences, San Diego, CA). 

Cell-cycle profiles were analyzed by ModFit 3.0 software (BD Biosciences). All experiments 

were conducted three times in triplicates. 

 

Apoptosis assay  

Cell apoptosis was determined by staining cells with Annexin V and 7-amino-actinomycin (7-

AAD) (BD Biosciences) with subsequent flow cytometry analysis. Cell populations were 

counted as viable (Annexin V-negative, 7-AAD-negative), early apoptotic (Annexin V-positive, 

7-AAD-negative), late apoptotic (Annexin V-positive, 7-AAD-positive), or necrotic (Annexin V-

negative, 7-AAD-positive). The experiments were conducted three times in triplicates. In 

addition, terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) assay was 

employed for apoptosis measurement of nude mice tumor biopsies. Nuclei with clear brown 



staining were regarded as TUNEL-positive apoptotic cells. The apoptosis index was calculated 

as the percentage of TUNEL-positive nuclei after counting at least 1000 cells.  

 

Wound-healing assay 

Cell migration was assessed using the wound-healing assay. Briefly, HCT116 and SW1116 cells 

stably transfected with pcDNA3.1 or pcDNA3.1-CA4 were cultured in six-well plates. When the 

cells reached 80% confluence, three scratch wounds in each well were made using a P-200 

pipette tip. Fresh medium supplemented with reduced (5%) fetal bovine serum was then added, 

and the wound-closure was observed for 48 hours. Photographs were taken at 0, 24 and 48 hours, 

respectively. 

    

Invasion assay 

Invasion assay was performed using BD BioCoat MATRIGEL Invasion Chamber (BD 

Biosciences) according to the manufacturer’s instructions. Complete culture medium 

(supplemented with 10% fetal bovine serum) was used as the chemoattractant. Insert membranes 

were stained with 0.5% crystal violet. Invaded cells were counted under an inverted microscope 

and photographed. Three independent experiments were performed and the data were expressed 

as the means ± SD. 

 

In vivo tumorigenicity assay 

For in vivo tumorigenicity assay, 1 × 10
7
 empty vector- or CA4-transfected cells were injected 

subcutaneously into dorsal right flank of 4-week-old male Balb/c nude mice (five mice per 

group). Tumor volume was measured every 3 days over a 3-week period. Tumor volume (mm
3
) 



was estimated by measuring the longest and shortest diameter of the tumor (Formula: Volume = 

0.5 × Length × 2 × Width). Mice were sacrificed at 3 weeks after injection. Tumors were excised 

and weighed. The excised tissues were either fixed in 10% neutral-buffered formalin or snap 

frozen in liquid nitrogen. Tumor sections from paraffin-embedded blocks were used for 

histologic examination. All animal studies were performed in accordance with guidelines 

approved by the Animal Experimentation Ethics Committee of The Chinese University of Hong 

Kong. 

 

Ki-67 staining 

Ki-67 was detected in paraffin-embedded colon sections of mice using an avidin-biotin complex 

immunoperoxidase method (Abcam, Chambridge, MA). The proliferation index was determined 

by counting the numbers of positive staining cells for Ki-67 as a percentage of the total number 

of cells. At least 1000 cells were counted each time. The experiments were conducted in 5 mice 

per group. 

 

Dual-luciferase reporter activity assay 

HCT116, SW1116 and HEK293 cells were seeded at cell density of 1×10
5
 cell/well in 24-well 

plate. Cells were transiently transfected with pcDNA3.1 empty vector, pcDNA3.1-CA4, 

pCS2+/Wnt-1 + pcDNA3.1 empty vector , pCS2+/Wnt-1 + pcDNA3.1-CA4 and co-transfected 

with TOPflash plasmid (0.2 µg/well; TK-luciferase reporter) or FOPflash plasmid (0.2 µg/well; 

TK-luciferase reporter) using lipofectamine 2000 (Life Technologies). Cells were harvested at 24 

hours post-transfection. Luciferase activity was measured by the Dual Luciferase Assay System 

(Promega, Madison, WI). The experiments were conducted three times in triplicates. 



 

Co-immunoprecipitation  

HCT116 and SW1116 cells were transfected with pcDNA3.1-CA4 expressing vector or 

pcDNA3.1 empty vector. After 48 hours post-transfection, total proteins were extracted by 

CytoBuster Protein Extraction Reagent (Novagen, Darmstadt, Germany). For each 

immunoprecipitation, 300 ug of precleared cell lysate and 30 μl of protein G PLUS-Agarose 

(Santa Cruz Biotechnology, Santa Cruz, CA) were used for overnight incubation at 4°C. The 

immunoprecipitated proteins were mixed with 2 x SDS-PAGE loading buffer and boiled at 95°C 

for 10 minutes. The proteins were separated by SDS-PAGE and analyzed by mass spectrometry. 

The identity of proteins was validated by Western blot. 

 

 



 

Supplementary Figures  

 

Figure S1. CA4 expression status in colon cancer cell lines and in different human tissues. (A) 

mRAN expression of six candidate genes identified by MeDIP array was examined in colon 

cancer cell lines and in normal colon tissue by RT-PCR. (B) CA4 mRNA expression in human 

normal tissues. β-actin served as loading control.  

 

 

 

 

 

 

 

 

 



Figure S2. To determine the effect of siRNA against TBL1. (A) To confirm the knockdown effect 

of TBL1 siRNA in HCT116 and SW1116 cells. (B) Knockdown of TBL1 did not alter the expression 

level of WTAP. Real-time PCR was employed to determine the expression level. Fold changed in 

the corresponding gene expression was relative to untreated cells. β-actin served as internal 

control.  

 



