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Abstract: S-adenosylhomocysteine hydrolase (AHCY) deficiency results mainly in hypermethionine-
mia, developmental delay, and is potentially fatal. In order to shed new light on molecular aspects
of AHCY deficiency, in particular any changes at transcriptome level, we enabled knockdown of
AHCY expression in the colon cancer cell line SW480 to simulate the environment occurring in AHCY
deficient individuals. The SW480 cell line is well known for elevated AHCY expression, and thereby
represents a suitable model system, in particular as AHCY expression is regulated by MYC, which,
on the other hand, is involved in Wnt signaling and the regulation of Wnt-related genes, such as the
β-catenin co-transcription factor LEF1 (lymphoid enhancer-binding factor 1). We selected LEF1 as a
potential target to investigate its association with S-adenosylhomocysteine hydrolase deficiency. This
decision was prompted by our analysis of RNA-Seq data, which revealed significant changes in the
expression of genes related to the Wnt signaling pathway and genes involved in processes responsible
for epithelial-mesenchymal transition (EMT) and cell proliferation. Notably, LEF1 emerged as a
common factor in these processes, showing increased expression both on mRNA and protein levels.
Additionally, we show alterations in interconnected signaling pathways linked to LEF1, causing gene
expression changes with broad effects on cell cycle regulation, tumor microenvironment, and implica-
tions to cell invasion and metastasis. In summary, we provide a new link between AHCY deficiency
and LEF1 serving as a mediator of changes to the Wnt signaling pathway, thereby indicating potential
connections of AHCY expression and cancer cell phenotype, as Wnt signaling is frequently associated
with cancer development, including colorectal cancer (CRC).

Keywords: AHCY deficiency; S-adenosylhomocysteine (SAH); LEF1; metastasis; EMT; cancer cell
phenotype; shRNA; next-generation sequencing

1. Introduction

S-adenosylhomocysteine hydrolase (AHCY) is an enzyme that catalyzes the hydrol-
ysis of S-adenosylhomocysteine (SAH) to produce adenosine (Ado) and homocysteine
(Hyc) [1–3]. SAH is generated through transmethylation reactions of S-adenosylmethionine
(SAM), which serves as a main methyl-group donor in most living organisms, and is in-
volved in a variety of cellular processes, including DNA methylation, histone modification,
and RNA processing. Also, SAH is a potent competitive inhibitor of methyltransferases [4].
Therefore, maintaining proper AHCY activity is crucial for regulating the cellular methy-
lation potential, which is determined by the ratio of SAH to SAM metabolites [5,6]. The
significance of AHCY in regulating the cellular methylation potential has been underscored
by the discovery of AHCY deficiency in humans, a rare and potentially lethal multisystem
disorder caused by allelic mutations in the AHCY gene that results in reduced AHCY
enzymatic activity [1,7–11], with dramatically increased levels of metabolites SAH and
SAM. Evidently, increased levels of SAH are associated with increased cell proliferation,
migration, and invasion, possibly due to disruption of methylation status and altered ex-
pression of key genetic factors that control these vital cellular processes [12]. In a previous
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study, we showed that DNA hypermethylation seems to be a frequent but not constant
feature associated with AHCY deficiency that affects different genomic regions to different
degrees, which, on the other hand, could impair the regulation of gene expression, and
cellular signaling pathways, respectively [13].

So far, AHCY deficiency has been linked to a range of metabolic disorders, including
liver disease [14]. Also, AHCY downregulation contributes to tumorigenesis [15–17].

However, the pathogenic effects of AHCY deficiency at molecular level still appear
elusive. Understanding the mechanisms that lead to aversive conditions and diseases as a
result of AHCY deficiency is important for developing effective strategies for the prevention
and treatment of these conditions. Thus, in this study we investigated the effects of AHCY
downregulation on the colon cancer derived model cell line SW480.

To do so, we enabled short hairpin RNA (shRNA)-mediated gene silencing in SW480
cells in order to resemble AHCY deficiency at cellular level. The efficiency of generating
AHCY-deficient environments was evaluated by determining the concentrations of cru-
cial metabolites SAM and SAH in the AHCY-deficient SW480 cells. Subsequently, after
establishing effective AHCY silencing, we performed RNA sequencing to analyze changes
in gene expression levels in response to AHCY down-regulation. To contextualize the
RNA-seq data, we deployed ingenuity pathway analysis (IPA) for predicting changes to
signaling networks and related downstream effects, and to identify new targets or candi-
date biomarkers in the context of various biological systems. We also performed Western
blotting to confirm data obtained from RNA sequencing, by assessing the protein levels of
key components of signaling pathways of interest.

Besides the major role of AHCY in the regulation of the cellular methylation poten-
tial, we show that AHCY downregulation can impact a wide range of cellular functions.
Our findings provide new insights into the molecular mechanisms underlying the effects
of AHCY downregulation, in particular on lymphoid enhancer-binding factor 1 (LEF1),
a member of the T-cell Factor (TCF)/LEF1 family of high-mobility group transcription
factors, and a downstream mediator of the Wnt/β-catenin signaling pathway. The Wnt
pathway is highly conserved and involved in various cellular processes, including em-
bryonic development, tissue homeostasis, stem cell maintenance, and cell differentiation.
This result bodes well with previous findings that implicate disorder of Wnt signaling in
various diseases, including cancer and neurodegenerative diseases [18]. On the other hand,
LEF1 is essential in stem cell maintenance and organ development, especially in its role in
epithelial-mesenchymal transition (EMT) [19]. Thus, the investigation of this relationship
may help elucidate the molecular mechanisms underlying the effect of AHCY on cancer
cell behavior and may contribute to a better understanding of the pathogenesis of AHCY
deficiency-related diseases.

2. Results
2.1. SAM/SAH Measurements

The levels of S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) were
measured in AHCY-deficient cells to investigate the impact of AHCY deficiency on the
metabolism of these compounds. Compared to the control cells, the AHCY-deficient cells
exhibited a significant increase in the amount of SAH, with levels approximately two-fold
higher (Figure 1). In the AHCY deficient cells, the concentration of SAH was found to be
4.6 ng/mL, whereas in the control cells, it was 2 ng/mL. This substantial elevation in SAH
suggests impaired methylation capacity in the AHCY deficient cells, as SAH is an inhibitor
of methyltransferase enzymes. Conversely, although slightly lower, the levels of SAM, the
precursor of SAH and a key methyl donor, did not show a significant difference between
the AHCY deficient cells and the control cells. The concentration of SAM in the AHCY
deficient cells was 278 ng/mL, while in the control cells, it was 458 ng/mL.
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Figure 1. SAM/SAH measurements (a) Levels of SAM and SAH (ng/mL) and their ratio (b) 
SAM/SAH in the lysates of AHCY-silenced and control cells, as measured by LC-MS/MS. ±SD is 
represented as vertical line and is based on three independent measurements. Statistical significance 
was analyzed using Student’s t tests at a * p < 0.05. 

2.2. RNA-Seq 
mRNA sequencing of SW480 cells yielded an average of 65 million paired-end reads 

per sample, with a read length of 151 nucleotides. The reads were aligned to the reference 
genome (hg38 No Alts, with decoys) using DRAGEN RNA Pipeline (Version 3.9.5) avail-
able on BaseSpace Sequence Hub (Illumina Inc., San Diego, CA, USA), with an average 
mapping rate of 98.1% of total reads. RNA quantification was performed using the afore-
mentioned BaseSpace tool, and differential expression analysis was performed using the 
DRAGEN Differential Expression tool (Illumina Inc., San Diego, CA, USA) that utilizes 
DeSeq2 algorithm to identify differential expresses genes between two conditions. 

Overall, we identified approx. 15,000 expressed genes in SW480 cells, with 3627 genes 
showing significantly different expression levels between treated and control groups (ad-
justed p-value < 0.05 and fold change > 0.5). Of these differentially expressed genes, 1350 
were upregulated and 2277 were downregulated in the treated group compared to the 
control group. 

2.3. In-Depth Examination of the Most Significantly Altered Signalling Pathways 
The IPA software package (https://analysis.ingenuity.com/pa/) was used to analyze 

the data generated by mRNA sequencing, indicating significant differences in gene ex-
pression in several biological processes and pathways. We found 523 genes related to cel-
lular movement, 605 related to cellular development, and 600 genes related to cellular 
growth and proliferation to be differentially expressed, respectively (Tables 1 and 2). 

Furthermore, we have focused our analysis to most relevant non-canonical signaling 
pathways that are somehow connected to differentially expressed LEF1 protein, such as 
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Figure 1. SAM/SAH measurements (a) Levels of SAM and SAH (ng/mL) and their ratio
(b) SAM/SAH in the lysates of AHCY-silenced and control cells, as measured by LC-MS/MS. ±SD is
represented as vertical line and is based on three independent measurements. Statistical significance
was analyzed using Student’s t tests at a * p < 0.05.

2.2. RNA-Seq

mRNA sequencing of SW480 cells yielded an average of 65 million paired-end reads
per sample, with a read length of 151 nucleotides. The reads were aligned to the reference
genome (hg38 No Alts, with decoys) using DRAGEN RNA Pipeline (Version 3.9.5) available
on BaseSpace Sequence Hub (Illumina Inc., San Diego, CA, USA), with an average mapping
rate of 98.1% of total reads. RNA quantification was performed using the aforementioned
BaseSpace tool, and differential expression analysis was performed using the DRAGEN
Differential Expression tool (Illumina Inc., San Diego, CA, USA) that utilizes DeSeq2
algorithm to identify differential expresses genes between two conditions.

Overall, we identified approx. 15,000 expressed genes in SW480 cells, with 3627 genes
showing significantly different expression levels between treated and control groups (ad-
justed p-value < 0.05 and fold change > 0.5). Of these differentially expressed genes,
1350 were upregulated and 2277 were downregulated in the treated group compared to the
control group.

2.3. In-Depth Examination of the Most Significantly Altered Signalling Pathways

The IPA software package (https://analysis.ingenuity.com/pa/) was used to analyze
the data generated by mRNA sequencing, indicating significant differences in gene expres-
sion in several biological processes and pathways. We found 523 genes related to cellular
movement, 605 related to cellular development, and 600 genes related to cellular growth
and proliferation to be differentially expressed, respectively (Tables 1 and 2).

https://analysis.ingenuity.com/pa/
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Table 1. Summary of IPA analysis; Molecular and Cellular Functions wt-vs-siAHCY.

Name p-Value Range Molecules

Cellular movement 6.00 × 10−4–2.48 × 10−13 73

Cell death and survival 6.18 × 10−4–2.31 × 10−8 66

Cellular development 5.77 × 10−4–2.45 × 10−7 76

Cellular growth and proliferation 5.77 × 10−4–2.45 × 10−7 70

Cell morphology 4.14 × 10−4–3.07 × 10−7 48

Table 2. Summary of IPA analysis; Molecular and Cellular Functions scr-vs-siAHCY.

Name p-Value Range Molecules

Cellular movement 2.11 × 10−12–5.74 × 10−41 523

Cell death and survival 3.76 × 10−13–8.59 × 10−28 553

Cellular functions and maintenance 2.30 × 10−12–1.96 × 10−25 520

Cellular development 1.51 × 10−8–3.38 × 10−23 605

Cellular growth and proliferation 1.11 × 10−4–8.38 × 10−23 600

Furthermore, we have focused our analysis to most relevant non-canonical signaling
pathways that are somehow connected to differentially expressed LEF1 protein, such
as the Wnt signaling network (Figure 2 and Table 3), epithelial-mesenchymal transition
(EMT) (Figure 3 and Table 4), epithelial adherens junctions signaling (Figure 4), differential
expression of cyclins and cell cycle regulation signaling (Figure 5), MYC network (Figure 6),
STAT3 pathway (Figure 7 and Table 5), tumor cell microenvironment pathway (Figure 8,
Table 6), calcium signaling, human embryonic stem cell pluripotency signaling (Figure 9),
and Rho Family GTPases signaling (Figure 10). Also, we conducted data integration of
differential gene expression, LEF1 Protein Levels, Wnt Signaling, and Cellular Responses
(Figure 11).

Table 3. Differentially Expressed Genes in Wnt Signaling Pathway based on acquired RNAseq data.
The table is summarizing the differentially expressed genes identified in the Wnt signaling pathway
using IPA (ingenuity pathway analysis) software after performing differential expression analysis.
The table provides insights into the transcriptional changes observed in key genes associated with
Wnt signaling in SW480 AHCY deficient cells.

