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Abstract

Background: While regulated WNT activity is required for normal development and stem cell maintenance, mutations
that lead to constitutive activation of the WNT pathway cause cellular transformation and drive colorectal cancer.
Activation of the WNT pathway ultimately leads to the nuclear translocation of 3-catenin which, in complex with

TCF/LEF factors, promotes the transcription of genes necessary for growth. The proto-oncogene MYC is one of the most
critical genes activated downstream the WNT pathway in colon cancer. Here, we investigate the converse regulation of

the WNT pathway by MYC.

Methods: We performed RNA-seq analyses to identify genes regulated in cells expressing MYC. We validated the regulation
of genes in the WNT pathway including LEF1 by MYC using RT-gPCR, Western blotting, and ChIP-seq. We investigated the
importance of LEF1 for the viability of MYC-expressing cells in in fibroblasts, epithelial cells, and colon cells.
Bioinformatic analyses were utilized to define the expression of MYC-regulated genes in human colon cancer
and metabolomics analyses were used to identify pathways regulated by LEF1 in MYC expressing cells.

Results: MYC regulates the levels of numerous WNT-related genes, including the [3-catenin co-transcription
factor LEF1. MYC activates the transcription of LEF1 and is required for LEF1 expression in colon cancer cells
and in primary colonic cells transformed by APC loss of function, a common mutation in colon cancer patients. LEF1
caused the retention of (3-catenin in the nucleus, leading to the activation of the WNT pathway in MYC-expressing
cells. Consequently, MYC-expressing cells were sensitive to LEF1 inhibition. Moreover, we describe two examples of
genes induced in MYC-expressing cells that require LEF1 activity: the peroxisome proliferator activated receptor delta
(PPARS) and the Acyl CoA dehydrogenase 9 (ACAD9).

Conclusions: We demonstrated that MYC is a transcriptional regulator of LEF1 in colonic cells. Our work proposes a
novel pathway by which MYC regulates proliferation through activating LEF1 expression which in turn activates the
WNT pathway.
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Background

Colorectal cancer results from the accumulation of muta-
tions in specific genes, including adenomatous polyposis
coli (APC), K-RAS, and P53 [1]. These mutations drive the
transition from normal colonic epithelia to dysplastic ad-
enoma and colorectal carcinoma [2]. Mutations in the
APC gene are responsible for familial adenomatous polyp-
osis (FAPC) and are also involved in the initiation of the
majority of sporadic colorectal cancers [3]. The primary
tumor suppressive role of APC is to negatively regulate
the WNT signaling pathway via its role as a scaffold for
the B-catenin destruction complex [4].

In normal cells, activation of the canonical WNT path-
way occurs when secreted WNT ligands bind to the
Frizzled and LRP5/6 membrane receptors, leading to the
activation of a signaling cascade that promotes the
nuclear translocation of B-catenin [5, 6]. In the nucleus,
[B-catenin interacts with transcription factors from the
T-cell factor/Lymphoid enhancer factor (TCF/LEF) fam-
ily and drives the expression of genes involved in cell
proliferation, migration, and embryonic development [7].
TCF/LEF transcription factors are broadly expressed dur-
ing embryonic development, during which they mediate
physiological WNT signaling [8]. TCF/LEF proteins also
mediate WNT signaling in adult tissues, especially in tis-
sues derived from stem cell populations [8].

Regulated degradation of B-catenin limits WNT activ-
ity and suppresses cellular transformation. Cytosolic [3-
catenin is phosphorylated by a complex containing the
scaffold molecules AXIN and APC together with the
kinases glycogen synthase kinase 3p (GSK3p) and casein
kinase 1 (CK1) [9]. The consecutive phosphorylation by
CK1 and GSK3p targets B-catenin for proteolytic degrad-
ation by the proteasome [10]. Mutations in APC or AXIN
that impair B-catenin degradation upregulate WNT sig-
naling, leading to hyperproliferation and facilitating colon
cancer development [7].

In addition to the activation of the WNT pathway via
mutations in APC, intracellular TCF/LEF composition
and localization also contribute to WNT oncogenic ac-
tivity in colonic cells [8]. In normal colon, the family
members TCF1 and TCF4 are expressed, while LEF1
and TCF3 loci are silent [11]. However, the levels of
LEF1 mRNA and protein are significantly greater in hu-
man colon cancer tissues, and LEF1 knockdown in xeno-
graft models suppresses tumor formation and growth
[12]. In complex with B-catenin, TCF/LEF transcription
factors activate the transcription of oncogenes such as
cyclin D1 and MYC, which mediate cellular transform-
ation [13-15].

The transcription factor MYC is a universal oncogene
and a major driver of metabolic reprograming in tumors
[16]. MYC induces the transcription of genes necessary
for the uptake and synthesis of fatty acids, amino acids,
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and nucleotides to provide building blocks for continu-
ously proliferating cells [17, 18]. Because MYC plays a
widespread role in regulating metabolism and the cell
cycle, aberrant activation of MYC family member (MYC,
MYCN, MYCL) by DNA amplification, transcriptional
upregulation, or protein stabilization contributes to
tumorigenesis [17, 19-23]. For over two decades MYC
has been studied as the most critical pro-proliferative
target gene of the WNT pathway in colon cancer [14,
24]. Yet, the impact of MYC on the WNT pathway is
not fully known. Here we report the discovery that MYC
regulates the expression of genes in the WNT pathway,
including LEFI, leading to the nuclear localization of B-
catenin and the activation of the WNT pathway in pro-
liferating cells.

