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Down-requlation of RBM47 due i

to diminished activation by forkhead box A1
(FOXAT1) and silencing by CpG methylation

is associated with epithelial-mesenchymal
transition and metastasis of colorectal cancer
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Abstract

The gene encoding the RNA-binding motif protein 47 (RBM47) is highly expressed in epithelial cells and its down-
regulation is characteristic for many types of cancer, among them colorectal cancer (CRC). However, the underlying
mechanisms for this differential expression of RBM47 and its functional consequences during CRC progression have
remained unknown. Here we found that RBM47 expression progressively decreases during CRC progression and is asso-
ciated with poor prognosis and the metastatic CRC subtypes CMS4 and CRIS-B. In mice and humans RBM47 expression
was highest in endoderm-derived tissues. The expression of forkhead box A1 (FOXAT), a transcription factor essential
for the development of endoderm-derived epithelial tissues, showed a positive correlation with RBM47 expression

in human tissues, as well as in primary CRCs and derived cell lines. Like RBM47, FOXAT showed a down-regulation
during CRC progression that is associated with poor prognosis and CMS4/CRIS-B. Ectopic FOXAT induced RBM47

via directly binding to FOXA1 binding sites within the RBM47 promoter region. Up-regulation of RBM47 was necessary
for FOXA1-mediated mesenchymal-to-epithelial transition (MET) and inhibition of CRC cell migration and invasion.
RBM47 expression was silenced by CpG methylation in mesenchymal-like CRC cell lines. Moreover, epigenetic silencing
of RBM47 in primary CRCs was associated with liver metastases. Therefore, the down-regulation of RBM47 is presum-
ably initially mediated by loss of FOXAT expression and subsequently fixed by CpG methylation of the RBM47 promoter.
This down-regulation of RBM47 facilitates EMT and thereby promotes CRC metastasis. Finally, our results show that CpG
hypermethylation of the RBM47 promoter represents a potential biomarker for metastatic CRC.
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Introduction

Colorectal cancer (CRC) causes more than 900,000
deaths worldwide every year making it the second most
lethal type of cancer [1]. More than 90% of CRC mortal-
ity is due to metastasis and less than 15% of patients with
metastatic CRC (mCRC) survive more than 5 years [2].
Therefore, a better understanding of mechanisms under-
lying CRC metastasis is needed to improve the preven-
tion and therapy of mCRC.

The RNA binding motif protein 47 (RBM47) is an RNA-
binding protein that regulates the post-transcriptional
expression of its targets by modulating the stability, splic-
ing, and editing of RNA [3]. RBM47 acts tumor suppres-
sive in breast, lung and CRC cell lines and mouse models
[4—6]. The down-regulation of RBM47 has been consist-
ently associated with aggressive cancer phenotypes, mak-
ing it a promising biomarker for CRC progression [3].
RBM47 suppresses breast cancer progression and metas-
tasis by stabilizing the Dickkopf 1 (DKKI) mRNA and
thereby inhibiting Wnt activity [6]. Furthermore, RBM47
suppresses lung tumor growth through the inhibition of
NFE2-like bZIP transcription factor 2 (NRF2) activity [5].
We have previously shown that inactivation of RBM47 in
a human, epithelial-like CRC cell line allows metastases
formation in mice [4]. Recently, intestinal epithelial-spe-
cific deletion of Rbm47 was shown to cause polyposis in
aged mice, whereas the same mice were protected against
colitis-associated cancer, suggesting that the role of
RBM47 in carcinogenesis may depend on the context [7].

A critical aspect of metastasis is the dynamic regula-
tion of epithelial-mesenchymal plasticity, which facilitates
tumor dissemination and colonization at distant sites [8].
Accumulating evidence suggests, that RBM47 plays a piv-
otal role in maintaining epithelial integrity by antagonizing
epithelial-to-mesenchymal transition (EMT) [4, 5, 9, 10].
RBM47 is highly expressed in epithelial-like cancer cells,
whereas decreased RBM47 expression was found in mesen-
chymal-like cancer cells, which are generally more invasive
and metastatic than epithelial-like CRC lines [4]. However,
the mechanisms underlying RBM47 repression during can-
cer progression are not well understood. DNA methylation
is a common mechanism of tumor suppressor gene inacti-
vation [11], raising the possibility that down-regulation of
RBM47 in CRC may be due to epigenetic silencing.

RBM47 is repressed by several EMT-related transcrip-
tion factors, such as snail family transcriptional repres-
sor 1 (SNAIL), snail family transcriptional repressor 2
(SLUG), signal transducer and activator of transcription
3 (STAT3), and SMAD family member 3 (SMAD3) in
cancer cells [4, 5]. However, it is not known which tran-
scription factors (TFs) or pathways are driving the high
expression of RBM47 observed in normal epithelial tis-
sues. The forkhead box Al (FOXA1) protein is a member

Page 2 of 17

of the FOXA family of fork-head domain TFs, which
play essential roles in the development of endoderm
and endoderm-derived epithelial tissues [12]. FOXA1
and FOXA2 TFs are suppressors of EMT and metasta-
sis in lung and pancreatic cancer [13, 14]. Interestingly,
the EMT transcription factor SNAIL directly suppresses
FOXA1 expression in CRC cells, which facilitates the
inactivation of FOXA1l-bound enhancers at key genes
associated with epithelial differentiation, such as E-cad-
herin (CDHI), caudal type homeobox 2 (CDX2), and
EPH receptor B3 (EPHB3) [15]. Like RBM47, FOXAI is
highly expressed in normal colon epithelial cells, but sig-
nificantly down-regulated in colon cancers [16].

In this study, we show that RBM47 expression is
directly induced by FOXA1 and strictly correlates with
FOXA1 expression in normal tissues and during CRC
progression. Moreover, the induction of RBM47 by
FOXA1 was required for FOXAl-induced mesenchy-
mal-to-epithelial transition (MET) and the repression of
migration and invasion in CRC cells. In addition, RBM47
was found to be silenced by CpG methylation in mesen-
chymal-like CRC cell lines and preferentially in primary
CRCs from patients with liver metastases.

Results

Association of RBM47 down-regulation in CRCs

with metastasis and poor prognosis

We have previously shown that RBM47 mRNA expres-
sion is significantly lower in tumors when compared
to adjacent normal colon tissue by analyzing The Can-
cer Genome Atlas (TCGA) colon cancer patient cohort
representing 39 matched tumor/normal tissue pairs [4].
Here these analyses were extended to 12 cohorts repre-
senting 584 CRC patients: 10 of these showed consist-
ent and significant down-regulation of RBM47 in tumors
when compared to adjacent normal tissue (Fig. 1la).
Furthermore, low RBM47 expression was consistently
associated with distant metastasis (M1; Fig. 1b). A con-
sensus molecular subtype (CMS) classification has been
introduced that groups CRCs into 4 main subtypes [17].
The expression of RBM47 was lowest in the mesenchy-
mal-like CMS4 subtype (Fig. 1c), which corresponds to
patients with the poorest prognosis and highest inci-
dence of metastases. CMS subtypes were defined by
expression signatures derived from bulk tumor samples,
which also contain stromal cells that might confound the
results. To circumvent this problem, mRNA expression
signatures were obtained from patient-derived xenografts
(PDXs) using microarray analyses, in which human-
specific probe sets were used to selectively eliminate the
contribution of (murine) stromal mRNAs from whole-
tumor mRNA expression patterns. Thereby, 5 different
colorectal cancer intrinsic subtypes (CRIS) were defined
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Fig. 1 Associations of RBM47 expression with clinico-pathological characteristics in CRC. a RBM47 expression in colorectal tumors and matched
adjacent normal colon tissues in indicated patient cohorts. Fold changes are represented by dots and 95% confidence intervals (Cl) by horizontal
lines. b Forest plot showing fold changes in RBM47 expression between primary colorectal tumors from patients with metastasis (pM1)

and without metastasis (pMO) in indicated patient cohorts. Dots represent fold changes and horizontal lines show 95% (Cl). ¢ Expression

of RBM47 in human colorectal tumors belonging to indicated CMS and CRIS subtypes. d Forest plot showing Hazard ratios for relapse free survival
by comparing patients with high versus low expression of RBM47 in indicated CRC patient cohorts. Hazard ratios are represented by dots and 95%