Symbol Expr Log Ratio q-Value Type(s)

CDH12 −11.706 6.97 × 10−13 Other
HNF1A −13.408 3.71 × 10−17 Transcription regulator

MAP2K6 −6.754 2.01 × 10−39 kinase
TCF4 −3.915 2.45 × 10−3 Transcription regulator

Table 4. Differentially Expressed Genes in Regulation of the Epithelial-Mesenchymal Transition
Pathway. The table provides insights into the transcriptional changes observed in key genes associated
with Regulation of the epithelial-mesenchymal transition pathway under AHCY deficient conditions.
Differentially expressed changes concerning the TCF/LEF complex, similar as in the Wnt signaling
pathway analysis are present.

Symbol Expr Log Ratio q-Value Type(s)

APC2 3.428 1.35 × 10−2 Enzyme
CDH12 −11.706 6.97 × 10−13 other
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Table 4. Cont.

Symbol Expr Log Ratio q-Value Type(s)

DKK1 −3.416 2.55 × 10−5 Growth factor
DKK3 3.316 5.54 × 10−8 Cytokine
DKK4 −3.791 1.81 × 10−8 Other
FZD7 4.134 5.66 × 10−20 G-protein coupled receptor
GJA1 −5.544 5.66 × 10−6 Transporter

HNF1A −13.408 3.71 × 10−17 Transcription regulator
POU5F1 −5.964 9.76 × 10−3 Transcription regulator
RARB −7.753 1.00 × 10−3 Nuclear receptor
SFRP5 3.362 5.03 × 10−12 Transmembrane receptor
SOX5 −8.898 3.15 × 10−6 Transcription regulator
SOX6 −3.842 3.33 × 10−6 Transcription regulator
TCF4 −3.915 2.45 × 10−3 Transcription regulator
TLE1 4.455 4.53 × 10−11 Transcription regulator
TLE4 4.145 2.28 × 10−25 Transcription regulator

WNT6 4.078 1.28 × 10−21 other
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observed gene expression changes in a given dataset to a reference dataset, assessing the significance 
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Figure 2. Wnt Signaling pathway. The diagram provides an overview of the major components and
interactions within the Wnt signaling pathway such as LEF1 and TCF/LEF1 complex. The color
assignments in IPA are based on statistical analyses, such as the z-score. The z-score compares the
observed gene expression changes in a given dataset to a reference dataset, assessing the significance
and direction of those changes. Positive z-scores indicate upregulation = red, orange = activated,
whereas negative z-scores indicate downregulation = green, blue = inhibited, and z-scores close
to zero indicate no significant change = no color, and purple indicates interactions of two or more
factors. The color scheme employed in this figure is consistent with the color scheme utilized in all
presented figures.
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Figure 3. IPA core analysis of the regulation of the Epithelial-Mesenchymal Transition Pathway in 
SW480 AHCY deficient cells, revealing the involvement of LEF1, a functional transcription factor 
forming part of the TCF/LEF complex, thereby exerting regulatory control over the expression of 
genes crucial for EMT. 

Figure 3. IPA core analysis of the regulation of the Epithelial-Mesenchymal Transition Pathway in
SW480 AHCY deficient cells, revealing the involvement of LEF1, a functional transcription factor
forming part of the TCF/LEF complex, thereby exerting regulatory control over the expression of
genes crucial for EMT.
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Figure 4. IPA Core analysis of the Epithelial Adherens Junctions Signaling in SW480 AHCY deficient 
cells with increased expression of LEF1 protein. The accompanying Table 5 provides valuable in-
sights into the transcriptional alterations observed in pivotal genes associated with epithelial ad-
herens junctions signaling following differential expression analysis such as: CDH1, CDH2, 
TCF/LEF1. Notably, there are changes in gene expression observed in the TCF/LEF complex, mir-
roring the patterns seen in the Wnt signaling pathway and the regulation of the epithelial-mesen-
chymal transition pathway. 

Figure 4. IPA Core analysis of the Epithelial Adherens Junctions Signaling in SW480 AHCY deficient
cells with increased expression of LEF1 protein. The accompanying Table 5 provides valuable
insights into the transcriptional alterations observed in pivotal genes associated with epithelial
adherens junctions signaling following differential expression analysis such as: CDH1, CDH2,
TCF/LEF1. Notably, there are changes in gene expression observed in the TCF/LEF complex,
mirroring the patterns seen in the Wnt signaling pathway and the regulation of the epithelial-
mesenchymal transition pathway.
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ing in SW480 AHCY deficient cells with increased expression of LEF1 protein. Notably, the tran-
script levels of Cyclin A, Cyclin B, and CDK1 were found to be significantly activated, indicating a 
potential modulation of cell cycle dynamics in response to AHCY deficiency. Cyclin B, in collabora-
tion with CDK1, orchestrates the transition from the G2 phase to the mitotic phase, enabling suc-
cessful cell division. The heightened expression of Cyclin B and CDK1 implies an augmented drive 
toward mitosis, possibly reflecting a compensatory mechanism triggered by AHCY deficiency. 

 
Figure 6. MYC network; IPA Analysis indicates MYC dependent regulation of several proteins in-
cluding, AHCY, SOX5, SON, OLR1, LGR5, and COL4A1, which expression levels were found to be 
significantly associated with MYC activity, indicating MYC as a potential master regulator. 

Figure 5. IPA Core analysis of Differential Expression of Cyclins and Cell Cycle Regulation Signaling
in SW480 AHCY deficient cells with increased expression of LEF1 protein. Notably, the transcript
levels of Cyclin A, Cyclin B, and CDK1 were found to be significantly activated, indicating a potential
modulation of cell cycle dynamics in response to AHCY deficiency. Cyclin B, in collaboration with
CDK1, orchestrates the transition from the G2 phase to the mitotic phase, enabling successful cell
division. The heightened expression of Cyclin B and CDK1 implies an augmented drive toward
mitosis, possibly reflecting a compensatory mechanism triggered by AHCY deficiency.
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Figure 6. MYC network; IPA Analysis indicates MYC dependent regulation of several proteins
including, AHCY, SOX5, SON, OLR1, LGR5, and COL4A1, which expression levels were found to be
significantly associated with MYC activity, indicating MYC as a potential master regulator.
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responses and signaling crosstalk. 

Figure 7. STAT3 Signaling in SW480 AHCY deficient cells. The figure summarizes the upregulation
and activation of STAT3, MYC, CDC25A, and BCL2, highlighting potential implications for cellular
responses and signaling crosstalk.

Table 5. The table presents a systematic analysis of the diverse functions of the Epithelial Adherens
Junctions Signaling based on RNAseq data and IPA Core analysis. It highlights roles of epithelial
adherens junctions signaling in cellular processes such as: cell adhesion, cell to cell contact formation,
and remodeling of actin cytoskeleton.

From Molecule(s) Relationship Type To Molecules

14-3-3 protein–protein interactions YAP1
AFDN causation Recruitment of actin cytoskeleton
AKT causation Cell proliferation
AKT causation TC proliferation

ARHGAP35 inhibition RHOA
ARHGEF17 activation RHOA
α-catenin activation Central spindling
α-catenin activation NF2
α-catenin activation VCL
α-catenin causation AJ organization
α-catenin causation Recruitment of actin cytoskeleton
α-catenin inhibition PP2A
α-catenin protein–protein interactions 14-3-3
α-catenin protein–protein interactions NF2
α-catenin protein–protein interactions VCL

Ampk activation RHOA
Arp2-3 causation Actin polymerization
Arp2-3 membership ACTR2
Arp2-3 membership ACTR3

BAIAP2 activation WAS
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Table 5. Cont.

From Molecule(s) Relationship Type To Molecules

BAIAP2 activation WASF1
BAIAP2 protein–protein interactions WASF1
CDC42 activation BAIAP2
CDC42 activation PAK
CDC42 activation WAS
CDC42 inhibition IQGAP1
CDC42 protein–protein interactions IQGAP1
CDH1 activation RAPGEF1
CDH1 activation STK11
CDH1 causation Cell adhesion
CDH1 inhibition EGFR
CDH1 inhibition IGF1R
CDH1 inhibition MET
CDH1 protein–protein interactions RAPGEF1
CDH2 activation PRKAA1
CDH2 protein–protein interactions CDH2
CDH2 protein–protein interactions CTNNB1
CDH2 protein–protein interactions PRKAA1
CRK activation RAPGEF1

CTNNB1 activation α-catenin
CTNNB1 activation CDH1
CTNNB1 activation MAGI1
CTNNB1 activation MAGI2
CTNNB1 activation NF2
CTNNB1 activation TNS1
CTNNB1 molecular cleavage CDH1
CTNNB1 protein–protein interactions α-catenin
CTNNB1 protein–protein interactions CDH1
CTNNB1 protein–protein interactions MAGI1
CTNNB1 protein–protein interactions MAGI2
CTNNB1 protein–protein interactions TNS1
CTNNB1 reaction α-catenin, FER
CTNNB1 reaction α-catenin, FYN
CTNNB1 reaction CTNNB1, EGFR; MET
CTNNB1 reaction MAGI2, VCL
CTNND1 activation CDH1
CTNND1 molecular cleavage CDH1
CTNND1 protein–protein interactions CDH1
CTNND1 protein–protein interactions RHOA
CTNND1 reaction CTNND1, CDH1
CTNND1 reaction CTNND1, NANOS1
CTNND1 translocation CTNND1

CTNN,β-CDHE/N activation ARHGEF17
CTNN,β-CDHE/N activation TIAM1
CTNN,β-CDHE/N causation Cell adhesion
CTNN,β-CDHE/N causation Cell-cell contact formation
CTNN,β-CDHE/N membership CDH1
CTNN,β-CDHE/N membership CDH2
CTNN,β-CDHE/N membership CTNNB1
CTNN,β-CDHE/N membership CTNND1
CTNN,β-CDHE/N protein–protein interactions CDH1

Ca2+ activation CDH1
Ca2+ chemical–protein interactions CDH1

Central spindlin activation ECT2
Central spindlin inhibition ARHGAP35

Cofilin causation Stabilization of actin network
DIAPH1 causation Stress fiber formation

DLL1 activation NOTCH
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Table 5. Cont.

From Molecule(s) Relationship Type To Molecules

ECT2 activation RHOA
EGF activation EGFR

EGFR activation FER
EGFR activation FYN
EGFR activation RAS
EGFR causation Epithelial barrier disruption
EGFR causation Proliferation of cell
EGFR inhibition CTNND1
EGFR phosphorylation CTNND1
EGFR phosphorylation FER
EGFR phosphorylation FYN
FARP2 activation CDC42
FGF1 activation FGFR1

FGFR1 activation RAS
HGF activation MET

IGF1R causation Proliferation of cell
IQGAP1 inhibition CTNNB1
IQGAP1 protein–protein interactions CTNNB1

LATS inhibition YAP1
LIMK inhibition Cofilin
LIMK phosphorylation Cofilin
LPS causation Endothelial barrier function

MAGI1 activation DLL1
MAGI1 protein–protein interactions DLL1
MAGI2 activation PTEN
MAGI2 molecular cleavage PTEN
MAGI2 protein–protein interactions PTEN

MER-WWC1-FRMD6 activation MST/KRS
MER-WWC1-FRMD6

membership membership NF2

MET activation RAS
MET causation Proliferation of cell
MET inhibition CDH1
MET phosphorylation CDH1

MST/KRS activation LATS
Myosin2 causation AJ stabilization
Myosin causation Cell adhesion structure clustering

NF2 inhibition EGFR
NOTCH causation Neuron differentiation
Nectin activation AFDN
Nectin activation SRC
Nectin causation Cell adhesion
Nectin protein–protein interactions AFDN
Nectin protein–protein interactions Nectin
Nectin protein–protein interactions SRC
PAK activation LIMK
PAK phosphorylation LIMK
PIP2 inhibition AKT
PIP3 reaction PIP2 PTEN

PRKAA1 causation Endothelia barrier function
RAC1 activation BAIAP2
RAC1 activation PAK
RAC1 activation WASF1
RAC1 inhibition IQGAP1
RAC1 protein–protein interactions IQGAP1
RAP1 activation CTNND1
RAP1 activation FARP2

RAPGEF1 activation RAP1
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Table 5. Cont.