Methods

Cell culture and proliferation

Rat1 fibroblasts, human epithelial cell line ARPE-19, hu-
man colon cancer cell lines DLD1, RKO and HCT116,
human pancreatic cancer cell line Colo357, and human
liver cancer cell line Huh7 were cultured in DMEM with
5% FBS, 100 U/mL pen/strep. Human colonic epithelial
cells (HCEC) with truncated APC, KRas V12 mutation,
or P53 knockdown were cultured as described before
[25]. Colon cancer-related alterations in cell lines used
in in this study as described in Additional file 4: Figure
S4B. Cell lines, apart from HCEC, were obtained from
ATCC and are mycoplasma free. Cell proliferation was
measured by plating either 5,000 ARPE-19 or cancer
cells, or 20,000 HCEC cells or Ratl fibroblasts in 12-well
plates, transfecting with siRNA or adding WNT inhibi-
tors, and staining with crystal violet 1-7 days after plat-
ing. Cell densities were quantified using Image] [26]. For
time course study, cells were plated on the same day and
inhibitors or DMSO were added on indicated days be-
fore the cells were fixed and stained with crystal violet.
All experiments were performed at a minimum of three
times and each experiment contained tree technical rep-
licates. Statistical significance was analyzed by t-test and
statistical significance was established by a p =0.05 for
every experiment.

TOPFlash luciferase assays

For the LEF/TCF promoter activity assays, 1.5 x 10° con-
trol DLD1 cells and DLD1 cells with MYC overexpression
or knockdown seeded in triplicate in 6-well plates were
transfected with the M50 Super 8X TOPFlash luciferase
reporter plasmid (Addgene) with seven TCF/LEF binding
[27] or control M51 Super 8X FOPFlash plasmids
(Addgene) (with seven copies of mutated TCF/LEF con-
sensus sequence). 24 h after transfection, cells were treated
with DMSO or 20 uM ICG-001 overnight, before being
lysed with Glo Lysis Buffer (Promega). Luciferase activity
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was measured with ONE-Glo™ Luciferase Assay System
(Promega) and normalized with FOPFlash samples. All
experiments were performed at least three times and each
experiment contained three technical replicates. Statistical
analyses were performed by t-test and statistical signifi-
cance was established by a p = 0.05 for every experiment.

Metabolomics analyses

Qualitative assessment of global metabolites by mass
spectrometry (metabolomics) were performed by the
metabolomics facility at the Children’s Research Institute
(UT Southwestern Medical Center, UTSW) as previously
described [28, 29]. Metabolomics were performed 48 h
after LEF1 siRNA transfection, when LEF1 silencing was
efficient, but no cell death has occurred. The experiment
was performed in triplicate, and the PCA plot shows that
replicates cluster closely (Additional file 8: Figure S8C).
Using a cut-off of 30% changes and VIP score above 1.

Western blotting and nuclear and cytoplasmic
fractionation
To knockdown target genes, 50 nM of siRNA was reverse
transfected to 2.5 x 10° cells in 6-well plates with Lipofecta-
mine RNAIMAX reagent. Total protein lysates were ex-
tracted with NP40 Lysis buffer (50 mM Tris-HCl pH 7.7,
150 mM NaCl, 0.5% NP-40) with DTT and protease inhibi-
tors. Cells transfected with siRNA or treated with 20 pg/mL
Leptomycin B (LMB) for 3 h were fractionated into nuclear
and cytoplasmic fractions as described previously (Conacci-
Sorrell et al. 2010) and subjected to Western blotting. Anti-
bodies used for Western blotting were: anti-MYC (Abcam
AB32072), anti-LEF1 (Cell Signaling 2230), anti-LRP6 (Cell
Signaling 2560), anti-TCF4 (Cell Signaling 2569), anti-
DVL2 (Cell Signaling 3224), anti-LIF (Abcam AB135629),
anti-B-catenin (Abcam AB32572), anti-Axin2 (Abcam
AB109307), anti-MAX (Sant Cruz sc-197), anti-a-Tubulin
(Sigma T6199), anti-B-actin (Cell Signaling 8457), anti-
mSin3A (Santa Cruz sc-994), anti-Histone H3 (Cell Signal-
ing 4499), anti-Cleaved Caspase-3 (Cell Signaling 9664),
anti-Cyclin A1 (Novus Biologicals, MAB7046), anti-PPARS
(ThermoFisher PA1-823A), anti-ACAD9 (Cell Signaling
9796S), and anti-ACADS (ThermoFisher PA5-54580).
Human colon tumor tissues and their surrounding be-
nign tissues obtained from the Tissue Management
Shared Resource at Harold C. Simmons Comprehensive
Cancer Center (UTSW) were ground and lysed with
NP40 Lysis buffer, and the total lysates were subjected
to Western blotting.

RNA-seq and RT-qPCR

Ratl fibroblasts with myc—/- expressing vector or recon-
stituted with human MYC were collected and sent to
GENEWIZ for RNA extraction and sequencing and re-
sults was analyzed as previously published [30]. Raw data
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is accessible at NCBI GEO (GSE135061). RNA-seq as-
sessment of the raw sequencing reads was done using
the NGS-QC-Toolkit [31]. The reads were aligned to the
genome RGSC 6.0/rn6 using HISAT2 (v 2.1.0) aligner. A
minimum read count filter of 10 total reads was applied
to remove low-expressed genes. Filtered reads were then
normalized using DESeq2 [32]. DeSeq2 employs a nega-
tive binomial distribution to estimate data variability and
uses an error model for a more robust statistical test for
significance. An FDR cutoff of <5% was used to select
significantly altered genes between experiment conditions.
Primers used for qPCR are listed in Additional file 9:
Table S1. All experiments were performed at least three
times and each experiment contained three technical rep-
licates. Statistical analyses were performed by t-test and
statistical significance was established by a p=0.05 for
every experiment.

Chromatin immunoprecipitations

ChIP was performed with anti-MYC antibody (Y69) as
described previously (Lafita-Navarro et al. 2018). Briefly,
60 x 10° DLD1 cells were fractionated and purified nu-
clei were sonicated to shear chromatin in sizes of 200 to
600 bp. Purified chromatin fragments were incubated
with the anti-MYC antibody (Y69) overnight. DNA frag-
ments binding to the antibody were pulled down with
Protein G magnetic beads and purified for RT-PCR
assays. All experiments were performed at least three
times and each experiment contained three technical
replicates. Statistical analyses were performed by t-test
and statistical significance was established by a p =0.05
for every experiment.