Cls by horizontal lines. The log-rank method was used to calculate p-values

[18]. RBM47 expression was lowest in the CRIS-B sub-
type (Fig. 1c), which is also characterized by poor prog-
nosis and metastasis. Finally, low RBM47 expression was
consistently associated with poor relapse-free survival
(Fig. 1d) of CRC patients. Taken together, compared to
normal colon tissue, RBM47 expression is consistently
down-regulated in tumors. Furthermore, low RBM47
expression is associated with distant metastasis and poor
survival.

In vivo correlation of RBM47 and FOXA1 expression

Next, we aimed to determine which transcription fac-
tors (TFs) are responsible for the elevated expression of
RBM47 in normal epithelial cells and early-stage CRC.

In humans, RBM47 protein expression is highest in the
colon, small intestine, gallbladder and lung (Fig. 2a; data
from the Human Protein Atlas) tissues, which are deriva-
tives of the endoderm. Indeed, RBM47 is preferentially
expressed in the endoderm of E8.5 mouse embryos and
in endoderm-derived tissues in adult mice [19]. There-
fore, endoderm-specific TFs might bind to the RBM47
promoter region and activate its transcription. The mem-
bers of the FOXA family of fork-head domain TFs play
essential roles in the development of endoderm and
endoderm-derived tissues [12]. Analysis of RNA-Seq data
from the Genotype-Tissue Expression project (GTEx)
showed a significant positive correlation between RBM47
and FOXA1I expression across human tissues with high
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Fig.2 FOXAT is a regulator of RBM47 expression. a RBM47 protein expression in human tissues (data from the Human Protein Atlas). b Correlation
between FOXAT and RBM47 expression in adult human tissues (data from GTEXx). The Pearson correlation coefficient with two-tailed p-value

is shown. ¢ Correlation between FOXAT and RBM47 mRNA expression in colorectal tumors and cell lines from indicated cohorts. Pearson correlation
coefficients (1) and 95% Cls are shown. d FOXAT expression in colorectal tumors and matched adjacent normal colonic mucosa in indicated

patient cohorts. Fold changes are represented by dots and 95% Cls by horizontal lines. e Expression of FOXAT in human colorectal tumors

corresponding to indicated CMS and CRIS subtypes. f Relapse free survival of CRC patients with high versus low expression of FOXA1. Hazard ratios
are represented by dots and 95% Cls by horizontal lines. The log-rank method was used to calculate p-values. g FOXAT and RBM47 expression

in epithelial- and mesenchymal-like CRC cell lines. h Western blot analysis of FOXA1 and RBM47 protein expression within a panel of epithelial-like
and mesenchymal-like colorectal cancer cell lines. Western blot replicates 2 and 3 are shown in Fig. S2. ** p<0.01; ***, p<0.001

expression of both mRNAs in endoderm-derived tis-
sues (Fig. 2b). Furthermore, FOXAI mRNA expres-
sion displayed a consistent and statistically significant

positive correlation with RBM47 mRNA expression in
primary CRCs and CRC cell lines in 14 cohorts (Fig. 2c).
Like RBM47, FOXA1 expression was consistently and
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significantly down-regulated in colon cancers when com-
pared to adjacent normal colon tissue (Fig. 2d). Interest-
ingly, the fold changes of RBM47 and FOXAI expression
between tumor and normal tissues within the analyzed
CRC patient cohorts showed a significant, positive cor-
relation (Fig. S1; data from Figs. 1a and 2d). Furthermore,
similar to RBM47, FOXA1 expression was lowest in the
CMS4 CRC subtype (Fig. 2e) and low FOXAI expression
was consistently associated with low relapse-free survival
in CRC patients (Fig. 2f). Finally, FOXAI and RBM47
expression was lower in mesenchymal-like CRC cell lines
when compared to epithelial-like CRC cell lines (Fig. 2g-
h, Fig. S2). In the CRC field the SW480 and SW620 cell
lines are considered to represent mesenchymal-like CRC
cell lines, whereas DLD-1, HCT15, HT29, and CaCO2
represent epithelial-like CRC cell lines [20]. Here, the
epithelial- and mesenchymal-like status of CRC cell
lines was defined based on the expression of the epithe-
lial marker E-cadherin (CDH1) and the mesenchymal
marker Vimentin (VIM), which we determined previ-
ously [21]. Epithelial-like cells lines express high levels of
CDH1 and low levels of VIM, whereas mesenchymal-like
cell lines express low levels of CDH1 and high levels of
VIM. Taken together, these results implied that FOXA1
may directly induce RBM47 expression.

RBMA47 expression is directly induced by FOXA1

To investigate whether RBM47 expression is directly
regulated by FOXA1, public GEO expression profiling
datasets with ectopic expression/knockdown/knockout
of FOXAI in cell lines or mice were analyzed (Fig. 3a).
RBM47 mRNA was induced after ectopic FOXAI expres-
sion and suppressed after FOXAI knockdown/knockout
in the majority of studies (Fig. 3a). Next, three putative
FOXA1 binding sites upstream of the transcriptional
start site (TSS) and one within the first intron of the
RBM47 locus were determined (Fig. 3b). Besides one
binding site 3.3 kbp upstream of the TSS, three putative
binding sites were located more than 30 kb from the TSS,
suggesting that they are located within enhancer regions.
This is consistent with previous reports, which showed
that FOXA1 mainly operates through binding to enhanc-
ers [22]. Analysis of FOXA1 chromatin immuno-precip-
itation (ChIP)-seq data sets from various cell lines and
tissues (available via the Encyclopedia of DNA Elements
(ENCODE) consortium) suggested that FOXA1 binds to
the predicted binding sites A and D in the RBM47 locus
(Fig. S3). ChIP-qPCR analysis confirmed the binding of
FOXA1 to the predicted FOXA1 binding sites A/B and
D and also to the binding site C in DLD1 and SW620
CRC cells (Fig. 3c-d). Next, FOXA1l was suppressed
using RNA-interference in DLD1 and HCT15 cells,
which express high levels of FOXA1, and ectopically
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expressed in SW480 and SW620 cells, which display low
levels of FOXA1. The repression of FOXA1 by a pool of
four different siRNAs resulted in a significant repres-
sion of RBM47 mRNA and protein in DLD1 and HCT15
CRC cells (Fig. 3e-f). Furthermore, ectopic expression
of FOXA1 in SW480 and SW620 CRC cells resulted in
the induction of RBM47 mRNA and protein expression
(Fig. 3g-j). Altogether, these results imply that RBM47 is
a direct target of FOXAL