From Molecule(s) Relationship Type To Molecules

RAS expression SNAI1
RAS expression SNAI2

RHOA activation DIAPH1
RHOA activation Myosin2
RHOA activation ROCK
ROCK activation LIMK
ROCK phosphorylation LIMK
SNAI1 expression CDH1
SNAI2 expression CDH1

SRC activation CRK
SRC activation FARP2
SRC activation VAV2
SRC phosphorylation FARP2
SRC phosphorylation VAV2

STK11 activation Ampk
STK11 phosphorylation Ampk

TCF/LEF causation Cell differentiation
TCF/LEF causation Cell proliferation

TGFB2 activation TGFBR
TGFBR expression SNAI1
TIAM1 activation RAC1
TNS1 causation Recruitment of actin cytoskeleton
VAV2 activation CDC42
VAV2 activation RAC1
WAS activation Arp2-3

WASF1 activation Arp2-3
YAP1 reaction YAP1 LATS
YAP1 reaction YAP1 PP2A

ZBTB33 inhibition TCF/LEF

Table 6. Differentially Expressed Genes in the Tumor Cell Microenvironment Pathway in AHCY-
Downregulated SW480 Cells. The table summarizes the differentially expressed genes, highlighting
upregulated and downregulated genes involved in extracellular matrix re-modeling, immune cell
recruitment, cell migration, and cell survival. Significant changes in genes associated with the tumor
cell microenvironment pathway are revealed.

Symbol Expr Log Ratio q-Value Type(s)

CSF2 −4.435 7.37 × 10−13 Cytokine
CXCLR8 −3.762 6.67 × 10−10 Cytokine
CXCR4 3.8 2.03 × 10−25 G-protein coupled receptor
FGF21 −3.51 4.09 × 10−3 Growth factor
IL10 4.254 4.40 × 10−14 Cytokine

MMP16 −6.32 4.43 × 10−3 Peptidase
MMP17 −3.808 9.57 × 10−9 Peptidase
MMP19 3.196 1.33 × 10−3 Peptidase
MMP24 3.114 9.03 × 10−7 Peptidase
NOS2 3.881 1.34 × 10−19 Enzyme

PDGFC −3.482 1.34 × 10−6 Growth factor
PIK3R5 4.778 1.5 × 10−2 Kinase
PLAU 3.487 6.53 × 10−11 Peptidase

SLC2A3 3.254 1.67 × 10−12 Transporter
TIAM1 3.836 5.84 × 10−27 other
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Figure 9. Human Embryonic Stem Cell Pluripotency Signaling. STAT3 plays a critical role in regu-
lating the self-renewal and proliferation of embryonic stem cells (ESCs). The figure illustrates the 
involvement of STAT3 in maintaining the pluripotent state of ESCs and promoting their prolifera-
tion, highlighting key downstream effectors and signaling pathways. 

 
Figure 10. IPA Core analysis of signaling by Rho Family GTPases in SW480 AHCY deficient cells 
with increased expression of LEF1 protein. The figure depicts the increased activation of cytoskeletal 
reorganization, cell trafficking, and migration/invasion-related processes in response to AHCY de-
ficiency and increased levels of LEF1 protein. Rho GTPases, including Rho, PIP5K, and ROCK, are 
shown as key regulators of cytoskeletal dynamics. 

Figure 9. Human Embryonic Stem Cell Pluripotency Signaling. STAT3 plays a critical role in
regulating the self-renewal and proliferation of embryonic stem cells (ESCs). The figure illustrates the
involvement of STAT3 in maintaining the pluripotent state of ESCs and promoting their proliferation,
highlighting key downstream effectors and signaling pathways.
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Figure 10. IPA Core analysis of signaling by Rho Family GTPases in SW480 AHCY deficient cells
with increased expression of LEF1 protein. The figure depicts the increased activation of cytoskeletal
reorganization, cell trafficking, and migration/invasion-related processes in response to AHCY
deficiency and increased levels of LEF1 protein. Rho GTPases, including Rho, PIP5K, and ROCK, are
shown as key regulators of cytoskeletal dynamics.
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lular Responses in AHCY-deficient SW480 Cells. Differential gene expression analysis in AHCY-
deficient SW480 cells revealed significant alterations in genes associated with tumor cell invasion. 
TGFβ1, ROAR, DAB2, BMP6, NOS2, PLXN2, and CADPS exhibited significant upregulation, while 
TCF4 and AHCY were significantly downregulated. These gene expression changes were connected 
with increased LEF1 protein levels, activated Wnt signaling, and potential implications for en-
hanced cell invasion and proliferation through the upregulation of Cyclin A and Cyclin B. Top of 
FormBottom of Form.  

Table 1. Summary of IPA analysis; Molecular and Cellular Functions wt-vs-siAHCY. 

Name p-Value Range Molecules 
Cellular movement 6.00 × 10⁻4–2.48 × 10⁻13 73 
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Figure 11. Integration of Differential Gene Expression, LEF1 Protein Levels, Wnt Signaling, and
Cellular Responses in AHCY-deficient SW480 Cells. Differential gene expression analysis in AHCY-
deficient SW480 cells revealed significant alterations in genes associated with tumor cell invasion.
TGFβ1, ROAR, DAB2, BMP6, NOS2, PLXN2, and CADPS exhibited significant upregulation, while
TCF4 and AHCY were significantly downregulated. These gene expression changes were connected
with increased LEF1 protein levels, activated Wnt signaling, and potential implications for enhanced
cell invasion and proliferation through the upregulation of Cyclin A and Cyclin B. Top of FormBottom
of Form.

2.4. Epithelial-Mesenchymal Transition and E-Cadherin/β-Catenin/Wnt Pathway

The AHCY deficient SW480 cell line exhibits significant changes in expression levels of
genes that are part of the epithelial-mesenchymal transition (EMT). We observed changes
in the lymphoid enhancer-binding factor 1 (LEF1) gene expression levels. Accordingly, we
have observed changes in Wnt signaling (Figures 2 and 3, Table 3), which is to be expected
as LEF1 is part of the Wnt/β-catenin signaling pathway.

Other changes within the Wnt pathway include WNT6 (Wnt family member 6) with a
highly increased expression. Wnt6 is highly conserved in various species, mainly consid-
ered to be a member of the β-catenin-dependent Wnt signaling pathway.

Besides the upregulation of LEF1 and its possible regulatory role in Wnt signaling, we
have observed the reduced expression of cadherin 12 (CDH12) (Table 3).

Also, we show increased ALCAM expression (activated leukocyte cell adhesion
molecule). The expression of ALCAM correlates with the expression of Snail proteins,
showing Snail 1 and Snail 2 to be more active (Figures 4, 6 and 11, Tables 4 and 5). Snail
proteins are well-known EMT-Transcription factors, directly binding and suppressing
E-cadherin at the proximal CDH1 promoter and remodeling intercellular adhesion.

Also, significant alterations in genes associated with tumor cell invasion were detected,
such as significant upregulation of TGFβ1, ROAR, DAB2, BMP6, NOS2, PLXN2, and
CADPS exhibited, and significant downregulation of TCF4 (Figure 11).
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2.5. Differential Expression of Cyclins and Cell Cycle Regulation Signaling

The transcript levels of Cyclin A, Cyclin B, and CDK1 were found to be significantly
increased (Figure 5). Cyclin B, in collaboration with CDK1, orchestrates the transition
from the G2 phase to the mitotic phase, enabling successful cell division. Accordingly,
we observed a higher level of gene expression of RB1, E2F, and TFDP1, which are key
regulators of the cell cycle.

2.6. MYC, STAT3 and Human Embryonic Stem Cell Pluripotency Signaling

There is an established connection between c-MYC and AHCY. Namely, c-MYC regu-
lates expression of AHCY in human breast cancer cells. Thus, we have identified several
proteins that are potentially regulated by MYC (Figure 6). Among them, the expression
levels of AHCY, SOX5, SON, OLR1, LRG1, and COL4A1 were found to be significantly
associated with MYC activity, specifically in terms of their potential downregulation. MYC
exerts its regulatory role by directly binding to the regulatory regions of these genes and
modulating their transcriptional activity.

Additionally, upregulation and activation of STAT3, MYC, CDC25A, and BCL2 is
shown (Figure 7 and Table 7), suggesting potential implications for enhanced cellular
proliferation, survival, and anti-apoptotic responses.

Table 7. The table presents a systematic analysis of the diverse functions of STAT3 signaling based on
RNAseq data and IPA Core analysis. It highlights roles of STAT3 signaling in cellular processes such
as proliferation, survival, and differentiation.

From Molecule(s) Relationship Type To Molecules(s)

BCL2 Causation Anti-Apoptosis
BCR-ABL1 activation STAT3
CDKN1A Inhibition Stat3-Stat3
Cytokine activation Cytokinereceptor
Cytokine protein–protein interactions Cytokinereceptor

Cytokinereceptor activation JAK2
Cytokinereceptor activation SRC
Cytokinereceptor activation TYK2
Cytokinereceptor protein–protein interactions JAK2
Cytokinereceptor protein–protein interactions TYK2

ERK1/2 activation JAK2
ERK1/2 translocation TYK2

Growthfactor chemical–protein interactions Stat3-stat3
Growthfactor activation ERK 1/2

Growthfactor receptor protein–protein interaction RAS
Growthfactor receptor activation Growthfactor receptor
Growthfactor receptor activation Growth factor receptor
Growthfactor receptor protein–protein interaction JAK2

JAK2 protein–protein interaction SRC
JAK2 activation JAK2
JNK reaction SRC

MAP2K1/2 activation STAT3
MLK activation STAT3
MYC activation Stat3-Stat3

Mapkkinase activation ERK 1/2

Mapkkinase activation Mapkkinase
NDUFA13 activation CDC25A
P38MAPK activation JNK

PIAS3 protein–protein interactions P38MAPK
PIAS3 activation STAT3
PIM1 inhibition Stat3-stat3

PTPN2 protein–protein interactions Stat3-stat3
PTPN6 activation Stat3-stat3
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Table 7. Cont.

From Molecule(s) Relationship Type To Molecules(s)

RAC1 inhibition BCL2
RAF1 inhibition Stat3-stat3
RAS activation JAK2
RAS activation MLK

SOCS activation MAP2K1/2
SRC activation RAC1
SRC inhibition RAF1

STAT3 activation JAK2
STAT3 activation RAS

Stat3-stat3 reaction STAT3
Stat3-stat3 translocation Stat3-stat3
Stat3-stat3 activation STAT3
Stat3-stat3 activation CDKN1A
Stat3-stat3 activation MYC
Stat3-stat3 causation PIM1

TYK2 membership Transcription

2.7. The Tumor Microenvironment Pathway

AHCY-deficient SW480 cells exhibit significant upregulation of genes important for
the tumor microenvironment pathway, such as MMP19, MMP24, and CSF2, as well as
upregulated activation of PLAU and BCL2 (Figure 8 and Table 6).

We have observed higher expression of TIAM1 and activation of Rac1 (Figure 8).
TIAM1 acts as a GEF, a protein that facilitates the exchange of GDP (guanosine diphosphate)
for GTP (guanosine triphosphate) on Rac1.

2.8. G Protein-Coupled Receptor (GPCR) Signaling

RNA-seq data revealed an interesting observation regarding the expression of G
protein-coupled receptor (GPCR) signaling. We found a downregulation of Adora receptors
(GPCR) signaling in the AHCY-deficient cells (Figure 6), suggesting a potential alteration
in cellular responses to external stimuli. This downregulation may place the tumor cells
under increased stress, making them more competitive for limited resources and driving
the activation of mechanisms responsible for cell migration and invasion.

2.9. Signaling by Rho Family GTPases

We observed activation of ROCK kinase, which further contributes to cytoskeletal
remodeling and cell contractility (Figure 10). Namely, Rho GTPases, including Rho, PIP5K,
and ROCK, are key regulators of cytoskeletal dynamics. The Rho signaling cascade also
involves downstream effectors, such as FAK (focal adhesion kinase). Additionally, the
increased activation of FAK (Figure 9), suggests enhanced focal adhesion turnover and
cell-substrate adhesion including cytoskeleton reorganization.

2.10. Western Blotting

Western blotting results confirmed efficient lentiviral mediated knockdown of AHCY
gene expression in SW480 cells, with significantly decreased AHCY protein levels (Figure 12a).