Inducible MYC expression and protein synthesis

inhibition

Rat fibroblast cell line with inducible MYC expression
(Tet-On) was cultured with or without the presence of
1 pg/ml doxycycline (Dox) for 48 h. Protein synthesis
was inhibited by incubating with 25 pg/ml cycloheximide
(CHX) for three hours before cells were harvested.

Bioinformatics TCGA analyses

PANCAN normalized gene expression data for various
cancer types were downloaded from the TCGA Research
Network. Heatmaps were generated without additional
modification to the downloaded data using R statistical
analysis tools. Tumor samples were compared to the
corresponding normal tissue sample from each patient.
Significance testing between groups was performed using
nonparametric Kruskal-Wallis test. Kaplan—Meier survival
curves were generated for comparison between patients
that had the 30% highest and 30% lowest levels of expres-
sion of MYC-driven WNT target genes. Significance was
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defined asp-value <0.05 using ONCLnc (http://www.
oncolnc.org/).

Results
MYC regulates the expression of genes in the WNT
pathway
To identify transcriptional networks downstream of MYC,
we performed an RNA sequencing (RNA-seq) experiment
comparing myc—/- Ratl fibroblasts with and without re-
constitution using human MYC. This approach revealed
novel transcription factors that mediate MYC functions
[30]. With a log2FC of 0.585 and adjusted p-value of 0.01
as cutoff, we demonstrate that expression levels of over
5000 genes are altered by MYC [30]. KEGG pathway en-
richments analysis identified the WNT signaling pathway
as one of the pathways significantly altered by MYC with a
p=0.006921 (Fig. 1a, Additional file 1: Figure S1A). Among
the genes activated by MYC were WNT2B; the membrane
WNT receptors, FZD2 and LRP6; and the transcriptional
co-factor of B-catenin LEFI (Fig. 1a). The overall signature
of genes regulated by MYC suggests that MYC activates
the WNT signaling pathway (Additional file 1: Figure S1A).

Because MYC transcription is induced by the binding
of B-catenin complexed with TCF/LEF to the MYC pro-
moter [14], we used cells expressing MYC under the
control of an exogenous promoter, the retroviral vector
pBabe. This allowed us to study the effects of MYC on
WNT pathway genes independently from the activation
of MYC by B-catenin-TCF/LEF. Using myc—/- Ratl fi-
broblasts expressing empty vector or MYC, we validated
the RNA-seq results by performing RT-qPCR and West-
ern blotting for randomly selected genes (Fig. 1 b, ¢,
Additional file 1: Figure S1B). As expected, we found
that FZD2, LRP6, LEF1, and TCF3 were induced by
MYC, while the levels of FZD1 and LIF were repressed
in MYC-expressing fibroblasts, thus confirming our RNA-
seq results (Fig. 1 b, ¢, Additional file 1: Figure S1A-B).

MYC overexpression in a normal human retinal epithelial
cell line (ARPE-19) also induced the expression of WNT-
related genes, including LRP6, LEF1 and TCF3, as con-
firmed by RT-qPCR and Western blotting (Additional file 1:
Figure S1C, E). Expression of MYC in the mouse fibroblast
line NIH3T3 induced LEF1 expression but not DVL2
(Fig. 1d). LRP6 was undetectable. Expression of MYC
in normal colonic epithelial cells (HCEC) led to the
expression of LEF1, DVL2 and LRP6 (Fig. 1e). Silencing
or knocking out endogenous MYC in wild-type (WT)
Ratl fibroblasts led to downregulation in LEF1, LRP6
and DVL2, which was rescued by the expression of hu-
man MYC that was not targeted by the rat MYC siRNA
(Fig. 1f and Additional file 1: Figure S1D).

We previously reported that MYC induces the expres-
sion of the transcription factor aryl hydrocarbon receptor
(AHR), which mediates the transcription of approximately
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300 genes in MYC-expressing cells [30]. In the current
study, RNA-seq analysis showed that genes related to the
WNT pathway such as LEF1 were regulated by MYC
independently of AHR (Additional file 1: Figure S1F). The
MYC co-transcription factor MAX, which is also induced
by MYC in our RNA-seq experiments [30], was used as a
positive control on Western blots (Fig. 1 d-f). Our results
indicate that the induction of WNT-related genes by
MYC is likely to be a general mechanism to control WNT
activity in normal cells. The WNT-related gene LEF1 was
the most robustly induced by MYC in all cell lines evalu-
ated (Fig. 1, Additional file 1: Figure S1) at both mRNA
and protein levels. Therefore, we have focused our study
on the regulation of LEF1 by MYC and on the molecular
roles played by LEF1 in MYC-dependent cells.

LEF1 is regulated by MYC in colon cancer cells
Because the activity of both MYC and the WNT path-
way are profoundly involved in colon cancer [8, 15], we
examined the 41 pairs of normal/tumor colonic tissues
deposited in the TCGA database for the expression of
LEF1 and other genes upregulated by MYC in our RNA-
seq dataset (Fig. 1a). MYC mRNA levels were higher in
39 of the 41 tumor samples than the normal mucosa of
the same patients, while APC mRNA levels were lower
in the majority of cancer samples (Fig. 2a). As opposed
to MYC, MAX levels were not consistently altered in
colon cancer patient samples. MAX levels are unaffected
in over 50% of the samples, reduced in 34% and increased
in about 10%. Importantly, most of WNT pathway genes
induced by MYC, including DVLI1, LEF1, RUVBLI, and
RUVBL2, were also upregulated in tumor tissues when
compared with the normal tissues from the same patients
(Fig. 2a and Additional file 2: Figure S2A), suggesting that
these genes may play a major role in colon cancer cells.