FOXA1 induces mesenchymal to epithelial transition (MET)
via up-regulation of RBM47

Since FOXA1 and RBM47 have been associated with
EMT/MET and RBM47 is a FOXA1 target, we investi-
gated whether FOXA1 regulates EMT/MET via RBM47.
The siRNA-mediated knockdown of FOXA1 in epithelial-
like DLD1 cells induced the expression of mesenchymal
markers ZEB1, VIM, SNAIL, and SLUG and decreased
the expression of the epithelial marker E-cadherin
(Fig. 4a-c). Therefore, elevated levels of FOXA1 expres-
sion are required to maintain CRC cells in an epithelial-
like state. Furthermore, down-regulation of FOXA1 may
be sufficient for the induction of EMT. On the other
hand, ectopic expression of FOXA1 in the mesenchymal-
like CRC cell-lines SW480 and SW620 promoted a tran-
sition from a mesenchymal to an epithelial morphology
(spindle-shaped cells with a scattered growth pattern
became tightly packed, cobble-stone like cells), indicat-
ing that FOXA1 induces MET in CRC cells (Fig. 4d, Fig.
S4a). Indeed, ectopic FOXA1 repressed the expression of
mesenchymal markers Vimentin (VIM) and SNAIL at the
mRNA and protein levels and induced the expression of
the epithelial marker CDH1 in SW480 and SW620 cells
(Fig. 4e-f, Fig. S4b-c). Repression of RBM47 by siRNAs
prevented the induction of CDH1 and down-regulation
of VIM and SNAIL by FOXA1 (Fig. 4g-i, Fig. S4d-e). In
addition, activation of ectopic FOXA1 resulted in the
accumulation of CDH1 at the outer cell membrane which
was prevented by siRNA-mediated down-regulation of
RBM47 (Fig. 4i). Taken together, these results show that
FOXA1 induces MET in CRC cells and that this effect is
mediated, at least in part, by RBM47.

FOXAT1 suppresses migration and invasion of CRC cell

via RBM47

It has been shown that EMT promotes cell migration
and invasion, whereas MET suppresses these processes.
Therefore, we asked whether FOXA1- and RBM47-reg-
ulated EMT/MET also affects migration and invasion
of CRC cells. Ectopic expression of FOXA1 significantly
attenuated cell migration and invasion when compared
to the control group, as determined by transwell assays
(Fig. 5a-d). In contrast, RBM47 knock-down markedly
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enhanced migration and invasion relative to scram-
ble siRNA controls (Fig. 5a-d). To assess whether the
repression of migration and invasion by FOXA1 relies on
RBM47, SW480 and SW620 cells were transfected with
RBM47-specific siRNAs and ectopic FOXA1 expression
was induced by adding DOX. In the presence of RBM47-
specific siRNAs, ectopic FOXA1 expression failed to

inhibit migration and invasion (Fig. 5a-d). Also, in wound
healing assays cell migration was decreased after ectopic
expression of FOXA1 in cells transfected with control
siRNA, but not in cells transfected with RBM47 siRNA
(Fig. 5e-h). Therefore, the suppression of migration and
invasion by FOXA1 is mediated by RBM47.
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CpG methylation analysis of RBM47 in mesenchymal-like CRC cell lines and advanced pri-
Next, we aimed to determine the mechanism for the mary CRCs. A plausible mechanism for transcriptional
pronounced and consistent down-regulation of RBM47  down-regulation is the epigenetic silencing by CpG
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methylation [23]. Therefore, we analyzed whether the
down-regulation of RBM47 is associated with meth-
ylation of CpG residues within the vicinity of the TSS
of RBM47. First, 53 CRC cell lines were grouped into
epithelial- and mesenchymal-like cell lines, accord-
ing to the expression of CDHI and VIM (data from
the Cancer Cell Line Encyclopedia (CCLE)): thereby
45 cell lines were classified as epithelial-like (high
expression of CDHI and low expression of VIM) and

8 cell lines as mesenchymal-like (low expression of
CDH1 and high expression of VIM) (Fig. 6a). Subse-
quently, RBM47 expression and DNA methylation was
analyzed in these cell lines (data from CCLE). Most
epithelial-like cell lines displayed high RBM47 expres-
sion and absent or low RBM47 promoter methylation,
whereas mesenchymal-like CRC-cell lines showed low
RBM47 expression and high RBM47 promoter meth-
ylation (Fig. 6b). Accordingly, RBM47 expression and
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promoter methylation in CRC cell lines showed a sig-
nificant inverse correlation (Fig. 6¢c). To validate the
differential DNA methylation at the RBM47 promoter,
bisulfite sequencing was performed and methylation-
specific PCR (MSP) assays were established covering
the RBM47 promoter region that showed differen-
tial methylation in the CCLE data (Fig. 7a). Bisulfite

sequencing and MSP showed that CpG-residues in this
region of the RBM47 promoter are completely non-
methylated in epithelial-like CRC cell lines DLD1 and
HCT15, whereas the mesenchymal-like CRC cell lines
SW480 and SW620 display complete CpG methyla-
tion in this region (Fig. 7b-c). Treatment of SW480 and
SW620 CRC cells with the DNA methyltransferase
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inhibitor 5-aza-2’-deoxycytidine and the histone dea-
cetylase inhibitor trichostatin A (TSA) resulted in a
significant re-activation of RBM47 mRNA expression,
further confirming that CpG methylation is responsi-
ble for the repression of RBM47 expression (Fig. 7d).
Next, MSP was performed to determine RBM47 meth-
ylation in primary CRCs derived from an in-house M0/
M1 cohort, which represents 43 matched pairs of CRC
patients with or without liver metastases [4]. Primary
CRCs from patients with liver metastases showed a
significantly higher frequency and degree of RBM47
methylation when compared those from patients with-
out liver metastases (Fig. 7e-f). We previously ana-
lyzed the methylation of MIR34a and the expression
of miR-34a microRNA, as well as ¢c-MET, SNAIL, and
B-Catenin proteins in the in-house M0/M1 cohort [24,
25]. Compared to these markers, RBM47 methylation
showed a more significant association with metasta-
sis with a higher odds ratio, sensitivity, and specificity
(Table S1). We had previously determined the pro-
tein expression of RBM47 in the same M1/MO cohort
and could show that primary tumors from patients
with liver metastases display significantly lower levels
of RBM47 protein expression than patients without
liver metastases [4]. Correspondingly, the expression
of RBM47 protein and RBM47 promoter methylation
showed a significantly negative correlation in the M0/
M1 cohort (Fig. 7g). Altogether, these results show that
mesenchymal-like CRC cell lines and primary CRCs
that form distant metastases display silencing of the
RBM47 promoter by CpG methylation.