Also, Western blotting revealed a significant increase in the protein levels of LEF1 in
AHCY-deficient SW480 cells when compared to the control cells (Figure 12b). Quantification
of band intensities showed an approximately 50% increase in LEF1 protein expression in
the AHCY-deficient cells. This observation indicates that the deficiency of AHCY has a
direct impact on the expression of LEF1 in SW480 cells. Additionally, we found a significant
increase in the expression of STAT3 protein in AHCY-deficient cells compared to control
cells (Figure 12c).
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Figure 12. Western blotting results. For all experiments, GAPDH was used as a loading control,
and detected by a rabbit polyclonal antibody (ab9458, Abcam). Then, 30µg of whole cell proteins
retrieved from SW480 AHCY-deficient or SW480 control cells were loaded per well. (a) Detection
of AHCY protein (b) Detection of LEF1 protein, (c) Detection of STAT3 protein 2 + 4 signifies the
group of cells in which AHCY expression has been silenced, while SCR represents the control group
with normal AHCY expression. Western blot analysis of LEF1 protein expression confirmed the
transcriptomic data predictions and revealed increased LEF1 protein in AHCY-deficient cells.

3. Discussion

In order to imbalance the cellular SAM-to-SAH ratio and inflict changes to the cellular
methylation potential, we knocked-out endogenous AHCY in the model cell line SW480,
which leads to an accumulation of SAH. The elevated levels of SAH in the AHCY deficient
cells may have implications for cellular processes that rely on proper methylation, such as
gene expression regulation and epigenetic modifications.

Indeed, we have established a new link between S-adenosylhomocysteine hydrolase
and cancer cell signaling by analyzing differentially expressed pathways in AHCY deficient
SW480 cells. Namely, after AHCY knockdown, these cells exhibit significantly increased
LEF1 protein levels, placing LEF1 into a complex interplay of various signaling pathways
and molecular players involved in tumor cell migration and invasion, in particular the Wnt
signaling pathway, where the upregulation of LEF1 possibly is disrupting the TCF/LEF
transcription factors ratio.

Namely, LEF1 is part of the Wnt/β-catenin signaling pathway, which includes for
example genes such as c-Myc, LBH, Oct4, NANOG that have been associated with the
upregulation of proteins typically involved in human breast cancer, gastrointestinal tumors,
prostate cancer, leukemia, and others [20–35]. Some of these genes confer stem cell qualities
including c-myc, cyclin D1, Oct4, and NANOG, and siRNA-mediated knockdown initiates
differentiation, respectively. In addition, c-Myc appears to serve as a master regulator,
playing a critical role in in embryonic development and regulating the transcription of
genes involved in the cell cycle, and targets molecules involved in the G1/S transition such
as CDK2, CDK4, CDC25A, and E2Fs [36].

Cyclin D1 is involved in cell cycle progression, especially in the G1 phase, and is
necessary for growth and proliferation. They also serve as downstream effectors of Wnt
signaling and are activated by the recruitment of LEF1 to their respective promoter sites.
Namely, the promoters for c-myc and cyclin D1 contain LEF1 consensus sequences that
allow β-catenin-LEF1 to bind and modulate c-myc and cyclin D1 expression. Other down-
stream target genes involved in proliferation could be affected as well, such as survin, and
VEGF [36–39].

Point mutations of LEF1 located in exons 2 (K86E) and 3 (P106L) of LEF1 result in
increased promoter activity and expression for c-myc and cyclin D1, causing increased
leukemia cell proliferation [38]. Altered LEF1 expression and function commonly occur
in several cancers, such as lung adenocarcinoma, colon cancer, endometrial carcinoma,
prostate cancer, and leukemia [38,39]. LEF1 has been reported to promote EMT in cancer
cells by activating Wnt/β-catenin signaling, which can in turn activate Notch signaling
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and GPCR signaling. High LEF1 and low Notch2 expression patterns are associated with
tumorigenesis, shorter overall survival time, and higher risk of death in CRC patients.
Also, the presence of increased LEF1 is associated with an increased risk for primary
colorectal cancer and liver metastasis [40–45]. On the other hand, knockdown of LEF1
in colon cancer cells results in various effects on cellular processes such as (a) increased
apoptosis compared to control cells in vitro, and reduced tumor growth compared to
normal colon cancer cells in vivo, (b) reduced invasiveness via decreased MMP-2 and
MMP-9 expression, and (c) changed expression of genes involved in regulation of expres-
sion of matrix metalloproteinases such as metallopeptidase 7 (MMP7, a Zn2+—dependent
proteolytic enzyme) [43]. These studies demonstrate the importance of LEF1 in eluci-
dating typical cancer characteristics, including proliferation, invasion, migration, and
viability, amongst a variety of cancer types, and highlight its necessity in propagating
these effects. Not only is LEF1 at the center of signaling pathways and mechanisms that
initiate and maintain carcinogenesis, the suppression of LEF1 reduces the proliferative
and invasive properties of cancer. Similarly, calcium signaling has been shown to regulate
Wnt/β-catenin signaling by activating calcium/calmodulin-dependent protein kinase II
(CaMKII), which can phosphorylate LEF1 and activate its transcriptional activity. Therefore,
LEF1 may indirectly modulate the activity of several of the signaling pathways identi-
fied in the RNA-seq analysis by interacting with other key signaling molecules, such as
β-catenin, Notch, and GPCRs. This assumption is fostered by finding significantly lower
expression levels of TCF4, whereas TCF4 is known to be in a direct interaction with LEF1
known as an interaction TCF/LEF, where overexpressed LEF1 leads to an enhanced tumor
cell invasiveness and induces epithelial to mesenchymal transition [43]. Namely, tran-
scription of LEF1 can be directly regulated by TCF4–β-catenin complexes [45–48]. As
LEF-1 is not expressed in the normal colon mucosa [49] but is found in human colorectal
cancer [50], a shift of β-catenin binding partners from TCF4 to LEF-1 might occur during
carcinogenesis which might enable enhanced epithelial-mesenchymal transition (EMT) and
malignant progression.

To conclude: LEF1 is a crucial component of the Wnt signaling pathway. It is a
transcription factor that interacts with β-catenin to regulate the expression of Wnt target
genes. In the absence of Wnt signaling, β-catenin is typically targeted for degradation.
However, when the Wnt pathway is activated, β-catenin accumulates in the nucleus
and forms a complex with LEF1. This complex activates the transcription of Wnt tar-
get genes, which are involved in various cellular processes, including cell proliferation
and differentiation.

The precise mechanisms and consequences of these interactions may vary depending
on the cellular context, specific target genes, and extracellular signals present. Further
investigations are necessary to fully elucidate the intricate interplay between LEF1 and
these canonical and non-canonical pathways in the context of our study, considering their
potential impact on gene expression and cellular processes.

3.1. Epithelial-Mesenchymal Transition

So far, the hallmark of EMT is the loss of epithelial marker expression, typically indi-
cated by the presence of E-cadherin, with a gain in mesenchymal marker expression such
as of N-cadherin and vimentin accompanied by invasive phenotype [51]. Therefore, the
E-cadherin/β-catenin/Wnt pathway signaling is pivotal for comprehending the potential
consequences of identified gene expression alterations, given the observed changes in
Wnt signaling, and its central role in governing cell–cell adhesion and the regulation of
cell proliferation—both frequently perturbed within the tumor microenvironment. As we
have found, WNT6, highly conserved in various species, with a highly increased expres-
sion, and mainly considered to be a member of the β-catenin-dependent Wnt signaling
pathway [52], might increase the proliferative ability of colorectal cancer cells (CRC), lead-
ing to increased expression of MMP2, which is also involved in the breakdown of the
extracellular matrix [53]. In addition, the promoter region of Wnt6 is bound by poly-
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morphic adenoma-like protein 2 (PLAGL2) in the nucleus of CRC cells [54]. PLAGL2,
a zinc finger protein derived from the PLAG gene family [54–57], is a proto-oncogene
and a transcription factor. PLAGL2 combines with the Wnt6 promoter and activates the
β-catenin-dependent Wnt signaling pathway, thereby stimulating various downstream
target genes (such as MMP7, CCND1) and promoting tumor development [54].

E-cadherin together with β-catenin as an adaptor protein establishes links to the actin
cytoskeleton. Under physiological conditions, cytoplasmic β-catenin remains in an inactive
state by being bound to the APC/GSK3β/Axin/CK1 degradation complex and under-
goes phosphorylation for ubiquitination. Wnt signaling inhibits this degradative process
by phosphorylating and inhibiting the GSK3β complex. Under conditions that amplify
aberrant Wnt signaling, β-catenin translocates into the nucleus and binds to TCF-4/LEF-1
proteins to induce Wnt target genes such as c-Myc, cyclins, MMP, etc., leading to uncon-
trolled cell proliferation and growth [58]. In the absence of E-cadherin, un-sequestered
β-catenin released from the membrane-bound cadherin-catenin complex leads to excess
cytoplasmic β-catenin. It has been demonstrated that β-catenin uses the same binding inter-
face to engage TCF and E-cadherin ligands and cadherins have a superior binding affinity.
There is a suggestion that as E-cadherin protein is lost, there is excess un-sequestered
cytoplasmic β-catenin that escapes degradation and enters the nucleus to bind to TCF and
activate the Wnt pathway. In addition to activating downstream Wnt-associated genes, it
is also demonstrated that nuclear translocation of β-catenin represses PTEN expression.
PTEN is a tumor suppressor and a critical regulator of AKT/MTOR pathway. Thus, the
carefully balanced Wnt/β-catenin/E-cad functioning is tipped in favor of uncontrolled
cell-proliferation-promoting oncogenesis [47]. In addition, important signaling interactions
between E-cadherin and other cellular pathways include RTK/EGFR/MAPK, and the
P-120/Rho/RAC pathway, respectively.

Besides the upregulation of LEF1 and being part of the Wnt/β-catenin signaling
pathway with possible regulatory roles in aforementioned processes, we have observed
the reduced expression of cadherin 12 (CDH12) that has been implicated in promoting
increased metastatic potential and cell migration [59]. The loss or downregulation of
CDH12 can disrupt the adhesive interactions between cells, leading to a decreased cohesive
behavior within the primary tumor and facilitating the detachment of tumor cells from
the primary site. This loss of cell adhesion can enhance the migratory capacity of cancer
cells, enabling their invasion into surrounding tissues and dissemination to distant sites.
Consequently, the decreased expression of CDH12, along with reduced adhesive molecules,
may contribute to a more aggressive and metastatic phenotype in cancer cells [59–61].

Contributing to potential migratory capacity might be enhanced expression of AL-
CAM, which is involved in cancer cell migration, in conjunction with the activation of the
EMT pathway. ALCAM facilitates interactions between cells and their surrounding envi-
ronment, and influences cytoskeletal rearrangements, promoting cellular protrusions that
expedite directed cell migration. The expression of ALCAM correlates with the expression
of SNA1, which is evident in our data [62].

Snail family members (Snail [SNAI1] are well-known EMT-TFs. The EMT-TFs directly
bind and suppress E-cadherin at the proximal CDH1 promoter and remodel intercellular
adhesion. Snail also suppress other epithelial markers and activate mesenchymal genes,
and, as we see in our data, Snail 1 and Snail 2 are more active (Figure 4, Table 5). Fur-
thermore, EMT-TFs are known to reorganize epithelial polarity molecules and impede
basement membrane formation to promote pro-invasive circumstances [62,63].

Significant upregulation of expression is found in genes associated with tumor cell
invasion such TGFβ1, ROAR, DAB2, BMP6, NOS2, PLXN2, and CADPS, whereas TCF4 was
significantly downregulated in AHCY deficient cells. Thus, our data bode well for linking
gene activity changes to tumor progression and metastasis, suggesting that, (a) TGFβ1’s
elevated activity aligns with invasion promotion, (b) ROAR’s surge suggests heightened
invasiveness, (c) DAB2’s rise echoes invasion dynamics, (d) BMP6’s elevation points to
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tumor progression, (e) NOS2’s increase connects to invasiveness, (f) PLXN2’s upregulation
implies migration involvement and, (g) CADPS’s rise aligns with invasiveness [63–69].

Interestingly, in the context of cell migration and invasion, we found downregulation
of Adora receptors (GPCR), suggesting a potential alteration in cellular responses to external
stimuli. This downregulation may place the tumor cells under increased stress, making
them more competitive for limited resources and driving the activation of mechanisms
responsible for cell migration and invasion.