To determine whether MYC-regulated genes affect
prognosis of colon cancer patients, we generated Kaplan-
Meier survival curves comparing patients with colon
adenocarcinoma (COAD) expressing high (top 30%) or
low (bottom 30%) mRNA levels for the signature of MYC-
dependent WNT-related genes. Using this approach, we
found that only high levels of the MYC target genes LEF1
(p =0.0625) (Fig. 2b) and DVL2 (Additional file 2: Figure
S2B) were associated with poorer prognosis. We also
examined the expression levels of LEFI and other MYC-
driven WNT-related genes in all solid tumors available in
the TGCA database. Strikingly, we found that the levels of
LEFI1, RUVBLI and RUVBL2 were elevated in the majority
of tumors (Additional file 3: Figure S3A). LEFI levels
correlated with poor prognosis of various solid tumors
including lung and kidney cancers (Additional file 3: Fig-
ure S3B).

Examining a previously established collection of the nor-
mal colonic cells (HCEC) expressing the known oncogenic
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Fig. 1 MYC regulates the expression of components of the WNT pathway. a Rat1 myc—/~ fibroblasts expressing either vector or human MYC
were collected and subjected for RNA-seq analysis. The heatmap was generated based on relative expression of each sample for the members of
the WNT pathway regulated by MYC with cutoff of Log,FC = 0.585. Asterisks denote genes verified by using RT-gPCR or Western blotting. b RT-
gPCR for the indicated genes in Rat1 fibroblasts myc—/— or Rat1 fibroblasts myc—/— reconstituted with human MYC. Expression levels of each
gene was normalized to the levels of 18S, and the expression levels of each genes in myc—/— samples was set to 1. c-e Rat1 fibroblasts (c),
NIH3T3 cells (d), and human colonic epithelial cells (HCEC, e) were extracted with NP40 lysing buffer, and the total cell lysates were subjected to
Western blotting with the indicated antibodies. f Parental Rat1 fibroblasts with or without human MYC (hMYC) overexpression were transfected
with control or MYC siRNAs for 3 days before protein extraction and Western blotting. * p < 0.05, ** p < 0.01, *** p <0.001

Rat1

drivers of colon cancer such as truncated APC and mutant
KRAS (Additional file 4: Figure S4A) [25], we demon-
strated that LEF1 was upregulated upon the expression of
truncated APC and activated KRAS. Knocking down
MYC reduced LEF1 protein levels in both control HCEC
and HCEC expressing oncogenes, suggesting that LEF1 is
a target of MYC in physiological conditions and in trans-
formed cells (Fig. 2c).

Knocking down MYC reduced LEF1 protein in colon
cancer cells such as RKO and DLDI1 (Fig. 2 d, e). To
determine whether MYC-dependent expression of LEF1
can be generalized to cancer cells derived from tissues

other than colon, we silenced MYC in the liver cancer line
Huh7 and the pancreatic cancer cell line Colo357 and
found that expression of LEF1 was reduced in Huh7 cells,
but not as dramatically in Colo357 cells (Fig. 2 £, g).

MYC directly binds to LEF1 promoter and regulates its
transcription

MYC knockdown reduced LEF1 mRNA expression in
DLD1 cells (Fig. 2h), thus indicating that LEF1 is tran-
scriptionally regulated by MYC in colon cancer. Similar
to LEF1, other WNT-related genes found in our RNA-
seq to be regulated by MYC such as FOXQ1 and LRP6,
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were also transcriptionally repressed upon MYC knock-
down in colon cancer cells (Additional file 4: Figure
S4C). In a cell line expressing Tet-inducible MYC, we
found that LEF1 mRNA is upregulated upon MYC in-
duction (Additional file 4: Figure S4E). These results
suggest that MYC expression controls the transcription of
genes in the WNT pathway and maintains WNT activity.

MYC-induced genes often contain E-Boxes in their
regulatory regions where MYC, in complex with its
heterodimeric partner MAX, binds and recruits basal
transcriptional machinery [33]. By comparing the pro-
moter region of LEF]I in different species, we found that
human, rat, and mouse LEF] promoters contained 3 E-
Box motifs in very conserved positions (Fig. 2i). We then
used a bioinformatics approach to determine whether
MYC has the ability to bind to the E-Boxes present
within the LEF1 promoter. We probed the Encyclopedia
of DNA Elements (ENCODE) for chromatin immuno-
precipitation (ChIP)-seq experiments using anti-MYC or
MAX antibody and found that both MYC and MAX
bound to E-Box 2 and E-Box 3 of LEF1 in two independ-
ent cells lines (Additional file 4: Figure S4D).

To determine whether MYC directly binds to the pro-
moter of LEFI in colon cancer cells, we performed ChIP
for MYC in DLD1 colon cancer cells and determined that
MYC bound strongly to the conserved E-Box 1 motif
present in the LEFI promoter, but not to E-boxes 2 and 3
or to a non-specific control region 2.6 Kb upstream of
LEFI gene, which we labelled as negative control (NC)
(Fig. 2j). These results suggest that LEF] is a direct tran-
scriptional target of MYC in colon cancer cells. However,
we cannot exclude the possibility that additional transcrip-
tion factors regulated downstream of MYC also contribute
to LEF1 induction in MYC-transformed cells.

Induction of LEF1 by MYC increases the nuclear pool of 8-
catenin

Many sporadic colon cancers contain activating muta-
tions in the GTPase K-RAS, EGF (epidermal growth
factor), and VEGF (vascular endothelial growth factor),
which enhance canonical WNT signaling by increasing
the concentration of B-catenin in the nucleus [34]. To
determine whether MYC expression leads to an increase
in the nuclear pool of P-catenin, we fractionated cells
with or without MYC overexpression into cytosolic and
nuclear fractions and found that MYC overexpression in
both Ratl fibroblasts and human epithelial cells in-
creased nuclear -catenin (Fig. 3a and Additional file 5:
Figure S5A).