FOXA1 and RBM47 down-regulation during CRC
progression is associated with CpG methylation of RBM47
Since our results implied that the down-regulation of
FOXA1 and RBM47 expression promotes tumor progres-
sion, FOXA1 and RBM47 expression in different stages
of colorectal tumors was analyzed. Indeed, FOXAI and
RBM47 expression progressively decreased from stage 1
to stage 4 colorectal tumors in the majority of analyzed
CRC patient cohorts (Fig. 8a). The expression of FOXAI
and RBM47 decreased from normal tissue to stage I
tumors and further decreased in higher stage tumors
(Fig. 8b and c). The tumors and normal tissue from
the TCGA CRC patient cohort were also subjected to
methylation profiling (Fig. 8d). Interestingly, the RBM47
promoter methylation was similar in normal tissue and
stage I tumors, but increased in higher stage tumors,
suggesting the RBM47 promoter hypermethylation does
not occur during tumor initiation, but during tumor
progression.
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Discussion

The results presented here show that the FOXA1l-
RBM47 axis is a critical regulator of MET in CRC. In
normal intestinal epithelium FOXAI expression is
high, which presumably maintains the high expres-
sion of RBM47 in the epithelial cells. In early stage
CRCs expression of FOXA1 and RBM47 is decreased.
In metastatic, stage 4 CRCs an increase of epigenetic
silencing of RBM47 by CpG methylation was detected.
Therefore, the following scenario appears likely (see
also Fig. 8e): During the initiation of early adenomas,
the expression of FOXA1 and consequently RBM47 is
decreased. During adenoma to carcinoma progression
the RBM47 promoter becomes increasingly hypermeth-
ylated, suggesting that the initial downregulation of
RBM47, at least in part, due to the down-regulation of
FOXAL is epigenetically fixed. In support of this model,
it has been reported that FOXA1 has the ability to open
condensed chromatin structures and its recruitment
to enhancers and promoters is associated with DNA
demethylation and induction of histone H3K4 meth-
ylation, which results in transcriptional activation [26].
On the contrary, FOXAI knock-down was associated
with increased CpG-methylation in regions otherwise
occupied by FOXA1 [27]. In addition, FOXA1 interacts
with ten-eleven translocation methylcytosine dioxyge-
nase 1 (TET1) and TET2 DNA hydroxylases [28], which
oxidize methyl groups and thereby convert 5-methyl-
cytosines into 5-hydroxymethylcytosines, 5-formylcy-
tosines and 5-carboxylcytosines, ultimately leading to
the removal of DNA methylation [29]. Therefore, the
down-regulation of FOXA1 during CRC tumorigenesis
would allow the CpG-methylation of the RBM47 pro-
moter and the repression of RBM47 expression.

DNA methylation in cancer cells can be triggered by
intrinsic and tumor microenvironmental factors. Dur-
ing cellular and organismal aging, DNA undergoes
global hypomethylation and local hypermethylation [30].
Tumor cells with epigenetically silenced tumor suppres-
sors are selected during progression, as they proliferate
faster and out-compete other cells [31]. Furthermore,
DNA methylation in CRCs can also be modulated by
microenvironmental cues, such as inflammation [32] and
the intestinal microbiome [33].

It has been shown that RBM47 expression is also
regulated by additional transcription factors. RBM47
is directly repressed by the EMT-related transcription
factors SNAIL and SLUG [4]. Furthermore, RBM47 is
repressed by STAT3 [4] after exposure to IL6. Conse-
quently, the repression of RBM47 may result from a
combination of a decrease of FOXA1 expression and
the activation of the RBM47-repressing factors, such as
STATS3, during tumor progression.
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It has been previously reported that FOXA1 suppresses
EMT and induces MET [14, 34]. Here, we showed that
the induction of MET and suppression of migration and
invasion by FOXA1 is mediated by RBM47 in CRC cells.
FOXA1 is highly expressed in the foregut endoderm,
where its expression is induced by endodermal transcrip-
tion factors, such as SOX17 [35]. FOXA proteins are
required for normal development of endoderm-derived
epithelia, which line the intestine and lung [12]. Mice
with intestinal Rbm47 deficiency had abnormally shaped
villi in the small intestine and spontaneously developed

intestinal and colonic polyps, implying a tumor-suppres-
sive role of Rbm47 in the intestine [7]. In addition, the
majority of whole body Rbm47-deficient mice died before
birth, while those that survived to adulthood were strik-
ingly smaller in size than wild-type siblings [19].

The results presented here, demonstrate that RBM47 is
required for FOXA1l-mediated regulation of EMT/MET,
migration, and invasion. It has been shown that RBM47
inhibits EMT and metastasis in non-small cell lung car-
cinoma by binding to and stabilizing the Axin 1 (AXINI)
mRNA, which suppresses WNT signaling [36]. Similarly,
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RBM47 also binds to and stabilizes the DKKI mRNA,
which encodes another inhibitor of WNT signaling [6].
Thereby, RBM47 suppresses breast cancer progression
and metastasis. RBM47 regulates the alternative splic-
ing of numerous transcripts during EMT [9]. In epithelial
cells RBM47 cooperates with epithelial splicing regula-
tory proteins (ESRPs) to promote epithelial cell-specific
exon inclusion. However, in mesenchymal cells RBM47
and ESRP levels are decreased, which promotes mesen-
chymal cell-specific exon inclusion QKI and RBFOX2.
Kim et al. showed that RBM47 regulates the alternative
splicing of the tight junction protein 1 (TJP1): RBM47
promotes the formation of an alternative spliced TJP1
isoform, which is less active in the assembly of actin stress
fibers and thereby suppresses cell migration [10]. Conse-
quently, RBM47 down-regulation favors normally spliced
TJP1, which enhances actin stress fiber assembly and cell
migration. Whether these mechanisms are also involved
in FOXA1/RBM47-mediated regulation of EMT/MET in
CRC should be investigated in future studies.

The study presented here has some limitations, that
should be addressed in future research. It remained
unclear whether down-regulation of FOXA1 is required
for the observed silencing of RBM47 by CpG methylation
and whether CpG methylation of RBM47 prevents its
induction by FOXA1 during CRC progression. While this
manuscript focuses on the regulation and upstream fac-
tors of RBM47, future studies should identify pathways
and targets downstream of RBM47 that mediate tumor
suppression by the FOXA1/RBM47 axes.

Altogether, this study establishes the FOXA1/RBM47
axis as a key component in the maintenance of epithelial
cell identity, since RBM47 was identified as a required
mediator of FOXA1l-induced MET. Our findings further
suggest a temporal order of transcriptional down-reg-
ulation of RBM47 due to decreased FOXA1 expression
and subsequent epigenetic silencing of RBM47 by CpG
methylation during CRC progression. The down-regula-
tion of FOXA1 and RBM47 then presumably allows the
conversion of epithelial-like CRC cells to more mesen-
chymal-like, invasive CRC cells, which ultimately result
in metastases formation. Finally, our results indicate that
the CpG hypermethylation of the RBM47 promoter rep-
resents a potential biomarker for metastatic CRC.

Materials and methods

Cell culture, treatments and transfections

SW480, SW620, DLD1, HCT15, HT29 and CaCO-2 cell
lines were cultured in McCoy's 5A Medium (Invitro-
gen) supplemented with 100 U/mL penicillin,10% fetal
bovine serum (FBS, Invitrogen), and 0.1 mg/mL strepto-
mycin at 37 °C. Doxycycline (DOX; Sigma, St Louis, MO)
was used at a final concentration of 100 ng/mL. Cells
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were transfected with siRNAs using the Lipofectamine "
RNAIMAX (Invitrogen) in accordance with the manu-
facturer’s guidelines. FlexiTube siRNAs (pools of four
distinct siRNAs) targeting FOXA1 as well as control siR-
NAs were obtained from Qiagen. 5-Aza-2"-deoxycytidine
(Sigma) and Trichostatin A (Sigma) were used at concen-
trations of 1 uM and 300 nM, respectively.

