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Preface to ”Targeting Wnt Signaling in Cancer:

Opportunities Abound If We Can Avoid the Sword of

Damocles”

Dysregulation of Wnt signaling is known to be associated with various cancers. As such,

identification of novel Wnt pathway targets in cancer and better characterization of already-known

targets present exciting, emerging opportunities for cancer treatment. In this Special Issue, we feature

papers that discuss the role of Wnt signaling and associated targets in cancer metabolism, tumor

immune response, and the tumor microenvironment. Papers discussing a range of Wnt-mediated

cancers, including those of the colon, liver, pancreas, synovium, bladder, etc. are included.

Michael Kahn, Keane Lai

Editors
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Oncogenic Serine 45-Deleted β-Catenin Remains
Susceptible to Wnt Stimulation and APC Regulation
in Human Colonocytes

Taybor W. Parker, Aaron J. Rudeen and Kristi L. Neufeld *
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parkertw@ku.edu (T.W.P.); aaron.rudeen@ku.edu (A.J.R.)
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Abstract: The Wnt/β-catenin signaling pathway is deregulated in nearly all colorectal cancers
(CRCs), predominantly through mutation of the tumor suppressor Adenomatous Polyposis Coli
(APC). APC mutation is thought to allow a “just-right” amount of Wnt pathway activation by
fine-tuning β-catenin levels. While at a much lower frequency, mutations that result in a β-catenin
that is compromised for degradation occur in a subset of human CRCs. Here, we investigate
whether one such “stabilized” β-catenin responds to regulatory stimuli, thus allowing β-catenin
levels conducive for tumor formation. We utilize cells harboring a single mutant allele encoding
Ser45-deleted β-catenin (β-catΔS45) to test the effects of Wnt3a treatment or APC-depletion on
β-catΔS45 regulation and activity. We find that APC and β-catΔS45 retain interaction with Wnt
receptors. Unexpectedly, β-catΔS45 accumulates and activates TOPflash reporter upon Wnt treatment
or APC-depletion, but only accumulates in the nucleus upon APC loss. Finally, we find that β-catenin
phosphorylation at GSK-3β sites and proteasomal degradation continue to occur in the absence of
Ser45. Our results expand the current understanding of Wnt/β-catenin signaling and provide an
example of a β-catenin mutation that maintains some ability to respond to Wnt, a possible key to
establishing β-catenin activity that is “just-right” for tumorigenesis.

Keywords: Wnt signaling; just-right signaling; APC; β-catenin; colorectal cancer

1. Introduction

Discovered nearly 40 years ago, the Wnt signaling pathway has proven essential for many
cellular functions, including proliferation, polarity, developmental cell-fate determination, and tissue
homeostasis [1]. Consequently, the Wnt pathway is often deregulated in cancer and other diseases.
Normal colon tissue homeostasis is dependent on well-controlled Wnt signaling, as Wnt pathway
components are mutated in over 90% of colorectal cancers (CRCs) [2–4].

The key downstream effector molecule in the Wnt pathway is the transcription cofactor
β-catenin. In the absence of a Wnt signal, a cytoplasmic β-catenin destruction complex efficiently
catalyzes the proteasome-mediated degradation of β-catenin. The core components of the complex
include two scaffolding proteins, Adenomatous Polyposis Coli (APC) and Axin, as well as two
kinases, GSK-3β and CK1-α [5]. In the absence of ligands, the complex binds and phosphorylates
β-catenin, leading to β-TrCP-mediated ubiquitination and proteasomal degradation [6–8]. Binding of
Wnt to membrane-bound coreceptors Frizzled and LRP5/6 results in inhibition of the β-catenin
destruction complex through an incompletely resolved mechanism, followed byβ-catenin accumulation,
nuclear translocation, and activation of the Wnt transcriptional program [9,10].

In canonical Wnt signaling, β-catenin destruction is initiated through a dual-kinase mechanism.
First, CK1-α phosphorylates Ser45 of β-catenin (Figure 1A,B) [8,11]. Next, phospho-Ser45 primes

Cancers 2020, 12, 2114; doi:10.3390/cancers12082114 www.mdpi.com/journal/cancers1
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GSK-3β activity, which typically requires a phospho-Ser or threonine and the S/T-X-X-X-pS/pT
motif [12–14]. Three sites on β-catenin are then primed and phosphorylated hierarchically, beginning
with Thr41, then Ser37, and finally Ser33, as each phosphorylating event primes the next (see Figure 1).
Phosphorylation of Ser33 and Ser37 generates a WD40-like binding site for β-TrCP, the substrate
recognition subunit of the E3 ubiquitin ligase SCFβ-TrCP which ubiquitinates β-catenin and marks it for
degradation by the proteasome [7,15–18]. A mutation that eliminates any one of the phosphorylation
sites is thought to stabilize β-catenin, making it resistant to destruction and able to activate downstream
Wnt signaling.

 

Figure 1. β-catenin phospho-regulation by theβ-catenin destruction complex. (A) Diagram ofβ-catenin
structure, indicating the N-terminal GSK-3β phosphorylation sites (Ser33/Ser37/T41), the CK1-α
phosphorylation site (Ser45), and the 12 armadillo repeats. (B) Schematic of the β-catenin destruction
complex composed of Axin, Adenomatous Polyposis Coli (APC), GSK-3β, and CK1-α, which bind
and phosphorylate β-catenin at Ser45, Thr41, Ser37, and Ser33. Phosphorylation at Ser33/Ser37 creates
a β-TrCP recognition site. (C) Mutation frequency of destruction complex phosphorylation sites
among CTNNB1 mutations. (D) Mutation frequency of CTNNB1 among 2324 colorectal cancer patients
using cBioPortal. (E) Sanger sequencing and alignment of CTNNB1 around the destruction complex
phosphorylation sites in HCT116βm and RKO colon cancer cell lines.

Mutations in the tumor suppressor Adenomatous Polyposis Coli (APC) occur early in the development
of over 80% of CRCs. The vast majority of APC mutations lead to the expression of truncated APC protein
that retains some ability to interact with and regulate β-catenin. The “just right” model rationalizes the
limited range of APC truncations observed in CRCs as facilitating a precise level of β-catenin for optimal
cellular proliferation—not too much or too little [19]. In addition to a scaffolding function, other APC
activities have been suggested to contribute to Wnt signaling. For example, APC can interact with
nuclear β-catenin, leading to repression of Wnt target genes through several proposed mechanisms:
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providing access to the transcriptional corepressor CtBP or E3 ligase β-TrCP, sequestration of β-catenin
from the transcriptional coactivator LEF-1/TCF, or facilitating β-catenin’s nuclear export [20–24].
APC can maintain interaction with β-catenin following Wnt stimulation and appears critical for
trafficking the destruction complex to the Wnt receptors [25,26]. Additionally, APC has been postulated
to promote β-catenin ubiquitination. APC truncation commonly found in human CRCs renders cells
unable to appropriately ubiquitinate β-catenin and target it for proteasomal degradation [25,27,28].
A region of APC just C-terminal to sites of common truncations appears to be sufficient for the rescue
of β-catenin ubiquitination [25,28].

CRCs without APC mutations commonly have mutations in genes encoding other components
of the Wnt pathway. The key downstream effector molecule in Wnt signaling, the β-catenin gene,
CTNNB1, is mutated in ~12% of CRCs lacking an APC mutation (Table S1). It is curious why mutations
that protect β-catenin from degradation are not more prevalent in CRC, as this would be a direct path
to β-catenin mediated transcription. It is possible that mutations that completely stabilize β-catenin do
not support cell viability. In this event, β-catenin mutations may also act in a “just-right” manner to
precisely tune the amount of β-catenin for optimal levels of Wnt activation. Another, not mutually
exclusive, possibility is that destroying β-catenin is not the only critical tumor-suppressive role for APC,
and that additional APC-mediated processes such as cytoskeletal arrangement, β-catenin localization,
and cellular orientation during cell division must be affected to initiate adenoma formation.

Mutations that eliminate the GSK-3β or CK1-α phosphorylation sites are reported to “stabilize”
β-catenin, making it resistant to regulation by the destruction complex and thus resistant to regulation
by Wnt signaling [5]. Cells expressing β-catenin containing a Ser45 deletion or S33Y substitution
are reported to display constitutively active Wnt signaling [29]. HCT116 cells, which express two
versions of β-catenin (a wild-type and a Ser45-deleted) show elevated Wnt reporter activity when
treated with Wnt, however, this was explained by the retained ability to regulate the wild-type
β-catenin [25]. While the prevailing notion has maintained that oncogenic CTNNB1 mutations result
in an abolished response to Wnt, new evidence suggests otherwise. In hepatocellular carcinoma (HCC)
cells, Rebouissou and colleagues reported that S45 mutations are only weakly activating and they
concluded that S45 mutation alone is not sufficient to drive liver tumorigenesis [30]. Our own analysis
of 351 liver cancers using cBioPortal confirmed that patients with S45 mutations showed elevated
expression of Wnt target genes Axin2, GLUL, and LGR5, but not to the levels seen in patients with
mutations in D32-S37 (Table S2). We recently demonstrated that colon cancer cells expressing only
mutant β-catenin (Ser45del, termed β-catΔS45) still show the redistribution of both the destruction
complex and β-catΔS45 toward a localized Wnt ligand [26]. Phosphorylation at the GSK-3β sites
(Ser33/Ser37/Thr41) was previously reported to occur in the absence of Ser45 [31]. These results
indicate that the presence of β-catΔS45 does not render cells completely unresponsive to Wnt and
raises additional questions about the mechanism underlying β-catenin regulation.

Here, we sought to further test the “just-right” model of β-catenin mutation proposed for
hepatocellular carcinoma by Rebouissou et al. by examining the effect of a β-catΔS45 mutation
on the Wnt response in HCT116βm cells which harbor a single CTNNB1 allele encoding a Ser45
deletion [32]. Ser45 modifications are seen in 10.8% of CRCs with β-catenin alterations and are
considered to be stabilizing (Figure 1C). We demonstrate for the first time that HCT116βm cells
accumulate β-catΔS45 when treated with Wnt3a or when depleted for APC and also display increased
downstream Wnt transcriptional activation. However, β-catΔS45 nuclear translocation is only
elevated in cells depleted for APC and not by Wnt3a treatment alone. We also find that β-catΔS45 is
phosphorylated on the S33/S37/T41 residues, albeit somewhat less than wild-type β-catenin. It has
been proposed that “just-right” signaling could result from CTNNB1 mutation as well as APC
mutation [33]. Our work demonstrates that β-catΔS45 is regulated by the destruction complex and
responds to Wnt by accumulating and becoming more active in promoting Wnt target gene transcription.
Further, these results implicate additional roles for APC in β-catenin regulation beyond those as a
destruction complex scaffold.
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2. Results

2.1. Phosphorylation Sites Important For B-Catenin Destruction Are Mutated in a Subset of Colorectal Cancers

Over-active Wnt signaling has been linked to many malignancies. In liver and endometrial cancer,
CTNNB1 mutations are common while APC mutations are rare [34]. In the majority of CRCs, mutations
in APC, a key member of the β-catenin destruction complex, predominate. In CRCs without APC
mutation, the Wnt pathway is often activated by other means, such as mutation of another pathway
component. To assess the frequency of CTNNB1 mutation in CRCs, we utilized four datasets from
cBioPortal (DFCI, Genentech, MSKCC, and TCGA) and found that β-catenin mutations occurred in
160/2324 of patients (6.88%; Figure 1D) [4,35–39]. Of these β-catenin mutations, 47/176 were in the
degradation motif sites (Figure 1C). Mutations within exon 3 of CTNNB1 are considered drivers of
tumorigenesis and account for 57/176 of the analyzed mutations [40]. Additionally, 91/176 mutations
(51.7%) occurred within the armadillo repeat regions, which are thought to interact with APC, Axin,
and LEF-1 [41–43]. We note that mutations outside of exon 3 may be passenger mutations and also find
that truncating events that are unlikely to activate Wnt/β-catenin signaling account for 32/176 mutations.
The “just-right” signaling hypothesis has been proposed as a means for the cell to regulate levels of
Wnt activity through mutation of the APC gene. We wondered if mutations of the effector protein,
β-catenin, also invoke a similar “just-right” response, allowing a specific level of Wnt regulation.

2.2. Generation of a Novel Anti-APC Igy Antibody

Current commercially available antibodies for the analysis of APC have limited applications and
specificity [44,45]. To expand the repertoire of antibody species, we generated a chicken polyclonal
antibody using the same central region of APC (amino acids 1001–1326) which we had successfully
used to generate rabbit antisera [46]. The new IgY antibody was purified from yolk extracts and tested
by Western immunoblot (Figure S1). The major band detected by the purified antibody migrated
with an apparent molecular weight of 310 kDa with only faint signals for the smaller sized bands.
When compared against a commercially available APC antibody, our chicken antibody shows a robust
signal. Using siRNA to efficiently knockdown APC, we confirm that the 310 kDa band is reduced upon
APC-depletion. This new tool will allow specific detection of APC, simultaneously with other proteins
detected using mouse or rabbit antibodies.

2.3. B-Catδs45 Associates With a Locally-Applied Wnt-3a Ligand

Using immunofluorescence microscopy, we previously established that β-catΔS45 localizes toward
a Wnt cue in HCT116βm cells [26]. We initially verified that a single allele encoding β-catenin is
present in HCT116βm cells by performing Sanger sequencing, using RKO cells, another CRC cell
line, which express only wild-type β-catenin as a control (Figure 1E). To test for a physical interaction
between Wnt and β-catΔS45, Wnt3a-conjugated beads were applied to HCT116βm cells and then used
to “pull down” associated proteins from cell lysates (Figure 2A). APC associated with Wnt-beads more
than with the Unloaded-beads (Figure 2B). β-catΔS45 also associated more with the Wnt-beads than
with the Unloaded-beads (Figure 2C). These data demonstrate that a core component of the destruction
complex and a “stabilized” β-catenin both respond to a Wnt3a cue by localizing to the membrane,
presumably through interactions with Frizzled and LRP5/6 coreceptors.

2.4. Wnt3a Exposure or APC-Depletion Increases Level of B-Catδs45 Protein

We previously reported that β-catenin destruction complex localization toward a Wnt cue was
APC-dependent and appeared to correlate with an increased level of β-catenin in cells harboring
fully intact Wnt signaling pathways [26]. Whether Wnt influences β-catΔS45 protein levels has
yet to be determined. The β-catΔS45 protein expressed in HCT116βm cells lacks the site of CK1-α
phosphorylation and is therefore generally assumed to be compromised for phosphorylation by
GSK-3β and subsequent proteasome-mediated destruction. Notably, treatment with Wnt3a resulted in
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a 1.57-fold increase in total β-catΔS45 compared to untreated cells (Figure 3A–C). This unexpected
result indicates that HCT116βm cells at least partially respond to Wnt by further stabilizing β-catΔS45
and therefore, β-catenin degradation can occur independently of Ser45. We efficiently depleted 90–95%
of APC in HCT116βm cells with small interfering RNA (siAPC; Figure 3A,C). This APC-depletion led
to a 1.47-fold increase in total β-catΔS45 protein level, while APC-depletion combined with Wnt3a
treatment led to a 1.31-fold increase (Figure 3B). All of these increases were significant when compared
to control-siRNA-treated cells (NT siRNA). These data indicate that cells exposed to Wnt ligand are
able to further increase β-catΔS45 levels and that APC participates in β-catΔS45 destruction. Because
APC-depletion together with Wnt treatment did not result in β-catΔS45 protein levels greater than
either condition alone, it seems likely that these two components function in the same pathway to
control β-catΔS45 protein levels.

 

Figure 2. Wnt-beads pull-down APC and β-catΔS45. (A) HCT116βm cells treated with Wnt-beads or
Unloaded-beads were lysed and proteins were pulled-down with the beads. Both APC and β-catΔS45
were detected in the Wnt-bead pull-down but not the Unloaded-bead pull-down. (B) Quantification of
APC pulled-down by Wnt-beads compared to Unloaded-beads from three independent experiments.
(C) Quantification of β-catΔS45 pulled-down by Wnt-beads compared to Unloaded-beads from three
independent experiments. Protein levels that were pulled-down by beads were divided by the respective
input protein levels and normalized to the Unloaded-bead to demonstrate fold change. Error bars,
standard deviation (SD)Full blots, Figure S2).

 

Figure 3. β-catΔS45 accumulates upon Wnt-3a treatment or APC-depletion. (A) Western blot of
HCT116βm cells transfected with control-siRNA or APC-siRNA and treated in the presence or
absence of 125 ng Wnt3a. (B) Relative fold-change of β-catenin relative to β-actin and normalized
to control-siRNA without Wnt. Data averaged from four independent experiments. Error bars, SD;
Statistical analysis by t-test: * p < 0.05; ** p < 0.01. (C) Quantification of APC fold-change relative to
β-actin and normalized to control-siRNA without Wnt.

2.5. Wnt Signaling Is Activated in HCT116βm Cells Following APC-Depletion or Wnt3a Exposure

In cells with an intact Wnt signaling pathway, cellular β-catenin accumulation is followed by
β-catenin’s nuclear translocation and interaction with the transcription cofactor TCF-4 to activate Wnt
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target genes. HCT116βm cells harbor an activated Wnt pathway, demonstrated through increased
TOPflash compared to isogenic cells only expressing wild-type β-catenin [32]. We wondered if the
increased level of cellular β-catenin following Wnt exposure or APC-depletion would result in further
increases in nuclear β-catenin activity. To test this, we cotransfected HCT116βm cells with TOPflash
Wnt luciferase reporter plasmid and then depleted APC with siRNA, in the presence or absence of
Wnt3a. Wnt3a treatment resulted in a three-fold increase and APC-depletion led to a 2.2-fold increase
in Wnt reporter activity (Figure 4A). Unexpectedly, cells both depleted for APC and exposed to Wnt3a
displayed a four-fold increase in Wnt reporter activity (Figure 4A). In RKO cells, which possess an
intact Wnt signaling pathway, Wnt treatment resulted in an 8.2-fold increase in Wnt reporter activity
(Figure 4B). However, in RKO cells with CRISPR/Cas9-deleted APC or in DLD1 cells that express
endogenous truncated APC, Wnt3a presentation had no effect on Wnt reporter activity (Figure 4B).

 
Figure 4. The Wnt transcriptional program is induced in HCT116βm upon Wnt-3a treatment or
APC-depletion. (A) HCT116βm cells were cotransfected with pTOPflash and pRenilla luciferase
reporter plasmids as well as control-siRNA or APC-siRNA, and subsequently treated with 125 ng
Wnt3a for 24 h. Data averaged from seven individual experiments. Relative luciferase activity
determined by the TOPflash/Renilla ratio of each group, followed by normalization to the control.
Error bars, SD; Statistical analysis by t-test: * p < 0.05; ** p < 0.01; **** p < 0.0001. (B) TOPflash reporter
assay in RKO, RKO-APCKO, and DLD-1 colorectal cancer cell lines. Data for RKO averaged from four
individual experiments, and RKO-APCKO and DLD1 are from one experiment. Error bars, SD.

Combined, these data indicate that β-catΔS45 is still regulated by Wnt signaling, despite being
able to evade Ser45 phosphorylation by CK1-α. Interestingly, cells with APC knock-out or mutant
APC are resistant to further Wnt reporter activation, presumably due to maximal levels of pathway
activation (Figure 4B) [25]. Yet, HCT116βm cells containing a stabilized β-catΔS45 are responsive to
APC-depletion, even more responsive to Wnt addition, and show the most Wnt reporter activation
when APC-depletion is combined with Wnt stimulation. This finding suggests that Wnt3a presentation
and APC loss may stimulate Wnt reporter activity in an additive manner. This additive response may
indicate the involvement of multiple pathways.

2.6. β-catΔS45 Increases Nuclear Localization Upon APC Loss, But Not Upon Wnt Exposure

APC-depletion has revealed a mechanism to regulate β-catΔS45 activity that appears distinct from
that of Wnt stimulation. To explain this, we turned to other potential APC functions. Notably, APC is
reported to be involved in sequestration, trafficking, and nuclear-cytoplasmic shuttling of proteins
as well as Wnt-induced membrane localization of the destruction complex. We therefore considered
the possibility that APC aids in the sequestration or trafficking of β-catΔS45, despite the ability of
β-catΔS45 to evade destruction-complex-mediated Ser45 phosphorylation. We found that cells treated
with Wnt displayed no changes in the ratio of nuclear to cytoplasmic β-catΔS45 compared to control
cells (Figure 5A,B). However, upon APC-depletion, β-catΔS45 shifted into the nucleus, displaying
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an increased nuclear/cytoplasmic ratio and increased level of nuclear β-catenin compared to control
(Figure 5A–C). Altered nuclear morphology observed in APC-depleted cells is consistent with previous
reports that APC loss can lead to apoptosis [47,48]. The ratio of nuclear to cytoplasmic β-catΔS45 seen
with APC-depletion did not further increase with added Wnt treatment (Figure 5B). Although still
more nuclear than in control cells, the percent of change in nuclear β-catΔS45 in APC-depleted cells
that were also treated with Wnt was significantly less than in cells only depleted of APC (Figure 5C).
These data indicate that regulation of a “stabilized” β-catΔS45 is not merely through a degradation
mechanism, but also may involve cytoplasmic sequestration or nuclear export, facilitated by APC.

 

Figure 5. β-catΔS45 nuclear localization is controlled by APC and continues to be susceptible
to GSK-3β phosphorylation and proteasomal degradation. (A) HCT116βm cells transfected with
control-siRNA or APC-siRNA were treated with 125 ng Wnt3a and β-catenin localization was visualized
by immunofluorescent detection. (B) Ratio of nuclear to cytoplasmic β-catenin quantified from
immunofluorescent staining. Data representative of at least 36 individual cells per group (from two
independent experiments). Error bars, SD; Statistical analysis by t-test: * p < 0.05, *** p < 0.001,
**** p < 0.0001. (C) Percent change in nuclear β-catenin. Percent of nuclear β-catenin was calculated
by dividing nuclear β-catenin by total β-catenin. Using nuclear β-catenin percentage, the percent
change was calculated by comparing it to control. (D) RKO and HCT116βm cells were treated with
10 mM MG132 in the presence or absence of 25 ng/mL Wnt3a for 4 h prior to lysis. Western blot
utilizing anti-phospho-Ser33/Ser37/Thr41-β-catenin or anti-β-catenin antibodies. (E) Quantification of
the fold change of Ser33/Ser37/Thr41-phosphorylated β-catenin. Data averaged from two independent
experiments. Error bars, SD. (F) Quantification of the ratio of phosphorylated-β-catenin to total
β-catenin in RKO and HCT116βm cells following treatment with MG132 +/−Wnt3a. Data averaged
from two independent experiments. Error bars, SD.
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Assessment of β-catΔS45 nuclear and cytoplasmic localization showed that Wnt treatment
alone does not affect nuclear translocation. However, APC-knockdown or Wnt treatment plus
APC-knockdown caused a dramatic increase in nuclear β-catΔS45 compared to control. Of note,
through assessment of β-catenin level (Figure 3), β-catΔS45 activity (Figure 4), and β-catΔS45 nuclear
translocation (Figure 5), we found that increases in the level and nuclear localization of β-catΔS45
did not always translate into increased activity. Using these different data sets, we normalized the
TOPflash values to the level of nuclear β-catΔS45 to estimate activity per unit of nuclear β-catΔS45.
This analysis revealed that, though there was little change in nuclear β-catΔS45 levels, Wnt treatment
alone resulted in a near doubling of the β-catΔS45 activity (1.92-fold) compared to untreated cells.
In contrast, APC-depletion resulted in more β-catenin protein and nuclear localization but did not
alter the activity per β-catΔS45 unit (1.05-fold) compared to untreated cells. The combination of
APC-depletion and Wnt treatment resulted in elevated β-catenin protein and nuclear localization,
similar to that observed with only APC-depletion. Finally, the activity per β-catΔS45 unit was much
higher (2.5-fold) in combination-treated cells than that of untreated cells or only APC-depleted cells.

2.7. β-catΔS45 Is Phosphorylated at the GSK-3β Sites and Is Susceptible to Proteasomal Degradation

Solely considering the destruction complex, it is perplexing that APC-depletion or Wnt exposure
would impact the protein level of a “stabilized” β-catenin. Previously, it was reported that
β-catΔS45 is phosphorylated at the GSK-3β sites Ser33/Ser37/Thr41 [31]. However, it was unknown
whether β-catΔS45 is also degraded by the proteasome. We detected more total β-catenin and
phospho-Ser33/Ser37/Thr41-β-catenin when RKO cells were treated with an MG132 proteasome
inhibitor (Figure 5D,E). This was expected, since RKO cells have an intact β-catenin destruction
complex. The ratio of p-β-catenin to total β-catenin decreased in RKO cells treated with MG132
(Figure 5F). This decrease is potentially due to the large increase in total β-catenin level (~14-fold),
and may reflect saturated destruction complexes unable to phosphorylate all of the accumulated
β-catenin, as previously proposed [25]. We also detected phospho-β-catΔS45 in HCT116βm cells,
thus confirming previous reports (Figure 5D) [31]. MG132 treatment resulted in increased total
β-catΔS45 and phospho-β-catΔS45 levels, indicative of proteasomal degradation (Figure 5E). However,
we did not observe a decreased ratio of p-β-catΔS45/β-catΔS45 in HCT116βm cells treated with
both MG132 and Wnt (Figure 5F). Together, these data support a proposed mechanism in which
cells containing a deletion of the CK1-α phosphorylation site are able to maintain some β-catenin
regulation through the potential alternative priming of GSK-3β-mediated phosphorylation and through
proteasomal degradation. Of note, this ability to respond to Wnt ligand distinguishesβ-catΔS45-mutant
colorectal cancer cells from the APC-mutant colorectal cancer cells (Figure 4B).

2.8. APC Truncation But Not β-Catenin Mutation Results in Elevated Wnt Target Gene Expression in Human
Colorectal Cancers

Having demonstrated that β-catΔS45 still shows evidence of regulation by Wnt and APC,
we turned our attention back to human colorectal cancer patient samples. Using cBioPortal, we
queried the TCGA (PanCancer Atlas) dataset for expression of Wnt target genes in colon cancers with
various categories of APC or CTNNB1 mutations. mRNA levels for demonstrated Wnt targets Axin2,
Myc, and Lgr5 were significantly elevated in CRC tumors with APC mutations that result in protein
truncation vs. samples lacking these truncating APC mutations, designated as wild-type (Figure 6A).
Therefore, expression patterns for these three genes can provide a surrogate marker for β-catenin
signaling in the patient tissue samples. In contrast, CCND1 and GLUL, which have also been described
as Wnt targets, showed no expression changes that correlated with APC status.
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Figure 6. Wnt target gene activation in colorectal cancers with truncating APC mutations. Wnt target
gene mRNA expression was determined from 524 colorectal cancer patients using cBioPortal and
is displayed as RSEM. CCND1 encodes CyclinD1 and GLUL encodes Glutamate–Ammonia Ligase.
(A) mRNA expression in 374 patients with truncating “driver” APC mutations and 150 with wild-type
APC or missense mutations (all included in the wild-type category). (B) mRNA expression for 491
patients with wild-type CTNNB1, 7 with Ser45 mutations, and 6 with Thr41 mutations. For (C) and
(D) 426 colorectal cancer patient samples were queried for levels of Wnt target AXIN2 or LGR5 RNA,
respectively. Samples were categorized by mutation status of CTNNB1 or truncating driver mutations
in β-catenin regulatory genes. WT ALL samples had no driver mutations in any Wnt-related category
queried. Error is presented as SD. * indicates p-value calculated with paired student T-test < 0.0005 in
(A) and < 0.05 in (B–D) for each pair combination. For (C) and (D), n values of each group were as
follows: WT All (101), T41 (6), S45 (7), tAPC (374), tAxin1 (5), tAxin2 (19), RNF43 (36), and ZNRF3 (8).

Using a similar approach, sample groups were established based on CTNNB1 status (Figure 6B).
There were seven samples with Ser45 mutations (deletions or substitution of Phe or Pro) and six with
T41 mutations (Ala or Ile substitution). In liver cancers, these mutations were categorized as having
“weak” and “moderate” β-catenin activity, respectively [30]. Other CTNNB1 mutations were not
present in enough patient samples to analyze. Relative to samples with wild-type CTNNB1, none of the
Wnt target gene markers showed significant upregulation in either the Ser45- or Thr41-mutant group.
Rather, the mRNA level for the β-catenin activity reporters that were elevated with APC truncating
mutation was either unchanged or decreased in patients with CTNNB1 mutations when compared to
patients with wild-type CTNNB1. Over 70% of the colorectal cancer patient samples with wild-type
CTNNB1 displayed truncating APC mutations and another 9% displayed mutations in one or more
other genes involved in β-catenin destruction (Axin1, Axin2, RNF43, and ZNRF3). To ensure that
mutations in these other β-catenin regulators were not influencing Wnt target gene expression in our
“wild-type” samples presented in Figure 6A,B, the RNA levels were reanalyzed taking into account the
status of these various Wnt regulatory genes (Figure 6C,D). Once again, the mRNA levels for β-catenin
activity reporters AXIN2 and LGR5 were either unchanged or decreased in patients with CTNNB1
mutations when compared to patients that were wild-type for all of these β-catenin regulator genes.
Though these results were consistent with our in vitro data, they contradict results from a similar
analysis of liver cancers [30] and (Table S2). We conclude that in colon cancers, the Ser45 mutation
does not appear to increase Wnt signaling and that the effects of CTNNB1 mutations are not the same
in the liver and colon.
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3. Discussion

The Wnt/β-catenin pathway is typically described as signaling in a linear manner; Wnt ligand
binds the Frizzled and LRP5/6 coreceptors, leading to inhibition of the β-catenin destruction complex
and subsequent β-catenin stabilization, accumulation, and nuclear translocation. Mutation to a
downstream component such as APC or β-catenin is thought to activate the pathway and render it
unresponsive to regulation by upstream pathway components. The results presented here demonstrate
that “downstream” components of the Wnt pathway can continue to be regulated by “upstream”
components despite the presence of a stabilizing mutation. In the context of APC mutations, a “just-right”
signaling hypothesis has been proposed in which APC mutations occur to allow a specific level of
β-catenin that supports tumorigenesis. Our results support the notion that β-catenin itself may also
be prone to just-right mutations that maintain some regulation of the β-catenin protein, limiting its
accumulation and activity. As an initial proof of concept, we used the HCT116βm cell line which
harbors a deletion of β-catenin Ser45, to assess the Wnt/Receptor/β-catΔS45 interaction and the changes
in β-catΔS45 protein levels, activity, and localization upon Wnt3a stimulation or APC loss.

In agreement with our previous immunofluorescence data [26], we demonstrate that both
β-catΔS45 and APC pull-down with a Wnt-bead, indicative of the interaction between Wnt ligand,
receptor, β-catΔS45, and APC. Surprisingly, we find that Wnt3a treatment, APC knock-down,
or treatment plus knockdown, results in elevated β-catΔS45 protein levels as well as increased TOPflash
Wnt reporter activity. APC-depletion results in predominantly nuclear β-catΔS45, whereas Wnt
treatment alone does not change the nuclear localization of β-catΔS45. Moreover, we confirm that
β-catΔS45 can be phosphorylated at Ser33/Ser37/Thr41 and find that β-catΔS45 is regulated by the
proteasome. Finally, we provide evidence that in colorectal cancer patient tissue, CTNNB1 mutations
that eliminate Ser45 or Thr41 do not result in elevated β-catenin activity as assessed by Wnt target
gene expression.

We propose the following expansion of the current Wnt signaling mechanism to explain our
findings: (1) Wnt signaling leads to a secondary effect that further activates β-catenin in the nucleus,
essentially amplifying the signal. An example of this would be that LEF/TCF is a Wnt target gene [49,50].
(2) APC inhibits the activity of this Wnt-induced β-catenin inducer. (3) APC promotes cytoplasmic
localization ofβ-catenin, perhaps through cytoplasmic sequestration or nuclear to cytoplasmic shuttling.
Our results are inconsistent with the role of APC in sequestering nuclear β-catenin or facilitating the
nuclear import of β-catenin. (4) Wnt can also inhibit nuclear localization of β-catenin, independent of
APC. (5) CTNNB1 mutations to Thr41 or Ser45 in human CRC do not confer elevated Wnt signaling.

Our work is in agreement with previously published results by our lab and others, demonstrating
that the interaction of APC with nuclear β-catenin leads to repression of Wnt target genes [20,21,23,24].
Further, it is intriguing that β-catΔS45 continues to be phosphorylated at GSK-3β sites and degraded
by the proteasome, albeit less efficiently than wild-type β-catenin. The deletion of Ser45 may place
Ser47 in close enough proximity (within five residues upon S45del) to T41 to act as a priming site for
β-catenin phosphorylation [51]. Suggestive of alternative mechanisms for GSK-3β phosphorylation,
S33/S37/T41 phosphorylation is also observed in LS174T cells containing a S45F substitution [25,31].
Finally, comparing our Wnt target gene mRNA expression analysis in human colon cancer tissue to
similar analyses in liver cancer [30] and Table S2 reveals that Wnt signaling and the consequences of
CTNNB1 mutation are not the same in cancers of different tissues.

Colorectal cancer is generally assumed to be promoted by Wnt signal activation. Here, we provide
insight into the mechanism by which β-catenin is regulated in the Wnt-on or Wnt-off states and also
demonstrate that mutant β-catenin can be regulated by the Wnt pathway components. We find that
APC-mutant cells are unresponsive to additional Wnt signaling, whereas cells expressing mutant
β-catenin are responsive to extracellular Wnt ligand. It is likely that complete stabilization of
β-catenin in colon epithelia would result in too much β-catenin protein and activity, thus impairing
cell viability and potentially inducing apoptosis as previously demonstrated in mouse gut [48] and
human epidermis [52]. Our finding that the Wnt/β-catenin signaling pathway does not act in a strictly
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linear fashion emphasizes the importance of a therapeutic strategy that targets multiple aspects of the
pathway. Finally, we provide evidence that β-catΔS45 is still susceptible to regulation and that this
mutation may act to provide “just-right” signaling for optimal tumorigenic capability in the colon.

4. Materials and Methods

4.1. Cell Culture and Treatments

HCT116βm, RKO, DLD1, and RKO-APCKO cells were cultured in DMEM (with L-Glutamine and
4.5 g/L Glucose; without Sodium Pyruvate) supplemented with 10% fetal bovine serum (FBS) and
were maintained at 37 ◦C and 5% CO2. Wnt treatment was performed by adding recombinant Wnt-3a
(Peprotech, Rocky Hill, NJ, USA; #315-20) at the indicated concentration/time prior to cell lysis or
immunofluorescence analysis. For siRNA-mediated inhibition, HCT116βm cells were transfected using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions with
37.5 nM of each siRNA targeting human APC (Smartpool siRNAs 1-3: Dharmacon, Lafayette, CO, USA)
or nontargeting siControl siRNA (Dharmacon). Cell media was changed one day following siRNA
transfection, and cells were grown 48 h prior to Wnt treatment. MG-132 treatment was performed by
the addition of 10 mM MG-132 to a final concentration of 10 μM in cell media for 4 h.

HCT116βm were derived from the parental HCT116 cell line (ATCC, Manassas, VA, USA) and
kindly provided by Bert Vogelstein [32]. We received HCT116βm from Bert Vogelstein (who originally
received HCT116 cells from ATCC) and passaged two times into Dulbecco’s Modified Eagle Medium
(DMEM)+10%FBS prior to preparing cell stocks. RKO and DLD1 cells were received from ATCC and
passaged two times into DMEM + 10% FBS prior to preparing cell stocks. RKO-APCKO cells were
derived from the parental RKO cell line (ATCC) and kindly provided by Ethan Lee [53]. We passaged
them two times into DMEM+ 10% FBS prior to preparing cell stocks.

4.2. Analysis of CTNNB1 Mutation Frequency and mRNA Expression of Wnt Target Genes

Mutation frequency of the CTNNB1 gene was assessed using the cBioPortal [35,36].
Colorectal adenocarcinoma datasets from DFCI (Cell Reports 2016), Genentech (Nature 2012),
MSKCC (Cancer Cell 2018), and TCGA (PanCancer Atlas) were queried for the CTNNB1 and APC
genes [37–39,54]. Of the 1287 total cases, 1225 had mutations data and were utilized for mutation
frequency and mutual exclusivity determinations. The TCGA (PanCancer Atlas) dataset also contained
RNAseq data which were queried for expression of Wnt target genes in colon cancers with various
categories of CTNNB1 mutations or “driver” mutations in APC or other β-catenin regulatory factors.
Values were provided as RSEM (RNA-Seq by Expectation Maximization).

4.3. CTNNB1 Sanger Sequencing and Alignment

HCT116βm and RKO cells were harvested and DNA extraction was performed using
the Qiagen (Hilden, Germany) DNeasy Blood and Tissue Kit according to the manufacturer’s
instructions. PCR amplification was performed using the following primers: 5′-cctcctaatggcttggtgaa-3′;
5′-caggacttgggaggtatcca-3′. Following amplification, PCR products were gel-purified and sequenced
by Genewiz (South Plainfield, NJ, USA). Trace files and sequence alignment were analyzed using
SnapGene, version 4 (Insightful Science).

4.4. Immobilization of Wnt Protein

Wnt3a was immobilized onto Dynabeads as described previously [55]. Briefly, 2.8 μm Dynabeads
M-270 Carboxylic Acid (Invitrogen) were activated by NHS/EDC (Sigma, St. Louis, MO, USA,
50 mg/mL each in cold 25 mM MES pH 5) then washed three times with cold 25 mM, pH5 5
2-(N-morpholino)ethanesulfonic acid (MES) buffer. Wnt immobilization was performed by diluting
0.5 μg of purified Wnt3a protein in cold MES buffer and incubated at room temperature (RT) for 1 h.
To quench nonreactive carboxylic acid groups, beads were incubated with 50 mM Tris pH 7.4 at RT for
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15 min. Beads were washed twice in phosphate-buffered saline (PBS) pH 7.4 before final resuspension
in 400 μL PBS/0.5% BSA and stored at 4 ◦C. Unloaded-beads were prepared in parallel by incubating
1 h in MES without Wnt. Wnt3a activity following bead immobilization was verified using a TOPflash
luciferase reporter assay [56].

4.5. Immunoblotting

Cells were washed 1x in PBS prior to harvesting in preheated, high-salt sample lysis buffer (20%
glycerol, 2% sodium dodecyl sulfate (SDS), 30% 10X PBS, 2.5% β-mercaptoethanol). Scraped cells
were transferred to Eppendorf tubes, heated at 95 ◦C for 1 min, pulled through an insulin syringe
three times, and heated again. Samples were separated on 7.5% SDS-PAGE (Bio-Rad, Hercules,
CA, USA; TGX FastCast Acrylamide Kit) using Tris-Glycine running buffer and transferred to a
nitrocellulose membrane (GE) with a 0.45 μm pore size. Antibodies were diluted in Odyssey Blocking
Buffer TBS (LI-COR) as follows: anti-APC-M2 Chicken pAb (1:2000), anti-β-catenin mouse mAb
(1:1000), anti-phospho-Ser33/Ser37/Thr41-β-catenin rabbit pAb (Cell Signaling Technology, Danvers,
MA, USA; 1:500), anti-α-tubulin DM1A mouse mAb (Santa Cruz Biotechnology, Dallas, TX, USA;
1:1000), anti-β-actin mouse mAb (Sigma, 1:1000), and IRDye 680LT and 800CW anti-rabbit, anti-mouse,
or anti-chicken secondary antibodies (1:150,000). Immunoblots were imaged on an LI-COR Odyssey
CLx imaging system.

4.6. Wnt-Bead Pull-Down

Cells were grown in 6-well tissue culture plates and treated with 40 μL Unloaded-beads or
Wnt-beads for 4 h. Following bead treatment, cells were briefly washed in 1x PBS prior to lysis in 200 μL
lysis buffer (150 mM NaCl, 30 mM Tris pH 7.5, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 0.1 mM
PMSF, 0.5 mM DTT, and HALT protease and phosphatase inhibitors, Thermo Scientific, Waltham,
MA, USA) [25,26]. Following the addition of the lysis buffer, cells were scraped into 1.5 mL tubes and
rotated at 4 ◦C for 30 min. Beads were isolated using a magnet and the supernatant was transferred to
a new tube. Beads were washed three times in 500 μL of cold lysis buffer. Following the last wash,
beads were resuspended in 40 μL cold PBS and 20 μL 3X SDS sample buffer.

4.7. Generation of Anti-APC-M2 Chicken IgY Antibody

The central region of APC (amino acids 1001-1326, “APC-M2”) was cloned and ligated into
the pET28b (Novagen Millipore Sigma, Burlington, MA, USA) expression vector, which contains an
N-terminal 6X-His tag. Sequence-verified plasmids were transformed into BL21-CodonPlus-(DE3)-RIPL
E. coli cells (NEB) for expression. Cells were grown in standard LB broth containing 50μg/mL kanamycin
at 37 ◦C with shaking (225 rpm) and induced with 0.2 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
for protein expression when an OD of 0.4–0.6 was reached. Cells were allowed to express induced
protein products for 3–4 h at 37 ◦C with shaking before harvested by centrifugation at 4000 rpm,
15 min, 4 ◦C. Cellular pellets were resuspended in a buffer containing 50 mM Tris pH 8.0, 50 mM
NaCl, 50 mM imidazole, 10% glycerol, and HALT protease cocktail (Thermo). Cells were lysed by
a French pressure cell (35,000 psi), and the insoluble cellular debris was removed by centrifugation
at 16,000× g for 45 min, 4 ◦C. Supernatant was applied to a chelating sepharose fast-flow column
(Amersham Biosciences, Little Chalfont, UK) charged with nickel chloride and pre-equilibrated in
resuspension buffer. Protein retained on the column was washed with a 3-column volume (C.V.) salt
gradient (50 mM potassium phosphate pH 8.0, 500 mM NaCl, 50 mM imidazole, 10% glycerol). Protein
was eluted with an imidazole buffer gradient (50 mM Tris pH 8.0, 500 mM NaCl, 500 mM imidazole,
10% glycerol). Fractions containing recombinant protein were pooled and applied to a Superdex 200
size-exclusion column (Amersham Biosciences) pre-equilibrated with 50 mM Tris, pH 8.0, 150 mM
NaCl, and 10% glycerol, 1 mM DTT, and 1 mM octyl β-D-gluctopyranoside. Fractions containing
recombinant protein were pooled and concentrated with Amicon Ultra centrifugal filters (Millipore).

12



Cancers 2020, 12, 2114

Recombinant APC antigen was shipped to Gallus Immunotech Inc. (now Exalpha Biologicals, Inc.,
Shirley, MA, USA) for injection into hens, and extraction of IgY-containing yolk extract. The anti-APC
IgY was purified from the returned yolk extracts by affinity chromatography. Briefly, NHS-Sepharose
(GE Healthcare, Chicago, IL, USA) was conjugated with APC-M2 antigen, purified as described above.
1M Tris (pH 8.0) and Tween-20 were added to the yolk extracts, to final concentrations of 10 mM and 0.2%,
respectively. Buffered yolk extract was incubated with prepared APC-M2-conjugated NHS-Sepharose
overnight at 4 ◦C. Columns were washed with multiple column volumes of PBS and PBS-T buffers.
Anti-APC-M2 IgY was eluted from the column in 0.2 M glycine, pH 2.0. Fractions containing eluted
anti-APC-M2 IgY were dialyzed into a buffer containing PBS at pH 7.4, 5% glycerol, and 0.01%
sodium azide.

4.8. Luciferase Reporter Assay

Cells were seeded into 12-well plates 24 h prior to transfection. On the day of transfection,
cell culture media was changed one hour prior to siRNA and plasmid transfection. Both reporter
plasmids and siRNAs were transfected concurrently using Lipofectamine 3000 according to the
manufacturer’s instructions. Human APC-siRNA or control-siRNA was transfected as described above.
For luciferase reporters, cells were cotransfected with TOPflash (450 ng) and Renilla (50 ng) expression
plasmids. As a control, identical wells were transfected with FOPflash (450 ng) and Renilla (50 ng)
expression plasmids to validate that a scrambled TCF-binding sequence does not result in increased
reporter activity upon treatment. Following two days of APC-depletion, cells were treated with Wnt3a
for 24 h and lysed using the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase
signal was normalized to the Renilla luciferase signal, and data were normalized to control (set to 1).

4.9. Immunofluorescence and Analysis

Cells were briefly rinsed in PBS prior to fixation. Cells were fixed in 4% PFA in Brinkley’s Buffer
1980 (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA) for 20 min at room temperature (RT) and
washed two times in PBS prior to permeabilization in TBS + 0.2% Triton X-100 for 5 min. Cells were
washed in TBS two times prior to incubation for 1 hour at RT in blocking buffer containing TBS + 0.2%
Triton X-100, 1% BSA, and 3% Normal Goat Serum. Primary and secondary antibodies were incubated
for 1 hour at RT. Cells were washed three times in TBS following primary and secondary antibody
incubations. Mounting of coverslips was performed using Prolong Diamond Antifade Mountant
with DAPI (Invitrogen). The anti-β-catenin mouse mAb (BD Transduction Laboratories, San Jose, CA,
USA; #610154) was diluted 1:250 in blocking buffer. Stained cells were examined using an Axioplan
microscope (Zeiss, Oberkochen, Germany) with a ×100 objective. Images of stained cells were captured
using an Orca R2 digital camera (Hamamatsu, Hamamatsu City, Shizuoka, Japan).

For calculation of the nuclear and cytoplasmic distribution of β-catenin, CellProfiler version
3.1.9 [57] was used to identify and measure the total and mean pixel intensities of β-catenin protein
in cytoplasmic or nuclear compartments. Briefly, nuclei identification was first performed using the
DAPI image, followed by cell identification by propagation. The cytoplasm was identified using the
identified “total cells” and the identified nuclei to remove nuclei from the cytoplasmic calculation.
Automated pipeline creation was performed using the following as a guide: [58].

4.10. Quantification and Statistical Analysis

Fluorescent-detection and quantification of immunoblots was performed using the LI-COR
Odyssey CLx imaging system and Image Studio™ Lite software, version 5.2.5 (LI-COR, Lincoln, NE,
USA). Graphs were generated using GraphPad Prism, version 8.4.3 (GraphPad Software, Inc.), and all
statistical analyses were performed using a two-tailed, unpaired t-test in which a value of p < 0.05 is
statistically significant.
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5. Conclusions

Using data available on cBioPortal, we find that mutations to β-catenin occur in ~6% of human
CRC and in 9% of CRCs lacking an APC mutation. Combined with our previously published data
demonstrating that the β-catenin destruction complex relocalizes toward a Wnt cue in cells expressing
mutant β-catenin, we hypothesized that “stabilizing” β-catenin mutations do not completely evade
Wnt regulation. It has been previously proposed that APC mutations occur in a “just-right” fashion to
allow optimal levels of β-catenin signaling for tumorigenesis. The current work demonstrates that
stabilizing β-catenin mutations allow cells to respond to Wnt and are prone to regulation by APC.
Wnt treatment and APC-depletion both induce increasedβ-catΔS45 protein and activity by the TOPflash
reporter assay. Interestingly, we find that Wnt treatment does not increase the nuclear accumulation of
β-catΔS45 whereas APC-depletion results in predominantly nuclear β-catΔS45 localization. This data
supports a role for APC in cytoplasmic retention of β-catenin. Further, we verify that β-catΔS45 can be
phosphorylated at the GSK-3β phosphorylation sites, despite the lack of a priming Ser45. Treatment
with proteasome inhibitors results in β-catΔS45 accumulation, indicating that this “stabilized” protein
is still able to be targeted to the proteasome. Our results indicate that a Wnt signal leads to secondary
effects that further activate nuclear β-catenin and that APC may inhibit this activity by nuclear export
and/or sequestration of β-catenin in the cytoplasm.
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Cancer Patient Samples with various CTNNB1 mutations queried for Wnt target gene RNA level.
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Abstract: RNA-binding protein Musashi-1 (MSI1) is a key regulator of several stem cell populations.
MSI1 is involved in tumor proliferation and maintenance, and it regulates target mRNAs at the
translational level. The known mRNA targets of MSI1 include Numb, APC, and P21WAF-1, key
regulators of Notch/Wnt signaling and cell cycle progression, respectively. In this study, we aim
to identify small molecule inhibitors of MSI1–mRNA interactions, which could block the growth
of cancer cells with high levels of MSI1. Using a fluorescence polarization (FP) assay, we screened
small molecules from several chemical libraries for those that disrupt the binding of MSI1 to its
consensus RNA. One cluster of hit compounds is the derivatives of secondary metabolites from
Aspergillus nidulans. One of the top hits, Aza-9, from this cluster was further validated by surface
plasmon resonance and nuclear magnetic resonance spectroscopy, which demonstrated that Aza-9
binds directly to MSI1, and the binding is at the RNA binding pocket. We also show that Aza-9 binds
to Musashi-2 (MSI2) as well. To test whether Aza-9 has anti-cancer potential, we used liposomes
to facilitate Aza-9 cellular uptake. Aza-9-liposome inhibits proliferation, induces apoptosis and
autophagy, and down-regulates Notch and Wnt signaling in colon cancer cell lines. In conclusion, we
identified a series of potential lead compounds for inhibiting MSI1/2 function, while establishing
a framework for identifying small molecule inhibitors of RNA binding proteins using FP-based
screening methodology.
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1. Introduction

Post-transcriptional gene regulation occurs at the levels of pre-mRNA splicing and maturation,
as well as mRNA transport, editing, storage, stability, and translation. This level of gene regulation
is essential for normal development, but when dysregulated, contributes to diseases such as cancer.
Post-transcriptional gene regulation is mediated by RNA-binding proteins, which are emerging new
targets for cancer therapy.

One such RNA-binding protein is Musashi-1 (Msi1/MSI1), which was first identified in Drosophila
and studied extensively for its role in sensory organ progenitor (SOP) cell lineage establishment [1].
In Drosophila msi1 loss-of-function mutants, a SOP cell divides to produce two daughter cells with
low Notch signaling rather than one daughter cell with relatively high Notch signaling and one with
low Notch signaling [1]. In mammalian systems, MSI1 is expressed in multiple stem cell populations,
including adult stem cells of the breast, colon, hair follicles, and brain [2–6]. MSI1 is overexpressed in a
wide variety of cancers [4,7–15]; although it’s specific function in tumorigenesis is largely unknown.
Knocking down MSI1 reduces tumor progression in several cancer models [9,12] and overexpressing
MSI1 in a rat intestinal crypt-derived cell line induces tumorigenesis in a mouse xenograft model [16].
These findings suggest that MSI1 can promote tumorigenesis and support MSI1 as a promising drug
target for cancer therapy.

MSI1 appears to function by binding to the 3′UTR of target mRNAs and thereby regulating
protein translation [17–20]. Targets whose translation is repressed by MSI1 include NUMB, APC, and
P21WAF-1 [17,20–22]. In this study, we aimed to identify small molecules that disrupt the binding of
MSI1 with target mRNAs. Novel small molecule inhibitors may be used in the future for treating
patients with high MSI1 expression, while also serving as a tool to elucidate MSI1′s role in cancer
initiation and progression.

Previous efforts to identify small molecule inhibitors of protein-protein interactions have focused
on proteins with well-defined binding pockets, while inhibitors of RNA-binding proteins were limited
to proteins that bind to viral RNAs [23–25]. In an effort to identify small molecule inhibitors of MSI1,
we employed a fluorescence polarization (FP) competition assay and screened nearly 2000 compounds,
including those from three NCI (National Cancer Institute) libraries [26] and our in-house compounds.
We identified a series of hit compounds including Aza-9, a semi-synthetic derivative of a secondary
metabolite from Aspergillus nidulans [27] that inhibits MSI1 RNA binding activity. Surface plasmon
resonance (SPR), nuclear magnetic resonance (NMR) spectroscopy, and RNA-IP assays demonstrate
that Aza-9 binds to MSI1 directly.

Musashi-2 (MSI2) shares a high degree of sequence identity to MSI1 [28], functions redundantly
in certain tissues, and is also overexpressed in many cancers [14,15,29–32]. We show here that Aza-9
binds to MSI2 as well. To test Aza-9 function in cells, we introduced liposomes to facilitate Aza-9
cellular entry. We show that with Aza-9-liposome treatment, colon cancer cells HCT-116 and DLD-1
undergo apoptosis/autophagy, cell cycle arrest and modest Notch/Wnt signaling down-regulation.
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2. Results

2.1. FP Assay Optimization

We used an FP assay to identify compounds that disrupt the interaction of MSI1 with a target RNA,
Numb. In our initial binding assays, we used 2 nM of RNA as specified in previous publications [33,34].
We measured the binding of different concentrations of protein G B1 domain-tagged MSI1 RNA-binding
Domain1 (GB1-RBD1) to Fluorescein isothiocyanate (FITC)-labeled Numb RNA (NumbFITC) or control
RNA (CTLFITC). As shown in Figure 1A, NumbFITC but not CTLFITC bound to GB1-RBD1 as indicated by
the increased polarization value. We further tested binding by competing the RBD1-NumbFITC complex
with non-labeled Numb or control RNA. Numb RNA displaced the NumbFITC from the protein–RNA
complex at a much lower Ki than the control RNA (Figure 1B). This established binding between Numb
RNA and GB1-RBD1 formed the basis for the following screening assay.

 

Figure 1. FP assay setup and optimization with MSI1 protein and Numb RNA. (A) Binding of the RNA
binding domain 1 (aa 20–107) of MSI1 (GB1-RBD1) to Numb RNA. GB1-RBD1 binds to NumbFITC RNA
(5′-UAGGUAGUAGUUUUA-FITC-3′) but not to control oligo-FITC (CTLFITC RNA). The concentration
of FITC-tagged RNA used in the assay was 2 nM (n > 3). (B) RNA competition assay. Increasing
concentrations of unlabeled Numb or control RNAs were added to preformed Numb RNA-protein
complexes. (C) Optimization of protein and RNA concentration in FP assay. (D) Effect of DMSO on the
stability of the FP assay system. ns: not significant; * p < 0.05; *** p < 0.001 versus no DMSO control
(concentration 0).
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To adapt our initial binding assay to a more robust screening method, we carried out several
optimization steps. First, we titrated both the GB1-RBD1 protein (1 to 250 nM) and NumbFITC RNA
(1 to 200 nM). RNA concentrations less than 1 nM produced such low fluorescent signals that FP values
were not stable. Figure 1C shows a dose response curve of RNA concentrations ≥ 1 nM. Optimal
binding to RBD1 was achieved with 2–10 nM RNA, with an RBD1 equilibrium dissociation constant
(Kd) value less than 250 nM. We chose 2 nM RNA for future assays based on the lowest Kd value of
the protein (Figure 1C). Next, we tested whether the solvent, Dimethyl sulfoxide (DMSO), used for
dissolving small molecules, is compatible with the binding assay. 0–2% of DMSO had no significant
effect on the polarization values of the RBD1-numbFITC complex after 2 h incubation (Figure 1D). Upon
completion of assay optimization, we carried out a small library screening of small molecules.

2.2. Screening of Chemical Libraries

The screening was carried out in a 96-well format. We screened a total of 1920 small molecules
from four different libraries (Figure 2A). Z’ factors assess the assay quality and measure the statistical
effects; the assay window (ΔmP) calculates differences in polarization value between positive and
negative controls. Using the negative (DMSO) and positive (Gn) controls, Z’ factors [35] and assay
window were calculated and are shown in Figure 2B,C. We obtained an average Z’ of 0.79 ± 0.05 across
all the plates and ΔmP of 74.8 ± 3.7, indicating the robustness of the assay [35]. Using median ± 3SD
as the cut off, we obtained 32 hits and a hit rate of 2.03% (Figure 2D). One group of five compounds
are sclerotiorin analogues with differences at C-5 and C-7 substituents (Figure 3). Examining the
screened library, we identified six more compounds with similar scaffolds (Figure S1), which showed
lower inhibition of RBD1-NumbFITC complex or were completely negative. These six compounds
were included in the later validation assays together with the five hit compounds to examine the
structure–activity relationship (SAR).

 

Figure 2. Screening of libraries. (A) Library composition. Our MSI1/Numb mRNA FP-based screening
assay was carried out with 1920 compounds from the NCI (Diversity Set II, natural product set, and
approved oncology drugs) and in-house libraries. (B) Z’ score across plates. (C) Positive and negative
controls’ values across plates. (D) Scattergram of the screening compounds. Median + 3SD was used
as a threshold to pick the hits. Thirty-two hits were identified with a hit rate of 1.67%.
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Figure 3. Structures of Azaphilone hits.

2.3. Hits Validation in an FP Dose-Response Test

To further examine the initial hits, we tested compounds with similar scaffolds shown in Figure 3
and Figure S1 in an FP dose-response assay. As shown in Figure 4, all compounds except Aza-15 and
Aza-17 showed a dose-response effect in disrupting the RBD1-NumbFITC complex; Aza-9 showed the
highest affinity towards GB1-RBD1. We thus focused our further validation studies on Aza-9.

 

Figure 4. FP dose-response validation compounds binding to RBD1 of MSI1. Ki values were calculated
based on the Kd and the dose-response curves.

2.4. SPR Validation of Aza-9

An SPR assay with the protein GB1-RBD1 and not the RNA allowed us to evaluate the binding of
the compound to the protein directly. As shown in Figure 5A, the SPR assay showed a dose-dependent
binding of Aza-9 to GB1-RBD1.
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Figure 5. Validation of the top hit Aza-9. (A) SPR analyses of Aza-9 binding to immobilized GB1-RBD1.
Sensorgram representing direct binding kinetics for Aza-9 are shown in response units (RUs) as a
function of time with increasing concentrations (shown as colorful lines). (B) Numb RNA pulldown.
(Top) Numbbiotin (lane 4) can pull down MSI1 but not CTLbiotin (lane 3); Numb-Mutbiotin (lane 2) partially
pulled down MSI1. Adding of unlabeled Numb RNA (lane 6) abolished the binding completely, while
DMSO did not have an effect (lane 5). n = 3, one representative western blot is shown. (Bottom) 20 μM
Aza-9 attenuated the binding between MSI1 and Numbbiotin RNA. n = 2, one representative western blot
is shown. (C) Overlay of 15N-HSQC (Heteronuclear single quantum coherence spectroscopy) spectra
sections of MSI1-RBD1 (black), and MSI1-RBD1 bound to Aza-9 at different ratios. (D) Computational
docking of Aza-9 bound to RBD1. The Aza-9 is shown in sticks, and the protein is represented as
spheres. Three of MSI1-RBD1 RNA binding residues (W29, F23, and K93) that undergo significant peak
shifts are highlighted in cyan.

2.5. RNA Pull-Down of Aza-9

To test whether Aza-9 disrupts the binding of MSI1 to Numb RNA in cells, we carried out an RNA
pull-down assay using HCT-116 β/W cell lysate. Before we tested our compound in the assay, we tested
whether biotinylated Numb RNA (Numbbiotin) can pull down MSI1 protein from the cell lysate. We
showed that Numbbiotin pulled down MSI1 but controlbiotin could not (lane 3 versus lane 4, Figure 5B and
Figure S4 top panel). Mutations in Numb (Numb-mutbiotin) attenuated its binding to MSI1 (lane 2 versus
lane 4, Figure 5B and Figure S4 top panel). As a positive control, we added non-labelled Numb RNA to
the system, Numb RNA completely abolished the binding between Numbbiotin and MSI1 (lane 6 versus
lane 4, Figure 5B and Figure S4 top panel). A negative control DMSO solvent for our compounds
did not affect the binding (lane 5 versus lane 4, Figure 5B and Figure S4 top panel). Next, we tested
whether Aza-9 can attenuate MSI1 RNA binding. We showed that 20 μM Aza-9 can attenuate, at least
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in part, the binding between MSI1 and Numb RNA (Figure 5B and Figure S4, lower panel). Our data
suggest that Aza-9 binds to MSI1 directly and decreases its RNA binding ability.

2.6. NMR Studies of Aza-9

To investigate further the binding of Aza-9 to MSI1-RBD1 and to identify the residues of MSI1-RBD1
that are affected upon binding of Aza-9, we used protein nuclear magnetic resonance (NMR). As
described in our previous publication [36], using NMR, we successfully identified the RNA binding
residues of MSI1-RBD1—W29, K93, F23, and F65 [37]. Upon titration of Aza-9 with 15N-labeled
MSI1-RBD1, residues 62, 64, 28, 94, 93, 22, 61, 23, 52, 95, 29, 40, and 68 experienced line broadening,
indicating that these residues were affected by the binding of Aza-9 to MSI1-RBD1 (Figure 5C). When
mapped onto the structure of MSI1-RBD1, many of the residues previously shown to bind to RNA are
directly affected upon titration of Aza-9, along with the residues that are near the RNA-binding regions
of MSI1-RBD1 (Figure 5C). Computational docking suggests a binding mode in which Aza-9 interacts
with residues K93 and F23 in MSI1-RBD1 (Figure 5D). Binding of Aza-9 near K93 and F23 will compete
with the aromatic packing of cognate RNA in the MSI1-RBD1. Our NMR results confirm that Aza-9
binds directly to MSI1-RBD1 and that this binding event occurs in the RNA binding pocket (Figure 5C).
In parallel, computational docking provides a model consistent with these NMR observations and
allows us to propose a specific binding mode for Aza-9.

2.7. Aza-9 Musashi-2 Binding

To test whether Aza-9 can be used as a dual inhibitor to block the RNA-binding ability of both
Musashi proteins, we tested Aza-9 for Musashi-2 (MSI2) binding in FP and NMR assays as previously
described [28]. We showed that Aza-9 disrupted the binding of MSI2-RBD1 and NumbFITC RNA in FP
(Figure 6A), and it induced reduction of NMR peak intensities when titrated with 15N and 13C ILV (Ile,
Leu and Val) methyl labeled MSI2-RBD1. MSI2-RBD1 residues M23, F64, and K94 showed the most
significant reduction in peak intensities (Figure 6B). These residues are in similar positions to F23, F65,
and K93 in MSI1-RBD1 [36]. We mapped the peak intensity ratios lower than one standard deviation
from the mean (Figure S2) to the structure of MSI2-RBD1. Residues with significant peak intensity
reductions clustered around the RNA binding site, which is composed of the central four anti-parallel
β sheets and surrounding loops (Figure 6C). The ILV 13C methyl groups including I25δ1, V52γ1, and
V67 γ2 showed significant reductions in peak intensities, and these residues clustered around the
central anti-parallel β sheets (Figure S3). Our NMR results indicate that Aza-9 can directly interact
with the RNA binding site, which consists of the central four anti-parallel β sheets and surrounding
loops in both MSI1-RBD1 (Figure 5C) and MSI2-RBD1 (Figure 6B) and disrupts MSI1–RNA and
MSI2–RNA interactions.

Carrying out the same docking calculation using MSI2-RBD1, we find again that Aza-9 adopts a
very similar binding mode as for MSI1-RBD1. Aza-9 is bound near residues K94, M23, and V95 (shown
in Figure 6D), consistent with the NMR results. Nearby residues connected through the backbone of
the β sheets also include F64 and G26 (Figure 6B), which may respond in the NMR spectra either due
to the effect of binding on the nearby sidechains or due to a slight change in the β sheet itself.
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Figure 6. Aza-9 binds to MSI2-RBD1. (A) FP dose response of Aza-9 binding to MSI2-RBD1. (B) 1H-15N
HSQC spectra of 80 μM 15N and 13C ILV methyl labeled MSI2-RBD1 with increasing molar ratios of
AZA-9. (C) Mapping residues with peak intensity ratio lower than one standard deviation from the
mean onto the structure of MSI2-RBD1. Residues with peak intensity ratio lower than 0.40 are colored
red; residues with peak intensity ratios in the range of 0.40–0.54 are colored yellow. (D) Computational
docking of Aza-9 bound to MSI2-RBD1. The Aza-9 is shown in sticks, and the protein is represented
as spheres. Five of MSI2-RBD1 RNA binding residues (M23, G26, F64, V95, and K94) that undergo
significant peak shifts are highlighted in green.