S Table 1. List of hypermethylation candidates in colon cancer 

# 
Primary 

Annotation 
ID Location 

HCT116 LS180 

Norm IP 

Signal 

Norm 

WCE 

Signal 

Log 

Ratio 

Norm IP 

Signal 

Norm 

WCE 

Signal 

Log 

Ratio 

1 CA4 A_17_P17002046 chr17:55573378-55573422 15677.90  3595.67  2.12  14385.75  3461.79  2.06  

2 DMN A_17_P16831699 chr15:97463381-97463425 2138.09  327.72  2.71  3664.88  527.42  2.80  

3 POU3F3 A_17_P01379433 chr2:104834955-104835014 808.16  135.58  2.58  3710.21  811.73  2.19  

4 FAM43A A_17_P02873231 chr3:195888914-195888958 4794.16  863.25  2.47  11320.65  2548.99  2.15  

5 KCNK12 A_17_P15240926 chr2:47601700-47601744 5176.80  935.12  2.47  6080.86  1535.16  1.99  

6 ALK A_17_P15230137 chr2:29996596-29996640 4110.83  749.16  2.46  18664.56  4409.01  2.08  

7 SLC6A17 A_17_P00452527 chr1:110495285-110495330 2725.85  500.45  2.45  8459.23  2171.92  1.96  

8 CHRDL2 A_17_P16473985 chr11:74120144-74120188 6540.84  1207.95  2.44  7582.24  1394.86  2.44  

9 GSC2 A_17_P17254687 chr22:17516541-17516585 5825.43  1076.89  2.44  6882.04  1020.06  2.75  

10 SLC6A7 A_17_P15752136 chr5:149549821-149549865 9985.67  1895.10  2.40  7729.66  1407.37  2.46  

11 DHH A_17_P08340657 chr12:47769915-47769959 3899.96  741.36  2.40  11745.13  2282.19  2.36  

12 BHLHB5 A_17_P26457915 chr8:65650952-65651011 2258.60  429.50  2.39  4977.22  1099.84  2.18  

13 HOXC12 A_17_P08362004 chr12:52631311-52631361 5480.11  1044.61  2.39  3871.86  838.20  2.21  

14 BMP2 A_17_P17171054 chr20:6696468-6696512 2890.38  553.25  2.39  9094.61  1852.81  2.30  

15 NEUROG3 A_17_P07298070 chr10:71002136-71002180 3369.92  645.32  2.38  12215.75  3367.16  1.86  

16 CYP26A1 A_17_P16373180 chr10:94818426-94818470 7355.02  1413.22  2.38  7675.69  1407.86  2.45  

17 VSX2 A_17_P09390380 chr14:73776099-73776143 8886.14  1726.00  2.36  8874.54  2073.08  2.10  

18 PNMA1 A_17_P09388148 chr14:73249297-73249356 4994.87  971.62  2.36  5774.08  1240.33  2.22  

19 CXCL12 A_17_P07195009 chr10:44199558-44199602 4671.25  912.16  2.36  3232.85  982.82  1.72  

20 OVOL2 A_17_P31738797 chr20:17984153-17984202 5313.73  1043.27  2.35  6581.23  1142.81  2.53  

21 ADAMTS18 A_17_P10126493 chr16:76025881-76025925 8222.03  1636.27  2.33  9788.70  1844.93  2.41  

22 ADAM32 A_17_P06081915 chr8:39084112-39084165 7585.22  1516.05  2.32  2752.13  677.84  2.02  

23 OXTR A_17_P22181173 chr3:8784008-8784052 7415.61  1482.16  2.32  9776.01  1795.80  2.44  

24 ADAMTS5 A_17_P11329584 chr21:27259649-27259693 3843.73  770.56  2.32  4157.97  851.47  2.29  

25 ALPP A_17_P01962868 chr2:232960106-232960150 9286.86  1863.32  2.32  10115.24  1706.45  2.57  

26 TAL1 A_17_P15057700 chr1:47463782-47463826 4192.22  842.34  2.32  5733.64  1304.91  2.14  

27 HAND2 A_17_P15639260 chr4:174674475-174674519 6154.33  1236.70  2.32  11760.92  2955.44  1.99  

28 EVC A_17_P02905150 chr4:5764267-5764311 6221.80  1257.52  2.31  7405.53  1337.30  2.47  



29 EGR4 A_17_P01276999 chr2:73372162-73372206 4772.11  965.16  2.31  4465.49  969.02  2.20  

30 DNAJC6 A_17_P15068201 chr1:65504171-65504215 7149.72  1446.51  2.31  4002.94  929.87  2.11  

31 HS3ST3A1 A_17_P16945172 chr17:13444692-13444736 5969.43  1211.69  2.30  7149.98  1320.08  2.44  

32 NPY2R A_17_P03546584 chr4:156348707-156348751 13691.39  2780.36  2.30  15940.83  2941.73  2.44  

33 ADCY2 A_17_P03746288 chr5:7448253-7448303 4225.07  858.34  2.30  4917.47  1067.35  2.20  

34 FAM148B A_17_P16796481 chr15:60243755-60243799 8108.78  1653.93  2.29  8452.13  1522.36  2.47  

35 DLX3 A_17_P10356564 chr17:45425743-45425787 8724.61  1781.84  2.29  10881.52  2964.68  1.88  

36 ADCY8 A_17_P16135982 chr8:132121426-132121470 14812.39  3030.00  2.29  11836.39  2266.29  2.38  

37 ACTN2 A_17_P15195221 chr1:234916614-234916659 6625.09  1356.48  2.29  10808.74  2756.04  1.97  

38 WIT1 A_17_P07734878 chr11:32415138-32415197 4771.76  977.90  2.29  5007.62  1015.01  2.30  

39 CDH13 A_17_P10151824 chr16:81218128-81218172 11224.38  2305.31  2.28  8515.74  1875.03  2.18  

40 ZIC5 A_17_P09077668 chr13:99406079-99406123 3026.33  622.79  2.28  18237.15  4165.22  2.13  

41 EMX2 A_17_P07511888 chr10:119283977-119284026 11732.29  2417.12  2.28  7334.07  1861.17  1.98  

42 HDGFRP3 A_17_P16818821 chr15:81666697-81666741 6268.29  1292.39  2.28  5912.45  1496.79  1.98  

43 KHDRBS2 A_17_P04769084 chr6:63053750-63053802 8966.26  1850.35  2.28  4032.82  767.74  2.39  

44 GFRA4 A_17_P17169149 chr20:3589174-3589218 6940.89  1437.43  2.27  8617.13  1787.26  2.27  

45 FLT3 A_17_P08741734 chr13:27572113-27572171 6001.76  1243.47  2.27  3880.87  957.70  2.02  

46 NXPH4 A_17_P28812042 chr12:55904917-55904961 6636.77  1375.47  2.27  7106.60  1567.27  2.18  

47 NRG3 A_17_P07351407 chr10:83624202-83624246 6296.62  1305.17  2.27  6808.73  1555.35  2.13  

48 MT1A A_17_P16899456 chr16:55227112-55227156 6984.57  1448.90  2.27  8216.21  1648.65  2.32  

49 FGF4 A_17_P16468527 chr11:69298250-69298294 6856.53  1424.57  2.27  7368.96  1452.89  2.34  

50 SFRP1 A_17_P26372259 chr8:41284779-41284838 5202.12  1081.85  2.27  3877.15  823.32  2.24  

51 PAX2 A_17_P07429885 chr10:102487511-102487558 7798.88  1628.31  2.26  8015.35  1882.02  2.09  

52 MDGA2 A_17_P09273026 chr14:47213199-47213243 6040.46  1261.98  2.26  8306.89  1458.62  2.51  

53 FAT4 A_17_P03413760 chr4:126456920-126456972 11122.77  2329.34  2.26  4862.80  1232.17  1.98  

54 FBXL5 A_17_P02945674 chr4:15266618-15266662 4077.93  855.78  2.25  5721.61  848.65  2.75  

55 ITGA9 A_17_P02175229 chr3:37469002-37469046 9646.16  2024.35  2.25  11889.09  1989.78  2.58  

56 SIGLEC15 A_17_P17064365 chr18:41671477-41671521 3303.40  693.84  2.25  14323.03  3704.85  1.95  

57 AGTR1 A_17_P15498946 chr3:149898414-149898458 4572.18  960.81  2.25  20979.67  5181.47  2.02  

58 MAP9 A_17_P23708977 chr4:156516993-156517052 6762.74  1421.62  2.25  8599.62  1484.61  2.53  

59 HPSE2 A_17_P07423642 chr10:100982157-100982201 5678.99  1193.92  2.25  6516.97  1540.05  2.08  