Generation of pRTR-FOXA1-VSV pools

Stably transfected cell pools were generated as described
previously [24]. PCR was used to amplify the human
FOXAI coding region from the pLX302 FOXA1-V5
plasmid (Addgene, #70,090) and cloned into a pRTR
plasmid. pRTR plasmids were transfected into cells using
the Lipofectamine LTX Reagent (Invitrogen). Selection
was performed with 8 pg/mL Puromycin (Sigma) for
two weeks to obtain cell pools in which more than 80%
of cells expressed the fluorescent marker encoded by
the pRTR vector. The homogeneity of the cell pools was
assessed by the treatment of cells with 100 ng/mL DOX
for 48 h followed by GFP expression evaluation using
flow cytometry.

Western blot analysis

Cells were lysed in RIPA buffer (250 mM NaCl, 50 mM
Tris/HCI pH 8.0, 0.1% SDS, 1% NP40, and 0.5% sodium
deoxycholate) supplemented with cOmplete” Protease
Inhibitor Cocktail (Roche) and phosphatase inhibitor
tablets (Roche). Cell lysates were sonicated for 5 s at 70%
intensity and centrifuged at 13,000 % g for 20 min at 4 °C.
Protein concentrations were determined using a BCA
assay (Thermo Fisher, #23,227). A total of 30 pg protein
per sample was loaded on 10% SDS-PAGE gels (Bio-Rad
Mini-PROTEAN®) and transferred to PVDF membranes
(Millipore Immobilon®, IPVH00010) using the Trans-
Blot® Turbo™ system (Bio-Rad). Blocking of membranes
was performed using 5% non-fat milk in TBST. Mem-
branes were incubated with primary antibodies overnight
at 4 °C (Table S2), followed by incubation with HRP-
conjugated secondary antibodies for 1h. Chemilumi-
nescent signals were generated with ECL Prime (Cytiva,
#RPN2232) and detected using an Odyssey® FC Imager
(LI-COR, 3.0 software). Antibody details are provided in
Table S2.

RNA isolation and quantitative real time polymerase chain

reaction (qPCR) analysis

The High Pure RNA Isolation Kit (Roche) was used to
extract total RNA from cells in accordance with the
manufacturer’s guidelines. The concentration and purity
of RNA were analyzed with a NanoDrop™" 2000 spectro-
photometer (Thermo Fisher Scientific), ensuring A260/
A280 ratios of 1.8-2.0. 1 pg of total RNA was reverse
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transcribed to synthesize cDNA using the Verso cDNA
synthesis kit (Thermo Fisher Scientific, Waltham, MA).
qPCR amplification was performed using the SYBR®
Green Master Mix (Applied Biosystems, Foster City, CA)
on a LightCycler® 480 System (Roche). Each 15 pL PCR
reaction contained 7.5 uL SYBR Green mix, 0.5 pM for-
ward and reverse primers (sequences listed in Table S3),
1 pL cDNA template, and nuclease-free water. PCR
conditions were: 95 °C for 30 s (initial denaturation),
40 cycles of 95 °C for 5 s and 60 °C for 30 s. Melt-curve
analysis (65-95 °C) was used to verify primer specificity.
All samples were analyzed in triplicate. The ,,Ct method
[37] was used to calculate relative mRNA expression
with GAPDH as normalization control. The sequences of
qPCR oligonucleotides are shown in Table S3.

Immunofluorescence (IF) analysis

Cells grown on glass cover slides were fixed with 4%
paraformaldehyde for 15 min and washed with PBS
(3%X5 min). After permeabilization with 0.1% Triton
X-100 for 10 min and subsequent PBS washing, cells were
blocked with 1% BSA for 1 h. Incubation with primary
antibodies was performed overnight at 4°C in a humidi-
fied chamber. After washing with PBS, samples were
incubated with Alexa Fluor-conjugated secondary anti-
bodies (1:1000) for 1 h at room temperature in the dark.
DNA was counterstained with DAPI (1 pug/mL, 5 min),
and fluorescence images were acquired using a Zeiss
LSM 700 confocal microscope using a 63X objective.
Information of all antibodies are provided in Table S2.

Quantitative chromatin immunoprecipitation (qChip) analysis
qChIP analyses were performed using the Ideal ChIP-
qPCR Kit (Diagenode, Cat# C01010180) in accordance
with the manufacturer’s guidelines. Briefly, cross-linked
chromatin from 25 million cells was sonicated with a
Bioruptor® Pico sonication device to obtain 200-500 bp
DNA fragments. Immunoprecipitation was performed
overnight at 4°C with 3 pug of FOXA1 ChIP Grade anti-
body (Abcam, ab170933) along with a matched isotype
control. Protein-DNA complexes were captured with
Diagenode optimized magnetic beads and subjected to
sequential washes. Following cross-linking reversal and
DNA purification using the kit columns, enriched DNA
fragments were analyzed by quantitative PCR. qChIP oli-
gonucleotide sequences are provided in Table S4.

Transwell cell invasion and migration analysis

Cell migration and invasion were assessed using 8-pum
pore Transwell® chambers (Corning, #3422). For inva-
sion assays, inserts were covered with Matrigel® (BD
Biosciences, #356,234) at a 1:8 dilution in serum-free
medium and incubated for 4 h at 37 °C. Cells suspended
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in serum-free medium were seeded into upper chambers,
while complete medium containing 15% FBS was placed
in the lower chambers as a chemoattractant. After 24 h,
cotton swabs were used to remove non-invaded or non-
migrated cells from the upper membrane surface. Cells
on the lower surface were fixed with 4% paraformalde-
hyde for 15 minuntes, stained with 0.1% crystal violet
(Sigma, #C6158) for 20 min, and imaged using a ZEISS
microscope. Three random fields per insert were quanti-
fied using ImageJ v1.53 (NIH) by threshold-based particle
analysis.

Wound healing cell migration analysis

Confluent cells in 2-well cell culture inserts (Ibidi, Mar-
tinsried, Germany, #80,241) were treated with mitomycin
C (10 ng/mL) for 2 h to inhibit proliferation. After treat-
ment, the insert was removed to generate a cell-free gap.
After 0 and 24 h images of the wound area were captured
using the Zeiss Axiovert Observer Z.1 microscope, Axi-
oCam MRm camera and ZEN 3.1 software. Gap area (A)
was analyzed using Image] and wound closure (%) was
calculated as [(A_(t=0)—A_t)/A_(t=0)]x100. Experi-
ments were performed in triplicates.

Tissue samples

A cohort of 86 colon cancer patients who underwent sur-
gical tumor resection at the Ludwig-Maximilians Univer-
sity of Munich (LMU) [24, 25, 38] was utilized to analyze
RBM47 methylation (The clinicopathological charac-
teristics are provided in Table S5). Follow-up informa-
tion was obtained from the Munich tumor registry. All
tumors originated from the right side of the colon. 43
patients showed synchronous liver metastases, which
was confirmed by liver biopsy or imaging. 43 colon can-
cer patients without distant metastases at diagnosis and
with a minimum disease-free survival of 5 years after pri-
mary surgery served as controls. Case and control sam-
ples were matched for T-classification (TNM 2009) and
tumor grade (WHO 2000), yielding 43 matched pairs.
The study was approved by the LMU Medical Faculty
ethics committee and all procedures adhered to relevant
guidelines and regulations.