2.8. Aza-9-Liposome Inhibits Colon Cancer Cell Proliferation, Induces Apoptosis and Autophagy

In an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)-based cytotoxicity
assay, free Aza-9 had no effect on the cell viability (Figure 7A), potentially due to poor cellular uptake
(Figure 7B, upper left panel). We then used PEGylated liposomes to facilitate Aza-9 entry into the
cells (Figure 7B, bottom panel compare to upper left panel). Compared to the free Aza-9, which has
no effect at 300 μM, Aza-9-liposome (Aza-9-lip) killed colon cancer cell line HCT-116 with an IC50
around 90 μM (Figure 7A). Since liposomes showed toxicity to the cells at 300 μM but not at 100 μM
(Figure 7A), we used 100 μM for both Aza-9-lip and liposomes in the following studies. Consistent
with MTT, Aza-9-lip, but not liposomes, inhibited cell proliferation in a cell growth assay (Figure 7C).
Cell cycle analysis showed that Aza-9-lip treatment also led to the accumulation of cells in G1 phase.
(Figure 8A). To determine whether Aza-9-lip induces apoptosis and/or autophagy in the colon cancer
cell lines, we first measured caspase-3 and PARP cleavage levels. As shown in Figure 8B and Figure S5,
Aza-9-lip induced caspase-3 and PARP cleavage in HCT-116 and DLD-1 cells. Aza-9-lip caused an
increase in sub-G1 population in both cells (Figure 8A), indication of apoptosis. Aza-9-lip also induced
LC3 conversion and P62 degradation (Figure 8B and Figure S5), indicating autophagy induction and
efficient autophagic flux. Taken together, these data indicate Aza-9-liposome inhibits colon cancer cell
proliferation and induces apoptosis and autophagy.
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Figure 7. Aza-9-liposome (Aza-9-lip) inhibits colon cancer cell proliferation. (A) MTT-based cytotoxicity
assay of Aza-9-lip, free Aza-9, liposomes, and PBS in colon cancer cell line HCT-116. Aza-9 had no
effect on the cell viability due to poor cellular uptake. (n = 3, one representative experiment of three is
shown.) (B) PEGylated liposomes facilitate Aza-9 entry into the cells. Aza-9 fluoresces in the green
channel. Images of Aza-9-lip (100 μM), Aza-9 (100 μM), and liposomes were taken at 2 h after the
treatment. (C) Aza-9-lip inhibits HCT-116 and DLD-1 cell growth. (n = 3, ** p < 0.01; *** p < 0.001
versus liposomes control. One representative experiment of three is shown.).

2.9. Aza-9-Liposome Down-Regulates Notch/Wnt Signaling in Colon Cancer Cell Lines

To investigate whether Aza-9 affects Musashi downstream pathways, we next tested the effects of
Aza-9 on Notch/Wnt signaling. As shown in Figure 9A, Aza-9-lip significantly decreased the mRNA
level of AXIN2, a direct downstream component of Wnt signaling. The levels of SURVIVIN mRNA,
downstream of the Notch pathway, also decreased in DLD-1 but not HCT-116 cells, whereas SURVIVIN
protein was decreased in both cell lines (Figure 9A,B and Figure S6). In addition, the down-regulation
of MSI1 was observed [16,22,36]. To our surprise, Wnt/Notch signaling downstream target gene
CYCLIN D1 (CCND1), mRNA and protein expression were increased. Direct targets APC and NUMB
protein levels increased in both HCT-116 (Figure 9B and Figure S8) and RKO cells (Figures S7 and S8)
as a consequence of translation de-repression when MSI function was blocked with treatment. We
further tested Aza-9-lip in a functional Wnt reporter assay in HCT-116 cells. Aza-9-lip significantly
decreased TOP/FOP reporter signal with (Figure S9) or without (Figure 9C) LiCl stimulation. Taken
together, our data suggest that the effects of 100 μM Aza-9-lip on Wnt/Notch pathways are mediated,
in part through SURVIVIN inhibition. We did not increase the concentration as higher concentrations
of Aza-9-lip would have a more toxic influence from liposomes.
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Figure 8. Aza-9-liposome (Aza-9-lip) induces apoptosis (or autophagy) and leads to cell cycle arrest.
(A) Cell cycle analysis of 100μM Aza-9-lip or liposomes treated DLD-1 or HCT-116 cells at 24 h. Aza-9-lip
treatment led to an increased sub-G1 population, indication of apoptosis. Aza-9-lip treatment also
induced a G1 block and led to cell cycle arrest. (Bar graph, n = 3, *** p < 0.001 versus liposomes control.
Spectrums are from one representative treatment.) (B) Caspase-3/PARP cleavage, P62 degradation and
LC3 conversion were observed in colon cancer cell lines treated with 100 μM Aza-9-lip for 24 h, cell
lysate was subject to western blot for PARP cleavage, caspase-3 cleavage, and LC3 I/LC3II expression.
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Figure 9. Aza-9-lip down-regulates Notch/Wnt signaling in colon cancer cell lines. (A,B) Notch/Wnt
target genes expression changes upon Aza-9-lip treatment were examined in HCT-116 and DLD-1 cells
by quantitative real-time PCR (A) and by western blot (B,C) Aza-9-lip inhibits Wnt/β-catenin reporter.
HCT-116 cells were transfected with TOPflash or FOPflash reporter constructs. Cells were treated with
Aza-9-lip or liposomes only for 24 h. All figures, n = 3; * p < 0.05; ** p < 0.01; *** p < 0.001 versus
liposomes control.

3. Discussion

RNA binding proteins are considered “undruggable”, potentially due to lack of a well-defined
binding pocket for target RNA [38]. In this study, we used a fluorescence polarization-(FP) based
competition assay to identify small molecules that directly inhibit MSI1–RNA interaction. After
screening a small library of approximately 2000 compounds, we identified 39 initial hits, five of which
are azaphilones. We used FP to test dose response of these five, together with other azaphilones in the
library. We further validated one of our top hit, Aza-9, using SPR, NMR and Numb RNA-IP, showing
that Aza-9 directly binds to MSI1 and inhibits MSI1–RNA interaction. We showed Aza-9 as a dual
MSI1/2 inhibitor that inhibited MSI2–RNA interaction as well. In cells, Aza-9-liposome inhibited colon
cancer cell growth, induced apoptosis/autophagy and led to G1 accumulation of cells, with a modest
down-regulation of Notch/Wnt signaling.

There are reasons why RNA binding proteins are difficult to drug. Unlike many enzymes that
have a defined binding pocket employing the “lock and key” scheme, regulatory RNA/DNA binding
proteins have shallow binding pockets, and the binding events are not as tight and are less specific
due to conformational flexibility. Targeting protein–protein interaction has yielded a list of small
molecule compounds that are in clinical trials or in the clinic [39], while inhibitors of protein–RNA/DNA
interaction are somewhat new. Our results, presented here as well as our previous publications, suggest
that the RNA binding proteins are druggable [14,36,40–44]. In our study, we used an initial FP assay to
screen for MSI1 inhibitors, and we validated the hits by three different assays, including SPR, NMR,
and RNA-IP. Our assays are suitable for screening small molecule inhibitors of RNA-binding proteins
and provide the foundation for large scale screening.

N-terminal RBDs of MSI1 and MSI2 share a high degree of similarity (~87%), thus we tested the
binding of Aza-9 towards MSI2 and showed that Aza-9 disrupted the binding of MSI2 to Numb RNA
in FP and that Aza-9 induced chemical shift perturbations in MSI2. MSI1 and MSI2 share similar roles
in stem cells and in cancer initiation and progression, but they also have distinct roles [14,15,45–48].
Another previously identified Aza-9 target is HuR [44]. HuR is an RNA-binding protein that is
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overexpressed in a variety of cancers. One defined activity of HuR is to regulate MSI1 [49]. Aza-9
functions to inhibit both HuR and MSI1/2.

Although Aza-9 and the other azaphilones we have tested were produced semi-synthetically from
asperbenzaldehyde, our semi-synthesis mimics a natural process. Aza-7 is identical to sclerotiorin,
which is produced by a number of fungi [50–52], and has been reported to have anticancer activity [52].
Azaphilones are an interesting group of fungal natural products. More than 170 azaphilone compounds
are produced by fungi, and they have a number of important biological activities. A substantial number
of them have been reported to have anti-cancer activities [53].

With respect to our findings, an obvious question is why would fungi produce natural products
that inhibit RNA–protein interactions? Fungi compete with other fungi, protozoans, and bacteria in
their natural environments. Many organisms, including bacteria, produce extracellular RNAs that
are thought to provide a variety of selective advantages [54]. It is quite conceivable that fungi have
developed natural products to combat extracellular RNAs produced by their competitors.

An exciting aspect of the genomics era in natural products research is that we can now over-express
genes to produce azaphilones and other valuable natural products. This allows us to produce natural
products abundantly and cheaply. Furthermore, by interrupting biosynthetic pathways in organisms
such as fungi, we can accumulate large amounts of intermediates such as asperbenzaldehyde and
modify them semi-synthetically to increase their potency, efficacy, and medical value.

Investigation of Aza-9-liposome functions showed that Aza-9-liposome inhibited colon cancer
cell growth, induced apoptosis/autophagy and led to G1 accumulation of cells, with a modest
down-regulation of Notch/Wnt signaling. Our hypothesis is MSI1 and/or MSI2 block the translation
of NUMB, APC, and P21 mRNA, which leads to the up-regulation of both Notch and Wnt signaling
pathways and promotes cell cycle progression. With Aza-9-liposome treatment, Aza-9 binds to MSI1/2,
presumably releasing NUMB, APC, and P21 mRNA from their translational repression. Increased
level of NUMB, APC, and P21 proteins will block Notch/Wnt signaling and cell cycle progression,
respectively. In colon cancers, Wnt signaling played a major role in the tumor initiation and progression.
Two colon cancer cell lines HCT-116 and DLD-1 used in our study have different genetic profile of APC
and CTNNB1 genes that could lead to a different Wnt signaling response. For example, DLD-1 has a
truncated APC thus cannot regulate β-catenin encoded by CTNNB1 gene [55]. However, we observed
similar response upon Aza-9-liposome treatment. A study on APC and β-catenin phosphorylation
and ubiquitination showed that, although colon cancer cell lines SW480 DLD-1 and HT-29 all have
truncated APC, β-catenin ubiquitination and degradation were inhibited in SW480 but not in DLD-1
and HT29 cells [56]. We think although APC is truncated in DLD-1, it can still regulate β-catenin.
That’s why we see a similar response upon Aza-9-liposome treatment in both cell lines. However,
the same response in two different cell lines might be due to different mechanisms. In HCT-116 cells
with a full-length APC, we observed increased APC protein level with treatment, the same increase
was observed in RKO cells with the full-length APC. We believe that the increased APC level is
responsible for the β-catenin sequestering or degradation, which lead to down-regulation of Wnt
signaling. In DLD-1 cells, truncated APC protein levels were decreased slightly upon treatment, 0.97
(50 μM Aza-9-liposome) and 0.89 (100 μM Aza-9-liposome) compared to liposome only (1.00) (data not
shown). Other mechanisms in addition to the β-catenin ubiquitination and degradation might account
for the decrease in Wnt/Notch signaling we observed in DLD-1 cells. In the future, we will carry our
further target validation studies and examination of other MSI targets including but not limited to
SMAD3 and TGFβR1 [29,57].

In this study, we prepared PEGylated liposomal Aza-9, which facilities cellular uptake of Aza-9.
One of our future directions is structure-based optimization of Aza-9 by introducing hydrophilic
substituents or shortening the hydrophobic tail, with the aim of improving cell penetration and
cytotoxicity to cancer cells with high levels of Musashi family proteins.
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4. Materials and Methods

4.1. Cell Cultures and Reagents

Human colon cancer cell lines HCT-116, DLD-1, and RKO were obtained from American Type
Culture Collection (ATCC) and are as described by Lan et al. [36,40]. Cell growth, MTT, cell cycle
analysis, western blot analysis, RT-PCR, and quantitative real-time PCR were carried out according
to our previous publications [36,58–62]. For western blot analysis with Aza-9-liposome treatment,
samples were collected after 24 h; for quantitative real-time PCR, samples were collected after 48 h. The
primer sequences, the primary and the secondary antibodies used were from Lan et al. [36]. Fluorescent
and live cell imaging was carried out using EVOS FL Auto Cell Imaging System (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA), and images were cropped and processed using ImageJ (NIH).

4.2. Compound Libraries

The chemical libraries used in the initial screening contained three chemical libraries from the
National Cancer Institute (NCI) [26] and our own in-house compounds. NCI libraries consist of a (1)
natural products set; (2) diversity set II; (3) approved oncology drugs set. Compounds from NCI are
stored at −20 ◦C in 96-well plates at the concentration of 10 mM in DMSO. The in-house compounds
are stored as 20 mM DMSO stocks and diluted to 0.5 mM to use in the one-dose initial screening. For
the NCI chemicals, 0.1 μL of 10 mM stock was deposited into A2-H11 of each plate in duplicate, 0.1 μL
DMSO was placed into A1-H1, and our positive control Gossypolone (10 mM) (0.1 μL) was placed
into A12-H12. For our in-house compounds, we first diluted the chemical stocks to 0.5 mM, and then
placed 2 μL of each chemical into each individual well. A total of 100 μL RBD1-NumbFITC complex was
added to each well.

4.3. Overexpression and Purification of MSI1-RBD1 and MSI2-RBD1 Proteins

pET21a-GB1-RBD1 (MSI1-RBD1) plasmids encoding the Homo sapiens RNA binding domain 1
(RBD1, residues 20-107) of MSI1 were constructed with Mus musculus cDNAs under T7 promoter.
MSI1-RBD1 proteins were expressed in Escherichia coli and purified, as previously described [63].
Protein concentrations were determined using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Purification of MSI2-RBD1 protein was carried out according to the previous publication [28,36,40].

4.4. FP, SPR, NMR, and Computer Modeling

FP, SPR and NMR assays were carried out according to the previous publication [28,36,40]. For
computer modeling of Aza-9 to MSI1/2, the AutoDock4.2.6 program was used for predicting the binding
mode. The NMR structure of MSI1-RBD1 in complex with RNA (PDB: 2RS2) and the NMR structure of
apo MSI2-RBD1 (PDB: 6C8U) were used as the receptor structure. The MSI1 RBD1–RNA interface
and corresponding site in MSI2-RBD1 was used as the starting point for the docking calculations. The
initial three-dimensional model of the Aza-9 compound was generated using the BABEL program
and was used as starting coordinates to define the ligand structure. For docking, a grid box of size
40 × 44 × 56 A with 0.375 A spacing was centered at residue F23 in MSI1-RBD1 (or F24 in MSI2-RBD1).
A total of 200 docking runs were carried out using the Lamarckian genetic algorithm. The docked
conformation with the lowest energy was selected as the final conformation.

4.5. RNA Pull-Down

RNA pull-downs were carried out according to manufacturer’s protocol with modifications
(Roche, Basel, Switzerland). Briefly, HCT-116 β/W cells were plated on 100 mm dish on day 1. The
next day, cells were treated with Aza-9 (20 μM) or DMSO for 6 h, and cell lysates were collected using
buffer 1 from IP kit (Roche). Protein concentrations were measured for each sample, and streptavidin
beads were added for preclearance and incubated at 4 ◦C for 3 h. After preclearance, for each sample,
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500 μg of total protein was transferred to a new tube. For positive control, unlabeled Numb (final
concentration: 5 μM) was added and incubated in 4 ◦C. After 0.5 h, heat-shocked biotinylated-Numb
(final concentration: 500 nM) was added to each sample and incubated at 4 ◦C for 2 h, after which
50 μL of streptavidin beads were added and incubated for 2–16 h. Beads were washed three times
(Roche), and protein sample buffer was added to the beads and boiled for 5 min. Supernatants were
taken and loaded in SDS gels for western blot.

4.6. Wnt Luciferase Reporter Assay

HCT-116 cells were plated at a density of 4 × 104 cells per well in a 48-well dish the day prior to
transfection. Cells were transfected with 0.125μg of either TOPflash or FOPflash reporter constructs and
a pRL-TK Renilla luciferase plasmid to control for transfection efficiency and cell number. Transfections
were performed with Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. The next day, cells were stimulated with or without
20 mM LiCl and treated with Aza-9-lip or liposomes control. Cells were harvested and assayed using
the Dual-Glo Luciferase Assay (Promega, Fitchburg, WI, USA) 24 h after treatment. All firefly luciferase
values were normalized to Renilla control.

5. Conclusions

In our effort to screening for Musashi-1 inhibitors, we identified a cluster of hit compounds that
are the derivatives of secondary metabolites from Aspergillus nidulans. One of the top hits, Aza-9,
was further validated by SPR, NMR, and RNA-IP, which demonstrated that Aza-9 binds directly
to MSI1–RNA binding pocket. We also showed that Aza-9 binds to Musashi-2 (MSI2) as well. To
test whether Aza-9 has anti-cancer potential, we used liposomes to facilitate Aza-9 cellular uptake.
Aza-9-liposome inhibits proliferation, induces apoptosis and autophagy, and down-regulates Notch
and Wnt signaling in colon cancer cell lines. In conclusion, we identified a series of potential lead
compounds for inhibiting MSI1/2 function, while establishing a framework for identifying small
molecule inhibitors of RNA-binding proteins using FP-based screening methodology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2221/s1,
Figure S1: Structures of other azaphilones in the screening, Figure S2: Plot of relative peak intensity for all
nonoverlapping MSI2-RRM1 resonances in the ligand bound form versus free state (I1:0.3/I1:0), Figure S3: Aza-9
titration against 13C ILV methyl labeled MSI2-RRM1, Figure S4: Figure 5B supplemental, Figure S5: Figure 8B
supplemental, Figure S6: Figure 9B supplemental, Figure S7: MSI direct targets APC and NUMB protein
levels increased in RKO cells with Aza-9-liposome treatment, Figure S8: Figure 9B right panel and Figure S7
Supplemental, Figure S9: Aza-9-lip inhibits Wnt/β-catenin reporter. HCT-116 cells were transfected with TOPflash
or FOPflash reporter constructs. Cells were treated with Aza-9-lip or liposomes only for 24 h in the presence of
20 mM LiCl.
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Simple Summary: Colorectal cancer is the third most common cause of cancer-related deaths.
The Wnt signaling pathway is activated by genetic mutations in most patients with colorectal cancer.
A number of different types of Wnt pathway mutation have been described: some increase the
sensitivity of tumor cells to Wnt ligands produced by stromal cells (ligand-dependent), while others
drive downstream activation of the pathway (ligand-independent). Ligand-dependent tumors are of
particular interest as there are a number of emerging treatment options, such as porcupine inhibitors,
that can specifically target these tumors. In this review, we discuss what is known about these different
types of Wnt activating mutations. We propose that ligand-dependent tumors should be viewed as a
separate subset of colorectal cancer with its own biomarkers, prognosis and targeted therapies.

Abstract: Wnt signaling is ubiquitously activated in colorectal tumors and driver mutations are
identified in genes such as APC, CTNNB1, RNF43 and R-spondin (RSPO2/3). Adenomatous polyposis
coli (APC) and CTNNB1 mutations lead to downstream constitutive activation (ligand-independent),
while RNF43 and RSPO mutations require exogenous Wnt ligand to activate signaling
(ligand-dependent). Here, we present evidence that these mutations are not equivalent and that
ligand-dependent and ligand-independent tumors differ in terms of underlying Wnt biology, molecular
pathogenesis, morphology and prognosis. These non-overlapping characteristics can be harnessed
to develop biomarkers and targeted treatments for ligand-dependent tumors, including porcupine
inhibitors, anti-RSPO3 antibodies and asparaginase. There is emerging evidence that these therapies
may synergize with immunotherapy in ligand-dependent tumors. In summary, we propose that
ligand-dependent tumors are an underappreciated separate disease entity in colorectal cancer.

Keywords: Wnt; signaling; colorectal; cancer; porcupine; R-spondin; serrated; immunotherapy

1. Introduction

Metastatic colorectal cancer (CRC) is a lethal malignancy with a five-year survival of less than
15% [1]. Patients with metastatic CRC are treated with combination cytotoxic chemotherapy alongside
monoclonal antibodies targeting angiogenesis or epidermal growth factor receptor (EGFR) [2]. There is
a need to develop new therapeutic strategies for metastatic cancer, especially in light of evidence
showing rapid increases in CRC incidence affecting younger patients [3]. Molecular profiling of CRC
has shown considerable disease heterogeneity, suggesting that patients might benefit from precision
medicine, in which treatments are personalized for their tumor profile [4]. For example, immunotherapy
targeting PD-1/PD-L1 signaling is only active in hypermutated tumors, while anti-EGFR antibodies are
only effective in tumors without downstream mutations [5–7].

Cancers 2020, 12, 3355; doi:10.3390/cancers12113355 www.mdpi.com/journal/cancers37
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Colorectal cancer is characterized by near-ubiquitous activation of the Wnt signaling pathway [8].
The Wnt pathway is an evolutionarily conserved mechanism for intercellular communication,
with essential roles in embryogenesis and adult tissue development [9]. In the colonic crypt,
Wnt signaling is necessary to maintain the adult intestinal stem cell niche and epithelial homeostasis [10].
Colorectal tumors are dependent upon aberrant Wnt signaling to maintain stemness and a
de-differentiated phenotype and genetic Wnt inhibition leads to rapid tumor regression [11].
Additionally, Wnt signaling can protect cells from immune surveillance, thus restricting anti-tumoral
immunity [12,13]. Altogether, this suggests that the Wnt pathway could be a viable therapeutic target
for patients with CRC.

Colorectal tumors are thought to evolve through the sequential acquisition of mutations driving
progression from a normal founder cell to adenoma and then carcinoma [14]. Adenomas can be
histologically classified as either conventional, such as tubular or tubulovillous (TVA), or serrated,
such as sessile serrated lesions (SSL) or traditional serrated adenomas (TSA) [15]. Serrated adenomas
are characterized histologically by a saw-tooth morphology. The cell-of-origin for TVA is likely the
crypt-based columnar stem cell [16] while the cell-of-origin for serrated lesions is unknown, but may
derive from ectopic crypt foci in the rare traditional serrated adenoma subtype [17].

Here, we present evidence for a new model of CRC in which Wnt pathway activation can take
one of two distinct trajectories, ligand-dependent (LD) and ligand-independent (LI), with implications
spanning tumor biology, screening, diagnosis and treatment. We will first outline the Wnt signaling
pathway in the normal colon and types of recurrent Wnt mutations in CRC. We will then discuss
morphological and molecular biomarkers that can be used to identify LD tumors in the clinic.
Finally, we will argue that this model has the potential to transform the landscape of precision medicine
in CRC.

2. Wnt Signaling Pathway

The Wnt signaling pathway in normal colon crypts is summarized in Figure 1. Briefly, canonical Wnt
ligands are secreted by the cells in the stem cell niche following O-acylation by porcupine [18,19].
Wnt ligands bind to Frizzled (FZD) and lipoprotein receptor-related protein (LRP) receptor complexes
on the plasma membrane of neighboring cells [20]. Both Wnt ligand secretion and binding to
FZD depend upon acylation of Wnt ligands [21]. The downstream effector of Wnt signaling is the
transcriptional co-activator β-catenin (CTNNB1). In the absence of Wnt ligands, CTNNB1 is degraded
by the action of a destruction complex containing adenomatous polyposis coli (APC), axin-like protein
(AXIN1/2), glycogen synthase kinase (GSK3) and casein kinase (CSNK1A) [22]. Wnt ligand binding
inhibits the destruction complex, thus stabilizing CTNNB1 and activating expression of Wnt target
genes. An additional level of regulation comes from E3 ubiquitin ligases ring finger protein 43 (RNF43)
and zinc and ring finger 3 (ZNRF3), which constitutively degrade FZD to repress Wnt signaling [23].
R-spondin (RSPO) ligands bind to leucine-rich repeat-containing G protein-coupled (LGR) receptors,
inhibiting RNF43/ZNRF3 and substantially amplifying Wnt signaling [24]. There are four homologous
human RSPO ligands (RSPO1-4) and, while all four can bind to LGR-family receptors, the EC50 for
activation of Wnt signaling varies 100-fold, with RSPO2 and RSPO3 demonstrating the highest potency
(0.02–0.05 nM) [25]. R-spondins are produced by stromal cells adjacent to the stem cell niche [26].
Consistent with this, R-spondin signaling is necessary to maintain the stem cell niche, both in vivo and
as part of organoid culture systems [24,27,28]. Wnt target genes, such as notum palmitoleoyl-protein
carboxylesterase (NOTUM) and AXIN2 are negative regulators of Wnt signaling, functioning as
negative feedback loops to fine-tune and limit downstream signaling [29]. AXIN2 is an inducible
component of the destruction complex, while NOTUM works in the extracellular space to deacetylate
and inactivate Wnt ligands [30].
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Figure 1. Overview of Wnt signaling pathway. Wnt ligands secreted from stromal cells are activated
by porcupine-mediated post-translational modification and bind to Frizzled (FZD) receptors on
Wnt receiving cells. This functions to inhibit a destruction complex containing axin-like protein
(AXIN)1/2 and adenomatous polyposis coli (APC) thus disinhibiting β-catenin (CTNNB1), the master
transcriptional regulator of Wnt singaling. Frizzled receptors are degraded due to the action of ring finger
protein 43 (RNF43), which is in turn inhibited by binding of R-spondin (RSPO) ligands to leucine-rich
repeat-containing G protein-coupled (LGR) family receptors, thus augmenting Wnt signaling tone.
Wnt pathway activation is regulated at multiple levels by negative feedback loops, including those
mediated by AXIN2 and notum palmitoleoyl-protein carboxylesterase (NOTUM). Recurrent mutations
in CTNNB1 and APC result in ligand-independent pathway activation while mutations in RSPO and
RNF43 depend upon binding of Wnt ligands to Frizzled receptors. GSK: glycogen synthase kinase;
LRP: lipoprotein receptor-related protein.

3. Ligand-Dependent and Ligand-Independent Alterations in Colorectal Cancer

Large-scale sequencing studies in CRC have established the presence of pervasive Wnt
pathway mutations. Recurrent mutations include loss-of-function mutations in APC and RNF43,
and gain-of-function mutations in CTNNB1 and RSPO2/3 (Figure 1, Table 1) [8,31,32]. Consistent with
driver mutation status, in vivo modeling indicates that these mutations can be sufficient for colorectal
tumorigenesis [33–36]. For tumor suppressors APC and RNF43, we only consider protein-truncating
mutations or deletions as potential driver alterations [37]. ZNRF3 is a homolog of RNF43 but truncating
mutations are rare in colorectal tumors, potentially reflecting its comparably low mRNA expression
in normal colon and colorectal tumors [8,38]. This is in contrast to the situation in murine intestine,
in which Znrf3 and Rnf43 gene expression is comparable, and loss-of-function alterations in both Znrf3
and Rnf43 are necessary to activate Wnt signaling [36,39].

While APC and CTNNB1 alterations drive downstream, constitutive activation of the Wnt
pathway that is independent of Wnt ligand binding (ligand-independent, LI), RSPO and RNF43
alterations disrupt the synergistic RSPO axis and by doing so, amplify endogenous and otherwise
intact, Wnt ligand signaling (ligand-dependent, LD). APC mutations are characteristically nonsense or
frameshift alterations affecting the “mutation cluster region”, often with a second “hit” from loss of
heterozygosity [40]. CTNNB1 mutations are gain-of-function missense mutations affecting specific
amino acid residues that are phosphorylation sites for components of the destruction complex [41].
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Table 1. Driver Wnt alterations in colorectal cancer. Prevalence refers to the frequency of each
mutation in the subset of colorectal tumors with a detectable driver Wnt alteration, as derived from [42].
Loss-of-function alterations in APC and RNF43 are frequently accompanied by loss of heterozygosity
(LOH) affecting the second allele [13].

Mutation Type Gene Type of Alteration Prevalence in CRC

Ligand-dependent

RNF43
Loss-of-function

10%- Nonsense
- Frameshift

R-spondin (RSPO2, RSPO3)
Gain-of-function

8%- Stromal overexpression
- Epithelial gene fusions

Ligand-independent

APC
Loss-of-function

81%- Nonsense
- Frameshift

CTNNB1
Gain-of-function

2%- Missense (affecting codons
31–35, 37, 40, 41, 45, 383 and 387)

RSPO mutations induce R-spondin ligand overexpression either from epithelial cells (autocrine),
as RSPO fusion genes [42]. R-spondin gain-of-function is only observed for RSPO2 and RSPO3,
consistent with their enhanced potency to induce Wnt signaling in vitro [25]. RSPO3 fusion genes
commonly result in the replacement of RSPO3 exon one and promoter with that of a gene with higher
basal expression, resulting in a functional epithelial-expressed protein [32]. A wide range of fusion
partners have been identified including PTPRK, EIF3E, NRIP1 and PIEZO1 [43,44], all of which are
associated with relatively high constitutive gene expression [38]. RSPO fusions cannot be reliably
identified even from whole-genome sequencing due to large inconsistency in genomic alterations,
while the transcript breakpoints are more stereotypical [32]. Alternatively, in a rare subset of colorectal
tumors, we identified R-spondin overexpression in the absence of RSPO fusions or any other detectable
Wnt driver alteration [42]. In situ hybridization demonstrated high stromal RSPO3 expression in these
tumors, implicating a role for paracrine R-spondin signaling driven by stromal overexpression [42].
RSPO3 overexpression in the absence of gene fusions has been previously detected in lung cancer, where
it was associated with RSPO3 hypomethylation [45]. The concept that RSPO overexpression can derive
from either epithelial or stromal sources is consistent with previous evidence that RSPO3 expression is
significantly and positively correlated with stromal expression signatures [46]. RNF43 mutations are
mostly recurrent frameshift mutations at amino acid positions 117 and 659 that result in a truncated
gene product [31]. These recurrent mutations occur at tandem repeats called microsatellites whose
stability is dependent upon proficient mismatch repair (MMR) [47]. As a result, these mutations tend
to occur in tumors with MMR deficiency, detected as microsatellite instability (MSI), which is often
caused by promoter hypermethylation of MLH1 [8,48].

Recently, there has been some controversy about whether the RNF43 G659Vfs*41 mutation
demonstrably leads to impaired protein function. In vitro transfection experiments have indicated
that this mutant RNF43 protein retains the ability to bind R-spondin and repress Frizzled [49].
However, this alteration is associated with significantly reduced RNF43 expression, potentially consistent
with nonsense-mediated decay [49], and CRISPR-Cas9 editing of the endogenous RNF43 locus to
mimic the G659Vfs*41 mutation, was sufficient to increase cell surface Frizzled expression [50].
Furthermore, the G659Vfs*41 mutation occurs substantially more often than would be expected by
chance in microsatellite-unstable tumors, indicating strong positive selection [31,51].

It is important to note that driver Wnt alterations affecting APC, CTNNB1, RNF43 and RSPO
in pre-cancerous polyps and tumors show marked mutual exclusivity [42]. There are two logical
implications from this: firstly, these alterations are redundantly able to activate Wnt signaling.
Secondly, there may be selection against the accumulation of driver alterations in more than one gene.
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This is consistent with the “just right” theory of Wnt signaling: that there is an optimal level of Wnt
activation to drive tumorigenesis. It has been observed that there is a non-random distribution of
second “hit” mutations in APC that is consistent with selection for APC genotypes that retain some
CTNNB1 repression [52]. Additionally, ectopic expression of R-spondin in APC-mutant mice results
in reduced proliferation and increased apoptosis [53], consistent with evidence that Wnt can directly
promote apoptosis [54].

4. Mutation Selection in Lesion Subtypes

Molecular profiling in pre-cancerous polyps has shown that ligand-dependent alterations
are predominantly seen in the serrated pathway (Figure 2) [44,55]. A total of 55% of TSAs
have ligand-dependent alterations, namely truncating RNF43 mutations or RSPO fusions (mostly
PTPRK-RSPO3) [44]. In sessile serrated lesions (SSL), mutations in the Wnt signaling pathway are
not thought to be initiating lesions as Wnt disruption is observed predominantly in dysplastic rather
than non-dysplastic lesions. A total of 50% of SSLs had ligand-dependent RNF43 mutations [55],
whereas APC mutations are much rarer in serrated lesions, being detected in 13% and 9% of TSAs and
dysplastic SSLs, respectively [44,55]. In contrast, conventional adenomas have a high frequency (>85%)
of ligand-independent alterations [56]. APC mutation is sufficient to initiate adenoma pathogenesis [57]
and no ligand-dependent alterations have been reported in conventional adenomas [44].

Figure 2. Molecular pathogenesis of different colorectal precursor subtypes. Colorectal cancer develops
from three types of pre-cancerous polyps: conventional and serrated adenomas—divided into traditional
serrated adenomas (TSAs) and sessile serrated lesions (SSLs). Conventional adenomas are driven by
ligand-independent mutations that likely arise in the crypt base columnar (CBC) stem cells. TSAs arise
from APC, RSPO or RNF43 mutations, possibly in ectopic crypts. SSL pathogenesis is characterized by
the late acquisition of APC or RNF43 mutations, concurrent with the onset of the detectable dysplasia.
Ligand-dependent CRC arises from TSAs and SSLs while ligand-independent CRC arises from all three
types of polyp (bottom panel).
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Altogether, this raises the possibility that different intestinal lesions follow distinct molecular
carcinogenesis pathways. These different evolutionary trajectories appear to result in the selection of
either ligand-dependent or independent mutations. This may also partly explain the mutual exclusivity
of Wnt driver mutations discussed above. Why polyp subtypes acquire apparent obligatory Wnt
disruption through these different mechanisms is unknown, but may be influenced by the variable
cell-of-origin in different lesion subtypes (Figure 2). Indeed, APC mutations induce tumorigenesis
in vivo if introduced into the LGR5+ intestinal stem cell but not transit-amplifying cells [16], while RSPO
fusions significantly co-occur with loss-of-function mutations in the Bone morphogenic protein (BMP)
signaling pathway that are known to induce ectopic crypt formation [58,59]. These data would also
suggest that RSPO-mutant colorectal tumors are wholly derived from TSAs.

5. Negative Regulation of Wnt Signaling

In some ways, it is surprising that despite multiple levels of negative feedback, ligand-dependent
mutations, which act upstream in an otherwise normal pathway, can induce activation of Wnt signaling
at all. Ligand-dependent pathway activation would be expected to induce physiological expression
of Wnt negative regulators such as AXIN2 or NOTUM, which would function to proportionately
constrain activation of the pathway. In contrast, ligand-independent alterations result in downstream,
constitutive activation that is uncoupled from the action of negative regulators. We have recently
shown that tumors with ligand-dependent alterations are associated with significant repression of
Wnt negative regulators, especially AXIN2 [42]. This repression may be at least partly explained by
AXIN2 methylation [60]. This raises the possibility that ligand-dependent Wnt activation requires two
”hits”—firstly a driver mutation affecting RNF43 or RSPO, and secondly, epigenetic downregulation
of Wnt negative regulators. Indeed, serrated adenomas which are enriched for ligand dependent
mutations, have lower AXIN2 expression and increased AXIN2 methylation compared to conventional
tubulovillous adenomas [61,62], as do MSI-high cancers that progress via this pathway [45,53].
AXIN2 expression is also decreased in an in vivo model of ligand-dependent tumors, generated by
orthotopic engraftment of CRISPR-edited organoids [63]. Furthermore, ectopic expression of AXIN2,
leading to re-activation of Wnt negative feedback in an RNF43-mutant cell line (HCT116) resulted in
rapid cell death [60,61]. In fact, AXIN2 is not the only Wnt negative regulator known to be silenced
by promoter hypermethylation in colorectal cancer: hypermethylation has been detected in negative
regulators including WIF1, SFRP1/2/4, DKK1–3 and NOTUM [42,62,64]. These genes are predominantly
hypermethylated in ligand-dependent or microsatellite-unstable tumors. This suggests that repression
of negative regulators is a more global phenomenon in ligand-dependent CRC, with loss of negative
feedback mechanisms at multiple levels of the Wnt signaling pathway.

6. Application of AXIN2 as a Biomarker for Ligand-Dependent Wnt Biology

Our finding that ligand-dependent tumors exhibit suppressed expression of negative regulators
of Wnt can be harnessed to utilize AXIN2 as a single-gene biomarker to distinguish between
ligand-dependent and ligand-independent tumors at the point of diagnosis. This is particularly
important as otherwise ligand-dependent tumors would need to be identified from expensive and
time-consuming analysis of paired DNA (for APC, CTNNB1 and RNF43) and RNA sequencing
(RSPO fusions). Paired DNA and RNA sequencing is simply not practical for routine diagnostic
assessment in the clinic, both in terms of cost and the relatively high failure rate of sequencing (>10%)
from diagnostic clinical samples [65].

We recently demonstrated that AXIN2 mRNA expression could be used as a discriminatory
biomarker with an area under the curve (AUC) greater than 0.93 in three independent cohorts,
indicating excellent diagnostic performance. This analysis incorporated both RNA sequencing and
microarray profiling to assay gene expression in resection and biopsy specimens [42]. The diagnostic
performance corresponded to sensitivity and specificity >90%. We also demonstrated similar
results with high-throughput AXIN2 profiling by quantitative real-time polymerase chain reaction
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(qRT-PCR). These findings were recently supported by the use of an organoid biobank derived from
patients with colorectal cancer, in which organoids with RSPO fusions or RNF43 mutations exhibited
lower AXIN2 expression than APC-mutant organoids [58]. Our analysis of paired qRT-PCR and
immunohistochemistry for AXIN2 showed that there was only weak correlation between AXIN2 mRNA
and scored AXIN2 protein expression, suggesting that AXIN2 may undergo significant translational
regulation, as has been described previously [66]. This would suggest that profiling of AXIN2 mRNA
expression would be the preferred approach to translate this biomarker into the clinic.

It is worth noting that AXIN2 gene expression is widely used as a read-out of global Wnt
pathway activation [67] and our findings suggest that this should be interpreted with caution,
as AXIN2 expression can be confounded by the type of acquired Wnt disrupting pathway mutation.
This confounding has important implications for the interpretation of analyses that have demonstrated
inverse correlations between AXIN2 (used as a read-out of Wnt activation) and immune infiltration [13].
Tumors with low AXIN2 expression are enriched with RNF43-mutant MSI-high tumors that have
enhanced anti-tumoral immune responses, thought to result from an increased neoantigen load [68].
As a result, the inverse relationship between AXIN2 and immune infiltration may be partly explained
by increased mutational load in RNF43-mutant ligand-dependent tumors, rather than reduced
Wnt activation.

In summary, the distinction between ligand-dependent and ligand-independent tumors is
clinically-actionable because tumors can be robustly discriminated using a low-cost single-gene
molecular biomarker.

7. Non-Overlapping Clinicopathological Features of Ligand-Dependent Tumors

Consistent with altered Wnt pathway biology and an altered trajectory through the serrated
pathway, ligand-dependent tumors have non-overlapping morphological and clinical characteristics
with ligand-independent tumors, reflecting an underappreciated separate disease entity in colorectal
cancer. Using manual and automated digital pathological approaches, we have demonstrated
that ligand-dependent tumors are enriched with mucin [13,42]. Mucin is a high molecular-weight
glycoprotein that is secreted by goblet cells and forms a key component of the mucous layer that provides
physical protection in the gastrointestinal tract [69]. Mucinous differentiation has long been recognized
in a subset of colorectal tumors (around 10%) and is diagnosed in tumors where mucin comprises >50%
of the tumor volume [70]. Indeed, mucinous differentiation is associated with microsatellite instability,
implicating a link with RNF43-mutant tumors. We have demonstrated that computational-scored
mucin area alone could discriminate between ligand-dependent and ligand-independent tumors
with an AUC > 0.75. Based on our findings, we propose that mucinous differentiation may well
either be induced by ligand-dependent Wnt signaling or reflect the association with the serrated
pathway. Consistent with the former hypothesis, the induction of ligand-dependent alterations
in organoids is sufficient to generate orthotopic colon tumors with mucinous differentiation [63].
Furthermore, RNF43 mutations in biliary malignancies are associated with mucin hypersecretion [71].
Altogether, this suggests that mucin content, which is routinely scored by histopathologists, can be
used as a phenotypic biomarker for ligand-dependent tumors with good diagnostic performance.

In our comparison of ligand-dependent and ligand-independent tumors in a pooled cohort
of over 600 tumors with available outcome data, we did not identify any significant differences in
prognosis [42]. However, this is likely to mask, considerably, the prognostic heterogeneity between
the subsets of ligand-dependent tumors. One way to examine this is to compare specific subsets with
their consensus molecular subtype (CMS) classifications, as this study was well-powered to identify
prognostic associations incorporating over 2000 patients [72]. Ligand-dependent tumors appear
to lie on a continuum between RNF43-mutant tumors which mostly classify as CMS1 (associated
with good prognosis) and tumors with stromal RSPO overexpression which mostly classify as CMS4
(associated with poor prognosis). Consistent with this, we observed a high frequency of tumor budding
and enriched desmoplastic stroma in tumors with stromal RSPO overexpression, both of which are
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associated with poor prognosis [73,74]. Of note, mucinous differentiation is associated with marginally
reduced overall survival [75]. These data suggest that the prognostic implications of ligand-dependent
Wnt biology are likely to be highly heterogenous.

8. Selective Vulnerabilities in Ligand-Dependent Tumors

Downstream ligand-independent Wnt signaling has proved difficult to target in solid tumors,
reflecting challenges in designing small-molecule inhibitors to inhibit constitutive pathway activation
through transcription factors such as beta-catenin [76]. In contrast, from a conceptual and experimental
standpoint, ligand-dependent Wnt activation is inherently “druggable” through deprivation of
extracellular ligand (Wnt or R-spondin) or attenuation of negative regulator suppression with
demethylating agents (Figure 3) [27,60,77]. Furthermore, emerging evidence would indicate that these
selective vulnerabilities in ligand-dependent tumors could synergize with immunotherapy targeting
PD-1/PD-L1 signaling in tumors [78]. This makes ligand-dependent tumors a fascinating subset of
colorectal cancer, with the real possibility of new transformative treatments.

 

Figure 3. Target therapies for ligand-dependent tumors. All ligand-dependent tumors require Wnt
ligands for pathway activation and so are sensitive to porcupine inhibitors that impair Wnt ligand
activation. RSPO3 overexpression can be antagonized by anti-RSPO3 antibodies. Ligand-dependent
GSK3 inhibition results in reduced proteasomal degradation to generate amino acids such as asparagine,
making tumor cells sensitive to asparagine depletion with asparaginase treatment. Ligand-dependent
tumors are characterized by AXIN2 repression which can be antagonized with licensed demethylating
agents such as azacitidine.

By definition, ligand-dependent Wnt alterations can only induce downstream Wnt pathway
activation in the presence of Wnt ligand. As a result, depletion and inactivation of Wnt ligand by
inhibition of porcupine is a viable therapeutic approach for ligand-dependent tumors. In vitro models
of ligand-dependent tumors, including organoids with RNF43 mutations [79] and cell lines with RSPO
fusions [46], are exquisitely sensitive to porcupine inhibitors. This has also been demonstrated in various
in vivo settings, including xenografts with RSPO fusions [77] and autochthonous Rnf43/Znrf3-null
intestinal tumors [80]. Porcupine inhibition is associated with marked repression of Wnt pathway
activity, reduced tumor size and substantial remodeling the transcriptomic landscape that includes
increased intestinal differentiation [77,80]. Porcupine inhibitors have entered early-phase clinical trials
(NCT01351103, NCT03447470, NCT03507998). Preliminary evidence from a phase 1 trial identified a
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partial response in one patient with a detectable RNF43 mutation [81] while porcupine inhibition was
associated with reduced AXIN2 expression, suggesting on-target effects [82].

However, in vitro modeling of porcupine inhibition in ligand-dependent CRC cell lines has
identified selection for resistance mutations, such as loss-of-function alterations to AXIN1, leading to
loss of function of the destruction complex and downstream constitutive pathway activation [46]. It is
worth noting that AXIN2 repression seen in ligand-dependent tumors does not result in downstream
pathway activation because of redundancy with AXIN1. AXIN1 is a constitutive component of the
destruction complex and not a Wnt pathway target. This would suggest that AXIN1 inactivation alone
would not be sufficient to drive Wnt pathway activation unless AXIN2 was concurrently repressed—we
would hypothesize that this situation could only arise in ligand-dependent tumors. This might explain
the relatively low frequency (<0.05%) of truncating AXIN1 mutations seen in CRC [8].

In tumors with epithelial RSPO fusions, the autocrine signaling loop can be blocked by an
anti-RSPO3 antibody. For example, treatment with anti-RSPO3 antibody has been shown to result
in inhibition of xenograft tumor growth with tumor regression in some cases [27,83–85]. As with
porcupine inhibitors, this was associated with evidence of increased intestinal differentiation on
morphological and transcriptomic analysis [27,83]. This differentiated phenotype was associated with
reduced expression of stem cell markers and key Wnt targets such as LGR5 and ASCL2. A phase
1 trial of an anti-RSPO3 antibody in patients with metastatic colorectal cancer was associated with
partial responses in some patients, although this was not clearly associated with baseline RSPO3
expression [86]. In addition, while it has not been formally tested, it is entirely plausible that anti-RSPO3
therapy would also be effective for tumors with stromal RSPO overexpression.

The Wnt pathway plays a critical role in bone homeostasis [87] and unsurprisingly inhibition of
ligand-dependent Wnt signaling via porcupine inhibitors or anti-RSPO3 antibodies results in on-target
bone toxicity, including reduced bone strength and pathological fractures [86,88,89]. Consistent with
this, porcupine-null mice have widespread bone defects, while germline loss-of-function Wnt ligand
mutations in humans are associated with high fracture risk [90–92]. Preliminary evidence has shown
that bone toxicity could be reduced with co-administration of denosumab, which inhibits bone
degradation [89]. Altogether, concerns about resistance and on-target toxicity would likely limit the
use of direct Wnt inhibitions (porcupine, anti-RSPO3) to short durations of time, likely in conjunction
with other treatments.

In light of evidence that ligand-dependent tumors may depend upon repression of negative
regulators, possibly via promoter hypermethylation [42], demethylating agents could be a viable
therapeutic strategy in ligand-dependent tumors. Demethylation treatment with azacitidine in HCT116,
a colorectal cancer cell line with an RNF43 mutation and comparatively low AXIN2 expression, resulted
in increased AXIN2 expression and increased cell death [60,93]. Azacitidine is an approved treatment
for myelodysplastic syndrome with a well-established toxicity profile suggesting that this would be a
feasible treatment for ligand-dependent CRC [94].

Unexpectedly, recent work in acute myeloid leukemia found that asparaginase treatment
was synthetically lethal with inhibition of GSK3 [95]. Asparaginase functions to deaminate
and so degrade the nonessential amino acid asparagine, which is required for leukemic cell
growth [96]. GSK3 mediates ubiquitination of a wide range of proteins, such as APC, and resulting
proteasomal degradation provides a source of asparagine in the cell. Asparaginase treatment has
a relatively favorable toxicity profile and is licensed for acute myeloid leukemia [97]. In contrast to
ligand-independent alterations, which act downstream and by-pass GSK3, ligand-dependent mutations
directly lead to inhibition of GSK3 (Figure 1) through activation of the canonical Wnt pathway,
thus explaining a unique selective vulnerability for asparaginase treatment in ligand-dependent
tumors. Specifically, asparaginase treatments were highly toxic for organoids with RSPO fusions but
had no activity against organoids with APC or CTNNB1 mutations [98]. Treatment of mice with
subcutaneous implantation of RSPO-mutant organoids was associated with marked tumor regression
and prolonged progression-free survival, with no evidence of early therapy resistance [98]. No benefit
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was seen for implanted APC-mutant organoids. Altogether, these data would suggest that asparaginase
could be a viable and well-tolerated treatment for patients with ligand-dependent CRC.

In summary, ligand-dependent Wnt biology is associated with a range of therapeutic vulnerabilities
that could be exploited as effective anti-cancer therapy.

9. Combination Therapy for Ligand-Dependent Tumors

Considering that direct inhibition of the Wnt pathway is unlikely to be feasible for extended
periods of time, it is important to consider how treatments for ligand-dependent tumors might synergize
with existing anti-cancer therapy. Wnt pathway activation is often detected as a marker of resistance
to cytotoxic chemotherapy [99]. Resistance to paclitaxel, which is a type of cytotoxic chemotherapy
that inhibits microtubule detachment from centrosomes, is associated with Wnt pathway activation,
detected as increased CTNNB1 protein expression. Considering that Wnt functions as a regulator
of centrosome separation [100], it is feasible that Wnt activation could directly promote survival of
tumor cells. Consistent with this, anti-Wnt treatments such as anti-RSPO3 antibodies synergize with
paclitaxel in patient-derived xenografts with RSPO3 fusions [84].

More generally, inhibition of Wnt signaling in ligand-dependent tumors is consistently shown to
skew cells from a stem-like phenotype to a more differentiated phenotype [27,101,102]. Resistance to
cancer radiotherapy and chemotherapy is often driven by acquisition of stem-like phenotypes,
with enrichment of tumor cells that are able to repopulate a tumor on transplantation, often termed
cancer stem cells [103,104]. This suggests that short courses of Wnt pathway inhibitors could be
synergistic with a wide range of existing and innovative drug regimens, especially if Wnt inhibitors
are early in the treatment schedule.

The Wnt signaling pathway appears to play a role in protecting cells from immune surveillance.
As a result, there is considerable interest in the combination of immunotherapy that targets PD-L1/PD-1
signaling and direct inhibition of the Wnt signaling pathway. Signaling through the PD-1 receptor is
thought to promote an exhausted phenotype in cytotoxic T cells that impairs effective anti-tumoral
immunity [105]. While immunotherapy has demonstrated activity in diverse tumor types, it has
proved ineffective in unselected patients with CRC [5]. There are multiple lines of evidence that the
Wnt signaling pathway can directly promote an immune suppressive environment [106]. Early data
from trials of porcupine inhibitors have shown evidence for increased expression of activated immune
signatures [82]. Furthermore, porcupine inhibition was synergistic with anti-CTLA4 immunotherapy
in a murine melanoma model [107]. Altogether, this raises the question of whether anti-Wnt therapies
would act synergistically with immunotherapy in colorectal tumors and this hypothesis is under active
investigation in several early-phase clinical trials (NCT01351103, NCT02521844, NCT02675946).

Furthermore, as discussed above, the microsatellite-unstable subset of colorectal tumors
ligand-dependent tumors is enriched with tumors, which have enhanced responses to immunotherapy [6].
Unexpectedly, a recent analysis incorporating a large cohort of patients with colorectal cancer who were
treated with immunotherapy, demonstrated that RNF43-mutant tumors responded significantly better
to immunotherapy than would have been expected from their mutational burden [108]. This is an
exciting finding that raises the possibility the ligand-dependent Wnt biology might be independently
associated with responses to immunotherapy and warrants further investigation in additional cohorts.

10. Outlook—Landscape of Precision Medicine in CRC

Approximately 15% of colorectal tumors have ligand-dependent alterations in the Wnt signaling
pathway, affecting RNF43 or RSPO2/3. This unique Wnt biology is associated with a range of specific
therapeutic vulnerabilities, especially to depletion of Wnt ligand by porcupine inhibitors. There is a
strong theoretical basis for the combination of immunotherapy with a time-limited course of porcupine
inhibition. Inhibitors of ligand-dependent Wnt signaling are known to be ineffectual in tumors with
ligand-independent alterations such as APC mutations [79]. As a result, due to the low frequency of
ligand-dependent alterations, clinical trials of these selective treatments will fail in unselected patients.
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Precision medicine depends upon the ability to stratify patients into clinically meaningful subsets,
followed by targeting with biologically appropriate therapies. It is contingent on the existence of
biomarkers specific for each subset that can be feasibly adopted into routine clinic practice. We propose
that AXIN2 is one such biomarker and could be measured at low cost from routine clinical specimens.
It can be measured by high-throughput qRT-PCR and does not require costly and time-consuming
DNA and RNA sequencing. On the basis of AXIN2 expression, it would be possible to identify patients
with ligand-dependent Wnt biology who could then be targeted with effective personalized therapies.
In summary, we propose that the concept of ligand-dependent tumors as an individual disease entity
has the potential to revolutionize precision medicine and improve the outcomes for patients with
colorectal cancer.
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Simple Summary: The Wnt/β-catenin signaling pathway is aberrantly activated in most colorectal
cancers and less frequently in a variety of other solid neoplasias. Many epidemiological and
experimental studies and some clinical trials suggest an anticancer action of vitamin D, mainly against
colorectal cancer. The aim of this review was to analyze the literature supporting the interference
of Wnt/β-catenin signaling by the active vitamin D metabolite 1α,25-dihydroxyvitamin D3.
We discuss the molecular mechanisms of this antagonism in colorectal cancer and other cancer
types. Additionally, we summarize the available data indicating a reciprocal inhibition of vitamin
D action by the activated Wnt/β-catenin pathway. Thus, a complex mutual antagonism between
Wnt/β-catenin signaling and the vitamin D system seems to be at the root of many solid cancers.

Abstract: Abnormal activation of the Wnt/β-catenin pathway is common in many types of solid
cancers. Likewise, a large proportion of cancer patients have vitamin D deficiency. In line with these
observations, Wnt/β-catenin signaling and 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), the active
vitamin D metabolite, usually have opposite effects on cancer cell proliferation and phenotype.
In recent years, an increasing number of studies performed in a variety of cancer types have
revealed a complex crosstalk between Wnt/β-catenin signaling and 1,25(OH)2D3. Here we review
the mechanisms by which 1,25(OH)2D3 inhibits Wnt/β-catenin signaling and, conversely, how the
activated Wnt/β-catenin pathway may abrogate vitamin D action. The available data suggest that
interaction between Wnt/β-catenin signaling and the vitamin D system is at the crossroads in solid
cancers and may have therapeutic applications.

Keywords: wnt; β-catenin; vitamin D; cancer; colon cancer

1. Introduction

1.1. Wnt

Wnt proteins are extracellular signaling molecules that control many key processes during
embryonic development and regulate the homeostasis of adult tissues, mainly by modulating the survival,
self-renewal, and proliferation of stem cells. They are secreted by a variety of cell types and typically
have a short range of action, mediating communication between neighboring cells. Wnt proteins bind to
cell surface receptors, of which several classes have been described. Specific Wnt-receptor combinations
and cellular contexts determine which of the existing Wnt signaling pathways is engaged [1].
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The Wnt/β-catenin pathway is triggered by Wnt binding to cell membrane receptors of the Frizzled
and low-density lipoprotein receptor-related protein (LRP) families. In the absence of a Wnt ligand,
β-catenin protein is mainly located at cell-cell contacts and free cytoplasmic β-catenin is kept low
because of a proteolytic destruction machinery. A complex containing the tumor suppressor proteins
APC (adenomatous polyposis coli) and axin, and the kinases casein kinase 1 (CK1) and glycogen synthase
kinase-3β (GSK-3β) targets β-catenin for N-terminal phosphorylation and subsequent ubiquitination
and proteasome-mediated degradation. Wnt binding to Frizzled and LRP5/6 leads to inhibition of
the β-catenin destruction complex and, therefore, to the accumulation of β-catenin in the cytoplasm.
A proportion of β-catenin enters the nucleus and binds to transcription factors of the LEF/TCF family
acting as a co-activator and regulating the expression of a large variety of genes. Wnt target genes are cell
and tissue type-dependent and affect many cellular functions and processes, such as cell proliferation,
stemness, migration, and invasion. Some of these targets include the c-MYC and CCND1/cyclin D1
oncogenes, the Wnt inhibitors DKK1 and NKD1/2, and the Wnt effector LEF1. In addition, the Wnt
inhibitor AXIN2 is the most ubiquitously regulated β-catenin target gene [1–3].

Wnt/β-catenin signaling is highly dependent on the number of Frizzled receptor molecules present
on the cell surface. Vertebrates have evolved a complex regulatory mechanism to control the amount of
Frizzled on the plasma membrane that involves three types of proteins: leucine-rich repeat-containing
G-protein coupled receptors (LGR4-6), their extracellular ligands R-spondins (RSPO1-4), and the E3
transmembrane ubiquitin ligases ZNRF3 and RNF43 [4,5]. In the absence of RSPO, Frizzled receptors
are targeted for degradation by ZNRF3/RNF43-mediated ubiquitination, which results in low Frizzled
membrane concentration and, therefore, in attenuated Wnt signaling. In contrast, RSPO binding to
LGR4-6 sequesters ZNRF3/RNF43 in a ternary complex and prevents ubiquitin tagging of Frizzled.
Thus, RSPOs are responsible for the accumulation of Frizzled receptors on the cell surface and the
potentiation of Wnt/β-catenin signaling in target cells [6–8].

Dysregulation of Wnt/β-catenin signaling is involved in human diseases including cancer.
In many types of cancer, e.g., colorectal, breast, and liver carcinoma, melanoma and leukemia, β-catenin
constitutively accumulates within the nucleus of tumor cells [9–13]. In fact, aberrant activation of
the Wnt/β-catenin pathway is the most common event in human colorectal cancer (CRC) [14,15] in
which massive sequencing has estimated that over 94% of primary colon tumors carry mutations in
one or more genes involved in this pathway [16]. Truncation mutations and allelic losses in the tumor
suppressor gene APC are present in around 80% of sporadic CRC cases, whereas a small proportion
carries mutations in AXIN2 or CTNNB1/β-catenin genes. Moreover, chromosomal rearrangements
in R-spondin family members RSPO2 and RSPO3 have been found in 10% of human CRC leading
to enhanced Wnt signaling [17,18]. In addition, RNF43 is mutated in a proportion of mismatch
repair-deficient colon tumors. Alterations in genes encoding components of the Wnt/β-catenin
pathway are frequently mutually exclusive, which confirms that aberrant activation of this pathway is
a hallmark of CRC. Mutations in CTNNB1/β-catenin or AXIN2 have been reported in other human
tumors, e.g., hepatocellular carcinomas [19–21], whereas overexpression of Wnt factors/receptors or
silencing of extracellular Wnt inhibitors are the preferred mechanisms of Wnt/β-catenin sustained
activation in other cancers, e.g., breast and lung cancers [22–27].

1.2. Vitamin D

Vitamin D3 (cholecalciferol) is a natural seco-steroid whose main source is non-enzymatic
production in human skin from UV-B exposed 7-dehydrocholesterol, an abundant cholesterol
precursor [28,29]. Vitamin D3 from skin production and from dietary uptake is hydroxylated in the liver to
25-hydroxyvitamin D3 (25(OH)D3, calcidiol), a stable compound that is used as a biomarker for the vitamin
D status of a person [29–31]. Subsequent hydroxylation of 25(OH)D3 at carbon 1, which occurs mainly in
the kidneys but also in several types of epithelial and immune cells, renders 1,25-dihydroxyvitamin D3

(1,25(OH)2D3, calcitriol). This is the most active vitamin D3 metabolite and a high affinity ligand for the
vitamin D receptor (VDR) [29,31,32].
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VDR is a member of the nuclear receptor superfamily of transcription factors, which includes
receptors for other hormones such as estrogen, progesterone or glucocorticoids, as well as a number
of orphan receptors. Nuclear receptors present a highly conserved ligand-binding domain, which in
the case of VDR fixes 1,25(OH)2D3 or its synthetic analogues with high specificity [33]. Binding of
1,25(OH)2D3 to VDR promotes the formation of complexes with RXR, the receptor for 9-cis-retinoic
acid, and the binding of these VDR/RXR heterodimers to DNA. This leads to epigenetic changes
that affect the transcription rate of hundreds of target genes involved in many cellular processes,
including proliferation, differentiation and survival [29,31]. Moreover, a proportion of VDR molecules
locate in the cytoplasm of some cell types where, on ligand binding, they trigger rapid, non-genomic,
modulatory effects on signaling pathways by acting on kinases, phosphatases, and ion channels [34,35].

Current evidence indicates that 1,25(OH)2D3 and its derivatives modulate signaling pathways
that affect cell survival, growth, and differentiation [29,36,37], key processes that are dysregulated in
human cancers. One of these signaling routes is the Wnt/β-catenin pathway. This review will focus on
the crosstalk between Wnt and vitamin D in solid tumors.

2. Antagonism of Wnt/β-Catenin Signaling by 1,25(OH)2D3 in Solid Cancers

2.1. Colorectal Cancer

Four decades ago, an epidemiological study hinted at the protective effects of vitamin D3 against
CRC by indicating that high UVB exposure or life at lower latitudes, both of which result in higher
vitamin D3 synthesis, lead to lower incidence of CRC [38]. Since then, a large number of epidemiological
studies, experimental work performed in cultured cells and animal models, and also some, but not
all, vitamin D3 supplementation human clinical trials have strongly suggested that 1,25(OH)2D3 has
anticancer effects, particularly in CRC [31,37,39–44].

Our group was a pioneer in demonstrating that 1,25(OH)2D3 antagonizes the Wnt/β-catenin
signaling pathway in colon carcinoma cells [45], a mechanism that could at least partly account for the
protective effects of vitamin D3 observed in epidemiological and animal studies. Previously, other groups
had reported a crosstalk between Wnt signaling and other nuclear receptors, such as those for retinoid
acid and androgen [46,47].

Results from our laboratory showed that 1,25(OH)2D3 interferes with Wnt/β-catenin signaling in
human colon carcinoma cells by at least three mechanisms (Figure 1). Firstly, ligand-activated nuclear
VDR binds and sequesters β-catenin, which prevents its binding to LEF/TCF transcription factors and
thus blocks β-catenin/TCF-mediated transcription of Wnt target genes [45]. VDR/β-catenin physical
interaction was later confirmed in this and other cell systems and involves the C-terminal region of
β-catenin and the activator function-2 domain of VDR [48]. Interestingly, wild-type APC potentiates
VDR/β-catenin binding [49]. Lithocholic acid, a low affinity VDR ligand, also prompts this interaction,
although less efficiently than 1,25(OH)2D3 [49].

Secondly, 1,25(OH)2D3 induces the expression of E-cadherin protein, which sequesters newly
synthesized β-catenin at subcortical cell-cell adherens junctions, thus avoiding its translocation to the
nucleus and β-catenin/TCF-mediated transcription [45]. Our data suggest that the small GTPase RhoA,
the protease inhibitor cystatin D, the regulator of tyrosine kinase receptor signaling Sprouty-2, and the
histone demethylase JMJD3 are involved in this mechanism [34,50–52]. Induction of E-cadherin by
1,25(OH)2D3 and concomitant inhibition of the Wnt/β-catenin pathway have also been reported in other
cell types [53]. However, 1,25(OH)2D3 can antagonize Wnt/β-catenin signaling in colon carcinoma
cells that do not express E-cadherin, which implies that this mechanism is not strictly required [45].
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Figure 1. Schematic representation of the mechanisms by which 1,25(OH)2D3 interferes the
Wnt/β-catenin signaling pathway in human CRC cells. 1,25(OH)2D3 binds to its high affinity receptor
VDR inducing the formation of β-catenin/VDR complexes and thus preventing that of transcriptionally
active β-catenin/TCF4 complexes. In addition, 1,25(OH)2D3 increases the transcription of the CDH1
gene encoding E-cadherin, which sequesters newly synthesized β-catenin protein at the subcortical
adherens junctions. Furthermore, 1,25(OH)2D3 upregulates the expression of the negative regulators of
the Wnt/β-catenin pathway TCF7L2 (encoding TCF4), DKK1 and AXIN1. 1,25(OH)2D3 also antagonizes
the pathway by reducing the secretion by nearby macrophages of IL-1β, which inhibits GSK-3β activity
in CRC cells leading to an increase in β-catenin levels.

Thirdly, 1,25(OH)2D3 promotes the expression of Dickkopf 1 (DKK1), a member of a family of
extracellular inhibitors of the Wnt/β-catenin pathway [54]. DKK1 can inhibit Wnt/β-catenin signaling
by two mechanisms. On the one hand, DKK1 direct binding to LRP5/6 blocks Wnt-LRP interaction [55].
On the other, DKK1 can engage a ternary complex with LRP5/6 and Kremen receptors, which prompts
rapid endocytosis and removal of LRP5/6 from the plasma membrane [56]. In addition to a Wnt
inhibitor, DKK1 is a β-catenin/TCF target gene [57–59]. Although most CRC carry mutations that
activate the Wnt/β-catenin pathway downstream of DKK1, evidence suggests that this extracellular
inhibitor has antitumor effects that are independent of β-catenin/TCF transcriptional activity [60–62].
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Supporting the relevance of DKK1 in CRC, we and others have demonstrated that DKK1 expression is
frequently downregulated in this neoplasia [59], in part due to gene promoter hypermethylation [62–64].
Moreover, the expression levels of VDR and DKK1 in human CRC biopsies directly correlate [54],
and dietary vitamin D intake is inversely associated with DKK1 promoter methylation in a large cohort
of CRC patients [65].

DKK4 is another member of the Dickkopf family of Wnt extracellular inhibitors, although it is a
weaker Wnt antagonist than DKK1. We reported that 1,25(OH)2D3 downregulates the expression of
DKK4 in both human colon and breast cancer cells. Accordingly, a significant inverse correlation between
DKK4 and VDR expression exists in human CRC biopsies [66]. Unexpectedly, overexpression of DKK4
in human CRC cells enhances their migratory, invasive, and angiogenic potential [66]. These effects
are probably unrelated to Wnt/β-catenin inhibition and imply additional mechanisms of action of
DKK4. In this regard, we and others found that DKK4 transcripts are overexpressed in human CRC
samples and in biopsies from patients with inflammatory bowel disease [66–68]. These data suggest
that downregulation of DKK4 by 1,25(OH)2D3 may be another mechanism for the antitumor action of
1,25(OH)2D3 in CRC.