60 WASF3 A_17_P16620570 chr13:26030368-26030412 5461.03  1149.01  2.25  4133.72  959.56  2.11  

61 MGC52498 A_17_P15060739 chr1:52871339-52871383 5974.81  1257.30  2.25  11033.28  2279.90  2.27  

62 BCL2L10 A_17_P09656336 chr15:50191487-50191531 5312.59  1118.04  2.25  5982.17  1177.99  2.34  



63 DGKE A_17_P16998871 chr17:52266826-52266870 9463.41  1991.74  2.25  11832.50  3014.90  1.97  

64 FLJ40125 A_17_P10974944 chr19:50693802-50693846 12074.32  2548.15  2.24  12519.25  2572.02  2.28  

65 DPP10 A_17_P01414269 chr2:115136512-115136556 7337.60  1549.46  2.24  12304.42  3427.91  1.84  

66 PLCB1 A_17_P17171712 chr20:8061281-8061325 5790.67  1223.75  2.24  10581.85  2515.25  2.07  

67 CRHBP A_17_P04029430 chr5:76285128-76285177 5954.31  1258.67  2.24  13136.56  3275.25  2.00  

68 PSTPIP2 A_17_P15810363 chr6:42803015-42803059 1780.00  376.34  2.24  7760.47  2009.37  1.95  

69 NKX2-5 A_17_P15764253 chr5:172588525-172588569 2907.31  615.33  2.24  6762.92  1858.29  1.86  

70 SPHKAP A_17_P15389965 chr2:228754221-228754265 6404.94  1357.54  2.24  14352.05  3319.67  2.11  

71 CITED1 A_17_P11786540 chrX:71441453-71441503 4050.86  859.68  2.24  5357.81  1116.06  2.26  

72 ATP1B2 A_17_P10214352 chr17:7495094-7495138 5762.59  1223.42  2.24  5142.51  1282.06  2.00  

73 OR10AD1 A_17_P16555479 chr12:46878762-46878806 13423.89  2851.17  2.24  12422.33  3066.54  2.02  

74 IMPA2 A_17_P17039793 chr18:12028439-12028483 7585.35  1611.59  2.23  8167.43  1771.82  2.20  

75 TTC9B A_17_P10961333 chr19:45415863-45415907 10154.99  2158.01  2.23  4698.64  1158.05  2.02  

76 LBH A_17_P01077838 chr2:30307042-30307088 6614.53  1406.78  2.23  8300.23  1520.59  2.45  

77 TMEM155 A_17_P03397283 chr4:122905253-122905297 10947.45  2329.47  2.23  12839.17  2567.81  2.32  

78 RCCD1 A_17_P16826742 chr15:89301083-89301127 9647.88  2053.17  2.23  12339.67  2188.51  2.50  

79 ARHGAP9 A_17_P08377684 chr12:56155367-56155411 5164.03  1099.21  2.23  5268.79  1127.10  2.22  

80 ZNF804B A_17_P05596892 chr7:88226095-88226154 3085.18  657.24  2.23  9331.66  2018.02  2.21  

81 PAX9 A_17_P09227703 chr14:36186557-36186601 14808.05  3159.55  2.23  7549.17  1555.40  2.28  

82 DCDC2 A_17_P04616484 chr6:24465811-24465855 5312.14  1134.23  2.23  4985.53  1205.34  2.05  

83 RPESP A_17_P16106203 chr8:74167593-74167637 19157.79  4091.52  2.23  13023.23  2934.96  2.15  

84 LHX2 A_17_P06954321 chr9:125811152-125811199 8225.62  1762.24  2.22  6081.31  1436.67  2.08  

85 KLHL14 A_17_P17056028 chr18:28603767-28603811 12480.94  2676.05  2.22  6983.84  1700.53  2.04  

86 COL12A1 A_17_P15831794 chr6:75851578-75851622 3210.01  688.79  2.22  12447.71  2266.81  2.46  

87 RASL11A A_17_P08737989 chr13:26743701-26743760 3903.14  837.70  2.22  7604.65  1921.42  1.98  

88 ALPL A_17_P00083294 chr1:21708570-21708614 7308.03  1572.38  2.22  7012.02  1683.60  2.06  

89 GHSR A_17_P02770971 chr3:173648321-173648366 12985.90  2795.86  2.22  14146.44  3392.27  2.06  

90 LHX1 A_17_P10305315 chr17:32363515-32363572 8164.02  1759.97  2.21  4578.82  1104.13  2.05  

91 PTGER4 A_17_P03892456 chr5:40716754-40716803 9753.01  2106.32  2.21  4360.64  1032.43  2.08  

92 DCHS2 A_17_P15628832 chr4:155473621-155473665 9568.00  2066.82  2.21  12027.39  2542.65  2.24  

93 EPHA6 A_17_P02431902 chr3:98014715-98014759 4398.30  950.29  2.21  5927.65  1066.34  2.47  

94 SST A_17_P15520723 chr3:188870730-188870774 7914.97  1710.75  2.21  8004.94  1732.18  2.21  

95 RELN A_17_P05659047 chr7:103416714-103416758 2067.53  446.96  2.21  8418.53  2010.27  2.07  

96 CD14 A_17_P04324142 chr5:139991833-139991877 6437.56  1392.58  2.21  8275.44  1989.65  2.06  



97 KIAA1576 A_17_P10128091 chr16:76380237-76380281 10811.38  2343.34  2.21  12685.91  2621.26  2.27  

98 DLX2 A_17_P01675521 chr2:172669835-172669880 5592.89  1212.63  2.21  6701.03  1601.77  2.06  

99 HIST1H3C A_17_P04624478 chr6:26153543-26153602 4890.89  1060.84  2.20  9012.99  2638.20  1.77  

100 CD38 A_17_P23098726 chr4:15389187-15389231 5767.59  1251.95  2.20  6924.53  1307.98  2.40  

101 CEBPA A_17_P10940198 chr19:38483953-38483997 11741.25  2551.34  2.20  13923.19  3013.29  2.21  

102 SFRP4 A_17_P15930800 chr7:37922235-37922279 9285.29  2019.32  2.20  5456.08  1135.62  2.26  

103 NLRP1 A_17_P10205494 chr17:5343928-5343972 8526.79  1854.60  2.20  10252.71  2169.29  2.24  

104 ANKRD57 A_17_P15299985 chr2:109729812-109729856 5469.44  1189.66  2.20  8016.72  1260.66  2.67  

105 HMX3 A_17_P16392328 chr10:124883217-124883261 18644.84  4057.29  2.20  6243.64  1333.34  2.23  

106 ABHD12B A_17_P29744328 chr14:50408391-50408450 1432.70  311.83  2.20  1670.79  284.15  2.56  

107 LHX4 A_17_P00633093 chr1:178464653-178464699 2554.72  556.47  2.20  6471.79  1490.26  2.12  

108 GRM5 A_17_P07934456 chr11:87881421-87881476 7515.15  1637.80  2.20  9224.24  1774.24  2.38  

109 RASGRF1 A_17_P09777982 chr15:77168828-77168872 1516.25  330.66  2.20  2154.78  566.54  1.93  

110 STK32B A_17_P02902963 chr4:5103821-5103876 7202.20  1570.80  2.20  6972.22  1510.82  2.21  

111 ADHFE1 A_17_P06182970 chr8:67507330-67507374 6347.24  1384.67  2.20  4758.43  1329.37  1.84  

112 HOXB13 A_17_P10350887 chr17:44157688-44157735 10141.63  2213.04  2.20  8277.58  1534.23  2.43  

113 ABTB2 A_17_P16434575 chr11:34334852-34334896 5339.07  1165.83  2.20  10129.77  2773.31  1.87  

114 LRRC3B A_17_P22261298 chr3:26639280-26639324 6831.93  1491.94  2.20  7093.76  1769.56  2.00  

115 MGC42105 A_17_P03902927 chr5:43227686-43227730 8868.01  1937.96  2.19  10192.41  2504.66  2.02  

116 TADA1L A_17_P00574127 chr1:165120176-165120221 10369.24  2266.24  2.19  10733.45  2542.90  2.08  

117 ALX3 A_17_P15098863 chr1:110411841-110411885 6437.40  1410.32  2.19  8581.92  1715.15  2.32  

118 FOXF2 A_17_P04506710 chr6:1326708-1326752 5577.82  1223.01  2.19  8846.79  1979.96  2.16  

119 TMEM145 A_17_P10967723 chr19:47519598-47519642 4579.56  1004.78  2.19  5023.93  1048.30  2.26  

120 ICAM4 A_17_P10880930 chr19:10258681-10258725 10973.70  2408.03  2.19  11323.48  2722.59  2.06  