Preventing CRM1-dependent nuclear export through
treatment with leptomycin B (LMB) caused the accumu-
lation of B-catenin in the nucleus of control cells to the
same extent as in MYC-expressing cells (Fig. 3b). How-
ever, LMB had no additional effect on the nuclear pool

Page 7 of 16

of B-catenin in MYC-expressing cells (Fig. 3b), thus sug-
gesting that MYC-expressing cells display decreased nu-
clear export of B-catenin. LEF1 expression was previously
shown to increase the nuclear pool of B-catenin, leading to
its binding to DNA and transcriptional activation of WNT
target genes [35]. Importantly, LEF1 knockdown prevented
the nuclear accumulation of B-catenin in both control and
MYC-expressing cells, indicating that LEF1 controls
nuclear retention of [-catenin downstream of MYC (Fig.
3c). Knocking down LEF1 had no effect on subcellular
localization of the p-catenin-related protein [B-catenin (pla-
koglobin) (Additional file 5: Figure S5A), thus indicating
that the nuclear retention of -catenin by LEF1 is specific.
Moreover, nuclear internalization of -catenin upon MYC
expression is specifically reduced by LEF1 knockdown;
other MYC-induced transcription factors such as AHR did
not affect -catenin localization (Additional file 5: Figure
S5B). These data are in agreement with data showing that
LEF1 increases nuclear retention of B-catenin and increases
its DNA binding and target gene activation [35, 36].

To determine whether LEF1 expression is necessary to
maintain the nuclear pool of -catenin in colon cancer cells,
we silenced LEF1 in DLD1 cells and in HCEC partially
transformed by truncated APC [25] (Additional file 4:
Figure S4A). Nuclear and cytoplasmic fractionation experi-
ments followed by Western blotting, confirmed that
silencing LEF1 reduced the nuclear pool of B-catenin in the
established colon cancer cell line DLD1 (Fig. 3d) and in
HCEC-APC (Fig. 3e). Our results demonstrate that
increased LEF1 expression by MYC led to the retention of
B-catenin in the nucleus of normal and colon cancer cells

(Fig. 3f).

MYC-expressing cells are sensitive to inhibition of the
WNT pathway

Because augmented LEF1 expression and nuclear reten-
tion of P-catenin in MYC- expressing cells suggest a
potential increase in the activity of the WNT pathway,
we first asked whether MYC expression can affect the
activity of the WNT pathway measured by the activity of
a reporter gene that contains TCF/LEF binding sites
fused with luciferase (TOPFlash). To account for specifi-
city of the WNT pathway, the activity values obtained
for TOPFlash activity were normalized by the values
obtained by a mutant form of this motif that cannot
bind TCF/LEF factors named FOPFlash. This approach
is the most well-established approach to globally meas-
ure transcriptional activity of the canonical WNT path-
way [37].

To limit the WNT pathway activity without affecting
the expression or localization of B-catenin and TCF/LEF
factors, we used the inhibitor ICG-001. ICG-001 inhibits
TCF/B-catenin—mediated transcription by binding to
CBP, preventing its interaction with B-catenin and thus
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inhibits the canonical WNT pathway (Fig. 4a) [38, 39].
Indeed, treating colon cancer cell lines such as DLDI,
HCT116, and RKO with the inhibitor ICG-001, which
prevents the transcriptional activity of -catenin, caused
cell death (Fig. 4b), as previously reported [39]. Using
TOPFlash/FOPFlash ratio to examine the effect of MYC
on the activity of the WNT pathway, we found that
DLD1 colon cancer cells transfected with TOPFlash re-
porter vector displayed constitutive TOPFlash activity
that was reduced by treating cells with the inhibitor of
the WNT pathway ICG-001 (Fig. 4c). Knocking down
MYC caused a reduction in TOPFlash activity that was
comparable to the reduction caused by ICG-001 (Fig.
4c). However, ICG-001 did not significantly alter TOP-
Flash activity in the cells transfected with MYC siRNA
(Fig. 4c), which display reduced LEF1 expression. Over-
expression of MYC in DLD1 cells increased activation of
TOPFLash, and this activation was abrogated by treating

cells with ICG-001 (Fig. 4d), thus demonstrating that
TOPFlash activation by MYC is dependent on the WNT
pathway.

To determine whether MYC-transformed cells are sen-
sitive to the inhibition of the WNT pathway we treated fi-
broblasts and epithelial cells expressing either empty
vector or MYC with ICG-001 and with another inhibitor
of the WNT pathway named XAV-939. XAV-939 is a
potent tankyrase inhibitor and stabilizes AXIN (Fig. 4a),
resulting in the increased degradation of B-catenin [40].
The growth of Ratl myc—/- cells expressing empty vector
was only modestly inhibited by ICG-001, but not signifi-
cantly affected by XAV-939 (Fig. 4e). In contrast, ICG-001
dramatically reduced the viability of Ratl myc—/- cell
reconstituted with MYC (Fig. 4e). Using the same inhibi-
tors, we treated ARPE-19 cells expressing either empty
vector or MYC and found that proliferation of MYC-
expressing cells was more dramatically affected by ICG-
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001 than by XAV-939 (Fig. 4f). A time course experiment
with ICG-001 in ARPE-19 cells expressing either empty
vector or MYC demonstrated that ICG-001 caused cell
death more quickly in MYC-expressing cells than in con-
trol cells (Fig. 4g).

MYC-expressing cells not only died faster but also
were more sensitive to lower amounts of ICG-001
(Additional file 6: Figure S6B). Based on these results,
we concluded that MYC-driven cell proliferation requires
an active WNT pathway and that repressing WNT path-
way activity particularly by directly interfering with the

transcriptional activity of the WNT pathway caused apop-
tosis preferentially of MYC-expressing cells. Our results
indicate that cells expressing elevated levels of MYC are
dependent on the LEF1/B-catenin complex to sustain
rapid proliferation.