Additional cytoskeletal dynamics are possibly mediated through signaling by Rho
Family GTPases, fostered by the observed activation of ROCK kinase, which contributes to
cytoskeletal remodeling and cell contractility. Namely, Rho GTPases, including Rho, PIP5K,
and ROCK, are key regulators of cytoskeletal dynamics, including downstream effectors,
such as FAK (focal adhesion kinase), which exhibits increased activation suggesting an
enhanced focal adhesion turnover and cell-substrate adhesion, including cytoskeleton
reorganization [70,71]. Thus, the activation of Wnt signaling, STAT3, Rho GTPases, ROCK
kinase, FAK, the regulation of the EMT pathway and the upregulation of LEF1 protein
collectively might contribute to cytoskeletal reorganization, cell trafficking, and enhanced
cell motility, and highlight the complicated network of molecular events involved in the
invasive behavior of tumor cells. Calcium signaling can intersect with the non-canonical
Wnt pathway, potentially affecting LEF1 through various mechanisms, while LEF1, as a
downstream effector of the canonical Wnt pathway, plays a role in regulating epithelial-
mesenchymal transition (EMT). Additionally, G protein-coupled receptor (GPCR) signaling
can influence the canonical Wnt pathway [72–74].

3.2. Differential Expression of Cyclins and Cell Cycle Regulation Signaling

Increased transcript levels of Cyclin A, Cyclin B, and CDK1 indicate a potential modu-
lation of cell cycle dynamics in response to AHCY deficiency. Cyclin B, in collaboration
with CDK1, orchestrates the transition from the G2 phase to the mitotic phase, enabling
successful cell division [75]. The increased expression of Cyclin B and CDK1 implies an
augmented drive toward mitosis, possibly reflecting a compensatory mechanism triggered
by AHCY deficiency, supported by higher expression of RB1, E2F, and TFDP1, which are
key regulators of the cell cycle, being in a more active state in the studied cells. Considering
the increased activity of RB1, E2F, and TFDP1, it can be inferred that these molecules are
facilitating cell cycle progression.

RB1, when inactive or phosphorylated, releases its inhibitory effect on E2F transcrip-
tion factors. The active E2F factors, in turn, promote the transcription of genes involved
in DNA replication and cell division. TFDP1 interacts with E2F, forming the E2F/TFDP1
complex, which enhances the transcriptional activity of E2F. This complex further promotes
the expression of genes required for cell cycle progression [76].

The activation of the E2F/TFDP1 complex leads to the transcription of genes involved
in various phases of the cell cycle, such as G1/S transition, S phase, G2 phase, and M
phase. However, it is unclear whether the dysregulated cyclin signaling observed in AHCY
deficient SW480 cells may be influenced by aberrant LEF1 activity and its interplay with
the Wnt pathway.

3.3. MYC, STAT3 and Human Embryonic Stem Cell Pluripotency Signaling

Significant perturbations in expression levels have been observed for several proteins
that are potentially regulated by MYC, but also MYC itself. Namely, MYC exerts its regula-
tory role by directly binding to the regulatory regions of distinct genes such as SOX5, SON,
OLR1, LRG1, and COL4A1, which have been found to be significantly associated with MYC
activity, specifically in terms of their potential downregulation. Proteins SOX5, SON, and
OLR1 have been implicated in various aspects of cancer progression and metastasis [77].
SOX5, a paralog of SOX2 within the SOX transcription factor family, may play a significant
role in regulating cellular processes in the AHCY deficient SW480 cell line. Furthermore,
the presence of such connections in other cellular systems and the known involvement
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of SOX6 (a paralog of SOX2) in Wnt signaling, strengthens the importance of these find-
ings within the broader context of cell regulation and signaling pathways in the tumor
microenvironment. In the case of COL4A1, which is a component of basement membranes,
lower expression could potentially disrupt the integrity of basement membranes. Our
study also explores the connection between AHCY deficiency and pluripotency signaling in
ESCs, focusing on observed upregulation of STAT3, and MYC, together with CDC25A, and
BCL2, that suggest potential implications for enhanced cellular proliferation, survival, and
anti-apoptotic responses. Also, as MYC, CDC25A, and BCL2 show increased activity, one
might argue regarding possible contributions to cell growth, cycle control, and resistance
to cell death as shown elsewhere [78,79]. Furthermore, the connection between STAT3
signaling and LEF1 protein levels suggests a potential interplay between these pathways,
possibly mediated through crosstalk with the Wnt signaling pathway. Namely, STAT3
activation is crucial for ESC self-renewal by controlling important pluripotency genes like
OCT4, NANOG, and SOX2. Additionally, STAT3 influences ESC growth and proliferation
by affecting genes involved in the cell cycle, including cyclin D1 and c-myc. The down-
stream factor MYC also plays a role in ESC development, cell growth, proliferation, and
maintenance of pluripotency [80]. Therefore, our analysis also establishes links between
AHCY deficiency and pluripotency signaling, shedding new light on the interaction of
STAT3 and downstream elements in the HESCPS network.

3.4. The Tumor Microenvironment Pathway

Significant changes have been detected in the tumor microenvironment pathway
including genes MMP19, MMP24, and CSF2, as well as PLAU, BCL2, TIAM1 and Rac1.
These changes might be attributed to the increased LEF1 protein levels, suggesting po-
tential implications for the modulation of the tumor microenvironment in response to
AHCY deficiency.

In addition, CSF2, also known as GM-CSF (Granulocyte-Macrophage Colony-Stimulating
Factor), is a cytokine that plays a crucial role in the regulation of immune cell development,
function, and inflammation. In addition to its immunomodulatory functions, emerging
evidence suggests that CSF2 also contributes to cancer cell migration and invasion in the
context of cancer metastasis, and indeed we detected highly increased expression of CSF2.
In epithelial ovarian cancer cells, the activation of the CSF2/p-STAT3 pathway leads to the
enhancement of stem cell-like properties in cancer cells [81].

TIAM1 acts as a GEF, a protein that facilitates the exchange of GDP (guanosine diphos-
phate) for GTP (guanosine triphosphate) on Rac1. This exchange shifts Rac1 into its active,
GTP-bound form, triggering downstream signaling pathways that promote cell migration.
Within the existing scientific literature, there is a firmly established comprehension of
TIAM1’s integral role in cell proliferation and tumorigenic potential [81,82].

Loss of TIAM1 or RAC1 inhibition induces cell death via BAX/BAK-mediated apoptosis.
TIAM1-Nur77 interaction is required for small cell lung cancer (SCLC) cell survival [82,83].

In addition, TIAM1 was elevated in thyroid cancer, and TIAM1 knockdown repressed
thyroid cancer cell proliferation and promoted ferroptosis through regulating Nrf2/HO-
1 axis. Taken together, these findings may suggest that TIAM1 plays a significant role
in the tumor microenvironment signaling pathway by activating cell proliferation and
tumorigenic potential [83].

3.5. Potential Mechanism of AHCY-KD-Mediated Wnt Activation

The activation of the Wnt signaling pathway in the context of increased LEF1 protein
expression and reduced AHCY expression may occur through the following potential mech-
anism: epigenetic regulation of Wnt pathway genes. Reduced DNA and RNA methylation
due to AHCY deficiency can disrupt the epigenetic regulation of genes within the Wnt
signaling pathway. Hypomethylation-induced upregulation of Wnt ligands and receptors
can result in an increased availability of Wnt ligands, facilitating enhanced binding to cell
surface receptors. This series of events initiates intracellular signaling, ultimately culminat-
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ing in the activation of the Wnt pathway [84]. In summary, the interplay between elevated
LEF1 protein levels and reduced AHCY expression likely facilitates the activation of the
Wnt signaling pathway through the epigenetic regulation of Wnt pathway genes, such as
WNT6, MYC and LEF1 in our example. This intricate mechanism underscores the intricate
relationship between transcription factors, methylation potential, and the Wnt pathway in
the context of colorectal cancer.

Taken together, our findings provide valuable insights into the complex interplay of
various signaling pathways and molecular players involved in tumor cell migration and
invasion. Understanding these mechanisms at a molecular level may pave the way for the
development of targeted therapeutic interventions aimed at disrupting these pathways and
inhibiting tumor metastasis. Further investigations into the precise molecular mechanisms
underlying the observed alterations and their implications for tumor progression will be
crucial for a comprehensive understanding of tumor biology.

4. Materials and Methods
4.1. Cell Culture

SW480 cells were obtained from the American Type Culture Collection (ATCC) and cul-
tured in DMEM (Dulbecco’s Modified Eagle’s Medium, Thermo Fisher Scientific, Waltham
MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific,
Waltham MA, USA) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 ◦C in a humidified atmosphere with 5% CO2.

HEK293T cells were obtained from the American Type Culture Collection (ATCC) and
cultured according to SW480 cells.

Cells were sub-cultured every 2–3 days and passages 5–10 were used for all experiments.

4.2. Lentivirus Production

HEK293T cells were seeded in a 10-cm dish at a density of 5 × 106 cells/dish and
incubated overnight. The cells were transfected with 5 µg of the short hairpin RNA (shRNA)
lentiviral vector plasmids shRNA2 and shRNA4 (Merck KGaA, Darmstadt, Germany, both
targeting AHCY, respectively, and helper plasmids psPAX2 (3.75 µg) and pMD2.G (1.25 µg)
using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA), according to
the manufacturer’s instructions. For the production of control cells, we used SHC016
non-target shRNA plasmid (Merck KGaA, Darmstadt, Germany), in combination with
psPAX2 and pMD2.G plasmids. After 24 h, the transfection medium was replaced with
fresh medium. The supernatant containing functional lentiviral particles was collected 48 h
and 72 h post-transfection, pooled, and filtered through a 0.45 µm syringe filter (Merck
KGaA, Darmstadt, Germany).

4.3. Cell Culture and Antibiotic Resistance Testing

SW480 cells were cultured in DMEM media supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin in a humidified incubator at 37 ◦C and 5% CO2.
Prior to lentiviral transduction, cells were tested for antibiotic resistance to puromycin
using the MTT assay.

Cells were seeded at a density of 2000 cells per well in a 96-well plate and incubated for
24 h to allow for cell attachment. Puromycin was added at various concentrations (0.2, 0.4,
0.6, 0.8, 1 µg/mL) and incubated for 48 h. Following incubation, the media was removed,
and the cells were washed with phosphate-buffered saline (PBS). MTT solution (5 mg/mL)
was added to each well and incubated for 4 h at 37 ◦C. The MTT solution was removed,
and the formazan crystals were dissolved in dimethyl sulfoxide (DMSO). Absorbance was
measured at 570 nm using a microplate reader (Biotek, Agilent Technologies, Santa Clara,
CA, USA). The concentration of puromycin that resulted in 50% inhibition of cell growth
(IC50) was determined using Excel.
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4.4. Lentiviral Transduction

SW480 cells were seeded in a 6-well plate at a density of 2 × 105 cells/well and incu-
bated overnight. The cells were then transduced with the lentiviral vector containing the
gene of interest and an antibiotic resistance gene using polybrene (Merck KGaA, Darmstadt,
Germany) at a final concentration of 8 µg/mL. After 24 h, the transduction medium was
replaced with a fresh medium containing the appropriate antibiotic (e.g., puromycin) at a
concentration of 1 µg/mL. The cells were then cultured for 3 days to allow for the selection
of transduced cells.

4.5. Transcriptome Profiling—RNA-Seq

Total cell RNA was extracted from 1 × 106 cells using TRIzol® Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s instructions. Two different
cell passages were used to extract RNA both for shAHCY and shCTRL cells and treated as
a biological replicate. RNA quantity was determined using a Qubit 3.0 Fluorometer and
Qubit® RNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Agilent 2100
Bioanalyzer and Agilent RNA 6000 Nano Kits (Agilent Technologies, Santa Clara, CA, USA)
were used to assess the sample quality. TruSeq Stranded mRNA Library Prep Kit (Illumina
Inc., San Diego, CA, USA), NP-202–1001) was used to prepare libraries from 90 ng of total
RNA. The collected libraries were analyzed on a Bioanalyzer 2100, diluted to 1.4 p.m., and
sequenced on an Illumina NextSeq500 System using NextSeq500/550 High-Output v2 Kit,
with 75 cycles (Illumina Inc., San Diego, CA, USA, FC-404–2005). Run setup, direct data
streaming, demultiplexing, and analysis were performed at the BaseSpace Sequence Hub
(Illumina Inc., San Diego, CA, USA) using the RNA Express BaseSpace App with default
analysis parameters. Signaling pathway analysis was done by Ingenuity Pathway Analysis
software (IPA, Ingenuity Systems; see http://www.ingenuity.com, accessed from 03/2022
through 03/2023). The IPA Core Analysis was run with the Causal Network analysis option
on the uploaded datasets for transcriptome data. Additional relevant parameters include
the measurement value type for transcriptome log2 (fold change), a cut-of range: −0.5–0.5;
focus on: both up/down-regulated, and species: human. The p-value was calculated using
the right-tailed Fisher’s exact test.