121 POU4F1 A_17_P16651500 chr13:78068126-78068170 6745.89  1480.88  2.19  6633.60  1467.95  2.18  

122 HEXIM1 A_17_P30911154 chr17:40577430-40577475 5459.53  1199.02  2.19  5715.36  1366.79  2.06  

123 NTRK2 A_17_P06786547 chr9:86473485-86473529 6539.68  1436.41  2.19  6092.65  1054.63  2.53  

124 FLJ45803 A_17_P08028282 chr11:110674500-110674544 8535.95  1874.91  2.19  8608.67  2039.52  2.08  

125 KCNMA1 A_17_P07335242 chr10:79066764-79066808 5906.08  1297.66  2.19  12818.03  2872.45  2.16  

126 VEGFC A_17_P23805910 chr4:177950119-177950178 3465.33  762.59  2.18  3675.46  762.40  2.27  

127 MYCN A_17_P15220680 chr2:15998193-15998237 7111.62  1565.85  2.18  9637.98  2115.62  2.19  

128 GSX2 A_17_P03104041 chr4:54660958-54661002 3574.54  787.20  2.18  7138.12  1778.97  2.00  

129 SHOX2 A_17_P02705740 chr3:159294817-159294861 7080.48  1559.44  2.18  9034.47  1633.04  2.47  

130 CENTA2 A_17_P10281606 chr17:26273837-26273881 5372.55  1183.41  2.18  5632.68  1298.56  2.12  



131 BAALC A_17_P06347189 chr8:104222344-104222390 11815.42  2603.50  2.18  10173.99  2140.51  2.25  

132 HIST1H3F A_17_P04625489 chr6:26358356-26358405 5333.49  1176.76  2.18  6599.96  1188.61  2.47  

133 NKX2-8 A_17_P09227336 chr14:36119033-36119077 7767.66  1714.30  2.18  7859.57  1809.16  2.12  

134 SFXN3 A_17_P16378345 chr10:102797842-102797886 6729.45  1486.62  2.18  5915.33  1467.96  2.01  

135 FGF14 A_17_P09087542 chr13:101366823-101366867 6710.89  1482.79  2.18  8780.72  1610.46  2.45  

136 MAFB A_17_P17192197 chr20:38745255-38745299 5018.76  1109.74  2.18  5423.94  1358.61  2.00  

137 CLDN11 A_17_P02760437 chr3:171618829-171618888 7911.52  1751.63  2.18  8318.94  1804.59  2.20  

138 FGF19 A_17_P16468453 chr11:69229458-69229512 5844.38  1295.03  2.17  5279.14  1205.49  2.13  

139 SH3MD4 A_17_P01396743 chr2:109111179-109111223 5357.70  1187.75  2.17  11350.14  2541.33  2.16  

140 MTNR1B A_17_P28375979 chr11:92342263-92342307 6914.23  1533.32  2.17  6264.75  1718.33  1.87  

141 SNTG1 A_17_P16093541 chr8:50984848-50984892 3389.00  751.60  2.17  4070.10  1006.66  2.02  

142 OTP A_17_P15712738 chr5:76959667-76959711 5760.95  1278.62  2.17  7181.50  1587.80  2.18  

143 DOCK2 A_17_P15761770 chr5:168996916-168996960 7118.19  1581.50  2.17  8999.32  1827.43  2.30  

144 VLDLR A_17_P06549907 chr9:2611182-2611228 3994.55  887.58  2.17  5172.59  1230.77  2.07  

145 CCDC13 A_17_P02198421 chr3:42789664-42789708 6673.67  1484.07  2.17  7810.17  1559.30  2.32  

146 EVX2 A_17_P02905133 chr4:5760855-5760899 6960.28  1548.16  2.17  7824.90  1822.47  2.10  

147 SORCS1 A_17_P16382342 chr10:108914002-108914046 5928.81  1318.83  2.17  8922.40  2152.00  2.05  

148 SLC5A8 A_17_P16585698 chr12:100127561-100127605 16892.34  3759.90  2.17  18639.31  4734.95  1.98  

149 TLX1 A_17_P07432192 chr10:102873089-102873133 15842.62  3526.45  2.17  13270.41  2642.14  2.33  

150 PAP2D A_17_P00407957 chr1:99242457-99242501 7202.27  1603.23  2.17  8698.80  1750.85  2.31  

151 MKX A_17_P16304674 chr10:28070210-28070254 5229.94  1164.66  2.17  6489.67  1181.32  2.46  

152 PURA A_17_P15746088 chr5:139474356-139474400 2561.58  570.55  2.17  10005.97  2071.84  2.27  

153 FAM135B A_17_P16139838 chr8:139578146-139578190 7220.41  1608.60  2.17  6358.72  1410.92  2.17  

154 SLC6A5 A_17_P07681907 chr11:20574334-20574378 6466.08  1441.96  2.16  6363.12  1568.03  2.02  

155 SOCS2 A_17_P08540771 chr12:92490709-92490753 6574.69  1466.70  2.16  6314.96  1536.12  2.04  

156 TRPC4 A_17_P08788156 chr13:37341544-37341595 6229.66  1391.11  2.16  3713.35  860.40  2.11  

157 PLCD1 A_17_P02178508 chr3:38045421-38045465 13704.79  3062.79  2.16  9347.37  2167.06  2.11  

158 LPHN2 A_17_P20358477 chr1:82038485-82038544 2629.40  587.68  2.16  5830.24  1212.27  2.27  

159 CCDC140 A_17_P01917003 chr2:222868082-222868126 4902.71  1096.64  2.16  8187.64  1595.71  2.36  

160 KIAA0644 A_17_P05388031 chr7:28961824-28961868 6540.44  1463.52  2.16  8416.38  1669.49  2.33  

161 SLC38A4 A_17_P08331001 chr12:45511749-45511796 6142.80  1374.66  2.16  11254.82  2701.05  2.06  

162 LEFTY1 A_17_P00835619 chr1:224141941-224141985 11442.04  2562.20  2.16  14157.47  2448.54  2.53  

163 UNC5C A_17_P23441506 chr4:96688208-96688252 4236.12  949.26  2.16  9798.25  2309.31  2.09  

164 VWCE A_17_P07827091 chr11:60818245-60818289 12192.79  2732.27  2.16  16561.89  3574.04  2.21  



165 NKX2-4 A_17_P11110115 chr20:21324408-21324452 5751.20  1288.99  2.16  7961.29  1700.00  2.23  

166 FOXL2 A_17_P02617790 chr3:140139324-140139368 4411.88  988.85  2.16  4931.51  1087.20  2.18  

167 WNT6 A_17_P01898994 chr2:219444428-219444472 8969.29  2011.86  2.16  6943.01  1565.00  2.15  

168 RALYL A_17_P06263125 chr8:85259383-85259431 10122.09  2271.11  2.16  8554.23  1655.76  2.37  

169 DLEC1 A_17_P02178556 chr3:38055852-38055896 6743.76  1514.34  2.15  4691.98  1122.28  2.06  

170 LOC152573 A_17_P03065727 chr4:42093960-42094004 5372.17  1207.14  2.15  19275.02  4957.38  1.96  

171 IGFBP7 A_17_P03116376 chr4:57670798-57670842 10736.79  2412.97  2.15  9265.45  2245.10  2.05  

172 MCHR2 A_17_P04933303 chr6:100548591-100548635 3348.52  752.71  2.15  3925.62  748.86  2.39  

173 TYRO3 A_17_P16782541 chr15:39664718-39664762 7388.86  1661.05  2.15  8146.62  1620.36  2.33  

174 SLC6A2 A_17_P10031333 chr16:54247076-54247120 5457.93  1227.44  2.15  7054.48  1390.19  2.34  

175 ADAM19 A_17_P04397750 chr5:156934066-156934110 3443.81  774.58  2.15  4478.02  819.31  2.45  

176 STOX2 A_17_P03680332 chr4:185063179-185063238 3564.66  801.79  2.15  11003.32  2769.02  1.99  

177 UBD A_17_P04636978 chr6:29629146-29629190 5503.45  1238.47  2.15  7307.47  1437.10  2.35  

178 KCNAB1 A_17_P15502976 chr3:157491831-157491875 10155.69  2285.80  2.15  9320.06  2309.15  2.01  

179 HIC1 A_17_P09511079 chr14:99181063-99181107 6725.17  1513.82  2.15  8772.23  1934.65  2.18  

180 GRIA4 A_17_P28430634 chr11:104986175-104986219 5496.02  1238.33  2.15  17629.47  4313.67  2.03  