LEF1 knockdown leads to apoptosis of MYC-expressing
cells and colon cancer cells

MYC-expressing cells were sensitive to inhibitors of the
transcriptional activity of the WNT pathway. To determine
whether LEF1 activity was required for the proliferation of
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MYC-expressing cells, we performed siRNA-mediated
knockdown for LEF1 by transfecting two independent siR-
NAs in ARPE-19 cells expressing either empty vector or
MYC (Additional file 6: Figure S6C). We quantified the
relative cell viability 7 days after LEF1 knockdown and
found a dramatic reduction in the viability of cells overex-
pressing MYC (Fig. 5a). More modest effects on cell viabil-
ity were observed with cells expressing empty vector upon
LEF1 knockdown (Fig. 5a). LEF1 knockdown decreased the
expression of Cyclin A, a cell cycle marker in both control
and MYC-expressing cells (Fig. 5b), thus suggesting that
loss of LEF1 affects cell proliferation independent of MYC
expression. However, LEF1 knockdown caused a dramatic
increase in the levels of cleaved caspase 3 in MYC-
expressing cells but not in cell expressing the empty vector,
thus demonstrating that loss of LEF1 leads to apoptosis
specifically of MYC-expressing cells (Fig. 5b).

Colon cancer is initiated by the inactivation of APC,
which leads to the activation of the WNT pathway and
the development of colon cancer in a MYC-dependent
manner [15]. Moreover tumors initiated by the activat-
ing mutation in KRAS also display a dependency on
MYC to grow [41]. Given that APC loss of function and
KRAS hyperactivation are part of the initial steps in
colon cancer formation (Additional file 4: Figure S4A),
we asked whether LEF1 is required for the growth of
HCEC partially transformed by the expression of trun-
cated APC, mutant KRAS (V12) or knocked down for
P53, the 3 major genetic events driving colon cancer
formation. We found that both MYC and LEF1 silencing
reduced viability of HCEC expressing mutant KRAS or
truncated APC more dramatically than control HCEC or
HCEC infected with shRNA for P53 (Fig. 5 c-f). We also
compared the effects of MYC and LEF1 silencing in
DLD1 cells and found similar reduction in cell prolifera-
tion (Fig. 5g). Hence, our results suggest that MYC-
dependent colon cancer cell are specifically sensitive to
reduction in LEF1 expression.

Knocking down MYC or LEF1 caused a dramatic reduc-
tion in the viability of the colon cancer cells DLD1 and
RKO (Fig. 5 h, i). Indeed, LEF1 knockdown was previously
shown to cause a reduction in colon cancer cell growth
in vitro and when xenotransplanted into immune-deficient
mice [12]. Similar to the results obtained for fibroblasts
(Fig. 5b), LEF1 knockdown led to increases in the levels of
cleaved caspase 3, an indication of apoptosis and cell cycle
arrest, but not in Cyclin D1(Fig. 5j). Silencing LEF1 had
variable effects on the expression of endogenous MYC
depending on the cell line used for the experiment. For
example, silencing LEF1 in RKO cells did not affect MYC
levels dramatically; silencing LEF1 significantly reduced
MYC levels in Huh7 cells (Additional file 6: Figure S6A), in-
dicating that other pathways contribute to MYC expression
in fully transformed cells (Additional file 6: Figure S6A).
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LEF1 regulates metabolic pathways downstream of MYC
MYC is a master regulator of cellular metabolism, and
the genes transcriptionally regulated by MYC are critical
for the metabolic reprograming of cancer cells [42].
Given that LEF1 is necessary for the proliferative pheno-
type of cells overexpressing MYC, we interrogated the
contribution of LEF1 to the metabolism of MYC-
expressing cells. We performed metabolomics analyses
comparing myc—/- cells reconstituted with MYC and
transfected with either siControl or siLEF1. Metabolo-
mics were performed two days after siRNA transfection
when silencing was effective and MYC-expressing cells
were still viable (Additional file 7: Figure S7A). As ex-
pected, LEF1 silencing had no effect on the expression of
exogenous MYC in these cells (Additional file 7: Figure
S7B). Results of triplicate samples (Additional file 7: Figure
S7C) were obtained using a cut off of 30% changes and
VIP score above 1; LEF1 knockdown altered the levels of
32 metabolites in MYC-expressing cells (Additional file 8:
Figure S8A). Among the metabolic changes observed
upon LEF1 knockdown in MYC-expressing cells were
amino acids, component of the TCA cycle, purines, and
lipids (Additional file 8: Fig. S8B). Interestingly, several
amino acids including arginine, tryptophan, tyrosine and
histidine were elevated upon LEF1 knockdown probably
due to the reduced utilization of amino acids in slowly
proliferating cells (Additional file 8: Fig. S8B).

We then further investigated the regulation of fatty
acid metabolism by LEF1 in MYC-expressing cells for
two reasons: first, previous studies found that expression
of a dominant negative LEF1 variant in the skin leads to
changes in lipid composition marked by an increase in
long chain fatty acids-containing ceramide in the skin of
these mice [43]; second, our RNA-seq revealed that
MYC regulated the expression of genes involved in fatty
acid oxidation (Fig. 6b).

Our metabolomics analyses (Additional file 8: Figure
S8) on myc—/- cells reconstituted with human MYC and
transfected with either control or Lefl siRNA found that
LEF1 silencing in MYC-expressing cells led to the accumu-
lation of long-chain fatty acid (LCFA) L-palmitoylcarnitine
and medium chain fatty acid (MCFA) L-Octanoylcarnitine
(Fig. 6a, Additional file 8: Figure S8C). Butyrylcarnitine,
which is a SCFA with 4 carbons that can be generated
from longer fatty acids was lower in MYC-expressing cells
when LEF1 was knocked down (Fig. 6a, Additional file 8:
Figure S8C).

LEF1 is necessary for the expression of PPARS and ACAD9
downstream of MYC

Our RNA-seq data revealed that MYC expression led to
an increase in the expression of peroxisome proliferator-
activated receptor & (PPARD) (Fig. 6b). PPARS regulates
the expression of genes that transport long-chain fatty
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were quantified by using ImageJ. b ARPE-19 cells were extracted with NP40 lysing buffer, and the total cell lysates were subjected to Western
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acids into the mitochondria for P-oxidation [44] as a
master regulator of fatty acid metabolism. The reduction
in PPARS upon LEF1 knockdown could cause a defect
in the import of fatty acids into the mitochondria, thus
delaying their processing, leading to the accumulation of
MCFA and LCFA such as L-palmitoylcarnitine and L-
Octanoylcarnitine (Fig. 6a).