The c-MYC oncogene is a well-known β-catenin/TCF target gene that is frequently deregulated in
human cancers and activates genetic programs that orchestrate biological processes to promote cell
growth and proliferation [69]. Therefore, targeting the function of MYC oncoproteins holds the promise
of achieving new, effective anticancer therapies that can be applied to a broad range of tumors [70].
In particular, mutational and integrative analyses have stressed the essential role of c-MYC in CRC [16].
A study reported by Meyer and colleagues using chromatin immunoprecipitation assays followed by
high-throughput DNA sequencing (ChIP-Seq) in the CRC cell line LS180 concluded that β-catenin/TCF4
and VDR/RXR heterodimers colocalize at 74 sites near a limited set of genes that included c-MYC and
c-FOS oncogenes [71]. These data strongly suggest a direct action of both complexes at these gene loci.
In fact, 1,25(OH)2D3 effects on c-MYC gene expression may count as another mechanism of crosstalk
between 1,25(OH)2D3 and Wnt/β-catenin signaling pathways. Firstly, ligand-activated VDR represses
c-MYC expression by direct interaction with two vitamin D response elements (VDRE) in the promoter
region [71,72]. Secondly, the antagonism exerted by 1,25(OH)2D3 on Wnt/β-catenin signaling impairs
the transcription of c-MYC mediated by β-catenin/TCF complexes through their binding to several
Wnt responsive elements (WRE) at the c-MYC promoter [45,73].

Some authors have proposed additional mechanisms of 1,25(OH)2D3 crosstalk with Wnt/β-catenin
signaling in CRC cells (Figure 1). Beildeck and colleagues showed that 1,25(OH)2D3 increases TCF4
expression in several human CRC cell lines. The effect is indirect but completely dependent on
VDR [74]. Tang and colleagues have reported that TCF4 functions as a transcriptional repressor that
restricts CRC cell growth [75]. Therefore, 1,25(OH)2D3/VDR-mediated upregulation of TCF4 possibly
has a protective effect on CRC. Furthermore, 1,25(OH)2D3/VDR induces expression of the negative
regulator of the Wnt/β-catenin pathway AXIN1 in CRC cells through a VDRE localized in the regulatory
region of the gene [76]. In addition, Gröschel and colleagues found that 1,25(OH)2D3 reduces nuclear
β-catenin levels in LT97 colon microadenoma cells and thus downregulates the expression of Wnt
target genes such as BCL2, CCND1/cyclin D1, SNAI1, CD44, and LGR5 [77]. Moreover, in healthy colon
of mice fed a high vitamin D diet, β-catenin protein expression is decreased and the same effect is
observed for TCF4 [77], which contrasts with the results of Beildeck and colleagues [74].

Kaler and colleagues described a paracrine mechanism that involves not only a crosstalk between
1,25(OH)2D3 and Wnt/β-catenin signaling pathways but also between carcinoma cells and the tumor
microenvironment (Figure 1). They demonstrated that colon carcinoma cells induce the release of
interleukin-1β (IL-1β) from macrophagic THP-1 cells in a process that requires constitutive activation
of STAT1 [78]. Secreted IL-1β then acts on colon carcinoma cells where it triggers the inactivation
of GSK-3β and thus the stabilization of β-catenin and subsequent expression of Wnt target genes.
1,25(OH)2D3 interrupts this crosstalk by blocking the constitutive activation of STAT1 and thus the
production of IL-1β in macrophages in a VDR-dependent manner, which hampers the ability of
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macrophages to activate Wnt/β-catenin signaling in CRC cells [78]. The possibility that this mechanism
works in vivo with tumor-associated macrophages is highly interesting.

Our group has also studied the interplay between 1,25(OH)2D3 and Wnt3A (an activator of
the Wnt/β-catenin pathway) in human colon fibroblasts. Both agents strongly modulate the gene
expression profile and phenotype of these cells. However, in contrast to the antagonism exerted by
1,25(OH)2D3 on the Wnt/β-catenin pathway in colon carcinoma cells, they have a partially overlapping
effect. Both compounds inhibit fibroblast proliferation and migration, but while 1,25(OH)2D3 reduces,
Wnt3A increases fibroblast capacity to remodel the extracellular matrix [79]. In addition, in contrast to
the effects observed in established colon carcinoma cell lines, 1,25(OH)2D3 does not affect the expression
of key genes of the Wnt/β-catenin pathway (AXIN2, CCND1, DKK1 and c-MYC) in human colon tumor
or normal organoids derived from CRC patients, where only the DKK4 Wnt/β-catenin target gene
is repressed by 1,25(OH)2D3 [80]. This shows that antagonism of the Wnt/β-catenin pathway is not
a universal action of 1,25(OH)2D3 in tumor contexts. Moreover, 1,25(OH)2D3 cooperates with Wnt
factors in the differentiation of bone (osteoblasts), skin (keratinocytes) and brain (neuronal precursors)
cells under physiologic conditions [81,82]. Together, available data indicate a mostly repressive
action of 1,25(OH)2D3 on overactivation of the Wnt/β-catenin pathway with different effects in
particular scenarios.

The interplay between 1,25(OH)2D3 and Wnt/β-catenin signaling in CRC has also been studied
in vivo in animal models and patients. Our group showed that the 1,25(OH)2D3 analogue EB1089
reduces the growth of xenografts generated by human CRC cells in immunosuppressed mice. In line
with data obtained in cell cultures, this inhibition is associated with an increase of E-cadherin and
DKK1 levels, and a decrease of β-catenin nuclear content and of the expression of the β-catenin/TCF
target gene ENC1 in the xenografts [54,83,84]. Likewise, the antitumor action of 1,25(OH)2D3 on
chemically induced mouse intestinal tumors is concomitant with increased expression of E-cadherin
and the inhibition of β-catenin/TCF target genes such as c-Myc and Ccnd1/cyclin D1 in the intestinal
crypts of these animals [85,86]. Concordantly, Xu and colleagues reported that 1,25(OH)2D3 and two of
its analogues reduce the tumor load in the Apcmin/+ mouse model of intestinal tumorigenesis associated
with an increase of E-cadherin protein and a decrease of nuclear β-catenin levels and of the expression
of the Wnt target genes c-Myc and Tcf1 [87].

A Western-style diet that is high in fat and low in calcium and vitamin D is a risk factor for
gastrointestinal carcinogenesis. This diet increases the frequency of intestinal tumors in normal mice
and speeds up tumor formation in mouse models for intestinal cancer [88]. Several groups have shown
that a Western-style diet alters components of the Wnt/β-catenin pathway in intestinal epithelial cells
of normal mice [88,89]. These effects can be reversed by calcium and vitamin D supplementation,
which prevents the increase of β-catenin/TCF transcriptional activity and reduces the expression of
β-catenin, Ephb2 and Frizzled-2, -5, and -10 [89,90].

Vdr knockout mice have also been used to study the role of the vitamin D pathway on CRC.
Larriba and colleagues [91] and Zheng and colleagues [92] generated Apcmin/+ Vdr−/− mice and
discovered that the absence of Vdr results in a higher tumor load and an increased number of
premalignant lesions. Interestingly, nuclear staining of β-catenin and expression of Wnt target genes
Ccnd1/cyclin D1 and Lef1 are higher in Apcmin/+ Vdr−/− than in Apcmin/+ Vdr+/+ mice. This suggests that
Vdr inactivation facilitates intestinal tumorigenesis fostered by Wnt/β-catenin activation [91,92].

Remarkably, in a randomized, double-blinded, placebo-controlled clinical trial, Bostick’s group
reported that vitamin D supplements increase the expression of APC, E-cadherin and other
differentiation markers, and decrease that of β-catenin in the upper part of the crypt of normal
rectal mucosa from sporadic colorectal adenoma patients [93–96]. In addition, a recent study with
67 CRC patients has revealed that a high circulating 25(OH)D3 level associates with low promoter
methylation of secreted frizzled-related protein 2 (SFRP2) gene that encodes a soluble inhibitor of the
Wnt/β-catenin pathway [97]. These data support an inhibitory effect of vitamin D on Wnt signaling in
the human colon in vivo.
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2.2. Other Solid Tumors

Although Wnt signaling was first described as inducing breast tumors in mice [98] and
Wnt/β-catenin signaling is activated in a proportion of multiple subtypes of human breast cancers [10,99],
the typical mutations in components of the pathway found in CRC (APC, CTNNB1, AXIN2) are rare
in breast carcinomas [27]. The elevated level of nuclear β-catenin and Wnt signaling in these tumors
may be due to high expression of Wnt factors in the tumor environment, loss of APC, Wnt inhibitors
(DKK1, SFRPs), and/or E-cadherin expression by epigenetic modification/gene silencing, or alterations
in the expression of other genes that encode constituents of the pathway (RSPO2, FZD6) [27].

Notably, nuclear β-catenin accumulation in a subset of triple-negative and basal-like breast
cancer subtypes has been associated with a poor patient outcome [10,99]. Our group has shown
that 1,25(OH)2D3 downregulates the expression of myoepithelial/basal markers, such as P-cadherin,
smooth muscle α-actin, and α6 and β4 integrins in a panel of breast carcinoma cells, and that Vdr−/−
mice express higher levels of P-cadherin and smooth muscle α-actin in the mammary gland than wt
littermates [100]. These results suggest that 1,25(OH)2D3/VDR antagonizes the Wnt/β-catenin pathway
in breast cancer cells, which might protect against the triple-negative and basal-like phenotype.
In line with this, 1,25(OH)2D3 induces DKK1 expression and reduces β-catenin transcriptional
activity in R7 murine breast cancer cells, and Vdr deletion and 1,25(OH)2D3 treatment increases
and inhibits, respectively, the tumor expression of several Wnt/β-catenin target genes in breast
cancer mouse models [101,102]. The capacity of 1,25(OH)2D3 to inhibit spheroid formation by breast
cancer stem cells is overcome by β-catenin overexpression, which suggests that inhibition of the
Wnt/β-catenin pathway is essential for this action of 1,25(OH)2D3 [101]. Furthermore, Zheng and
colleagues have reported that VDR overexpression in a stem cell-enriched subpopulation of MCF-7
breast cancer cells inhibits Wnt/β-catenin signaling and increases cell sensitivity to tamoxifen [103].
Surprisingly, however, in another study the stable knockdown of VDR expression leads to attenuation
of the Wnt/β-catenin pathway in MDA-MB-231 breast cancer cells: cytoplasmic and nuclear levels of
β-catenin are reduced with the subsequent downregulation of its target genes AXIN2, CCND1/cyclin
D1, IL6, and IL8 [104].

Long non-coding RNA colon cancer-associated transcript 2 (CCAT2) is upregulated in ovarian
cancer cells and promotes epithelial-mesenchymal transition (EMT) at least partially through the
Wnt/β-catenin pathway. CCAT2 knockdown represses the expression of β-catenin and the activity
of TCF/LEF factors and inhibits EMT by upregulating E-cadherin and downregulating N-cadherin,
Snail1, and Twist1 [105]. Of note, 1,25(OH)2D3 inhibits CCAT2 expression in ovarian cancer cells
concomitantly with a reduction in cell proliferation, migration, and invasion. This is linked to decreased
binding of TCF4 to the c-MYC promoter and, thus, to repression of c-MYC protein expression [106].
Thus, inhibition of CCAT2 represents a novel mechanism of Wnt/β-catenin antagonism by 1,25(OH)2D3.
In addition, Srivastava and colleagues have shown that 1,25(OH)2D3/VDR can deplete ovarian cancer
stem cells via inhibition of the Wnt/β-catenin pathway [107].

A recent study has investigated whether 1,25(OH)2D3 can affect Wnt/β-catenin signaling in human
uterine leiomyoma primary cells using a Wnt pathway PCR array. Up to 75% of the β-catenin/TCF
target genes analyzed are repressed by 1,25(OH)2D3. Similarly, 1,25(OH)2D3 inhibits the expression of
73.3% and 77.2% of the Wnt-related genes involved in tissue polarity and cell migration, and in cell cycle,
cell growth and proliferation, respectively [108]. These results suggest that not only Wnt/β-catenin but
probably also Wnt non-canonical pathways are inhibited by 1,25(OH)2D3 in this cellular context.

1,25(OH)2D3 and its analogue TX527 increase β-catenin protein levels in the nucleus and
at the plasma membrane in a Kaposi’s sarcoma cellular model and potentiate β-catenin/VDR
interaction. The net outcome is downregulation of the β-catenin/TCF target genes c-MYC, MMP9 and
CCND1/cyclin D1. Moreover, VE-cadherin protein and DKK1 RNA levels are increased [109]. As in
Kaposi’s sarcoma cells, 1,25(OH)2D3 augments the level of total β-catenin (both cytoplasmic and
nuclear pools), while it reduces that of phosphorylated β-catenin in renal cell carcinoma cells [110].
More importantly, 1,25(OH)2D3 enhances VDR/β-catenin interaction while attenuating β-catenin/TCF
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binding. Accordingly, 1,25(OH)2D3 downregulates the expression of CCND1/cyclin D1 and AXIN2
genes. In addition, 1,25(OH)2D3 upregulates E-cadherin expression and blocks TGFβ1-induced
nuclear translocation of ZEB1, Snail1 and Twist1, which contributes to the suppression of EMT and
the inhibition of cell migration and invasion [110]. Thus, the effects of 1,25(OH)2D3 on Kaposi’s
sarcoma and renal cell carcinoma cells are largely in agreement with those observed on CRC cells.
Distinctly, in pancreatic carcinoma cells, the 1,25(OH)2D3 analogue calcipotriol inhibits Wnt/β-catenin
signaling by a different mechanism: the promotion of lysosomal degradation of the Wnt membrane
receptor LRP6 [111].

Concomitant with an increase in Wnt/β-catenin signaling, global and epidermal-specific Vdr
deletion predispose mice to either chemical [112] or long-term UVB-induced [113,114] skin tumor
formation. 1,25(OH)2D3 enhances β-catenin binding to E-cadherin at the plasma membrane,
which promotes epidermal cell differentiation. Moreover, VDR competes with LEF/TCF to recruit
β-catenin to gene promoters [115,116] and both 1,25(OH)2D3 and VDR suppress β-catenin-stimulated
LEF1/TCF-driven reporter activity [116,117]. The 1,25(OH)2D3 analogue EB1089 prevents the
development of β-catenin-induced trichofolliculomas, while β-catenin activation in the absence
of Vdr results in basal cell carcinomas [115]. Recently, Muralidhar and colleagues analyzed 703
primary melanoma transcriptomes and found that high tumor VDR expression is associated with
upregulation of pathways mediating antitumor immunity and downregulation of proliferative
pathways, notably Wnt/β-catenin [118]. Functional validation in vitro showed that 1,25(OH)2D3

inhibits the expression of Wnt/β-catenin pathway genes. These results suggest that 1,25(OH)2D3/VDR
inhibits the pro-proliferative and immunosuppressive Wnt/β-catenin pathway in melanoma and that
this is associated with less metastatic disease and stronger host immune responses [118].

Salehi-Tabar and colleagues have reported that VDR knockdown induces, while 1,25(OH)2D3

inhibits, β-catenin binding to and activation of c-MYC promoter in head and neck squamous cell
carcinoma [119]. In this neoplasia, two vitamin D hydroxyderivatives, 20(OH)D3 and 1,20(OH)2D3,
interfere with β-catenin nuclear translocation [120]. In a recent study, Rubin and colleagues analyzed
the antitumor effects of 1,25(OH)2D3 and mitotane, the only chemotherapeutic agent available for
adrenocortical carcinoma treatment. These authors reported a reduction in adrenocortical carcinoma
cell growth and migration in response to either of the two agents, which is stronger when they are
combined [121]. 1,25(OH)2D3 triggers a decrease in β-catenin RNA and nuclear protein levels, and both
1,25(OH)2D3 and mitotane induce RNA expression of the Wnt inhibitor DKK1, with a more marked
effect with the combined treatment, although neither of them can reduce expression of the Wnt target
gene c-MYC [121].

Vitamin D deficiency has been shown to promote hepatocellular carcinoma growth in Smad3+/- mice
via upregulation of toll-like receptor 7 expression and β-catenin activation and, accordingly, vitamin D
supplementation reduced β-catenin levels [122]. In contrast, Matsuda and colleagues reported that
neither dietary supplements of vitamin D nor treatment with vitamin D analogues affect tumor
formation or growth in a mouse model of hepatocarcinogenesis induced by mutant β-catenin and
c-MET overexpression. Hence, they questioned the utility of vitamin D for hepatocellular carcinoma
therapy in that setting [123].

In summary, available data show that 1,25(OH)2D3 and its analogues interfere with Wnt/β-catenin
signaling in a variety of human solid tumors using mechanisms that mostly resemble those observed
in CRC cells (Table 1).
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Table 1. Mechanisms of Wnt/β-catenin pathway interference by 1,25(OH)2D3 in solid cancers.

Cancer Type Mechanism of Antagonism Reference

Colorectal carcinoma Increase of VDR/β-catenin interaction [45]
Upregulation of CDH1/E-cadherin [34,45,50–52,83,85,87]

Reduction of nuclear β-catenin [45,77,84,87]
Upregulation of DKK1 [54]

Upregulation of TCF7L2/TCF4 [74]
Upregulation of AXIN1 [76]

Repression of IL1B (macrophages) [78]
Breast carcinoma Upregulation of CDH1/E-cadherin [53]

Reduction of active β-catenin [102]
Upregulation of DKK1 [102]

Ovarian carcinoma Repression of CCAT2 lncRNA [106]
Kaposi’s sarcoma Increase of VDR/β-catenin interaction [109]

Upregulation of VE-cadherin [109]
Upregulation of DKK1 [109]

Renal carcinoma Increase of VDR/β-catenin interaction [110]
Upregulation of CDH1/E-cadherin [110]

Pancreatic carcinoma Increase of LRP6 lysosomal degradation [111]
Head and neck squamous

cell carcinoma Reduction of nuclear β-catenin [120]

Adrenocortical carcinoma Reduction of nuclear β-catenin [121]
Upregulation of DKK1 [121]

Hepatocellular carcinoma Reduction of β-catenin level [122]

3. Antagonism of 1,25(OH)2D3/VDR Signaling by the Wnt/β-Catenin Pathway

The abovementioned data indicate that 1,25(OH)2D3 antagonizes Wnt/β-catenin signaling in
several neoplasias. However, the interplay between both pathways is a two-way road, that is,
activation of the Wnt/β-catenin pathway may also result in 1,25(OH)2D3/VDR inhibition.

VDR is the only high affinity receptor for 1,25(OH)2D3 and mediates most if not all 1,25(OH)2D3

effects. Thus, cellular VDR expression is the main determinant of 1,25(OH)2D3 action and its
downregulation leads to 1,25(OH)2D3 unresponsiveness. VDR is expressed in most normal human
cell types and tissues, but also in cancer cell lines and tumors of diverse origins. In line with the
antitumor effects of 1,25(OH)2D3 observed in several neoplasias, high VDR expression in human
cancer is usually a hallmark of good prognosis [29,31,36,37,124]. VDR expression and activity is
regulated transcriptionally, posttranscriptionally by several microRNAs (miRs), and posttranslationally
(via phosphorylation, ubiquitination, acetylation, and sumoylation) [125].

3.1. Repression of VDR by Snail Transcription Factors

Wnt/β-catenin signaling is known to promote EMT through upregulation of the expression
and activity of key EMT transcription factors such as Snail1, Snail2, Zeb1 and Twist1 by several
mechanisms [126,127]. Snail1 and Snail2 are phosphorylated by GSK-3β and tagged forβ-TrCP-mediated
ubiquitination and subsequent proteasomal degradation [128–130]. Thus, GSK-3β inhibition in response
to Wnt/β-catenin signaling results in Snail1 and Snail2 protein stabilization. Inhibition of GSK-3β also
increases SNAI1 transcription via NFκB activation [131]. Furthermore, the Wnt/β-catenin target gene
AXIN2 contributes to Snail1 protein stabilization in breast cancer cells by regulating GSK-3β localization.
When levels of AXIN2 increase in response to β-catenin/TCF signaling, GSK-3β is exported from the
nuclear compartment leaving Snail1 in its non-phosphorylated transcriptionally active form [132].
In addition, induction of SNAI2 RNA levels by Wnt3 has been described in breast cancer cells [133].

Interestingly, Snail1 and Snail2 are the best-characterized transcriptional repressors of the human
VDR gene. Our group demonstrated that Snail1 represses the expression of VDR by two mechanisms [83]
(Figure 2). On the one hand, Snail1 inhibits VDR gene transcription by binding to three E-box sequences
in its promoter. On the other, Snail1 reduces VDR RNA half-life. As a consequence, Snail1 strongly
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decreases the level of VDR RNA and protein and the cellular response to 1,25(OH)2D3 [83,84].
Moreover, forced expression of Snail1 in human CRC cells prevents the upregulation of E-cadherin
and the subsequent cell differentiation triggered by 1,25(OH)2D3. Therefore, by repressing VDR and
CDH1/E-cadherin genes, Snail1 abolishes 1,25(OH)2D3 action and favors the accumulation of β-catenin
in the nucleus and the transcription of β-catenin/TCF target genes [83,84]. Later, Snail2 was found
to also inhibit VDR gene expression in CRC cells through the same E-boxes in the promoter used by
Snail1 (Figure 2). Actually, both transcription factors present an additive repressive effect on the VDR
gene [134]. SNAI1 and/or SNAI2 upregulation is observed in 76% of human CRC and is associated with
VDR downregulation [83,134–136]. Not surprisingly, the lowest VDR RNA levels are found in tumors
with upregulation of both SNAI1 and SNAI2 genes [134]. VDR expression is also reduced in normal
colonic tissue surrounding the tumor, which suggests that Snail1 expression in tumor cells promotes
the secretion of factors that reduce VDR expression in neighboring normal cells [137]. In addition to
CRC cells, Snail1 and Snail2 also repress VDR gene expression and antagonize the antitumor action
of 1,25(OH)2D3 in human osteosarcoma and breast cancer cells [138,139]. Knackstedt and colleagues
showed that downregulation of Vdr observed in the colon of a colitis mouse model is associated with
an increase in the expression of Snail1 and Snail2 [140]. Altogether, these results support that activation
of the Wnt/β-catenin pathway upregulates Snail1 and Snail2, which antagonizes 1,25(OH)2D3/VDR
signaling by inhibiting VDR gene expression.

Figure 2. The Wnt/β-catenin signaling pathway represses VDR expression. A major mechanism of
this effect is the upregulation of Snail1 and Snail2, which repress VDR gene transcription and decrease
VDR RNA half-life. The Wnt/β-catenin pathway also antagonizes 1,25(OH)2D3/VDR signaling by the
upregulation of miR-372 and miR-373, which reduce the level of VDR RNA and protein.

3.2. Posttranscriptional Repression of VDR by miRNAs

A novel, recently described mechanism of Wnt/β-catenin-mediated antagonism of 1,25(OH)2D3/

VDR signaling involves the miR-372/373 cluster (Figure 2). miR-372/373 expression is induced by
β-catenin/TCF in several human cancer cell lines through three TCF/LEF binding sites located in its
promoter region [141]. Accordingly, this cluster of stem cell-specific miRs is dysregulated in various
cancers, particularly in CRC due to the constitutive activation of the Wnt/β-catenin pathway [142–144].
Wang and colleagues have shown that overexpression of miR-372/373 enhances the stemness of
CRC cells and promotes their self-renewal, chemotherapy resistance and invasive potential [145].

62



Cancers 2020, 12, 3434

These authors found that overexpression of miR-372/373 results in upregulation of stemness-related
pathways, e.g., Nanog and Hedgehog and, conversely, downregulation of differentiation-related
pathways, e.g., NFκB, MAPK/ERK, and VDR. Interestingly, they demonstrated that miR-372/373
overexpression leads to reduced expression of VDR RNA and protein in CRC cells, which contributes
to the maintenance of the cancer stem cell phenotype [145]. These data suggest that the Wnt/β-catenin
pathway also inhibits VDR expression through the induction of miR-372/373.

4. Conclusions

The Wnt/β-catenin pathway is frequently overactivated in cancer and promotes tumorigenesis,
which makes it an attractive candidate for therapeutic intervention. The active vitamin D metabolite
1,25(OH)2D3, a major regulator of the human genome, cooperates with the Wnt/β-catenin pathway in
the physiological control of tissues and organs such as bone, skin, and brain. Conversely, 1,25(OH)2D3

attenuates aberrant activation of the Wnt/β-catenin pathway that takes place in most CRC and in
a variable proportion of other solid tumors. To do this, 1,25(OH)2D3 modulates a series of genes
and mechanisms acting at different levels of the Wnt/β-catenin pathway that vary among cancer
types. 1,25(OH)2D3 does not completely block the pathway but rather reduces its overactivation.
This probably helps to maintain the physiological effects of Wnt/β-catenin in healthy organs, with few
toxic side-effects. As expected from two crucial regulators of the organism and its necessary homeostasis,
1,25(OH)2D3 action is counterbalanced by Wnt factors.

The multilevel antagonistic action of 1,25(OH)2D3 on aberrantly activated Wnt/β-catenin signaling
strongly supports the therapeutic utility of vitamin D compounds in cancer prevention and treatment.
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Simple Summary: The Wnt/β-catenin cell–cell signaling pathway is one of the most basic and highly
conserved pathways for intercellular communications regulating key steps during development,
differentiation, and cancer. In colorectal cancer (CRC), in particular, aberrant activation of the
Wnt/β-catenin pathway is believed to be responsible for perpetuating the disease from the very early
stages of cancer development. A large number of downstream target genes of β-catenin-T-cell factor
(TCF), including oncogenes, were detected as regulators of CRC development. In this review, we will
summarize studies mainly on one such target gene, the L1CAM (L1) cell adhesion receptor, that is
selectively induced in invasive and metastatic CRC cells and in regenerating cells of the intestine
following injury. We will describe studies on the genes activated when the levels of L1 are increased
in CRC cells and their effectiveness in propagating CRC development. These downstream targets of
L1-signaling can serve in diagnosis and may provide additional targets for CRC therapy.

Abstract: Cell adhesion to neighboring cells is a fundamental biological process in multicellular
organisms that is required for tissue morphogenesis. A tight coordination between cell–cell adhesion,
signaling, and gene expression is a characteristic feature of normal tissues. Changes, and often
disruption of this coordination, are common during invasive and metastatic cancer development.
The Wnt/β-catenin signaling pathway is an excellent model for studying the role of adhesion-mediated
signaling in colorectal cancer (CRC) invasion and metastasis, because β-catenin has a dual role in
the cell; it is a major adhesion linker of cadherin transmembrane receptors to the cytoskeleton
and, in addition, it is also a key transducer of Wnt signaling to the nucleus, where it acts as a
co-transcriptional activator of Wnt target genes. Hyperactivation of Wnt/β-catenin signaling is a
common feature in the majority of CRC patients. We found that the neural cell adhesion receptor
L1CAM (L1) is a target gene of β-catenin signaling and is induced in carcinoma cells of CRC patients,
where it plays an important role in CRC metastasis. In this review, we will discuss studies on
β-catenin target genes activated during CRC development (in particular, L1), the signaling pathways
affected by L1, and the role of downstream target genes activated by L1 overexpression, especially
those that are also part of the intestinal stem cell gene signature. As intestinal stem cells are highly
regulated by Wnt signaling and are believed to also play major roles in CRC progression, unravelling
the mechanisms underlying the regulation of these genes will shed light on both normal intestinal
homeostasis and the development of invasive and metastatic CRC.

Keywords: L1; Wnt target genes; β-catenin; cell adhesion; colon cancer; NF-κB; invasion and
metastasis; cancer stem cells; EMT; Lgr5

1. Introduction

Cell–cell adhesion is a basic biological process in multicellular organisms that determines cellular
and tissue morphogenesis, and its disruption is a hallmark of cancer development. Aberrant signaling

Cancers 2020, 12, 3444; doi:10.3390/cancers12113444 www.mdpi.com/journal/cancers73



Cancers 2020, 12, 3444

mediated by changes in cell–cell adhesion is a characteristic feature of invasive and metastatic
cancer cells. Wnt/β-catenin signaling is a key signaling pathway that is hyperactivated in the
majority of inherited colorectal cancer (CRC) patients and serves as a very useful model for studying
adhesion-mediated mechanisms underlying CRC development [1,2]. This notion is supported by
findings demonstrating that β-catenin plays a dual role in the cell. It is a major linker of cell–cell
adhesion receptors (of the cadherin type) to the actin-cytoskeleton and, in addition, β-catenin plays
a critical role in transmitting the Wnt signal to the nucleus by being a co-transcriptional activator
[together with T-cell factor (TCF)] of Wnt target genes in the nucleus [3,4]. These two seemingly
unrelated roles of β-catenin and the characteristic hyperactivation of Wnt/β-catenin signaling in CRC
can serve as a useful system for investigating the roles of adhesion-mediated and Wnt signaling in
CRC invasion and metastasis.

Wnt signaling was discovered over 40 years ago [5,6] and was first shown to play a role in
determining the segmentation pattern in Drosophila [7]. Following these original studies, in the coming
years, a role for Wnt signaling in embryonic axis determination in vertebrates was reported [8], and the
potential involvement of the Wnt pathway in cancer development in humans was suggested [9].
In parallel, numerous studies addressed the identification of downstream components in the Wnt
signaling pathway and discovered that inactivating mutations in the adenomatous polyposis coli
(APC) gene, which is involved in β-catenin degradation, is a key step in the activation of Wnt signaling
during CRC development [10]. In addition, stabilizing mutations in β-catenin against degradation by
the ubiquitin-proteasomal system were also identified in a minority of CRC cases [11,12]. At this stage,
an important avenue of research consisted of unraveling the target genes of Wnt/β-catenin signaling
that are responsible for human CRC development. As the early steps in tumorigenesis are driven by
changes that lead to uncontrolled proliferation of cells, initial studies focused on asking whether key
regulators of the cell cycle (especially those leading to increased cell proliferation) are target genes of
Wnt signaling and contain β-catenin/TCF binding sites in their promoter region. These studies led
to the discovery of c-myc [13] and cyclin D1 [14,15] as target genes of β-catenin/TCF transactivation.
Since then, hundreds of additional β-catenin-TCF target genes were discovered; for most of these
genes, their role in CRC development remains to be determined [16]. Initial immunohistochemical
studies of human CRC tissue did not detect a significant accumulation of β-catenin in the nuclei
of early-stage CRC tissue and β-catenin localization remained mostly at cell–cell junctions in both
normal colonic epithelial cells and in differentiated areas of CRC tissue [17,18]. However, at the later
stages of CRC development, especially during the invasive and metastatic stages of tumor progression,
a vast accumulation of β-catenin could be demonstrated, mostly in the nuclei of cancer cells [17,18],
in addition to a specific expression of β-catenin target genes at the invasive areas of the tumor [19].

In this review, we will describe studies mainly on one such β-catenin-TCF target gene, the neuronal
cell adhesion receptor L1CAM (L1) and its downstream targets, and its role in CRC invasion and
metastasis. We will also discuss studies suggesting that some genes induced by L1 overexpression
are known genes of the colonic stem cell signature that control the homeostasis of the intestinal stem
cell compartment. Because CRC is believed to originate from tumorigenic intestinal stem cells [20],
we hope that studies on L1 and downstream Wnt/β-catenin target genes will provide novel insights
into the control of normal intestinal homeostasis and will also provide new targets for CRC therapy.

2. Members of the L1 Family of Cell Adhesion Receptors Are β-Catenin-TCF Target Genes

Initial DNA microarray analyses of genes induced by activated β-catenin-TCF signaling in
cancer cells identified two members of the L1 family of immunoglobulin-like cell adhesion receptors,
NrCAM [21,22] and L1 [19]. These findings were unexpected because both L1 and NrCAM were
known to be present mostly in nerve cells, playing key roles during brain development by regulating a
number of dynamic cellular processes including axonal growth, fasciculation, and pathfinding [23,24].
In previous studies, numerous point mutations were discovered in the L1 molecule that have severe
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consequences on brain development, leading to mental retardation by a group of syndromes known as
L1 syndrome, MASA syndrome, and X-linked hydrocephalus [25–29].

L1 is a cell adhesion transmembrane receptor, believed to act mostly by homophilic interactions
with L1 on the surface of neighboring cells. L1 belongs to the superfamily of immunoglobulin-like cell
adhesion receptors, containing six Ig-like domains and five fibronectin type III repeats; a transmembrane
sequence; and a highly conserved (from C. elegans to man) cytoplasmic tail that has binding sites for
ezrin, ankyrin, and other PDZ-containing proteins (Figure 1). In addition, L1 can be cleaved in the
juxtamembrane region, outside the cell, by the metalloprotease ADAM10, and inside the cell, it has
binding sites for the γ-secretase cleavage complex (Figure 1). Unlike cadherins that are characterized
by strong homophilic interactions, L1 can interact via both homophilic and heterophilic binding to
other neuronal cell adhesion molecules including neurocan, neuropilin1, axonin, and N-CAM [30].
In addition, L1 can associate with ECM components (fibronectin, laminin, tenascin) and ECM receptors
(integrins) and can also bind to growth factor receptors, such as EGFR and basic FGFR [31]. Because of
these numerous weak interactions of L1 with a variety of molecules, an increase in the expression of
L1 in cancer cells could be advantageous for promoting the motile, invasive, and metastatic stages
of tumorigenesis.

Figure 1. Domain structure and binding partners of L1. Note the numerous types of L1 ligands in the
ectodomain as well as in the cytoplasmic tail domain of the molecule.

3. The Roles of L1 in Promoting CRC Cell Proliferation, Motility, Tumorigenesis, and Metastasis

Overexpression of L1 in 3T3 mouse fibroblasts and in human CRC cell lines results in elevated
cell proliferation under stress (in the absence of serum); increased motility; invasion; tumorigenesis
upon s.c injection into mice [19]; and, in the case of CRC cells, metastasis to the liver, a hallmark of
human CRC progression [32]. The metalloprotease ADAM10, also a target gene of β-catenin-TCF
transactivation, cleaves the ectodomain of L1 (Figure 1), thereby leading to its shedding, and promotes
the rebinding of the shed L1 ectodomain to L1 molecules on the cell surface and enhances the metastatic
potential of human CRC cells [32].

Immunohistochemical analysis of human CRC tissue revealed that the more differentiated areas
of the tumor and the normal colonic epithelium do not express L1 [19]. L1 is exclusively expressed
at the invading edge of human CRC tissue (Figure 2) in the membrane of cells that display strong
nuclear β-catenin staining, indicative of a highly active β-catenin-TCF transactivation [19]. These
results were recently confirmed and extended to show that, while L1 is not required for adenoma
initiation, it plays multiple roles in cancer propagation, liver metastasis, and chemoresistance [33].
This study also demonstrated that L1 is not expressed in the homeostatic intestinal epithelium, but its
expression is required for CRC organoid formation and metastasis initiation and growth. Finally, L1
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expression was shown to be crucial for the regrowth occurring during wound healing in the intestine
following injury [33]. Taken together, these results are reminiscent of the important roles played by
L1 in the dynamic cellular processes occurring in nerve cells during brain development (i.e., axonal
growth, pathfinding, and fasciculation) [34].

Figure 2. L1 is exclusively expressed at the invasive front of human colorectal cancer (CRC) tissue in
cells expressing β-catenin in their nuclei. (A) Immunohistochemical staining of human CRC tissue for
L1. Note the preferential localization of L1 in invasive areas of the tumor (black arrowheads), but not
in the inner more differentiated areas of the tumor. (B) In contrast to L1 localization, a serial tissue
section stained with anti β-catenin antibody displays a uniform staining of the same CRC tissue area.
(C) Enlarged picture of the boxed area in (A) showing the membranal localization of L1. Single CRC
cells invading into the stroma could also be seen (red arrowheads). (D) Magnified picture of the boxed
area shown in (B) localizing β-catenin staining in both the cytoplasm and nuclei of CRC tissue cells
and in the nuclei of single invasive cells (red arrowheads) at the tumor tissue edge [19]. Scale bar:
(A,B) 375 μm, (C,D) 75 μm.

4. Mechanisms and Downstream Targets of L1 Signaling

Numerous studies have addressed the mechanisms underlying the downstream signaling of L1.
In neuronal cells, neurite outgrowth was shown to involve the MAPK pathway by increasing the
expression of MAP2 [35]. In addition, the involvement of PI3K, ERK, and Rac-1 was also implicated
in L1 signaling [36–39]. More recent studies have shown that, in CRC cells [40] and in pancreatic
cancer cells [41], the signaling downstream of L1 involves the NF-κB pathway. According to this
model (Figure 3), the L1 signaling pathway includes the activation of the cytoskeletal protein ezrin by
phosphorylation on Thr567 (by ROCK), which leads to the re-localization of ezrin from filopodia to L1
in the membrane domain (Figure 3) and requires Tyr1151 on the L1 cytodomain (Figure 3B). Point
mutations in Tyr1151 abolish the tumorigenic and metastatic capacities conferred by L1 [40]. In the
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next step, the IκB–NFκB complex is recruited to this multimolecular assembly, which enhances IκB
phosphorylation and its degradation by the proteasome, thereby releasing NF-κB from IκB, which
enables the migration of NF-κB into the nucleus and the activation of NF-κB target genes (Figure 3C).
In support of this model, the activated (phosphorylated) p65 NF-κB subunit was detected in the
nuclei of CRC tissue cells in invasive areas of the tumor together with L1 and ezrin expression in the
membrane and cytoplasm of the same cells [40]. In addition, blocking NF-κB signaling in CRC cells
expressing elevated L1 expression abolishes the properties conferred by L1 including enhanced growth
and motility, tumorigenesis, and metastasis [40].

Figure 3. An NF-κB-ezrin signaling pathway is involved in L1 signaling in CRC cells. (A) The
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cytoskeletal protein ezrin is recruited to the cytoplasmic tail of L1 after it is activated by ROCK
phosphorylation. The binding of activated ezrin to L1 involves Tyr1151 on the L1 cytoplasmic tail.
(B) The L1-activated ezrin complex recruits the cytoplasmic NF-κB–IκB complex and leads to increased
phosphorylation of IκB. (C) Elevated IκB phosphorylation results in its increased degradation by the
proteasome and the release of NF-κB from the complex followed by NF-κB migration into the nucleus
and transcriptional activation of target genes [40].

5. Genes Induced or Suppressed by L1 That Affect CRC Progression

In the next step, we wished to determine the genes induced, or suppressed, by L1 in CRC cells
via an NF-κB-dependent mechanism using cDNA microarrays and compared these gene expression
patterns to those of a large set of human CRC tissue samples [42]. A rather unexpected result
of these analyses was the finding that, among the genes whose expression was suppressed by L1
overexpression (and by NF-κB signaling), and was also suppressed in human CRC tissue samples,
was the well-known oncogene c-KIT [42]. Reconstitution of c-KIT expression in human CRC cell lines
overexpressing L1 resulted in the inhibition of the pro-metastatic properties promoted by L1 in these
cells [42]. The mechanism underlying this anti-metastatic effect conferred by c-KIT also involves the
NF-κB pathway, but in this case, NF-κB plays an inhibitory role by suppressing the expression of SP-1,
a key transcription factor of the c-KIT gene. The inhibition of SP-1 expression resulted in decreased
c-KIT levels. In addition, the reduction in c-KIT also promoted an elevation in E-cadherin levels,
the growing of cells in flat epithelial-like colonies, and the inhibition of SLUG (a key transcription
factor of the EMT process), suggesting a mesenchymal to epithelial conversion (MET) [42]. While these
dramatic effects of c-KIT on metastasis and cell motility indicated a tumor suppressive effect played by
c-KIT [42], the proliferation in vitro and in vivo (in mice) of c-KIT overexpressing CRC cells showed
that c-KIT enhances tumorigenesis, thus pointing to distinct modes of action of c-KIT in early versus
late phases of tumor progression. A similar result was also reported for the key oncogene c-myc [43],
thus further arguing that separate pathways mediate the tumorigenic and metastatic processes by
these oncogenic molecules.

Further insight into the nature of genes induced by L1 in CRC cells by the NF-κB-ezrin pathway
and their role in CRC tumorigenesis was provided by the discovery of insulin like growth factor
receptor 2 (IGFBP-2) among these genes [44]. IGFBP-2 overexpression mimics the effects conferred by
L1 on cell proliferation, motility tumorigenesis and metastasis, and the suppression of IGFBP-2 levels
in L1-overexpressing cells blocked these properties conferred by L1 in CRC cells [44]. Interestingly,
IGFBP-2 forms a molecular complex with L1, further supporting the important role played by these
molecules in CRC progression. A most significant finding regarding the possible role of IGFBP-2 in
CRC was derived from immunohistochemical analyses of CRC tissue samples to detect the localization
of IGFBP-2. We detected IGFBP-2 at increased levels throughout the human CRC tissue samples,
co-localizing with the activated p65 NF-κB subunit [44]. Most importantly, in the adjacent normal
colonic mucosa, IGFBP-2 was exclusively localized at the bottom of the colonic crypts (Figure 4A).
Because cells in the colonic crypts, especially at the crypts bottom, contain the colonic stem cells [45],
which are believed to also be progenitors of the developing human CRC [45], we have further
investigated this relationship between L1-induced genes and the colonic stem cell signature genes.
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Figure 4. Genes induced by L1 in CRC cells include intestinal stem cell signature genes. (A) Insulin
like growth factor receptor 2 (IGFBP-2) staining of CRC tissue revealed strong staining of the tumor
tissue throughout the tissue, while in the adjacent normal mucosa, IGFBP-2 staining was exclusively
confined to the bottom of colonic crypts (black arrowheads). (B) The intestinal stem cell signature gene
secreted modular calcium-binding matricellular protein-2 (SMOC-2) was detected at the bottom of
colonic crypts in normal colonic mucosa (red arrowheads). (C) In CRC tissue, SMOC-2 was localized
in more differentiated areas of the tumor with stronger staining of invasive areas of the tumor (blue
arrowhead) [44,46]. Scale bar: (A) 250 μm, (B) 50 μm, (C) 100 μm.

6. Colonic Stem Cell Signature Genes Induced by L1 in CRC Cells

The human intestinal epithelium contains invaginating crypts that harbor, at their base,
the intestinal stem cells that express the Lgr5 molecular marker [20]. This epithelium is the most
frequently regenerating tissue in the body and the lifetime of intestinal epithelial cells is less than
a week. The stem cells fuel a continuous generation of all differentiated colonic cell types and are
believed to be the progenitors of human CRC cells [47]. Among the genes induced by L1-ezrin-NF-κB
signaling, we detected (in addition to IGFBP-2) the secreted modular calcium-binding matricellular
protein-2 (SMOC-2). SMOC-2 is known as a representative of the group of Lgr5+ intestinal stem cell
signature genes in mice [48]. We found that the induction of SMOC-2 in human CRC cells was necessary
for the pro-tumorigenic properties conferred by L1 [46]. SMOC-2 overexpression could mimic the
increase in cell proliferation under stress, motility, tumorigenesis, and liver metastasis and confers a
more mesenchymal phenotype characterized by suppression of E-cadherin levels and an increase in
the EMT-promoting transcription factor SNAIL. These properties of SMOC-2 overexpressing in CRC
cells involve signaling by integrin linked kinase (ILK) [46]. In addition, we found an increase in the
intestinal stem cell signature gene Lgr5 in CRC cells overexpressing SMOC-2, L1, or the p65 subunit of
NF-κB [46]. Most significantly, we detected SMOC-2 exclusively at the base of normal colonic epithelial
crypts (Figure 4B) and a preferential increase in its expression at invasive areas of human CRC tissue
(Figure 4C).

In the next step, we identified clusterin (CLU) as a gene induced by L1 that is also expressed at
increased levels in Lgr5+ intestinal stem cells of the mouse [49]. CLU is a secreted highly glycosylated
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protein that was implicated in playing a role in a variety of human tumors and is considered to be a
marker for CRC development [50]. Similar to IGFBP-2 and SMOC-2, CLU overexpression induces
CRC motility and tumorigenesis, but CLU does not promote experimental liver metastasis, implying
the involvement of additional factors. However, the suppression of CLU in L1-overexpressing cells
dramatically reduced their metastatic potential [49]. The mechanism of L1-mediated increase in CLU
does not involve the NF-κB pathway, but rather a STAT-1-mediated elevation in the expression of the
transcription factor SP-1 that activates the CLU gene promoter [49].

In the search for key intestinal/colonic stem cell compartment signature genes that could be
activated by L1-mediated signaling in CRC, we turned to analyze the expression of ASCL2 in
L1-overexpressing CRC cells. ASCL2 is a basic-helix-loop-helix transcription factor, a target gene of
Wnt/β-catenin signaling and is restricted to Lgr5+ basal crypt cells in both mice and humans [48].
A recent study identified ASCL2 as the key transcriptional regulator that is induced at a very early
stage during regeneration of the intestinal stem cell compartment following injury [51]. We found
that overexpression of L1 in CRC cells induces the expression and nuclear accumulation of ASCL2,
a decrease in E-cadherin levels, and increased levels of β-catenin in the nucleus, together with
elevated β-catenin-TCF transactivation of Wnt/β-catenin target genes [52]. This downregulation of
E-cadherin expression, the increase in the accumulation of nuclear β-catenin, and the transactivation
of Wnt/β-catenin-TCF target genes were also reported in breast cancer cells [53]. This suggests that the
replacement of E-cadherin-mediated adhesions by L1 in CRC cells is a more general characteristic of
cancer cells. In addition, we found that the overexpression of ASCL2 in CRC cells could mimic the
effects conferred by L1 on cell proliferation, motility, tumorigenesis, and liver metastasis (including
an elevation in the intestinal stem cell signature genes Lgr5, OLFM4, and SMOC-2), while ASCL2
suppression in L1-transfected CRC cells blocked these properties conferred by L1 [52]. We detected
ASCL2 in invasive areas of human CRC tissue in cells expressing increased levels of L1 (but not in
normal colon mucosa) [52], indicating that L1 and ASCL2 cooperate in promoting CRC progression.

7. Genes Affected by Point Mutations in the L1 Ectodomain That Regulate CRC Development

As inherited mutations in the L1 ectodomain were shown to affect the adhesive properties of
L1 and are associated with severe human brain developmental diseases [25–29,54], we searched for
genes induced by L1 that are affected by specific point mutations in the L1 ectodomain and examined
their role in CRC development. All the known ectodomain point mutants of L1 that we analyzed
lost their ability to confer the tumorigenic and metastatic properties in CRC cells [55]. Among the
genes that are specifically affected by the L1/H210Q mutation, but not by other L1 mutations in the L1
ectodomain, we identified the membrane-associated neutral endopeptidase, neprilysin (CD10) [55].
We found that the induction of CD10 by L1 that is blocked by the L1/H210Q mutation is required for
the pro-tumorigenic and metastatic capacities conferred by L1 [55]. As with several other L1-induced
genes, CD10 expression was dependent on an NF-κB-ezrin signaling pathway and we identified L1
and CD10 in cells localized in invasive areas of CRC tissue, suggesting that the two molecules act
together in promoting the invasive properties of CRC cells [55]. The identification of genes that are
specifically affected by such L1 ectodomain point mutations could provide additional targets for CRC
diagnosis and therapy.

8. Secreted Factors That Promote the Tumorigenesis Induced by L1 Overexpressing CRC Cells

Because a great number of genes that are induced by L1 overexpression in CRC cells are coding
for either membrane bound proteins and are exposed to the extracellular milieu, or proteins secreted
into the culture medium (see above, IGFBP-2, CLU, neprilysin, SMOC-2), we conducted a proteomic
analysis of the secretome from L1 expressing CRC cells. Among the proteins whose levels were
increased by L1 expression in CRC cells, we studied the role of the aspartate protease cathepsin D
(CTSD), a lysosomal and secreted protein, because numerous studies reported on its association with
the development of cancer in various tumors [56–61]. The levels of RNA, protein, and secreted CTSD
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protein were increased in response to L1 expression, and this induction of CTSD was necessary for
L1-mediated CRC progression and liver metastasis [62]. The overexpression of CTSD in CRC cells,
in the absence of L1, could confer increased proliferation, motility, tumorigenesis, and liver metastasis
in these cells [62]. Enhancing Wnt/β-catenin signaling increased the levels of CTSD, suggesting its
involvement in regulating CTSD expression. CTSD was detected in more invasive areas of the tumor
in both epithelial cells and the adjacent stromal compartment, but not in normal mucosa, supporting a
role for CTSD in L1-mediated CRC progression [62].

Another protein whose level is elevated in the secretome of CRC cells is the ubiquitin-like
interferon induced gene 15 (ISG15), which operates much like ubiquitin by conjugating to target
proteins (ISGylation) [63]. We found that increased ISG15 levels were required for L1-mediated CRC
progression because suppression of ISG15 expression blocked the L1-mediated increase in CRC cell
motility, tumorigenesis, and metastasis [63]. The induction of ISG15 was dependent on proper L1–L1
mediated adhesions, as point mutations in the L1 ectodomain abolished its ability to induce the
expression of ISG15 [63]. The induction in ISG15 by L1 was dependent on the NF-κB pathway and
ISG15 was detected in CRC tumor tissue and in the adjacent stroma, but not in normal colonic mucosa,
suggesting that ISG15 could serve as a therapeutic target for CRC treatment [63].

9. Conclusions

L1, a cell adhesion receptor and a target gene of Wnt/β-catenin signaling, is a key perpetuator of
CRC development and metastasis. L1 is not expressed in normal homeostatic colonic mucosa, but is
induced at the invasive front of CRC tissue in cells expressing the Lgr5 intestinal stem cell marker
as well as during regeneration of the intestinal/colonic tissue following injury. In addition, L1 was
reported to contribute to the generation of an immunosuppressive tumor microenvironment [64] and
promotes chemoresistance [33,65,66]. The studies summarized above point to the numerous genes
that are induced (and suppressed) during CRC progression following L1 expression. Because the
level of L1 expression was shown to be a powerful prognostic factor for indicating poor survival
in a variety of cancer types, L1 is considered a promising target for cancer therapy that involves
blocking L1 antibodies in combination with cytostatic drugs and/or radio-immunotherapy [67–70].
The downstream target genes of L1-mediated CRC progression described here could mimic the effects
conferred by L1 on the motile, tumorigenic, and metastatic properties of CRC cells. Targeting these
downstream effectors of L1-mediated signaling could provide additional approaches to CRC diagnosis
and therapy.
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Simple Summary: Angiogenesis belongs to the most clinical characteristics of colorectal cancer
(CRC) and is strongly linked to the activation of Wnt/β-catenin signaling. The most prominent
factors stimulating constitutive activation of this pathway, and in consequence angiogenesis, are
genetic alterations (mainly mutations) concerning APC and the β-catenin encoding gene (CTNNB1),
detected in a large majority of CRC patients. Wnt/β-catenin signaling is involved in the basic
types of vascularization (sprouting and nonsprouting angiogenesis), vasculogenic mimicry as well
as the formation of mosaic vessels. The number of known Wnt/β-catenin signaling components
and other pathways interacting with Wnt signaling, regulating angiogenesis, and enabling CRC
progression continuously increases. This review summarizes the current knowledge about the role of
the Wnt/Fzd/β-catenin signaling pathway in the process of CRC angiogenesis, aiming to improve
the understanding of the mechanisms of metastasis as well as improvements in the management of
this cancer.

Abstract: Aberrant activation of the Wnt/Fzd/β-catenin signaling pathway is one of the major
molecular mechanisms of colorectal cancer (CRC) development and progression. On the other hand,
one of the most common clinical CRC characteristics include high levels of angiogenesis, which is a key
event in cancer cell dissemination and distant metastasis. The canonical Wnt/β-catenin downstream
signaling regulates the most important pro-angiogenic molecules including vascular endothelial
growth factor (VEGF) family members, matrix metalloproteinases (MMPs), and chemokines.
Furthermore, mutations of the β-catenin gene associated with nuclear localization of the protein
have been mainly detected in microsatellite unstable CRC. Elevated nuclear β-catenin increases the
expression of many genes involved in tumor angiogenesis. Factors regulating angiogenesis with the
participation of Wnt/β-catenin signaling include different groups of biologically active molecules
including Wnt pathway components (e.g., Wnt2, DKK, BCL9 proteins), and non-Wnt pathway factors
(e.g., chemoattractant cytokines, enzymatic proteins, and bioactive compounds of plants). Several
lines of evidence argue for the use of angiogenesis inhibition in the treatment of CRC. In the context
of this paper, components of the Wnt pathway are among the most promising targets for CRC therapy.
This review summarizes the current knowledge about the role of the Wnt/Fzd/β-catenin signaling
pathway in the process of CRC angiogenesis, aiming to improve the understanding of the mechanisms
of metastasis as well as improvements in the management of this cancer.

Keywords: colorectal cancer; Wnt/beta-catenin signaling; angiogenesis; anti-angiogenic therapy

1. Introduction

The Wnt/Frizzled (Fzd)/β-catenin signaling pathway plays a significant role in physiology and
pathology (including carcinogenesis) [1–4]. Since the pioneering mouse model genetic studies and
Drosophila as well as the discovery of the first mammalian Wnt gene (1982), the role of Wnt signaling
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was mostly implied in cell growth regulation during embryonic development and maintenance of
adult tissue structure [5–7]. Aberrant activation of the Wnt/β-catenin signaling pathway as well as its
interactions with other pathways is characteristic for various types of carcinogenesis [6,8,9].

The elements of canonical Wnt signaling include both a range of extracellular factors (e.g., Wnts)
and cytoplasmic proteins (e.g., β-catenin). Wnt ligands, which consist of more than 19 cysteine-rich
secreted glycoproteins, mediate cell–cell communication and adhesion, while β-catenin acts as
the main downstream effector of the pathway in a target cell [4,9–12]. The Wnt protein binding
cell surface receptor complex is composed of two molecules, the Fzd protein and the single-pass
transmembrane molecule, low-density lipoprotein-related protein 5/6 (LPR5/6). There are also several
other transmembrane molecules that function as alternative Wnt receptors (e.g., the retinoic acid
receptor (RAR)-related orphan receptor (ROR) and related to receptor tyrosine kinase (RYK)) [9]. In
turn, there are also Wnt isoforms with the ability to activate the Wnt/β-catenin-independent signaling
(e.g., Wnt/calcium and the Wnt/planar cell polarity pathways). Moreover, a number of secreted proteins
regulating Wnt signaling have been identified (e.g., Dickkopf (DKK) family proteins, Fzd-related
Proteins (FRPs), and Wnt Inhibitory Factor-1 (WIF-1)) [6,9].

It was long suggested that the Wnt/Fzd/β-catenin signaling pathway regulates the development
of blood vessels in physiological and pathological conditions due to the presence of Wnt ligands (e.g.,
Wnt-2, -5a, -7a, and -10b), Wnt receptors (e.g., Fzd-1, -2, -3, and -5), and Wnt inhibitors (e.g., FRP-1
and -3) in vascular cells [13]. Descriptions of the biological activity of several identified human Wnt
isoforms are already the subject of a number of excellent reviews [1,4,6,9,14].

Wnt/β-catenin signaling plays an especially important role in the carcinogenesis of the organs of
the gastrointestinal tract in which this pathway takes part in the regulation of embryonic development
as well as the homeostasis of adult tissues [1,8,15–17]. This group includes colorectal cancer (CRC), the
third most commonly diagnosed tumor as well as the second leading cause of cancer-related deaths
worldwide [18].

The most common clinical CRC characteristics include high levels of angiogenesis, metastasis,
and chemoresistance [19]. In CRC etiology, the decisive role is attributed to the genetic changes
(especially mutations of tumor suppressor genes and/or proto-oncogenes) occurring in different
stages of carcinogenesis (e.g., mutation of the Adenomatous Polyposis Coli (APC) gene during the
initiation, and Kirsten Rat Sarcoma Virus (KRAS, K-Ras) gene mutation during the progression of the
tumorigenesis) [20]. Currently (2020), a classical APC-KRAS-TP53 progression model, described by
Fearon and Vogelstein in the 1990s [21], has been confirmed, proving that APC mutations have the
highest odds of occurring early, followed by KRAS, loss of 17p and Tumor Protein 53 (TP53), and SMAD
family member 4 (SMAD4) gene mutations [22]. Inactivating mutations of APC leads to constitutive
activation of Wnt/β-catenin signaling and tumor development. The CRC is therefore considered a
prototype example of an oncogenic function of the Wnt/β-catenin signaling [6,8,20].

The key component of the Wnt signaling is the cytoplasmic protein β-catenin, serving two
important cellular functions. In the cytoplasm, it participates in a so-called destruction complex
(DC), together with Axin, APC, and a two serine-threonine kinases: glycogen synthase kinase 3α/β
(GSK3α/β) and casein kinase 1 α/δ (CK1 α/δ). Phosphorylation of the β-catenin N terminus represents
a pre-requirement for recognition by E3-ubiquitin ligase β-TrCP, with its subsequent degradation in
proteasomes. The second important cellular function of β-catenin in epithelial cells is the formation of
intercellular junctions of zonulae adherens type, together with other catenins (α and γ) and E-cadherin.
Activation of the canonical Wnt signaling inhibits β-catenin phosphorylation and protein degradation.
Stabilization and cytoplasmic accumulation of β-catenin leads to its transport to the cell nucleus,
resulting in the indirect regulation of transcription by the binding of sequence-specific Lymphoid
Enhancer Factor/T cell Factor (LEF/TCF) DNA binding factors that upregulate target genes [9,23]. A
recent meta-analysis of transcriptomic studies suggests that LEF/TCF-specific transcriptional regulation
of Wnt target genes in CRC is relevant for tumor progression and metastasis [24]. It is worth noting
that a subset of β-catenin transcriptional targets is LEF/TCF-independent [25].
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Hence, particular actions of Wnt/β-catenin signaling can be regulated through interactions with
various molecular partners including the molecules of adherent junction (E-cadherin), DC elements
(axin/conductin, APC, GSK3α/β, CK1 α/δ, and β-TrCP) as well as LEF/TCF family transcription
factors [9].

The APC and catenin β1 (β-catenin) encoding gene (CTNNB1) mutations are observed in familial
adenomatosis polyposis and 60–90% of sporadic CRC [8,26]. Recently, splice alterations in intronic
regions of APC and large-frame deletions in CTNNB1 have been described, increasing Wnt/β-catenin
signaling oncogenic alterations to 96% of CRC [27]. Mutations of APC encompassing at least two
β-catenin downregulating motifs are significantly more frequent in microsatellite unstable (MSI-H)
than in microsatellite stable (MSS) CRC [28]. However, the functional effects of APC and CTNNB1
mutations might differ, sparking the search for other factors influencing the action of the Wnt/β-catenin
signaling pathway, especially in the context of CRC treatment.

Several lines of evidence argue for the use of angiogenesis inhibition in the treatment of CRC. In
the context of this paper, components of the Wnt pathway with anti-angiogenic activity are among the
most promising targets for CRC therapy [6,8,20].

This review summarizes the current knowledge about the role of the Wnt/Fzd/β-catenin signaling
pathway in the process of CRC angiogenesis for a better understanding of the mechanisms of metastasis
as well as improvements in the management of this cancer.

2. Wnt/β-Catenin Signaling and Colorectal Cancer–General Comments

The link between hyperactivation of the Wnt/Fzd/β-catenin signaling and the development of
colorectal cancer has been long recognized [2,19,20,29,30]. The activated Wnt/β-catenin signaling
promotes CRC cell invasion and migration in vitro, subcutaneous tumor growth, angiogenesis, and
liver metastases in vivo [31].

The activation of the Wnt canonical pathway causes inhibition of β-catenin phosphorylation
as well as the absence of its degradation. Its stabilization and accumulation in the cytoplasm
facilitate the transport of β-catenin to the cell nucleus. In the cell nucleus, β-catenin forms a complex
with LEF/TCF and intensifies the expression of various target genes associated with proliferation,
differentiation, migration, and angiogenesis [2,15,17,30]. In CRC progression and angiogenesis,
simultaneous hyperactivation of Wnt/β-catenin signaling and inhibition of the phosphatidylinositol
3’ kinase (PI3K)/Akt pathway promote nuclear accumulation of β-catenin and the Forkhead box
03 protein (FOXO3a), respectively, promoting metastasis by regulating a panel of target genes [2].
Recently, a total of 13 target genes, highly functionally correlated with β-catenin, were identified to be
significantly altered in CRC [30].

Evaluation of Wnt signaling activity in CRC became a basis to indicate molecular subtypes of
this cancer. Hence, based on different responses to epidermal growth factor receptor (EGFR)-targeted
therapy (cetuximab), six CRC subtypes were characterized and associated with distinctive anatomical
regions of the colon crypts (phenotype), with location-dependent differentiation states and Wnt
signaling activity [32]. In another molecular characterization of CRC, four consensus molecular
subtypes (CMSs) were indicated including CMS2 (“canonical” subtype) (37%), which is characterized
as epithelial and chromosomally unstable with marked Wnt and Myc signaling activation [33]. The
most recent classification, among CRC intrinsic subtypes (CRIS), indicates CRIS-D, and to a lesser
extent, CRIS-E as subtypes with high Wnt activity and a bottom crypt phenotype [34].

3. Typical Features of Angiogenesis in Solid Tumors (Including Colorectal Cancer (CRC))

Angiogenesis is one of the key mechanisms of tumor development and is critical for invasive
tumor growth and metastasis [31,35–37]. The notion that “sustained angiogenesis” is one of the six key
processes enabling malignant growth [38], tumor progression, and is one of the commonly accepted
indicators of prognosis, is still valid [39]. This process (interchangeably called neoangiogenesis)
enables new blood vessel formation through sprouting and splitting from the pre-existing ones.
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Hence, cancer-focused research currently indicates two major types of angiogenesis: sprouting and
nonsprouting (intussusceptive), dependent or independent of endothelial cell (EC) proliferation,
respectively [40]. Other authors have reported six mechanisms of vascularization observed in solid
tumors. These include, apart from the above-mentioned, recruitment of endothelial progenitor cells
(EPCs), vessel co-option, vasculogenic mimicry (VM), and lymphangiogenesis [41]. In CRC, the two
main types of angiogenesis (sprouting and nonsprouting) are most commonly described, with the
addition of VM [42–44]. The “mosaic” vessels have also been reported in the xenograft of human colon
adenocarcinoma cells (LS174T) and in human CRC tissues in which both ECs and tumor cells form the
lumen. Potential mechanisms of mosaic vessel formation are discussed [45].

Among the cells participating in neoangiogenesis/neovascularization in CRC, EPCs, and ECs
co-opted from surrounding vessels [41,46,47] as well as cancer stem cells (CSCs) are all indicated [40].

The process known as VM is based on the formation of vascular channels without ECs. It is carried
out through transdifferentiation of colorectal CSCs (CRCSCs) to form vascular-tube structures (mimic
the function of vessels) that facilitate tumor perfusion independently of tumor angiogenesis [40,43,44].
VM formation in CRC is promoted by the Zinc Finger E-box Binding Homeobox 1 (ZEB1) protein. Its
silencing resulted in VM inhibition and vascular endothelial (VE)-cadherin downregulation in colon
cancer cells (HCT116) [48]. Canonical Wnt signaling also participates in VM. It was demonstrated that
in VM-positive CRC samples, the expression of Wnt3a and nuclear expression of β-catenin is increased
compared to VM-negative samples. In in vitro (HT29 cells) studies as well as in the mouse xenograft
model, the tube-like structure formation was confirmed with the mechanism of overregulated Wnt3a
participation in this process explained (through increased expression of vascular endothelial growth
factor receptor type 2 (VEGFR-2) and VE-cadherin) [11].

The best-known molecular pathway driving tumor vascularization (including CRC) is the
hypoxia-adaptation mechanism. When the tumors grow to 0.2–2.0 mm in diameter, they become
hypoxic and hindered in growth in the absence of angiogenesis. During the angiogenic switch,
pro-angiogenic factors predominate and result in a transition from a vascularized hyperplasia to
vascularized tumor, and eventually, to malignant tumor progression [46,49–51]. Pro-angiogenic proteins
are produced by the tumor and stromal cells and include (i.e., VEGF, transforming growth factor (TGF),
basic fibroblast growth factor (bFGF), and platelet-derived growth factor (PDGF)) [35,52,53]. The two
latter growth factors are indispensable in the maintenance of the angiogenic process [35].

The best-studied pro-angiogenic factor in solid tumors is VEGF, which is important for sprouting
angiogenesis as well as the recruitment of circulating EPCs to tumor vasculature [46,47,54]. Several
members of the VEGF family have been described, namely the VEGF-A, B, C, D, E and placental growth
factor (PlGF, PGF) [50]. These factors bind specific receptors present on the EC surface (VEGFR-1,
VEGFR-2, VEGFR-3, neuropilin-1 and -2), which dimerize and activate the intracellular tyrosine kinases
(TKs), conducting the angiogenesis promoting signals [41]. VEGF-dependent tumor angiogenesis
appears to activate inverse and reciprocal regulation of both VEGFR-1 and VEGFR-2. The VEGFR-1
signaling is required for EC survival, while VEGFR-2 regulates capillary tube formation [55].