181 LIN28B A_17_P04956088 chr6:105507751-105507795 8743.33  1971.70  2.15  9673.68  2219.22  2.12  

182 CDH6 A_17_P03851289 chr5:31229774-31229833 2296.10  518.03  2.15  14670.23  3662.31  2.00  

183 TWIST1 A_17_P05340617 chr7:19112565-19112610 4372.63  989.46  2.14  10117.99  2690.55  1.91  

184 SIM2 A_17_P11375309 chr21:36987241-36987285 9103.08  2059.91  2.14  5127.48  1112.57  2.20  

185 ST8SIA3 A_17_P17072660 chr18:53171076-53171120 7957.81  1801.16  2.14  10739.84  2176.84  2.30  

186 CCDC11 A_17_P17067860 chr18:46046858-46046902 11139.16  2522.96  2.14  3257.92  631.44  2.37  

187 GRIA2 A_17_P03556492 chr4:158360866-158360913 3150.14  713.68  2.14  4780.04  996.95  2.26  

188 SNRPF A_17_P08550157 chr12:94776044-94776094 5630.06  1276.16  2.14  5762.37  1223.04  2.24  

189 ASAM A_17_P08085830 chr11:122571846-122571890 7204.51  1633.27  2.14  14789.79  3561.18  2.05  

190 GNB4 A_17_P15515577 chr3:180651402-180651446 4233.44  959.95  2.14  3514.04  664.19  2.40  

191 TLE4 A_17_P06764253 chr9:81375480-81375524 12444.27  2822.11  2.14  7820.42  1820.90  2.10  

192 EDIL3 A_17_P15716379 chr5:83713867-83713911 5768.15  1308.28  2.14  10210.59  2228.82  2.20  

193 ZNF580 A_17_P11003375 chr19:60843274-60843318 4565.73  1036.88  2.14  5334.67  1308.84  2.03  

194 FCRLB A_17_P00550511 chr1:159962304-159962348 9344.73  2122.35  2.14  16025.75  4127.39  1.96  

195 CIDEB A_17_P16686802 chr14:23849805-23849849 10197.70  2317.06  2.14  10039.45  2447.73  2.04  

196 DMRT1 A_17_P26829912 chr9:831434-831478 10083.18  2291.99  2.14  8297.75  1823.43  2.19  

197 IRX5 A_17_P10027987 chr16:53522602-53522646 7923.98  1801.85  2.14  5905.40  1466.15  2.01  

198 CA10 A_17_P16996333 chr17:47590389-47590433 13192.16  3002.12  2.14  13743.24  3656.05  1.91  



199 HIST1H3G A_17_P04625552 chr6:26379571-26379615 7306.50  1662.85  2.14  5993.86  1403.50  2.09  

200 TACR3 A_17_P03316565 chr4:104860384-104860435 2863.58  651.72  2.14  10871.24  2260.72  2.27  

201 CREB5 A_17_P05384574 chr7:28414755-28414800 7204.59  1640.17  2.14  11391.82  2536.92  2.17  

202 ADAM11 A_17_P10335674 chr17:40191386-40191430 13745.63  3129.47  2.13  15282.20  3274.49  2.22  

203 ELOVL4 A_17_P25044778 chr6:80713638-80713682 5427.35  1236.29  2.13  6230.77  1284.40  2.28  

204 CNTN4 A_17_P15407069 chr3:2115033-2115077 7748.59  1765.46  2.13  9583.54  1962.61  2.29  

205 LOC387856 A_17_P16555461 chr12:46864003-46864047 8500.51  1937.61  2.13  6331.40  1443.61  2.13  

206 HTR1E A_17_P04872782 chr6:87704126-87704175 4499.80  1026.21  2.13  6150.63  1147.08  2.42  

207 IGF2AS A_17_P07601672 chr11:2117611-2117655 8283.28  1889.39  2.13  4177.33  712.43  2.55  

208 TBX18 A_17_P04865550 chr6:85539342-85539386 3835.07  875.27  2.13  11507.96  2030.89  2.50  

209 TMEFF2 A_17_P21896975 chr2:192766424-192766468 6584.52  1503.63  2.13  9104.01  1631.86  2.48  

210 VSX1 A_17_P11126995 chr20:25006487-25006531 5682.69  1298.72  2.13  15257.25  3267.81  2.22  

211 GALC A_17_P29917408 chr14:87528775-87528829 12494.52  2855.95  2.13  13316.46  3616.68  1.88  

212 ELMO1 A_17_P15930576 chr7:37454667-37454711 3033.63  693.62  2.13  7892.09  1859.24  2.09  

213 HOXD13 A_17_P01695065 chr2:176664854-176664898 3107.54  710.57  2.13  2837.89  640.96  2.15  

214 EMID2 A_17_P25903993 chr7:100792708-100792752 16893.53  3865.12  2.13  24633.99  4905.54  2.33  

215 KAL1 A_17_P17316584 chrX:8658895-8658939 4687.80  1072.87  2.13  3137.36  789.85  1.99  

216 NKX2-1 A_17_P09227052 chr14:36056228-36056272 5348.26  1224.31  2.13  6528.63  1394.33  2.23  

217 JAM3 A_17_P16520052 chr11:133444171-133444215 4239.15  971.07  2.13  4464.43  819.46  2.45  

218 AVPR1A A_17_P08402456 chr12:61829945-61829989 4997.65  1144.83  2.13  4885.96  1126.08  2.12  

219 WIPF1 A_17_P01688145 chr2:175255313-175255357 7804.65  1788.13  2.13  5924.31  1249.43  2.25  

220 ADCY4 A_17_P09171603 chr14:23871385-23871430 6544.54  1499.76  2.13  6430.45  1613.58  1.99  

221 SSH2 A_17_P16967042 chr17:25112218-25112262 4901.35  1123.65  2.12  5372.46  1224.52  2.13  

222 MYOZ3 A_17_P15752579 chr5:150031522-150031566 8025.24  1839.91  2.12  16607.33  4696.10  1.82  

223 SLC6A15 A_17_P08501301 chr12:83829441-83829495 10145.43  2328.93  2.12  4244.28  1089.48  1.96  

224 LRRC2 A_17_P02214927 chr3:46582356-46582400 12842.54  2949.06  2.12  8777.02  1820.91  2.27  

225 LOC401498 A_17_P16171063 chr9:32772951-32772996 2165.06  497.69  2.12  8726.26  2133.87  2.03  

226 SOX13 A_17_P20801486 chr1:202310990-202311034 10696.56  2460.04  2.12  7369.45  1717.03  2.10  

227 SGCZ A_17_P05972670 chr8:15138940-15138984 7271.48  1672.66  2.12  9029.52  2064.25  2.13  

228 FOXB2 A_17_P16228653 chr9:78818902-78818946 16878.26  3884.85  2.12  20430.49  4770.00  2.10  

229 GPR149 A_17_P02689350 chr3:155629104-155629151 6540.85  1506.12  2.12  8533.85  1689.47  2.34  

230 GJD2 A_17_P16778023 chr15:32833907-32833951 9029.40  2080.25  2.12  10093.04  2359.58  2.10  

231 TFPI2 A_17_P15989745 chr7:93357314-93357358 5268.75  1214.37  2.12  6183.87  1465.95  2.08  

232 THY1 A_17_P08067806 chr11:118797919-118797963 5826.52  1343.04  2.12  7263.65  1756.27  2.05  



233 NKX2-3 A_17_P07424786 chr10:101277195-101277239 18486.83  4261.49  2.12  6187.67  1305.14  2.25  

234 LECT1 A_17_P08854647 chr13:52211161-52211205 6888.20  1589.54  2.12  9792.35  1730.97  2.50  

235 DNER A_17_P01952268 chr2:230286473-230286517 5066.53  1169.24  2.12  6008.42  1356.13  2.15  

236 CAMK2N1 A_17_P00079582 chr1:20683118-20683166 2635.90  608.34  2.12  8601.37  2028.59  2.08  

237 EPHA5 A_17_P15573612 chr4:66217922-66217966 10476.09  2419.26  2.11  12839.09  2715.78  2.24  

238 CRHR1 A_17_P16987846 chr17:41216563-41216607 4904.75  1133.06  2.11  6107.79  1410.88  2.11  

239 FSTL4 A_17_P15741775 chr5:132974878-132974922 4195.11  969.17  2.11  7661.16  1894.74  2.02  

240 VMO1 A_17_P10202831 chr17:4635315-4635364 7155.74  1654.09  2.11  9165.58  1871.91  2.29  

241 OPRM1 A_17_P05184354 chr6:154402396-154402440 8481.97  1961.29  2.11  2512.93  763.37  1.72  