4.6. Western Blotting

Whole-cell proteins were obtained by cell scraping in cold lysis buffer. The pellet
is resuspended in 300 µL of a previously prepared cell lysis buffer RIPA (150 mM NaCl,
50 mM Tris, 0.1% SDS, 0.5% sodium deoxycholate (DOC), 1% NP-40) supplemented with
protease inhibitors cOmplete™ Mini Protease Inhibitor Cocktail (Merck KGaA, Darmstadt,
Germany) and phosphatase inhibitor sodium orthovanadate Na3VO4 (Thermo Scientific,
Waltham, MA, USA) at a final concentration of 1 mM. Following sonication on ice (XL2000
Microson, 5.5 settings, Misonix, Farmingdale, NY, USA). After centrifugation at 14,000 rpm
at +4 ◦C. The protein concentration in the supernatant was determined using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Proteins were separated
by SDS-PAGE electrophoresis and transferred onto nitrocellulose membranes using the
Trans-Blot® TurboTM Transfer System (Bio-Rad Laboratories Inc., Hercules, CA, USA)
and Mini Nitrocellulose Transfer Packs (Bio-Rad Laboratories Inc., Hercules, CA, USA),
according to the manufacturer’s recommendations with turbo settings for transferring
proteins of a wide range of molecular weights. To verify the successful transfer and quantify
total proteins on the membrane, the proteins were briefly stained with a Ponceau S solution
(0.1% Ponceau S, 5% acetic acid) and then rinsed with TBS-T buffer (Tris Buffered Saline
Tween; 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween-20). The membrane was then
blocked with blocking buffer (5% non-fat milk powder in TBS-T, Merck KGaA, Darmstadt,
Germany) for 1 h at room temperature (RT) and washed 3 times for 15 min with TBS-T
buffer (Merck KGaA, Darmstadt, Germany). The appropriate primary antibodies, e.g., anti-
AHCY (ab134966 Abcam, Cambridge, UK), anti-LEF1 (sc-374522, Santa Cruz Biotechnology,
Dallas, TX, USA), anti-STAT3 (sc-8019, Santa Cruz Biotechnology, Dallas, TX, USA), and
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anti-GAPDH (ab9458, Abcam, Cambridge, UK), were diluted in blocking buffer according
to the manufacturer’s recommendation, and the membranes were incubated with it for
2 h at RT or overnight at +4 ◦C, respectively. The membranes were washed 3 times for
15 min with wash buffer, and the mouse IgG Fc binding protein Horseradish Peroxidase
(HRP) conjugated secondary antibody (sc-525409, Santa Cruz Biotechnology, Dallas, TX,
USA), diluted in blocking buffer according to the manufacturer’s recommendation, was
added for incubation at RT for 1 h for STAT3 and LEF1 membranes. Accordingly, the HRP
conjugated secondary Goat Anti-Rabbit IgG H&L antibody (ab6721, Abcam, Cambridge,
UK) was used for AHCY and GAPDH detection, respectively. Afterwards, the membranes
were washed 3 times for 15 min with wash buffer.

The chemiluminescent signal was developed using the ClarityTM Western ECL Blot-
ting Substrate (Bio-Rad Laboratories Inc., Hercules, CA, USA) kit according to the man-
ufacturer’s recommendation and detected using Alliance Q9 Mini (UVITEC, Cambridge,
UK). Densitometry analysis of the signal on the membrane images was performed using
the ImageJ software (https://imagej.net/ij/).

4.7. Determination of SAM and SAH by LC–MS/MS

Liquid chromatography linked to tandem mass spectrometry (LC-MS/MS) was de-
ployed for the determination of S-adenosylmethionine (SAM) and S-adenosylhomocysteine
(SAH) in human cells as a modification of a previously published method by the Kozich
laboratory [85]. Namely, instead of using perchloric acid, we modified procedures in favor
of ammonium formate as described extensively in Belužić et al. (2018) [86].

4.8. IPA Core Analysis

The preprocessed gene expression data were uploaded into IPA for pathway analysis
using the Core Analysis module. Core Analysis integrates known biological pathways,
molecular networks, and functional annotations to analyze the input data.

The Core analysis was run with the Causal Network analysis option on the uploaded
datasets for transcriptome data, providing single datasets.

Molecule identification: IPA mapped the gene symbols from the uploaded data onto its
knowledge base to identify the corresponding molecules. This step aimed to ensure that the
input genes were correctly annotated and matched with the existing biological information.

Pathway Analysis: IPA performed pathway enrichment analysis using Fisher’s exact
test to determine the statistical significance of pathway enrichment based on the input gene
expression patterns. A p-value threshold of (−0.5, 0.5) was used to identify significantly
enriched pathways. Functional analysis: IPA conducted functional analysis to identify the
biological functions, diseases, and upstream regulators associated with the input dataset.
This analysis involved the prediction of activation or inhibition of regulatory molecules
based on the input data and known downstream effects.

Interpretation and Visualization: IPA’s visualization tools, including pathway maps,
network diagrams, and functional analysis results, were used to interpret and visualize the
results of the pathway analysis. These visualizations aided in understanding the underlying
biology and generating hypotheses.

Statistical Analysis in IPA: Statistical significance in pathway enrichment and func-
tional analysis results was determined using appropriate statistical tests: Fisher’s exact test
and z-score calculation. Multiple testing corrections Bonferroni were applied to control for
false discovery rate where applicable.

4.9. Statistical Analysis

All data are presented as mean ± standard deviation (SD) of at least three indepen-
dent experiments. Statistical analysis was performed using GraphPad Prism software
(version 9.0.1) and differences between groups were analyzed using one-way ANOVA
followed by Tukey’s multiple comparison test. A p-value of less than 0.05 was considered
statistically significant.

https://imagej.net/ij/
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5. Conclusions

Our study investigated the impact of the knockdown of S-adenosyl homocysteine
hydrolase (AHCY) on gene expression and subsequent changes on signaling pathways in
the model cell line SW480.

Thus, we show that AHCY deficiency affects the levels of LEF1 protein in SW480
cells, leading to metabolic and signaling shifts causing gene expression changes with broad
effects on Wnt signaling, EMT, cell cycle regulation signaling, and the tumor microenvi-
ronment pathway with potential implications for enhanced proliferation, cell invasion
and metastasis:

1. Methylation potential: Significant alteration in the SAM/SAH ratio is observed be-
tween shAHCY (AHCY-deficient) and shCTRL (control) cells, favoring SAH. Since
SAH acts as an inhibitor of methylation enzymes, alterations in the SAM/SAH ratio
can disrupt the normal methylation regulation within cells. This, in turn, can affect the
regulation of gene expression, as methylation plays a crucial role in epigenetic gene
control. AHCY deficiency’s impact on methylation capacity may have downstream
effects on gene expression, possibly influencing the Wnt signaling pathway and the
role of LEF1 and the formation of the β-catenin/LEF1 complex, which is crucial for
Wnt target gene regulation in SW480 tumor cells. Further research is needed to explore
the intricate interplay between AHCY deficiency, Wnt signaling, and LEF1 in the
context of CRC.

2. Calcium Signaling: Calcium signaling can intersect with the non-canonical Wnt path-
way through various mechanisms. Calcium ions can modulate the activity of Wnt
signaling components, including LEF1, by affecting β-catenin stability, the interaction
between β-catenin and LEF1, or downstream signaling events. The PCP pathway
after Wnt activation is also responsible for gene expression regulation but also for cell
cytoskeleton remodeling, together with ROCK and JNK kinases. The WNT/Ca2+ path-
way is associated with muscle contraction, gene transcription, and enzyme activation
and activates both β-catenin-dependent and β-catenin-independent pathways.

3. Epithelial-Mesenchymal Transition (EMT): LEF1, as a downstream effector of the
canonical Wnt pathway, can participate in the regulation of EMT. EMT is a dynamic
process involved in tissue remodeling and cancer progression. Activation of the
canonical Wnt pathway, including the involvement of LEF1, has been linked to the
induction or maintenance of EMT programs.

4. G Protein-Coupled Receptor (GPCR) Signaling: GPCR signaling can intersect with the
canonical Wnt pathway through various mechanisms. Wnt ligands can be activated
by GPCRs kinases, leading to the activation of downstream signaling cascades, which
can modulate the canonical Wnt pathway and potentially influence the activity of
LEF1, and we see in our RNAseq data lower differential expression of GPCRs.

In summary, the canonical Wnt pathway and LEF1 indicate interplay on several sig-
naling levels and demonstrate that LEF1 plays a crucial role in cancer survival and activity.
Further investigation of LEF1 in the context of cancer progression may contribute to the
identification of new therapeutic targets for smart medicine development for CRC patients.
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et al. Abnormal Hypermethylation at Imprinting Control Regions in Patients with S-Adenosylhomocysteine Hydrolase (AHCY)
Deficiency. PLoS ONE 2016, 11, e0151261. [CrossRef] [PubMed]

14. Stender, S.; Chakrabarti, R.S.; Xing, C.; Gotway, G.; Cohen, J.C.; Hobbs, H.H. Adult-onset liver disease and hepatocellular
carcinoma in S-adenosylhomocysteine hydrolase deficiency. Mol. Genet. Metab. 2015, 116, 269–274. [CrossRef]

15. Leal, J.F.; Ferrer, I.; Blanco-Aparicio, C.; Hernandez-Losa, J.; Cajal, S.R.Y.; Carnero, A.; Leonart, M.E. S-adenosylhomocysteine
hydrolase downregulation contributes to tumorigenesis. Carcinogenesis 2008, 29, 2089–2095. [CrossRef] [PubMed]

16. Wang, J.; Ding, K.; Wang, Y.; Yan, T.; Xu, Y.; Deng, Z.; Lin, W.; Zhang, L.; Zhu, W.; Zhao, R.; et al. Wumei Pill Ameliorates
AOM/DSS-Induced Colitis-Associated Colon Cancer through Inhibition of Inflammation and Oxidative Stress by Regulat-
ing S-Adenosylhomocysteine Hydrolase- (AHCY-) Mediated Hedgehog Signaling in Mice. Oxid. Med. Cell. Longev. 2022,
2022, 4061713. [CrossRef]

17. Xiao, L.; Zhang, C.; Li, X.; Jia, C.; Chen, L.; Yuan, Y.; Gao, Q.; Lu, Z.; Feng, Y.; Zhao, R.; et al. LEF1 Enhances the Progression of
Colonic Adenocarcinoma via Remodeling the Cell Motility Associated Structures. Int. J. Mol. Sci. 2021, 22, 10870. [CrossRef]

18. Anastas, J.N.; Moon, R.T. Wnt signalling pathways as therapeutic targets in cancer. Nat. Rev. Cancer 2013, 13, 11–26. [CrossRef]

https://doi.org/10.1073/pnas.0400658101
https://www.ncbi.nlm.nih.gov/pubmed/28670499
https://doi.org/10.1016/S0021-9258(18)70253-6
https://www.ncbi.nlm.nih.gov/pubmed/13641268
https://doi.org/10.1021/jm00231a003
https://www.ncbi.nlm.nih.gov/pubmed/978673
https://doi.org/10.1093/ndt/13.3.656
https://doi.org/10.1093/jn/131.11.2811
https://doi.org/10.1002/humu.20985
https://doi.org/10.1007/s10545-010-9171-x
https://doi.org/10.1007/s10545-006-0240-0
https://doi.org/10.1042/BJ20060749
https://doi.org/10.1016/j.ymgme.2012.08.014
https://www.ncbi.nlm.nih.gov/pubmed/22959829
https://doi.org/10.1093/cvr/cvs130
https://doi.org/10.1371/journal.pone.0151261
https://www.ncbi.nlm.nih.gov/pubmed/26974671
https://doi.org/10.1016/j.ymgme.2015.10.009
https://doi.org/10.1093/carcin/bgn198
https://www.ncbi.nlm.nih.gov/pubmed/18713839
https://doi.org/10.1155/2022/4061713
https://doi.org/10.3390/ijms221910870
https://doi.org/10.1038/nrc3419