Increased production of VEGF follows for upregulation of the hypoxia-inducible transcription
factor 1 (HIF-1) complex [56,57]. In turn, other factors regulate the HIF-1 complex. An increase in
HIF1α expression was reported to be invoked by overexpression of Sine Oculis Homeobox Homolog 4
(SIX4) via Akt signaling. SIX4 also intensified VEGF-A expression by coordinating with HIF-1α in CRC,
promoting angiogenesis and tumor growth both in vivo and in vitro [57]. Other pro-angiogenic genes,
activated through HIF-1 binding to hypoxia response sequence element (5’-CGTG-3’) in their promoters,
are PDGF and TGF-α, activation of which results in blood vessel remodeling and angiogenesis [53,58].
Other HIF-1 target genes with proven roles in colon carcinoma cell invasion include vimentin, keratins
14, -18, -19, fibronectin 1, matrix metalloproteinase 2 (MMP-2), urokinase-type plasminogen activator
receptor (uPAR), cathepsin D, and autocrine motility factor (AMF) [58]. In turn, HIF-1α and HIF-2α
were proven to play different, or even opposing, roles in canonical Wnt signaling in colon cancer cells.
Hence, while HIF-1α silencing negatively affected the stability and transcriptional activity of β-catenin,
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HIF-2α knockdown did not affect β-catenin level, increasing the transcriptional activity of this protein
by inducing its nuclear transport.

Participation of the Wnt/β-catenin axis in CRC angiogenesis is a complex process. It was
proven that β-catenin induces VEGF-A expression (mRNA and protein) in human colon cancer cells,
underlining the importance of this protein in early and stepwise events of CRC neoangiogenesis [59,60].
Furthermore, VEGF expression positively correlates with cytoplasmic β-catenin expression in tumor
cells as well as with tumor progression in vivo [61]. In turn, while VEGFR-1 (Flt-1) is considered
specific for ECs, it is also present and functional in different CRC cell lines [62]. Moreover, the study
of Ahluwalia et al. reported strong expression of not only VEGF but also VEGFR-1 and VEGFR-2
in human CRC specimens as well as in in vitro studies (HCT116 and HT29 cells). This indicates an
autocrine mechanism of action of cancer cell produced VEGF, independent of its primary function in
the induction of angiogenesis [63]. Other studies indicate that in CRC, VEGF is secreted through a
K-ras/PI3K/Rho/ROCK/c-Myc axis [64]. There are also reports of Wnt signaling promotion by K-ras
activation as well as the cooperation of these signaling pathways in the CRC angiogenesis process [59].

In CRC cells, non-endothelial interactions between both VEGF receptor type 1 and 2 (VEGFR-1,
VEGFR-2) and the Wnt/β-catenin pathway have also been reported [10,65]. Naik et al. showed that
VEGFR-1 is a positive regulator of the Wnt/β-catenin pathway, functioning in a GSK3β-independent
manner [65]. Inhibition of VEGFR-1 action by RNA interference (RNAi) or TK inhibitors (TKIs) in
Wnt-addicted CRC cells leads to cell death via direct disruption of the Wnt/β-catenin “survival”
signaling [10,65].

An interesting model of the regulating influence of Wnt signaling on cancer metabolism and
angiogenesis through pyruvate dehydrogenase kinase 1 (PDK1), as a direct Wnt target gene, was
demonstrated by Pate et al. They reported that Wnt/β-catenin signaling directs a metabolic program of
glycolysis in colon cancer cells (as a common cancer phenotype called the Warburg effect) and affects
the tumor microenvironment through increased vessel development [66].

When it comes to mechanisms of CRC angiogenesis regulated through Wnt/β-catenin signaling, a
growing number of factors promoting or inhibiting this process are described [67–69].

4. Factors Promoting CRC Angiogenesis via Wnt/β-Catenin Signaling

Many described factors promote angiogenesis through Wnt/β-catenin signaling pathway
regulation. These include Wnt pathway components and non-Wnt signaling biologically active
molecules such as chemoattractant cytokines (chemokines) [70] and various enzymatic proteins
including transcription factors [71–78]. The components of the Wnt pathway include agonists (e.g.,
B cell Lymphoma 9 protein (BCL9)) [67,79,80] as well as antagonists such as the DKK-4 (also called
the Dickkopf Wnt signaling pathway inhibitor 4) [81]. An increase in DKK-4 mRNA production was
observed in CRC tissues, with elevated ectopic expression of the DKK-4 protein intensifying cell
migration and invasion. Moreover, conditioned media from DKK-4 expressing cells also promoted
the migrative abilities of CRC as well as the formation of capillary-like tubules of human primary
microvascular ECs [81].

It needs to be noted that the activity of many classical pro-angiogenic factors (e.g., VEGF-A,
MMPs, inducible nitric oxide synthase (iNOS), and chemokines) is usually regulated by at least
two signaling pathways (e.g., PI3K/Phosphatase and the Tensin Homolog Deleted on Chromosome
Ten (PTEN)/Akt pathway and canonical Wnt/β-catenin downstream signaling). Hence, aberrant
Wnt/β-catenin signaling, along with the production of nitric oxide (NO), can positively regulate tumor
angiogenesis [68].

The BCL9 protein, a transcriptional Wnt/β-catenin cofactor, is the angiogenesis promoting
element of the Wnt pathway in CRC [80]. An β-catenin independent function of the BCL9 was
also proven, correlating with poor prognosis subtype of the CRC [82]. In the past, it has been
underlined that BCL9 intensifies β-catenin-mediated transcriptional activity, independently of Wnt
signaling component mutations. BCL9 knockdown enhanced the survival of the xenograft mouse
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model of CRC and attenuated the expression of pro-angiogenic factors (e.g., CD44, and VEGF), which
resulted in a reduction of tumor metastasis and angiogenesis [67]. Hence, BCL9 is a coactivator of
the β-catenin-mediated transcription that is highly expressed in tumors, but not in the physiological
cells of their origin. The mechanism of BCL9 action in Wnt signaling is based on its direct binding to a
unique BCL9-β-catenin binding domain [79], corresponding to its Homology Domain 2 (HD2), which
contains a single amphipathic α-helix [83].

(C-X-C motif) ligand 8 (CXCL8) (also known as interleukin (IL)-8) is one of the proinflammatory
chemokines produced by CRC cells at the tumor invasion front. It promotes angiogenesis through
VEGF-A upregulation and cell invasion via the Akt/GSK3β/β-catenin/MMP-7 pathway, by upregulating
the anti-apoptotic B-cell lymphoma protein 2 (Bcl-2) [70]. Participation of stromal cell-derived factor 1
(SDF-1) and its receptor (C-X-C chemokine receptor type 4 (CXCR4, fusin, CD184)) was also proven
in the mechanisms of CRC progression. In vitro studies confirmed that stromal cell-derived factor 1
(SDF-1) induced CXCR4-positive CRC cell invasion and epithelial-mesenchymal transition (EMT) via
activation of the Wnt/β-catenin signaling [84].

DEAH box protein 32 (DHX32), one of the RNA helicases, also belongs to the group of angiogenesis
promoting enzymes. This transcriptional regulator enhanced the expression of VEGF-A in CRC cells,
interacting and stabilizing β-catenin. Thus, the study showed that DHX32 overexpression was
associated with angiogenesis in CRC as well as poor outcomes of human CRC patients [72]. Another
factor, overexpression of which influences the aggressive phenotype, angiogenesis, chemoresistance,
and metastasis of CRC cells, is gankyrin (PSMD10). It is a regulatory subunit of the 26S proteasome
complex. A unique pathway participates in the regulation of the above-mentioned processes by
gankyrin, namely the PI3K/GSK3β/β-catenin (a cross-talk between the PI3K/Akt and Wnt/β-catenin
canonical signaling pathways) [19]. In turn, Cheng et al. proved the stimulating influence on
CRC progression and metastasis exhibited by Uba2, a vital component of small ubiquitin-like
protein SUMO-activating enzyme, occurring through the regulation of Wnt signaling and EMT
enhancement [85].

A positive influence on CRC angiogenesis is also attributed to tissue transglutaminase 2 (TGM2).
It was reported that silencing of TGM2 inhibited angiogenesis and suppressed the expression of
MMP-2, MMP-9, Wnt3a, β-catenin, and cyclin D1 [75]. Similar results were obtained by other authors,
describing a decrease in both stemness and angiogenesis through TGM2 inhibition [86]. Similarly, in the
case of the Casitas B-lineage lymphoma (c-Cbl) gene encoding CBL protein, which plays a role as an E3
ubiquitin-protein ligase, it was proven that mutant C-Cbl-Y371H resulted in augmented Wnt/β-catenin
signaling, increasing Wnt gene expression, angiogenesis, and CRC growth. Furthermore, for the
regulation of nuclear β-catenin and angiogenesis, phosphorylation of c-Cbl Tyr371 is also required [73].

High aggressiveness and intense angiogenesis were also attributed to the HCT-116 CRC cells
stably overexpressing Akt. In these cells, an increased expression of EMT-related transcription factors
was noted including β-catenin. Akt/HCT-116 xenografts were highly aggressive and angiogenic (with
high microvessel formation and increased expression of Factor VIII) compared to the pCMV/HCT-116
xenografts. Additionally, the tumors were characterized by the nuclear localization of β-catenin and
lower expression of E-cadherin [71].

Among the transcription factors, interesting correlations can be observed between Wnt/β-catenin
signaling and Zink Finger Transcription Factor Spalt (Sall)-like Protein 4 (SALL4). In a study of the
SALL4 gene promoter, a consensus TCF/LEF-binding site within a region of 31 bp was described,
possibly playing a role in the stimulation of Wnt/β-catenin signaling in various cancers (including
CRC) through direct β-catenin biding and oncogene action [76,78]. In CRC cells, co-expression and
correlation between SALL4 and β-catenin expression was described, promoting lymph node metastasis
and advanced CRC clinical stage [78]. Recently, it was also demonstrated that SALL4 participates in the
process of human umbilical vein ECs (HUVECs) angiogenesis, modulating VEGF-A expression [87].

When it comes to other transcription factors, it was demonstrated that the Forkhead Box Q1
protein (FOXQ1) protein is overexpressed in CRC and correlates with stage of tumor and lymph node

92



Cancers 2020, 12, 3601

metastasis. Small iRNA knockdown experiments on the SW480 cell line weakened the aggressive
potential of cancer, downregulating angiogenesis, invasion, EMT, and resistance to drug-induced
apoptosis through the inhibition of nuclear translocation of β-catenin. It was also demonstrated
that the expression and action of FOXQ1 were promoted by TGF-β1. Hence, CRC progression via
angiogenesis was enabled by the co-operation of two signaling pathways: Wnt and TGF-β1 [77].

The influence of several plant-based compounds on CRC angiogenesis [88] as well as the
connection between the activity of such compounds and Wnt/β-catenin signaling in CRC, were also
investigated [89]. These compounds include the water solutions of Aloe vera extracts (with two active
components: aloin and aloesin). It seems that the action of active Aloe Vera components on angiogenesis
and tumor growth depends on the activity of more than one signaling pathway. It was proven that aloin
promotes activation of the Wnt/β-catenin signaling as well as inhibits the Notch signaling pathway in
CRC cells only in the presence of Wnt3a. In turn, aloesin directly activates Wnt signaling and inhibits
the Notch pathway in a Wnt3a independent manner [89]. These results are contradictory to previous
reports describing the inhibiting influence of aloin on CRC angiogenesis via signal transducer and
activator of transcription protein 3 (STAT3) activation [88].

5. Factors Inhibiting CRC Angiogenesis via Wnt/β-Catenin Signaling

Furthermore, various factors inhibiting angiogenesis CRC via Wnt/β-catenin signaling were also
described. These include antagonists of Wnt (e.g., DKK-1 genes) [90]. DKK-1 protein expression in
CRC tissues was downregulated during the CRC adenoma-carcinoma sequence, correlating with the
downregulation of VEGF expression and decreased microvessel density. Overexpression of DKK-1 in
CRC cells in vitro (HCT116) inhibited the formation of tube-like structures and downregulated VEGF
expression in HUVECs. Xenografts of DKK-1 overexpressing CRC cells have decreased microvessel
density (MVD) and VEGF expression vs. the control cells [90].

Angiogenesis inhibiting factors also include tumor suppressors (e.g., tumor necrosis factor α

(TNFα)-induced protein 8 like 2 (TIPE2, TNFAIP8L2)) [91]. TIPE2 plays a role in immune homeostasis
and is associated with carcinogenesis on many tumors [92]. The study by Wu et al. on human rectal
adenocarcinoma demonstrated that the expression of this protein was higher in tumor tissues compared
to the control. However, TIPE2 overexpression increased cell apoptosis through downregulation of
Wnt3a, phospho-β-catenin, and GSK3β expression in rectal adenocarcinoma cells. It was proven
that TIPE2 knockdown promoted the growth of this tumor through angiogenesis modulation. The
participation of TIPE2 in the regulation of proliferation, migration, invasion, and, consequently,
angiogenesis involves the Wnt/β-catenin and TGF-β/Smad2/3 signaling pathways [91].

A relation between re-expression of type 1 cyclic guanosine monophosphate (cGMP)-dependent
protein kinase (PKG) in metastatic colon carcinoma and reduced tumor angiogenesis was also described.
In vivo studies confirmed reduced levels of VEGF in PKG-expressed tumors compared with tumors
that were derived from parental SW620 cells. Moreover, PKG expression was associated with reduced
levels of β-catenin in comparison with the parental cells. Administration of exogenous PKG in
SW620 cells also inhibited the expression of β-catenin and resulted in a decrease of TCF-dependent
transcription [93].

Another molecule inhibiting β-catenin mRNA production and promoter activity is the
scaffold/matrix attachment region binding protein 1 (SMAR1). Effects inhibiting the Wnt/β-catenin
signaling activity were obtained by recruiting histone deacetylase-5 to the β-catenin promoter, resulting
in decreased CRC cell migration and invasion as well as indirectly inhibiting cancer progression and
angiogenesis. Moreover, smaller tumor size in in vivo NOD-SCID mice correlated with the suppression
of β-catenin [94].

Protein kinase C-α (PKCα) can also function as a Wnt/β-catenin inhibitor, participating in RORα
phosphorylation, hence inhibiting transcriptional activity of β-catenin. The key mechanism of that
Wnt/β-catenin signaling inhibition is Wnt5a/PKCα-dependent phosphorylation on SER35 of RORα.
Reduction of RORα phosphorylation in >70% of CRC cases appears clinically important, together with
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a significant correlation of this reduction and PKCα phosphorylation in tumor samples compared
to normal tissue specimens [95]. It was also proven that PKCα also phosphorylates β-catenin itself,
leading to its physiological degradation in proteasomes [96]. Recent in vitro (DLD-1 cells incubated
with PKCα activators) and in vivo (C57BL/6J mice) studies with knocked-out PRKCA (gene encoding
mouse PKCα) confirmed that this kinase exerts an anti-tumor (anti-growth, stimulating cell death)
effect on cancer cells [97].

Similarly, an inhibitory influence of certain plant-based compounds (known and used in traditional
Chinese medicine) on angiogenesis is described. The research indicates the inhibiting function of
sporamin (a Kunitz-type trypsin inhibitor, found in sweet potato (Ipomea batatas)) on the number
and mass of tumor nodules formed in the abdominal cavity via reduction of β-catenin (mRNA and
protein) and VEGF concentration in the liver of mouse xenografted with LoVo CRC cells [97]. Another
such compound is Tanshinone IIA (Tan IIA, TSA), the active lipophilic component of a Chinese Salvia
miltiorrhiza Bunge plant. The mechanism of its action in normoxic and hypoxic microenvironment
conditions is based on the inhibition of TGF-β secretion via inhibition of HIF-1α, which drives
angiogenesis by promoting β-catenin nuclear translocation and TCF/LEF activation [98].

A significant influence on Wnt/β-catenin signaling and downregulation of the key genes: TCF4
(transcription factor 7-like 2, TCF7L2), cyclin D1, and c-Myc in CRC are also exerted by emodin (the
anthraquinone-active substance) [99,100]. This active component of the roots and bark of several plants
regulates the expression of key components of Wnt signaling, namely β-catenin and TCF7L2 as well
as several downstream targets of this pathway. Additionally, two new targets of emodin action, the
p300 Wnt co-activator (downregulated), and the HMG-box transcription factor 1 (HBP1) repressor
(upregulated) were indicated in CRC cell lines [99]. Recent research confirmed these observations
through the demonstration of EMT and tumor growth inhibition. After emodin administration, a
decrease in the expression of MMPs (MMP-7 and MMP-9), VEGF, N-cadherin, Snail, and β-catenin
was observed together with an increase in E-cadherin mRNA expression [100].

A recent study (2020) indicated the inhibitory influence of 6-Gingerol (6-G) on mouse CRC
tumorigenesis and angiogenesis, with the participation of the Wnt/β-catenin signaling [101]. The use
of ginger (Zingiber officinale) extract and 6-G in therapy against cancers (including CRC) is very well
known in medicine (reviewed in [102]). After 6-G exposition, downregulation of various oncogenic
proteins’ expression was demonstrated, including Wnt3a and β-catenin. Inhibition of angiogenesis
occurred through the downregulation of the concentration of VEGF, Angiopoietin-1 (ANG-1), FGF, and
growth differentiation factor 15 (GDF-15) in the colon of benzo[a]pyrene and dextran sulfate sodium
(DSS)-exposed mouse [101].

Furthermore, the inhibitory action of Raddeanin A (RA), an active oleanane type triterpenoid
saponin and a major compound isolated from Anemone raddeana Regel was also described in CRC,
influencing invasion and metastasis of this cancer’s cells. This process occurred via nuclear-factor
kappa B (NF-κB) and STAT3 signaling pathways. However, the main signaling pathway associated
with RA action seems to be the PI3K/Akt (reviewed in [103]). Inhibition of cell proliferation and tumor
growth occurs through the downregulation of canonical Wnt/β-catenin and NF-κB signaling pathways.
In the mechanism of Wnt pathway downregulation, suppression of phosphorylated lipoprotein-related
protein 6 (p-LPR6), Akt inactivation, the release of GSK3β inhibition, and attenuation of β-catenin
expression were noted [104]. It was proven that RA inhibits HUVEC proliferation, motility, migration,
and tube formation as well as reduces angiogenesis in the chick embryo chorioallantoic membrane.
As an anti-tumor plant-based compound, RA also inhibits angiogenesis in vitro (HCT-15 cell line) as
well as in preclinical models in vivo. Mechanism of its action in CRC is based on the modulation of
VEGF-mediated phosphorylation of VEGFR-2 as well as downstream focal adhesion kinase (FAK),
phospholipase C γ1 (PLCγ1), Src, and Akt kinases [105].

Pan et al. demonstrated the inhibitory action of aloin (derived from Aloe barbadensis Miller (Aloe
vera) leaves) on angiogenesis, mainly occurring through the inhibition of the STAT3 signaling pathway.
Aloin inhibited HUVEC proliferation, migration, and tube formation in vitro as well as activation
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of VEGFR-2 and STAT3 phosphorylation in ECs. After aloin administration in SW620 CRC cells,
a downregulation of antiapoptotic (Bcl-xL), pro-proliferative (C-Myc), and angiogenic factors (e.g.,
VEGF) was also observed. Moreover, reduced tumor volumes and weight were noted in vivo (mice
xenograft model) [88].

The activity of other plant-derived compounds as potential therapeutic targets will be discussed
in further sections of this review.

In Table 1, a summary of pro- and anti-angiogenic activity of chosen factors influencing the
Wnt/β-catenin signaling in CRC is presented.
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6. Cellular Components of Tumors in Angiogenesis-Related Functions of Wnt/β-Catenin
Signaling in CRC

Cells active in CRC angiogenesis mediated by Wnt/β-catenin signaling (interacting with
vascular ECs) are tumor colorectal cells [109], CRC stem cells [40,64,110,111] and CRC-associated
fibroblasts [35,64,106] (Figure 1). The group of cells crucial in the process of angiogenesis and metastasis
promotion includes those directly associated with blood vessels, namely progenitor ECs (EPCs) [35,112],
tumor-associated ECs (TECs) [37], pericytes [113], and platelets [35,53].

 

Figure 1. Angiogenesis-related functions of the Wnt/β-catenin signaling pathway in colorectal cancer
(CRC). Schematic overview of the main components of the canonical and non-canonical Wnt signaling
overexpressed (↑) in the main cells of the tumor (i.e., CRC cells, CRC stem cells, and cancer-associated
fibroblasts (CAFs)). Various extracellular factors (e.g., Wnts) and cytoplasmic proteins (e.g., β-catenin)
secreted by these cells play a stimulating (arrows) or regulating (dotted lines) role in angiogenesis.
There are several other pro-angiogenic factors (e.g., VEGF, IL-6, Norrin) that interact with the Wnt
pathway components to enhance angiogenesis in CRC. CRC stem cells can directly transdifferentiate
into tumor endothelial cell (TECs) to form vascular-tube structures (vasculogenic mimicry). In
the sprouting angiogenesis and vasculogenic mimicry, Wnt pathway-related mechanisms are well
described. In turn, the role of Wnt signaling in mosaic vessel formation in CRC is poorly understood
(for details see text). Abbreviations: APC—Adenomatous Polyposis Coli gene; CTNNB1—catenin
β1 (β-catenin) gene; DKK—Dickkopf-related Protein; ECs—Endothelial Cells; Fzd4,8—Frizzleds 4,8
proteins; G-CSF—Granulocyte Colony-stimulating Factor; HIF-1α—Hypoxia-inducible Factor 1 α;
IL-6—Interleukin 6; LRP5—Low-density Lipoprotein-related Protein 5; PGF—Placental Growth Factor;
TGM2—Tissue Transglutaminase 2; VE-cadherin—Vascular Endothelial cadherin; VEGF (R)—Vascular
Endothelial Growth Factor (Receptor).
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6.1. Tumor Cells

β-catenin produced by the tumor directly induces VEGF production and an increase in vessel
density, which was proved in the Min/+ mouse model. Levels of VEGF-A (mRNA and protein)
upregulated by 250–300% were observed in an in vitro model, using transfection of normal colon
epithelial cell line NCM460 with activated β-catenin. The relation between β-catenin and regulation of
VEGF-A expression was also proven on colon cancer cell lines (HCT116, SW620), which indicates the
participation of β-catenin in angiogenesis initiation. A positive correlation was demonstrated between
the upregulation of VEGF-A expression and APC mutational status [60].

Wnts are not the only ligands of the Fzd receptors. Norrin, a non-Wnt ligand, binds selectively to
Fzd4 and stimulates Wnt signaling [9]. The norrin/Fzd4 interactions are modulated via the regulation
of Fzd4 expression by Wnt2 [114]. Norrin produced by colon cancer cells increases EC growth and
motility in a tumor microenvironment [114,115]. In turn, ECs in the microenvironment of colorectal
tumor comprise all of the components of the Norrin signaling pathway. Hence, this signaling pathway
has an important role in CRC tumor microenvironment angiogenesis [115].

In CRC cells, aberrant expression of E-cadherin/β-catenin complex can be observed as well as
that of other angiogenesis markers such as Syndecan-1, platelet (Endothelial) cell adhesion molecule
1 [P(E)CAM-1, CD31], and endoglin (CD105), all involved in tumor progression and prognosis.
Moreover, endoglin expression in tumor cells was positively correlated with E-cadherin, β-catenin,
and Syndecan-1 [116].

It was demonstrated that exosomes derived from hypoxic CRC cells promote angiogenesis. These
exosomes, enriched with Wnt4, promoted the proliferation and migration of ECs through Wnt4-induced
β-catenin signaling. It was proved that Wnt4 increased nuclear translocation of β-catenin in ECs.
Furthermore, an increase in tumor size and angiogenesis via CRC cell-derived exosomes was also
confirmed in an animal in vivo model [109].

6.2. Colorectal Cancer Stem(-Like) Cells (CRCSCs)

CSCs of human CRC are unique cell types able to maintain tumor mass, modify the tumoral
microenvironment by expressing angiogenic factors and enhanced neovascularization, and survive
outside of the primary tumor at metastatic sites [40,64,110,111]. These cells play an important role in
tumor vasculogenesis through their ability for transdifferentiation into human colorectal carcinoma
ECs as well as to generate functional blood vessels [110]. Moreover, they also play a role in VM [40].
Surface markers of CSCs have been characterized, and their role in angiogenesis of all gastrointestinal
cancers (including CRC) has been discussed in great detail in recent reviews [40,111]. Furthermore, it
seems that CRCSCs cooperate with pericytes during angiogenesis initiation in CRC [113].

The mutual relations between CRCSCs and the canonical Wnt/β-catenin signaling pathway are
also described in the case of CRC. This signaling pathway is a master regulator of a balance between
stemness and differentiation in several adult stem cell niches including colon CSCs population in
intestinal crypts of Lieberkühn. The colon-crypt base is characterized by high activity of Wnt signaling,
especially in the bottom third of the crypts (where CSCs reside) due to signals from the stromal
microenvironment cells [1,32]. In HCT116 and HT29 sphere models, Wei et al. demonstrated the
promotion of proliferation, migration, and tube formation of EPCs via VEGF secretion by spheroid
cells [112]. The malignancy in CRC spheroid cells (with high CSC characteristics) was associated with
increased expression of TGM2 (TG2), β-catenin, VEGF, and EMT features [86]. Many new canonical
Wnt signaling gene targets on CRCSCs were also identified as components of the stem-like subtype
signature described by the authors [32].

6.3. Cancer-Associated Fibroblasts (CAFs)

Cancer-associated fibroblasts, as a major component of tumor stroma, play an underestimated role
in the development and progression of various solid tumors (including CRC) [117,118]. Activated CAFs
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isolated from CRC produce IL-6, which induces angiogenesis mainly through intensification of VEGF-A
expression in these cells [119]. Among the pro-angiogenic Wnt signaling components highly enriched
in colorectal cancer CAFs is the Wnt2 protein [106–108,120]. Initially, overexpression of this protein
was demonstrated in CRC cells, with a knockdown of Wnt2 downregulating Wnt/β-catenin target
gene expression. Furthermore, the pro-proliferative properties of this protein were also observed [121].
The role of CAFs, as the main source of Wnt2 in CRC, was first demonstrated by Kramer et al. [107].
CAF-derived Wnt2 activates canonical signaling in APC/β-catenin wild-type colon cancer cells (but
not in cells with APC/CTNNB1 mutations) in a paracrine manner. Fzd8, a putative Wnt2 receptor, was
identified on CAFs. It was demonstrated that Wnt2 activates autocrine canonical Wnt signaling in
primary fibroblasts, which was connected to the pro-migrative and pro-invasive phenotype. These
studies indicate the major role of Wnt2 in the promotion of growth, invasion, and CRC metastasis
in vivo [107]. Further research of this group demonstrated that Wnt2 intensifies EC migration and
invasion. However, induction of the canonical Wnt pathway was only observed in a small number of
cells. In turn, in the CRC xenograft model, Wnt2 overexpression led to enhanced vessel density and
tumor volume. A correlation of Wnt2 levels was observed with the expression of vascular markers
as well as an increase in pro-angiogenic functions of many proteins (e.g., ANG-2, IL-6, granulocyte
colony-stimulating factor (G-CSF), and placental growth factor (PGF)). Three of them (IL-6, G-CSF,
and PGF) have a major part in angiogenesis intensification via increased Wnt2. Hence, the authors
proved the key role of Wnt2 in the formation of the active CAF phenotype in CRC, associated with the
maintenance of pro-angiogenic secretome and extracellular matrix (ECM) remodeling signals [106].
The research of Aizawa et al. demonstrated that gene sets related to the Wnt signaling were highly
expressed in CAFs (with Wnt2 specifically expressed). The authors observed Wnt2-induced cancer
cell migration and invasion in CRC and confirmed the correlation between Wnt2 expression and
clinicopathological data (including venous invasion) in CRC in vivo studies [108].

6.4. Tumor-Associated (Vascular) Endothelial Cells (TECs, TVECs)

In physiology, ECs are responsible for the formation of a semi-permeable barrier, a process
enabled by the structure of intercellular connections as well as the presence of VE-cadherin (cadherin
5/CD144) and β-catenin, linking the VE-cadherin junction complex to the cytoskeleton [122,123].
The factors destroying intercellular connections in ECs also play a role in angiogenesis induction.
Temporary and reversible damage of the VE-cadherin/β-catenin junctional complex was observed as a
result of the activity of some inflammatory agents (e.g., histamine) [122]. A decrease in VE-cadherin
expression, release of β-catenin from the complex, induction of nuclear accumulation of β-catenin,
and an increase in MMP-7 mRNA expression in HUVECs were also observed after application of
recombinant matrilysin (MMP-7) [124].

In tumor (including CRC) blood vessels, structural and functional changes can be observed,
connected to alterations in leukocyte trafficking. It was demonstrated that VE-cadherin expression and
downstream activation of the Akt/GSK3β/β-catenin signaling caused an increase in the expression of
the chemokine (C-C motif) ligand 2 (CCL2) and CXCL10, which facilitate CD8+ T cell transmigration
into tumor parenchyma. Restoration of proper EC junctions not only inhibits vascular leak, but also
regulates immune cell infiltration into tumors [125]. The endothelial Wnt/β-catenin signaling also
participates in angiogenesis through differentiation and sprouting of ECs, remodeling as well as
arterio-venous specification [126,127].

The blood vessels produced within the tumor are lined by TECs, characterized by abnormal
proliferation and apoptosis [35]. TECs exhibit many altered phenotypes compared with normal ECs
and produce several “angiocrine factors”, which promote tumor progression. One of these factors
is biglycan, which is produced in highly metastatic tumors including CRC. Stages and mechanisms
of tumor metastasis involving TECc as well as elements of the stromal microenvironment (cells,
extracellular matrix) are well described in the literature [128]. In the case of diabetes-complicated CRC
and liver metastasis, results of a recent study indicate that the expression of biglycan is particularly
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intense in the myxomatous stroma. Induction of its production in vitro (HT29 cells) is regulated by
high sugar concentration, fatty acids, and insulin. In turn, the co-culture with mesenchymal stem cells
(MSCs) resulted in enhanced stemness and EMT phenotype [129].

In the case of CRC, in contrast to normal ECs, TECs originate not only from EPCs but also from
the differentiation of CSCs. It was shown that CRC cells (HCT116 line) can transform into TECs under
hypoxia conditions via a VEGFR-2-dependent mechanism. These cells expressed EC markers and
formed tube-like structures in vitro [130]. Characterization of CRC blood supply and the role of TECs
in this type of cancer, depending on its stage and immune remodeling, can both be found in a recent
review [37]. Recent studies on tumor vascular ECs (referred as TVECs) purified from CRC tissues
using iTRAQ-based quantitative proteomics analysis, among several groups of differentially expressed
proteins (DEPs) and signaling pathways, also indicated proteins important in angiogenesis (e.g., HIF1
and PI3K/Akt signaling pathway-related proteins) were upregulated in TVECs compared with the
controls [131]. The role of EPCs in CRC angiogenesis was also emphasized, with these cells exhibiting
the potential to increase the tumorigenic capacity of CRC spheroid cells through angiogenesis, making
them responsible for CRC progression [112].

7. Tissue Expression and Serum Levels of Wnt/β-Catenin Signaling Molecules–Diagnostic and
Prognostic Role in CRC

When it comes to the expression of Wnt signaling components in CRC tissues, nuclear localization
of β-catenin is described in the invasive front, in close proximity of the tumor microenvironment cells
(known as the β-catenin paradox) [17,26,132,133]. Such localization mostly concerns isolated, scattered
tumor cells [26]. Moreover, a correlation is described between nuclear β-catenin at the invasive front of
the primary tumor and liver metastases [132,133]. Nuclear accumulation of β-catenin in neoplastic
cells and the blood vessels was even considered as the most powerful predictor of liver metastasis in
CRC [133]. However, there are also studies of rectal cancer, which did not detect any correlation between
the nuclear overexpression of β-catenin and distant metastases or disease-free survival (DFS) [29].
Apart from its localization in the invasive front, a more heterogenous distribution of β-catenin can be
observed intracellularly, both in cell membranes and in the cytoplasm [15,17,26,133,134]. Serafino et
al. used a multiparametric analysis of IHC expression and subcellular localization of Wnt/β-catenin
upstream (e.g., β-catenin, E-cadherin) and downstream signaling components (e.g., C-Myc, cyclin D1)
in an animal model (rats) of chemically-induced CRC and human samples obtained from patients
with inflammatory bowel diseases (IBD) or at sequential stages of sporadic CRC. A similar trend
of β-catenin expression was noted in human and rat samples, reaching maximal values of nuclear
β-catenin upregulation or membranous β-catenin downregulation in high grade dysplasia vs. normal
mucosa. In advanced CRC from humans, membranous β-catenin was predominant vs. nuclear
β-catenin. In their conclusions, the authors state that the crucial components of the Wnt pathway
could be important markers for diagnosis, prevention, and therapy in IBD and sporadic CRC, and also
possess a predictive value for responsiveness to Wnt-targeting therapy [134].

It was also noted that the cytoplasmic levels of β-catenin increased in response to hypoxia [60].
Dilek et al. showed nuclear expression of β-catenin in only 26.1% of rectosigmoid tumors, also
reporting positive correlation between cytoplasmic β-catenin expression and VEGF [61]. The presence
of the high Wnt signaling activity observed in tumor cells localized in the closest proximity to stromal
myofibroblasts suggests a significant influence of the tumor microenvironment in further promotion of
the nuclear translocation of β-catenin [15,16]. However, the prognostic role of nuclear β-catenin for
distant metastases in rectal cancers is still a matter of discussion [29]. Nuclear localization of β-catenin
at the invasive front of CRC appears to be important in early stages of colorectal carcinogenesis.
However, there is not yet a consensus on the prognostic significance of such an expression pattern. It
was stated that mutations in APC and CTNNB, while crucial for constitutive Wnt pathway activation,
are not sufficient for nuclear β-catenin accumulation and full action of this signaling pathway [15,16].
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Another protein of the Wnt pathway, increased expression of which in tumor cells is important
for the initiation of inhibition of CRC angiogenesis process, is Wnt2 [108,120,121]. Positive expression
of this protein was mainly demonstrated in stromal cells (CAFs), with little presence in cancer cells
themselves. In turn, expression in CAFs positively correlates with clinicopathological data (depth
of tumor, lymph node metastasis, TNM stage, venous invasion, and recurrence) [108]. Zhang et
al. showed a significant positive correlation between tissue expression of Wnt2, collagen type VIII
(COL8A1) (i.e., produced in ECs) and worse survival outcomes in CRC patients. Hence, Wnt2 and
COL8A1 were deemed as independent factors of poor CRC prognosis. Moreover, high levels of
Wnt2 expression were connected to ECM receptor and focal adhesion pathways [120]. Apart from
higher β-catenin (mRNA, protein) in CRC tissues compared to the control, a correlation with elevated
expression of CXCR4 was observed. Furthermore, a correlation between CXCR4 expression and
low E-cadherin, high N-cadherin, and high vimentin was also noted, suggesting links between the
SDF-1/CXCR4 pathway and Wnt/β-catenin signaling [84].

When it comes to the role of serum concentration of Wnt signaling components, as markers of
CRC angiogenesis, it was proven that serum VE-cadherin was about fourfold higher in CRC patients
compared with the controls, but it was not correlated with the VEGF level and any clinicopathological
data (sex, age, tumor site, lymph node metastasis, grade, the subtype of CRC). Hence, the authors
suggest that these proteins can be considered as independent markers of CRC angiogenesis [135].

8. Wnt/β-Catenin Signaling and Other Signalizing Partners in CRC Angiogenesis

The number of known Wnt/β-catenin signaling components and other pathways interacting
with Wnt signaling, regulating angiogenesis, and enabling CRC progression continuously
increases [35,66,68,86,106,136,137]. The pro-angiogenic pathways include Akt [71], PI3K/GSK3β [19],
RAS-extracellular signal-regulated kinase (ERK) [20,138], PI3K/Akt/I kappa B kinase (IKK),
PI3K/Akt/FOXO3a [2,136], PI3K/PTEN/Akt [68], cAMP/protein kinase A [137], SDF-1/CXCR4 [84],
Norrin [115], Notch and VEGF-A/VEGFR-2 [127], miR-27a-3p/RXRα [139], ECM receptor, and focal
adhesion [120] signaling pathways.

In turn, anti-angiogenic signaling pathways interacting with Wnt signaling are
TGF-β1 [77,98], HIF-1α/β-catenin/TCF3/LEF1 [98], and the protein kinase C-α (PKCα) signaling
pathways [74,95,96,140].

9. The Role of Non-Coding RNAs in Angiogenesis via Wnt Signaling in CRC

MicroRNAs (miRNAs, MiRs) and long noncoding RNAs (lncRNAs) are two major families of
non-protein-coding transcripts [141]. This group also includes circular RNAs (circRNAs), which
are closed-loop RNAs formed by covalent bonds containing exons and introns [142]. The latter are
generated via alternative back-splicing, which connects the terminal 5’ and 3’ ends of the single-stranded
mRNA [143].

9.1. MicroRNAs (miRNAs, miRs)

MiRNAs are the most commonly studied form of non-coding RNAs, responsible for modulating
up to 60% of protein-coding gene expression [144]. An increasing number of studies concerns the
clarification of the role of micro-RNAs in CRC progression (including angiogenesis) via alteration of
different signaling pathways including Wnt/β-catenin signaling (reviewed in [51,145]).

Notably, increased expression of β-catenin in CRC tissues of mice (C57BL/6Apc(min/+) and human
CRC cells positively correlated with significantly upregulated miR-574-5p. This miRNA changed the
expression of β-catenin and p27 (Kip1 protein) as well as intensified the migration and invasion of
cancer cells. Furthermore, in CRC tissues, miR-574-5p was negatively correlated with the expression of
RNA binding protein Quaking (Qki) (associated with developmental defects in vascular tissues) [146].

Another study, among 26 deregulated miRNAs in an APC-inducible cell line, identified members
of the miR-17-92 cluster that were inhibited by APC. In this process, the stabilized form of β-catenin
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(as a result of APC mutation) bound to and activated the miR-17-92 promoter. The main mechanism by
which APC exerted its tumor suppressor activity was the reduction of miR-19a, the most important
member of the miR-17-92 cluster. Therefore, the expression of miR-19a correlated with the level of
β-catenin in the CRC samples, and was associated with an aggressive stage of cancer [147]. MiR-92a
exhibits oncogene functions, being upregulated in chemoresistant CRC cells and tissues as well as
intensifies Wnt/β-catenin signaling through Kruppel-like factor 4 (KLF4), GSK3β, and DKK-3. miR-92a
expression was enhanced by IL-6/STAT, directly targeting its promoter. The authors also proved that
increased miR-92a resulted in increased Wnt signaling and promotion of stem-like phenotypes of CRC
cells [148].

Upregulation of miR-452 in ~70% CRC tissue samples vs. normal tissues was also reported,
correlating with the clinical data. This MiR-452 promotes nuclear relocalization of β-catenin and the
expression of target genes (e.g., C-Myc and cyclin D1). In turn, in vitro and xenograft mice models
showed that MiR-452 can activate Wnt/β-catenin signaling and promotes an aggressive CRC phenotype
through direct regulation of the 3’ untranslated region (3’UTR) of GSK3β. The miR-452 promoter
is affected by the same transcription factors (TCF/LEF family of transcription factors). The authors
conclude that a miR-452-GSK3β-TCF4/LEF1 positive feedback loop has an important role in CRC
initiation and progression (including angiogenesis) [149].

Other MiRs promoting CRC proliferation, migration, invasion, and suppression of apoptosis
in vitro, and in vivo include miR-27a-3p. This molecule acts through downregulation of nuclear
receptor retinoid x receptor alpha (RXRα). On the tissue level, an increased expression of this MiR was
demonstrated, correlating negatively with RXRα, and positively with various clinical (clinical-stage,
distant metastasis, patients’ survival) and histological data (tumor differentiation). The authors also
noted that RXRα negatively regulates the expression of β-catenin by its ubiquitination in CRC [138].
This confirms earlier observations of the aberrant expression of β-catenin, upregulated by suppression
of RXRα [150] as well as direct interactions between RXRα and β-catenin, which suppress β-catenin
transcription and protein expression in CRC cells [151].

MiR-224 [152] or epigenetic silencing of miR-490-3p [153] also promotes the aggressive CRC
phenotype through activation of Wnt/β-catenin signaling. Direct regulative effects of MiR-224 on the
3’UTR of GSK3β and secreted Frizzled-related protein 2 (SFRP2) genes was demonstrated, leading to
the activation of Wnt signaling and nuclear localization of β-catenin. Furthermore, ectopic miR-224
expression enhanced CRC proliferation and invasion [152].

On the other hand, miR-490-3p inhibits β-catenin and suppresses cell proliferation as well as
lowers cell invasiveness by repressing EMT. Its direct target was identified as the protooncogene
frequently rearranged in advanced T-cell lymphoma 1 (FRAT1) protein, which is linked with
nuclear accumulation of β-catenin. Furthermore, hypermethylation of the miR-490-3p promoter
downregulated the expression of this miR in CRC cells. The authors conclude that alterations in the
miR-490-3p/FRAT1/β-catenin pathway can play an important role in CRC progression (including
angiogenesis) [153].

Antagonistic action in transactivation of Wnt signaling is also exhibited by ectopic miR-29b
expression. This miR acts through downregulation of β-catenin coactivators (TCF7L2, Snail, BCL9L) in
colon cancer cells (SW480). It binds the 3’UTR of BCL9L, lowering its expression and reducing nuclear
translocation of β-catenin. As a consequence, MiR-29b inhibits anchorage-independent cell growth,
promotes EMT reversal, and reduces the ability of CRC cell-conditioned medium to induce in vitro
tube formation in ECs [154].

9.2. Long-Non Coding RNAs (lncRNAs)

Other commonly investigated molecules taking part in different stages of CRC progression
(including angiogenesis) also include long non-coding RNAs [31,155–157]. These conserved, small
non-coding RNAs, made up from 21–25 nucleotides, act as negative regulators of gene expression. In
the context of angiogenesis, they are also known as “angiomiRs”, directly or indirectly influencing this
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process (reviewed in [53]). Among this group of molecules, the Wnt/β-catenin signaling activating
ability is attributed to lncRNA SLCO4A1-AS1. This molecule promotes β-catenin stabilization,
impairing β-catenin-GSKβ interactions, and inhibiting its phosphorylation [156].

In turn, inhibition of tumorigenesis and progression (including angiogenesis and metastasis) in
CRC is caused by lncRNA-CTD903 [155] and lncRNA-APC1 [158]. In CRC tissues, strong upregulation
of CTD903 expression compared with adjacent normal tissues was observed. Furthermore, in the
CTD903 knockdown model in CRC cell lines (RKO and SW480), both cell invasion and migration
increased with EMT characteristics as well as reduced adherence ability. Downregulation of this
lncRNA resulted in Wnt/β-catenin activation with increased transcription factors expression (e.g.,
Twist, Snail) [155], whereas overexpression of lncRNA-APC1 was sufficient to inhibit CRC cell growth,
metastasis, and tumor angiogenesis by suppressing exosome production. Moreover, the results showed
the oncogenic role of CRC-derived exosomal Wnt1, which acts in an autocrine manner through
non-canonical Wnt signaling [158].

Inhibition of the Wnt signaling is also mediated by upregulation of lncRNA growth arrest specific
5 (lncRNA GAS5). This type of lncRNA plays a pivotal role in the prevention of angiogenesis, inhibiting
invasion and CRC metastasis [31]. Other types of lncRNAs involved in Wnt signaling in CRC metastasis
(e.g., colon cancer associated transcript 1/2 (CCAT-1/2), CASC11, PVT1, Wnt-regulated lincRNA-1
(WiNTRLINC1), PCAT1, and CCAL) are presented in recent reviews [157].

9.3. Circular RNAs (circRNAs)

One circRNA, namely circular decaprenyl-diphosphate synthase subunit 1 (PDSS1) was
upregulated in CRC tissue compared to the control samples. All experiments showed that circPDSS1 is
linked with local and distant metastasis as well as poor prognosis in CRC patients. Moreover, it was
reported to stimulate angiogenesis in CRC via Wnt/ β-catenin signaling. Knockdown experiments
resulted in attenuated migratory ability and angiogenesis in CRC cells. The authors noted a
downregulation of Wnt/β-catenin signaling proteins including β-catenin, GSK3β, C-Myc, MMP-9, and
cyclin D1 protein levels in CRC transfected with sh-cicrPDSS1 [159].

The main types of non-coding RNAs in CRC angiogenesis regulated by Wnt/β-catenin
signaling-mediated mechanisms are summarized in Table 2.
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10. Anti-Angiogenic Therapy in CRC

Treatment of CRC patients, especially those affected by metastatic CRC (mCRC), still poses a
major challenge and requires significant treatment personalization. Different forms of anti-angiogenic
therapy have been attempted, taking into account the mechanisms of CRC angiogenesis, in which a
major role is played by the VEGF pathway. There have been approaches based on the application
of anti-angiogenic small-molecule TKIs (e.g., sorafenib, sunitinib, vatalanib, or tivozanib), with or
without chemotherapy. Furthermore, monoclonal antibodies have also been used, both anti-VEGF
pathway and EGFR targeting (cetuximab and panitumumab). The effectiveness of typical anti-VEGF-R
TKIs (regorafenib, famitinib, axitinib, and apatinib) turned out to greatly vary in mCRC treatment.
The first, most effective multikinase inhibitor of angiogenic (including VEGFR-1, -2, -3), stromal and
oncogenic receptor TK, was regorafenib [160–162]. This drug evoked the most significant effects
in cases of advanced, refractory disease [161], especially in anti-angiogenic-naïve patients with
chemotherapy-refractory mCRC. The therapy with regorafenib showed antitumor activity in 59 CRC
patients in a single-center, single-arm phase IIb study [162]. The most recent open-label, single center,
single-arm, phase 3 study indicates clinical effectiveness of another multikinase inhibitor, lanvatinib, in
the therapy of unresectable mCRC patients, especially refractory or intolerant to classical chemotherapy,
anti-VEGF therapy, and anti-EGFR therapy (tumor with wt-RAS expression) [163]. Furthermore,
promising results have also been reported for another highly-selective anti-VEGFR-1, -2, and -3 small
molecule, fruquintinib, which improved both overall survival (OS), and progression-free survival (PFS)
in mCRA patients compared with the placebo. This TKI was approved by the China Food and Drug
Administration (CFDA) (2018) for mCRC patients after at least two standard anticancer therapies [164].

However, anti-angiogenic CRC therapies (also those combined with other forms of treatment)
are not fully effective, being a matter of discussion in many excellent reviews [36,160,161,165]. Many
individual variations have been observed in response to anti-angiogenic factor therapies, sparking
the search for new compounds and/or identification of susceptibility markers [160,161,166]. An
analysis of the profile of the expression of genes important for an effective response to cetuximab
(anti-EGFR-targeted agent) therapy in 80 CRC tumors allowed for the identification of six clinically
relevant CRC subtypes. Each of those subtypes showed differing degrees of “stemness” and Wnt
signaling [32]. Furthermore, there has been a perspective for the improvement of efficacy and more
targeted treatment in the form of studies on host genetic markers (reviewed in [166]).

There are currently a few anti-angiogenic agents approved by the U.S. FDA for mCRC treatment:
anti-VEGF/VEGF-R agents (e.g., bevacizumab, ziv-aflibercept, regorafenib, ramucirumab), anti-EGFR
agents (e.g., cetuximab, panitumubab), or immune-check-point inhibitors (e.g., pemprolizumab,
nivolumab, ipilimubab). However, bevacizumab is the only anti-angiogenic compound for the first-line
treatment of mCRC (from 2004) [36,165]. The subgroup analysis from the CONCUR trial suggests
that regorafenib treatment prior to targeted therapy (including bevacizumab) may improve clinical
outcomes [162].

Wnt/β-Catenin Signaling as a Potent Therapeutic Target in CRC-Associated Angiogenesis

Apart from anti-angiogenic therapy based on the VEGF pathway, Wnt/β-catenin signaling
is among the pathways offering potential sites for targeting [140,165,167,168]. Most studies
aiming to establish the most efficient anti-Wnt/β-catenin therapy concerned a better understanding
of the mechanisms regulating APC signaling and/or factors downstream of APC that control
β-catenin stability and/or co-transcriptional activity [74,140,168,169]. The confirmed factors inhibiting
the Wnt/β-catenin signaling pathway include examples of potential CRC therapeutic factors,
most of them exhibiting anti-tumor activity [83]. Their effects are mainly exerted through
the inhibition of cell proliferation/migration/invasion, cancer progression delay as well as the
prevention of CRC metastasis [83,140,165]. Furthermore, some drugs can be used to eliminate
chemotherapy-resistance [167].
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The most commonly mentioned existing anti-angiogenic drugs targeting the Wnt/β-catenin
pathway in CRC include non-steroidal anti-inflammatory drugs (NSAIDs) (e.g., sulindac and celecoxib),
which can “bypass” many carcinogenic effects, also regulating the increased expression of PTEN
and GSK3β, inhibition of Akt (and β-catenin), and MMPs as well as iNOS activation, all of which
induce cancer cell apoptosis [68,167]. Other anti-inflammatory drugs (e.g., artesunate and aspirin)
caused a marked reduction in preneoplastic changes in a rat model. Both drugs also downregulated
Wnt/β-catenin signaling and reduced the levels of angiogenic markers like VEGF and MMP-9. These
drugs inhibited cellular proliferation and resulted in pro-apoptotic effects [170].

Apart from NSAIDs, vitamin A and D derivatives also showed efficacy in the disruption of
a number of signaling pathways (e.g., Erk and PI3K/Akt) including Wnt. This fact, together with
the introduction of new generations of their derivatives, creates a perspective for potential new
interesting clinical trials [171–174]. Vitamin D3 metabolites, which generally inhibit growth and
induce differentiation of cancer cells, have been found to also exert anti-proliferative effects on CRC
cell lines (LoVo, HT29, and HCT116) and clinical samples [171]. There are reports stating that the
active form of vitamin D3 and its analogs inhibit proliferation, angiogenesis, migration/invasion, and
induce differentiation and apoptosis in malignant cell lines including CRC cells (reviewed in [175]).
One of the newfound anti-tumor effects of 1,25(OH)2D3 in human CRC occurs through the DKK-1
gene induction [176] and DKK-4 gene downregulation, both considered as novel mechanisms of
Wnt signaling inhibition [81]. The use of protein-vitamin D-pectin nano-emulsion (NVD) induces
cytotoxicity in CRC cells in a dose- and time-dependent manner. This compound inhibits the growth
of CRC cells (HCT116 and HT29) through the regulation of proteins responsible for the G2 phase of the
cell cycle (cyclins A, B1, E2, and decrease in Cdc25c) as well as encourages apoptosis. In the context
of Wnt/β-catenin signaling, NVD causes a decrease in expression of β-catenin (mRNA, protein), Akt,
and survivin genes in vitro as well as in vivo (mice xenograft model). NVD administration in CRC
cells decreases PI3K and Akt phosphorylation as well as inhibits β-catenin production. Hence, the
inhibitory effects of vitamin D derivatives on CRC cells also depend on blocking the Wnt/β-catenin
signaling and its downstream targets (e.g., survivin) [173]. Therefore, NVD, as a Wnt/β-catenin
inhibitor, has the potential to stop tumor invasion and metastasis processes (including angiogenesis).
It was also proven that calcitriol (1α,25-dihydroxyvitamin D3), as an active vitamin D metabolite,
inhibits the tumor-promoting properties of patient-derived CAFs, also modulating many types of
immune cells expressing vitamin D receptor (VDR) [177]. Other mechanisms and factors increasing the
anti-proliferative action of vitamin D derivatives in CRC cells (SW480) have also been examined. These
include cytochrome P450 family 24 subfamily A member 1 (CYP24A1), overexpression of which can be
observed in CRC. It was recently proven that CYP24A1 inhibition induces translocation of β-catenin
from the nucleus to the cell membrane in SW480 cells, intensifying the inhibitory effect of 1,25(OH)2D3

on C-Myc. Methylation of this factor increased the anti-tumor effects of vitamin D in CRC [172].
In turn, when it comes to vitamin A and its derivatives, it is worth noting that the pathways

directing β-catenin for proteasome degradation (in addition to p53/Siah-1/APC and Wnt/GSK3β/APC)
include the RXR-mediated pathway [178,179]. It was proven that retinol decreases the levels of
β-catenin and increases ubiquitinated protein in three all-trans retinoic acid (ATRA)-resistant human
CRC cells (HCT-116, WiDr, and SW620). Retinol treatment lowered the transcription of the TOPFlash
reporter and mRNA levels of the endogenous β-catenin target genes (cyclin D1 and C-Myc). Hence,
the potential influence of retinol on colon cancer cell growth inhibition occurs through an increase in
β-catenin degradation in proteasomes with the use of the RXR-mediated pathway [180]. The research
of the same group confirmed that retinol administration to ATRA-resistant human CRC cells increased
β-catenin and RXRα protein interactions, inducing β-catenin transport to the degradation location in
the cytoplasm [179].

A growing number of novel agents targeting the Wnt pathway are subjected to clinical trials
including specific small molecules [165,168]. This group includes G007-LK and G244-LM, specific
tankyrase inhibitor compounds, which reduce Wnt/β-catenin signaling through the prevention of Axin
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degradation, resulting in the promotion of β-catenin destabilization [169]. As β-catenin is considered
the primary cause of dysregulated Wnt signaling, the action of a range of its direct inhibitors and
knockdown strategies was examined. However, as of today, none of them have been introduced
into oncological practice [74,140]. The usefulness of current approaches to target anti-Wnt therapy
against CRC is the subject of recent reviews [181]. Furthermore, ongoing clinical trials 1-2 employ
novel agents affecting this signaling pathway (with Wnt as targets), for example, Wnt-974, Foxy-5, and
LGK-974 [165,167].

It was proven that aberrant activation of Wnt/β-catenin signaling mediates resistance of CRC
cells to irradiation and 5-FU-based chemotherapy. Higher levels of active β-catenin and increased
TCF/LEF reporter activity were observed in SW1463 cells that evolved radiation resistance. It was
also demonstrated that inhibition of β-catenin (via siRNAs or small-molecule inhibitor of β-catenin
transcription, XAV-939), sensitized CRC cells to chemoradiotherapy [182]. Other studies in in vitro and
mice xenograft tumor models showed that PI3K/Akt signaling inhibition leads to nuclear β-catenin
and FOXO3a accumulation (both promoting metastasis). It was proven that nuclear β-catenin confers
resistance to the FOXO3a-mediated apoptosis induced by PI3K and Akt inhibitors (API-2), with this
effect reversed by XAV-939 [2].

Recently, previous observations on some Wnt/β-catenin signaling inhibitors and downstream
targets involving PKCα came back to light, indirectly related to the progression of CRC and angiogenesis.
It was proven that PKCα is rarely mutated in CRC samples, hence its function might be activated with
no side effects for the intestinal epithelium. Additionally, PKCα activation results in increased cell
death and is drug-inducible. According to the authors of the study, there are ongoing phase II clinical
trials on the application of natural PKCα activators (found in the Bryozoan species Bugula neritina) for
CRC treatment [74]. The use of a stabilized form of BCL9 α-helix (SAH-BCL9) is also suggested in
potential therapy, as its administration caused dissociation of the native β-catenin/BCL9 complex as
well as suppressed tumor growth and angiogenesis in the mouse xenograft model of the Colo320 CRC
cell [83].

Moreover, a growing number of publications have documented the action of anti-Wnt/β-catenin
signaling plant based compounds (particularly those used in traditional Chinese medicine) However,
anti-angiogenic actions linked to Wnt signaling are only attributed to some of them, for example,
Raddeanin [103–105] and Tanshinone IIA [39,98,183] (Table 1). Other naturally occurring compounds
that inhibit Wnt signaling include thymol, derived from Thymus vulgaris L [184,185]. One of the
mechanisms of this factor’s action in CRC in vitro (HCT116 and LoVo cells) as well as in vivo is the
prevention of EMT, invasion, and metastasis through the inhibition of Wnt/β-catenin signaling [186].
In turn, in the case of Radix Tetrastigma hemsleyani flavone (RTHF), it was proven that this compound
causes downregulation of β-catenin activation and downstream protein expression (Lgr5, C-Myc, and
cyclin D1). It also decreased the size of tumors in vivo in mice through the inhibition of pro-proliferative
properties of the Wnt pathway [187]. Another plant-based polyphenol compound extracted from the
root of Curcuma longa, is curcumin. This phytochemical also shows an anti-inflammatory, anti-oxidant,
and anti-cancer activity [188]. In studies of CRC cells (SW480) as well as in the xenograft tumor model,
Dou et al. proved anti-tumor activity of curcumin via inhibition of cell proliferation by suppression
of the Wnt/β-catenin pathway. It was also noted that overexpression of miR-130a could abolish the
anti-tumor activity of curcumin [189]. Recently, a study of another CRC cell line (SW620 cells) reported
an inhibitory influence of curcumin on cell viability as well as the promotion of apoptosis. At the
same time, an increase in the expression of Caudal Type Homeobox-2 (CDX2) and decreased β-catenin
nuclear translocation were observed. In turn, the expression of downstream proteins of Wnt/β-catenin
signaling (Wnt3a, C-Myc, survivin, and cyclin D1) was reduced. Furthermore, it was reported
that the inhibitory action of Wnt/β-catenin in these cells occurred due to CDX2 restoration [190].
The isobavachalcone, a flavonoid extracted from Psoralea corylifolia, also inhibits growth and colony
formation of CRC tumor cells as well as the induction of apoptosis through the inhibition of the
AKT/GSK3β/β-catenin pathway have been noted [191]. Promising study results in anti-Wnt/β-catenin
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signaling therapies also concern berberine (and its synthetic 13-arylalkyl derivatives) [192,193], an
isoquinoline alkaloid present in several plants including Coptis sp. and Berberis sp. [194]. Special
attention was given to its anti-tumor function, mediated by the inhibition of β-catenin transcriptional
activity and weakening of anchorage-independent growth (decrease in E-cadherin expression) [192].
It was proven that berberine inhibits the function of β-catenin by direct binding to a unique RXRα
region that contains the Gln275, Arg316, and Arg371 residues. As a result, a promotion of this receptor’s
interaction with nuclear β-catenin occurs, leading to c-Cbl mediated degradation of β-catenin, hence
the inhibition of cell proliferation. Moreover, human CRC xenograft in nude mice also demonstrated
the inhibition of tumor growth in an RXRα-dependent manner [193].

The basic drawbacks of anti-angiogenic and anti-Wnt signaling targeted therapies have been
presented in several reviews [54,165]. These include the costs of treatment, extra adverse events,
crossover, and bypass mechanisms between different signaling pathways and drug resistance as well
as varying efficacy among patients [165]. The main challenges and complexities associated with
creating the perfect therapeutic agents targeting the Wnt/β-catenin signaling pathway in CRC have
been summarized by others [140].

Direct CRC angiogenesis inhibition mechanisms based on Wnt/β-catenin signaling are only
described in a small number of existing or potential therapeutics. Nevertheless, previously mentioned
results of studies (Sections 2–4) demonstrate a tight interaction of Wnt signaling with angiogenesis
markers in CRC. It can therefore be assumed that the inhibition of upstream and/or downstream
targets of Wnt signaling, apart from downregulating cell proliferation/migration/invasion, hence tumor
growth and metastasis, is also a statement of angiogenesis inhibition in the tumor. More detailed
information on the therapeutics targeting the Wnt/β-catenin signaling pathway in CRC can be found
in existing works focused solely on this topic [140]. Table 3 summarizes the selected existing drugs
and several agents under investigation for different Wnt/β-catenin targets in CRC with an indication of
their influence on angiogenesis.
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11. Final Remarks and Future Perspectives

Angiogenesis belongs to the most clinical characteristics of CRC and is strongly linked to the
activation of Wnt/β-catenin signaling. The most prominent factors stimulating constitutive activation of
this pathway, and in consequence angiogenesis, are genetic alterations (mainly mutations) concerning
APC and the β-catenin encoding gene (CTNNB1), detected in a large majority of CRC patients. These
mutations lead to an intensification of CRC cell proliferation, migration, and invasion in vitro as
well as tumor growth, angiogenesis, and distant metastases in vivo. In addition to the mutations
mentioned, there are more and more genetic and epigenetic biomarkers used to determine CRC
diagnosis, prognosis, and response to therapy, as summarized in excellent reviews [202]. There are
also potential clinical applications of liquid biopsy biomarkers in CRC including circulating tumor
cells, circulating tumor DNA, miRNAs, lncRNAs, and proteins from blood and body fluids, and their
genomic and proteomic analyses (reviewed in [203]).

Wnt/β-catenin signaling is involved in the basic types of vascularization (sprouting and
nonsprouting angiogenesis) and vasculogenic mimicry as well as the formation of mosaic vessels.
In vascular cells, expression of Wnt ligands, Wnt receptors, and Wnt inhibitors has been reported.
The main type of angiogenesis with the participation of Wnt signaling is currently assumed to occur
through the hypoxia-adaptation mechanism mediated by VEGF-signaling and upregulation of the
HIF-1 complex. β-catenin itself induces the expression of VEGF in colon cancer cells in the early
steps of CRC neoangiogenesis. Furthermore, tissue VEGF expression positively correlates with the
cytoplasmic expression of β-catenin in tumor cells and tumor progression in vivo. In turn, the influence
of HIF-1α (increasing) and HIF-2α (decreasing) on β-catenin levels/transcriptional activity in CRC
cells remains much more varied. Moreover, non-endothelial interactions between both VEGF receptor
types (VEGFR-1, VEGFR-2) and Wnt/β-catenin signaling have also been reported. It was confirmed
that VEGFR-1 positively regulates Wnt signaling in a GSK3β-independent manner. In contrary to the
previous paradigm, the presence of both VEGF receptor types was also demonstrated on tumor CRC
cells, suggesting the possibility of autocrine VEGF action.

Factors regulating angiogenesis with the participation of Wnt/β-catenin signaling include different
groups of biologically active molecules, namely selected molecules belonging to Wnt family proteins
(e.g., Wnt2, DKK, BCL9) as well as various factors outside the Wnt family (e.g., DHX32, gankyrin,
Uba2, CXCL8, SALL4, FOXQ1, bioactive compounds of plants, etc.).

A direct influence of several pro-angiogenic factors (e.g., BCL9, SALL4) on Wnt signaling has been
demonstrated (binding β-catenin) in the angiogenesis process. Other factors promoting angiogenesis
(e.g., DHX32, gankyrin, Uba2, AKT) regulate Wnt signaling throughβ-catenin stabilization and increase
Wnt gene expression as well as the intensification of EMT-related transcription factor expression
(includingβ-catenin). This regulation results in EC migration and the formation of capillary-like tubules
of human microvascular ECs. The opposite effects are evoked by the anti-angiogenic factors through
the inhibition of production and transcriptional activity of β-catenin (e.g., TIPE2, SMAR1, PKG, PKCα,
sporamin, emodin, 6-Gingerol, raddeanin A). Recently, an increasingly important role in Wnt signaling
involving CRC angiogenesis is attributed to non-coding RNAs. A number of these molecules activate
(e.g., miR-574-5p, miR-17-92, miR-92a, miR-452, miR-27a-3p, miR-224, lncRNA SLCO4A1-AS1, and
circPDSS1), while other inhibit Wnt signaling (e.g., miR-490-3p, miR-29b, lncRNA-CTD903, lncRNA
APC1, and lncRNAGAS5).

The active cellular components of CRC-related angiogenesis consist of tumor cells, CRC stem
cells, and cancer-associated fibroblasts (CAFs) as well as cells directly linked to blood vessels (EPCs,
TECs, pericytes). Moreover, complex intercellular interactions have been reported in tumors during
angiogenesis. CRC cells produce β-catenin (mRNA and protein), which intensifies VEGF expression
and increases vessel density. The norrin protein produced by cancer cells binds to Fzd4, regulating
EC proliferation and motility. In turn, norrin/Fzd4 interactions are modulated via regulation of Fzd4
expression by Wnt2. Furthermore, exosomes enriched in Wnt4 produced by CRC cancer cells promote
angiogenesis by increasing ECs proliferation and migration via Wnt signaling. Both tumor CRC cells
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and CAFs (main source) produce the Wnt2 protein, which plays a major role in the initiation and
maintenance of the CRC angiogenesis process. Wnt2 expression in CAFs correlates with a number of
clinicopathological data (including venous invasion) of CRC patients. Wnt2 intensifies EC migration
and invasion, enhanced vessel density, and tumor volume. Wnt2 expression positively correlates with
the expression of vascular markers and an increase in pro-angiogenic function of many proteins (e.g.,
IL-6, G-CSF, and PGF). When it comes to CRC stem cells, high Wnt activity is mostly present in the
bottom third of the crypts (where CSCs reside). These cells have the ability of transdifferentiation into
human TECs as well as the generation of functional blood vessels.