242 ACOT4 A_17_P09387845 chr14:73128063-73128121 5163.95  1194.13  2.11  5235.87  1217.82  2.10  

243 SOX21 A_17_P09052763 chr13:94152208-94152252 7356.27  1701.49  2.11  8683.84  1949.93  2.15  

244 PRDM14 A_17_P06198993 chr8:71144338-71144382 12605.39  2915.95  2.11  7495.20  1860.85  2.01  

245 TRIM36 A_17_P04207671 chr5:114534381-114534425 6121.50  1416.80  2.11  13366.60  3302.75  2.02  

246 ADCY1 A_17_P15936884 chr7:45579951-45579995 3185.34  738.19  2.11  4128.66  813.76  2.34  

247 WDR69 A_17_P22069796 chr2:228444414-228444458 6795.70  1575.03  2.11  8007.80  1956.93  2.03  

248 CRISPLD1 A_17_P16107229 chr8:76059078-76059122 11002.62  2550.79  2.11  6594.16  2346.80  1.49  

249 CHODL A_17_P17222691 chr21:18539100-18539145 14681.65  3404.93  2.11  18991.30  3645.66  2.38  

250 ZNF583 A_17_P11005866 chr19:61607108-61607152 9611.32  2229.63  2.11  11419.84  2539.12  2.17  

251 HADHA A_17_P15227319 chr2:26260951-26260995 2443.62  566.93  2.11  2884.64  492.23  2.55  

252 FRZB A_17_P15362864 chr2:183439119-183439163 6327.43  1468.05  2.11  7144.04  1662.27  2.10  

253 DAB1 A_17_P00221111 chr1:57660585-57660629 6735.08  1562.76  2.11  7601.18  1836.49  2.05  

254 GUCY1A3 A_17_P03548560 chr4:156807786-156807830 6443.25  1495.43  2.11  11083.43  2587.01  2.10  

255 SLC12A8 A_17_P02561391 chr3:126343425-126343469 10500.70  2437.49  2.11  13544.15  2779.13  2.28  

256 DMRTA1 A_17_P06642798 chr9:22436784-22436829 5865.81  1361.98  2.11  7602.56  1553.97  2.29  

257 ZNF528 A_17_P31635216 chr19:57592688-57592745 2484.22  577.32  2.11  2809.70  670.10  2.07  

258 PRKD1 A_17_P09197351 chr14:29466199-29466243 8604.58  1999.72  2.11  4905.11  1156.61  2.08  

259 L3MBTL2 A_17_P11511383 chr22:39963482-39963526 6946.00  1615.79  2.10  6452.78  1605.32  2.01  

260 MAL A_17_P21436562 chr2:95054561-95054605 6598.02  1535.58  2.10  6837.48  1729.10  1.98  

261 RAB3C A_17_P03953324 chr5:57913954-57914006 4818.85  1121.71  2.10  5283.60  1177.54  2.17  

262 DLX1 A_17_P01675412 chr2:172654359-172654403 9819.52  2285.90  2.10  6561.58  1385.39  2.24  

263 BVES A_17_P25156254 chr6:105690751-105690810 6893.59  1605.97  2.10  5282.35  1670.61  1.66  

264 FREM2 A_17_P08791441 chr13:38159205-38159249 4620.54  1076.44  2.10  10787.76  2602.11  2.05  

265 AMH A_17_P17096702 chr19:2201856-2201900 7415.96  1728.75  2.10  5737.32  1341.74  2.10  

266 OAT A_17_P16393149 chr10:126067493-126067537 14674.03  3421.50  2.10  12395.23  2632.54  2.24  



267 GAS1 A_17_P16235814 chr9:88750476-88750520 10521.88  2453.42  2.10  13538.74  2925.23  2.21  

268 TOX A_17_P06149870 chr8:60192729-60192782 7679.46  1791.66  2.10  13224.33  2911.29  2.18  

269 LHFPL3 A_17_P05660391 chr7:103756673-103756717 10299.73  2403.01  2.10  9200.78  2237.42  2.04  

270 ATOH1 A_17_P03273698 chr4:94969650-94969700 9396.85  2192.37  2.10  5254.25  1051.17  2.32  

271 TEPP A_17_P10041275 chr16:56575948-56575992 7828.46  1826.74  2.10  9272.45  1913.97  2.28  

272 RSPO2 A_17_P06371123 chr8:109163666-109163710 10325.27  2409.89  2.10  8136.10  1978.23  2.04  

273 LOC645191 A_17_P17096828 chr19:2240899-2240943 9070.60  2118.41  2.10  5261.38  1055.67  2.32  

274 DNAH11 A_17_P05351949 chr7:21548902-21548949 5479.83  1279.88  2.10  10759.52  2335.99  2.20  

275 GPR158 A_17_P16302119 chr10:25504531-25504575 4889.87  1142.28  2.10  6410.29  1418.72  2.18  

276 RARA A_17_P16980033 chr17:35752277-35752321 5537.15  1294.46  2.10  6575.02  1352.93  2.28  

277 SLC35F1 A_17_P05014176 chr6:118335090-118335134 2905.85  679.69  2.10  3693.97  720.76  2.36  

278 ABCC9 A_17_P16539923 chr12:21985239-21985290 2779.25  650.11  2.10  4198.19  968.89  2.12  

279 IFITM1 A_17_P16405638 chr11:305807-305851 6228.75  1458.29  2.09  7652.26  1479.94  2.37  

280 CAB39 A_17_P15391685 chr2:231401040-231401084 8227.05  1927.92  2.09  8241.72  2059.14  2.00  

281 AMPH A_17_P05430131 chr7:38636880-38636932 9059.76  2124.67  2.09  9882.07  2667.25  1.89  

282 SYT14 A_17_P15170351 chr1:208177841-208177885 4697.27  1101.63  2.09  5854.60  1176.37  2.32  

283 CXCR7 A_17_P01983113 chr2:237141436-237141491 12877.41  3020.22  2.09  12304.12  2962.33  2.05  

284 MEIS2 A_17_P09590765 chr15:35190452-35190502 6192.04  1452.50  2.09  9024.75  1950.47  2.21  

285 HIST1H4H A_17_P24813897 chr6:26392652-26392711 3685.64  864.65  2.09  343.47  71.35  2.27  

286 TRIM72 A_17_P09986042 chr16:31134711-31134755 5995.31  1406.61  2.09  5719.75  1110.35  2.36  

287 GSC A_17_P09486469 chr14:94304437-94304481 7215.81  1693.81  2.09  7867.06  1707.34  2.20  

288 ISL2 A_17_P09767147 chr15:74414548-74414592 7371.75  1731.24  2.09  8329.04  1974.85  2.08  

289 GAD1 A_17_P15355012 chr2:171383186-171383230 6564.24  1542.55  2.09  6484.19  2063.45  1.65  

290 FLJ45983 A_17_P16289656 chr10:8131442-8131492 5019.11  1179.58  2.09  6860.93  1466.25  2.23  

291 ZNF582 A_17_P11005840 chr19:61596483-61596527 6841.68  1608.99  2.09  8028.78  1723.83  2.22  

292 LAMB1 A_17_P05676515 chr7:107429063-107429107 9625.09  2263.63  2.09  11703.13  2531.84  2.21  

293 TCF21 A_17_P05091092 chr6:134252275-134252328 8156.67  1918.41  2.09  10106.57  2339.72  2.11  

294 ZPBP A_17_P05480583 chr7:50103062-50103121 2056.43  483.81  2.09  8406.57  1813.17  2.21  

295 MSX1 A_17_P15538994 chr4:4905597-4905641 3916.52  921.48  2.09  2335.56  486.24  2.26  

296 RUNDC3B A_17_P05592084 chr7:87094849-87094893 8336.32  1962.65  2.09  8472.78  2050.17  2.05  

297 HIST1H2BB A_17_P04624467 chr6:26152188-26152241 5819.78  1370.70  2.09  6723.17  1335.57  2.33  

298 EN1 A_17_P15314989 chr2:119309122-119309166 3557.32  838.18  2.09  15013.80  3393.96  2.15  

299 DACH2 A_17_P11813503 chrX:85289823-85289867 3581.17  844.27  2.08  8909.75  2227.53  2.00  

300 EBF1 A_17_P04405739 chr5:158456554-158456598 7480.77  1763.76  2.08  8502.11  1896.02  2.16  



301 NKX2-2 A_17_P11110573 chr20:21436519-21436563 7379.71  1740.48  2.08  3949.90  986.48  2.00  