PPARS is upregulated in human colorectal polyps and
colorectal cancers [45] and has been identified as a
downstream target of [(-catenin [46]. While the link

between the WNT pathway and PPARS has been con-
troversial [47], recently, a high-fat diet was reported to
increase PPARS activity in progenitor intestinal cells of
animals with APC-inactivating mutations [44]. We con-
firmed the induction of PPARS by MYC overexpression
in multiple cell lines (Fig. 1c-e). Conversely knocking
down MYC led to a downregulation in PPARS (Fig. 2 d,
e). To determine whether the upregulation of PPARS in
MYC-expressing cells was dependent on the activation
of the WNT pathway caused by LEF1 expression, we
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Fig. 6 LEF1 regulates lipid metabolism in MYC-expressing cells. a Heatmap of acylcarnitines affected by LEF1 siRNA in myc—/—+ MYC fibroblast,
generated by metabolomics analyses of cells transfected with either control or LEF1 siRNA. b Rat1 myc—/- fibroblasts expressing either vector or
human MYC were collected and subjected for RNA-seq analysis and expression levels of genes involving lipid metabolism were compared. ¢ Rat1
myc —/— control fibroblast cells and Rat1 myc —/— cells reconstituted with human MYC were transfected with control or LEF1 siRNAs for 3 days
and extracted with NP40 lysing buffer for Western blot assays with the indicated antibodies. d HCEC expressing truncated APC were transfected
with either control or LEF1 siRNA for 3 days, and then fractionated into nuclear and cytoplasmic fractions for Western blotting with the indicated
antibodies. @ DLD1 cells transfected with control of LEF1 siRNAs for three days were extracted with NP40 lysis buffer, and the total lysates were
subjected to Western blot assays. f ACAD9 and CADS gene expression in colon cancer and adjacent normal tissues deposited in the TCGA
database. Blue: downregulated (< 0.7), grey: no change (0.7-1.3), and red: upregulated (> 1.3). n =41 pairs. g Human colon tumor tissues (T) and
their surrounding benign tissues (B) were extracted with NP40 lysis buffer, and the total lysates were subjected to Western blotting with the
indicated antibodies. h Model of MYC and LEF1 positive feedback loop in proliferating colonic cells

knocked down LEF1 in myc—/- fibroblast expressing ei-
ther empty vector or reconstituted with MYC. We found
that PPARS expression was reduced by LEF1 knockdown
in both cell lines (Fig. 6c).

Because LEF1 is required for the expression of PPARS
in MYC-expressing cells, we examined the regulation of
other fatty acid-regulating genes by MYC (Fig. 6b). We
found that the mRNA for the Acyl CoA dehydrogenases
ACADY, ACADIO, and ACADM were also induced by
MYC (Fig. 6b). Fatty acid metabolism requires the activ-
ity of ACADs including ACADS, ACADM, ACADL,
ACADVL, ACAD?9, and ACAD10, which are specialized
for short-, medium-, long- and very long chain fatty
acids [48]. LEF1 knockdown specifically reduced ACAD9
levels, similarly to PPARS, both in MYC-expressing
fibroblast as well as in myc—/- cells (Fig. 6¢). ACAD10
expression was not validated, and ACADS was elevated
upon LEF1 siRNA (Fig. 6¢). The increase in ACADS was
likely to be responsible, at least in part, for the increase
in butyrylcarnitine upon LEF1 knockdown.

LEF1 knockdown also caused reductions in the expres-
sion of PPARS and ACAD9 in colonic cells (Fig. 6d, e).
Western blotting of fractionated HCEC-APC samples
showed that ACAD9 level was also reduced by LEF1
knockdown, and most interestingly, only nuclear, there-
fore active PPARS was decreased by LEF1 siRNA (Fig.
6d). LEF1 was also necessary for maximum expression
of PPARS and ACAD?9 in the fully transformed DLD1
colon cancer cells (Fig. 6e). The expression of MYC,
LEF1, PPARS, and ACAD9 were closely correlated in a
Western blot comparing colon cancer and normal adja-
cent benign tissue of human samples (Fig. 6g). ACADS
expression was inversely correlated with MYC and LEF1
(Fig. 6g), similarly to the expression pattern obtained
from fibroblasts (Fig. 6c). Data from TCGA database
analyses also revealed that approximately 50% of colon
cancer patients had elevated ACAD9 mRNA levels,
while the majority of patients displayed a reduction in
ACADS mRNA (Fig. 6f). Previous metabolomics study
discovered that palmitate and oleate levels increase in
MYC-driven colorectal tumors, while enzymes involving

fatty acid oxidation, including ACADS, are down-
regulated [49].

In summary, we found that LEF1 is induced down-
stream of MYC and activates the expression of genes such
as ACAD9 and PPARS in MYC-expressing cells. Add-
itional genes regulated by LEF1 in MYC-transformed cells
may be involved in other metabolic and non-metabolic
pathways that are important for the deregulated prolifera-
tion or other aspects of cancer cell fitness.

Discussion

Our results indicate that MYC induces the expression of
LEF1 and that LEF1, by interacting with -catenin within
nucleus, activates the expression of PPARS and ACAD9.
Because PPARS and ACAD9 are required for fatty acid
metabolism, reduction in their levels upon LEF1 knock-
down may cause accumulation of unprocessed fatty
acids which may contribute to apoptosis of MYC-
expressing cells. Interestingly, PB-catenin was recently
shown to be necessary for the expression of ACADL,
ACADVL, and ACADS in osteoclasts [50]. Regulation of
ACAD9 and PPARS by LEF1 underscores the import-
ance of future studies to identify the global signature of
genes regulated by LEF1 and potentially other TCF
factors in normal and MYC-dependent colonic cells to
define the molecular crosstalk between MYC and the
WNT pathway in colon cancer. Indeed, our metabolo-
mics data suggest that MYC-dependent LEF1 expression
might also regulate cell proliferation by altering other
metabolic pathways like the TCA cycle and amino acids
metabolism (Additional file 8: Figure S8B), which war-
rant further studies.