The list of Wnt/β-catenin signaling components and pathways interacting with Wnt signaling,
regulating angiogenesis, and conditioning CRC progression, continuously increases.

As β-catenin is considered as a primary cause of dysregulated Wnt signaling in CRC as a
consequence of APC/CTNNB1 mutations, there are ongoing studies on the action of a number of
inhibitors of β-catenin itself as well as knockdown strategies. However, no results of such research
have yet been introduced into CRC oncological practice, due to the relatively low effectiveness as well
as significant intestinal toxicity. Small molecules blocking Wnt signaling in CRC also include tankyrase
inhibitors (G007-LK and G244-LM). There are several clinical trials (phase 1/2, phase 1, and phase 2) on
the use of novel Wnt targeting agents in CRC (e.g., Wnt-974, LGK-974, Foxy-5). Positive anti-angiogenic
effects, disrupting Wnt/β-catenin signaling have been demonstrated for a number of NSAIDs (e.g.,
sulindac, celecoxib, artesunate, and aspirin) and vitamin A and D derivatives. Furthermore, many
natural plant-derived compounds used in traditional Chinese medicine inhibits Wnt/β-catenin signaling
and, directly or indirectly, CRC angiogenesis (e.g., RA, thymol, RTHF, curcumin, IBC, Tan IIA, and
berberine). As for now, the available results mostly concern in vitro and mouse in vivo models.

12. Conclusions

As the reviewed literature shows, the role of aberrant Wnt/β-catenin signaling in CRC-related
angiogenesis is undisputed. These activities mostly occur due to canonical APC/β-catenin pathway
activation in tumor colorectal cells, CRC stem cells, cancer-associated fibroblasts and tumor ECs,
intensification of β-catenin expression, and translocation to the nucleus as well as positive correlations
with other typical pro-angiogenic factors (e.g., VEGF, VEGRs). Furthermore, the role of a number of
active polypeptides, proteins, and non-coding RNAs is indicated in this process. However, when it
comes to anti-angiogenic CRC treatments based on targeting the Wnt/β-catenin signaling, studied
inhibitors of this pathway are still mostly in preclinical stages, with only a few compounds reaching
phase 1 or 2 clinical trials. Individualized targeted CRC therapeutic strategies should take into account
the newest findings of molecular biology, explaining the role of direct tumor cell interactions, and all
pro- and anti-angiogenic factors acting on this type of signaling as well as other related pathways. An
especially large number of publications in the last five years focusing on the role of Wnt/β-catenin
signaling in cancer progression (including CRC) has certainly resulted in a better understanding of the
mechanisms of metastasis as well as improvements in the management of this cancer.
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Abbreviations

aa Amino acids
Akt/AKT Serine-threonine Protein Kinase (PKB, now called AKT1)
ANG-1, -2 Angiopoietin-1, -2
APC Adenomatous Polyposis Coli
(b)FGF (basic) Fibroblast Growth Factor
Bcl-2 B-cell lymphoma protein
BCL9 B cell CLL/lymphoma 9 protein
CDX Caudal Type Homeobox-2 Protein
CD44, 184 Cluster of Differentiation 44, 184
COX-2 Cyclooxygenase-2
CRC Colorectal Cancer
CXCL8 C-X-C motif ligand 8 (chemokine)
CXCR4 C-X-C chemokine receptor type 4
DKK-1, -4 Dickkopf-related protein 1;-4
ECs Endothelial Cells
ECM Extracellular Matrix
EMT Epithelial-Mesenchymal Transition
ERK1/2 Extracellular Signal-regulated Kinase 1

2
FAK Focal Adhesion Kinase
FOXQ1 Forkhead Box Q1 Protein
FRAT1 Frequently Rearranged in Advanced T-cell Lymphoma 1 Protein
FRPs Fzd-related Proteins
Fzd Frizzleds proteins, a family of G protein-coupled receptor proteins
GDF-15 Growth Differentiation Factor 15
GSK3β Glycogen Synthase Kinase 3 β

HIF-1α Hypoxia-inducible Factor 1 α

HUVECs Human Umbilical Vein ECs
IL Interleukin
KRAS Kirsten Rat Sarcoma Virus, proto-oncogene
LEF Lymphoid Enhancer Factor
MAPK A Mitogen-activated Protein Kinase
MMP-2, -9 Matrix Metalloproteinase 2, 9
MVD Microvessel Density
PI3K Phosphatidylinositol 3’ Kinase
PKA, B (AKT), C α Protein Kinase A, B (AKT), C α

PKG
Type 1 cyclic Guanosine Monophosphate (cGMP)-dependent Protein
Kinase

PLCγ1 Phospholipase C γ1
p-LPR6 Phosphorylated Lipoprotein-related Protein 6
ROS Reactive Oxygen Species
RAR Retinoic Acid Receptor
RORα RAR-related Orphan Receptor α;
RYK Related to Receptor Tyrosine Kinase protein
SALL4 Zink Finger Transcription Factor Spalt (Sall)-like Protein 4
SFRP2 Secreted Frizzled-related Protein 2
SMAD4 SMAD family member 4, Mothers Against Decapentaplegic Homolog 4
SMAR1 Scaffold/Matrix Attachment Region Binding Protein 1
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STAT3
Signal Transducer and Activator of Transcription
Protein Activator of Transcription 3

Tan IIA, TSA Tanshinone IIA
TCF T cell Factor, Transcription Factor
TCF7L2 Transcription Factor 7-like 2
TGF-β Tumor Growth Factor beta
TGM2 Tissue Transglutaminase 2
TIPE2 (TNFAIP8L2) TNFα-induced protein 8 like 2
TNF-α Tumor Necrosis Factor α
TNM T—tumor; N—lymph nodes; M—metastasis
TOPFlash TCF Reporter Plasmid
TP53 Tumor Protein 53
3’UTR 3’ Untranslated Region
VEGF Vascular Endothelial Growth Factor
VEGF (R) Vascular Endothelial Growth Factor (Receptor)
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Simple Summary: Therapeutic targeting of Wnt has long been suggested for gastrointestinal (GI)
cancer treatment because deregulation of Wnt signaling is associated with GI cancers. However,
therapeutic targeting of Wnt is still challenging because of the pleiotropic roles of Wnt signaling in
the human body. Thus, targeting strategies of Wnt signaling are continuously evolving. The current
flows of targeting Wnt signaling for cancer treatment are focused on increasing the specificity of
drugs and combinatory treatment with other cancer drugs that minimize side effects and increase
efficacy. Additionally, increased knowledge about the β-catenin paradox has expanded the cases that
can be treated with Wnt targeting therapy, not strictly considering Wnt upstream and downstream
mutations. Here, we discuss these evolving views of targeting Wnt signaling and describe examples
of current clinical trials.

Abstract: Wnt signaling governs tissue development, homeostasis, and regeneration. However,
aberrant activation of Wnt promotes tumorigenesis. Despite the ongoing efforts to manipulate Wnt
signaling, therapeutic targeting of Wnt signaling remains challenging. In this review, we provide
an overview of current clinical trials to target Wnt signaling, with a major focus on gastrointestinal
cancers. In addition, we discuss the caveats and alternative strategies for therapeutically targeting
Wnt signaling for cancer treatment.

Keywords: Wnt signaling; β-catenin; cancer; gastrointestinal cancers; therapeutic targeting of Wnt
signaling; β-catenin paradox; molecular targeting

1. Introduction

Evolutionarily conserved Wnt signaling was initially identified in Drosophila (Wingless) and the
mammalian system (Int-1) [1,2]. Wnt signaling has been extensively studied, revealing its pivotal
roles in orchestrating embryonic development, tissue homeostasis, and regeneration [3–5]. Notably,
the deregulation of Wnt signaling is associated with many human diseases, including cancers [6].
Therefore, the manipulation of Wnt signaling has gained attention as a means of disease treatment and
prevention [7,8].

Although it has been confirmed in in vitro and in vivo cancer studies that targeting Wnt signaling
has drastic tumor-suppressing effects, no targeted drugs have been successively advanced to clinical
applications to date [7–9]. This is mainly because Wnt signaling plays essential roles in maintaining a
broad range of physiological events [3–5]. Therefore, blocking Wnt signaling has detrimental impacts
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on tissue homeostasis and regeneration. In this review, we discuss current views on therapeutically
targeting Wnt signaling and describe related clinical trials in gastrointestinal (GI) cancer.

2. Wnt Signaling

Wnt signaling is an autocrine and paracrine signal-transducing module that is activated by
lipid-modified WNT ligands and their receptors [10,11]. In humans, 19 WNT ligands and 18 receptors
and coreceptors have been identified [10,12]. The Wnt ligand–receptor interaction activates a downstream
cascade in a β-catenin-dependent or -independent manner [13] (Figure 1).

Figure 1. General view of canonical and non-canonical Wnt signaling. The switch of the canonical
Wnt/β-catenin signaling pathway depends on the subcellular location of β-catenin. The stability of
β-catenin is controlled by the destruction complex, consisting of AXIN, APC, CK1, and GSK3. In the
absence of WNT ligands, cytoplasmicβ-catenin is first phosphorylated by CK1 at Ser45 residue, followed
by GSK3 phosphorylation at the Thr41, Ser37, and Ser33 residues. Next, the phosphorylated motif of
β-catenin acts as a docking site for βTrCP, which induces the final ubiquitin-mediated degradation of
β-catenin (Wnt off). When WNT ligands bind to Frizzled receptors (FZDs) and low density lipoprotein
receptor-related protein co-receptor 5/6 (LRP 5/6), the destruction complex is recruited to the plasma
membrane, triggering the translocation of β-catenin into the nucleus and activating its downstream
target genes via binding directly to the TCF/LEF transcription factor family (Wnt on). Wnt/PCP signaling
involves the triggering of a cascade that contains small GTPases RHOA (transforming protein RhoA)
and Ras-related C3 botulinum toxin substrate 1 (RAC1), activating Rho-associated protein kinases
(ROCKs) and JUN N-terminal kinases, respectively. Wnt/Ca2+ signaling involves the activation of
phospholipase C, which in turn triggers the release of Ca2+ from intracellular stores and the activation of
effectors such as calcium- or calmodulin-dependent protein kinase II, protein kinase C, and calcineurin
(CaN). Next, CaN activates the nuclear factor of activated T cells, activating the transcription of
downstream target genes.

β-catenin is an Armadillo repeat protein that is mainly associated with E-cadherin at the inner
plasma membrane. The β-catenin level is tightly regulated by the protein destruction complex,
which is composed of the axis inhibitor (AXIN1), adenomatous polyposis coli (APC), casein kinase
1 (CK1), glycogen synthase kinase 3 (GSK3), and β-transducin repeat-containing protein (βTrCP)
and induces β-catenin degradation through phosphorylation-mediated ubiquitination [11,14–17].
Inβ-catenin-dependent Wnt signaling (canonical Wnt signaling), the destruction complex is sequestered
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upon WNT ligand stimulation and disrupted by the formation of the WNT-receptor-disheveled (DVL)
complex [18], resulting in the stabilization and nuclear translocation of β-catenin [19]. Next, nuclear
β-catenin interacts with the TCF/LEF transcription factor family (TCF7, LEF1, TCF7L1, and TCF7L2),
which recruits coactivators to transactivate downstream target genes [20–23]. β-catenin-independent
Wnt signaling (also referred to as non-canonical Wnt signaling) activates downstream modules through
the planar cell polarity (Wnt/PCP) pathway or Wnt/Ca2+ signaling pathway [10] (Figure 1).

In the Wnt/PCP pathway, the binding of WNT-FZDs triggers a cascade involving small GTPases
RHOA (transforming protein RhoA) and RAC1 (Ras-related C3 botulinum toxin substrate 1), which in turn
activates ROCKs (Rho-associated protein kinases) and JUN-N-terminal kinases, respectively [10,24,25].
It mainly regulates cell polarity, cell motility, and morphogenetic movements [10,24,25]. In the
Wnt/Ca2+ signaling pathway, the binding of WNT-FZDs activates phospholipase C (PLC), which in turn
triggers the release of Ca2+ from intracellular stores and the activation of effectors such as calcium- and
calmodulin-dependent protein kinase II (CAMKII), protein kinase C (PKC), and calcineurin (CaN) [10,26].
CaN activates the nuclear factor of activated T cells, which regulates the transcription of the genes that
control cell fate and cell migration [10,26]. Although both β-catenin-dependent and -independent Wnt
signaling are involved in tumorigenesis, β-catenin-dependent Wnt signaling is relatively well defined
in various cancer models. In line with this, current pharmacological trials targeting Wnt signaling
have mainly focused on β-catenin-dependent Wnt signaling.

3. Wnt Signaling Alteration in GI Cancers

Hyperactivation of Wnt signaling is frequently observed in GI cancers, including colorectal cancer
(CRC), hepatocellular carcinoma, gastric cancer, and pancreatic cancer. Approximately 90% of CRC
demonstrates Wnt signaling-related gene alterations [27]. More than 70% of the genetic alterations in CRC
are APC mutations [27,28]. Unlike CRC, APC mutations are rare in hepatocellular carcinoma. Hepatocellular
carcinoma mainly displays CTNNB1 mutations (20–35%) [29], AXIN1 mutations (8–15%) [30], and Frizzled-7
(FZD7) overexpression (90%) [31]. In addition to mutations in the negative feedback regulator of the
FZD receptor, the E3 ubiquitin-protein ligases ZNRF3 and RNF43 and their ligands, R-spondins (RSPOs),
are frequently observed in pancreatic and gastric cancers [32,33].

4. Therapeutically Targeting Wnt Signaling in GI Cancer

Targeting Wnt signaling for cancer treatment normalizes the hyperactivated Wnt signaling
that promotes cancer progression. For this purpose, many targeting strategies have been evaluated,
including the inhibition of Wnt ligands and receptors or coreceptors, restoration of the destructive
complex, and inhibition of β-catenin/β-catenin-dependent transcriptional machinery. Although these
approaches have not been studied in phase III clinical trials or used clinically, dozens of Wnt-targeting
agents are currently being evaluated in phase II clinical trials (Table 1). These important phase II clinical trials
include LGK974, genistein, Foxy-5, DKN-01, niclosamide, PRI-724, and chloroquine/hydroxychloroquine.

In the next section, we provide an overview of the known and potential agents that target Wnt
signaling, especially for GI cancers; we also describe their mechanisms of action and related clinical trials
(Table 2). All potential agents that inhibit Wnt signaling are listed in Table 3. In addition, the molecular
targets of representative Wnt inhibitors on WNT signaling are illustrated in Figure 2.

Table 1. Agents inhibiting Wnt signaling for GI cancers in phase II clinical trials.

Agent Mechanism Trial Cancer

LGK974 PORCN inhibitor NCT02278133 BRAF V600-mutated metastatic
colorectal cancer

Genistein SFRP2 silencer inhibitor NCT01985763 Metastatic colorectal cancer

Foxy-5 WNT5A mimic Vermorken 2019 WNT5A-negative colon cancer
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Table 1. Cont.

Agent Mechanism Trial Cancer

DKN-01 Monoclonal antibody
against DKK1

NCT03645980;
NCT04166721

Advanced hepatocellular carcinoma;
Advanced gastroesophageal

adenocarcinoma

Niclosamide FZD1 inhibitor, LRP6
inhibitor NCT02519582 Progressed colorectal cancer

PRI-724 β-catenin/CREBBP
inhibitor NCT02413853 Metastatic colorectal adenocarcinoma

Chloroquine v-ATPase inhibitor NCT02496741
Advanced solid malignancies,

including intrahepatic
cholangiocarcinoma

Hydroxy-
chloroquine v-ATPase inhibitor NCT01006369, etc.

(total 13 trials)

Advanced colorectal carcinoma;
Advanced hepatocellular carcinoma;

Advanced cholangiocarcinoma;
Pancreatic adenocarcinoma

Figure 2. Wnt targeting agents for the Wnt/β-catenin signaling pathway. Wnt targeting agents for
GI cancers mainly focus on the inhibition of the key molecules in Wnt/β-catenin signaling, such as
inhibiting WNT ligands (ipafricept, LGK794), inhibiting Wnt receptors/coreceptors (vantictumab,
rosmantuzumab), stabilizing the destruction complex (AZ1366, hydroxychloroquine), and inhibiting
β-catenin-dependent transcriptional machinery (MSAB, PRI-724).
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5. Targeting WNT Ligands

5.1. Inhibiting WNT Ligands

Ipafricept (OMP-54F28) is a recombinant receptor that is comprised of the cysteine-rich domain of
FZD8 fused to the human IgG1 Fc domain; it inhibits Wnt signaling by neutralizing WNT ligands [54].
Three trials evaluated ipafricept and its combination therapies (Table 2). A phase I trial evaluated the
best dosage of ipafricept and revealed grade 1–2 adverse events (AEs), including dysgeusia, decreased
appetite, fatigue, and muscle spasms [36]. Another phase I trial evaluated ipafricept combined with
nab-paclitaxel and gemcitabine in metastatic pancreatic cancer and revealed grade ≥ 3 AEs, including
increased aspartate aminotransferase, nausea, maculopapular rash, vomiting, and decreased white
blood cells [37].

Secreted frizzled-related proteins (SFRPs) bound directly to WNTs via the cysteine-rich domain,
preventing the WNT–FZD interaction [55–57]. SFRPs also form dimers with FZDs via the respective
cysteine-rich domain to activate or inhibit WNT3A/β-catenin signaling, depending on their concentration [58].
In the nucleus, SFRPs act as biphasic modulators of β-catenin-mediated transcription, which promotes
TCF7L2 recruitment and transactivation of cancer stem cell-related genes by binding to the β-catenin’s
C-terminus; however, they suppress transcriptional activities by binding to the N-terminus [59]. The phase
II trial evaluated genistein, an SFRP2 silencer inhibitor, in combination with FOLFOX and bevacizumab in
metastatic CRC; the study revealed mild AEs, including headaches, nausea, and hot flashes (Table 2) [35].
In addition, Wnt inhibitory factor 1 directly binds to WNTs through the Wnt inhibitory factor domain
and prevents WNTs from transducing Wnt signaling [60]. Cerberus also binds to and inhibits WNT8,
inhibiting Wnt signaling [61]. However, no agents mimicking Wnt inhibitory factor 1 and Cerberus have
been identified.

5.2. Targeting Lipid Modification of WNT Ligands

The palmitoylation of WNT ligands by the protein-serine O-palmitoleoyltransferase porcupine
in the endoplasmic reticulum [62] is essential for the maturation and extracellular secretion of WNT
ligands. The palmitoylated WNT ligands bind to Wntless homolog in the Golgi and are ferried to the
plasma membrane via secretory exosomes [63]. Porcupine inhibitors (CGX1321, ETC-159, and LGK974
[WNT794]), which suppress Wnt signaling by blocking the secretion of WNT ligands, are currently being
evaluated in clinical trials (Table 2). A phase I trial evaluated the best dosage of ETC-159 and revealed
well-tolerated AEs, including vomiting, anorexia and fatigue, dysgeusia, and constipation [34]. The lipid
modification of WNTs can be enzymatically removed by the palmitoleoyl-protein carboxylesterase
NOTUM, thereby inhibiting Wnt signaling [64]. The NOTUM inhibitor, ABC99, is effective in the
treatment of benefiting osteopenia and osteoporosis by enhancing Wnt signaling (Table 3) [64,65].
However, no agents have been identified that mimic NOTUM to inhibit GI cancers. Alternatively,
metalloprotease TIKI1 (Trabd2a) acts as a protease to cleave eight amino acid residues of WNTs,
resulting in oxidized WNT oligomers with minimized receptor binding capability in frogs [66,67].
However, no agents have been identified that mimic the impact of TRABD on Wnt signaling in humans.

6. Targeting Wnt Receptors and Co-Receptors

6.1. Antibodies against FZDs

Vantictumab (OMP-18R5) is a monoclonal antibody that binds to FZD 1, 2, 5, 7, and 8 and inhibits
Wnt signal transduction [54]. A phase I trial evaluating the best dosage of vantictumab combined
with nab-paclitaxel and gemcitabine in metastatic pancreatic cancer was terminated because of the
increased risk of bone fracture [39]. Moreover, FZD5 has been identified as a dominant FZD receptor
in RNF43-mutant pancreatic cancer cells and may be a therapeutic index [68]. However, no agents
targeting FZD5 have been introduced.
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6.2. Mimetic Agents Binding to FZDs

Initially, WNT5A was classified as a non-canonical Wnt family member. It activates Wnt/Ca2+

signaling by stimulating intracellular Ca2+ flux in zebrafish and frogs [69–72]. In 2006, Mikels et al.
found that WNT5A also activates canonical Wnt signaling via FZD4 and LRP5 [73]. Intriguingly,
WNT5A additionally inhibits WNT3A-induced canonical Wnt signaling via FZD2 and tyrosine-protein
kinase transmembrane receptor ROR2 [73,74]. Therefore, the function of WNT5A is considered not
limited to the field of Wnt signaling and is more dependent on the context of receptors. Foxy-5,
a WNT5A peptide mimic, reduces the metastatic capacity of invasive breast cancer via epithelial
discoidin domain-containing receptor 1 (DDR1), which decreases the motility and the invasive potential
of breast epithelial cells [75–77]. However, whether these mechanisms are also true in GI cancers
remains unknown. Foxy-5 is being evaluated in phase I-II clinical trials of metastatic CRC, but no
results have been published [38] (Table 2).

6.3. Inhibiting LRP5/6

Given that dickkopf-related protein 1 (DKK1) inhibits Wnt signaling through its direct binding to
LRP5/6 [78,79], DKK1 was initially considered a tumor suppressor in the β-catenin-dependent context.
Conversely, several studies have shown that DKK1 promotes tumor cell proliferation, metastasis,
and angiogenesis, which might be mediated by β-catenin-independent signaling [80–86]. One available
explanation is that DKK1 interacts with both glypican4 (GPC4) and the LRP/KREMEN complex
to induce the endocytosis of LRP5/6, transforming the biochemical properties of FZDs and their
cytoplasmic components from the Wnt/β-catenin pathway to the Wnt/PCP signaling axis [87,88].
This mechanism activating β-catenin-independent signaling and inhibiting β-catenin-dependent
signaling was validated in zebrafish and frogs [87,88].

On the basis of the tumorigenic role of DKK1, DKN-01, a DKK1 monoclonal antibody, was developed
for cancer therapy. Four trials evaluating DKN-01 and its combination therapies are ongoing (Table 2).
A phase I trial assessing DKN-01 combined with paclitaxel in advanced esophageal and gastroesophageal
junction cancer revealed that 35% of patients experienced a partial response [40,89]. Another phase I
trial of the best dosage of DKN-01 combined with gemcitabine and cisplatin in advanced biliary cancer
revealed that 33.3% of patients experienced a partial response [41]. Sclerostin domain-containing
protein 1 can activate or inhibit Wnt signaling by mimicking WNT ligands or by competing with WNT8
for binding to LRP6, respectively [90,91]. However, no agents simulating sclerostin domain-containing
protein 1 have been identified.

6.4. Accelerating the Degradation of FZD/LRP Receptors

Secreted RSPOs (RSPO1-3) and their receptors, RNF43/ZNRF3, are required to potentiate Wnt
signaling in various development and tissue homeostasis contexts [92–94]. In addition, leucine-rich
repeat-containing G-protein-coupled receptors (LGRs, LGR4-6) are required for the interaction between
RSPOs and their receptors [92]. Without RSPOs and LGRs, RNF43/ZNRF3 induces the internalization
and degradation of FZD receptors and negatively regulates Wnt signaling [92,95,96].

A phase I trial evaluated the best dosage of rosmantuzumab (OMP-131R10), a monoclonal antibody
against RSPO3, for metastatic CRC; no results have been published (Table 2). BNC101, a monoclonal
antibody against LGR5, demonstrated antitumor activity in multiple CRC patient-derived xenografts,
but the clinical trial was terminated (Table 2) [97]. Niclosamide, a teniacide in the anthelmintic family,
promotes FZD1 endocytosis, inhibiting WNT3A/β-catenin signaling in CRC and osteosarcoma and
inducing LRP6 degradation in prostate and breast cancer [98–100]. The NIKOLO trial and NCT02687009
have been evaluating niclosamide in CRC (Table 2). The NIKOLO trial has revealed no drug-related
AEs [43].
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7. Targeting the Destruction Complex

7.1. Inhibiting the DVL–FZD Interaction

In the presence of WNT ligands, DVLs bind to the cytoplasmic domain of FZDs via the PDZ (PSD95,
DLG1, and ZO1) domain, which provides a platform for the interaction between the LRP’s tail and
AXIN to recruit the destruction complex onto the cytoplasmic membrane [101,102]. This process inhibits
destruction complex-mediated β-catenin protein degradation [93]. Several inhibitors (compound
3289-8625, FJ9, NSC668036, and peptide Pen-N3) that directly inhibit DVL binding with FZDs are
currently being evaluated in preclinical studies (Table 3) [103–106].

7.2. Stabilizing AXIN

Tankyrase is a member of the poly ADP-ribose polymerase superfamily of proteins which mediates
the PARsylation and proteasomal degradation of AXIN [107,108]. Tankyrase inhibitors (AZ1366,
G007-LK, G244-LM, IWR-1, JW55, and XAV939) that stabilize AXIN and activate the destruction
complex are being evaluated in preclinical studies (Table 3) [109–113]. The E3 ubiquitin-protein ligase
SIAH, a potent activator of Wnt signaling, promotes the ubiquitination and proteasomal degradation
of AXIN by interacting with a VxP motif in the GSK3-binding domain of AXIN [114]. Ubiquitin
carboxyl-terminal hydrolase 7 (USP7), a potent negative regulator of Wnt/β-catenin signaling, promotes
the deubiquitination and stabilization of AXIN by interacting with AXIN through its TRAF domain [115].
However, no agents that inhibit SIAH or mimic USP7 have been identified.

7.3. Stabilizing APC

Transmembrane protein 9 (TMEM9) binds to and facilitates the assembly of vacuolar-type H+-ATPase
(v-ATPase), resulting in enhanced vesicular acidification and trafficking for subsequent lysosomal
degradation of APC and hyperactivation of Wnt/β-catenin signaling [116]. Conversely, pharmacological
targeting of v-ATPase using bafilomycin, concanamycin, hydroxychloroquine, or KM91104 inhibits
Wnt/β-catenin signaling and suppresses intestinal tumorigenesis (Table 3) [116]. Twenty trials are currently
evaluating v-ATPase inhibitors (Table 2). A phase II trial assessing hydroxychloroquine combined with
gemcitabine in unresectable pancreatic cancer revealed no dose-limiting AEs [46]. Another phase II
trial revealed an increased overall response rate (38.2 vs. 21.1%; P = 0.047) but no survival benefits
(hazard ratio, 1.14; 95% CI, 0.76–1.69; P = 0.53) when adding hydroxychloroquine to combination
therapy with nab-paclitaxel and gemcitabine for advanced pancreatic cancer [50].

7.4. Activating CK1 and GSK3

CK1 and GSK3 sequentially phosphorylate β-catenin to induce the ubiquitination and proteasomal
degradation of β-catenin [16]. Therefore, CK1 and GSK3 activators likely reduce the level of β-catenin
that translocates into the nucleus, consequently inactivating Wnt signaling. pyrvinium, a CK1 activator
that binds to the C-terminal regulatory domain of its isoform CK1A1, has been introduced, but it has not
been evaluated in clinical trials (Table 3) [117]. In addition, no GSK3 activators have been introduced.

8. Targeting β-Catenin and β-Catenin-Dependent Transcriptional Machinery

8.1. Promoting β-Catenin Degradation

Methyl 3-[[(4-methylphenyl)sulfonyl]amino] benzoate (MSAB) [12] binds to the Armadillo repeat
domain of β-catenin and promotes its degradation [118]. NRX-252114, a protein–protein interaction
enhancer, enhances the interaction between β-catenin and its cognate E3 ligase, potentiating the
ubiquitination-mediated degradation of β-catenin [119]. No clinical trials have evaluated MSAB
and NRX-252114.
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8.2. Inhibiting the β-Catenin–TCF/LEF Complex

With its increased fold change, nuclear β-catenin replaces the transducin-like enhancer protein
corepressor with coactivators by forming the β-catenin–TCF/LEF complex [93,120]. This complex
transactivates Wnt target genes through its sequence-specific DNA binding and context-dependent
interaction [121]. β-catenin-TCF/LEF complex inhibitors (BC21, iCRT3, and PKF115-584) were
introduced in preclinical studies (Table 3) [122–124].

8.3. Manipulating TCF/LEF Phosphatases

TRAF2 and NCK-interacting protein kinase (TNIK) phosphorylates the serine 169 residue of
TCF7L1 and the serine 154 residue of TCF7L2, acting as an activating kinase of the β-catenin-TCF/LEF
transcriptional complex [125–127]. TNIK inhibitors (KY-05009 and NCB-0846) are being evaluated
in preclinical studies [126,128] (Table 3). Serine/threonine-protein kinase NLK phosphorylates the
threonine 155 and serine 166 residues of LEF1 and the threonine 178, 189 residues of TCF7L2,
triggering their dissociation from DNA and inhibiting Wnt target gene transactivation [129,130].
Homeodomain-interacting protein kinase 2 (HIPK2) phosphorylates LEF1, TCF7L1, and TCF7L2 to
dissociate them from DNA, which positively or negatively modulates Wnt/β-catenin signaling [131,132].
However, no agents targeting NLK and HIPK2 have been identified.

8.4. Inhibiting Coactivators

CREB-binding protein (CREBBP), histone acetyltransferase EP300, pygopus homolog (PYGO),
and B-cell CLL/lymphoma 9 protein (BCL9) are coactivators that interact with the β-catenin–TCF/LEF
complex [10]. PRI-724 competes with β-catenin to bind with CREBBP, suppressing the transcriptional
activation of β-catenin target genes [133]. Three trials have been evaluating PRI-724, two of which
were terminated or withdrawn because of low enrollment or a drug supply issue (Table 2). A phase
I trial evaluating the best dosage of PRI-724 revealed grade 2 AEs, including diarrhea, bilirubin
elevation, hypophosphatemia, nausea, fatigue, anorexia, thrombocytopenia, and alkaline phosphatase
elevation [52]. Another phase I trial evaluating the best dosage of PRI-724 combined with gemcitabine
as second-line therapy for advanced pancreatic cancer revealed grade ≥ 3 AEs, including abdominal
pain, neutropenia, anemia, fatigue, and alkaline phosphatase elevation [53]. The inhibitors of EP300,
PYGO, and BCL9 (IQ-1, pyrvinium, and carnosic acid, respectively) have been evaluated in preclinical
studies (Table 3) [117,134,135]. In addition, SM08502, a CDC-like kinase (CLK) inhibitor that blocks the
phosphorylation of serine/arginine-rich splicing factors and consequently disrupts spliceosome activity,
has been shown to inhibit Wnt signaling in preclinical models [136–138]. A phase I trial evaluating
SM08502 for advanced GI cancers is ongoing (Table 2).

9. Caveats in Targeting Wnt Signaling

9.1. Targeting Core Components of Wnt Signaling

The major caveat in Wnt targeting strategies is their detrimental side effects on normal cells in
which Wnt signaling plays pivotal roles in tissue homeostasis and regeneration [3–5]. For example,
intestinal stem cells replenish the intestinal epithelium every 3 to 4 days; this is tightly regulated by
constitutively active Wnt signaling in the crypt bottom [139,140]. Inhibiting Wnt signaling disrupts
intestinal homeostasis and induces the severe loss of the crypt-villi structure. Similarly, upon Wnt
blockade, tissue homeostasis disruption also takes place in hair follicles, the stomach, and the
hematopoietic system, where Wnt signaling is indispensable for the maintenance of stem cells and their
niches [141–143]. Indeed, the treatment of the FZD inhibitor (vanctumab) and antagonist (ipafricept)
leads to side effects, including tiredness, diarrhea, vomiting, constipation, bone metabolism disorders,
and abdominal pain [36,54]. Wnt signaling is also required for tissue homeostasis and regeneration
in the lungs, liver, skin, and pancreas [3–5]. Therefore, Wnt signaling targeting strategies need to be
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meticulously designed and evaluated on the basis of their specificity and efficacy, which is discussed
in the next section.

9.2. Targeting Upstream vs. Downstream

Targeting the downstream effectors of Wnt signaling, e.g., β-catenin and TCF/LEF, might maximize
Wnt signaling inhibition on the basis of signaling convergence into downstream gene regulation.
However, targeting downstream Wnt signaling might also generate severe side effects by disrupting
Wnt signaling in normal tissues. Conversely, targeting the upstream molecules of Wnt signaling,
e.g., ligands and receptors, was initially considered ineffectual in cancer cells carrying mutations
in Wnt signaling downstream (i.e., APC and β-catenin/CTNNB1) [93]. Intriguingly, accumulating
evidence suggests that targeting Wnt signaling upstream is also effective independent of Wnt signaling
downstream mutations. This evolving concept, the “β-catenin paradox”, is discussed below.

10. Evolving Views in Targeting Wnt Signaling

10.1. Cancer- and Tissue-Specific Wnt Signaling Targeting

Targeting cancer type- or tissue-specific Wnt signaling components or modulators may overcome
the side effects of Wnt signaling blockade on normal tissues. For instance, specifically targeting the
constitutively active form of β-catenin mutants may be ideal. A recent study found that small-molecule
enhancers of mutant β-catenin and its E3 ligase (β-TrCP) interaction potentiate the ubiquitination-mediated
degradation of mutant β-catenin [119], suggesting one possible approach to targeting the mutant form
of β-catenin.

There are also several promising preclinical and clinical studies evaluating antibodies against
RSPOs and LGRs, Wnt signaling amplifiers [42]. Since RSPOs and LGRs are differently expressed in
different tissues and cancers [144,145], targeting them might diminish normal tissue damage. LGR5 has
been suggested as a cancer stem cell marker [146,147], and targeting LGR5+ cells with anti-LGR5
antibody–drug conjugates suppressed tumor growth and metastasis in a preclinical model [145,148].
Anti-LGR5 therapy and anti-RSPO3 (rosmantuzumab) are currently being evaluated in phase I trials for
the treatment of metastatic CRC (NCT02726334 and NCT02005315) (Table 2). RSPO3-LGR4-maintained
Wnt signaling is essential for the stemness of acute myeloid leukemia, and the clinical-grade anti-RSPO3
antibody eradicated leukemia stem cells [149], which might be effective in GI cancer. The results of
these studies indicate that blockage of cancer- or tissue-specific Wnt signaling components or regulators
are viable options for GI cancer treatment.

10.2. Efficacy and Combination Therapy

An alternative method of overcoming limitations in Wnt signaling targeting strategies is to identify
a safe dose that is highly effective but does not disrupt normal physiologic processes. A specific dose of
LGK794 had lower severity of side effects with effective pharmacologic outcomes in a phase I clinical
trial [7]. It is also noteworthy that different tissues showed different levels of Wnt signaling threshold
in vivo [150], supporting the theory that localizing treatment is an alternative strategy to avoid toxicity
and side effects.

In general, combination therapy is considered to result in more AEs. However, it does not always
induce more AEs than does monotherapy. The incidences and degrees of AEs depend on various factors,
such as the doses of single drugs, the timing of administration, the period of treatment, the supportive
treatment, and the heterogeneity of the patients themselves. Thus, certain drug dose combinations
may be more effective, with fewer AEs. Furthermore, monotherapy targeting one pathway does not
guarantee complete anticancer activity because of multiple crosstalks and compensations by other
signaling pathways. Although its efficacy may be counterbalanced by correspondingly increased
toxicity, combination therapy that simultaneously targets several pathways might be more efficient.
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In addition, combination therapy is the most common approach to achieving survival benefits in
clinical practice, and most promising phase III Wnt targeting trials use combination therapy.

ICG-001 and PRI-724 inhibit Wnt target gene expression by antagonizing CBP, a β-catenin
coactivator [133,151]. PRI-724 was effective in a phase I clinical trial of PDAC when used in
combination with gemcitabine (NCT01764477). Other cases include the combination of anti-FZD
antibody with chemotherapy. Vantictumab (OMP-18R5) resulted in promising outcomes in the
preclinical setting [152,153] and is currently being evaluated in phase I clinical trials for multiple
cancers in combination with paclitaxel [154]. Ipafricept (OMP-54F28/FZD8-Fc) is being evaluated
in a phase I clinical trial to treat advanced pancreatic cancer in combination with nab-paclitaxel
and gemcitabine [36]. Although antibodies against pan-Wnts or pan-FZD were not tissue-specific,
their combination in advanced solid tumors had promising effects [36,154]. In addition, as a neoadjuvant
therapy, Foxy-5 is currently being evaluated in phase II trials for colon cancer, as described above
(NCT03883802).

10.3. β-Catenin Paradox

Theβ-catenin paradox was introduced on the basis of heterogeneous Wnt signaling activity in CRC
cells, carrying homogenous genetic alterations in APC orβ-catenin/CTNNB1 [155]. This observation was
followed by discoveries of several Wnt signaling regulators and multiple crosstalks of Wnt/β-catenin
signaling with MAPK and PI3K pathways [156–165]. Additionally, accumulating evidence suggests
that the blockade of Wnt signaling upstream molecules suppresses tumor growth despite the presence
of oncogenic mutations in Wnt signaling components [96,108,116,152,166,167], demonstrating the
existence of additional regulatory modules in Wnt signaling, independent of genetic alterations.
Additionally, truncated mutant APC remains partially functional to induce β-catenin protein
degradation [116,167]. Moreover, the blockade of WNTs/RSPOs inhibits the growth of tumor cells
that harbor APC mutations [96,116]. In line with this, Tankyrase inhibitor-stabilized AXIN protein
suppresses the proliferation of CRC cells that carry constitutively active mutations in β-catenin or
APC [108,110]. A recent gastric cancer mouse model study also revealed that vantictumab, the pan-FZD
inhibitor, inhibits gastric adenoma growth independently of APC mutations [152]. Therefore, molecular
targeting of the upstream molecules of APC and β-catenin might be promising in Wnt/β-catenin
signaling-associated cancer.

10.4. Generalization of Wnt Targeting Therapy

Aberrant Wnt signaling is crucial for the potential clonal source of tumor cells and is considered
an environmental and metastatic niche for tumor progression. Indeed, LGR5+ colon cancer cells are
required for the formation of metastatic colonization in the liver [146]. A study using patient-derived
pancreatic organoids revealed differing Wnt-niche dependency among organoids [168]. Furthermore,
in a recent study of lung cancers that barely harbor Wnt mutations, Wnt signaling was shown to be
required for lung cancer progression as a niche factor in a mouse lung adenocarcinoma model [169].
In that context, Wnt targeting by porcupine inhibitor, WNT794 (LGK794), revealed the suppression of
lung tumor progression [169]. These results suggest that Wnt targeting therapy can be generalized
to various types of non-Wnt-mutated cancers in which Wnt signaling has tumor-promoting or
metastatic roles.

11. New Candidates for Targeting Wnt Signaling in GI Cancers

Several cancer-specific Wnt signaling regulators were identified in GI cancers. Amplification
of USP21 deubiquitinase promotes pancreatic cancer cell growth and stemness via Wnt/β-catenin
signaling [170]. RNF6, a CRC-upregulated E3 ligase, promotes CRC cell growth through the degradation
of Tele3, a transcriptional repressor of the β-catenin/TCF4 complex [171]. Another deubiquitinase
USP7 serves as a tumor-specific Wnt activator in APC-mutated CRC by promoting β-catenin
deubiquitination [172]. Transcriptional coactivators of β-catenin, BCL9 and BCL9l, redundantly
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demonstrated CRC-specific upregulation, and their loss suppressed intestinal tumorigenesis in a
mouse model [173]. BCL9 and BCL9l inhibitors were recently developed [135,174,175]. Targeting BCL9
and BCL9l has been suggested as a therapeutic approach to CRC-specific treatment. FZD5 mainly
expressed in RNF43 mutated tumor cells was proposed as a molecular target for pancreatic cancer
treatment [68]. Given that gut-specific knockout of FZD5 is feasible in the mouse models [176,177],
it is likely that targeting of FZD5 can be used in RNF43 mutated intestinal or gastric tumors.
In addition, CRC-upregulated PAF/KIAA0101 hyperactivates Wnt/β-catenin signaling and accelerates
tumorigenesis in vitro and in vivo [178,179]. As an amplifier of Wnt signaling, TMEM9 hyperactivates
β-catenin via APC degradation to promote intestinal and hepatic tumorigenesis [116,166]. Of note,
germline deletion of Tmem9 or Paf did not display any discernible phenotypes, suggests that blockade
of cancer-related Wnt signaling activators or amplifiers minimizes side effects in Wnt signaling
targeting approaches.

Additionally, recent technological advances in organoids made it feasible to perform high-throughput
chemical screening (clinical drugs or drug library) and genetic screening (gene knock-out or knock-down)
of tumor organoids [180–182]. Moreover, patient-derived organoids become valuable resources to identify
most effective drug(s) for precision medicine including pharmacogenomics [183–185]. Therefore, with the
emergence of such new technology, it is anticipated that novel tumor-specific and druggable vulnerabilities
related to Wnt signaling hyperactivation will be identified.

12. Conclusions

To date, many studies have reported the marked impact of molecular targeting of Wnt signaling
on tumor suppression in preclinical settings. Despite the ongoing clinical trials, it is still imperative
to overcome recurring pitfalls—catastrophic adverse effects on tissue homeostasis and regeneration.
Like the sword of Damocles, targeting Wnt signaling poses a high risk but has significant potential in
cancer therapy. With evolving concepts in Wnt signaling deregulation and manipulation, new and
improved approaches, including molecular targeting of upstream signaling modules or cancer-specific
regulators and combination therapy, are expected to open a new window of opportunity in the
treatment of Wnt signaling-associated cancer.
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Simple Summary: Given their high degree of identity and even greater similarity at the amino
acid level, Kat3 coactivators, CBP (Kat3A) and p300 (Kat3B), have long been considered redundant.
We describe the generation of novel p300 S89A knock-in mice carrying a single site directed amino
acid mutation in p300, changing the highly evolutionarily conserved serine 89 to alanine, thus
enhancing Wnt/CBP/catenin signaling (at the expense of Wnt/p300/catenin signaling). p300 S89A
knock-in mice exhibit multiple organ system, immunologic and metabolic differences, compared
with their wild type counterparts. In particular, these p300 S89A knock-in mice are highly sensitive
to intestinal injury resulting in colitis which is known to significantly predispose to colorectal cancer.
Our results highlight the critical role of this region in p300 as a signaling nexus and provide further
evidence that p300 and CBP are non-redundant, playing definite and distinctive roles in development
and disease.

Abstract: Differential usage of Kat3 coactivators, CBP and p300, by β-catenin is a fundamental regula-
tory mechanism in stem cell maintenance and initiation of differentiation and repair. Based upon our
earlier pharmacologic studies, p300 serine 89 (S89) is critical for controlling differential coactivator
usage by β-catenin via post-translational phosphorylation in stem/progenitor populations, and
appears to be a target for a number of kinase cascades. To further investigate mechanisms of signal
integration effected by this domain, we generated p300 S89A knock-in mice. We show that S89A mice
are extremely sensitive to intestinal insult resulting in colitis, which is known to significantly increase
the risk of developing colorectal cancer. We demonstrate cell intrinsic differences, and microbiome
compositional differences and differential immune responses, in intestine of S89A versus wild type
mice. Genomic and proteomic analyses reveal pathway differences, including lipid metabolism,
oxidative stress response, mitochondrial function and oxidative phosphorylation. The diverse effects
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on fundamental processes including epithelial differentiation, metabolism, immune response and
microbiome colonization, all brought about by a single amino acid modification S89A, highlights
the critical role of this region in p300 as a signaling nexus and the rationale for conservation of this
residue and surrounding region for hundreds of million years of vertebrate evolution.

Keywords: CBP; p300; IBD; colitis; colorectal cancer; Wnt

1. Introduction

The vertebrate radiation, which was initiated approximately 450 million years ago,
ushered in a major lifestyle change with a significant increase in adult lifespan [1,2] and
with it, a requirement for high-fidelity, long-term homeostasis [2]. This change necessitated
that somatic stem cells (SSC), in their respective niches, remain quiescent, in contrast to
their differentiated daughter cells, which rapidly proliferate, in order to safeguard the
integrity of the SSC’s genetic material [1,3]. The gene duplication of the Kat3 coactivator
family, which led to the evolution of Kat3A/CREBBP (cAMP response element binding
protein (CREB)-binding protein) (CBP) and its closely related paralog Kat3B/E1A-binding
protein, 300 kDa (p300), apparently occurred just prior to radiation of the vertebrate lin-
eage [1]. The two Kat3 coactivators encode massive proteins of ~300 kDa over 33 and 31
exons, respectively [1]. CBP and p300 have maintained an extraordinarily high degree of
identity—as high as 93%—and an even higher degree of similarity, particularly over an
extensive central core region, which encompasses the CH1, KIX, bromodomain, CH2 and
CH3 domains (Figure 1A) [1,2,4,5]. They both interact with a myriad of proteins, given
their key roles in orchestrating transcription [1]. Due to their high degree of identity and
even greater similarity at the amino acid level, CBP and p300 have long been considered re-
dundant. However, mounting evidence clearly demonstrates that they are non-redundant,
playing definite and distinctive roles in development and disease [1,6–10]. β-catenin, a
key transcriptional component in Wnt signaling, must recruit CBP or p300 in addition to
other components of the core transcriptional complex to initiate functional Wnt transcrip-
tion [1,11,12]. The extreme N-terminal regions of CBP and p300, containing the lowest
homology with approximately 66% identity, have been the focus of our interest. β-catenin
and specific, direct small molecule CBP/catenin antagonists (ICG-001/PRI-724) [1,9,13,14]
and direct small molecule p300/catenin antagonists (YH249/250) [15], competitively bind
within this extreme N-terminal region (Figure 1A) [1]. This highly unstructured region
of the Kat3 coactivators serves as a nexus for integrating the interactions of varied signal
transduction pathways (e.g., nuclear receptor family, RAR/RXR, vitamin D, and Interferon
STAT1/2) with the Wnt/catenin signaling cascade [1,9,16–19]. We originally identified
p300 serine 89 as a critical residue (Figure 1B) controlling differential coactivator usage by
β-catenin via post-translational phosphorylation in mouse embryonic stem cells [20]. p300
serine 89 appears to be a target for a number of kinase cascades including PKC [21,22],
AMPK [23], and SIK2 [24], associated with an array of biological effects, including activation
and inhibition of transcription [23,25], inhibition of histone acetyltransferase function [22],
regulation of insulin/glucagon signaling [24], and differentiation of mES cells [20] and
adult progenitor cells [26].

To further investigate the role that p300 serine 89 (S89) plays in vivo, we have gener-
ated p300 S89A knock-in mice. p300 S89A knock-in mice, albeit born at sub-Mendelian
ratios, appear to be relatively normal. Nevertheless, these mice exhibit multiple organ
system, immunologic and metabolic differences, compared with their wild type counter-
parts. We now initially report on the generation of these mice and their high sensitivity
to intestinal injury, which is apparently related to a complex interplay between aberrant
epithelial differentiation, gut immunity and changes in their intestinal microbiota and
metabolites and which results in colitis, a significant risk factor predisposing to colorectal
cancer [27,28].
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Figure 1. Differential usage of homologous Kat3 coactivators CBP and p300 by β-catenin. (A) Schematic representation
displaying identity between CBP and p300. CBP and p300 have molecular weights of approximately 300 kDa and are
encoded over 33 and 31 exons and consist of 2441 and 2414 amino acids (a.a.), respectively. β-catenin competes with direct
small molecule CBP/catenin antagonists (PRI-724/ICG-001) for binding to CBP’s (but not p300′s) distal N-terminus, the least
conserved region within these two Kat3 coactivators. CBP, cAMP response element binding protein (CREB)-binding protein;
p300, E1A-binding protein, 300 kDa; RID, receptor-interacting domain; CH, cysteine/histidine region; KIX, kinase-inducible
domain interacting domain; BD, bromodomain; SID, steroid receptor co-activator-1 interaction domain; QP, glutamine- and
proline-rich domain. (B) Sequence alignment of the distal N-terminal regions of CBP and p300, showing conserved sites for
binding of β-catenin (DELI motif). Note: p300 S89 is a critical residue controlling differential Kat3 coactivator usage by
β-catenin. (Human CBP and p300 sequences are depicted.)

2. Materials and Methods

2.1. Mice

Animal studies were approved by the University of Southern California Institutional
Animal Care and Use Committee (IACUC) as per protocol #11023. The S89A knock-in
point mutation in exon 2 of the mouse p300 gene, via site-specific mutagenesis, was
generated using the flip-excision (FLEx) switch construct. This mutation removes the
highly conserved phosphorylation site at S89. The construct included five segments: the
5′ homology arm, a point-mutated exon 2 in inverted orientation, a PGK-Neo selection
cassette, the wild type exon 2, and the 3′ homology arm. The design of the construct,
cloning of the targeting vector, electroporation into mouse ES cells, screening of the 129
ES cells, injection into blastocysts, and screening of the chimeric mice were performed by
Ozgene Pty Ltd. (Australia). In principle, transcription from the mutant exon 2 should
have been activated via Cre recombinase in two steps. First, Cre recombinase would
invert the mutated fragment flanked by the loxP site to correct the orientation to activate,
and then excise the wild type fragment flanked by lox2272 to inactivate it. However, we
found that mice homozygous for the knock-in construct displayed early embryonic stage
lethality, similar to that of p300 knockout mice [29], suggesting that the wild type p300
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protein was not being produced properly from the wild type fragment in vivo for unknown
reasons. This malfunction of the wild type fragment caused us to revise our original plan
of conditional mutagenesis, resulting in our decision to generate p300 S89A germ line mice.
Mice were backcrossed onto C57BL/6 background (The Jackson Laboratory, Bar Harbor,
ME, USA) for at least 10 generations before used for experiments. Hematology testing on
mouse blood samples was performed on the Hemavet (Drew Scientific, Miami Lakes, FL,
USA), and clinical chemistry testing was performed by Antech Diagnostics.

2.2. Isolation of Crypt Cells from Ileum

Crypt cells from ileum were isolated based on a previously described protocol [30]
with minor modification. Ileum was dissected out, and lumen of the intestine was flushed
with ice-cold PBS. Intestine was opened longitudinally and placed in tube containing ice-
cold PBS. Tube was inverted 10–15 times, and then PBS removed and replaced with fresh
ice-cold PBS. Washing with fresh ice-cold PBS was repeated until the supernatant no longer
contained any visible debris. Intestine was cut into 5 mm pieces and placed into ice-cold
5 mM EDTA-PBS. Fragments of intestine were vigorously triturated by pipetting up and
down 15 times, and then allowed to settle by gravity for 30 s. Supernatant was aspirated,
and then 5 mM EDTA-PBS was added to the intestinal fragments and re-suspended intesti-
nal fragments were placed at 4 ◦C on a benchtop roller for 10 min, after which supernatant
was aspirated, and then intestinal fragments kept. 5 mM EDTA-PBS was added to the
intestinal fragments and then placed at 4 ◦C on a benchtop roller for 30 min. Supernatant
was aspirated and then ice-cold PBS was added to wash the crypts and then supernatant
was aspirated. Ice-cold PBS was added, and the intestinal fragments were vigorously
triturated 10 times. Supernatant fractions were collected and then mixed 1:1 with solution
of basal media containing DNase I. (Final concentration of mixture: ~15 U/mL DNase I.)
Mixture was first filtered through a 100 μm filter into a BSA (1%) coated conical tube, and
then filtered through a 70 μm filter into a BSA (1%) coated tube, after which the filtrate was
spun at 300× g in a tabletop centrifuge for 5 min. Supernatant was aspirated, and the cell
pellet was re-suspended in basal media containing 5% FBS and then centrifuged at 100× g
for 5 min, after which supernatant was removed and samples were frozen at −80 ◦C until
further analysis.

2.3. Co-Immunoprecipitation

150–200 mg of intestinal crypt cells were re-suspended in CERI buffer (NE-PER,
ThermoFisher, cat. #: 78833, Waltham, MA, USA) containing 5 mM DTT and 1X protease
inhibitor cocktail, using a dounce homogenizer. After re-suspension in CERI buffer, the
procedure for nuclear extraction was performed based on manufacturer protocol. Protein
concentration of nuclear extract was performed using the Protein Assay Dye Reagent
(Bio-Rad, cat. #: 500-0006, Hercules, CA, USA). 100–500 μg of nuclear protein was diluted
in CoIP buffer (25 mM Tris-HCl, pH 8.0, 1% NP40, 5% glycerol, 150 mM NaCl, 1 mM EDTA,
5 mM DTT, 1X protease inhibitor cocktail (Calbiochem, cat. #: 539137, Burlington, MA,
USA)) to a final volume of 1000 μL. 2 μg of CBP (Aviva Biosystems, cat. #: ARP43609_P050,
San Diego, CA, USA), p300 (Aviva Biosystems, cat. #: OAAF01891-100UG, San Diego,
CA, USA), 14-3-3-ε (Abcam, cat. #: ab43057, Cambridge, MA, USA), or normal IgG (Aviva
Biosystems, cat. #: OAEF01185-1MG, San Diego, CA, USA) antibody was added and
mixture incubated overnight at 4 ◦C on a tube shaker/rotator. 20 μL of Dynabeads Protein
A (ThermoFisher, cat. #: 10001D, Waltham, MA, USA) was added and mixture incubated
for 1 h at 4 ◦C on tube shaker/rotator. The magnetic beads were washed three times
with 500 μL of CoIP Buffer each time, using the magnetic stand. 20 μL of 2× Laemmli
buffer was added and mixture vortexed. Beads were boiled in 2× Laemmli buffer for
10 min. Supernatant containing proteins were separated from the magnetic beads, using the
magnetic stand. Protein samples were subjected to electrophoresis on a 4–20% Teo-Tricine
SDS-PAGE gel (VWR, cat. #: 71003-072, Radnor, PA, USA). Proteins were transferred
onto PVDF membrane. Proteins of interest on the PVDF membrane were detected by
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incubating with β-catenin antibody (Santa Cruz Biotechnology, cat. #: sc-7199, Dallas, TX,
USA) or p300 antibody (Aviva Biosystems, cat. #: OAAF01891-100UG, San Diego, CA,
USA) as the primary antibody, and subsequent incubation with CleanBlot (ThermoFisher,
cat. #: 21232, Waltham, MA, USA) as the secondary antibody, followed by application of
chemiluminescent reagent ECL Plus (GE Healthcare, cat. #: RPN2132, Chicago, IL, USA)
and imaging on the ChemiDoc Imaging System (Bio-Rad), after which relative protein
concentration was determined by densitometry.

2.4. Western Blotting

Flash-frozen mouse ileum was resuspended in RIPA buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 5 mM EDTA, 0.1% SDS), containing
protease inhibitors (Roche, cat. #: 11836170001, South San Francisco, CA, USA). Tissue was
homogenized and then centrifuged at 12,000× g for 15 min, after which supernatants were
collected. Protein concentration was determined using the Protein Assay Dye Reagent (Bio-
Rad, cat. #: 500-0006, Hercules, CA, USA). 40 μg protein mixed with 4× Laemmli sample
buffer were incubated at 37 ◦C for 15 min and subjected to SDS-PAGE. After overnight
transfer onto PVDF membrane (Bio-Rad, cat. #: 1620177, Hercules, CA, USA), membrane
was incubated overnight with primary antibody at 4 ◦C. Membrane was washed and then
incubated with secondary antibody for 1 h, followed by application of chemiluminescent
reagent ECL (GE Healthcare, cat. #: RPN2232, Chicago, IL, USA) and imaging on the
ChemiDoc Imaging System (Bio-Rad), after which relative protein concentration was
determined by densitometry. The primary antibodies used were DUOX2 (Santa Cruz, cat.
#: sc-398681, Dallas, TX, USA), GAPDH (Santa Cruz, cat. #: sc-32233, Dallas, TX, USA).
The secondary antibody was mouse IgG kappa binding protein conjugated to horseradish
peroxidase (Santa Cruz, cat. #: sc-516102, Dallas, TX, USA).

2.5. RT-qPCR and PCR

Total mRNA was extracted by TRIzol reagent (Invitrogen Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. cDNA was synthesized using qScript cDNA Synthesis
Kit (Quantabio, Beverly, MA, USA). cDNA template was used for qPCR with SYBR Green
detection method utilizing the CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The PCR primer sequences used for mouse cells were as follows:
Duox2 (F: 5′-CATTGCCACCTACCAGAACATTG-3′, R: 5′-AGATGCTGGGGTCCATG
AAAG-3′); Duoxa2 (F: 5′-TAACATTACACTCCGAGGAACAC-3′, R: 5′-AGTCCCTTCTC
CAAGGCATG-3′). Housekeeping gene PCR primer sequences for mouse Gusb were (F:
5′-TATGGAGCAGACGCAATCCC-3′, R: 5′-TTCGTCATGAAGTCGGCGAA-3′). Relative
expression levels for genes of interest were calculated using the 2−ddCt method. PCR
primer sequences used for OTU217 were as follows: F: 5′-TACCGCATAAGCCTGCTGTG-
3′, R: 5′-ATCGTTGTCTTGGTAGGCCG-3′. PCR products were resolved by agarose gel
electrophoresis.

2.6. 16S rRNA Gene Sequencing of Microbiota

Stool samples from mice were collected and genomic DNA was extracted using the
QIAAmp Fast Stool Mini Kit (Qiagen, Redwood City, CA, USA) as per manufacturer
instructions. DNA samples were sent to Research and Testing Laboratory (currently RTL
Genomics, Lubbock, TX, USA) for processing and analysis based on a previously described
protocol [31,32]. 16S ribosomal RNA variable region was amplified and subjected to
sequencing on an Illumina MiSeq as previously described [31]. Reads were processed and
classified into operational taxonomic units (OTUs) as previously described [32]. Bacterial
diversity between groups of mice were compared using the Shannon index (for alpha
diversity) and the Bray–Curtis and Jaccard indices (for beta diversity).
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2.7. Intestinal Organoids

Organoids were derived from mouse intestines and cultured based on a previously
described protocol [33]. Briefly, mouse small intestine was isolated and opened longitudi-
nally. After washing with ice-cold PBS, villi were scraped off using a coverslip. Intestine
was then cut into fragments from which crypts were isolated. Crypts were resuspended
with Matrigel, and cell suspension plated and cultured to form organoids.

2.8. Genomic Analysis

RNA-seq was performed on mouse intestine and intestinal organoids at the USC Core
Lab, based on a previously described protocol [34]. Briefly, the Ovation RNA-Seq System
V2 and Ovation Ultralow Library System V2 (NuGEN Technologies, Inc., San Carlos,
CA, USA) were used for amplification of total RNA and library preparation. RNA-seq
was performed on an Illumina HiSeq 2000 (Illumina, San Diego, CA, USA) using paired-
end sequencing. Sequence data were analyzed using Partek Flow software (Partek Inc.,
Chesterfield, MO, USA). Differentially expressed gene lists were created, and differences
were considered significant if false discovery rate (FDR) adjusted p-value, i.e., “q-value”
< 0.05 or multimodel p-value < 0.05. Pathway analysis was performed using Ingenuity
Pathway Analysis (IPA) (Qiagen).

2.9. Proteomic Analysis

Samples were prepared and subjected to proteomic analysis by 2DICAL as previ-
ously described [9]. Methanol solutions of whole cell extracts were dried and processed
for trypsinization. After trypsinization, the obtained peptides were resolved and then
quantified. Peptide solution was desalted, dried, and re-dissolved. The obtained peptide
solution was subjected to nanoLC-Ultra 2D (AB SCIEX) coupled with to a TripleTOF5600
(AB SCIEX) mass spectrometer. The subjected peptides were directly injected onto a C18,
non-end capping, ULTRON HF-ODS(N) (0.1mm I.D., 700 mm length, Shinwa Chemical
Industries Ltd., Kyoto, Japan) and then separated by a binary gradient. The masses of the
eluted peptides were determined using the TripleTOF5600. MS peaks were detected and
quantified using 2DICAL. 2DICAL was developed as a shotgun proteomics analysis system.
It analyzes the data of mass to charge ratio (m/z), retention time (RT) and peak intensity
generated by liquid chromatography and mass spectrometer (LC/MS), and each sample as
elemental data; it deploys various 2-dimensional images with different combinations of
axes using these four elements. From the m/z–RT image, peaks derived from the same
peptide in the direction of the acquiring time are integrated. By adding algorithms to
ensure reproducibility of m/z and RT, the same peak can be compared precisely across
different samples, and a statistical comparison of identical peaks in different samples
leads to the discovery of specific differentially expressed peptide peaks. Specific peaks
are designated by their m/z and RT coordinates, and further analysis is based on these
identifiers. The peptide search engine used in 2DICAL is MASCOT software (version 2.5.1;
Matrix Science) using the Swiss-Prot mouse database (SwissProt_2016_01.fasta). The mass
spectrometry proteomics data have been deposited in the ProteomeXchange Consortium
via the jPOST [35] partner repository with the data set identifier PXD021750. Statistical
Analyses was performed with the open-source statistical language R (version 3.3.0). The
2DICAL intensity data were converted to protein value averaging the intensity data of
peptides derived from the protein.

2.10. Ingenuity Pathway Analysis of Proteomic Data

A total of 2836 proteins were detected in both wild type and p300 S89A mice. The
proteomic data were quantile normalized and subjected to differential expression analysis.
93 proteins showed significant changes (fold change (FC) ≤ −1.2 or FC ≥ 1.2, and p < 0.05)
and were subjected to Ingenuity Pathway Analysis (IPA) (Qiagen, Redwood City, CA, USA)
to identify top canonical pathways associated with S89A mutation in mice.
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2.11. DSS-induced Colitis Mouse Model

Mice were treated starting on day 1 for up to 5 days with low (2%) dose of dextran
sodium sulfate (DSS) administered via the drinking water, based on a previously described
protocol [36], after which treatment was discontinued for up to 7 days, and the effect of
DSS on % original body weight, histology by hematoxylin and eosin (H&E) and Alcian
blue staining, and colon length was assessed.

2.12. Data Analysis

Numerical data were expressed as the means ± standard deviation (s.d.) and Student’s
t-test was performed, unless otherwise noted. p-values < 0.05 were considered significant.

3. Results

3.1. Generation of p300 S89A Point Mutant Knock-in Mice

We previously utilized in vitro CRISPR/Cas9 editing of a highly conserved inser-
tion in the N-terminus of p300 (aa 61–70) to demonstrate its importance in regulating
Wnt/β-catenin/nuclear receptor interactions [9]. To further explore this critical signaling
nexus within the N-terminal domain of the Kat3 coactivator p300, we generated an S89A
knock-in point mutation in exon 2 of the mouse p300 gene via site-specific mutagenesis.
This mutation removes the highly evolutionarily conserved phosphorylation site at S89
and consequently modulates the interaction of multiple proteins with the N-terminus of
p300. The mutant fragment was cloned into a targeting vector for the murine p300 gene.
The resultant flip-excision (FLEx) switch construct (Figure S1) was used to generate p300
S89A germ line mice. After crossing the mice with a CMV-Cre mouse line, we confirmed
successful introduction of the point mutation and removal of the wild type fragment at
both the genomic DNA and messenger RNA levels by PCR and DNA sequencing. The ho-
mozygous p300 S89A mice, although born at sub-Mendelian ratios (approximately 50% less
than anticipated), did not demonstrate any obvious significant abnormalities (Figure S2
and Table S1) and were fertile, albeit both male and female S89A mice exhibited slightly
decreased body weights (<10%) (Figure S2). The mice were subsequently backcrossed with
C57BL/6 mice minimally for 10 generations before being used for further experiments.

3.2. p300 S89A Mice and Differential β-Catenin Kat3 Coactivator Usage

We previously reported that phosphorylation at S89 of p300 enhanced the association
of β-catenin with p300 and mutation of serine 89 to alanine abrogated this phosphorylation
dependent increase in vitro [20]. To confirm that this observation was also true in S89A
knock-in mice, we performed a co-immunoprecipitation assay using tissue from intestinal
crypts in which the Wnt signaling pathway is highly activated. As anticipated based on our
previous in vitro studies, the association of β-catenin with p300 was significantly reduced
in S89A mice compared with wild type (WT) mice (Figure 2).
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Figure 2. p300 S89A mice show differential usage of Kat3 coactivators CBP and p300 by β-catenin. Co-immunoprecipitation
of β-catenin with CBP (A) or p300 (B) in S89A and WT mouse intestinal crypt cells. Control (IgG) antibody and anti-CBP
antibody or anti-p300 antibody were used for immunoprecipitation followed by immunoblotting for β-catenin. Numerical
values above protein bands indicate densitometric quantitation of β-catenin associated with CBP or p300. Bar graphs
show densitometric quantitation normalized to respective control. Data in bar graphs (mean ± s.e.m.) representative
of three independent experiments are shown. S89A, p300 S89A; WT, wild type; F, female; M, male; βcat, β-catenin; IP,
immunoprecipitation. Whole immunoblots corresponding to immunoblot data are included in Figure S3.