302 FGF12 A_17_P15523102 chr3:193608539-193608583 6528.65  1540.45  2.08  8467.42  1976.81  2.10  

303 INSRR A_17_P00530277 chr1:155081556-155081600 17287.19  4079.09  2.08  7049.90  1694.04  2.06  

304 GPR176 A_17_P09604625 chr15:37999187-37999234 9182.95  2167.35  2.08  6044.05  1386.22  2.12  

305 MARCKS A_17_P25196718 chr6:114283653-114283709 3882.89  916.70  2.08  7906.20  1590.60  2.31  

306 NPBWR1 A_17_P26406641 chr8:54014472-54014517 4403.42  1039.91  2.08  7249.57  1612.12  2.17  

307 SOX5 A_17_P08252048 chr12:24606506-24606552 9426.66  2226.36  2.08  11744.71  2929.93  2.00  

308 GALNT13 A_17_P01587244 chr2:154436256-154436300 8239.65  1946.33  2.08  6500.71  1356.44  2.26  

309 TMEM176B A_17_P16037980 chr7:150127916-150127960 16158.23  3817.69  2.08  8789.27  2106.50  2.06  

310 FOLH1 A_17_P28208619 chr11:49186497-49186541 6895.53  1629.72  2.08  16764.34  4190.87  2.00  

311 ST6GALNAC5 A_17_P15074278 chr1:77106078-77106122 7639.00  1805.86  2.08  4507.88  1051.34  2.10  

312 NELL1 A_17_P07682393 chr11:20647143-20647187 5878.08  1389.67  2.08  7153.55  1475.21  2.28  

313 RUNX1T1 A_17_P16116038 chr8:93183257-93183301 11596.30  2741.67  2.08  10122.25  2395.60  2.08  

314 MT1G A_17_P16899554 chr16:55259474-55259518 6730.70  1591.38  2.08  5261.02  964.58  2.45  

315 LOC388931 A_17_P15225852 chr2:24086173-24086217 9281.95  2195.28  2.08  9853.74  2201.28  2.16  

316 ZNF578 A_17_P10996137 chr19:57648585-57648629 6677.65  1579.51  2.08  8888.30  1788.93  2.31  

317 KCTD8 A_17_P03074893 chr4:44144330-44144379 11219.75  2653.90  2.08  9807.55  2282.06  2.10  

318 ELF3 A_17_P15162241 chr1:200248997-200249041 11478.02  2715.27  2.08  16740.04  3981.38  2.07  

319 TRPC6 A_17_P16495770 chr11:100958655-100958699 6818.66  1614.01  2.08  7582.35  1944.75  1.96  

320 MYF6 A_17_P16575924 chr12:79626517-79626562 8639.92  2045.53  2.08  22406.40  6364.13  1.82  

321 TCF4 A_17_P10726942 chr18:51407955-51408014 1938.93  459.12  2.08  1911.31  441.40  2.11  

322 TBX20 A_17_P05414694 chr7:35259472-35259520 6111.79  1447.98  2.08  8314.17  2023.54  2.04  

323 GRIK1 A_17_P17229741 chr21:30233321-30233365 9282.22  2200.06  2.08  9946.25  2304.89  2.11  

324 FAM150A A_17_P26405123 chr8:53639645-53639692 5943.77  1408.94  2.08  5758.45  1291.04  2.16  

325 SYT7 A_17_P16457707 chr11:61033157-61033201 1765.19  418.47  2.08  4386.38  907.55  2.27  

326 TBX15 A_17_P15105625 chr1:119323912-119323956 7432.43  1762.13  2.08  10951.71  2028.86  2.43  

327 SCRT2 A_17_P17167035 chr20:592351-592395 3607.15  855.21  2.08  4395.36  1045.05  2.07  

328 ZAR1 A_17_P15565313 chr4:48186817-48186867 4884.34  1158.53  2.08  4572.90  1072.54  2.09  

329 NODAL A_17_P07302069 chr10:71870077-71870121 8649.76  2052.10  2.08  5719.18  1445.22  1.98  

330 EMX1 A_17_P15255667 chr2:72998607-72998651 3761.98  892.79  2.08  8063.08  2153.20  1.90  

331 OLIG3 A_17_P05108669 chr6:137851012-137851058 5867.05  1393.53  2.07  6990.11  1608.44  2.12  

332 PHACTR1 A_17_P04561150 chr6:12857954-12857998 5995.77  1424.62  2.07  6326.09  1393.15  2.18  

333 TMEM55A A_17_P16115473 chr8:92066496-92066540 5552.95  1319.77  2.07  8664.96  1967.45  2.14  

334 PRMT8 A_17_P16524864 chr12:3470352-3470396 10507.54  2497.70  2.07  6931.54  2091.37  1.73  



335 TBC1D10C A_17_P16464739 chr11:66933556-66933600 5162.64  1227.30  2.07  5681.92  1321.56  2.10  

336 CHRM1 A_17_P16459392 chr11:62447789-62447833 5672.75  1349.05  2.07  5976.11  1414.68  2.08  

337 NPTX2 A_17_P15993072 chr7:98083692-98083736 5324.27  1266.47  2.07  6148.50  1450.17  2.08  

338 HOXC11 A_17_P08362192 chr12:52653134-52653190 5731.07  1364.04  2.07  9629.57  2395.59  2.01  

339 FBN1 A_17_P09641905 chr15:46724138-46724182 8983.44  2138.93  2.07  11200.34  2458.42  2.19  

340 NXPH2 A_17_P15336134 chr2:139254150-139254194 3876.85  923.13  2.07  7597.31  1714.00  2.15  

341 VWC2 A_17_P15940391 chr7:49783516-49783560 5812.50  1384.33  2.07  10843.23  2873.39  1.92  

342 PDGFD A_17_P07998316 chr11:103539768-103539812 4864.26  1158.82  2.07  5155.73  1307.90  1.98  

343 RUSC1 A_17_P15132026 chr1:153557270-153557314 7543.12  1797.48  2.07  9787.51  2388.42  2.03  

344 ZNF292 A_17_P15837440 chr6:87918333-87918377 3675.50  876.21  2.07  19482.82  4877.05  2.00  

345 CREB3L1 A_17_P16441860 chr11:46256307-46256351 9562.83  2279.80  2.07  9437.91  2087.61  2.18  

346 CACNA2D1 A_17_P05566466 chr7:81910280-81910328 5331.36  1271.09  2.07  8780.87  2213.94  1.99  

347 NOS2A A_17_P10269531 chr17:23144490-23144534 8387.94  1999.86  2.07  9965.78  1994.21  2.32  

348 CCNO A_17_P15691599 chr5:54554908-54554952 8570.96  2043.64  2.07  11189.13  2451.85  2.19  

349 SIX1 A_17_P16707843 chr14:60173749-60173793 6100.84  1455.64  2.07  6568.44  1371.25  2.26  

350 FAM26F A_17_P15854422 chr6:116889810-116889854 9261.28  2210.13  2.07  20012.21  4090.90  2.29  

351 PRKCE A_17_P15239550 chr2:45732845-45732889 6746.35  1610.24  2.07  7094.14  1570.98  2.17  

352 ADCYAP1R1 A_17_P15923446 chr7:31059024-31059068 6830.65  1630.41  2.07  7985.47  1850.90  2.11  

353 BSX A_17_P08084964 chr11:122353213-122353260 12916.74  3084.12  2.07  15475.14  3559.48  2.12  

354 RGS20 A_17_P06126585 chr8:54952251-54952296 7222.26  1725.05  2.07  12750.26  3233.27  1.98  

355 VSTM2A A_17_P05499935 chr7:54577464-54577509 5587.08  1335.37  2.06  10661.14  2550.09  2.06  

356 RUVBL1 A_17_P15486584 chr3:129278201-129278245 6307.77  1508.56  2.06  7047.82  1460.16  2.27  

357 LPL A_17_P16076100 chr8:19841172-19841216 6444.20  1541.55  2.06  17562.62  5591.00  1.65  

358 HPDL A_17_P00174845 chr1:45565136-45565180 10620.26  2543.79  2.06  15568.60  3206.60  2.28  

359 KY A_17_P15491934 chr3:135852352-135852396 3080.18  738.15  2.06  6029.11  1677.66  1.85  

360 SEC61A1 A_17_P02572602 chr3:129277470-129277514 6039.06  1447.55  2.06  5980.18  1497.34  2.00  

361 KCTD12 A_17_P08969788 chr13:76357436-76357480 7350.83  1762.43  2.06  6343.58  1422.38  2.16  

362 ZNF829 A_17_P17135371 chr19:42098836-42098880 12564.79  3014.18  2.06  4870.88  1177.02  2.05  