Isolation and bisulfite treatment of genomic DNA
Genomic DNA from cell lines was extracted using a
DNeasy Blood & Tissue Kit (Qiagen). For formalin-fixed,
paraffin embedded (FFPE) tissue samples, genomic DNA
was isolated from 5 pm-paraffin sections following over-
night digestion with 0.1 mg/mL proteinase K in 0.1% SDS
(Sigma) at 58°C and extraction with phenol/chloroform
at pH 8. Approximately 400 ng of DNA was subjected to
sodium bisulfite conversion using an EZ DNA Methyla-
tion Kit (Zymo Research).
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Bisulfite sequencing

Bisulfite-converted genomic DNA was used as a tem-
plate to amplify the RBM47 promoter region TSS-848
— TSS-267 by PCR using the Promega GoTaq PCR mix
(Promega). Following an initial denaturation 95 °C for
10 min, 38 PCR cycles were performed consisting of
95 °C for 30 s, 65 °C for 30 s, and 72 °C for 60 s, followed
by an elongation at 72 °C for 10 min. PCR products were
sequenced using a BigDye terminator v1.1 kit and a 3700
capillary sequencer. The sequences of oligonucleotides
used for bisulfite sequencing are listed in Table Sé6.

Methylation-specific PCR (MSP)

MSP was performed in a 20 pL reaction using Promega
GoTaq PCR mix (Promega) and 30 ng of bisulfite-con-
verted DNA. PCR conditions were: 95 °C for 10 min, 37
cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s,
with a final elongation at 72 °C for 10 min. The sequences
of MSP oligonucleotides are provided in Table S6.

Bioinformatics analysis of public datasets

For the TCGA colon adenocarcinoma (COAD) and
rectal adenocarcinoma (READ) cohorts clinical and
RSEM normalized expression data was obtained from
the MD Anderson standardized data browser (http://
bioinformatics.mdanderson.org/TCGA/databrowser/)
in August 2021. For additional CRC patient datasets,
expression and clinical data was obtained from NCBI
GEO (www.ncbi.nlm.nih.gov/geo) in August 2021.
The statistics for survival analysis was calculated with
a Log-rank test. For binary classification of cases into
high and low expression groups, optimal cutoff val-
ues were determined using the Survminer R-package
(https://CRAN.R-project.org/package=survminer). The
CMS and CRIS classification for patient datasets was
obtained from Guiney et al. [17] and Isella et al. [18].
The methylation (B-values) and expression (RPKM)
data of CRC cell lines was downloaded from the cancer
cell line encyclopedia (https://sites.broadinstitute.org/
ccle/) in January 2022. The expression data from nor-
mal human tissues was obtained from GTEx (https://
www.gtexportal.org/home/) in October 2022.

Statistical analysis

Correlations were calculated using Pearson correla-
tion coefficients and two-tailed p-values. Unpaired, two
tailed Student’s t tests were used to determine the statis-
tical differences between two groups. One-way analysis
of variance (ANOVA) with the Tukey’s multiple com-
parison post-test were used to determine the statistical
differences between more than two groups. Data is pre-
sented as the mean+SD. All analyses were conducted
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using GraphPad Prism software 10.4.1. P-values<0.05
were considered significant (*, p<0.05; **, p<0.01; ***,
p<0.001).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543556-025-00382-4.

[ Supplementary Material 1. }

Acknowledgements
We thank Ursula Gotz for technical assistance.

Authors’ contributions

Matjaz Rokavec: Experimental planning, data curation, formal analysis,
methodology, visualization, writing — original draft. Yuyun Du: Data curation,
formal analysis, methodology, visualization, writing — original draft. Heiko
Hermeking: Conceptualization, supervision, writing — original draft, funding
acquisition. All authors have read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by a grant from the Deutsche Forschungsgemeinschaft/DFG (HE
2701/16-1) to HH.

Data availability

TCGA colon adenocarcinoma (COAD) and rectal adenocarcinoma (READ)
datasets was obtained from the MD Anderson standardized data browser
(http://biocinformatics.mdanderson.org/TCGA/databrowser/). Other CRC
patient datasets were downloaded from NCBI GEO (www.ncbi.nlm.nih.gov/
geo). The expression and methylation data of CRC cell lines was downloaded
from the cancer cell line encyclopedia (https://sites.broadinstitute.org/ccle/).
The expression data from normal human tissues was downloaded from GTEx
(https://www.gtexportal.org/home/).

Declarations

Ethics approval and consent to participate

FFPE colon cancer samples were collected at the Ludwig-Maximilians-
University of Munich (LMU) between 1994 and 2005. Follow-up data were
recorded by the Munich tumor registry. The patient samples were subjected
to irreversible anonymization. Studies with irreversible anonymization of
patient samples were exempted from ethical approval by the ethics commit-
tee of the Medical Faculty of the LMU on November 8, 2007. All analyses were
performed in accordance with relevant guidelines and regulations.

Consent for publication

Since the patient samples analyzed in Fig. 7e-g had been subjected to
irreversible anonymization, an informed consent was not necessary according
to the LMU Medical Faculty Ethics Committee. Data from all other patient
samples analyzed in this study was obtained from public repositories.

Competing interests
The authors declare no competing interests.

Author details

'Experimental and Molecular Pathology, Institute of Pathology, Faculty

of Medicine, Ludwig-Maximilians-Universitat Minchen, Thalkirchner Strasse
36, Munich 80337, Germany. “German Cancer Consortium (DKTK), Partner Site
Munich, Munich 80336, Germany. 3German Cancer Research Center (DKFZ),
Heidelberg 69120, Germany.

Received: 23 July 2025 Revised: 25 November 2025 Accepted: 26 Novem-
ber 2025
Published online: 03 December 2025


http://bioinformatics.mdanderson.org/TCGA/databrowser/
http://bioinformatics.mdanderson.org/TCGA/databrowser/
http://www.ncbi.nlm.nih.gov/geo
https://CRAN.R-project.org/package=survminer
https://sites.broadinstitute.org/ccle/
https://sites.broadinstitute.org/ccle/
https://www.gtexportal.org/home/
https://www.gtexportal.org/home/
https://doi.org/10.1186/s43556-025-00382-4
https://doi.org/10.1186/s43556-025-00382-4
http://bioinformatics.mdanderson.org/TCGA/databrowser/
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
https://sites.broadinstitute.org/ccle/
https://www.gtexportal.org/home/

Rokavec et al. Molecular Biomedicine

(2025) 6:133

References

1.

2.

GLOBOCAN Global Cancer Observatory (GCO). https://gco.arc.fr
(accessed in August 2025).

Wang J, Li S, LiuY, Zhang C, Li H, Lai B. Metastatic patterns and survival
outcomes in patients with stage IV colon cancer: a population-based
analysis. Cancer Med. 2020;9(1):361-73. https://doi.org/10.1002/camé4.
2673.

Shivalingappa PKM, Sharma V, Shiras A, Bapat SA. RNA binding motif 47
(RBM47): emerging roles in vertebrate development, RNA editing and
cancer. Mol Cell Biochem. 2021;476(12):4493-505. https://doi.org/10.
1007/511010-021-04256-5.