3.3. p300 S89A Mice Are Extremely Sensitive to Intestinal Insult

Although p300 S89A mice did not exhibit obvious homeostatic defects under normal
feeding and housing conditions, we decided to evaluate their response to insult. Inflam-
matory bowel disease (IBD), including Crohn’s Disease and ulcerative colitis [36], may
arise from infections caused by viruses or bacteria, damage due to ischemia, or disorders
of autoimmunity in genetically predisposed individuals. One popular model of colitis
utilizes dextran sodium sulfate (DSS) in the drinking water, which damages the intestinal
epithelium and a vigorous inflammatory reaction within the intestine generally of several
days duration [36]. One variation of this model involves repeated cycles of acute insult
with subsequent repair via iterative cycles of DSS administration with intervening periods
of recovery, thereby simulating chronic IBD [36]. We chose a relatively low (2%) dose of
DSS and proceeded to administer it to seven-week-old female mice, both S89A and wild
type C57BL/6 (WT), in their drinking water. After only one round of DSS, effects on control
WT mice were minor, with only slight body weight reduction at day eight/nine (~2–3 days
after withdrawal of DSS), whereas in sharp contrast, there was a dramatic (~20%) body
weight reduction in the mutant mice and two S89A mice died at day 12 (Figure 3A, left
panel). A similar trend was observed with male mice (Figure 3A, right panel).
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Figure 3. p300 S89A mice are extremely sensitive to intestinal insult. S89A and WT mice were treated starting on day 1
for ~5 days with low (2%) dose of dextran sodium sulfate (DSS) (or vehicle (B) after which treatment was discontinued
for ~7 days and the effect of DSS on % original body weight (A), histology (B,C), and colon length (D) was assessed. Data
are mean ± s.d. (n = 3–9 per group). * p < 0.05, ** p < 0.01, *** p < 0.001. (B) For both WT and S89A mice without DSS
treatment: H&E staining shows normal colonic mucosa. The crypt architecture is preserved and there is no evidence of
acute, neutrophil-mediated epithelial injury or histologic features suggestive of ongoing, chronic mucosal injury. Alcian
blue staining highlights intact goblet cells. (C) With DSS treatment: For WT mice: H&E staining shows normal colonic
mucosa. The crypt architecture is preserved and there is no evidence of acute, neutrophil-mediated epithelial injury or
histologic features suggestive of ongoing, chronic mucosal injury. Alcian blue staining highlights intact goblet cells. For
S89A mice: H&E staining shows colonic mucosa with lamina propria replacement by granulation tissue and fibrinopurulent
exudate, consistent with ulcer. The few remaining crypts exhibit architectural distortion, indicative of chronic mucosal
injury. Alcian blue staining highlights mucin loss and decreased goblet cells, consistent with epithelial injury.
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Prior to DSS treatment, the colonic epithelium of S89A mice was normal, essentially
the same as WT mice. Prior to treatment, in both S89A and WT mice, crypt architecture was
intact and there was no evidence of neutrophil mediated epithelial injury or histological
features suggestive of ongoing chronic mucosal injury. Alcian blue staining demonstrated
the presence of intact goblet cells (Figure 3B). Histological examination of control and
mutant mouse colons at day 12 after DSS treatment (five days treatment, seven days off)
showed that S89A mice were nearly devoid of normal colonic epithelium. Hematoxylin
and eosin staining showed colonic mucosa with lamina propria replacement by granu-
lated tissue and fibrinopurulent exudate, consistent with ulceration. The few remaining
crypts exhibited architectural distortion, indicative of chronic mucosal injury. Alcian blue
staining highlighted mucin loss and decreased goblet cells consistent with epithelial injury
(Figure 3C), whereas the tissue from WT mice was normal. The colon length of S89A
female mice compared to WT controls, one week after 5 days of DSS administration, was
somewhat shorter (5.3 versus 6.1 cm) (Figure 3D).

Perturbations of host–microbiota homeostasis induced by the host genetics and/or
environmental factors can fuel inflammation at mucosal surfaces [37,38]. S89A mice were
initially housed separately from control mice. We therefore decided to examine whether
cohousing and thereby intermixing of the microbiota of S89A and WT mice would affect
sensitivity to DSS induced colitis. Although separately housed S89A mice were dramatically
more sensitive to 2% DSS treatment (Figure 4A), S89A mice were protected against the
effects of the 2% DSS treatment when co-housed with WT mice (Figure 4A, left panel and
Figure 4B). Interestingly, if mice subsequently were separated again for four weeks after
four weeks of co-housing, both WT and S89A mice had intermediate sensitivity to DSS
treatment (Figure 4C). 16S rRNA gene sequencing of stool samples from the separately
housed WT and S89A mice demonstrated large taxonomic differences in the microbiota
as depicted in a barplot of the top ~20 taxa in each sample (Figure 4D, upper panel). The
Shannon (alpha) diversity of the two groups was not significantly different, indicating
that the communities had about the same evenness and similar numbers of organisms
and similar distribution. On the other hand, the Bray–Curtis and Jaccard (beta) diversity
(Figures S5 and S6) was different between the two groups, indicating that the two groups
were significantly different in their composition (that is members of the communities).
Interestingly, at least one particular bacterial species, OTU-217, which we identified as
Kineothrix alysoides and was present in S89A mice yet absent or at very low levels in WT
mice housed separately, was transferred effectively during cohousing, and may contribute
to enhancing the sensitivity of WT mice to DSS induced colitis (Figure 4D, lower panel).
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Figure 4. Co-housing of p300 S89A mice with wild type mice modulates severity of intestinal injury
potentially via intermixing of microbiota. S89A and WT mice were treated on day 1 for ~4–5 days
with low (2%) dose of dextran sodium sulfate (DSS) after which treatment was discontinued for
~7 days (A, C) or ~2 days (B), and the effect of DSS on % original body weight was assessed. A single
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S89A mouse (dashed red line arrow) which was co-housed with WT mice, from ~4 weeks prior to
the start of DSS treatment, was protected from intestinal injury similar to WT mice (A, left panel:
individual mouse data), while the other S89A mice (not co-housed with WT mice) remained extremely
sensitive to intestinal injury (A, right panel: aggregate mouse data according to genotype). S89A mice
co-housed with WT mice, from ~4 weeks prior to the start of DSS treatment, were protected from
intestinal injury (B). S89A and wild type mice co-housed ~4 weeks and then separated for ~4 weeks
prior to the start of DSS treatment demonstrated an intermediate sensitivity to DSS treatment (C).
Data are mean ± s.d. (n = 4–5 per group) unless otherwise indicated. * p < 0.05. (D) 16S rRNA
gene sequencing of stool samples from separately housed WT and S89A mice demonstrated large
taxonomic differences in the microbiota (D, top). (n = 3–4 per group.) Bacterial species, OTU-217,
was detected by PCR in most of the S89A mice and largely absent in the separately housed WT mice,
whereas OTU-217 was detected in most of the co-housed WT and S89A mice (D, bottom). (n = 12–20
per group.) OTU, operational taxonomic unit.

3.4. Genomic Analysis

To further explore the impact of the knock-in point mutation on gene expression, we
performed RNA-seq on tissue from the intestines from separately housed untreated p300
S89A and WT mice. To examine epithelium-specific gene expression, intestinal organoids
were also grown from both p300 S89A and WT mice and analyzed by RNA-seq. Interest-
ingly, between the organoids and whole ileum RNA-seq (Tables S2 and S3, respectively),
there was limited overlap within the statistically significantly regulated genes (400 genes,
2.18% in organoids and 785, 2.86% in ileum q < 0.05), with only nine genes (DUOX2, ERO1l,
GSR and MPTX2 up-regulated and BCMO1, PMP22, PRELP, SLC13A1 and SST down-
regulated) (Figure 5A) being common to both. Ingenuity Pathway Analysis (IPA) showed
that in the organoids, the top affected network functions were: (1) Embryonic Develop-
ment, Organismal Development and Function; (2) Cell-To-Cell Signaling and Interaction;
(3) Cellular Assembly and Organization, Cell-To-Cell Signaling and Interaction; and (4)
Lipid Metabolism, Molecular Transport, Small Molecule Biochemistry. The NRF2-mediated
Oxidative Stress Response pathway was also strongly affected. DUOX2 and DUOXA2
members of the NADPH oxidase family, serve as the first line of defense against enteric
pathogens by producing microbicidal reactive oxygen species and are the predominant
H2O2-producing system in human colorectal mucosa [39,40].

Duox2 expression was significantly increased in both ileum (2.6-fold p = 5.00 × 10−5)
and intestinal organoids (1.5-fold p = 7.99 × 10−6). We further confirmed increased ex-
pression of Duox2 and Duoxa2 at both the message (Figure 5B) and increased expression
of Duox2 (~3-fold) at the protein level (Figure 5C) in S89A mice. The transcription factor
GATA4, which has been demonstrated to play a crucial role in patterning the intestinal
epithelium and acts as a critical determinant of enterocyte identity in the jejunum [41] was
up-regulated 3.6-fold (p = 1.08 × 10−32) in intestinal organoids. Among the significantly
down-regulated genes in the ileum was REG3A (~50% p = 5.00 × 10−5), an antibacterial
C-type lectin, which is constitutively generated in the intestine and displays anti-Gram-
positive bactericidal activity [42]. There was also a significant almost 50% reduction in the
expression of the interferon-induced transmembrane protein 3, IFITM3 (p = 0.047) in intesti-
nal organoids. Differential expression of IFITM3 has been found in endoscopic biopsies
from Crohn’s Disease patients [43]. In addition, the sulfate transporter SLC13A1, an FXR
transcriptional target was down-regulated 2.5-fold (p = 4.67 × 10−8) in organoids with an
approximately 50% reduction in ileum (p = 5.00 × 10−5), consistent with the importance of
p300 Ser89 phosphorylation on p300/nuclear receptor interactions [44,45]. Additionally,
members of the HOXB cluster, which is critical for specification of the digestive tract [46],
including HOXB3 and HOXB5-9 were all down-regulated more than 2-fold in intestinal
organoids (p = 7.97 × 10−7 to 4.49 × 10−5). Among the top canonical pathways affected
in the IPA analysis of the ileum RNA-seq were, interferon signaling, LPS/IL1 mediated
inhibition of RXR function, estrogen biosynthesis and fatty acid and xenobiotic metabolism.
1.4-fold increases in Stat1 (p = 5.00 × 10−5) and Irf8 (p = 5.00 × 10−5), 2-fold (p = 5.00 × 10−5)
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increases in granzyme b (Gzmb) and immunity-related GTPase family M member 1 (Irgm1)
and a 1.6-fold (p = 5.00 × 10−5) up-regulation of the Interferon Inducible Protein 47 gene
(IFI47) were observed in S89A mice consistent with the known IFN/STAT1 pathway dys-
regulation in IBD [47]. Serum Amyloid A1 (SAA1), which demonstrates bactericidal action
in vitro, may provide a feedback protective mechanism in S89A mice and was increased
5.3-fold (p = 5.00 × 10−5) [48].

Figure 5. Genomic analysis of p300 S89A mice intestinal tissue. (A) RNA-seq analysis identifies 9 genes significantly
differentially expressed in intestinal tissue and intestinal organoids derived from S89A mice versus those derived from WT
mice. up, up-regulated; down, down-regulated. (n = 3 per group.) (B) RT-qPCR analysis of Duox2 and Duoxa2 mRNA
levels in intestine of S89A and WT mice. (C) Immunoblot analysis of Duox2 protein levels in intestinal tissue of S89A
and WT mice. Numerical values above protein bands indicate densitometric quantitation. Data in graphs are mean ± s.d.
(n = 5–6 per group). * p < 0.05. Whole immunoblots corresponding to immunoblot data are included in Figure S4.

3.5. Proteomic Analysis

We performed a targeted proteomic analysis of intestinal proteins associated with
CBP and/or p300 in wild type versus p300 S89A mice. Interestingly, the aryl hydrocarbon
receptor nuclear translocator-like protein 2 (Bmal2) demonstrated increased association
with CBP versus p300 in both wild type and p300 S89A mice under both fed or fasted
conditions, and although the ratio of CBP to p300 binding did not change significantly in the
male mice, fed female p300 S89A mice showed a somewhat decreased Bmal2/CBP versus
Bmal2/p300 interaction (Table S4). BMAL2, similar to its paralog BMAL1, forms a dimer
with CLOCK, to activate E-box-dependent transcription thereby playing an active role in
circadian-regulated transcription [49]. Bmal1 regulates Bmal2, therefore Bmal1 deletion by
itself effects combined Bmal1/Bmal2 deletion [50]. Clock/Bmal1-mediated transcription
is associated with rhythmic recruitment of Clock to p300 by Bmal1 [51] and differential
avidity and timing of binding to CBP versus p300, may affect circadian regulation in
S89A mice. Differential association of the N6 methyl adenosine 70 kDa subunit Mettl3
with enhanced p300 association in the female p300 S89A mice was also demonstrated.
These results are interesting given the recent report of circadian clock regulation of lipid
metabolism and in particular PPARα-mediated transcription being modulated by m6A
mRNA methylation [52] and the role of p300 Ser89 in PPAR transcriptional regulation [23].
The effect of the p300 S89A mutation on circadian regulation was not investigated in this
study, however given the effect of this mutation on nuclear receptor signaling in both the
intestine and in the liver (to be reported separately), and the crosstalk between nuclear
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receptors and core circadian transcriptional regulators [53], this area will be the focus of
future investigations.

We next undertook global proteomic analysis of intestinal tissue from wild type and
p300 S89A mice (Table S5), which revealed that 93 of the 2836 proteins detected in both WT
and S89 mice proteins were significantly differentially expressed (with fold change ≤ −1.2
or fold change ≥ 1.2 and p < 0.05) (Table S6). IPA analysis of the 93 proteins showed that
Mitochondrial Dysfunction, Oxidative Phosphorylation and Virus Entry via Endocytic
Pathway were the top canonical pathways associated with S89A mutation (Figure 6).
Interestingly, we have identified similar effects on mitochondrial dysfunction and oxidative
phosphorylation in other organ systems in S89A mice (e.g., brain, liver, adipose tissue,
to be reported separately) as well as cell-based model systems that affect differential
Kat3 coactivator usage (i.e., P19 p300 N-terminally edited cells Ono et al. [9]). Metabolic
dysfunction appears to be a fundamental feature associated with aberrant differential
Kat3/β-catenin coactivator usage (Kahn lab manuscript in preparation). Further, the
protein expression level of the bile acid transporter protein FABP6, the 2nd most down-
regulated protein found in S89A mice, was approximately 10% of that in their wild type
counterparts. This result is consistent with FABP6, which is required for efficient absorption
and transport of bile acids in the distal intestine, being a PPAR target gene [54] that is
repressed by GATA4 in the small intestine. FABP6 message was also significantly decreased
in S89A mice (p = 0.00035). Bile acids and their FXR nuclear receptors play important
roles in inflammatory response and intestinal barrier function and are involved in IBD
pathophysiology [55]. Calreticulin (CALR), which appears to play a role in leukocyte
infiltration in mouse models of colitis via its interaction with alpha integrins, was down-
regulated in S89A mice (~30%) [56]. Calreticulin, also is secreted by macrophages and
binds to target cells marking them for removal by programmed cell phagocytosis [57]
and believed to function as an “eat me” signal. Viable cells also can expose calreticulin
on their surfaces, apparently protected from engulfment via concurrently expressed so
called “don’t eat me” signals, e.g., CD200 and CD47 [57]. Interestingly, the expression of
the OX-2 membrane glycoprotein (CD200) is increased 1.5-fold in S89A intestines. The role
of these differentially expressed proteins in innate immunity and the intestinal phenotype
displayed in S89A mice will require further investigation.
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Figure 6. Bioinformatic analysis of proteins differentially expressed in p300 S89A mice intestinal
tissue. IPA bioinformatic analysis of the 93 genes identified by proteomic analysis to be significantly
differentially expressed in intestinal tissues of S89A versus WT mice (with fold change ≤ −1.2 or
fold change ≥ 1.2 and p < 0.05) revealed the Mitochondrial dysfunction and Virus entry via endocytic
pathway as top canonical pathways associated with S89A mutation (top). Differentially expressed
proteins comprising the Mitochondrial dysfunction and Virus entry via endocytic pathways and
associated fold change (FC) in intestinal tissues of S89A versus WT mice (bottom). (n = 3–4 per group).

3.6. p300 S89A Is a Part of a 14-3-3 Binding Motif

The 14-3-3 protein family of scaffolding chaperones regulates diverse intracellular
signaling pathways [58]. We observed that the p300 sequence LLRSGSSP (aa 84–91) is a
member of the consensus 14-3-3 binding site sequence (LX(R/K)SX(pS/pT)XP) [59]. It is
unique to p300 and not conserved in CBP. We therefore anticipated that mutation of serine
89 to alanine would disrupt the binding of 14-3-3 proteins to p300. Immunoprecipitation
of 14-3-3 epsilon (14-3-3ε) was performed using protein from intestines of WT and S89A
mice and subsequently immunoblotted with an antibody specific for p300. As shown
(Figure 7) a substantial decrease in the association of 14-3-3ε with p300 was demonstrated
in intestinal tissue from S89A mutant mice. To confirm these findings, we carried out the
reverse experiment, i.e., anti-p300 antibody was used for immunoprecipitation followed
by immunoblotting for 14-3-3ε. Again, we found a substantial decrease in the association
of 14-3-3ε with p300 in S89A mutant mouse intestinal tissue (Figure S7). Further studies
are needed to address the importance of this interaction, however differential subcellular
localization of p300 regulated by its interaction with 14-3-3 proteins could potentially affect
its role as a nuclear transcriptional coactivator.
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Figure 7. Association of 14-3-3ε with p300 is decreased in intestinal tissue from p300 S89A mice. Co-
immunoprecipitation of p300 with 14-3-3ε in S89A and WT mouse intestinal crypt cells. Control (IgG)
antibody and anti-14-3-3ε antibody were used for immunoprecipitation followed by immunoblot for
p300. Bar graphs show densitometric quantitation of p300 associated with 14-3-3ε versus control IgG
in intestinal tissues of S89A versus WT mice.

4. Discussion

Differential Kat3 coactivator usage by β-catenin is a fundamental regulatory mecha-
nism in stem cell maintenance and the initiation of differentiation and repair [1,60]. Stem
cells in their respective niches receive a myriad of information including oxygen and
nutrient levels, circadian input, adhesion molecules, cell–cell contacts, growth factors,
etc., to decide to maintain quiescence or to enter the cell cycle and undergo either sym-
metric or asymmetric division [1,61]. The extreme N-terminal 111 amino acids of CBP
and p300, decidedly the most divergent regions of the two Kat3 coactivators [2], contain
binding domains for β-catenin, nuclear receptors [9] and Stat1, an interferon-dependent
transcription factor [62], as well as approximately 20 serine/threonine residues [1,2,63,64].
Post-translational modifications of these serine/threonine residues (by phosphorylation or
dephosphorylation) [21–24] and combinatorial interactions, both antagonistic and synergis-
tic [9], of multiple transcription factor families (i.e., β-catenin/TCF/LEF, β-catenin/FOXO,
nuclear receptors, e.g., RAR, VDR, PPAR, etc., Stat1, 2 as well as others), provide a unique
mechanism to integrate a diverse array of signal inputs. We previously demonstrated that
a highly evolutionarily conserved 27bp/9aa insertion in the N-terminus of p300, which
is not present in CBP, between the conserved β-catenin-binding region (DELI-sequence)
and the nuclear receptor binding sequence (LXXLL), determines if the interaction will
be potentially synergistic or purely antagonistic between the Wnt/β-catenin and nuclear
receptor signaling cascades [2,9].

To further investigate mechanisms of signal integration effected by this domain of the
Kat3 family, we generated p300 S89A knock-in mice. Based upon our earlier pharmacologic
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studies, p300 S89 is critical for controlling differential coactivator usage by β-catenin via
post-translational phosphorylation in stem/progenitor populations [1,20,26] and Serine 89
appears to be a target for a number of kinase cascades [21–24]. Although, the p300 S89A
polymorphism has not been reported in humans, to the best of our knowledge, homozygous
p300 S89A mice, albeit born at sub-Mendelian ratios and exhibiting slightly decreased
body weights, were relatively normal and fertile. However, after insult/stress and with
aging (to be published separately later), we have found a range of interesting phenotypes
associated with this single point mutation. Herein we report our initial findings regarding
the intestinal phenotype of the p300 S89A mice. We first investigated the interaction of
β-catenin with p300 in intestinal crypts, a region associated with activated Wnt signaling
and found as anticipated that it was significantly reduced in S89A mice (Figure 2, right
panel). Decreased β-catenin/p300 interaction in the p300 S89A mice did not manifest
itself in obvious defects in either ileal or colonic architecture under normal homeostatic
conditions (Figure 3C). However, treatment with a mild insult (2% DSS), while having
minimal effects on wild type C57BL/6 mice, had a striking effect on the p300 S89A mice as
evidenced by the development in the p300 S89A mice of severe colitis, a significant risk
factor predisposing to colorectal cancer [27,28] (Figure 3A,B).

Further investigation demonstrated cell intrinsic differences in the intestinal epithe-
lium, based upon RNA-seq of intestinal organoids, as well as microbiome compositional
differences and differential immune responses in the intestine. Interestingly, S89A mice
separately housed were dramatically more sensitive (Figure 4A) than when co-housed
with WT mice (Figure 4A, left panel and Figure 4B). However, when separated again for
four weeks after being co-housed for four weeks, S89A mice demonstrated intermediate
sensitivity to DSS treatment (Figure 4C). These results point to a complex interplay between
host intrinsic differences in the epithelium and extrinsic interaction with the intestinal
microbiome associated with differential microbiome colonization and metabolite produc-
tion [65,66] the host immune response, both innate and adaptive [67], related to a single
amino acid variance within the highly conserved and critical region of signal integration in
p300 [1,68].

Global genomic and proteomic analysis showed a number of prominent pathway dif-
ferences including lipid metabolism, oxidative stress response, mitochondrial function and
oxidative phosphorylation. We have found in further analyses of other organ systems (liver,
brain and adipose tissue) that these are fundamental differences generally associated with
differential Kat3/β-catenin coactivator usage. Notably, sulfate transporter SLC13A1, an
FXR transcriptional target was significantly down-regulated in both organoids and ileum of
S89A mice, consistent with the importance of p300 Ser89 phosphorylation on p300/nuclear
receptor interactions [44,45]. Sulfate insufficiency impedes detoxification, heightens the
risk of xenobiotic toxicity, and modifies the activity and metabolism of numerous physi-
ologic compounds, including proteoglycans, hormones, and neurotransmitters [69] and
very recently integrated microbiota and metabolite profiles linked Crohn’s disease with
sulfur metabolism [65]. Interestingly, the levels of both p-cresol sulfate and phenol sul-
fate, potentially toxic intestinal bacterial fermentation products [70], were significantly
upregulated in the liver metabolome of S89A mice (to be published separately). Given
the importance of cellular metabolism and mitochondrial function in the regulation of the
immune response [71,72], further investigations with regard to intestinal immunity in the
p300 S89A mice and the effects in other organ systems are ongoing and will be reported in
due course. Additionally, mitochondrial activity has been linked to maintaining a state of
physiological hypoxia at the colonic surface. Limiting the amount of oxygen at the mucosal
surface controls the aerobic growth of facultative anaerobic bacteria [73], whereas reduced
mitochondrial bioenergetics decreases epithelial oxygen consumption, thereby increasing
epithelial oxygenation and the diffusion of oxygen into the intestinal lumen [74–76]. Recent
experimental evidence [77] has provided support for the hypothesis that an expansion of
facultative anaerobic bacteria in IBD patients are secondary to changes in epithelial energy
metabolism [78]. Furthermore, it was demonstrated that treating mitochondrial dysfunc-
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tion in the colon using the PPAR agonist 5-ASA [79], consistent with the dysfunctional
PPAR signaling associated with S89A mutation, ameliorated signs of disease in mice with
pre-IBD and normalized the microbiota composition by restoring epithelial hypoxia [77].

The diverse array of effects on fundamental processes including epithelial differen-
tiation, metabolism, immune response and microbiome colonization, all brought about
by a single amino acid modification S89A, highlights the role of this region in the Kat3
coactivator p300 as a critical signaling nexus and the rationale for conservation of this
residue and surrounding region for hundreds of million years of vertebrate evolution.
Additional studies related to the fundamental regulation of metabolism via differential
Kat3/β-catenin usage and its roles in development and disease will be reported in due
course.

5. Conclusions

We describe the generation of novel p300 S89A knock-in mice carrying a single site
directed amino acid mutation in p300, changing the highly evolutionarily conserved
serine 89 to alanine, thus enhancing Wnt/CBP/catenin signaling (at the expense of
Wnt/p300/catenin signaling). We show that S89A mice are extremely sensitive to in-
testinal insult resulting in colitis, which is known to significantly predispose to colorectal
cancer. We demonstrate cell intrinsic differences, and microbiome compositional differ-
ences and differential immune responses, in the intestines of S89A versus wild type mice.
Genomic and proteomic analyses reveal pathway differences, including lipid metabolism,
oxidative stress response, mitochondrial function and oxidative phosphorylation. The
diverse effects on fundamental processes including epithelial differentiation, metabolism,
immune response and microbiome colonization, all brought about by a single amino acid
modification S89A, highlights the critical role of this region in p300 as a signaling nexus
in development and disease (e.g., inflammation and cancer) and the rationale for conser-
vation of this residue and surrounding region for hundreds of million years of vertebrate
evolution.
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Abstract: An emerging theme for Wnt-addicted cancers is that the pathway is regulated at multiple
steps via various mechanisms. Infection with hepatitis B virus (HBV) is a major risk factor for liver
cancer, as is deregulated Wnt signaling, however, the interaction between these two causes is poorly
understood. To investigate this interaction, we screened the effect of the various HBV proteins for
their effect on Wnt/β-catenin signaling and identified the pre-core protein p22 as a novel and potent
activator of TCF/β-catenin transcription. The effect of p22 on TCF/β-catenin transcription was dose
dependent and inhibited by dominant-negative TCF4. HBV p22 activated synthetic and native Wnt
target gene promoter reporters, and TCF/β-catenin target gene expression in vivo. Importantly, HBV
p22 activated Wnt signaling on its own and in addition to Wnt or β-catenin induced Wnt signaling.
Furthermore, HBV p22 elevated TCF/β-catenin transcription above constitutive activation in colon
cancer cells due to mutations in downstream genes of the Wnt pathway, namely APC and CTNNB1.
Collectively, our data identifies a previously unappreciated role for the HBV pre-core protein p22
in elevating Wnt signaling. Understanding the molecular mechanisms of p22 activity will provide
insight into how Wnt signaling is fine-tuned in cancer.

Keywords: Wnt signaling; hepatitis B virus; HBV; cancer; liver cancer; β-catenin; TCF/LEF

1. Introduction

Liver cancer is the second most common cause of cancer deaths worldwide and is projected to
increase by ~40% by 2030 [1]. The most common type of liver cancer is hepatocellular carcinoma
(HCC), which has very limited treatment options and a poor prognosis because it is usually diagnosed
at a late stage [2]. The Wnt signal transduction pathway is aberrantly activated in most cases of HCC
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and mutations to the catenin beta 1 (CTNNB1) gene, the gene that codes for β-catenin, occurs in up to
40% of cases making it the most frequent mutation in HCC [3,4]. β-Catenin is the main effector of the
canonical Wnt signaling pathway [5] and these mutations to CTNNB1 lead to constitutive activation of
Wnt signaling [6,7]. Liver cancer is also linked to chronic infection with the hepatitis B virus (HBV)
that leads to cirrhosis and accounts for 50% of HCC cases [8]. Here, we investigated the oncogenic
interplay between these two drivers of liver cancer, namely HBV and Wnt signaling.

Wnt/β-catenin signaling is activated by the coupling of Wnt to its cognate receptor, Frizzled
(FZD), which initiates a series of events in the cytoplasm that leads to the activation of (TCF)/lymphoid
enhancer factor (LEF)/β-catenin (referred to as TCF/β-catenin for simplicity from here on) mediated
gene transcription. In the absence of Wnt, β-catenin is primarily engaged at cell-cell adherens junctions
and any free β-catenin is cleared by a cytoplasmic destruction complex that contains several proteins,
including Axin, adenomatous polyposis coli (APC), glycogen synthase kinase 3 (GSK3) and casein
kinase 1 (CK1) [5]. Free, cytoplasmic β-catenin associates with the destruction complex and is
sequentially phosphorylated by CK1 and GSK3 at its N-terminus, a post-translational modification
that targets it for ubiquitylation and proteasomal degradation. However, upon activation of Wnt-FZD
signaling, GSK3 enzyme activity is inhibited and β-catenin escapes phosphorylation and subsequent
degradation, accumulates in the cytoplasm and translocates into the nucleus where it complexes
with the enhanceosome to initiate the TCF/β-catenin target gene transcription [9]. In liver cancer,
the phosphorylation sites of β-catenin are absent due to mutations to the CTNNB1 gene, leading to the
constitutive activation of Wnt/β-catenin signaling [3,4,10].

Another common etiologic factor in liver cancer is HBV infection [10,11]. HBV is an enveloped
DNA virus whose genome codes for four overlapping genes, namely the envelope or surface (S) gene,
the core (C) gene, the X gene and the polymerase (P) gene. The protein products include the surface
antigens coded by the S gene, the capsid core proteins coded by the C gene and the HBx protein coded
by the X gene. Post-translational processing of the HBV pre-core protein (p25) yields the HBV e antigen
(HBeAg, p17) via a p22 intermediate [12]. The HBx protein has been extensively studied for its effects
on Wnt/β-catenin signaling [13], however, much less is known about the potential oncogenic interplay
with the other HBV proteins. Here, we performed a screen to determine the effects of HBV proteins
on Wnt/β-catenin signaling and identified p22, the HBe precursor protein, as a potent activator on its
own and in conjunction with active Wnt signaling. Importantly, p22 activated Wnt/β-catenin signaling
in colon cancer cells that harbor mutations in intracellular components of the Wnt signaling cascade
that result in constitutive activation of signaling. Concomitant regulation of Wnt signaling at multiple
levels of the signaling cascade via various mechanisms (genetic, epigenetic, post-translational etc.) to
achieve the “just right” level of Wnt signaling for a particular process is a common theme emerging
for Wnt-addicted cancers [14–16] and here, we demonstrate that HBV p22 might contribute to our
understanding of this fine tuning in cancer.

2. Results

2.1. Effect of HBV Proteins on TCF-β-Catenin Transcription

To investigate novel mechanisms of oncogenic interaction between HBV and Wnt signaling we
screened the ability of various HBV proteins (Figure S1) for their effect of TCF/β-catenin transcription
in the presence of Wnt stimulation (Wnt3a conditioned medium). TCF/β-catenin transcription was
detected using the TCF reporter, super TOPflash (sTOPflash), which contains eight TCF response
elements upstream of a minimal TK (Thymidine Kinase) promoter and sFOPflash, which has the TCF
sites mutated [17,18]. The HBx protein activated TCF/β-catenin transcription above Wnt stimulation,
however, the pre-core protein p22 was able to increase Wnt activity to a level markedly greater than
the HBx protein (Figure 1a). The HBV envelope proteins did not activate reporter activity, nor did the
pre-core precursor p25 or core p21, despite significant overlap in the amino acid sequence between the
core/precore proteins (Figure S1). The precore contains the genetic sequence of two different proteins,
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the core protein HBc (p21) (183 amino acids) and precore polypeptide p25 (212 amino acids). They differ
only by 29 amino acids at the N-terminus as p25 retains the signal sequence. The cleavage of 19 amino
acids from this signal sequence releases cytosolic p22. P22 is further truncated, losing the arginine-rich
C-terminal domain, to yield HBe (p17), which is secreted [19]. Expression of p22 was confirmed by
immunoblot on whole cell lysates prepared from transfected Huh7 cells using an anti-HBc antibody
and, as shown by others [19], neither p17 nor p25 were detected by immunoblot (Figures 1b and S2).
HBV p17 and p25 were detected by confocal immunofluorescence in transfected Huh7 cells (Figure S3).
Confocal microscopy of Huh7 cells transfected with pCI-p22 and the same anti-core antibody showed
diffuse cytoplasmic, diffuse nuclear and, cytoplasmic puncta (Figures 1c and S3) placing p22 in the
cellular compartments where Wnt signaling components are found [20].

Figure 1. Wnt signaling activation is induced by hepatitis B virus (HBV) precore protein p22. (a) Effect
of various HBV proteins on TCF/β-catenin transcription activity in Huh7 cells, was determined by
reporter activity (sTOPflash reporter) and is shown as fold change relative to empty vector (EV)
(mean ± SEM, * p < 0.05, *** p < 0.0001 Student t-test, n ≥ 3 independent experiments for each data
point) (b) Expression of protein from the indicated plasmids transfected in Huh7 cells was confirmed
by immunoblot. Lysates prepared from Huh7 cells transfected with EV and the parental, un-transfected
cells served as negative controls. Lysate from HBV core p21 transfected Huh7 cells was used as a
positive control. The membrane was stained with anti-HBc antibody first, then re-probed with anti
α-tubulin antibody. (c) Huh7 cells were transfected with p22 plasmid and p22 protein expression
(red) and localization detected with anti-HBV core antibody and confocal microscopy (nuclei are blue).
Scale bars = 20 μM.

2.2. HBV p22 Activates TCF-β-Catenin Transcription

Next, we demonstrated that p22 activates Wnt signaling on its own and can increase Wnt
signaling activity in cells, which are stimulated with either Wnt3a or ectopic over-expression of
full length, wild type β-catenin (β-cat-WT) (Figure 2a). The stimulatory effect of p22 on reporter
activity was dose-dependent (Figure 2b) and decreased at the higher levels of p22 in the presence of
β-cat-WT (Figure 2c). Notably, the levels of transcriptionally active non-phosphorylated β-catenin
(β-cat-ACT) [21,22] were increased above that seen with β-cat-WT when p22 was co-expressed
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(Figures 2d and S4). In the presence of active Wnt signaling, β-catenin escapes phosphorylation
and subsequent degradation, and the elevated levels of β-cat-ACT confirm this mechanism for p22
activation of TCF/β-catenin transcription. Data to illustrate the comparative reporter activity between
the different conditions is shown in Figure S5.

Figure 2. HBV p22 stimulates Wnt signaling in Huh7 cells. (a) The effect of HBV p22 alone or in addition
to stimulation by Wnt 3a or wildtype β-catenin (β-cat-WT) on TCF/β-catenin transcription in Huh7 cells,
was determined by reporter activity (sTOPflash reporter) and is shown as fold change relative to empty
vector (EV) (mean± SEM, *** p< 0.0001 Student t-test, n= 8 independent experiments). (b) Huh7 cells were
transfected with the indicated amounts of p22 expression plasmid. The figure shows the dose-dependent
effect of HBV p22 on TCF/β-catenin transcription activity (sTOPflash reporter) (mean ± SEM, * p < 0.05,
** p < 0.001 Student t-test, n = 4 independent experiments). (c) Huh7 cells were transfected with the
indicated amounts of p22 and 100 ng of wild-type β-catenin expression plasmids. Co-expression of
5–50 ng p22 increased TCF/β-catenin transcription activity (sTOPflash reporter) mediated by wild-type
β-catenin; reporter activity decreased when 100 or 200 ng p22 was co-transfected with wild-type β-catenin
(mean ± SEM, ** p < 0.001, *** p < 0.0001 Student t-test, n = 3 independent experiments). (d) Immunoblot
analysis for the transcriptionally active form of β-catenin (β-cat-ACT) on lysates prepared from Huh7
cells co-transfected with 100 ng wild-type β-catenin, 100 ng of p22 or equivalent EV expression plasmids.
The membrane was stripped and re-probed with anti-actin antibody. The bar graph shows quantitative
analysis for the levels of detected active β-catenin using Image Lab software and normalized for β-actin
levels (mean ± SEM, ** p < 0.001 Student t-test, n = 3 samples).
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During natural HBV infection, p22 is processed to p17 or HBV e antigen (HBeAg) and secreted
into the extracellular space [19]. We confirmed that the transfected p22 is processed to p17 by detecting
and quantifying HBeAg in the supernatant of transfected Huh7 cells (Figure S6). Notably, ectopically
expressed p17 or p25 did not activate sTOPflash reporter activity above activation by β-catenin
(Figure S7).

2.3. HBV p22 Activates Native TCF/β-Catenin Promoters

Next, we tested the ability of p22 to activate native TCF/β-catenin target gene promoters.
First, we used our previously characterized Frizzled-7 (FZD7) promoter reporter, pFz7-prom [23].
FZD7 is a TCF/β-catenin target gene [23,24] and forms a positive feedback loop in various cancers,
including HCC [25–27]. As shown above with the sTOPflash reporter (Figure 2a), HBV p22 activated
the pFz7-prom on its own, and in the context of Wnt3a stimulation or β-cat-WT over-expression
(Figure 3a).

Secondly, given that Wnt signaling is dependent on a three-dimentional tissue context [28],
we tested the ability of p22 to activate native TCF/β-catenin target gene promoters in the liver in vivo.
HBV is an exquisitely human hepatotropic virus and does not infect mouse hepatocytes. However,
using hydrodynamic tail vein injection (HDI) plasmids can be introduced into mouse hepatocytes in
live animals [29]. A large volume of plasmid containing saline was intravenously injected into mice.
This volume overwhelms the heart and is shunted into the hepatic vein and the hepatocytes take up
the injected solution (Figure 3b). The mice were culled 6 days and 20 days post HDI and their livers
processed for mRNA gene expression analyses using quantitative RT-PCR (qRT-PCR). Expression of
Wnt target genes (e.g., Fzd7, Glul) and those that are not target genes (e.g., SOCS3) was determined.
At 6 days post-HDI, cyclin D2 and SOCS3 were upregulated by p22 (Figure S8a). Cyclin D2 is
upregulated upon activation of Wnt signaling via truncating the APC gene and regulates proliferation
in this setting [30], suggesting it is a Wnt target gene, however this may be indirect. Fzd7, a Wnt
target gene [23,24] shows a trend in upregulation in response to p22 at 6 days post HDI, which was
significantly different by 20 days post-HDI (Figures 3c and S8), whilst the expression of another
TCF/β-catenin target gene glutamine synthetase (Glul, Figures 3c and S8b) was only upregulated by
p22 at day 20, suggesting early and late regulation or signaling thresholds. There were trends towards
increased expression of other TCF/β-catenin target genes but these changes did not reach significance
(full qRT-PCR gene analyses are shown in Figure S8 and primer sequences in Table S1). Collectively,
these data show p22 activates natural promoters of TCF/β-catenin target genes in the context of a
human liver cancer cell line Huh7 (Figure 3a) and normal liver hepatocytes in vivo (Figures 3c and S8).
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Figure 3. HBV p22 activates TCF/β-target gene native promoters. (a) Effect of HBV p22 on FZD7-native
promoter reporter activity, with and without stimulation with Wnt3a or 100 ng wild-type β-catenin
(β-cat-WT), in Huh7 cells was determined by luciferase activity (pFz7-prom reporter) and is shown
as fold change relative to empty vector (EV) (mean ± SEM, ** p < 0.001, *** p < 0.0001 Student t-test,
n = 6 independent experiments). (b) Schematic diagram of hydrodynamic tail-vein injection in mice
(adapted from [31]). (c) Expression of TCF/β-target genes Fzd7 and glutamine synthase (Glul) was
increased in mouse livers 20 days post HDI injection of p22. Gene expression was determined by
qRT-PCR and is shown relative to empty vector (EV) (mean ± SEM, * p < 0.05 Student t-test, n ≥ 4 mice).

2.4. HBV p22 Activates TCF/β-Catenin Transcription in Addition to a Mutation to Downstream Wnt
Pathway Components

Thus far, we have demonstrated that p22 activates TCF/β-catenin transcription on its own and in
the context of Wnt stimulation and β-cat-WT over-expression. This mimics one scenario of additional
Wnt signaling in cancer i.e., signaling from the ligand-receptor complex. Next, we investigated
p22 activity in other cancer contexts, namely in the context of mutant intracellular components that
constitutively activate the Wnt pathway i.e., truncated APC and stabilized, mutant β-catenin.

The role of Wnt signaling in cancer has been most extensively studied in colon cancer as Wnt
signaling is frequently deregulated in these cancers [32]. Thus, to investigate the effect of p22 in cancer
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cells with endogenous mutations to intracellular Wnt pathway components, we used colon cancer
cell lines SW480 and HCT116 that harbor truncated APC and mutated β-catenin, respectively [18,33].
We also tested the effect of p22 in HEK293T cells that have no known mutations in the Wnt pathway
and are known to respond to Wnt [34]. In each cell line (HEK293T, SW480 and HCT116) p22 activated
TCF/β-catenin transcription (sTOPflash) above the basal level (Figure 4a).

Figure 4. HBV p22 increases TCF/β-catenin signaling in the context of oncogenic activation of the Wnt
pathway. (a) Effect of 100 ng p22 expression plasmid on TCF/β-catenin transcription activity (sTOPflash
reporter) in HEK293T cells with no known mutation or aberrant modulation of Wnt signaling; SW480
cells with truncated, mutant APC, rendering Wnt signaling constitutively active and HCT116 cells with
mutation at the N-terminus of β-catenin, making Wnt signaling constitutively active (mean ± SEM,
* p < 0.05, *** p < 0.0001 Student t-test, n = 3, 5 and 3 experiments, respectively). Reporter activity
is expressed relative to empty vector (EV). (b) HBV p22 upregulates TCF/β-catenin transcription
(sTOPflash reporter) in the context of truncated APC and this upregulation is blocked by dnTCF4.
SW480 cells were co-transfected with 100 ng of p22 and dnTCF4 expression plasmids and the reporter
activity is expressed relative to EV (mean ± SEM, *** p < 0.0001 Student t-test, n = 5 experiments).
(c) HBV p22 upregulates TCF/β-catenin transcription (sTOPflash reporter) in the context of mutant,
oncogenic β-catenin in Huh7 cells. The effect of co-transfection of 100 ng p22 expression plasmid
with 100 ng of wild-type or mutant β-catenin on TCF/β-catenin is shown relative to EV (mean ± SEM,
*** p < 0.0001 t-test, n = 4 experiments).

There are four mammalian TCF genes and TCF4 is known to be expressed by SW480 cells [18].
Thus, we tested the ability of a dominant negative form of TCF4 (dnTCF4) [18] to inhibit TCF/β-catenin
transcription (sTOPflash) in this cell line. As expected, dnTcf4 decreased constitutive Wnt signaling
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in SW480 cells. HBV p22 increased Wnt signaling in SW480 cells and this increase was reduced by
dnTcf4 (Figure 4b). Collectively, these data show p22 regulates Wnt/β-catenin signaling in the context
of genetic mutations that initiate Wnt-addicted cancers.

Next, to further test p22 activity in the context of mutant β-catenin compared to β-cat-WT,
we used the N-terminally truncated, oncogenic form of β-catenin (ΔN-β-cat) that lacks the regulatory
domains [33]. ΔN-β-Cat increased TCF/β-catenin transcription (sTOPflash) above β-cat-WT to a
similar level as p22, while ΔN-β-cat and p22 together elevated reporter activity above either alone
(Figure 4c). Data to illustrate comparative reporter activity between some of these different conditions
is shown in Figure S5.

3. Discussion

The emerging theme for Wnt-addicted cancers is that the pathway is regulated via multiple
mechanisms [16]. This has been extensively investigated in colon cancer. Colon cancers frequently
harbor truncating mutations to APC that yield proteins with impeded function in degrading β-catenin;
or oncogenic mutations to the CTNNB1 gene that remove the destruction complex phosphorylation sites
in the N-terminus ofβ-catenin [35]. The end result of either mutation is the constitutive activation of Wnt
signaling and adenoma formation [6,18,33,36,37]. However, Wnt signaling is also deregulated at the
level of the ligand/receptor in colon cancer. Naturally occurring inhibitors of Wnt-FZD interaction are
silenced by promoter hypermethylation, while Wnts and FZDs are over-expressed (reviewed in [15,25]).
Thus, transcription of TCF/β-catenin target genes can be increased or decreased despite a mutation
to downstream components of the pathway. Indeed, all Wnt-addicted cancers show concomitant
deregulation to Wnt signaling via intracellular and cell surface mechanisms [16]. Consistent with this,
a potent anti-tumor effect was demonstrated by blocking FZD7 function in gastric cancer cells with
and without mutant APC [38].

Notably, liver cancer displays similar Wnt-addicted mechanisms to colon and gastric cancer [16].
Constitutive activation of Wnt signaling in HCC is primarily via mutations to the CTNNB1 gene
that remove the regulatory phosphorylation sites from the N-terminus of β-catenin [3]. However,
as in colon and gastric cancer, there is additional regulation of the pathway via over-expression of
Wnts and FZDs and epigenetic silencing of naturally occurring inhibitors of Wnt-FZD interaction, for
example secreted frizzled related proteins (sFRP) [16,39]. Furthermore, most cases of HCC have a
viral etiology and are the culmination of chronic infection with HBV leading to liver disease where
HBV proteins, such as HBx, are hypothesized to exert their oncogenic activity, at least in part, through
activation of Wnt/β-catenin signaling [8]. Here, we screened the various HBV proteins for their impact
on Wnt signaling and demonstrated that another HBV protein, p22, was more potent than HBx. HBV
surface proteins (small, middle or large) did not activate TCF/β-catenin transcription. Interestingly,
the other pre-core/core proteins (p25, p21 or p17) also did not activate TCF/β-catenin transcription
despite significant overlap in their amino acid sequence with p22. Clinical studies show HBe-positivity
is a significant independent risk factor of HCC and fatality in chronic HBV-infected patients [40,41].
Furthermore, HBe is produced within the first week after HBV infection in experimental models [42],
and thus p22 has the potential to contribute to early events in the transition to cancer. Here, we showed
ectopically expressed p22 was localized diffusely in the cytoplasm and nucleus, and in cytoplasmic
puncta, indicating potential co-localization with various levels of the Wnt signaling machinery [20].
We also demonstrated Fzd7 and GLUL are induced by p22 in vivo; this shows that genes associate
with liver cancer (Fzd7 [39]) and β-catenin-mediated liver zonation and regeneration (GLUL, [43])
are induced by p22 in normal hepatocytes. Furthermore, we demonstrated that p22 can increase
TCF/β-catenin transcription on its own and in conjunction with ectopically expressed wild-type or
mutant β-catenin; and in colon cancer cells with endogenous mutant APC (SW480 cells) or CTNNB1
(HCT116 cells). Activation of TCF/β-catenin transcription in the SW480 cells by p22 was blocked by
dnTCF4, confirming impact specifically on Wnt signaling.
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Collectively, our data identifies HBV p22 as a novel regulator of Wnt signaling in the context of
cancer and provides insight into the mechanisms of ‘just right’ Wnt signaling in cancer. Identifying the
molecular interactors of p22 will not only be relevant to HCC but to all Wnt-addicted cancers as it is a
new tool to investigate context-dependent Wnt signaling. Immunohistochemical studies in colon cancer
carcinomas show variable β-catenin staining where β-catenin is primarily membrane-bound in central
areas of the tumor, and intense cytoplasmic and nuclear staining in localized regions that are referred to
as the invasive front associated with metastasis [44,45]. This implies that Wnt signaling is constrained in
cancer cells allowing for bursts of intense signaling for various processes such as metastasis. It remains
to be determined if this localized hyperactive Wnt signaling is due to loss of transcriptional repression
or activation of transcription. Further investigation of the p22 mechanism of action in ex vivo models
systems for example that do not have the limitations of continuous, transformed cell lines and mouse
models with respect to human disease [27], might reveal novel avenues of research to help identify new
components to selectively harness different aspects of Wnt signaling; for example, blocking oncogenic
Wnt signaling while preserving the critical role Wnt signaling provides to ensure the correct regulation
of stem cells and homeostasis of many epithelial tissues. Selective regulation of Wnt signaling is at the
core of identifying druggable Wnt pathway targets, as the desired outcome for a cancer specific drug
that inhibits Wnt is for the drug to allow normal physiological processes to proceed thus reducing the
toxicity of a blanket approach of inhibiting Wnt signaling.

4. Materials and Methods

4.1. Hydrodynamic Injection of Mice

C57BL/6 mice used in experiments were between 6 and 10 weeks old, and age- and sex-matched
(both sexes were used). Hydrodynamic injection (HDI) was performed as we previously described [29].
Briefly, unanesthetized mice were injected intravenously (iv) through the tail vein with 10 μg pCI-p22
or pCI-EV (pCI, Promega, Madison, WI, USA) in a volume of saline equivalent to 8% of the mouse body
weight. The injection was performed within 5 s. Mice were killed 6- and 20-days post HDI, their liver
resected and processed for analysis. The Walter and Eliza Hall Institute of Medical Research Animal
Ethics Committee (AEC) reviewed and approved all animal experiments (AEC number 2017.016).

4.2. RNA Extraction and Quantitative RT-PCR (qRT-PCR)

Mouse liver tissues were homogenized in TRizol (Invitrogen, Carlsbad, CA, USA) and total
RNA purified, DNAse treated and quantified as previously described [46]. cDNA was synthesized
and subjected to qPCR using SYBR green (ABI). Gene expression was calculated relative to the
housekeeping gene β2M (2−ΔΔCt) as described previously [46] and was expressed as fold change over
empty vector (EV).

4.3. Cell Lines and Wnt3a Conditioned Medium

The human cell lines (SW480, HCT116, HEK293T and Huh7) were purchased from ATCC. SW480,
HCT116 and HEK293T were maintained in RPMI-1640 supplemented with 20 mM HEPES, 10% (v/v)
heat-inactivated fetal bovine serum (FBS), L-glutamine and antibiotics (penicillin and streptomycin).
Wnt3a producing L-cells (L-3a) and the parental L-cells (L) were a generous gift from Prof Karl
Willert [34]. L-3a, L and the Huh7 cells were maintained in DMEM, 10% (v/v) heat-inactivated FBS,
supplemented with L-glutamine and antibiotics. Conditioned medium was prepared from L-3a and L
cells in parallel as previously described [34].

4.4. Transfection and Reporter Assays

Cells were seeded into 24-well plates to reach 60–70% confluence overnight. Cells were transfected
with 400 ng total plasmid (empty vector added to keep total plasmid constant) that included 100 ng
sTOPflash or sFOPflash (generous gift from Prof Randall T Moon [17]); or 100 ng pGL or pGL-FZD7
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promoter [23] and 2 ng Renilla luciferase plasmid (phRG-TK, Promega). The pDNA3.1 plasmids
expressingβ-catenin, ΔNβ-catenin and dnTCF4 were generous gifts from Professor Hans Clevers [18,22]
and added at 100 ng/well. The pCI HBV protein expression plasmids were a generous gift from Professor
Stephen Locarnini and added at 100 ng, unless indicated otherwise in the text. Cells were transfected
using plasmids in OptiMEM (Life Technologies, Grand Island, NY, USA) and Lipofectamine LTX with
Plus reagent (Invitrogen) according to the manufacturer’s instructions. Cells were harvested 48 h
later and analyzed using the dual luciferase reporter assay system (Promega). For Wnt3a stimulation,
cells were treated with 200 μl L-3a or L conditioned medium for 6 h before harvesting in passive lysis
buffer. Luciferase activity with control reporters sFOPflash and pGL, and L conditioned medium were
negligible. Reporter activity was expressed relative to Renilla to the control for transfection efficiency
and plotted as fold change over empty vector (EV) as previously described [38].

4.5. Immunoblot Analysis

Pre-cast 4–20% polyacrylamide gels (Mini-Protein TGX, Biorad, Hercules, CA, USA were used
to separate proteins (Mini-Protein Tetra Cell, Biorad) and transferred onto nitrocellulose membranes
using the Transblot-Turbo instrument (Biorad). The membranes were air-dried and blocked overnight
in 1% skim milk at 4 ◦C. The following day, the membranes were incubated in primary antibody for 1 h
and bound antibody detected with secondary antibody and ECL (Western Lightening Plus ECL, Perkin
Elmer, Waltham, MA, USA). Primary antibody used were mouse anti-HBcAg [C1] (1:1000, Abcam
ab8637, Cambridge, UK), mouse anti-αTubulin (1:1000, Abcam ab7291), mouse anti-active β-catenin
(1:1000, Merck Millipore 05-665) and mouse anti-β-actin (1:5000, ThermoFisher AM4302, Waltham,
MA, USA). Secondary antibody was rabbit anti-mouse polyclonal antibody HRP (1:10,000 Dako P0260,
Glostrup, Denmark).

4.6. Immunofluorescenc Confocal Microscopy

Cells were seeded into two-well Nunc Lab-Tek (Thermofisher) chamber slides to reach 60–70%
confluence overnight. Cells were transfected with 200 ng plasmid as described above. After 48 h, cells
were fixed with 4% paraformaldehyde, permeabilized with 1% Triton-X100 and blocked with 1% FBS
and stained with control antibody or anti-HBcAg [C1] (1:400, Abcam ab8637) primary antibody and
detected with goat anti-mouse alexa fluor 488 (1:1000 Invitrogen A11029). DAPI (1:2000) was used for
nuclear staining and the cells analyzed using Zeiss LSM700 as previously described [38].

4.7. Statistical Analysis

The data represent mean ± SEM, where n is at least three independent experiments with cell lines
or tissue from at least three mice per cohort, unless stated otherwise. The Student t-test was used for
comparisons and significance was defined as p < 0.5.

5. Conclusions

Mutations to APC and CTNNB1 are the most frequent mutations in colon and liver cancer,
respectively, and are thought to initiate cancer. Here we demonstrate that the HBV precore protein
p22 can activate Wnt signaling in these cancer contexts. The ability of p22 to additionally activate
Wnt signaling in the context of these mutations indicates oncogenic interplay between HBV infection
and Wnt signaling in liver cancer. Furthermore, it is now clear that Wnt-addicted cancers harbor
aberrations to Wnt signaling via both intracellular and cell-surface mechanisms [16], thus our findings
identify HBV p22 as a novel tool to understand “additional” regulation and “fine-tuning” of Wnt
signaling in the context of cancer [14,25]. Understanding the mechanisms that underly normal, wanted
Wnt signaling and pathological, unwanted Wnt signaling is an important step for exploiting the Wnt
pathway for anti-cancer treatment.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1435/s1,
Figure S1: Schematic of the HBV genome and the genes encoding various HBV proteins. The HBV genome,
depicted as a long purple continuous strand, encodes 7 proteins from 4 open reading frames (ORFs) (surface [S],
core [C], polymerase [P], and the X gene [X]), which are shown as large arrows in different colors, and 3 upstream
regions [precore (preC), preS1, and preS2]. The transcripts, ORFs, gene regions and protein products are also
shown on the right, Figure S2: Expression of protein from the indicated plasmids. Huh7 cells were transfected
with the indicated plasmids and protein expression confirmed by immunoblot. Lysates prepared from Huh7
cells transfected with EV and the parental, un-transfected cells served as negative controls. Lysate from HBV
core p21 transfected Huh7 cells was used as a positive control. (a) The membrane was stained with anti-HBc
antibody first, then (b) re-probed with anti-tubulin antibody. The boxed areas were used for the cropped blots in
Figure 1, Figure S3: Sub-cellular localization of HBV p22. The indicated expression plasmids were transfected into
Huh7 and the cells subjected to confocal microscopy following staining with control anti-body and anti-HBV
core antibody (red, while DAPI stained nuclei are blue). A higher magnification of the boxed area of the p22
transfected cells is also shown. Scale bars = 20 μM, Figure S4: HBV p22 stimulates Wnt signaling in Huh7 cells.
Huh7 cells were co-transfected with 100 ng wild-type β-catenin and the indicated amounts of p22 plasmid and
the cell lysates subjected to immunoblot for (a) active β-catenin. The membrane was stripped and re-probed
with (b) anti-actin antibody. The boxed regions in (a) and (b) were used the cropped immunoblots in Figure 2d,
Figure S5: Comparative reporter activity in Huh7 cells across the various conditions. The TOPflash and FOPflash
reporter activities in Huh7 cells transfected with the indicated plasmids and treated with the indicated conditioned
media [L-cell conditioned medium (CM) or L-cell-Wnt3a conditioned medium (Wnt3a CM)] are plotted on the
same Y-axis to demonstrate the relative reporter activity between controls [(FOPflash, CM, empty vector (EV)]
and test samples (TOPflash, expression plasmids, Wnt3a CM) and are shown as fold change reporter activity
relative to FOPflash/EV (Mean ± SEM, Student t test, n = 3 experiments). Reporter activity in control samples was
negligible, Figure S6: Quantitation of HBeAg levels in the supernatant of transfected Huh7 cells. HBeAg levels in
the supernatant fluid of transfected cells were determined (a) two days and (b) three days after transfection using
a commercial Roche anti-HBe kit and Cobas e411 instrument. Cells were transfected with increasing amounts of
HBV p22-containing plasmid, from 0 - 200 ng per well, with or without co-transfected 100 ng wild type β-catenin
(Mean ± SD, n = 3 replicate wells). Transfected p22 was processed to HBeAg and detected in the supernatant,
confirming normal processing, Figure S7: Effect HBV p25 and p17 on Wnt signalling. Effect of increasing amounts
of transfected HBV precore p17 (a) and p25 (b) expression plasmids on TCF/β-catenin transcription (sTOPflash
reporter) in Huh7 cells co-transfected with 100 ng wild type β-catenin was determined and is shown relative
to no p17 and p25, respectively (Mean ± SEM, * p < 0.05, Student t-test, n = 3 experiments), Figure S8: HBV
p22 upregulates gene expression in vivo. (a) Quantitative RT-PCR analysis of gene expression in livers of mice
tail-vein-injected with EV or HBV p22 containing plasmids at 6 days post injection (mean ± SEM, * p < 0.05, n = 7
and 8 for EV and p22 injected mice, respectively). (b) Quantitative RT-PCR analysis of gene expression in livers of
mice tail-vein-injected with EV or p22 containing plasmids at 20 days post injection (mean ± SEM, * p < 0.05, n = 4
and 5 for EV and p22 injected mice, respectively), Table S1: qRT-PCR Primer sequences.
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Simple Summary: Liver cancer is a dreadful tumor which has gradually increased in incidence all
around the world. One major driver of liver cancer is the Wnt–β-catenin pathway which is active in a
subset of these tumors. While this pathway is normally important in liver development, regeneration
and homeostasis, it’s excessive activation due to mutations, is detrimental and leads to tumor cell
growth, making it an important therapeutic target. There are also some unique characteristics of
this pathway activation in liver cancer. It makes the tumor addicted to specific amino acids and in
turn to mTOR signaling, which can be treated by certain existing therapies. In addition, activation of
the Wnt–β-catenin in liver cancer appears to alter the immune cell landscape making it less likely to
respond to the new immuno-oncology treatments. Thus, Wnt–β-catenin active tumors may need to
be treated differently than non-Wnt–β-catenin active tumors.

Abstract: Hepatocellular cancer (HCC), the most common primary liver tumor, has been gradually
growing in incidence globally. The whole-genome and whole-exome sequencing of HCC has led
to an improved understanding of the molecular drivers of this tumor type. Activation of the Wnt
signaling pathway, mostly due to stabilizing missense mutations in its downstream effector β-catenin
(encoded by CTNNB1) or loss-of-function mutations in AXIN1 (the gene which encodes for Axin-1,
an essential protein for β-catenin degradation), are seen in a major subset of HCC. Because of the
important role of β-catenin in liver pathobiology, its role in HCC has been extensively investigated.
In fact, CTNNB1 mutations have been shown to have a trunk role. β-Catenin has been shown to
play an important role in regulating tumor cell proliferation and survival and in tumor angiogenesis,
due to a host of target genes regulated by the β-catenin transactivation of its transcriptional factor
TCF. Proof-of-concept preclinical studies have shown β-catenin to be a highly relevant therapeutic
target in CTNNB1-mutated HCCs. More recently, studies have revealed a unique role of β-catenin
activation in regulating both tumor metabolism as well as the tumor immune microenvironment.
Both these roles have notable implications for the development of novel therapies for HCC. Thus,
β-catenin has a pertinent role in driving HCC development and maintenance of this tumor-type, and
could be a highly relevant therapeutic target in a subset of HCC cases.

Keywords: β-catenin mutations; tumor metabolism; tumor immunology; molecular therapeutics;
precision medicine

1. The Wnt–β-Catenin Signaling Pathway

The protein later termed Wnt1 was first identified almost 40 years ago in the context
of its proto-oncogenic nature [1,2]. Subsequent studies have characterized Wnt1 itself, as
well as other highly conserved components of Wnt signaling, as a key mediator involved
not only in tumorigenesis, but also in the fundamental cellular processes governing em-
bryonic development and adult tissue homeostasis [3,4]. Yet, the vital role of aberrant
Wnt signaling in cancer initiation and progression remains one of the most intriguing
and vital themes in the field. The Wnt pathway involves a multitude of components,
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including ligands, receptors, and co-receptors acting in autocrine, paracrine, and endocrine
fashion to regulate the processes of cell fate determination, proliferation, and polarity,
among others [2,4,5]. Structural and functional classification has indicated the existence of
several distinct Wnt signaling pathways, which can be broadly subdivided based on the
involvement of β-catenin. β-Catenin-dependent canonical Wnt signaling remains arguably
the most investigated branch.

In the canonical pathway, the control of the Wnt-dependent cellular processes is
achieved by a tight regulation of the amount of β-catenin—a transcriptional co-activator
and a regulator of cell–cell adhesion. Normally, in the absence of Wnt signals, cytosolic
levels of β-catenin remain low due to continuous proteasomal degradation of the pro-
tein, initiated by its destruction complex. The complex, composed of the scaffold Axin,
tumor-suppressor adenomatous polyposis coli (APC) gene product, and diversin, also
includes two kinases, casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3), which
sequentially phosphorylate β-catenin, priming it for recognition by the ubiquitin ligase
β-TrCP [1]. In the absence of negative regulation, the glycosylation and palmitoylation of
Wnt glycoproteins allows their biological activity to in turn activate the Wnt–β-catenin
signaling. The cascade is induced by the binding of secreted Wnts to the seven transmem-
brane G-protein-coupled Frizzled (Fz) receptors located at the plasma membrane [5]. The
binding initiates the formation of a multicomponent complex consisting of Wnt ligand,
Frizzled, and its co-receptor LRP (low-density lipoprotein receptor-related protein) 6 or
5 [6]. This, in turn, signals for the recruitment of Dishevelled (Dvl), and results in the
phosphorylation of LRP5/6, thereby providing a docking site for the Axin and tethering it
to the cell membrane, which eventually renders the β-catenin destruction complex inactive.
Thus, the presence of Wnt ligands interferes with the sequestration of β-catenin and its
subsequent ubiquitination, thereby stabilizing the protein in cytoplasm. This allows for the
nuclear translocation of β-catenin, where it triggers the expression of Wnt-induced genes
(i.e., Cyclin D1, c-Myc, vascular endothelial growth factor (VEGF), interleukin-8 (IL-8),
etc.) by acting as transcriptional co-activator in conjunction with T-cell factor (TCF) and
lymphoid enhancer factor (LEF) DNA-binding proteins [7].

2. Wnt–β-Catenin Signaling in Liver Pathophysiology

The central role of the canonical Wnt–β-catenin signaling pathway in multiple as-
pects of normal cell functioning and in pathobiological processes is especially eminent in
liver [8–11]. There, β-catenin orchestrates embryonic development, patterning, adult tissue
metabolism, proliferation, and regeneration. While discussing the many facets of β-catenin
signaling as a component of the Wnt pathway is outside the scope of the current review,
we would like to remind the readers of a few pertinent concepts that are also relevant in
hepatocellular cancer (HCC).