363 SLC16A11 A_17_P10211813 chr17:6886410-6886454 7109.78  1705.71  2.06  9197.91  1855.59  2.31  

364 IRX4 A_17_P15657031 chr5:1927993-1928037 4220.69  1013.08  2.06  14157.13  2891.56  2.29  

365 CYYR1 A_17_P11327639 chr21:26867052-26867096 4681.31  1123.68  2.06  5527.76  1306.46  2.08  

366 SH3GL2 A_17_P16162587 chr9:17568951-17568995 4638.79  1113.63  2.06  3312.41  763.67  2.12  

367 P2RY1 A_17_P15501314 chr3:154036243-154036287 10905.34  2619.93  2.06  17578.76  4193.42  2.07  

368 TRIM15 A_17_P15798908 chr6:30247735-30247779 2804.43  674.00  2.06  3668.64  732.44  2.32  



369 WNT9B A_17_P10342562 chr17:42283520-42283564 17474.43  4201.46  2.06  6864.89  1719.77  2.00  

370 UNCX A_17_P15899025 chr7:1230080-1230124 8953.68  2153.18  2.06  4078.39  1047.94  1.96  

371 SCUBE3 A_17_P04658851 chr6:35289189-35289233 3684.76  886.16  2.06  22353.68  5348.56  2.06  

372 DLX4 A_17_P10356359 chr17:45396209-45396253 18908.39  4550.25  2.06  15387.89  3296.38  2.22  

373 ABCB6 A_17_P01900712 chr2:219792233-219792281 4258.12  1024.85  2.05  8208.85  1895.70  2.11  

374 CD1D A_17_P00535880 chr1:156417222-156417270 2377.84  572.34  2.05  9499.38  2275.29  2.06  

375 NHLH2 A_17_P00476183 chr1:116172394-116172438 14265.92  3434.54  2.05  18810.19  3753.76  2.33  

376 KIAA1383 A_17_P00865691 chr1:231007633-231007677 15212.78  3664.10  2.05  17835.59  4490.32  1.99  

377 PDE4D A_17_P03960860 chr5:59224841-59224885 5015.39  1209.08  2.05  7527.34  1534.03  2.29  

378 TACC1 A_17_P16088143 chr8:38764279-38764323 7454.08  1797.36  2.05  10396.08  2347.56  2.15  

379 RAX A_17_P10745202 chr18:55083010-55083055 7151.32  1724.55  2.05  7614.07  1862.05  2.03  

380 GMPPA A_17_P01902071 chr2:220069908-220069952 12505.93  3016.40  2.05  15384.56  2848.61  2.43  

381 SPAG17 A_17_P00486623 chr1:118529433-118529477 5317.56  1282.64  2.05  6395.71  1342.33  2.25  

382 HIST1H2BI A_17_P04625559 chr6:26380396-26380440 2889.14  696.90  2.05  3757.08  724.56  2.37  

383 FAM19A2 A_17_P16565704 chr12:60871209-60871253 4457.40  1075.22  2.05  14176.97  3316.35  2.10  

384 KIAA1199 A_17_P16813001 chr15:78859571-78859615 7461.69  1800.37  2.05  11521.20  2438.33  2.24  

385 GLT25D2 A_17_P00650450 chr1:182272120-182272165 5199.75  1255.23  2.05  10082.75  2527.62  2.00  

386 KLF4 A_17_P06881136 chr9:109289633-109289677 11017.91  2660.25  2.05  12423.04  3419.96  1.86  

387 GAL7 A_17_P17137318 chr19:43975354-43975398 9458.87  2284.13  2.05  11124.19  2550.87  2.12  

388 CBLN4 A_17_P11228534 chr20:54011874-54011928 2860.10  690.89  2.05  8449.38  1857.60  2.19  

389 FOXC2 A_17_P16923135 chr16:85156831-85156875 13175.70  3183.64  2.05  6730.44  1645.98  2.03  

390 CALCA A_17_P07656160 chr11:14951739-14951783 15345.71  3711.34  2.05  9107.25  2209.74  2.04  

391 STAT5A A_17_P16983281 chr17:37693718-37693762 8614.92  2086.25  2.05  12069.26  2801.53  2.11  

392 STAC2 A_17_P16979035 chr17:34619760-34619804 8788.10  2128.68  2.05  3809.10  912.75  2.06  

393 FLRT2 A_17_P16723891 chr14:85066350-85066394 5153.16  1248.40  2.05  10655.86  2293.18  2.22  

394 G0S2 A_17_P00766809 chr1:207914979-207915025 4375.02  1060.62  2.04  4933.02  1299.41  1.92  

395 HIF1AN A_17_P16377783 chr10:102312154-102312198 8834.11  2142.12  2.04  5549.17  1272.21  2.12  

396 TNFRSF8 A_17_P15024281 chr1:12046115-12046159 10178.55  2469.44  2.04  11573.16  2516.58  2.20  

397 MFAP3L A_17_P23775277 chr4:171183299-171183358 4026.57  977.21  2.04  3364.72  857.65  1.97  

398 HIST4H4 A_17_P08206542 chr12:14813328-14813381 8082.57  1961.81  2.04  9828.02  2276.53  2.11  

399 SLC7A14 A_17_P02761375 chr3:171785612-171785656 6000.22  1456.49  2.04  7313.85  1630.41  2.17  

400 CLEC14A A_17_P09235378 chr14:37794156-37794200 5170.40  1255.11  2.04  6425.11  1408.57  2.19  

 



Supplementary Table 2. Clinicopathological characteristics and CA4 methylation 

status in tumor tissues of colon cancer patients 

  Methylated   Non-methylated   

 

(n=87) % (n=28) % 

Age 54.4±26.5 

 

58.5±28.5 

 Gender 

    M  51 71.83 20 28.17 

F 36 81.82 8 18.18 

TNM 

    
I 0 0 0 0 

II 25 75.76 8 24.24 

III 62 75.61 20 24.39 

IV 0 0 0 0 

Localization 

    Colon 36 69.23 16 30.77 

Rectum 51 80.95 12 19.05 

Differentiation 

   Low 20 71.43 6 28.57 

Moderate 

/or high 67 77.01 20 22.99 

 

 

 

 

 

 

 

 



Supplementary Table 3. DNA Sequences of primers 

Primer names Sequence (5'->3') 

PCR   

CA4-F CCGGCTCAGAGGACTCTT 

CA4-R GTTGGAGGACTCGGCTTGAA 

WTAP-F CCTCCCTTCACCTTTCCTC 

WTAP-R TGGGAAGAGGTTCTTCGTTG 

TBL1-F GTAACCTGGCCAGCACCTTA 

TBL1-R GGCAAAGGTCGTGTTGTTCT 

β-actin-F GTCTTCCCCTCCATCGTG  

β-actin-R AGGGTGAGGATGCCTCTCTT  

COBRA   

CA4-cobra-F TATAGGGTAAGAGGTGGTTAGGTAGG 

CA4-cobra-R CATCCTTATCAAAAACTCCCAACT 

MSP   

CA4-methylated-F GTCGTTGTTGAGTGGAGAGGACGC 

CA4-methylated-R CGCGAATACAACGATCCTACCG 

CA4-unmethylated-F GTTGTTGTTGAGTGGAGAGGATGT 

CA4-unmethylated-R CACCACAAATACAACAATCCTACCA 

 

 



Supplementary Table 4. A list shows the antibodies used 

Antibody name Company Catalog No. Dilution 

CA4 Santa cruz sc-74527 1:500 

GAPDH Santa cruz sc-25778 1:2,000 

P27 Cell Signaling Technology #2552 1:1,000 

P15 Santa cruz sc-612 1:1,000 

Cyclin-D1 Santa cruz sc-246 1:1,000 

p21 Santa cruz sc-6246 1:1,000 

Cleaved caspase-3 Cell Signaling Technology #9661 1:500 

Cleaved caspase-7 Cell Signaling Technology #9491 1:800 

Cleaved caspase-8 Cell Signaling Technology #9496L 1:800 

Cleaved PARP  Cell Signaling Technology #9541 1:800 

E-cadherin        

N-cadherin 

Vimentin 

WTAP 

Cell Signaling Technology 

Cell Signaling Technology 

Cell Signaling Technology 

Santa cruz 

#3195 

#13116 

#5741 

sc-374280 

1:500 

1:500 

1:500 

1:500 

WT1 Novus NB110-60011 1:500 

Active β-catenin Millipore 2189941 1:800 

β-catenin Cell Signaling Technology #9562 1:1,000 

Lamin A/C BD Bioscience 612162 1:1,000 

Ubiquitin Cell Signaling Technology #3936 1:800 
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