Rokavec M, Kaller M, Horst D, Hermeking H. Pan-cancer EMT-signature
identifies RBM47 down-regulation during colorectal cancer progression.
Sci Rep. 2017;7(1):4687. https://doi.org/10.1038/541598-017-04234-2.
Sakurai T, Isogaya K, Sakai S, Morikawa M, Morishita Y, Ehata S, et al. RNA-
binding motif protein 47 inhibits Nrf2 activity to suppress tumor growth
in lung adenocarcinoma. Oncogene. 2016;35(38):5000-9. https://doi.org/
10.1038/0nc.2016.35.

Vanharanta S, Marney CB, Shu W, Valiente M, Zou Y, Mele A et al. Loss of
the multifunctional RNA-binding protein RBM47 as a source of selectable
metastatic traits in breast cancer. Elife. 2014;3. https://doi.org/10.7554/
elife.02734.

Soleymanjahi S, Blanc V, Molitor EA, Alvarado DM, Xie Y, Gazit V et al.
RBM47 regulates intestinal injury and tumorigenesis by modifying
proliferation, oxidative response, and inflammatory pathways. JCI Insight.
2023;8(9). https://doi.org/10.1172/jciinsight. 161118

Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer progression and
metastasis. Dev Cell. 2019;49(3):361-74. https://doi.org/10.1016/j.devcel.
2019.04.010.

Yang Y, Park JW, Bebee TW, Warzecha CC, Guo Y, Shang X, et al. Determi-
nation of a comprehensive alternative splicing regulatory network and
combinatorial regulation by key factors during the epithelial-to-mesen-
chymal transition. Mol Cell Biol. 2016;36(11):1704-19. https://doi.org/10.
1128/MCB.00019-16.

Kim YE, Won M, Lee SG, Park C, Song CH, Kim KK. RBM47-regulated
alternative splicing of TJP1 promotes actin stress fiber assembly during
epithelial-to-mesenchymal transition. Oncogene. 2019;38(38):6521-36.
https://doi.org/10.1038/541388-019-0892-5.

. Kazanets A, Shorstova T, Hilmi K, Marques M, Witcher M. Epigenetic

silencing of tumor suppressor genes: paradigms, puzzles, and potential.
Biochim Biophys Acta. 2016;1865(2):275-88. https://doi.org/10.1016/].
bbcan.2016.04.001.

Friedman JR, Kaestner KH. The Foxa family of transcription factors in
development and metabolism. Cell Mol Life Sci. 2006;63(19-20):2317-28.
https://doi.org/10.1007/500018-006-6095-6.

Tang Y, Shu G, Yuan X, Jing N, Song J. FOXA2 functions as a suppressor of
tumor metastasis by inhibition of epithelial-to-mesenchymal transition
in human lung cancers. Cell Res. 2011;21(2):316-26. https://doi.org/10.
1038/cr.2010.126.

Song Y, Washington MK, Crawford HC. Loss of FOXA1/2 is essential for the
epithelial-to-mesenchymal transition in pancreatic cancer. Cancer Res.
2010;70(5):2115-25. https://doi.org/10.1158/0008-5472.CAN-09-2979.
Jagle S, Busch H, Freihen V, Beyes S, Schrempp M, Boerries M, et al.
SNAILT-mediated downregulation of FOXA proteins facilitates the
inactivation of transcriptional enhancer elements at key epithelial genes
in colorectal cancer cells. PLoS Genet. 2017;13(11):e1007109. https://doi.
org/10.1371/journal.pgen.1007109.

Lazar SB, Pongor L, Li XL, Grammatikakis |, Muys BR, Dangelmaier EA et al.
Genome-Wide Analysis of the FOXA1 Transcriptional Network Identifies
Novel Protein-Coding and Long Noncoding RNA Targets in Colorectal
Cancer Cells. Mol Cell Biol. 2020;40(21). https://doi.org/10.1128/MCB.
00224-20

Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,
et al. The consensus molecular subtypes of colorectal cancer. Nat Med.
2015;21(11):1350-6. https://doi.org/10.1038/nm.3967.

Isella C, Brundu F, Bellomo SE, Galimi F, Zanella E, Porporato R, et al.
Selective analysis of cancer-cell intrinsic transcriptional traits defines

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 16 of 17

novel clinically relevant subtypes of colorectal cancer. Nat Commun.
2017;8:15107. https://doi.org/10.1038/ncomms15107.

Fossat N, Tourle K, Radziewic T, Barratt K, Liebhold D, Studdert JB, et al. C
to U RNA editing mediated by APOBECT requires RNA-binding protein
RBM47. EMBO Rep. 2014;15(8):903-10. https://doi.org/10.15252/embr.
201438450.

Shinji S, Ogawa Y, Yamada T, Matsuda A, Uehara K, Yokoyama Y, et al.
Morphological and functional analysis of colorectal cancer cell lines in 2D
and 3D culture models. Sci Rep. 2025;15(1):3047. https://doi.org/10.1038/
$41598-025-87660-x.

Rokavec M, Oner MG, Li H, Jackstadt R, Jiang L, Lodygin D, et al. IL-6R/
STAT3/miR-34a feedback loop promotes EMT-mediated colorectal cancer
invasion and metastasis. J Clin Invest. 2014;124(4):1853-67. https://doi.
org/10.1172/JCI73531.

Lupien M, Eeckhoute J, Meyer CA, Wang Q, Zhang Y, Li W, et al. FoxA1
translates epigenetic signatures into enhancer-driven lineage-specific
transcription. Cell. 2008;132(6):958-70. https://doi.org/10.1016/j.cell.2008.
01.018.

Feinberg AP, Koldobskiy MA, Gondor A. Epigenetic modulators, modifiers
and mediators in cancer aetiology and progression. Nat Rev Genet.
2016;17(5):284-99. https://doi.org/10.1038/nrg.2016.13.

Siemens H, Neumann J, Jackstadt R, Mansmann U, Horst D, Kirchner T,

et al. Detection of miR-34a Promoter Methylation in Combination with
Elevated Expression of c-Met and beta-Catenin Predicts Distant Metasta-
sis of Colon Cancer. Clin Cancer Res. 2013;19(3):710-20. https://doi.org/
10.1158/1078-0432.CCR-12-1703.

Neumann J, Horst D, Kriegl L, Maatz S, Engel J, Jung A, et al. A simple
immunohistochemical algorithm predicts the risk of distant metastases
in right-sided colon cancer. Histopathology. 2012;60(3):416-26. https://
doi.org/10.1111/j.1365-2559.2011.04126 x.

Serandour AA, Avner S, Percevault F, Demay F, Bizot M, Lucchetti-Miganeh
C, et al. Epigenetic switch involved in activation of pioneer factor FOXA1-
dependent enhancers. Genome Res. 2011;21(4):555-65. https://doi.org/
10.1101/gr.111534.110.

Lemma RB, Fleischer T, Martinsen E, Ledsaak M, Kristensen 'V, Eskeland R,
et al. Pioneer transcription factors are associated with the modulation

of DNA methylation patterns across cancers. Epigenetics Chromatin.
2022;15(1):13. https://doi.org/10.1186/513072-022-00444-9.

Yang YA, Zhao JC, Fong KW, Kim J, Li S, Song C, et al. FOXA1 potentiates
lineage-specific enhancer activation through modulating TET1 expres-
sion and function. Nucleic Acids Res. 2016;44(17):8153-64. https://doi.
0rg/10.1093/nar/gkw498.

Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, et al. Con-
version of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian
DNA by MLL partner TET1. Science. 2009;324(5929):930-5. https://doi.
org/10.1126/science.1170116.

Vaidya H, Jelinek J, Issa JJ. DNA Methylation, Aging, and Cancer. Epig-
enomes. 2025;9(2). https://doi.org/10.3390/epigenomes9020018.

Wang Y, Wang C, Zhong R, Wang L, Sun L. Research progress of DNA
methylation in colorectal cancer (Review). Mol Med Rep. 2024;30(3).
https://doi.org/10.3892/mmr.2024.13278

Foran E, Garrity-Park MM, Mureau C, Newell J, Smyrk TC, Limburg PJ,

et al. Upregulation of DNA methyltransferase-mediated gene silencing,
anchorage-independent growth, and migration of colon cancer cells by
interleukin-6. Mol Cancer Res. 2010;8(4):471-81. https://doi.org/10.1158/
1541-7786.MCR-09-0496.

Xia X, Wu WKK, Wong SH, Liu D, Kwong TNY, Nakatsu G, et al. Bacteria
pathogens drive host colonic epithelial cell promoter hypermethyla-
tion of tumor suppressor genes in colorectal cancer. Microbiome.
2020;8(1):108. https://doi.org/10.1186/540168-020-00847-4.

Lin M, Pan J, Chen Q, Xu Z, Lin X, Shi C. Overexpression of FOXA1 inhibits
cell proliferation and EMT of human gastric cancer AGS cells. Gene.
2018;642:145-51. https://doi.org/10.1016/j.gene.2017.11.023.

Sinner D, Rankin' S, Lee M, Zorn AM. Sox17 and beta-catenin cooper-

ate to regulate the transcription of endodermal genes. Development.
2004;131(13):3069-80. https://doi.org/10.1242/dev.01176.

Shen DJ, Jiang YH, Li JQ, Xu LW, Tao KY. The RNA-binding protein RBM47
inhibits non-small cell lung carcinoma metastasis through modulation
of AXINT mRNA stability and Wnt/beta-catentin signaling. Surg Oncol.
2020;34:31-9. https://doi.org/10.1016/j.suronc.2020.02.011.


https://gco.iarc.fr
https://doi.org/10.1002/cam4.2673
https://doi.org/10.1002/cam4.2673
https://doi.org/10.1007/s11010-021-04256-5
https://doi.org/10.1007/s11010-021-04256-5
https://doi.org/10.1038/s41598-017-04234-2
https://doi.org/10.1038/onc.2016.35
https://doi.org/10.1038/onc.2016.35
https://doi.org/10.7554/eLife.02734
https://doi.org/10.7554/eLife.02734
https://doi.org/10.1172/jci.insight.161118
https://doi.org/10.1016/j.devcel.2019.04.010
https://doi.org/10.1016/j.devcel.2019.04.010
https://doi.org/10.1128/MCB.00019-16
https://doi.org/10.1128/MCB.00019-16
https://doi.org/10.1038/s41388-019-0892-5
https://doi.org/10.1016/j.bbcan.2016.04.001
https://doi.org/10.1016/j.bbcan.2016.04.001
https://doi.org/10.1007/s00018-006-6095-6
https://doi.org/10.1038/cr.2010.126
https://doi.org/10.1038/cr.2010.126
https://doi.org/10.1158/0008-5472.CAN-09-2979
https://doi.org/10.1371/journal.pgen.1007109
https://doi.org/10.1371/journal.pgen.1007109
https://doi.org/10.1128/MCB.00224-20
https://doi.org/10.1128/MCB.00224-20
https://doi.org/10.1038/nm.3967
https://doi.org/10.1038/ncomms15107
https://doi.org/10.15252/embr.201438450
https://doi.org/10.15252/embr.201438450
https://doi.org/10.1038/s41598-025-87660-x
https://doi.org/10.1038/s41598-025-87660-x
https://doi.org/10.1172/JCI73531
https://doi.org/10.1172/JCI73531
https://doi.org/10.1016/j.cell.2008.01.018
https://doi.org/10.1016/j.cell.2008.01.018
https://doi.org/10.1038/nrg.2016.13
https://doi.org/10.1158/1078-0432.CCR-12-1703
https://doi.org/10.1158/1078-0432.CCR-12-1703
https://doi.org/10.1111/j.1365-2559.2011.04126.x
https://doi.org/10.1111/j.1365-2559.2011.04126.x
https://doi.org/10.1101/gr.111534.110
https://doi.org/10.1101/gr.111534.110
https://doi.org/10.1186/s13072-022-00444-9
https://doi.org/10.1093/nar/gkw498
https://doi.org/10.1093/nar/gkw498
https://doi.org/10.1126/science.1170116
https://doi.org/10.1126/science.1170116
https://doi.org/10.3390/epigenomes9020018
https://doi.org/10.3892/mmr.2024.13278
https://doi.org/10.1158/1541-7786.MCR-09-0496
https://doi.org/10.1158/1541-7786.MCR-09-0496
https://doi.org/10.1186/s40168-020-00847-4
https://doi.org/10.1016/j.gene.2017.11.023
https://doi.org/10.1242/dev.01176
https://doi.org/10.1016/j.suronc.2020.02.011

Rokavec et al. Molecular Biomedicine (2025) 6:133

37. Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 2001;29(9):e45. https://doi.org/10.1093/
nar/29.9.e45.

38. LiH, Rokavec M, Jiang L, Horst D, Hermeking H. Antagonistic effects of
p53 and HIFTA on microRNA-34a regulation of PPP1R11 and STAT3 and
hypoxia-induced epithelial to mesenchymal transition in colorectal can-

cer cells. Gastroenterology. 2017;153(2):505-20. https://doi.org/10.1053/j.

gastro.2017.04.017.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17


https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1053/j.gastro.2017.04.017
https://doi.org/10.1053/j.gastro.2017.04.017

	Down-regulation of RBM47 due to diminished activation by forkhead box A1 (FOXA1) and silencing by CpG methylation is associated with epithelial-mesenchymal transition and metastasis of colorectal cancer
	Abstract 
	Introduction
	Results
	Association of RBM47 down-regulation in CRCs with metastasis and poor prognosis
	In vivo correlation of RBM47 and FOXA1 expression
	RBM47 expression is directly induced by FOXA1
	FOXA1 induces mesenchymal to epithelial transition (MET) via up-regulation of RBM47
	FOXA1 suppresses migration and invasion of CRC cell via RBM47
	CpG methylation analysis of RBM47
	FOXA1 and RBM47 down-regulation during CRC progression is associated with CpG methylation of RBM47

	Discussion
	Materials and methods
	Cell culture, treatments and transfections
	Generation of pRTR-FOXA1-VSV pools
	Western blot analysis
	RNA isolation and quantitative real time polymerase chain reaction (qPCR) analysis
	Immunofluorescence (IF) analysis
	Quantitative chromatin immunoprecipitation (qChip) analysis
	Transwell cell invasion and migration analysis
	Wound healing cell migration analysis
	Tissue samples
	Isolation and bisulfite treatment of genomic DNA
	Bisulfite sequencing
	Methylation-specific PCR (MSP)
	Bioinformatics analysis of public datasets
	Statistical analysis

	Acknowledgements
	References