2.1. Wnt–β-Catenin Signaling in Hepatic Development

β-Catenin was first reported to be active in normal mouse and chick embryonic
liver development almost two decades ago [12–14]. β-Catenin was seen to be active in
stages of hepatic development which showed proliferating hepatoblasts and immature
hepatocytes. When mouse embryonic liver cultures were propagated in the presence
of antisense oligonucleotides against the β-catenin gene, there was a notable deficit in
the resident cell proliferation. This was later verified by conditional deletion of the β-
catenin gene or via activation of β-catenin through APC gene loss from mouse hepatoblasts
in vivo [15,16]. In addition to these observations, both in vitro and in vivo studies showed
a dramatic compromise in hepatocyte maturation. This was seen as the maintenance of
hepatoblast markers in the hepatocytes in the β-catenin absent or knocked-down livers, as
well as by deficient markers of mature fetal hepatocytes, including glycogen [16]. Thus,
β-catenin plays a role in both the proliferation of immature hepatocytes and hepatoblasts
during earlier stages of hepatic development, but plays an equally important role in
the maturation of immature hepatocytes during later stages. These temporal targets of
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β-catenin include c-myc and cyclin-D1 for proliferation, as well as CEBPα and as-yet
unknown targets, which are likely distinct from its well-known zone-3 targets in adult
liver [16]. It is also worth mentioning that, after birth, there is a postnatal growth spurt
in livers from postnatal day 5 to about 25 days, after which the liver is mostly quiescent,
showing minimal hepatocyte turnover [17]. β-Catenin signaling is also a major contributor
of the postnatal wave of hepatocyte proliferation, and in its absence there is a decreased
growth spurt which leaves liver-specific β-catenin knockout mice with around 15% lower
liver-weight to body-weight ratio (LW/BW).

2.2. Wnt–β-Catenin Signaling in Liver Regeneration

Livers possess a unique feature of regeneration following surgical resection or toxicant-
induced injury to regain its lost mass within days to weeks. The liver does so without any
progenitor cell activation but via the replication of resident hepatocytes (and other cells)
in the liver [18]. Wnt–β-Catenin signaling has been shown to be a key component of the
normal molecular machinery of the liver following surgical resection [19]. Within hours of
two-thirds hepatectomy, there is a nuclear translocation of β-catenin in hepatocytes and
the appearance of β-catenin–TCF complex [20,21]. This is sustained for almost the first 48
h of regeneration. Using several genetic knockout mouse models, it appears that Wnt2
and Wnt9b are massively upregulated in hepatic sinusoidal endothelial cells and less so in
monocytes/macrophages at 12 h after hepatectomy (earliest time point examined through
individual cell-type isolation after surgery), followed by the engagement of Fzd-LRP5/6,
resulting in the activation of β-catenin–TCF4 to regulate cyclin-D1 gene transcription [19].
The increased cyclin-D1 observed during this time allows for hepatocyte G1–S phase
transition and eventually contributes to timely hepatocyte proliferation and the recovery of
hepatic mass [22]. The absence of Wntless from endothelial cells (and less so macrophages)
or the absence of LRP5 and 6 from hepatocytes or the absence of β-catenin from hepatocytes,
all lead to a notable deficit in cyclin-D1 expression and a dramatically lower hepatocyte
proliferation at 40–48 h after two-thirds hepatectomy [23–27]. Livers eventually recover
in all models, despite a notable delay in restitution, and the mechanisms allowing for
recovery in the absence of Wnt–β-catenin signaling remain unknown at this time. A similar
role of the pathway during hepatocyte proliferation has also been reported after injury
from acetaminophen, carbon-tetrachloride, diethoxycarbonyl dihydrocollidine, choline-
deficient ethionine supplemented diet, and in Mdr2 knockout mice, making Wnt–β-catenin
signaling a global hepatic repair pathway [28–33].

Intriguingly, a recent study also showed an important role of the Wnt–β-catenin
pathway in serving a dual role of not only inducing hepatocyte proliferation but also
maintaining hepatocyte function during liver regeneration after surgical resection, as well
as after acetaminophen-induced injury and repair. Using single-cell RNA-sequencing,
Walesky et al. showed a clever “division of labor” by the hepatocytes in the remnant liver
following surgery or toxicant injury [34]. This strategy allows liver to maintain function
even while it is proliferating, as distinct subsets of hepatocytes acquire proliferative versus
hepatocyte-function phenotype, as shown by gene expression studies. Intriguingly, both
these functions are regulated by the Wnt–β-catenin pathway; the cell source of the Wnt
for regulating the hepatocyte function by β-catenin appears to be macrophages and not
sinusoidal endothelial cells, which are likely the source of Wnts for β-catenin activation in
hepatocytes for proliferative function.

2.3. Wnt–β-Catenin Signaling in Liver Zonation

Another unique characteristic of the liver is the expression of unique genes by the
hepatocytes based on their location within a microscopic hepatic lobule. This disparate
gene expression allows for the hepatocytes to perform distinct functions that are neces-
sary for the delivery of optimal hepatic output in terms of metabolism, synthesis, and
detoxification, which are the broad categories of around 500 functions that hepatocytes
perform to maintain health and homeostasis. Toward this end, Wnt–β-catenin signaling
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is known to be the major regulator of the expression of genes in the zone-3 or pericentral
region of the metabolic lobule [26,35,36]. These genes belong to the category of glutamine
synthesis, glycolysis, lipogenesis, ketogenesis, bile acid synthesis, heme metabolism, and
xenobiotic metabolism. Some of these target genes include Glul, which encodes glutamine
synthetase (GS), and is specifically localized to 1–2 layers of hepatocytes around the cen-
tral vein [37]. To prevent ammonia from leaving the liver, the zone-3 hepatocytes are
efficient in its uptake and the high levels of GS in these cells are responsible for condens-
ing ammonia to glutamate, leading to the formation of glutamine. Thus, intracellular
levels of glutamine are highest in zone-3 hepatocytes. Some of the other key targets of
β-catenin in zone-3 hepatocytes include Axin-2, Lect2, Cyp2e1, Cyp1a2, and others. Re-
cently, choline transporter organic cation transporter 3 was also shown to be a target of the
Wnt–β-catenin signaling, which led to the increased uptake of choline by HCC to promote
phospholipid formation and DNA hypermethylation, and contributing to hepatocyte pro-
liferation [38]. In fact, several of these β-catenin targets are upregulated in liver tumors
where β-catenin signaling is highly activated in both preclinical models and in patients.
Conversely, genetic knockout models that lack Wnt secretion from endothelial cells, lack
LRP5 and 6 on hepatocytes, or lack β-catenin in hepatocytes, all lack zone-3 targets of the
Wnt–β-catenin pathway [23,24,26,27,36]. Wnt2 and Wnt9b appear to be the major drivers
of zonated β-catenin activation, and appear to be within the endothelial cells lining the
central vein [39].

Thus, broadly, β-catenin seems to be playing a role in hepatocyte proliferation in
physiological states including hepatic development (prenatal and postnatal) and liver
regeneration (surgical and injury-driven), as well as in regulating hepatocyte functions
including basally in the hepatocytes contained in zone-3 of the metabolic lobule. It is
pertinent to mention the existence of regulators of the Wnt–β-catenin signaling that have
been shown to play a role in the aforementioned hepatic processes. Factors like R-spondins
and their receptors LGR4/5 have been shown to potentiate the effects of the Wnt–β-catenin
pathways and have been specifically shown to positively impact the processes of both liver
regeneration and metabolic zonation [40,41].

3. β-Catenin as a Component of the Adherens Junctions in Liver Pathophysiology

In addition to β-catenin being the major effector of Wnt signaling, it plays another evo-
lutionarily conserved role at the adherens junctions (AJs), where it links the cytoplasmic tail
of E-cadherin to α-catenin and F-actin [42]. Since the extracellular domain of E-cadherin of
one cell binds to its counterpart on the next epithelial cell, the AJs are important mediators
of intercellular adhesion. AJs are also present on hepatocytes, which are the predominant
functioning epithelial cells of the liver. In fact, β-catenin and E-cadherin are mostly seen at
the cell surface of hepatocytes. Immunohistochemistry is rarely sufficiently sensitive to
detect β-catenin in cytoplasm or nuclei—even in zone-3 hepatocytes, where it is basally
active. β-Catenin clearly associates with E-cadherin in the normal liver, and this association
is likely part of maintaining junctional integrity, cell polarity, and epithelial identity, and
plays a role in both cell adhesion in addition to providing some barrier function within this
highly secretory and vascular organ.

3.1. β-Catenin–E-Cadherin Complex in the Liver and Its Regulation

The regulation of β-catenin at the AJs in the hepatocytes is not completely understood.
There is an incomplete understanding of whether the same pool of β-catenin is allocated
to Wnt signaling and AJs, of when and how this allocation occurs, and of how dynamic
this process is [42]. The β-catenin–E-cadherin complex does not seem to be influenced
by the Wnt signaling pathway. While liver-specific β-catenin knockout mice showed an
absence of β-catenin–E-cadherin interactions, disruption of the Wnt–β-catenin signaling
pathway did not impact this complex. This was evident when Wnt co-receptors LRP5/6
were conditionally deleted from hepatocytes, or when Wnt secretion was prevented from
hepatic sinusoidal endothelial cells by loss of Wntless [24,27]. In both these models, β-
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catenin was intact at the AJs and was observed to be interacting with E-cadherin, thus
maintaining cell–cell junctions and intact blood–bile barriers. This suggests that the absence
of Wnt signaling does not impact the association. Interestingly, tyrosine phosphorylation
of β-catenin, especially at tyrosine residue 654, has been shown to play an important role
in negatively impacting β-catenin’s association with E-cadherin [43]. Several receptor
tyrosine kinases (RTKs), such as Src, EGFR, and Met, have been shown to phosphorylate
β-catenin at these residues to negatively impact the AJ assembly, for which β-catenin
tyrosine residues 654 and 670 have been shown to be important [44]. The fate of β-catenin
following release from this complex is not completely clear, but may function as a co-
activator for the TCF family, similar to its role in the Wnt signaling [45]. Indeed, RTKs like
HGF and EGF can induce the nuclear translocation and activation of β-catenin signaling
to cause liver growth, and can also be seen in a subset of tumors like hepatoblastomas
and fibrolamellar HCCs [46–48]. Additionally, the cytoplasmic domain of E-cadherin in
and around residues 685–699 contains several serine phosphorylation sites, and when
these sites are phosphorylated, they interact extensively with armadillo repeats 3–4 of
the β-catenin protein [49]. These phosphorylation events may be important in regulating
β-catenin–E-cadherin interactions.

3.2. γ-Catenin Compensates for β-Catenin at AJs in the Absence of β-Catenin

Another important observation made in the livers of mice lacking β-catenin in hepato-
cytes was the maintenance of intact AJs. This coincided with an increase in γ-catenin or
plakoglobin, a normal inhabitant of the desmosomes. Indeed, in the β-catenin knockouts, γ-
catenin was shown to co-precipitate and thus bind to E-cadherin in lieu of β-catenin [50,51].
This was also previously observed in skin and heart [52,53]. To demonstrate the true
functionality of the γ-catenin interaction with E-cadherin in the absence of β-catenin, we
conditionally knocked out both β- and γ-catenin from liver epithelia using albumin-cre.
This led to a severe cholestatic disease, progressive fibrosis, and mortality, which was
associated with perturbations in cell–cell junctions, paracellular leaks, and a decrease in
E-cadherin [54]. Indeed, β-catenin binds to the region of E-cadherin which contains the
PEST sequence motifs, which allow for the recognition of E-cadherin by ubiquitin ligases
as well as proteasomal degradation [49]. The binding of β-catenin to E-cadherin masks
these motifs and allows for uneventful trafficking of the complex to the AJs. It is likely
that γ-catenin binds to the same region of E-cadherin when β-catenin is absent, preventing
E-cadherin degradation and successful delivery of the E-cadherin–γ-catenin complex to
the cell surface. This also explains the notable decrease in E-cadherin in the β-γ-catenin
double-knockout livers [54].

4. Hepatocellular Cancer

4.1. Alarming Trends in HCC Incidence

The incidence of hepatocellular carcinoma (HCC) has risen steadily in the US and
worldwide over last decades [55,56]. Analysis of the NCI’s (National Cancer Institute’s)
Surveillance, Epidemiology and End Results (SEER) database reveals alarming trends in
HCC incidence. The rates for new liver and intrahepatic bile duct cancer cases have been
rising on average 2.7% each year over the last 10 years. Death rates have risen on average
2.6% each year from 2005 to 2014. In 2014, there were an estimated 66,771 people living
with liver tumors in USA. In 2020, liver tumors represented 2.4% of all new cancer cases
in the US, with around 42,810 new diagnosed cases [55]. Globally, HCC is the 5th most
common malignancy in men, 9th most common cause of cancer in women, and the overall
6th most common cancer worldwide [56].

4.2. Cellular and Molecular Pathogenesis of HCC

Most HCCs are a consequence of years of hepatic damage and wound healing. The
events leading up to HCC are complex and involve bouts of cell injury and death, immune
cell infiltration, oxidative stress, and stellate cell activation [57]. The liver tries to replace the
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dying hepatocytes through chronic regeneration via hepatocyte proliferation. Proliferating
hepatocytes are susceptible to DNA damage and mutations, and the associated activation of
signaling pathways. Any such alterations that provide proliferative and survival advantage to
a cell lead to the initiation of the neoplastic transformation. Transcriptomic and whole-genome
sequencing has validated that subsets of HCC are “driven” by key oncogenic signaling
pathways [58–60]. The whole-exome sequencing of a large number of HCC cohorts has
revealed common mutations that are the basis of the molecular classification of HCC [59].
Such analysis has revealed that irrespective of etiology, chronic injury, and downstream
cellular events, HCC is driven by a few common genetic aberrations and molecular pathway
activation, with only some preferential signaling evident in a few etiologies [60]. One common
pathway activated in HCC independent of etiology is Wnt–β-catenin signaling.

5. β-Catenin and Hepatocellular Cancer

5.1. Mechanism of β-Catenin Activation in HCC

It is important to emphasize the key phosphorylation sites located in exon-3 of β-
catenin, which are important in its eventual degradation. When the Wnt signals are absent,
β-catenin is sequentially phosphorylated at serine-45 (S45), S33, S37, and threonine-41 (T41)
by casein kinase I (CKI) and glycogen synthase kinase 3β (GSK3β) [61]. Phosphorylated
β-catenin is recognized by β-transducin repeat-containing protein for ubiquitination and
proteasomal degradation, and requires intact D32 and G34 sites [62]. When Wnt signaling is
on, it inactivates the β-catenin degradation complex consisting of Axin-1 and adenomatous
polyposis coli gene product (APC) in addition to CKI and GSK3β. Around 26–37% of all
HCCs display CTNNB1 mutations [8,63]. These missense mutations are localized to exon-3 of
CTNNB1, the gene encoding for β-catenin, and affect phosphorylation and ubiquitination
sites in the β-catenin promoter, making it resistant to degradation. This leads to β-catenin
stabilization, nuclear translocation, and activation of the downstream target genes, playing
important and unique roles in tumor biology in several subsets of HCC cases. There are
several targets of β-catenin reported in HCC [8]. Some highly relevant ones include glutamine
synthetase (GS), cyclin-D1, VEGF-A, lect2, Axin-2, and others.

Loss-of-function mutations in AXIN1 are another major contributor to HCC devel-
opment. AXIN1 is also among the top five mutated genes in HCC, seen in around 8%
of human HCCs. This gene normally encodes for a protein essential for β-catenin degra-
dation. In the absence of a functional Axin-1, β-catenin levels are increased and Wnt
signaling is activated. Indeed, in preclinical models which used sleeping beauty trans-
poson/transposase to express shRNA-Axin1 along with Met proto-oncogene in either a
hepatic β-catenin-sufficient or deficient liver, the requirement of β-catenin was unequiv-
ocally shown in this model [64]. Intriguingly, only a subset of targets of the β-catenin
signaling are positive in these tumors, including cyclin-D1 and c-myc, and interestingly,
these tumors are GS-negative.

Analysis of early HCC, multinodular HCC, and comparison of primary and metastatic
HCC has also indicated that β-catenin has a trunk role in HCC similar to other major
drivers such as mutations in TERT promoter or TP53 [65].

5.2. Animal Models to Study β-Catenin Activation in HCC

The hepatic overexpression of β-catenin or the expression of mutated, constitutively-
active β-catenin alone is insufficient for HCC development, as reported in many mouse
models, suggesting cooperation with other pathways [37,66]. Indeed, CTNNB1 mutations
significantly correlate with the presence of other mutations such as in TERT promoter, NFE2L2,
MLL2, ARID2, and APOB [59,67]. CTNNB1 mutations also are seen to co-occur with the
overexpression/activation of Met, Myc, or Nrf2 [63,68,69]. Using a reductionist approach,
such concomitant alterations have been modeled in mice by the co-expression of various
combinations in vivo using the sleeping beauty transposon/transposase or CRISPR/Cas9
approach and hydrodynamic tail vein injection [70]. For example, 11% of human HCCs show
concomitant CTNNB1 mutations and Met overexpression/activation, and their co-expression
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in murine liver in the Met–β-catenin model leads to clinically relevant HCC [63,71]. Likewise,
Myc–β-catenin represents 6% of human HCCs [68]; and Nrf2–β-catenin represents 9–12% of
HCC [69]. The continued generation and characterization of these models for their clinical
relevance, biology, and for testing therapies, is of high value.

6. State of Therapies for HCC

The five-year survival of liver tumors is 19.6%, attributable partially to lack of effective
therapies [55]. For localized disease, partial hepatectomy or liver transplantation are most
beneficial. Loco-regional therapies like radio frequency ablation and transarterial chemoem-
bolization are palliative or useful as neoadjuvants. Until recently, sorafenib was the only
FDA-approved agent for unresectable HCC, and this non-specific tyrosine kinase inhibitor
(TKI) improved survival by 3 months [72]. Several agents have been approved for HCC
treatment in the last 5 years. Regorafenib was approved as second-line treatment, showing
improvement in survival to 10.6 months vs. 7.8 months for placebo [73]. In 2017, the immune
checkpoint inhibitor (ICI) nivolumab was approved by the FDA as second-line treatment,
almost doubling overall survival to 15 months in the Checkmate trial [74]. More recently,
another TKI, lenvatinib, was approved as first-line therapy, showing non-inferiority to so-
rafenib [75]. Cabozantinib, a Met inhibitor, also got approval for second-line use in HCC [76].
Another ICI, pembrolizumab, was awarded an accelerated approval as second-line therapy
for HCC based on the KEYNOTE-224 trial [77]. More recently, the results of a phase III clinical
trial (IMbrave150) showing higher efficacy to sorafenib and a response rate of around 35%
to atezolizumab (anti PD-L1) plus bevacizumab (anti-VEGFA) led to their FDA approval
as first-line therapy [78]. Some major existing challenges include a lack of biomarker-based
therapy to select a proper subset of patients for a specific treatment and to improve response
rates to ICIs, which have revolutionized oncology in general.

7. Targeting β-Catenin for HCC Treatment

7.1. Proof-of-Concept Studies

Because β-catenin is active in a notable subset of HCCs, and is also considered a trunk
mutation, its inhibition could have a major impact on the treatment of a subset of these
tumors. Several proof-of-concept studies in HCC, both in vitro and in vivo, have demon-
strated the relevance of inhibiting β-catenin as a treatment strategy for HCC. siRNA-mediated
CTNNB1 knockdown resulted in a marked decrease in the viability and proliferation of human
hepatoma cells in vitro [79]. Similarly, suppressing β-catenin via gamma-guanidine-based
peptide nucleic acid antisense also reduced the viability, proliferation, metabolism, and sur-
vival of cells of an HCC line [80]. Interestingly, inhibition of β-catenin signaling also resulted
in the diminished secretion of angiogenic factors, implying the dual positive effect of such
suppression [80]. The DsiRNAs-mediated knockdown of β-catenin mRNA led to a significant
decrease of tumor burden in mice bearing ectopic tumors originating from either Hep3B or
HepG2 cells [81]. Using a chemical carcinogen (diethylnitrosamine) and tumor promotion
(phenobarbital) model which selectively leads to Ctnnb1-mutation-driven HCC, β-catenin
inhibition using locked nucleic acid antisense (LNA) had a profound impact on tumor devel-
opment [82]. More recently, using Kras–β-catenin-driven HCC (which highly resembles the
Met–β-catenin model), β-catenin was inhibited using EnCore lipid nanoparticles loaded with
a Dicer substrate small interfering RNA targeting CTNNB1. This led to a notable decrease in
tumor burden, also demonstrating β-catenin to be a highly relevant target in HCC for cases
driven by CTNNB1 mutations.

7.2. Where to Target Wnt–β-Catenin Signaling in HCC

The most important mechanism of β-catenin activation in HCC are the mutations in
CTNNB1 and the mutations in AXIN1. While there have been several other mechanisms
identified to modulate β-catenin signaling, including the upregulation of certain Wnt genes,
Frizzled genes, and epigenetic loss of negative regulators like DKK and FRPs and others,
their true relevance remains unclear since Wnt–β-catenin signaling, like other signaling
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pathways, is able to regulate its overall activity via robust post-translational mechanisms.
However, mutations in CTNNB1 or AXIN1 deem the β-catenin protein non-degradable
and hence cannot be regulated by the normal mechanisms, which converge on β-catenin
degradation to control the signaling pathway activity. This also suggests that several
classes of Wnt inhibitors will not work in HCCs because they inhibit or impair Wnt activity
upstream of the observed mutations in CTNNB1 or AXIN1. Hence, the suppression of
β-catenin itself using the RNA-based therapies discussed in the preceding section, or
those impairing β-catenin nuclear translocation, impairing its interaction with TCF4 or
preventing the β-catenin–TCF complex from transactivating target genes, would be most
effective in treatment of some subsets of HCC. Finally, identifying unique opportunities
related to β-catenin signaling in HCC is important, as it may help in selecting or excluding
the right group of patients, and may help to identify innovative opportunities to target
other mechanisms that are intimately related to β-catenin activation unique to HCC.

7.3. How to Target β-Catenin in HCC

Targeting β-catenin itself using RNA-based therapies is highly desirable. Several
classes of siRNA- and antisense-based therapies have been described for use against β-
catenin. The use of EnCore lipid nanoparticles along with Dicer substrate small interfering
RNAs is especially innovative because it can be modified to specifically deliver the payload
to liver tumors, and the safety of their use has been shown in patients [83]. Others such as
peptide nucleic acid antisense, locked nucleic acid antisense, and other modalities have
been reported, and may have eventual clinical use [80–82].

There may be an opportunity to identify the mechanisms of the nuclear transport
or nuclear export of β-catenin. Targeting molecules that cargo β-catenin to the nucleus
or activate its export out of the nucleus could have efficacy in the treatment of β-catenin-
mutated HCCs. Pegylated interferon-α2a (peg-IFN), previously a first-line therapy for
hepatitis C virus (HCV) patients, was shown to induce the levels of Ran-binding protein 3
(RanBP3), which is known to export β-catenin out of the nucleus [84]. Peg-IFN treatment
was also shown to induce association between RanBP3 and β-catenin, and led to decreased
TopFlash reporter activity that was abrogated by siRNA-mediated RanBP3 knockdown.
In vivo, peg-IFN treatment led to increased nuclear RanBP3, decreased nuclear β-catenin
and cyclin D1, and decreased GS, and eventually led to decreased tumor cell proliferation.

The use of small-molecule inhibitors that interfere with its interactions with TCF or
other relevant co-factors or components of the transcriptional complex would be highly
desirable. However, a high specificity of the small-molecule inhibitors will be required
because of the overlap of the β-catenin–TCF4 binding site, and with the binding sites for
APC and E-cadherin [85]. Even though a number of the identified compounds showed
selectivity of inhibition in vitro (e.g., PKF115-584, CGP049090, and PKF118-310), none of
them has entered clinical trials [85]. PR1-724, the next-generation compound of the original
small-molecule ICG-001, interferes with β-catenin–TCF4 interactions with CBP, a histone
acetyltransferase essential for transcriptional function of the complex [86,87]. PRI-724 has
been shown to be safe in patients with HCV-related cirrhosis, and may be of high relevance
in the treatment of subsets of HCC with known mutations in CTNNB1 [88].

7.4. Unique and Exploitable Aspects of Targeting β-Catenin in Subsets of HCC

In addition to a general role of β-catenin in regulating tumor cell proliferation, survival,
and angiogenesis, there are specific and unique aspects of β-catenin activation due to mu-
tations in HCC which can have notable biological and therapeutic implications—especially
related to a step towards precision medicine.

7.4.1. Role of β-Catenin in Tumor Immune Evasion

ICIs have revolutionized the treatment of many tumors, including HCC as can be
seen by the FDA approval of nivolumab and pembrolizumab as second-line therapy and
of atezolizumab (anti PD-L1) plus bevacizumab (anti-VEGFA), as first line treatment for
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unresectable HCC [78]. However, there are no available biomarkers which predict either
the efficacy or lack thereof to ICIs. Clinical response to ICIs, most of which are T-cell-
based therapies, depend on the presence of a CD8+ T cell inflamed environment and
chemokines and interferon signature within the tumor [89]. Intriguingly, activation of β-
catenin signaling has been linked to immune evasion in tumors such as melanoma through
T-cell exclusion from tumors [90]. This is shown in our own analysis as well (Figure 1).
Several mechanisms underlie this observation, including the effect of β-catenin activation
on CD8+ T cell priming and infiltration by acting on Batf3-lineage CD103+ dendritic
cells (DCs) and decreasing CCL4 production by inducing the expression of transcription
repressor ATF3 [91]; disruption of Foxp3 transcriptional activity, key for development and
function of regulatory T cells [92]; and increased Treg survival, which can reduce CD8+ T
cell proliferation [93]. HCCs with β-catenin activation have been linked to immune cell
exclusion [94,95]. We have shown that CTNNB1-mutated HCCs are resistant to anti-PD-
1 [68], and hence may benefit from the inhibition of β-catenin or its downstream effectors
to sensitize these tumors to ICIs.

 

Figure 1. β-Catenin activation in HCC reduces CD8 T cell infiltration in the tumor. The top panel shows
histology of explanted liver for hepatocellular cancer (HCC) showing the presence of two distinct tumors
(separated by a dotted line) which are otherwise difficult to distinguish and demarcate by hematoxylin
and eosin (H&E) staining (100×). The middle panel shows the immunohistochemistry of the adjacent
tissue section to the top panel, for glutamine synthetase (GS), a surrogate marker of β-catenin activation
due to mutations in CTNNB1. The staining for GS shows the presence of uniform positive staining in the
upper-right part which decorates a β-catenin-active HCC, whereas the lower-left tumor is negative for
this stain. Immunohistochemistry for CD8 for a subset of T cells, in the section adjacent to those shown
in the top and middle panels, shows a general dearth of positive cells in the top-right (β-catenin-active)
tumor, while there are notably more CD8-positive cells in the lower left or in the non-β-catenin-active
HCC. The two tumors are separated by a dotted line.

One additional relevant mechanism in the liver might be through a known interaction
of β-catenin with NF-κB in the hepatocytes and liver tumor cells [96]. This inhibitory
association between the p65 subunit of NF-κB and β-catenin prevents NF-κB activation
even when appropriate upstream effectors of NF-κB are present. In this study, we also
showed that this association led to reduced p65-luciferase reporter activity when con-
stitutively active β-catenin was transfected in hepatoma cells. Furthermore, β-catenin
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mutated HCCs showed decreased p65 nuclear translocation. Knowing that NF-κB signal-
ing plays a major role in inducing inflammatory milieu [97], its suppression brought about
by stable β-catenin due to mutations in CTNNB1 may be one additional contributor of an
immune-deficient tumor microenvironment which may in turn lead to resistance to ICIs.

7.4.2. Role of β-Catenin in Regulating Tumor Metabolism Through mTORC1 in HCC

The suppression of β-catenin in CTNNB1-mutant liver tumors decreases tumor burden
in many models [71,82]. We made a unique discovery of how this response was mediated by
the regulation of mTORC1 by β-catenin [98]. The Wnt–β-catenin pathway transcriptionally
regulates the expression of Glul, which encodes GS in hepatocytes in zone-3 of the hepatic
lobule [37], and leads to the highest glutamine in zone-3 hepatocytes [99] (Figure 2A,B).
Glutamine directly phosphorylates mTOR at serine-2448 in lysosomes [100]. We identified
p-mTOR-S2448 (active mTORC1) [101] in zone-3 hepatocytes basally, which was absent
in hepatocyte-specific knockout (KO) of β-catenin, Wnt co-receptors LRP5-6, and GS
(Figure 2B). We also found by immunohistochemistry (IHC) that HCCs with CTNNB1
mutations are simultaneously positive for GS and p-mTOR-S2448 in preclinical models
and patients (Figure 2B). We also showed a dependence of the CTNNB1-mutated HCCs
to mTORC1 by their susceptibility to mTOR inhibition by rapamycin in a preclinical
model. This may be a novel way to target β-catenin mutated liver tumors in patients until
anti-β-catenin therapies become a reality.

Figure 2. Unique mTORC1 addiction of CTNNB1-mutated HCCs due to glutamine. (A) The unique axis of mTORC1
activation in β-catenin gene mutated HCCs due to overexpression of GLUL, the gene encoding for glutamine synthetase
(GS), which generates glutamine from ammonia and glutamate, and in turn glutamine activates mTORC1 in lysosomes. (B)
The top panel shows immunohistochemistry for GS and p-mTOR-S2448 in adjacent sections from a normal mouse liver.
Both proteins are localizing exclusively to zone-3 hepatocytes in the immediate proximity to the central vein (200×). The
whole slide scans (middle row) of two adjacent tissue microarrays of human HCC samples stained for the same antibodies
against GS and p-mTOR-S2448 also shows several HCCs to be simultaneously positive for GS and p-mTOR-S2448. A
representative tissue array sample is magnified (400×) to show GS and p-mTOR-S2448-positive HCC (bottom panels).
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Abstract: Background: Although cyclic AMP-response element binding protein-binding protein
(CBP)/β-catenin signaling is known to promote proliferation and fibrosis in various organ systems,
its role in the activation of pancreatic stellate cells (PSCs), the key effector cells of desmoplasia in
pancreatic cancer and fibrosis in chronic pancreatitis, is largely unknown. Methods: To investigate
the role of the CBP/β-catenin signaling pathway in the activation of PSCs, we have treated mouse
and human PSCs with the small molecule specific CBP/β-catenin antagonist ICG-001 and examined
the effects of treatment on parameters of activation. Results: We report for the first time that
CBP/β-catenin antagonism suppresses activation of PSCs as evidenced by their decreased proliferation,
down-regulation of “activation” markers, e.g., α-smooth muscle actin (α-SMA/Acta2), collagen type
I alpha 1 (Col1a1), Prolyl 4-hydroxylase, and Survivin, up-regulation of peroxisome proliferator
activated receptor gamma (Ppar-γ) which is associated with quiescence, and reduced migration;
additionally, CBP/β-catenin antagonism also suppresses PSC-induced migration of cancer cells.
Conclusion: CBP/β-catenin antagonism represents a novel therapeutic strategy for suppressing PSC
activation and may be effective at countering PSC promotion of pancreatic cancer.

Keywords: pancreatic cancer; pancreatic stellate cells; Wnt signaling; CBP; p300; pancreatitis; fibrosis

1. Introduction

Pancreatic cancer, predominantly comprised of pancreatic ductal adenocarcinoma (PDAC), ranks
as the 4th leading cause of cancer deaths in both men and women in the United States, with ~52% of
pancreatic cancer patients being diagnosed at an advanced stage of disease for which 5-year survival
is a dismal 3% [1]. As such, there is an urgent need for treatments that offer durable benefits to
PDAC patients. Treatments for PDAC, which traditionally have focused on targeting pancreatic tumor
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cells (i.e., parenchymal cells), have been insufficient or have failed for the most part [2,3]. More
recently, it has been recognized that activated pancreatic stellate cells (PSCs) (i.e., stromal cells), which
are characterized by increased proliferation, up-regulation of “activation” markers, and enhanced
migration, promote PDAC progression [2–4]. Moreover, the “desmoplasia” of PDAC, i.e., the extensive
pro-tumorigenic fibrosis effected by activated PSCs [2–5], has been found to correlate negatively with
patient survival and to be present at similar levels in both primary tumors and metastatic lesions [6].
Thus, activated PSCs represent an attractive therapeutic target to aid in combating PDAC.

The Wnt signaling pathway is an incredibly complex and critical controller of a myriad of
processes in mammals, intricately regulating cellular proliferation and cellular differentiation [7,8].
“Canonical” Wnt signaling (or Wnt/β-catenin signaling) is the arm of the pathway associated with
β-catenin accumulation in the nucleus and β-catenin forming a complex with members of the TCF/LEF
family of transcription factors to regulate target gene transcription. A previous study has shown
that retinoic acid-mediated suppression of Wnt/β-catenin signaling suppresses PSC activation in
mice with chronic pancreatitis, leading to amelioration of chronic pancreatitis (which itself is
a predominant risk factor for PDAC [9,10]) and associated fibrosis [11]. It has been previously
demonstrated that, in Wnt/β-catenin signaling, β-catenin recruits either of the Kat3 transcriptional
coactivators, cyclic AMP-response element binding protein-binding protein (CBP) or its closely related
homolog, p300, to effect transcription and expression of respective target genes [12–15]. CBP/β-catenin
signaling is associated with symmetric non-differentiative proliferation in cancer and fibrosis, whereas
p300/β-catenin signaling initiates differentiation and a decrease in cellular potency [12–15]. Recently, it
has been reported that the small molecule specific CBP/β-catenin antagonist ICG-001 [16] suppresses
the activation of hepatic stellate cells, which are developmentally and functionally analogous to
PSCs [17,18], as well as suppressing associated fibrogenesis in an acute CCl4-induced liver injury
mouse model [19]. However, the significance of the CBP/β-catenin signaling pathway in PSCs is largely
unknown. Thus, the CBP/β-catenin signaling pathway represents a potentially viable, but not yet
characterized therapeutic opportunity to target in activated PSCs.

Based on the aforementioned observations, we set out to investigate whether antagonizing
the CBP/β-catenin signaling pathway would suppress activation of PSCs and may be useful for
combating PDAC and chronic pancreatitis. Herein, we report for the first time that the small
molecule specific CBP/β-catenin antagonist ICG-001 suppresses activation of PSCs as evidenced by
their decreased proliferation, down-regulation of activation markers, e.g., α-smooth muscle actin
(α-SMA/Acta2), collagen type I alpha 1 (Col1a1), Prolyl 4-hydroxylase, and Survivin, up-regulation of
peroxisome proliferator activated receptor gamma (Ppar-γ), which is associated with quiescence, and
reduced migration; and that migration of PDAC cells is reduced when co-cultured with PSCs which
have been pre-treated with ICG-001. Hence, CBP/β-catenin antagonist ICG-001 represents a novel
therapeutic option for suppressing PSC activation and promotion of PDAC.

2. Results

2.1. CBP/β-Catenin Antagonism Suppresses Proliferation of Pancreatic Stellate Cells

Activated pancreatic stellate cells (PSCs) are known to promote pancreatic ductal adenocarcinoma
(PDAC) progression and are characterized by increased proliferation [2–4]. To investigate whether
inhibition of CBP/β-catenin signaling would suppress proliferation of PSCs, the small molecule
specific CBP/β-catenin antagonist ICG-001 [16] versus control (DMSO) was used to treat immortalized
mouse PSC line (imPSC) and immortalized human PSC line (ihPSC), which were established as
previously described [20,21]. We found that ICG-001 inhibited proliferation of imPSC and ihPSC, as
assessed by CellTiter-Glo proliferation assay (Figure 1A,B), microscopy (Figure 1C,D), and cell counting
(Figure 1E,F). In addition, ICG-001 IC50 of ~25 μM and ranging from ~5 to ~25 uM, for imPSC and ihPSC,
respectively, were estimated based on CellTiter-Glo proliferation assay (Figure 1A,B). Furthermore,
ICG-001 treatment induces imPSC and ihPSC to change from a more spread out morphology to a thinner
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or more round, quiescent morphology (Figure 1C,D). Collectively, our results demonstrate that ICG-001
suppresses activation of PSC by inhibiting proliferation and inducing quiescent morphology.

Figure 1. Cyclic AMP-response element binding protein-binding protein (CBP)/β-catenin antagonism
suppresses proliferation of pancreatic stellate cells. Effect of CBP/β-catenin antagonist ICG-001 versus
control (DMSO) treatment for 48 h on proliferation of immortalized mouse pancreatic stellate cells
(imPSC) (A) and immortalized human pancreatic stellate cells (ihPSC) (B) as assessed by CellTiter-Glo
assay. imPSC, immortalized mouse pancreatic stellate cells; ihPSC, immortalized human pancreatic
stellate cells. Effect of ICG-001 treatment for 48 h on proliferation of imPSC (C) and ihPSC (D) as
assessed by microscopy. Scale bar: 150μm. Effect of ICG-001 treatment for 24 h and 48 h on proliferation
of imPSC (E) and ihPSC (F) as assessed by cell counting. n = 3, * p < 0.05 when each ICG-001 group
compared to control (DMSO) at respective time point.

2.2. CBP/β-Catenin Antagonism Suppresses Activation Markers of PSCs

We next tested whether inhibition of CBP/β-catenin signaling would suppress established
activation markers of PSCs, such as Acta2, Col1a1, and Survivin (Birc5) [2–4,22–24] at the level of mRNA
expression. We found that CBP/β-catenin antagonist ICG-001 versus control (DMSO) suppressed in
a dose dependent manner, Acta2, Col1a1, and Survivin (Birc5) mRNA expression by up to ~60%, 70%,
and 50%, respectively, in imPSC (Figure 2A–C), as assessed by qPCR. Consistent with these findings,
we found that ICG-001 also induced mRNA expression of Ppar-γ, which is associated with PSC
quiescence [4,22,25,26], up to ~2.1-fold in imPSC. ICG-001 also suppressed COL1A1 and SURVIVIN
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(BIRC5) mRNA expression by up to ~75% and 90%, respectively, in ihPSC, but interestingly ACTA2
mRNA expression was induced up to ~1.9-fold, whereas PPAR-γ mRNA expression was not detected
(Ct value > 35) (Figure 2E–G).

Figure 2. CBP/β-catenin antagonism suppresses gene expression of activation markers of pancreatic
stellate cells. Effect of CBP/β-catenin antagonist ICG-001 versus control (DMSO) treatment for 48 h of
immortalized mouse pancreatic stellate cells (imPSC) on mRNA expression of activation markers, Acta2
(A); Col1a1 (B); Survivin (C); and Ppar-γ which is associated with quiescence (D). Effect of ICG-001
treatment for 48 h of immortalized human pancreatic stellate cells (ihPSC) on mRNA expression
of activation markers, ACTA2 (E); COL1A1 (F); and SURVIVIN (G). n = 3, * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to control (DMSO), # p < 0.05, ## p < 0.01, ### p < 0.001 compared to ICG-001
5 μM, & p < 0.05, && p < 0.01compared to ICG-001 10 μM.

We next assessed the effect of ICG-001 on PSC activation and quiescence markers at the level
of protein expression, by immunofluorescence or immunoblot. We found that ICG-001 reduced
the expression of Acta2 (α-SMA) and Survivin and induced the expression of Ppar-γ in imPSC
(Figure 3A,B,D), and similar results were obtained for SURVIVIN and PPAR-γ in ihPSC (Figure 3C,E),
as assayed by immunofluorescence. Interestingly, α-SMA was not detected by immunofluorescence
in ihPSC, consistent with previous findings, which failed to detect α-SMA at the protein level in
this cell line (data not shown) and another immortalized human PSC cell line [27]. Consistent with
the immunofluorescence results, ICG-001 reduced the expression of α-SMA by up to ~40% in imPSC
(Figure 4A). Given that Prolyl 4-hydroxylase is a central enzyme in the hydroxylation of proline residues
in procollagen, serving as a functional indicator of collagen synthesis and thus as another PSC activation
marker [26,28], we next tested the effect of ICG-001 on the expression of this marker at the protein
level. Immunoblot shows that ICG-001 suppresses Prolyl 4-hydroxylase (P4HA2) by up to ~50% in
imPSC (Figure 4B). Thus, based on these protein expression data, along with the aforementioned
mRNA expression data, we conclude that CBP/β-catenin antagonism suppresses activation and induces
quiescence markers of PSCs.
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Figure 3. CBP/β-catenin antagonism suppresses protein expression of activation markers of pancreatic
stellate cells as assessed by immunofluorescence. Effect of CBP/β-catenin antagonist ICG-001 versus
control (DMSO) treatment for 72 h of immortalized mouse pancreatic stellate cells (imPSC) on protein
expression of activation markers, Acta2 (α-SMA) (A); and Survivin (B); and Ppar-γ which is associated
with quiescence (D); Effect of ICG-001 treatment for 72 h of immortalized human pancreatic stellate
cells (ihPSC) on protein expression of activation markers, SURVIVIN (C); and PPAR-γ (E); Scale bar:
100 μm. Hoechst: Hoechst 33342.
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Figure 4. CBP/β-catenin antagonism suppresses protein expression of activation markers of pancreatic
stellate cells as assessed by immunoblot. Effect of CBP/β-catenin antagonist ICG-001 versus control
(DMSO) treatment for 72 h of immortalized mouse pancreatic stellate cells (imPSC) on protein expression
of activation markers, Acta2 (α-SMA) (A) and Prolyl 4-hydroxylase (P4HA2) (B). Numerical values
below protein bands indicate densitometric quantitation normalized to Ponceau S or GAPDH as
indicated and then to control (DMSO). Numerical values and associated horizontal marks to the left of
protein bands indicate relative position of molecular weight (kDa) markers. (Whole immunoblots are
presented in Figure S1.).

2.3. CBP/β-Catenin Antagonism Suppresses Migration of PSCs and PSC-Induced Migration of Cancer Cells

Next, we tested whether inhibition of CBP/β-catenin signaling would suppress PSC migration
which is another established characteristic of activated PSCs [2–4]. To do so, we treated imPSC
with CBP/β-catenin antagonist ICG-001 versus control (DMSO) and found that ICG-001 treatment
suppressed migration by up to ~90%, as assessed by Transwell migration assay (Figure 5A,B).
ICG-001 also suppressed migration of ihPSC by up to ~50% (Figure 5C,D). Activated PSCs are
known to induce pancreatic cancer cell migration [2–4,29–31], possibly via PSC-mediated induction of
epithelial-mesenchymal transition in cancer cells [31]. Accordingly, we reasoned that pancreatic cancer
cells, co-cultured with PSCs, which have been pre-treated with and thus presumably “de-activated” by
ICG-001, would exhibit decreased migration compared with pancreatic cancer cells co-cultured with
PSCs pre-treated with vehicle control. To test this notion, we co-cultured mouse pancreatic cancer cell
line Panc02 with imPSC, which had been pre-treated for 72 h with ICG-001 or control, and assessed
Transwell migration of the pancreatic cancer cells. We found that ICG-001 pre-treatment of imPSC,
which were subsequently co-cultured with Panc02 cancer cells, suppressed PSC-induced migration
of Panc02 cancer cells by up to ~60% (Figure 5E,F). Similarly, we found that ICG-001 pre-treatment
of ihPSC, which were subsequently co-cultured with human pancreatic cancer cell line PANC-1,
suppressed PSC-induced migration of PANC-1 cancer cells by up to ~70% (Figure 5G,H).
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Figure 5. CBP/β-catenin antagonism suppresses migration of pancreatic stellate cells and pancreatic
stellate cell-induced migration of pancreatic cancer cells. Effect of CBP/β-catenin antagonist ICG-001
versus control (DMSO) on migration of immortalized mouse pancreatic stellate cells (imPSC) ((A),
Crystal Violet staining of cells which migrated; and (B), relative migration) and on migration of
immortalized human pancreatic stellate cells (ihPSC) ((C), Crystal Violet staining of cells which
migrated; and (D), relative migration), as assessed by Transwell migration assay. Note: imPSC and
ihPSC were treated with ICG-001 for 48 h, after which time cells were seeded in serum-free medium
onto 8-μm Transwell insert, and the lower chamber was filled with 10% FBS medium. Cells were then
allowed to migrate for 6 h (imPSC) or 24 h (ihPSC) and kept in corresponding concentrations of ICG-001
versus control (DMSO) during migration. Effect of ICG-001 on imPSC-induced migration of mouse
pancreatic cancer cells Panc02 ((E), Crystal Violet staining of cells which migrated; and (F), relative
migration) and on ihPSC-induced migration of human pancreatic cancer cells PANC-1 ((G), Crystal
Violet staining of cells which migrated; and (H), relative migration), as assessed by Transwell migration
assay. Note: For PSC-induced Panc02 and PANC-1 cell migration, imPSC and ihPSC were pre-treated
with ICG-001 for 72 h, after which time respective PSCs were seeded in 10% FBS medium into the lower
chamber and respective cancer cells were seeded in 10% FBS medium onto Transwell insert. Cells
were then allowed to migrate for 24 h. Relative migration was determined by counting the number of
cells which had migrated across the Transwell insert as assessed by Crystal Violet staining and then
normalizing to control (DMSO). n = 3, *** p < 0.001 compared to control (DMSO), # p < 0.05, ## p < 0.01,
### p < 0.001 compared to ICG-001 5 μM, & p < 0.05, &&& p < 0.001compared to ICG-001 10 μM. Scale
bar: 1 mm.

3. Discussion

Given that pancreatic cancer, predominantly comprised of pancreatic ductal adenocarcinoma
(PDAC), ranks as the 4th leading cause of cancer deaths in the United States with a 5-year survival
for advanced stage disease of only 3% [1], there is an urgent need for treatments that offer durable
benefits to PDAC patients. With increasing recognition that PDAC treatments traditionally focused
on targeting pancreatic tumor cells have been insufficient or failed [2,3] and that activated pancreatic
stellate cells (PSCs) promote PDAC progression [2–4] and are the key effector cells of desmoplasia [2–5],
which correlates negatively with patient survival [6], there has been an increasing focus on developing
novel therapeutic strategies which target activated PSCs to aid in combatting PDAC [2–5].
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We now report for the first time that the small molecule specific CBP/β-catenin antagonist ICG-001
suppresses activation of PSCs as evidenced by their decreased proliferation, down-regulation of
activation markers, e.g., Acta2 (in imPSC but apparently not in ihPSC), Col1a1, Prolyl 4-hydroxylase,
and Survivin, up-regulation of Ppar-γ which is associated with quiescence, and reduced migration of
PSC, as well as by reduced PSC-induced migration of pancreatic cancer cells. Our results are consistent
with those of a previous study showing that retinoic acid-mediated suppression of Wnt/β-catenin
signaling suppresses PSC activation as evidenced by inhibition of PSC proliferation and Col1a1
expression in vitro and by amelioration of PSC-mediated chronic pancreatitis and associated fibrosis in
mice [11]. Our results are also consistent with those of a recent report revealing that ICG-001 suppresses
the activation of hepatic stellate cells (which are developmentally and functionally analogous to PSCs)
as evidenced by inhibition of α-SMA and collagen-I expression and migration by hepatic stellate cells
in vitro, as well as by suppression of associated fibrogenesis in an acute CCl4-induced liver injury
mouse model [19]. Expression of Acta2, Col1a1, Prolyl 4-hydroxylase, and Survivin is associated
with activated PSCs [2–4,22–24,26,28] which actively proliferate and migrate [4], whereas expression
of Ppar-γ is associated with quiescent PSCs [4,22,25,26]. Activated PSCs are the key effector cells
for producing the collagen stroma of PDAC, with the resulting fibrous stroma capable of impeding
chemotherapeutics/drugs from reaching targets [3]. The interplay between activated PSCs and PDAC
cells enhances cancer progression [3], e.g., activated PSCs induce PDAC cell migration which has
previously been correlated with epithelial-mesenchymal transition (EMT) [3,31]. Hence, based on our
results, we would expect that suppressing activation and inducing quiescence of PSCs by treatment
with ICG-001 would have a therapeutically beneficial effect on PSCs and PSC-associated PDAC
progression in vivo.

Interestingly, we found in our current study that Acta2 mRNA expression differed between
imPSC and ihPSC in response to ICG-001 treatment, with imPSC showing down-regulation and ihPSC
showing apparent up-regulation in expression. The exact cause of the observed apparent discrepancy
is unknown. A possible explanation for the discrepancy is that imPSC originates from relatively normal
tissue whereas ihPSC originates from cancer tissue. Additionally, the Ct value of Acta2 for imPSC
treated with control (DMSO) was ~21, whereas the Ct value for ihPSC treated with control (DMSO)
was ~27, suggesting that perhaps Acta2 is not substantially expressed at the mRNA level in ihPSC
versus imPSC, so that the observed up-regulation in mRNA expression with ICG-001 treatment in
ihPSC may not be entirely comparable to the down-regulation in imPSC, given that the baseline Ct
values between the two cell lines are so different. Moreover, the immortalization process, together with
the difference in tissue of origin, in addition to the inherent biological variability between the different
cells, may explain the differential regulation of Acta2 mRNA expression. An analogous explanation
could be offered for the observed difference in Ppar-γ mRNA expression between imPSC and ihPSC.
Thus and as recently underscored by Lenggenhager et al., cognizance of differences in PSC origin,
condition of the pancreas from which PSCs were derived, and whether PSC cultures were primary or
immortalized, is important given that such differences may explain apparently contradictory results
between experiments using different types of PSCs [27].

In a broader, more fundamental context, Acta2 [32,33], Col1a1 [34], and Survivin [35] have all been
previously identified as direct or indirect targets of the CBP/β-catenin signaling pathway and associated
with a proliferative and pro-fibrotic phenotype which characterizes activated PSCs [2–4,22–24].
Furthermore, Ppar-γ, a nuclear receptor which is associated with PSC quiescence [4,22,25,26], is known
to have anti-inflammatory/anti-fibrotic activity [36] and should compete with β-catenin for binding
to CBP’s N-terminal region, thereby phenocopying ICG-001 antagonism of CBP/β-catenin binding
and associated signaling [37]. As such, it is not surprising that various studies have shown that
treatment with CBP/β-catenin antagonist ICG-001 (or the structurally related derivative PRI-724) is
effective pre-clinically at ameliorating fibrosis in the peritoneum [38], endometrium [39], lung [13],
kidney [32], skin [40], heart [41], and liver [19,42]. Importantly, a recent phase 1 trial utilizing PRI-724
demonstrated that treatment of patients safely improved liver histology and Child–Pugh scores for
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cirrhosis [43], suggesting that CBP/β-catenin antagonism is a viable therapeutic for combating fibrotic
diseases in general. Moreover, it is known that chronic pancreatitis is a pathological syndrome
characterized by persistent fibrosis effected by activated PSCs and is itself a predominant risk factor
for PDAC [9,10], conferring a ~8 to 12-fold increased risk of developing PDAC to chronic pancreatitis
patients [44]. These observations, in conjunction with the results of our current study, have overarching
therapeutic implications, namely: CBP/β-catenin antagonism would be expected not only to be effective
at suppressing activation of PSCs and thereby ameliorating already existing PDAC, but also to be
effective as a “PDAC prophylactic” by inhibiting activation of PSCs during the early pre-cancerous
stage of pancreatic fibrosis/chronic pancreatitis.

Given the pressing need to develop and implement better treatment strategies for combatting
PDAC, we now present in this Communication our novel results on the effectiveness of CBP/β-catenin
antagonism in suppressing PSC activation, with broad therapeutic implications for treating PDAC
and chronic pancreatitis, both of which are known to be promoted by activated PSCs. Because of
the limitation in scope of our current study, future studies (e.g., using primary PSCs and in vivo
models) would be required to further validate the effect of CBP/β-catenin antagonism on PSC
biology/pathobiology, including the interaction between PSCs and PDAC cells.

4. Materials and Methods

4.1. Cell Lines and Culture Conditions

Immortalized mouse pancreatic stellate cell line (imPSC) and immortalized human pancreatic
stellate cell line (ihPSC) were kindly provided by Richard T. Waldron, Aurelia Lugea, and Raul A.
Urrutia and were established as previously described [20,21]. imPSC were grown and cultivated in
Dulbecco’s Modified Eagle Medium (DMEM) with low glucose (1000 mg/L) while ihPSC were grown
and cultivated in DMEM with high glucose (4500 mg/L). All culture medium was supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin unless otherwise indicated. Cells were
maintained in an incubator at 37 ◦C with 5% CO2.

4.2. Pharmacologic Agents

Small molecule specific CBP/β-catenin antagonist ICG-001 as previously described [16] was
donated by Professor Michael Kahn and used at concentrations as indicated.

4.3. Cell Proliferation Assays

CellTiter-Glo assay (Promega) was performed according to the manufacturer’s protocol. Cells
were plated in triplicate in 96-well plates at 1 × 104 cells/well in 100 μL of medium. Plates were
incubated at 37 ◦C in 5% CO2. The next day, cells were treated with ICG-001 at 100 μM, 50 μM, 25 μM,
12.5 μM, 6.25 μM, 3.13 μM 1.56 μM or control (DMSO) and were incubated for an additional 48 h. Then,
50μL CellTiter-Glo reagent and 50μL of DMEM were added to the wells and incubated for 10 min
protected from the light. Luminescence signal was assayed using EnVision Multilabel Plate Reader
(Perkin-Elmer).

Cell proliferation was also assessed by cell counting using a hemocytometer. Briefly, imPSC or
ihPSC were seeded in 6-well plates at 5 × 104 cells/well and incubated at 37 ◦C in 5% CO2. The next
day, cells were treated with ICG-001 at 5 μM, 10 μM, 25 μM or control (DMSO) for 24 h or 48 h. Cell
numbers were counted at 0, 24, and 48 h after treatment.

4.4. Quantitative Polymerase Chain Reaction (qPCR)

Cells were treated with ICG-001 for 48 h. Total mRNA was extracted by TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol. cDNA was synthesized
using qScript cDNA Synthesis Kit (Quantabio) and used as template for qPCR with SYBR
Green detection method. The PCR primer sequences used for mouse cells were as follows:
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Acta2 (F: 5′-GTCCCAGACATCAGGGAGTAA-3′, R: 5′-TCGGATACTTCAGCGTCAGGA-3′);
Col1a1 (F: 5′-GCTCCTCTTAGGGGCCACT-3′, R: 5′-CCACGTCTCACCATTGGGG-3′); Survivin
(F: 5′-GAGGCTGGCTTCATCCACTG, R: 5′-ATGCTCCTCTATCGGGTTGTC-3′); Ppar-γ (F:
5′-TTTTCCGAAGAACCATCCGATT-3′, R: 5′-ATGGCATTGTGAGACATCCCC-3′). The PCR primer
sequences used for human cells were as follows: ACTA2 (F: 5′-CTATGAGGGCTATGCCTTGCC-3′,
R: 5′-GCTCAGCAGTAGTAACGAAGGA-3′); COL1A1 (F: 5′-GAGGGCCAAGACGAAGACATC-3′,
R: 5′-CAGATCACGTCATCGCACAAC-3′); SURVIVIN (F: 5′-AGGACCACCGCATCTCTACAT-3′,
R: 5′-AAGTCTGGCTCGTTCTCAGTG-3′); PPAR-γ (F: 5′-CTATGGAGTTCATGCTTGTG-3′, R:
5′-GTACTGACATTTATTT-3′). Housekeeping gene PCR primer sequences used were GAPDH
for mouse cells (F: 5′-GGTGCTGAGTATGTCGTGGA-3′, R: 5′-ACAGTCTTCTGGGTGGCAGT-3′)
and GAPDH for human cells (F: 5′-AGAAGGCTGGGGCTCATTTG-3′, R: 5′
AGGGGCCATCCACAGTCTTC-3′).

4.5. Immunofluorescence

Cells were plated, and the next day cells were treated with ICG-001 or control (DMSO) for 72 h,
followed by 4% PFA fixation for 10 min. After 3 times of PBS washing, 1% BSA with 0.1% Triton X-100
was used for blocking nonspecific binding. Primary antibodies for α-SMA (Cell Signaling Technology,
#19245s; 1:100), Survivin (Cell Signaling Technology, #2808s; 1:250), and Ppar-γ (Affinity BioReagents,
#PA3-821; 1:50) were used for overnight incubation at 4 ◦C. Secondary antibody anti-rabbit IgG-Alexa
Fluor 488 (Invitrogen, #A11034; 1:1000) was incubated for 40 min at room temperature. Hoechst 33342
was used for nuclear staining for 10 min. A fluorescence microscope (Eclipse Ti2, Nikon) was used to
observe target protein expression.

4.6. Western Blot

2 × 105 of imPSC were plated in 10 cm plates. The next day, cells were treated with ICG-001 or
control (DMSO) and were incubated for an additional 72 h. Then, cells were collected, and total cellular
proteins were extracted using M-PER Mammalian Protein Extraction Reagent (ThermoFisher). After
protein quantification by Bradford assay method, protein samples were separated by 10% SDS PAGE,
followed by transfer to nitrocellulose membrane. Next, the membranes were blocked with 5% milk in
Tris-Buffered Saline with 0.1% Tween. The membranes were incubated with primary antibody overnight
at 4 ◦C and incubated with secondary antibody for 1 h the following day. Primary antibodies for α-SMA
(Cell Signaling Technology, #19245s), Prolyl 4-hydroxylase (P4HA2) (ThermoFisher, #PA5-96280), and
GAPDH (Santa Cruz Biotechnologies, #sc-32233), and secondary antibody anti-rabbit IgG-HRP (Santa
Cruz Biotechnologies, #sc-2357) were used. Protein bands were detected using ECL prime Western
blotting detection reagent (Amersham) and visualized by Chemidoc Imaging System (Bio-Rad). Each
protein band of interest was digitized by densitometry program ImageJ (NIH) or ImageLab (Bio-Rad).
Densitometric quantitation of protein bands was normalized to Ponceau S or GAPDH and then to
control (DMSO).

4.7. Transwell Migration Assay

For PSC Transwell migration assay, imPSC and ihPSC were treated with ICG-001 for 48 h. Then,
1 × 104 cells were seeded in serum-free DMEM onto 8-μm Transwell insert (Corning). The lower
chamber was filled with 10% FBS supplemented DMEM. Cells were then allowed to migrate while
incubated at 37 ◦C with 5% CO2 for 6 h (imPSC) or 24 h (ihPSC) and kept in corresponding concentrations
of ICG-001 versus control (DMSO) during migration.

For PSC-induced Panc02 and PANC-1 cancer cell Transwell migration assay, imPSC and ihPSC
were pre-treated with ICG-001 for 72 h, and then seeded in 10% FBS DMEM into the lower chamber of
24-well plate at a total number of 5 × 104 (imPSC) or 1 × 105 (ihPSC) cells per well. Panc02 or PANC-1
cells (1 × 104) were seeded in 10% FBS DMEM onto Transwell insert. Cells were then incubated and
allowed to migrate for 24 h.
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For both PSC Transwell migration assay and PSC-induced Panc02 and PANC-1 cancer cell
Transwell migration assay, after incubation, cells were stained with 1% Crystal Violet solution (Sigma)
for 30 min. The cells on the upper surface of the Transwell insert were gently removed by cotton
swab, and the cells which had migrated to the bottom surface of the insert were counted under
bright field microscopy. Relative migration was determined by normalizing the number of cells
which had migrated with ICG-001 treatment to the number of cells which had migrated with control
(DMSO) treatment.

4.8. Statistical Analysis

Numerical data were expressed as the means ± SD unless otherwise noted. Student’s t-test was
performed to assess the statistical significance between two sets of data as appropriate. One-way
ANOVA followed by post-hoc Tukey test was performed for multiple comparisons when appropriate.
p values less than 0.05 were considered significant.

5. Conclusions

We report for the first time that the small molecule specific CBP/β-◦C antagonist ICG-001 suppresses
activation of PSCs as evidenced by their decreased proliferation, down-regulation of activation markers,
e.g., Acta2, Col1a1, Prolyl 4-hydroxylase, and Survivin, up-regulation of Ppar-γwhich is associated with
quiescence, and reduced migration; furthermore, migration of PDAC cells is reduced when co-cultured
with PSCs which have been pre-treated with ICG-001. Hence, CBP/β-catenin antagonism represents
a novel therapeutic strategy for suppressing PSC activation and may be effective at treating PDAC and
“pre-cancerous” chronic pancreatitis, both of which are known to be promoted by activated PSCs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1476/s1,
Figure S1: CBP/β-catenin antagonism suppresses protein expression of activation markers of pancreatic stellate
cells as assessed by immunoblot (Whole immunoblots).
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Abstract: Background: The treatment of patients with metastatic synovial sarcoma is still challenging,
and the development of new molecular therapeutics is desirable. Dysregulation of Wnt signaling
has been implicated in synovial sarcoma. Traf2-and-Nck-interacting kinase (TNIK) is an essential
transcriptional co-regulator of Wnt target genes. We examined the efficacy of a small interfering RNA
(siRNA) to TNIK and a small-molecule TNIK inhibitor, NCB-0846, for synovial sarcoma. Methods:
The expression of TNIK was determined in 20 clinical samples of synovial sarcoma. The efficacy of
NCB-0846 was evaluated in four synovial sarcoma cell lines and a mouse xenograft model. Results:
We found that synovial sarcoma cell lines with Wnt activation were highly dependent upon the
expression of TNIK for proliferation and survival. NCB-0846 induced apoptotic cell death in synovial
sarcoma cells through blocking of Wnt target genes including MYC, and oral administration of
NCB-846 induced regression of xenografts established by inoculation of synovial sarcoma cells.
Discussion: It has become evident that activation of Wnt signaling is causatively involved in the
pathogenesis of synovial sarcoma, but no molecular therapeutics targeting the pathway have been
approved. This study revealed for the first time the therapeutic potential of TNIK inhibition in
synovial sarcoma.

Keywords: Wnt signaling; synovial sarcoma; TNIK; NCB-0846; MYC

1. Introduction

Synovial sarcoma is a rare aggressive neoplasm that accounts for 10–20% of soft tissue sarcomas.
It affects mainly adolescents and young adults [1,2], and 40–50% of patients are under the age of 30 at
diagnosis [3]. The mainstay of treatment is wide surgical excision and conventional chemotherapy [4,5].
However, the disease tends to show early or late recurrence and often becomes resistant to cytotoxic
agents. The 10 year disease-free survival rate of patients with distant metastases remains around
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50% [6]. It is desirable to develop new molecular therapeutics targeting pathways essential for the
growth and survival of synovial sarcoma. The fusion SS18-SSX (SSX1, SSX2, or SSX4) gene produced
by a chromosomal translocation, t (X;18) (p11.2; q11.2), is detectable in ~95% of synovial sarcomas [7–9].
Although dysregulation of the BAF chromatin-remodeling complex has been shown to be involved in
the oncogenic activity of SS18-SSX [10,11], no therapeutics that can target the product of SS18-SSX or
the BAF complex have yet been developed.

The canonical (β-catenin-dependent) Wnt signaling pathway plays crucial roles in the regulation of
diverse biological processes including cell proliferation, survival, migration, and polarity, specification
of cell fate, and self-renewal of embryonic stem cells, and its dysregulation has been implicated in
the generation and progression of various malignancies [12]. Wnt signaling is also implicated in the
pathogenesis of synovial sarcoma; synovial sarcoma cells frequently show accumulation of β-catenin
protein in the nucleus [13], and express Wnt target gene products such as AXIN2 (axis inhibition protein
2), DKK1 (dickkopf1), survivin, c-MYC, and cyclinD1 [14]. SS18-SSX is responsible for the nuclear
translocation of β-catenin [15,16], and Wnt signaling is aberrantly activated by SS18-SSX in a transgenic
mouse model; inhibition of Wnt signaling through genetic loss of β-catenin blocks synovial sarcoma
tumor formation [17]. SS18-SSX2-specific small interfering RNA (siRNA) reduces the expression of
Wnt target gene products [14]. Together, these studies have highlighted the Wnt signaling pathway as
a potential therapeutic target for synovial sarcoma.

Through comprehensive mass spectrometry analysis of the nuclear proteins of colorectal cancer
cells, we previously identified Traf2-and-Nck-interacting kinase (TNIK) as a component of the T-cell
factor-4 (TCF4) and β-catenin transcriptional complex, the most downstream effector of the Wnt
signaling pathway [18]. More than 80% of colorectal cancers carry inactive mutations in the APC
tumor-suppressor gene, and Wnt signaling is activated downstream of it. We found that TNIK was
essential for transactivation of Wnt target genes and that colorectal cancer cells were highly sensitive
to TNIK inhibition [19,20]. We screened a compound library and identified a novel small-molecule
TNIK inhibitor named NCB-0846. NCB-0846 suppresses the transcriptional co-regulator function of
TNIK by modifying its conformational structure [21,22]. NCB-0846 exhibited marked anti-tumor and
anti-stem-cell activities in colorectal cancer cells and patient-derived xenografts through blocking of
Wnt target gene expression [21].

Based on these findings, we speculated that TNIK inhibition would be effective for treatment of
synovial sarcoma. Here, we report the therapeutic potential of TNIK inhibition in synovial sarcoma.