Int. J. Mol. Sci. 2023, 24, 16102 28 of 30

19. Atcha, F.A.; Syed, A.; Wu, B.; Hoverter, N.P.; Yokoyama, N.N.; Ting, J.H.; Munguia, J.E.; Mangalam, H.J.; Marsh, J.L.;
Waterman, M.L. A unique DNA binding domain converts T-cell factors into strong Wnt effectors. Mol. Cell. Biol. 2007,
27, 8352–8363. [CrossRef]

20. Hovanes, K.; Li, T.W.; Munguia, J.E.; Truong, T.; Milovanovic, T.; Lawrence Marsh, J.; Holcombe, R.F.; Waterman, M.L. Beta-
catenin-sensitive isoforms of lymphoid enhancer factor-1 are selectively expressed in colon cancer. Nat. Genet. 2001, 28, 53–57.
[CrossRef]

21. He, T.C.; Sparks, A.B.; Rago, C.; Hermeking, H.; Zawel, L.; Da Costa, L.T.; Morin, P.J.; Vogelstein, B.; Kinzler, K.W. Identification
of c-MYC as a target of the APC pathway. Science 1998, 281, 1509–1512. [CrossRef] [PubMed]

22. Shtutman, M.; Zhurinsky, J.; Simcha, I.; Albanese, C.; D’Amico, M.; Pestell, R.; Ben-Ze’ev, A. The cyclin D1 gene is a target of the
beta-catenin/LEF-1 pathway. Proc. Natl. Acad. Sci. USA 1999, 96, 5522–5527. [CrossRef] [PubMed]

23. Huang, C.; Qin, D. Role of Lef1 in sustaining self-renewal in mouse embryonic stem cells. J Genet. Genom. 2010, 37, 441–449.
[CrossRef] [PubMed]

24. Kim, C.G.; Chung, I.Y.; Lim, Y.; Lee, Y.H.; Shin, S.Y. A Tcf/Lef element within the enhancer region of the human NANOG gene
plays a role in promoter activation. Biochem. Biophys. Res. Commun. 2011, 410, 637–642. [CrossRef]

25. Reya, T.; Clevers, H. Wnt signalling in stem cells and cancer. Nature 2005, 434, 843–850. [CrossRef] [PubMed]
26. Rieger, M.E.; Sims, A.H.; Coats, E.R.; Clarke, R.B.; Briegel, K.J. The embryonic transcription cofactor LBH is a direct target of

the Wnt signaling pathway in epithelial development and in aggressive basal subtype breast cancers. Mol. Cell. Biol. 2010, 30,
4267–4279. [CrossRef] [PubMed]

27. Cole, M.F.; Johnstone, S.E.; Newman, J.J.; Kagey, M.H.; Young, R.A. Tcf3 is an integral component of the core regulatory circuitry
of embryonic stem cells. Genes Dev. 2008, 22, 746–755. [CrossRef]

28. Filali, M.; Cheng, N.; Abbott, D.; Leontiev, V.; Engelhardt, J.F. Wnt-3A/beta-catenin signaling induces transcription from the
LEF-1 promoter. J. Biol. Chem. 2002, 277, 33398–33410. [CrossRef]

29. Jung, H.C.; Kim, K. Identification of MYCBP as a beta-catenin/LEF-1 target using DNA microarray analysis. Life Sci. 2005, 77,
1249–1262. [CrossRef]

30. Brabletz, T.; Jung, A.; Dag, S.; Hlubek, F.; Kirchner, T. Beta-catenin regulates the expression of the matrix metalloproteinase-7 in
human colorectal cancer. Am. J. Pathol. 1999, 155, 1033–1038. [CrossRef]

31. Crawford, H.C.; Fingleton, B.M.; Rudolph-Owen, L.A.; Goss, K.J.; Rubinfeld, B.; Polakis, P.; Matrisian, L.M. The metalloproteinase
matrilysin is a target of beta-catenin transactivation in intestinal tumors. Oncogene 1999, 18, 2883–2891. [CrossRef] [PubMed]

32. Ling, L.; Nurcombe, V.; Cool, S.M. Wnt signaling controls the fate of mesenchymal stem cells. Gene 2009, 433, 1–7. [CrossRef]
[PubMed]

33. Boyer, L.A.; Lee, T.I.; Cole, M.F.; Johnstone, S.E.; Levine, S.S.; Zucker, J.P.; Guenther, M.G.; Kumar, R.M.; Murray, H.L.; Jenner, R.G.;
et al. Core transcriptional regulatory circuitry in human embryonic stem cells. Cell 2005, 122, 947–956. [CrossRef] [PubMed]

34. Hay, D.C.; Sutherland, L.; Clark, J.; Burdon, T. Oct-4 knockdown induces similar patterns of endoderm and trophoblast
differentiation markers in human and mouse embryonic stem cells. Stem Cells 2004, 22, 225–235. [CrossRef] [PubMed]

35. Satoh, Y.; Matsumura, I.; Tanaka, H.; Ezoe, S.; Sugahara, H.; Mizuki, M.; Shibayama, H.; Ishiko, E.; Ishiko, J.; Nakajima, K.; et al.
Roles for c-Myc in self-renewal of hematopoietic stem cells. J. Biol. Chem. 2004, 279, 24986–24993. [CrossRef] [PubMed]

36. Baldin, V.; Lukas, J.; Marcote, M.J.; Pagano, M.; Draetta, G. Cyclin D1 is a nuclear protein required for cell cycle progression in G1.
Genes Dev. 1993, 7, 812–821. [CrossRef]

37. Baek, S.H.; Kioussi, C.; Briata, P.; Wang, D.; Nguyen, H.D.; Ohgi, K.A.; Glass, C.K.; Wynshaw-Boris, A.; Rose, D.W.; Rosenfeld,
M.G. Regulated subset of G1 growth-control genes in response to derepression by the Wnt pathway. Proc. Natl. Acad. Sci. USA
2003, 100, 3245–3250. [CrossRef]

38. Guo, X.; Zhang, R.; Liu, J.; Li, M.; Song, C.; Dovat, S.; Li, J.; Ge, Z. Characterization of LEF1 High Expression and Novel Mutations
in Adult Acute Lymphoblastic Leukemia. PLoS ONE 2015, 10, e0125429. [CrossRef]

39. Li, Y.; Wang, L.; Zhang, M.; Melamed, J.; Liu, X.; Reiter, R.; Wei, J.; Peng, Y.; Zou, X.; Pellicer, A.; et al. LEF1 in androgen-
independent prostate cancer: Regulation of androgen receptor expression, prostate cancer growth, and invasion. Cancer Res. 2009,
69, 3332–3338. [CrossRef]

40. Petropoulos, K.; Arseni, N.; Schessl, C.; Stadler, C.R.; Rawat, V.P.; Deshpande, A.J.; Heilmeier, B.; Hiddemann, W.; Quintanilla-
Martinez, L.; Bohlander, S.K.; et al. A novel role for Lef-1, a central transcription mediator of Wnt signaling, in leukemogenesis.
J. Exp. Med. 2008, 205, 515–522. [CrossRef]

41. Waterman, M.L. Lymphoid enhancer factor/T cell factor expression in colorectal cancer. Cancer Metastasis Rev. 2004, 23, 41–52.
[CrossRef] [PubMed]

42. Shelton, D.N.; Fornalik, H.; Neff, T.; Park, S.Y.; Bender, D.; DeGeest, K.; Liu, X.; Xie, W.; Meyerholz, D.K.; Engelhardt, J.F.; et al.
The role of LEF1 in endometrial gland formation and carcinogenesis. PLoS ONE 2012, 7, e40312. [CrossRef] [PubMed]

43. Nguyen, D.X.; Chiang, A.C.; Zhang, X.H.; Kim, J.Y.; Kris, M.G.; Ladanyi, M.; Gerald, W.L.; Massagué, J. Wnt/TCF signaling
through LEF1 and HOXB9 mediates lung adenocarcinoma metastasis. Cell 2009, 138, 51–62. [CrossRef] [PubMed]

44. Wang, W.J.; Yao, Y.; Jiang, L.L.; Hu, T.H.; Ma, J.Q.; Ruan, Z.P.; Tian, T.; Guo, H.; Wang, S.H.; Nan, K.J. Increased LEF1 expression
and decreased Notch2 expression are strong predictors of poor outcomes in colorectal cancer patients. Dis. Markers 2013, 35,
395–405. [CrossRef]

https://doi.org/10.1128/MCB.02132-06
https://doi.org/10.1038/ng0501-53
https://doi.org/10.1126/science.281.5382.1509
https://www.ncbi.nlm.nih.gov/pubmed/9727977
https://doi.org/10.1073/pnas.96.10.5522
https://www.ncbi.nlm.nih.gov/pubmed/10318916
https://doi.org/10.1016/S1673-8527(09)60063-1
https://www.ncbi.nlm.nih.gov/pubmed/20659708
https://doi.org/10.1016/j.bbrc.2011.06.044
https://doi.org/10.1038/nature03319
https://www.ncbi.nlm.nih.gov/pubmed/15829953
https://doi.org/10.1128/MCB.01418-09
https://www.ncbi.nlm.nih.gov/pubmed/20606007
https://doi.org/10.1101/gad.1642408
https://doi.org/10.1074/jbc.M107977200
https://doi.org/10.1016/j.lfs.2005.02.009
https://doi.org/10.1016/S0002-9440(10)65204-2
https://doi.org/10.1038/sj.onc.1202627
https://www.ncbi.nlm.nih.gov/pubmed/10362259
https://doi.org/10.1016/j.gene.2008.12.008
https://www.ncbi.nlm.nih.gov/pubmed/19135507
https://doi.org/10.1016/j.cell.2005.08.020
https://www.ncbi.nlm.nih.gov/pubmed/16153702
https://doi.org/10.1634/stemcells.22-2-225
https://www.ncbi.nlm.nih.gov/pubmed/14990861
https://doi.org/10.1074/jbc.M400407200
https://www.ncbi.nlm.nih.gov/pubmed/15067010
https://doi.org/10.1101/gad.7.5.812
https://doi.org/10.1073/pnas.0330217100
https://doi.org/10.1371/journal.pone.0125429
https://doi.org/10.1158/0008-5472.CAN-08-3380
https://doi.org/10.1084/jem.20071875
https://doi.org/10.1023/A:1025858928620
https://www.ncbi.nlm.nih.gov/pubmed/15000148
https://doi.org/10.1371/journal.pone.0040312
https://www.ncbi.nlm.nih.gov/pubmed/22792274
https://doi.org/10.1016/j.cell.2009.04.030
https://www.ncbi.nlm.nih.gov/pubmed/19576624
https://doi.org/10.1155/2013/983981


Int. J. Mol. Sci. 2023, 24, 16102 29 of 30

45. Lin, A.Y.; Chua, M.S.; Choi, Y.L.; Yeh, W.; Kim, Y.H.; Azzi, R.; Adams, G.A.; Sainani, K.; Van de Rijn, M.; So, S.K.; et al. Comparative
profiling of primary colorectal carcinomas and liver metastases identifies LEF1 as a prognostic biomarker. PLoS ONE 2011,
6, e16636. [CrossRef]

46. Wang, W.J.; Yao, Y.; Jiang, L.L.; Hu, T.H.; Ma, J.Q.; Liao, Z.J.; Yao, J.T.; Li, D.F.; Wang, S.H.; Nan, K.J. Knockdown of lymphoid
enhancer factor 1 inhibits colon cancer progression in vitro and in vivo. PLoS ONE 2013, 8, e76596. [CrossRef]

47. Kim, K.; Lu, Z.; Hay, E.D. Direct evidence for a role of beta-catenin/LEF-1 signaling pathway in induction of EMT. Cell Biol. Int.
2002, 26, 463–476. [CrossRef]

48. Li, T.W.; Ting, J.H.; Yokoyama, N.N.; Bernstein, A.; Van de Wetering, M.; Waterman, M.L. Wnt activation and alternative promoter
repression of LEF1 in colon cancer. Mol. Cell Biol. 2006, 26, 5284–5299. [CrossRef]