While WNT pathway activation is unquestionably a
major driver in the development of colonic adenomas,
studies have shown that activation of additional signaling
pathways are required for optimal nuclear localization of
B-catenin in colon cancer cells. For example, KRAS
induces the phosphorylation of the Frizzled co-receptor
LRP6, leading to a cascade of events that promotes acti-
vation of the WNT pathway and increases in cell migra-
tion and tumor growth [51]. MYC was also shown to
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regulate genes that lead to the activation of the WNT
pathway. MYC was found to repress the WNT inhibitors
DKK1 and SFRP1, leading to the activation of the WNT
pathway in breast cancer cell lines [52]. Moreover, a
recent study proposed that MYC expression leads to
global increase in mRNA cap methylation including
mRNAs that encode proteins in the WNT pathway, such
as GSK3f, APC, LRP5, CTNNBI, and TCF7, and results
in their increased translation [53]. These studies, com-
bined with our current results showing MYC modulates
the transcription of genes in the WNT pathway, indicate
that regulation of the WNT pathway by MYC involves
multiple mechanisms and may be a widespread event in
transformed cells. Therefore, we propose a model for
MYC and WNT cooperation in tumors (Fig. 6h). In our
putative model MYC and LEF1 engage in a positive
feedback loop in which oncogenic hits that activate the
WNT pathway induce MYC expression in cancer cells.
MYC, in turn, directly promotes transcription of LEF1
which further potentiates the WNT pathway activation.

Conclusions

Our study demonstrates that MYC regulated the expres-
sion of the P-catenin co-transcriptional factor LEFI.
MYC expression caused the retention of -catenin in the
nucleus in a LEF1-dependent manner and resulted in
the activation of WNT target genes. Moreover, MYC-
expressing cells became dependent on LEF1 activity to
proliferate. Therefore, we identified a novel pathway by
which MYC induces the expression of LEF1 to activate
the WNT pathway, which is required for the hyperproli-
ferative behavior of MYC-transformed cells.
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Additional file 1: Figure S1. (A) Major groups of genes in the WNT
pathway are regulated by MYC. Red color represents activated genes,
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reconstituted with human MYC. Expression levels of each gene was nor-
malized to the levels of 18S, and the expression levels of each genes in
myc—/— samples was set to 1. (C) RT-qPCR for the indicated genes in
ARPE-19 cells stably expressing empty vector or MYC. Expression levels of
each gene was normalized to the levels of 18S, and the expression levels
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wild type (WT), myc—/— stably expressing empty vector or MYC were ex-
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and the total cell lysates were subjected to Western blotting with the in-
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upregulated (> 1.3). n =41 pairs. (B) Kaplan-Meier curves comparing
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son between 30% highest and 30% lowest expression were generated
using ONCLnc (http://www.oncolnc.org/).
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ing genes were compared between cancer tissues and normal tissues,
and binary heatmaps were drawn to show the changes. Samples were
sorted with p-value, and changes with p-value< 0.05 were considered sta-
tistically significant. (B) Kaplan-Meier curves comparing survival of various
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and 30% lowest expression were generated using ONCLNc (http://www.
oncolnc.org/).

Additional file 4: Figure S4. (A) Scheme of colon cancer progression.
(B) Genetic background of colonic cells used in this study. Information of
cancer cell was obtained from Colorectal Cancer Atlas (http://colonatlas.
org/). (C) DLD1 cells were transfected with either control or MYC siRNAs,
and the relative RNA levels were measured by using RT-qPCR. (D) ChiP-
seq data from the ENCODE database show that MYC and MAX binds to
the LEF1 promoter in K562 and MCF10A cells. Cluster Scores (out of
1000) are shown in parentheses. (E) Rat fibroblast expressing inducible
MYC expression (Tet-On) was cultured in the presence of 1 ug/ml doxy-
cycline (Dox) for 48 h. Incubation with 25 pg/ml cycloheximide (CHX) for
three hours was performed prior to RNA isolation and RT-gPCR analysis.
Protein synthesis inhibition reduced LEFT mRNA both in control and MYC
expression cells, but to a less extent in MYC-expressing cells.

Additional file 5: Figure S5. (A) ARPE-19 cells with or without MYC
overexpression were fractionated into cytosolic and nuclear fractions, and
the samples were subjected to Western blotting with the indicated anti-
bodies. (B) ARPE-19 cells with or without MYC overexpression were trans-
fected with either control or AHR siRNA, and then fractionated for
Western blotting with the indicated antibodies.

Additional file 6: Figure S6. (A) RKO and Huh7 cells were transfected
with control or LEFT siRNAs for 3 days and then Western blotted. (B) 5000
ARPE-19 cells with or without MYC overexpression were plated in 12-well
plates and incubated with different concentrations of ICG-001 in triplicate
for 7 days. Cells were then stained with crystal violet, and the relative via-
bilities were qualified with ImageJ. (C) RT-gPCR for LEF1 in APRE cells in-
fected with empty vector transfected with LEF1 siRNA.

Additional file 7: Figure S7. (A) Diagram of the metabolomics
experiment showing Rat1 myc—/~ fibroblasts with human MYC
expression were transfected with either control or LEFT siRNAs in
triplicate. Cells were extracted with methanol 2 days after transfection
and processed for LC/MS metabolomics. (B) Parallel dishes from the same
experiment were exacted with NP40 lysis buffer and subjected to
Western blotting. (C) Principal component analysis (PCA) plot was
generated by SIMCA 13.0.3 to show the sample clusters, and t [1] and t
[2] are variances of the samples.

Additional file 8: Figure S8. (A) Heatmap comparing the metabolic
profile of myc—/— cell reconstituted with MYC and transfected with either
control siRNA or siRNA for LEF1. (B) Metabolites and metabolic pathways
altered by LEF1 silencing. (C) Diagram of -oxidation with metabolites af-
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ing enzymes.
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