49. Behrens, J.; von Kries, J.P.; Kühl, M.; Bruhn, L.; Wedlich, D.; Grosschedl, R.; Birchmeier, W. Functional interaction of beta-catenin
with the transcription factor LEF-1. Nature 1996, 382, 638–642. [CrossRef]

50. Yokoyama, N.N.; Pate, K.T.; Sprowl, S.; Waterman, M.L. A role for YY1 in repression of dominant negative LEF-1 expression in
colon cancer. Nucleic Acids Res. 2010, 38, 6375–6388. [CrossRef]

51. Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin
Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118.
[CrossRef] [PubMed]

52. Hao, Y.H.; Lafita-Navarro, M.C.; Zacharias, L.; Borenstein-Auerbach, N.; Kim, M.; Barnes, S.; Kim, J.; Shay, J.; DeBerardinis, R.J.;
Conacci-Sorrell, M. Induction of LEF1 by MYC activates the Wnt pathway and maintains cell proliferation. Cell Commun. Signal.
2019, 17, 129. [CrossRef]

53. Zheng, X.L.; Yu, H.G. Wnt6 contributes tumorigenesis and development of colon cancer via its effects on cell proliferation,
apoptosis, cell-cycle and migration. Oncol. Lett. 2018, 16, 1163–1172. [CrossRef] [PubMed]

54. Li, N.; Li, D.; Du, Y.; Su, C.; Yang, C.; Lin, C.; Li, X.; Hu, G. Overexpressed PLAGL2 transcriptionally activates Wnt6 and promotes
cancer development in colorectal cancer. Oncol. Rep. 2019, 41, 875–884. [CrossRef]

55. Kas, K.; Voz, M.L.; Hensen, K.; Meyen, E.; Van de Ven, W.J. Transcriptional activation capacity of the novel PLAG family of zinc
finger proteins. J. Biol. Chem. 1998, 273, 23026–23032. [CrossRef] [PubMed]

56. Furukawa, T.; Adachi, Y.; Fujisawa, J.; Kambe, T.; Yamaguchi-Iwai, Y.; Sasaki, R.; Kuwahara, J.; Ikehara, S.; Tokunaga, R.; Taketani,
S. Involvement of PLAGL2 in activation of iron deficient- and hypoxia-induced gene expression in mouse cell lines. Oncogene
2001, 20, 4718–4727. [CrossRef] [PubMed]

57. Wezensky, S.J.; Hanks, T.S.; Wilkison, M.J.; Ammons, M.C.; Siemsen, D.W.; Gauss, K.A. Modulation of PLAGL2 transactivation by
positive cofactor 2 (PC2), a component of the ARC/Mediator complex. Gene 2010, 452, 22–34. [CrossRef]

58. Knoepfler, P.S.; Zhang, X.Y.; Cheng, P.F.; Gafken, P.R.; McMahon, S.B.; Eisenman, R.N. Myc influences global chromatin structure.
EMBO J. 2006, 25, 2723–2734. [CrossRef]

59. Ma, J.; Zhao, J.; Lu, J.; Wang, P.; Feng, H.; Zong, Y.; Ou, B.; Zheng, M.; Lu, A. Cadherin-12 enhances proliferation in colorectal
cancer cells and increases progression by promoting EMT. Tumour Biol. 2016, 37, 9077–9088. [CrossRef]

60. Ofori-Acquah, S.F.; King, J.A. Activated leukocyte cell adhesion molecule: A new paradox in cancer. Transl. Res. 2008, 151,
122–128. [CrossRef]

61. Degen, W.G.; van Kempen, L.C. ALCAM: Shedding light on the role of CD166 in normal and pathological cell processes. Tissue
Antigens 2002, 60, 89–98.

62. Sanders, A.J.; Owen, S.; Morgan, L.D.; Ruge, F.; Collins, R.J.; Ye, L.; Mason, M.D.; Jiang, W.G. Importance of activated leukocyte
cell adhesion molecule (ALCAM) in prostate cancer progression and metastatic dissemination. Oncotarget 2019, 10, 6362–6377.
[CrossRef] [PubMed]

63. Villarejo, A.; Cortés-Cabrera, A.; Molina-Ortíz, P.; Portillo, F.; Cano, A. Differential role of Snail1 and Snail2 zinc fingers in
E-cadherin repression and epithelial to mesenchymal transition. J. Biol. Chem. 2014, 289, 930–941. [CrossRef] [PubMed]

64. Derynck, R.; Akhurst, R.J.; Balmain, A. TGF-beta signaling in tumor suppression and cancer progression. Nat. Genet. 2001, 29,
117–129; Erratum in Nat. Genet. 2001, 29, 351. [CrossRef] [PubMed]

65. Hocevar, B.A.; Mou, F.; Rennolds, J.L.; Morris, S.M.; Cooper, J.A.; Howe, P.H. Regulation of the Wnt signaling pathway by
disabled-2 (Dab2). EMBO J. 2003, 22, 3084–3094. [CrossRef]

66. Morrissey, C.; Brown, L.G.; Pitts, T.E.; Vessella, R.L.; Corey, E. Bone morphogenetic protein 7 is expressed in prostate cancer
metastases and its effects on prostate tumor cells depend on cell phenotype and the tumor microenvironment. Neoplasia 2010, 12,
192–205. [CrossRef] [PubMed]

67. Fukumura, D.; Kashiwagi, S.; Jain, R.K. The role of nitric oxide in tumour progression. Nat. Rev. Cancer 2006, 6, 521–534.
[CrossRef] [PubMed]

68. Artigiani, S.; Conrotto, P.; Fazzari, P.; Gilestro, G.F.; Barberis, D.; Giordano, S.; Comoglio, P.M.; Tamagnone, L. Plexin-B3 is a
functional receptor for semaphorin 5A. EMBO Rep. 2004, 5, 710–714. [CrossRef]

69. Zhao, G.X.; Xu, Y.Y.; Weng, S.Q.; Zhang, S.; Chen, Y.; Shen, X.Z.; Dong, L.; Chen, S. CAPS1 promotes colorectal cancer metastasis
via Snail mediated epithelial mesenchymal transformation. Oncogene 2019, 38, 4574–4589. [CrossRef]

70. Cowell, C.F.; Yan, I.K.; Eiseler, T.; Leightner, A.C.; Döppler, H.; Storz, P. Loss of cell-cell contacts induces NF-kappaB via
RhoA-mediated activation of protein kinase D1. J. Cell. Biochem. 2009, 106, 714–728. [CrossRef]

https://doi.org/10.1371/journal.pone.0016636
https://doi.org/10.1371/journal.pone.0076596
https://doi.org/10.1006/cbir.2002.0901
https://doi.org/10.1128/MCB.00105-06
https://doi.org/10.1038/382638a0
https://doi.org/10.1093/nar/gkq492
https://doi.org/10.3390/cells8101118
https://www.ncbi.nlm.nih.gov/pubmed/31547193
https://doi.org/10.1186/s12964-019-0444-1
https://doi.org/10.3892/ol.2018.8729
https://www.ncbi.nlm.nih.gov/pubmed/29963191
https://doi.org/10.3892/or.2018.6914
https://doi.org/10.1074/jbc.273.36.23026
https://www.ncbi.nlm.nih.gov/pubmed/9722527
https://doi.org/10.1038/sj.onc.1204647
https://www.ncbi.nlm.nih.gov/pubmed/11498794
https://doi.org/10.1016/j.gene.2009.12.003
https://doi.org/10.1038/sj.emboj.7601152
https://doi.org/10.1007/s13277-015-4555-z
https://doi.org/10.1016/j.trsl.2007.09.006
https://doi.org/10.18632/oncotarget.27279
https://www.ncbi.nlm.nih.gov/pubmed/31695844
https://doi.org/10.1074/jbc.M113.528026
https://www.ncbi.nlm.nih.gov/pubmed/24297167
https://doi.org/10.1038/ng1001-117
https://www.ncbi.nlm.nih.gov/pubmed/11586292
https://doi.org/10.1093/emboj/cdg286
https://doi.org/10.1593/neo.91836
https://www.ncbi.nlm.nih.gov/pubmed/20126477
https://doi.org/10.1038/nrc1910
https://www.ncbi.nlm.nih.gov/pubmed/16794635
https://doi.org/10.1038/sj.embor.7400189
https://doi.org/10.1038/s41388-019-0740-7
https://doi.org/10.1002/jcb.22067


Int. J. Mol. Sci. 2023, 24, 16102 30 of 30

71. Westhoff, M.A.; Serrels, B.; Fincham, V.J.; Frame, M.C.; Carragher, N.O. SRC-mediated phosphorylation of focal adhesion kinase
couples actin and adhesion dynamics to survival signaling. Mol. Cell. Biol. 2004, 24, 8113–8133. [CrossRef] [PubMed]

72. Sethi, J.K.; Vidal-Puig, A. Wnt signalling and the control of cellular metabolism. Biochem. J. 2010, 427, 1–17. [CrossRef] [PubMed]
73. Tada, M.; Kai, M. Noncanonical Wnt/PCP signaling during vertebrate gastrulation. Zebrafish 2009, 6, 29–40. [CrossRef]
74. Goldsmith, Z.G.; Dhanasekaran, D.N. G protein regulation of MAPK networks. Oncogene 2007, 26, 3122–3142. [CrossRef]

[PubMed]
75. Clemm von Hohenberg, K.; Müller, S.; Schleich, S.; Meister, M.; Bohlen, J.; Hofmann, T.G.; Teleman, A.A. Cyclin B/CDK1 and

Cyclin A/CDK2 phosphorylate DENR to promote mitotic protein translation and faithful cell division. Nat. Commun. 2022,
13, 668. [CrossRef]

76. Harbour, J.W.; Dean, D.C. The Rb/E2F pathway: Expanding roles and emerging paradigms. Genes Dev. 2000, 14, 2393–2409.
[CrossRef]

77. Grimm, D.; Bauer, J.; Wise, P.; Krüger, M.; Simonsen, U.; Wehland, M.; Infanger, M.; Corydon, T.J. The role of SOX family members
in solid tumours and metastasis. Semin. Cancer Biol. 2020, 67 Pt 1, 122–153. [CrossRef]

78. Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell. Biol. 2006, 7,
131–142. [CrossRef]

79. Karlsson-Rosenthal, C.; Millar, J.B. Cdc25: Mechanisms of checkpoint inhibition and recovery. Trends Cell Biol. 2006, 16, 285–292.
[CrossRef]

80. Liu, Y.; Zhu, C.; Tang, L.; Chen, Q.; Guan, N.; Xu, K.; Guan, X. MYC dysfunction modulates stemness and tumorigenesis in breast
cancer. Int. J. Biol. Sci. 2021, 17, 178–187. [CrossRef]

81. Li, X.; Wang, J.; Wu, W.; Gao, H.; Liu, N.; Zhan, G.; Li, L.; Han, L.; Guo, X. Myeloid-derived suppressor cells promote epithelial
ovarian cancer cell stemness by inducing the CSF2/p-STAT3 signalling pathway. FEBS J. 2020, 287, 5218–5235. [CrossRef]

82. Payapilly, A.; Guilbert, R.; Descamps, T.; White, G.; Magee, P.; Zhou, C.; Kerr, A.; Simpson, K.L.; Blackhall, F.; Dive, C.; et al.
TIAM1-RAC1 promote small-cell lung cancer cell survival through antagonizing Nur77-induced BCL2 conformational change.
Cell Rep. 2021, 37, 109979. [CrossRef]

83. Li, W.; Huang, G.; Wei, J.; Cao, H.; Jiang, G. ALKBH5 inhibits thyroid cancer progression by promoting ferroptosis through
TIAM1-Nrf2/HO-1 axis. Mol. Cell. Biochem. 2023, 478, 729–741. [CrossRef]

84. Satoh, K.; Yachida, S.; Sugimoto, M.; Oshima, M.; Nakagawa, T.; Akamoto, S.; Tabata, S.; Saitoh, K.; Kato, K.; Sato, S.; et al. Global
metabolic reprogramming of colorectal cancer occurs at adenoma stage and is induced by MYC. Proc. Natl. Acad. Sci. USA 2017,
114, E7697–E7706. [CrossRef]

85. Krijt, J.; Dutá, A.; Kozich, V. Determination of S-Adenosylmethionine and S-Adenosylhomocysteine by LC-MS/MS and evaluation
of their stability in mice tissues. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2009, 877, 2061–2066. [CrossRef]
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