2. Results

2.1. Activation of Wnt Signaling and TNIK in Synovial Sarcoma

To evaluate the activation of Wnt signaling, four synovial sarcoma cell lines were transfected
with a pair of reporters (super-TOP and super-FOP luciferase reporter plasmids), and their luciferase
activity was measured. Active transcription of T-cell factor (TCF)/lymphoid enhancer factor (LEF)
was detected in two synovial sarcoma cell lines, HS-SY-II and SYO-1 (Figure 1A). Expression of a Wnt
target gene product (AXIN2 protein) (Figure 1B) and nuclear expression of β-catenin (red, Figure 1C)
were detected in these two cell lines. Nuclear translocation of TNIK is indicative of its active status [19].
Nuclear expression of TNIK was detected in all four cell lines examined (green, Figure 1C), and TNIK
was co-localized with β-catenin in the nuclei of synovial sarcoma cell lines with Wnt activation (merge,
Figure 1C). Using immunohistochemistry, the expression of β-catenin and TNIK was then examined in
tissue specimens resected from 20 patients with synovial sarcoma. We detected nuclear staining of
β-catenin in 90% (18/20) of the examined cases, and these tumors also exhibited nuclear expression of
TNIK (Figure 1D and Table S1).
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Figure 1. Wnt activation in synovial sarcoma. (A) T-cell factor (TCF)/lymphoid enhancer factor (LEF)
transcriptional activity of synovial sarcoma cells. Four synovial sarcoma cell lines (HS-SY-II, SYO-1,
Yamato, and Aska) were transfected with the super-TOP flash or super-FOP flash luciferase reporter,
and their luciferase activity was measured 24 h later. Data represent the mean TOP/FOF ratio (± S.D.) of
three replicates. (B) Expression of the axis inhibition protein 2 (AXIN2) and γ-tubulin (loading control)
proteins determined by immunoblotting. (C) Dual immunofluorescence analysis of β-catenin and
Traf2-and-Nck-interacting kinase (TNIK) protein expression in synovial sarcoma cells. Scale bar: 20 μm.
(D) Immunohistochemical analysis of the β-catenin and TNIK proteins in clinical specimens of synovial
sarcoma. Representative cases with strong positive (++) and negative (−) nuclear β-catenin expression
are shown. Scale bars: 100 μm in low-power views (left) and 10 μm in high-power views (right).

2.2. Growth Suppression of Synovial Sarcoma Cells Through Silencing of TNIK

Transfection of three siRNA constructs targeting TNIK (siTNIK#1, #2, and #3) into HS-SY-II
and SYO-1 synovial sarcoma cells was confirmed to reduce the levels of TNIK gene expression
relative to cells transfected with control siRNA (Ctrl) (Figure 2A). Real-time monitoring revealed
that knockdown of TNIK induced the almost complete growth arrest of HS-SY-II and SYO-1 cells
(Figure 2B) and significantly reduced TCF/LEF transcription in HS-SY-II cells lentivirally engineered to
stably carry a TOP-driven green fluorescent protein (GFP) reporter construct (Figure 2C), even after
being normalized to cell viability (Figure 2D). The four synovial sarcoma cell lines were transfected
with siRNA to TNIK (siTNIK#2) or control siRNA (siCtrl), and their viability was assessed 72 h later.
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TNIK knockdown significantly suppressed the viability of HS-SY-II, SYO-1, and Yamato cells, but not
that of Aska cells (Figure 2E). Aska cells lack Wnt activation or MYC gene amplification (discussed
later). TNIK knockdown induced cleavage of poly (ADP-ribose) polymerase-1 (PARP-1) in HS-SY-II
cells (Figure 2F), indicating induction of apoptosis.

Figure 2. Growth suppression and apoptosis induction in synovial sarcoma cells by knockdown of
TNIK. (A) HS-SY-II and SYO-1 cells were transfected with control small interfering RNA (siRNA) (siCtrl)
and siRNA to TNIK (siTNIK#1, #2, and #3), and their relative expression of TNIK (normalized to ACTB)
was quantified in triplicate by real-time RT-PCR 72 h after transfection. The expression level in cells
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transfected with siCtrl was set at 1. * p < 0.05, *** p < 0.0005, **** p < 0.0005 (multiple t-test corrected using
the Holm–Sidak method). (B) Real-time growth monitoring of HS-SY-II and SYO-1 cells transfected
with siCtrl and siRNA to TNIK (siTNIK#1, #2, and #3). Data represent the mean cell index (https://www.
aceabio.com/products/icelligence/)± S.D. of three replicates. (C,D) Suppression of TCF/LEF transcription
by TNIK knockdown. HS-SY-II cells engineered to stably carry a TOP-driven green fluorescent protein
(GFP) reporter were transfected with siCtrl or siTNIK#2. Average integrated intensity (summed
fluorescence intensity per cell) (https://www.essenbioscience.com/media/uploads/files/8000-0193-A00_
ZOOM_Fluorescence_Processing_Tech_Note.pdf#search=%27Average+Integrated+Intensity%27) was
monitored every 6 h for 72 h (C). Total integrated intensity (total sum of fluorescence intensity per
well) was normalized to ATP production 24 h after transfection (D). Data represent the mean ± S.D.
of three replicates. ** p < 0.005, **** p < 0.0005 (multiple t-test corrected using the Holm–Sidak
method). (E) Synovial sarcoma cells were transfected with siCtrl or siTNIK#2, and their expression
of TNIK (normalized to ACTB) was quantified by real-time RT-PCR 72 h after transfection (left).
Their relative viability to siCtrl (set to one) was assessed in terms of ATP production (right). ** p < 0.005,
*** p < 0.0005, **** p< 0.0005, n.s. not significant (multiple t-test corrected using the Holm–Sidak method).
Data represent the mean ± S.D. of three replicates. (F) Expression of the poly (ADP-ribose) polymerase-1
(PARP-1) and γ-tubulin (loading control) proteins determined by immunoblotting for 72 h.

2.3. Sensitivity of Synovial Sarcoma to NCB-0846

Based on the remarkable growth suppression and apoptosis induction in synovial sarcoma cells
by silencing of the TNIK gene, the sensitivity of synovial sarcoma cell lines to a small-molecule TNIK
inhibitor, NCB-0846, was then evaluated. Consistent with the siRNA to TNIK, NCB-0846 reduced the
viability of HS-SY-II, SYO-1, and Yamato cells with a half maximal inhibitory concentration (IC50) of 339,
356, and 767 nM, respectively. Aska cells were insensitive to NCB-0846 and had an IC50 value exceeding
2.0 μM (Figure 3A). The water-soluble hydrochloride salt of NCB-0846 (named NCB-1055) [21]
was administered orally to immune-deficient mice subcutaneously inoculated with HS-SY-II cells.
The xenografts regressed below the baseline (before administration) even after the first administration
of NCB-1055 and did not re-grow (Figure 3B). Real-time monitoring of cell-surface phosphatidylserine
(PS) revealed that NCB-0846, but not its diastereomer (named NCB-0970), induced apoptotic cell death
of HS-SY-II cells within 6 h after the start of drug treatment (Figure 3C). NCB-0970 was used as a
negative control, i.e., a compound having the same chemical structure as NCB-0846 except for an
opposite configuration of one terminal hydroxyl group [21]. An increase of the sub-G1 cell population
(Figure 3D) and cleavage of PARP-1 (Figure 3E) confirmed the induction of apoptotic cell death
by NCB-0846.

2.4. Gene Expression Profiling

We then examined the changes in gene expression associated with the early induction of apoptosis
by NCB-0846. HS-SY-II cells were exposed to NCB-0846 or NCB-0970 for 6 h, and their relative
RNA expression (FPKM, fragments per kilobase of exon per million mapped reads) was determined
using a next-generation sequencer. We found that the expression of a large number (6710/14,611)
of genes was suppressed more than 2-fold by treatment with NCB-0846 in comparison to that with
NCB-0970 (Figure 4A,B), indicating that this compound had a large impact on gene transcription
beyond the suppression of Wnt target gene expression. Gene set enrichment analysis (GSEA) (Table S2)
revealed significantly concordant alteration of a group of genes annotated to the Wnt signaling pathway
(Figure 4C). The differentially expressed genes were mapped to the Wnt signaling pathway deposited
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Figure 4D). We previously
reported that TNIK was required for the tumor-initiating function of colorectal cancer stem cells [21,22].
Consistently, a significant proportion of downregulated genes were mapped to the signaling pathways
regulating stem cell pluripotency (Figure S1). The entire RNA sequencing dataset has been deposited
in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive (SRA) database with the accession
number DRA010051.
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Figure 3. Sensitivity of synovial sarcoma to NCB-0846. (A) ATP production by four synovial sarcoma
cell lines cultured with increasing doses of NCB-0846 for 72 h. Data represent the mean (relative to no
treatment) of three replicates. (B) HS-SY-II cells were inoculated into the subcutaneous tissues of 6 week
old female NOD.CB17-Prkdcscid/J (NOD/SCID) mice. When the average volume of the xenografts
reached ~200 mm3, water (vehicle, n = 5) or 80 mg/kg (n = 5) NCB-0846 hydrochloride (NCB-1055) [21]
was administered orally on the days indicated by �. Tumor volume was measured on the days of drug
administration (left), and tumors were excised (lower right) and weighed (upper right) 7 days after the
start of drug administration. * p < 0.05, ** p < 0.005 (multiple t-test corrected using the Holm–Sidak
method). Error bars represent S.E.M. (C) HS-SY-II cells were cultured with dimethyl sulfoxide (DMSO)
(vehicle), NCB-0846 (3 μM) or NCB-0970 (3 μM) in the presence of the Real-time-Glo™ Annexin V
Apoptosis Assay Reagent (Promega), and relative luminescence unit (URL) data were collected at every
2 h over a 10 h time course. **** p < 0.0005 (multiple t-test corrected using the Holm–Sidak method).
Data represent the mean of three readings for each replicate ± S.D. (D) HS-SY-II cells were untreated
(Ctrl) or treated with DMSO, NCB-0846 (3 μM), or NCB-0970 (3 μM) for 6 h. The percentage of cells in
each cell cycle fraction was determined by flow cytometry. (E) HS-SY-II cells were treated with DMSO
(control), NCB-0846 (3 μM), or NCB-0970 (3 μM) for 7 h. The expression levels of PARP-1 and γ-tubulin
(loading control) were determined by immunoblotting.
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Figure 4. Gene expression profiling of synovial sarcoma cells treated with NCB-0846. (A) Scatter plot
of genes differentially expressed between cells treated with NCB-0846 and NCB-0970 (negative control).
Red dots represent genes upregulated more than 2-fold, and blue dots represent genes downregulated
more than 2-fold in cells treated with NCB-0846. (B) Heat map plot of genes differentially expressed
between NCB-0846 and NCB-0970. The upper color bar represents the degree of differential expression.
(C) Gene set enrichment analysis (GSEA) showing the significant enrichment of genes annotated to
the gene ontology (GO) terms “Wnt signaling pathway” (p = 0.004) and “canonical Wnt signaling
pathway” (p = 0.005) and to “Wnt signaling pathway” deposited in the KEGG database (p = 0.002).
NES: normalized enrichment score (http://software.broadinstitute.org/gsea/index.jsp). (D) Mapping
of differentially expressed genes onto the Wnt signaling pathway. Yellow boxes indicate genes
downregulated (>2-fold) by NCB-0846.
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2.5. NCB-0846 Suppresses MYC Gene Expression

Using real-time RT-PCR, we then confirmed the differential expression of Wnt target genes.
The expression of 88% (78/88) of known Wnt target genes (https://web.stanford.edu/group/nusselab/cgi-
bin/wnt/target_genes) was found to be downregulated (Table S3). Among these genes, MYC showed the
most significant degree of downregulation (Figure 5A). MYC encodes the c-MYC protein, a transcription
factor that regulates as many as 10–15% of genes in the genome [23]. We confirmed the significant
enrichment of c-MYC transcriptional targets among genes regulated by NCB-0846 (Figure 5B).
This marked downregulation of MYC was also observed in other synovial sarcoma cell lines (Figure 5C).

Figure 5. NCB-0846 suppresses MYC gene expression. (A) Comparison of Wnt target gene expression
(normalized to GAPDH and log-transformed) of HS-SY-II cells treated with NC-0846 and NCB-0970
for 6 h. (B) Significant enrichment of c-MYC target genes revealed by RNA sequencing and Gene set
enrichment analysis (GSEA). (C) Four synovial sarcoma cell lines were treated with dimethyl sulfoxide
(DMSO) (control), NCB-0846 (3 μM), or NCB-0970 (3 μM) for 6 h, and expression of the MYC gene
(relative to DMSO) was quantified by real-time RT-PCR and normalized to that of ACTB. *** p < 0.0005,
**** p < 0.0005 (multiple t-test corrected using the Holm–Sidak method). Data represent the mean ± S.D.
of three replicates.

2.6. Dependency of Synovial Sarcoma Cells on MYC

MYC is one of the targets of TCF/LEF transcription factors [24], and Wnt signaling is known to
exert its oncogenic activity primarily through transactivation of the MYC gene [25]. We found that
synovial sarcoma HS-SY-II cells with active Wnt target gene expression were highly dependent on MYC
gene expression for proliferation (Figure 6A). However, Yamato cells also expressed the c-MYC protein
(Figure 6B) in spite of inactive Wnt signaling (Figure 1A–C). We found that an increase (2.2-fold) in the
copy number of the MYC gene (Figure 6C) appeared to be responsible for the upregulation. A high
degree (>2.0-fold) of MYC oncogene amplification is known to be infrequent in synovial sarcoma [26].
However, nuclear expression of c-MYC was detected in 85% (17/20) of clinical specimens and was
frequent (≥30% of tumor cells) in 15% of them (3/20) (Figure S2 and Table S1). The Aska cell line
carried the normal copy number (1.0-fold) of MYC (Figure 6C), and its level of c-MYC expression was
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lower than in other cell lines (Figure 6B). Knockdown of MYC gene expression by siRNA reduced the
viability of HS-SY-II, SYO-1, and Yamato cells, but Aska cells were insensitive to silencing of MYC
(Figure 6D) and NCB-0846 (Figure 3A), suggesting that NCB-0846 induces apoptotic cell death of
synovial sarcoma at least partially through transcriptional suppression of MYC.

Figure 6. Dependence of synovial sarcoma cells on MYC. (A) Relative MYC expression (left) and
real-time growth monitoring (right) of HS-SY-II cells transfected with control small interfering (siRNA)
(siCtrl) and siRNA to MYC (siMYC#1 and #2). Data represent the mean MYC expression (normalized
to ACTB) (left) and cell index (right) ± S.D. of three replicates. * p < 0.05 (multiple t-test corrected
using the Holm–Sidak method). (B) The expression of c-MYC and γ-tubulin (loading control) in four
synovial sarcoma cell lines was determined by immunoblotting. (C) Relative copy numbers of the
MYC gene (normalized to the RNase P gene) in four synovial sarcoma cell lines determined by digital
PCR. (D) Four synovial sarcoma cell lines were transfected with control siRNA (siCtrl) and siRNA to
MYC (siMYC#2) in triplicate. Seventy-two hours later, their relative expression of MYC (normalized to
ACTB) was quantified by real-time RT-PCR (left), and their relative viability was assessed in terms of
ATP production (right). Data represent the mean ± S.D. of three replicates. ** p < 0.005, *** p < 0.0005,
**** p < 0.0005, n.s. not significant (multiple t-test corrected using the Holm–Sidak method).

3. Discussion

Conventional cytotoxic chemotherapeutic agents including anthracycline, ifomide, and trabectedin
have proven to be effective for the treatment of metastatic synovial sarcoma [27], but their usage
and efficacy are often limited by the emergence of adverse events and drug resistance. Pazopanib is
the first and only molecular therapeutic agent approved for the treatment of multiple histological
subtypes of soft tissue sarcoma [28]. Pazopanib is a multi-tyrosine kinase inhibitor, and its main mode
of action is believed to be inhibition of vascular endothelial growth factor receptor (VEGF)-mediated
tumor angiogenesis [29]. The median survival of synovial sarcoma patients treated with pazopanib,
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however, was only 10.6 months, and the pazopanib treatment was associated with a high frequency of
adverse events including hypertension, thrombocytopenia, and pneumothorax [28,30]. Early clinical
trials of T lymphocytes genetically engineered to target the NY-ESO-1 cancer/testis antigen have
yielded promising results [31,32], but this cancer immunotherapy is applicable only to patients with
the human leukocyte antigen (HLA)-A*0201 or -A*0206 type as well as expression of NY-ESO-1 in
tumors. Moreover, autologous lymphocyte cultivation is incurs significant costs and requires long-term
discontinuation of ongoing treatment, potentially leading to fatal disease progression. Frizzled homolog
10 (FZD10) has attracted attention as a promising therapeutic target for synovial sarcoma [33], as its
expression is limited to the cell membrane of synovial sarcoma and absent from vital organs [34].
A recent first-in-human clinical trial clarified the biodistribution, safety, and recommended dose of a
radiolabeled humanized monoclonal antibody to FZD10 [35], but its efficacy has not been established.

Synovial sarcoma is uniquely characterized by the balanced chromosomal translocation
t[X, 18; p11, q11], demonstrable in virtually all cases and not found in any other human neoplasms [2,8].
This translocation creates an in-frame fusion of SS18 to SSX1, SSX2, or SSX4, whereby all but the eight
C-terminal amino acids of SS18 are replaced by the 78 C-terminal amino acids of the SSX partner.
Kadoch and Crabtree observed that SS18-SSX was incorporated into the SWI/SNF (SWItch/Sucrose
Non-Fermentable) complex [36]. Middeljans and colleagues reported that expression of the fusion
oncogene induced depletion of the BAF47 (SMARCB1) subunit from the SWI/SNF complex [37].
Potential convergence may exist between the SWI/SNF complex and Wnt signaling, as loss of SMARCB1
reportedly activates Wnt signaling [38]. Barham and colleagues [17] provided direct evidence for
involvement of Wnt signaling in the SS18-SSX-mediated carcinogenesis of synovial sarcoma. The Wnt
signaling pathway is aberrantly activated in an SS18-SSX2 transgenic mouse model, and genetic loss
of β-catenin (Ctnnb1) blocks tumor formation in this model. Trautmann and colleagues [14] found
that introduction of SS18-SSX into untransformed cells induced transactivation of Wnt target genes.
Synovial sarcoma cell lines (SYO-1, CME-1, and HS-SY-II) showed sensitivity to three small-molecule
inhibitors of the TCF/β-catenin complex (PKF115–584, CGP049090, and PKF118–310). β-Catenin
stabilization in a transgenic animal model reportedly enhanced SS18-SSX-driven tumorigenesis and
produced more dedifferentiated tumors [39]. Based on these findings, it is considered feasible to target
a signaling molecule of the Wnt signaling pathway in synovial sarcoma.

TNIK is a component of the TCF4 and β-catenin transcriptional complex and functions as an
essential co-regulator of Wnt target gene expression [19,40]. We screened a chemical library and
identified a small-molecule TNIK-inhibitory compound named NCB-0846. This compound inhibited
the expression of various Wnt target genes (such as MYC, AXIN2, and CD44) through conformational
modification of TNIK and abrogated the stemness of colorectal cancer cells [21]. The MYC oncogene is
a direct target of TCF/LEF family transcription factors [24] and centrally mediates the oncogenic activity
of Wnt signaling [25]. In the present study, we revealed that Wnt signaling is activated in synovial
sarcoma cells (Figure 1) and that siRNA-mediated or pharmacological TNIK inhibition reduced their
viability and induced apoptosis (Figures 2 and 3). NCB-0846 suppressed the expression of MYC and
other Wnt target genes (Figure 5). Synovial sarcoma cell lines with high c-MYC protein expression
were sensitive to the compound (Figure 3) and to the gene silencing of MYC (Figure 6). These results
suggest that transcriptional MYC gene suppression is the central mode of action (MOA) of NCB-0846.

c-MYC is a versatile transcription factor that regulates the expression of genes involved in
various biological functions such as cell proliferation, apoptosis, differentiation, and metabolism [41],
and its inhibition would be expected to have a huge impact on the cancer transcriptome [42].
Aberrant expression or gene amplification of MYC has been implicated in the aggressiveness of
various malignancies [43,44]. Shen and colleagues examined 32 cases of limb synovial sarcoma
immunohistochemically and revealed a significant association of c-MYC expression with poor patient
prognosis [45]. Synovial sarcoma is histologically divided into monophasic, biphasic, and poorly
differentiated subtypes. We previously revealed the significant association of poorly differentiated
synovial sarcoma with the expression of MYC [46]. Patients with poorly differentiated synovial sarcoma
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showed a high risk of recurrence [47]. NCB-0846 may be effective for the treatment of aggressive poorly
differentiated synovial sarcoma.

In conclusion, we demonstrated for the first time that TNIK is a feasible drug target in synovial
sarcoma. No effective molecular therapeutics have yet been approved for this lethal disease. We observed
marked regression of xenografts even after the first oral administration of NCB-846, confirming its
high efficacy. The compound is now under preclinical development aimed at investigational new drug
(IND) application.

4. Materials and Methods

4.1. Ethical Issues

All of the animal experimental protocols in this study were reviewed and approved by the ethics
and recombination safety committees of the National Cancer Center Research Institute (Tokyo, Japan)
(T-17-022-m01, approved on 21 July 2017). The minimum number of animals necessary to obtain reliable
results was used, and maximum attention was paid to animal rights and welfare protection. The use of
human materials was reviewed and approved by the Institutional Review Board (IRB) of the National
Cancer Center (Tokyo, Japan) (2004-050, approved on 30 October 2014 and revised on 7 November 2019).
All patients gave their informed consent at the time. The IRB waived the requirement for obtaining new
informed consent for this retrospective study. The investigations were carried out in accordance with the
Declaration of Helsinki (https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/).

4.2. Cell Lines

Human synovial sarcoma HS-SY-II, Aska [48], and Yamato [48] cell lines were obtained from the
Riken BioResource Center (Tsukuba, Japan). The SYO-1 cell line was established by one of the authors
(A.K.) [49]. All cell lines were maintained in Dulbecco’s modified Eagle medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10–20% fetal calf serum (Thermo Fisher Scientific).
Absence of mycoplasma contamination was routinely confirmed using the e-Myco VALiD Mycoplasma
PCR Detection Kit (iNtRon Biotechnology, Seoul, Korea).

4.3. Luciferase Reporter Assay

A pair of luciferase reporter constructs, super TOP-FLASH and super FOP-FLASH (Addgene,
Watertown, MA, USA), was used to evaluate TCF/LEF transcriptional activity. Cells were transiently
transfected in triplicate with one of the luciferase reporters and phRL-TK (Promega, Madison, WI,
USA) (internal control) [18]. Luciferase activity was measured using the Dual-Luciferase Reporter
Assay System (Promega) and normalized to that of Renilla reniformis. Data are presented as the ratio of
TOP-FLASH to FOP-FLASH (TOP/FOP ratio).

4.4. Antibodies

Antibodies used in this study are listed in Table S4.

4.5. Immunoblot Analysis

Protein samples were fractionated by SDS–PAGE and blotted onto Immobilon-P membranes
(Millipore, Burlington, MA, USA) as described previously [50]. After incubation with the primary
antibodies at 4 ◦C overnight, the blots were detected with the relevant horseradish-peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibody (Cell Signaling Technology, Danvers, MA, USA)
and Western lighting ECL Pro (PerkinElmer, Waltham, MA, USA). Signals were visualized with
the LAS-4010 system (GE Healthcare, Chicago, IL, USA) and quantified using the ImageJ software
package [51]. The uncropped images and relative quantification of blots in Figures 1B, 2F, 3E and 6B
are shown in Figures S3–S6, respectively.
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4.6. Immunofluorescence Microscopy

Cells were fixed with 4% paraformaldehyde (PFA) for 10 min and permeabilized in 0.5% Triton
X-100 for 3 min. The fixed cells were incubated with a primary antibody overnight at 4 ◦C and
subsequently with a relevant secondary antibody (AlexaFluor 488-conjugated anti-rabbit IgG or
AlexaFluor 568-conjugated anti-mouse IgG, Invitrogen, Waltham, MA, USA) for 1 h at 37 ◦C. The nuclei
were stained with DAPI (Vectashield HardSet Mounting Medium with DAPI, Vector Laboratories,
Burlingame, CA, USA). Images were captured using a TCS SP8 confocal microscope (Leica Microsystems,
Wetzlar, Germany).

4.7. Patients and Tumor Samples

The study included tumor tissues surgically resected from 20 patients with synovial sarcoma
(10 women and 10 men; median age at diagnosis 50 years, range 5–71 years). Clinicopathological
characteristics are summarized in Table S1. The diagnosis of synovial sarcoma was made by a pathologist
specialized in soft tissue sarcomas (A.Y.) and confirmed by the detection of SS18 rearrangement by
fluorescence in situ hybridization (FISH) or RT-PCR and/or the reduced expression of SMARCB1 [52,53].

4.8. Immunohistochemistry

Immunoperoxidase staining was performed using the Ventana DABMap detection kit and an
automated slide stainer (Discovery XT, Ventana Medical Systems, Oro Valley, AZ, USA) [54]. The stained
tissues were scored as strong positive (++, ≥30%), positive (+, <30%), or negative (−) according to the
percentage of tumor cells with nuclear expression (Figure S7).

4.9. Gene Silencing by RNA Interference

Cells seeded at 50–70% confluency were transfected with siTNIK (s22905, s22906, and s22907;
Thermo Fisher Scientific) and siMYC (s9129 and s9130; Thermo Fisher Scientific) at a final concentration
of 50 nM in accordance with the manufacturer’s instructions.

4.10. Real-Time RT-PCR

Total RNA was prepared with a RNeasy Plus Mini Kit and treated with RNase-free DNase (Qiagen,
Hilden, Germany). The cDNA was synthesized using a High-Capacity cDNA reverse transcription
kit (Thermo Fisher Scientific) and subjected to TaqMan gene expression assay using pre-designed
primer and probe sets (listed in Table S5). Amplification data measured as an increase in reporter
fluorescence were collected using the StepOne™ Real-Time PCR System (Thermo Fisher Scientific).
The relative mRNA expression level normalized to the internal control (human β-actin (ACTB) gene)
was calculated using the comparative threshold cycle (CT) method [18]. Experiments were performed
in triplicate and repeated at least two times. Wnt Signaling Targets RT2 Profiler PCR Arrays (Qiagen)
were used for pathway-focused gene expression analyses.

4.11. Digital PCR

Total DNA was extracted from 5 × 106 cells using the DNA Easy Blood and Tissue kit (Qiagen),
in accordance with the manufacturer’s instructions. Copy number variation (CNV) data were obtained
by the QuantStudio 3D digital PCR system (Life Technologies, Carlsbad, CA, USA) using pre-designed
primer and probe sets (listed in Table S6) and analyzed with the QuantStudio 3D Analysis Suite Cloud
software (Thermo Fisher Scientific). RNase P (RPPH1) was selected as an internal standard gene
(Table S6).

4.12. Real-Time Cell Analysis (RTCA)

Cells were seeded at 5000 cells per well in 96 well clusters one day before transfection with
control RNA (siCtrl) or siRNA to TNIK (siTNIK) or MYC (siMYC) using Lipofectamine RNAiMAX
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(Invitrogen). Cell growth was monitored periodically by a real-time cell electronic sensing analyzer
(xCELLigence, ACEA Biosciences, Santa Clara, CA, USA) for 108 h via calculation of cell index
(https://www.aceabio.com/products/icelligence/). Experiments were performed in triplicate and repeated
two times.

4.13. Real-Time Monitoring of Transcriptional Activity

Lentiviral reporter gene transfer was used to evaluate the TCF/LEF transcriptional activity of
HS-SY-II after transfection with siCtrl or siTNIK. Cells were infected with TCF/LEF reporter lentiviral
particles encoding the GFP gene under control of the TCF/LEF-responsive promoter (Signal Lenti
TCF/LEF Reporter (GFP) (Qiagen)) at a multiplicity of infection of 10 in the presence of 4 μg/mL
SureEntry Transduction Reagent (Qiagen) for 24 h. GFP-positive cells were cloned by limiting dilution
in the presence of 2 μg/mL puromycin (Sigma-Aldrich, St. Louis, MO, USA) and sorted with an S3e cell
sorter (BIO-RAD, Hercules, CA, USA). The cells were seeded at a density of 20,000 per well in 96 well
plates (Corning, Corning, NY, USA) and transfected with siCtrl or siTNIK. The amount of fluorescence
was measured using Incucyte ZOOM (Essen BioScience, Tokyo, Japan).

4.14. Drug Sensitivity

Cells were seeded at a density of 3000 per well in 96 well plates. Twenty-four hours after seeding,
the cells were exposed to serially diluted compounds (0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 μM) and
incubated for 72 h. ATP production was measured using a Cell Titer-Glo Luminescent Cell Viability
Assay kit (Promega).

4.15. Xenografts

Five million HS-SY-II cells suspended in PBS containing 25% Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA) were inoculated into the subcutaneous tissues of 6 week old female NOD/SCID
(NOD.CB17-Prkdcscid/J) mice. When the average tumor volume reached ~200 mm3, the mice were
randomized according to tumor volume (five mice/group) and administered water (vehicle alone) or
80 mg/kg (body weight) NCB-0846 HCl (NCB-1055) dissolved in water by oral gavage twice a day in a
7 day schedule of 5 days on and 2 days off.

4.16. Real-Time Monitoring of Apoptosis Induction

The Real-Time-Glo™ Annexin V Apoptosis and Necrosis Assay reagent (Promega) was prepared
as instructed in its technical manual and added to culture media at the beginning of drug treatment.
Luciferase activity was measured every 2 h using the GloMax Discover System (Promega).

4.17. Cell Cycle Analysis

Cells were dissociated with Accutase, fixed with 70% EtOH at 4 ◦C, stained with Guava Cell Cycle
reagent (Merck-Millipore, Burlington, MA, USA) in accordance with the manufacturer’s instructions,
and analyzed using a Guava easy Cyte HT flow cytometer (Merck-Millipore). Cell doublets were
eliminated by doublet discrimination gating. Data were analyzed using the FLOWJO version 10
software package (Treestar, Ashland, OR, USA).

4.18. RNA Sequencing

Total RNAs were extracted from HS-SY-II cells treated with 3 μM NCB-0846 or 3 μM NCB-0970
for 6 h. After confirming the absence of contamination with genomic DNA using a 2200 TapeStation
(Agilent, Santa Clara, CA, USA), the TruSeq Stranded mRNA SamplePrep Kit was used to construct the
sequencing library (Illumina, San Diego, CA, USA), and the libraries were sequenced using Illumina
NovaSeq 6000 using a NovaSeq 6000 S4 Reagent Kit. Base calling was performed using the Illumina
Basecall Software (bcl2fastq2 v2.20) with default parameters. Gene lists extracted from the transcriptome
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analyses were uploaded to the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) Bioinformatics database (https://david.ncifcrf.gov/), and the statistical significance of functional
annotation was evaluated. The pathway analysis was performed by displaying the DAVID data on a
pathway map of KEGG (Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/).
Clustering analysis was performed with MeV (http://mev.tm4.org). GSEA software was used to evaluate
the statistical significance of pathway enrichment and to calculate the NES.

4.19. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8 (GraphPad, San Diego, CA, USA).
Unless otherwise indicated, two-tailed Student’s t-tests of two groups assuming equal variances were
used to calculate p values. Differences at p < 0.05 were considered significant.

5. Conclusions

Synovial sarcoma is highly dependent upon the expression of TNIK for cell proliferation and
survival, and a small-molecule TNIK inhibitor NCB-0846 induced rapid apoptotic death of synovial
sarcoma cells. This study demonstrated for the first time the therapeutic potential of TNIK inhibition
in synovial sarcoma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1258/s1,
Figure S1: Mapping of differentially expressed genes onto the signaling pathways regulating pluripotency of
stem cells. Yellow boxes indicate genes downregulated (>2-fold) by NCB-0846, Figure S2: Immunohistochemical
analysis of the c-MYC proteins in clinical specimens of synovial sarcoma. Representative cases with strong
positive (++) and negative (−) nuclear c-MYC expression are shown. Scale bars: 100 μm in low-power views
(left) and 20 μm in high-power views (right), Figure S3. Uncropped immunoblots of Figure 1B. The expression
levels of axis inhibition protein 2 (AXIN2) were normalized to those of γ-tubulin, and quantification relative to
HS-SY-II is shown below the blots, Figure S4. Uncropped immunoblots of Figure 2F. The expression levels of
Traf2-and-Nck-interacting kinase (TNIK) and cleaved poly (ADP-ribose) polymerase-1 (PARP-1) were normalized
to those of γ-tubulin, and quantification relative to siCtrl is shown below the blots, Figure S5. Uncropped
immunoblots of Figure 3E. The expression levels of cleaved PARP-1 were normalized to those of γ-tubulin,
and quantification relative to the dimethyl sulfoxide (DMSO) control is shown below the blots, Figure S6.
Uncropped immunoblots of Figure 6B. The expression levels of c-MYC were normalized to those of γ-tubulin, and
quantification relative to HS-SY-II is shown below the blots, Figure S7. Scoring of immunohistochemistry. The 20
tissue samples of synovial sarcoma were scored as strong positive (++, ≥30%), positive (+, <30%), or negative
(−) according to the percentage of tumor cells with nuclear β-catenin (top), TNIK (middle), and c-MYC (bottom)
expression. Scale bars: 20 μm, Table S1: Expression of the β-catenin, TNIK, and c-MYC proteins in clinical
specimens, Table S2: Pathway analysis of genes regulated by NCB-0846, Table S3: Regulation of Wnt target genes
by NCB-0846, Table S4: List of antibodies used in this study, Table S5: Pre-designed primer and probe sets used
for real-time RT-PCR, Table S6: Pre-designed primer and probe sets used for digital PCR.
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Simple Summary: Metastatic urothelial cell carcinoma (UCC) is a significant public health burden
with a median survival estimated at about 15 months. The use of immunotherapy with immune
checkpoint inhibitors has greatly improved outcomes but only benefits a minority (~20%) of patients.
In this review we discuss the evidence showing how a key molecular pathway known as Wnt/β-
catenin signaling can be a driver of immunotherapy resistance and how these insights can serve as
lessons for improving future treatment of urothelial carcinoma.

Abstract: Urothelial cell carcinoma (UCC) is a significant public health burden. It accounts for
approximately 90 percent of all bladder cancers with an estimated 200,000 annual deaths globally.
Platinum based cytotoxic chemotherapy combinations are the current standard of care in the frontline
setting for metastatic UCC. Even with these treatments the median overall survival is estimated to
be about 15 months. Recently, immune checkpoint inhibitors (ICIs) have demonstrated superior
clinical benefits compared to second line chemotherapy in UCC treatment. However only a minority
of patients (~20%) respond to ICIs, which highlights the need to better understand the mechanisms
behind resistance. In this review, we (i) examine the pathophysiology of Wnt/β-catenin signaling,
(ii) discuss pre-clinical evidence that supports the combination of Wnt/β-catenin inhibitors and ICI,
and (iii) propose future combination treatments that could be investigated through clinical trials.

Keywords: Wnt; β-catenin; urothelial cancer; immune checkpoint inhibitor; immunotherapy resistance

1. Introduction

Urothelial cell carcinoma (UCC) is the most common malignancy of the urinary system.
It accounts for approximately 90 percent of all bladder cancers with an estimated 200,000
annual deaths globally [1,2]. UCC is also an aggressive histology as 25% of patients who
receive potentially curative treatment for localized disease will unfortunately succumb to
tumor metastasis.

Cytotoxic chemotherapy is the current standard of care in the frontline setting for
metastatic UCC. The median overall survival is estimated to be about 15 months with
modern chemotherapy regimens containing platinum-based agents [3,4]. Once patients
progress on first line chemotherapy treatments the second line chemotherapies have limited
efficacy with median progression-free survival periods of 3–4 months (Figure 1) [5,6].

More recently, immune checkpoint inhibitors (ICIs) have demonstrated superior
clinical benefits compared to second line chemotherapy in UCC treatment [7,8]. However,
only a minority of patients (~20%) respond to ICIs in the treatment of UCCs and other
malignancies [7–9]. It has also been noted that those patients who respond to ICIs can
often maintain an impressive durable response lasting more than 14–15 months [7,8]. This
phenomenon has been observed across numerous cancer subtypes [10], highlighting the
need to better understand the mechanisms behind ICI resistance.

Cancers 2021, 13, 889. https://doi.org/10.3390/cancers13040889 https://www.mdpi.com/journal/cancers
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Figure 1. Current systemic treatments in metastatic urothelial cell carcinoma.

Several mechanisms of ICI resistance in cancers have been reviewed extensively else-
where [11,12]. Previously proposed resistance pathways include PTEN, FGF, MYC, TGFB,
TP53, WNT, VEGF, and ANG2 [11,12]. The majority of studies investigating immunother-
apy resistance mechanisms have been done in non-UCC studies; as a result, the proposals
in this review extrapolate data derived from both urothelial and non-urothelial studies.
In this review, we will (i) examine the pathophysiology of Wnt/β-catenin signaling, (ii)
discuss pre-clinical evidence that supports the combination of Wnt/β-catenin inhibitors
and ICI, and (iii) propose future combination treatments that could be investigated through
clinical trials.

2. Canonical Wnt Signaling

Wnt signaling is a highly coordinated and conserved signaling cascade that occurs
at the cell surface and within the cytoplasm. This pathway mediates an array of bi-
ological functions, including cell fate decisions during embryonic development, stem
cell equipoise, and immune system homeostasis [13–16]. Recent reviews published else-
where provide a more exhaustive discussion on the β-catenin dependent and independent
pathways [17–22]. For the purposes of this review (which is most relevant to ICI resistance)
we will focus primarily on β-catenin-dependent Wnt signaling.

Canonical, or β-catenin-dependent, Wnt signaling is one of the primary sources
of dysregulated transcription in cancer. In the “on-state”, the signal cascade begins
at the cell surface with Wnt ligands binding to the Frizzled:LRP5/LRP6 receptor com-
plexes, and culminates in the nucleus with the formation of a transcription-activating
complex [23]. The primary mediator of this cell surface-to-nucleus signal is β-catenin, a
membrane/cytoplasmic armadillo repeat protein which lacks the ability to independently
promote DNA transcription [17,20,24]. Instead, β-catenin is trafficked into the nucleus to
DNA-binding T-cell factor (TCF)/lymphoid enhancer binding factor (LEF) transcription
factors [24,25].

Once bound to DNA by TCF/LEFs, β-catenin recruits other co-activators and regula-
tory components that collectively activate transcription of the downstream genes known
as the Wnt target genes. These sets of Wnt target genes drive cells to proliferate, self-renew,
differentiate and survive in a variety of tissues and contexts. In normal cells, feedback
inhibition results in this activity occurring only transiently, which in turn prevents overacti-
vation of Wnt target gene transcription. Signal transduction is thus “turned off” in cells with
low or absent Wnt because β-catenin becomes unstable by being tagged in the cytoplasm
for ubiquitination by the destruction complex, which then leads to proteasome degradation.

However, in various cancers (i.e., colon cancer) mutations in the destruction complex
components (e.g., APC, AXIN2 and FAM123B/WTX) or regulators of the receptors/ligand
(e.g., RNF43/ZNRF3, RSPO2, or RSPO3) components can lead to unchecked Wnt signaling.
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These mutations negate the cytoplasmic feedback controls and create cells with constitutive,
high levels of β-catenin and aberrantly high levels of Wnt target gene transcription that
can initiate carcinogenesis and immune suppression [20,26–29].

3. Upregulation of Wnt/β-Catenin in Bladder Carcinogenesis

Several correlative studies have shown conflicting evidence between upregulation
of Wnt/β-catenin signaling and UCC carcinogenesis [30–34]. For instance, The Cancer
Genome Atlas (TCGA) Research Network detected Wnt signaling alterations in 73% of UCC
tumors [35]. However, Ahmad et al. noted Wnt signaling in only 33% of their clinical UCC
samples [36–38]. The discrepancy could most likely be due to comparisons using different
methods and patient populations. For example, one Ahmad et al. study used a tissue
microarray array with core biopsy samples, whereas a TCGA study detected aberrations
in Wnt signaling through genomics using RNA-seq and whole exome sequencing [35–38].
Also there was a difference in sample size with TCGA and Ahmad et al. studies using
131 and 60 patient samples respectively [35–38]. Additionally it was noted that β-catenin
expression’s correlation to tumor grade and muscle invasion has been inconsistent [39].
Despite these discrepancies between studies, it is evident that a substantial proportion of
UCC develops in the context of Wnt signaling aberrations.

From a pathophysiologic perspective, numerous pre-clinical studies have implicated
the silencing of endogenous Wnt inhibitors as potential oncogenic events. CpG hyperme-
thylation of the WIF1 (Wnt inhibitory factor-1) promoter was found to lead to decreased
transcription and increased Wnt signaling activity in human bladder cancer cell lines [40].
Knockdown of WIF1 by siRNA in bladder cancer cell lines led to increased activity in c-myc
and cyclin D1 mRNA transcription and increased cell growth [40]. These results suggested
that Wnt signaling via WIF1 could potentially promote development of UCC [40]. Another
proposed mechanism involves aberrations in the oncogene activation-induced cytidine
deaminase, which upregulates the Wnt/β-catenin pathway and thereby promotes UCC
growth [41]. More studies are needed to better understand how Wnt signaling can drive
urothelial carcinogenesis.

4. Wnt/β-Catenin Induces Immune Cell Exclusion in Urothelial Cancer

Due to the limited efficacy of ICI treatments, much effort is being dedicated to devel-
oping predictive biomarkers of response and understanding the biological mechanisms
for resistance. One widely established predictive biomarker for ICI response is intratu-
moral enrichment of CD8+ T-cells prior to treatment [42,43]. Therefore, many studies have
used the presence and quantity of CD8+ T-cell infiltration as a surrogate marker when
performing correlative studies to determine if other molecular pathways may be involved
in predicting the ICI response.

A recent study by Sweis et al. used a bioinformatics approach to correlate CD8+ T-cell
infiltration with various signaling pathways [44]. The investigators analyzed the whole
exome sequencing (WES) and RNA-seq transcriptional profile data from the 267 samples
of urothelial bladder cancer collected for the TCGA study. The investigators stratified
these tumors based on a 160-gene T-cell inflamed expression signature indicative of a
T-cell inflamed and non-inflamed microenvironment. This T-cell inflamed gene signature
was then validated by performing immunohistochemistry (IHC) staining for CD8+ T-cell
infiltration on a sample of 19 tumors (7.1%).

Once stratified into inflamed vs. non-inflamed phenotypes, the investigators un-
covered that 730 genes were preferentially expressed in the non-T-cell-inflamed tumors.
Ingenuity pathway analysis then showed that one of the top upstream regulators for these
groups of differentially expressed genes were those that were regulated by β-catenin/Wnt
signaling. The authors then went back to the 19 samples which they had initially per-
formed CD8+ T-cell IHC staining and co-stained for nuclear β-catenin as a marker for
active β-catenin dependent Wnt signaling. The investigators found a statistically significant
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inverse relationship between nuclear β-catenin and the density of CD8+ T cells infiltrating
the tumor.

To further validate the Wnt signaling pathway as a mediator of non-T-cell-inflamed
tumor microenvironments, a follow up study done by Luke et al. employed a similar ap-
proach (WES genomics and RNA-seq transcriptional profiling) and analyzed 9244 samples
across 31 different types of cancers [45]. The investigators used their previously devel-
oped 160-gene T-cell inflamed expression signature to segregate the samples into T-cell
inflamed, intermediate, or non-T-cell inflamed. The investigators defined Wnt/β-catenin
signaling activation at three different levels: assessment of somatic mutations or copy
number alterations in CTNNB1 (gene for β-catenin) and other regulatory genes predicted
to result in pathway activation, expression of downstream Wnt target genes, and β-catenin
protein levels which were assessed through reverse phase protein array (RPPA). With
respect to the 363 UCC samples included in this cohort, all three levels correlated with a
non-T-cell inflamed tumor signature, the most pronounced of which was CTNNB1 protein
level. Taken together, these findings suggest that there is a significant correlation between
upregulation of Wnt signaling and a non-T-cell-inflamed microenvironment in UCC.

5. ICI Attenuation via CCL4

As previously discussed, translational studies have suggested that Wnt/β-catenin
signaling may induce a non-T-cell-inflamed tumor phenotype thereby excluding immune
cells from the tumor microenvironment and dampening the therapeutic effect of ICIs.
To elucidate molecular mediators, the Gajewski group used a genetically engineered
melanoma mouse model with active β-catenin signaling (BRAF/PTEN/CAT-STA) in the
tumors [46].

In their mouse model, the authors found that β-catenin signaling activation was
associated with low levels of tumor infiltrating CD8+ T-cells. Conversely, mice in which
β-catenin signaling was absent contained a high density of CD8+ T-cell infiltration. In
order to discern if this was due to differences in neo-antigens, the authors introduced a neo-
antigen (SIY) expressing construct genetically into the tumors and adoptively transferred
T-cells with SIY T cell receptor. They found that the transferred T-cells accumulated in the
BRAF/PTEN-STA tumors but not the β-catenin expressing BRAF/PTEN/Bcat-STA tumors
despite both tumors now expressing the neo-antigen. Furthermore, anti-PD-1 and anti-
CTLA-4 agents were rendered ineffective in the Wnt-activated (BRAF/PTEN/Bcat-STA)
mice but remained effective in Wnt-inactivated (BRAF/PTEN-STA) mice. These results
suggested that upregulation of Wnt/β-catenin may indeed induce resistance to immune
checkpoint inhibition.

The investigators then queried whether this blunted response to ICIs could be depen-
dent on antigen presentation from CD103+ dendritic cells (DC). Within Wnt/β-catenin-
activated T-cell-depleted tumors, they found that CD103+ DCs were nearly absent and
IFN-β cytokine expression was reduced. The investigators then found that intratumoral
injection of CD103+ DCs led to restoration of T-cells infiltration within the tumor. This
supported the role of CD103+ dendritic cells as key mediators of an antitumor immune
response. To characterize the mechanism of failed recruitment of the CD103+ DCs, the
investigators analyzed the gene expression of these two tumor types and found that four
chemokines (CCL3, CXCL1, CXCL2, and CCL4) were lower in the non-T-cell inflamed
BRAF/PTEN/Bcat-STA tumors. Of these four chemokines, only CCL4 was found on an
in vitro DC migration assay to possess the ability to effectively modulate cell migration.

Furthermore, the investigators found that the Wnt signaling target gene ATF3–which
also binds at the promoter region of the CCL4 gene—was expressed at higher levels in the
β-catenin activated melanoma tumors. This negative feedback was substantiated by then
demonstrating that gene knockdown of ATF3 and CTNNB1 in melanoma cell lines led to
upregulation of CCL4 expression (Figure 2).
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Figure 2. Wnt/β-catenin signaling can alter T-cell infiltration status and ICI response via CCL4. (Created with BioRender®).

6. Wnt/β-Catenin Signaling Induces Immune Cell Exclusion by Affecting the Tumor
Microenvironment (TME)

Tumor-associated macrophages (TAMs) are amongst the most common tumor immune
infiltrating cells in the tumor microenvironment (TME) [47]. TAMs are classically thought
to exist in two polarized states with the activated M1 and M2 subtypes [47]. The M1
subtypes are thought to play a significant role in the anti-tumor immune response by
producing reactive oxygen species (ROS) and pro-inflammatory cytokines [47]. The M2
subtype has been found to have an opposite immunosuppressive function by producing
anti-inflammatory cytokines (i.e., IL1, IL-13, and TGF-β) which can promote tumor growth
and ICI resistance [47]. These anti-inflammatory cytokines and chemokines can also induce
the production of regulatory T-cells which directly inhibit cytotoxic T cells further driving
immunosuppression [47–49].

It has been shown that Wnt/β-catenin signaling can modulate the TAMs population
in the TME leading to a protumoral phenotype which may be ICI resistant [50,51]. In a
study done by Kaler et al. using isogenic colon cancer cell lines (HCT116 and Hke-3 cells)
with mutated active β-catenin, the investigators found that TAMs could further enhance
the pre-existing Wnt/β-catenin signaling present and protect the cancer cells from TRAIL-
induced apoptosis [50]. In contrast, when HCT116 cancer cells with an inactive β-catenin
allele were cultured with TAMs, the investigators noted that these cells were susceptible
to TRAIL induced apoptosis and were unable to increase their Wnt/β-catenin signaling
levels [50]. The investigators also found that the isogenic colon cancer cell lines (HCT116
and Hke-3 cells) with mutated active β-catenin when cultured with TAMs would produce
more snail protein, which is a known Wnt/β-catenin signaling target gene and driver of
tumor mesenchymal transition [50]. These results suggested that the increased Wnt/β-
catenin signaling from the TAMs could induce snail gene expression and drive a tumor
mesenchymal transition phenotype [50]. Of note this nail driven tumor mesenchymal
transition has recently been reported to be a possible mechanism for ICI resistance [50–52].

Another potential mechanism for ICI resistance is through the tumor’s ability to
create a hostile TME that is acidic from increased lactic acid production which can lead to
impaired cytotoxic T-cell function [53–55]. A detailed discussion on how tumors create
a hostile hypoxic and acidic TME which leads to suppression of the T-cells’ cytotoxic
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function is beyond the scope of this manuscript. For a more comprehensive review on
this topic there are many excellent reviews which can be found in the reference section of
this manuscript [53,56,57]. Briefly, the oncogenic mutations that drive carcinogenesis (i.e.,
Akt/PI3k/mTOR and Wnt/β-catenin signaling) have also been shown to drive a metabolic
reprogramming of cells from oxidative phosphorylation towards aerobic glycolysis [56,58].
This phenomenon wherein cancer cells prefer to undergo the more inefficient aerobic
glycolysis even in the presence of oxygen has been known for almost 100 years since it was
first described by Dr. Otto Heinrich Warburg [57,59]. It is thought that cancer cells have
evolved this shift towards aerobic glycolysis as a way to produce metabolic byproducts
which can then be converted to provide the needed biomass to use as building blocks for
its rapid cell proliferation [56,57]. As the tumor grows larger in size its metabolic demands
also increase in an unregulated manner which often outstrips the local oxygen and nutrient
supply [53,56]. This imbalance in metabolic demand and available supply of local resources
creates a hostile TME that is hypoxic, acidic (due to lactic acid build up), and nutrient
deficient [53,56]. In addition, to the existing overactive oncogenic signaling pathways
present in the cancer cells (i.e., Akt/PI3k/mTOR and Wnt/β-catenin signaling) these hostile
TME conditions will further drive the tumors to adapt by increasing angiogenesis and
glycolysis via the VEGF and HIF signaling pathways [53,56]. These same acidic and hypoxic
TME conditions will then inhibit the oxidative phosphorylation that is needed by T-cells in
order to perform their cytotoxic functions potentially leading to immunosuppression and
ICI resistance [53]. In fact it has been shown that high lactate concentrations in the TME
can impede the CD8+ T-cells ability to export lactate and suppress their natural cytotoxic
function [60].

As discussed above, the Wnt/β-catenin signaling pathway was found to initially play
a central role in carcinogenesis by driving cell proliferation [20]. More recently, it has also
been found to play an additional role in cancer metabolism by metabolically reprogram-
ming cancer cells to promote aerobic glycolysis and lactic acid production [58,61–63]. In
a study done by Pate et al. the investigators found that by using genetically engineered
human colon cancer cell lines that overactive Wnt/β-catenin signaling drives aerobic
glycolysis and lactic acid production by upregulating the genes pyruvate dehydrogenase
kinase 1 (PDK1) and monocarboxylate transporter 1 (MCT1/SLC16A1) [58,61]. They also
found that when this metabolic shift towards glycolysis occurred that there was also a
corresponding inhibition in the gene expression of pyruvate dehydrogenase (PDH) and
oxidative phosphorylation [58,61]. Other independent studies have also provided further
supporting evidence that Wnt/β-catenin signaling can drive the metabolic reprogramming
of cancer cells towards lactic acid production and aerobic glycolysis [62,63].

It has also been shown that the lactic acid in the TME can play a role in immuno-
suppression and drive further tumor growth [53,54,64]. In a study done by Brand et al.
the investigators found that patients who had melanoma tumors with increased LDHA
gene expression and lactic acid levels were more likely to have findings of impaired T
and NK cell infiltration consistent with an immunosuppressed or immune deficient tumor
phenotype [54]. The investigators then used shRNA to create LDHlow murine melanoma
and pancreatic cancer cell lines [54]. Through the use of various clever control experiments
the investigators showed that knockdown of the LDHA gene resulted in a stable tumor cell
phenotype that produced low levels of lactate with no effects on the other metabolic path-
ways analyzed [54]. They then proceeded to inject these murine melanoma and pancreatic
cells lines which were either LDHhigh or LDHlow into syngeneic mice [54]. They found
that the LDHlow had impaired tumor growth and higher T-cell and NK cell infiltration
compared to the LDHhigh tumors [54]. These findings suggested that the acidic TME
created by uncontrolled lactate production led to impaired immunosurveillance and T-cell
and NK cell infiltration leading to an immune deficient TME [54]. In another independent
study done by Harel et al. the investigators found that increased oxidative phosphorylation
and lipid metabolism in melanoma tumors by proteomic analysis were more likely to have
potentiated antigen presentation and response to anti-PD1 immune checkpoint inhibitor
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or TIL-based immunotherapy [64]. The investigators of the Harel et al. study concluded
that the tumors with increased oxidative phosphorylation were undergoing less glycolysis,
secreting less lactate, and creating a more favorable TME for immune cells [64].

The above studies provide evidence supporting the hypothesis that the presence of
lactic acid in the TME can be immunosuppressive by inhibiting the needed oxidative
phosphorylation of cytotoxic T-cells. As a result, this has led to the proposal that targeting
lactic acid production could be a potential way to overcome ICI resistance [55]. In sum-
mary, the above findings provide evidence that Wnt/β-catenin signaling can drive ICI
resistance by modulating the TME through the interaction with TAMs or driving lactic
acid production and creating a local immunosuppressive environment for cytotoxic T-cells
(Figure 3) [50,53–58,61,64].

Figure 3. Wnt/β-catenin signaling can alter tumor microenvironment. (Adapted from “Tumor Microenvironment”, by
BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates).

7. Overcoming ICI Resistance with β-Catenin Inhibition

The above mentioned studies provide strong evidence that the Wnt/β-catenin sig-
naling pathway drives immune cell exclusion which can then lead to immune checkpoint
inhibitor resistance in cancer treatment [44,45,65]. As a result, one could reason that com-
bining a Wnt/β-catenin signaling inhibitor and ICI may lead to overcoming this resistance
mechanism (Figure 4).

Early therapeutic efforts primarily centered on finding targets for Wnt inhibition
[23,66–68]. However, one of the major hurdles that researchers encountered was develop-
ing a molecule small enough to penetrate the nuclear membranes yet robust enough to
counteract the large β-catenin regulatory complex [23,68,69]. Another challenging adverse
class effect was on-target bone toxicity, which ultimately led to the early termination of
several Phase I studies [23,68,70–72].
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Figure 4. Proposed model for overcoming Wnt signaling driven immune checkpoint inhibitor resistance. (A) Immune
cell exclusion driven by Wnt signaling. (B) Combination of Wnt signaling inhibitor and immune checkpoint inhibitor can
overcome resistance.

More recently, several studies have shifted focus toward downstream inhibition of
the intranuclear transcriptional β-catenin complex to enhance immune cell infiltration
within the tumor microenvironment. For instance, Ganesh et al. designed a β-catenin
inhibitor (DCR-BCAT) that selectively silenced CTNNB1 (the gene which transcribes/β-
catenin) in tumors using an RNAi oligonucleotide [73]. Using allografted B16F10 mouse
melanoma cells on immunocompetent C57BL/6 mice, which are known to be refractory to
ICI treatments through T-cell exclusion [73], Ganesh et al. found that treatment with DCR-
BCAT significantly increased the intratumoral density of CD8+ T-cells compared to the
placebo control. Quantitative analysis of tumor RNA detected a decrease in β-catenin gene
expression as well as a concomitant increase in CCL4 expression. Furthermore, single-cell
flow cytometry of the DCR-BCAT mouse tumors showed a significant increase in CD8+,
CD3+, CD103+, and PD-1 positive cells, suggesting that these tumors were transitioning to
a T-cell-inflamed phenotype.

Encouraged by these results, the investigators subsequently examined if their β-
catenin inhibitor could reconstitute an immune response within their T-cell-excluded
tumor model. Although monotherapy with either the DCR-BCAT or an ICI was minimally
effective, the combination of DCR-BCAT plus ICI elicited a synergistic effect with reduc-
tions in tumor size by as much as 87% [73]. Moreover, the authors confirmed that this
combination was effective in another model, the Neuro2A (neuroblastoma) cell lines, which
are also non-T-cell-inflamed at baseline [73]. These findings suggest that a β-catenin in-
hibitor can effectively downregulate Wnt/β-catenin signaling and induce a T-cell-inflamed
phenotype that can potentiate a response to immune checkpoint inhibitors [73].
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8. Ongoing Clinical Trials and Future Directions

In recent years, several novel agents with varied mechanisms of action have attempted
to mitigate the immunosuppressive tumor microenvironment through WNT/β-catenin
inhibition (Figure 5, Table 1). One such therapeutic effort in development is DKN-01, an an-
tibody that antagonizes the WNT/β-catenin pathway through inhibition of DKK1 [74]. Pre-
liminary results from a Phase 1b/2a study of DKN-01 plus pembrolizumab (NCT02013154)
demonstrated a disease control rate of 80% in patients who had tumors with high DKK1
expression as compared to a disease control rate of 20% in patients with low DKK1 expres-
sion [74].

 

Figure 5. Current WNT/β-catenin inhibitors being used in combination with ICI for human clinical
trial. (Adapted from “Wnt//β-catenin signaling”, by BioRender.com (2020). Retrieved from https:
//app.biorender.com/biorender-templates).

Table 1. Current clinical trials combining Wnt inhibitor and immune checkpoint inhibitor.

Drug ICI Agent
Mechanism of Action

of Wnt Inhibitor
Disease

Clinical
Trial

Trial Phase

LGK974 PDR001 (anti-PD-1) PORCN inhibitor Solid tumors NCT01351103 Phase I
ETC-1922159 pembrolizumab (anti-PD-1) PORCN inhibitor Solid tumors NCT02521844 Phase IA/B

CGX1321 pembrolizumab (anti-PD-1) PORCN inhibitor Advanced GI Tumors NCT02675946 Phase I/Ib
DKN-01 nivolumab (anti-PD-1) DKK1 inhibitor Advanced Biliary Tract Cancer NCT04057365 Phase II

DKN-01 ±
chemotherapy tislelizumab (anti-PD-1) DKK1 inhibitor Advanced Esophagogastric Cancer NCT04363801 Phase IIa

DKN-01 pembrolizumab (anti-PD-1) DKK1 inhibitor Advanced Esophagogastric Cancer NCT02013154 Phase I

Another class of WNT/β-catenin inhibitors disrupt PORCN, an enzyme that facilitates
WNT secretion [75]. A recent Phase I study of the PORCN inhibitor WNT974 combined with
the PD-1 monoclonal antibody spartalizumab (NCT01351103) reported impressive results
across several solid tumors, including stable disease in 53% of patients who were previously
refractory to ICIs [76]. Of note, neither one of these trials included urothelial carcinoma
and focused on other malignancies such as GI cancers, melanoma, and NSCLC. However,
seeing how the combination of ICIs with WNT/β-catenin inhibitors has produced some
signal of efficacy even in the early phase clinical trials, this combination warrants further
investigation for the treatment of UCC.
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9. Conclusions

In summary, WNT/β-catenin signaling can drive immune cell exclusion and may
be a resistance mechanism for immune checkpoint inhibitors. Several preclinical studies
have shown that inhibition of the WNT/β-catenin pathway in conjunction with an ICI can
effectively overcome this resistance mechanism. With respect to UCC, this combination
is particularly promising given the high frequency of WNT/β-catenin aberrations in
correlative studies as well as its potential role in upregulating urothelial oncogenesis. Thus,
to complement ongoing clinical trials across other solid tumors, additional studies that
validate the synergistic relationship of ICIs and WNT/β-catenin inhibitors in UCC are
urgently needed.
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5 Department of Neurosurgery, University Hospital Center “Zagreb”, School of Medicine, University of Zagreb,
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Simple Summary: Astrocytomas are the most common type of primary brain tumor in adults. In this
study, 64 astrocytoma samples of grades II–IV were analyzed for genetic and epigenetic changes as
well as protein expression patterns in order to explore the roles of the Wnt pathway components, such
as DKK1, DKK3, GSK3β, β-catenin, and APC in astrocytoma initiation and progression. Our findings
on DKK1 and DKK3 show the importance of methylation in the regulation of Wnt signaling activity
and also indicate pro-oncogenic effects of GSK3β on astrocytoma development and progression.
Close connections between large deletions and mutations in the APC gene and increased β-catenin
expression in glioblastoma were also established. Our results suggest that Wnt pathway related
genes and proteins play an active role in the etiology of astrocytic brain tumors.

Abstract: In the present study, we investigated genetic and epigenetic changes and protein expression
levels of negative regulators of Wnt signaling, DKK1, DKK3, and APC as well as glycogen synthase
kinase 3 (GSK3β) and β-catenin in 64 human astrocytomas of grades II–IV. Methylation-specific
PCR revealed promoter methylation of DKK1, DKK3, and GSK3β in 38%, 43%, and 18% of samples,
respectively. Grade IV comprised the lowest number of methylated GSK3β cases and highest of
DKK3. Evaluation of the immunostaining using H-score was performed for β-catenin, both total and
unphosphorylated (active) forms. Additionally, active (pY216) and inactive (pS9) forms of GSK3β
protein were also analyzed. Spearman’s correlation confirmed the prevalence of β-catenin’s active
form (rs = 0.634, p < 0.001) in astrocytoma tumor cells. The Wilcoxon test revealed that astrocytoma
with higher levels of the active pGSK3β-Y216 form had lower expression levels of its inactive form
(p < 0.0001, Z = −5.332). Changes in APC’s exon 11 were observed in 44.44% of samples by PCR/RFLP.
Astrocytomas with changes of APC had higher H-score values of total β-catenin compared to the
group without genetic changes (t = −2.264, p = 0.038). Furthermore, a positive correlation between
samples with methylated DKK3 promoter and the expression of active pGSK3β-Y216 (rs = 0.356,
p = 0.011) was established. Our results emphasize the importance of methylation for the regulation of
Wnt signaling. Large deletions of the APC gene associated with increased β-catenin levels, together
with oncogenic effects of both β-catenin and GSK3β, are clearly involved in astrocytoma evolution.
Our findings contribute to a better understanding of the etiology of gliomas. Further studies should
elucidate the clinical and therapeutic relevance of the observed molecular alterations.

Keywords: astrocytic brain tumors; Wnt signaling; DKKs; GSK3β; APC; β-catenin
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1. Introduction

Astrocytomas are glial cell tumors originating from astrocytes and account for nearly
half of all primary brain tumors. According to the latest World Health Organization (WHO)
classification, there are three different grades of astrocytoma, indicating their growth
potential and aggressiveness [1,2]. Diffuse astrocytoma, defined as a grade II neoplasm,
is a type of low-grade infiltrative glioma. Grade II astrocytomas have a tendency to
progress toward high-grade malignancies called anaplastic astrocytomas (grade III) and
eventually secondary glioblastomas (GBM, grade IV). The proliferative potential of diffuse
astrocytomas and their growth rate are much lower than those of GBMs, which are a highly
aggressive tumor with pronounced brain invasion and fast progression [1]. In addition to
the biological behavior, an important criterion for the classification of diffuse glioma is the
status of IDH1 and IDH2 gene mutations; astrocytomas are now defined as IDH mutant or
IDH wild-type. Low-grade astrocytomas and secondary GBMs often carry IDH mutations,
associated with younger age, as well as a much better prognosis [3,4]. IDH wild-type status
refers to 90% of GBMs and indicates a primary tumor that arises de novo and carries a
poorer prognosis than those classified as IDH mutant.

Despite new molecular findings that characterize tumors in the group of diffuse
gliomas, the differences between individual pathohistological grades are still insufficiently
investigated. For this reason, we decided to study the molecular characteristics of the WNT
and AKT signaling pathway components in astrocytomas of different grades.

Signaling pathways form a complex network of molecular interaction in our cells,
and a close connection between Wnt/β-catenin and PI3K/AKT/mTOR signaling has been
described in many cancers [5]. One of the most prominent linking elements between these
pathways is GSK3β (glycogen synthase kinase 3) [6]. The major mode of GSK3β activity
regulation is through phosphorylation events. Activated Akt molecule phosphorylates
GSK3β on the amino acid serine 9 (S9), leading to GSK3β inactivation. In contrast, GSK3β
is activated by autophosphorylation or phosphorylation on tyrosine 216 (Y216) by other
kinases [5,7]. In addition to S9 phosphorylation, promoter methylation may also be one of
the mechanisms of GSK3β inactivation [8].

In the Wnt signaling pathway, GSK3β plays a key role in modulating β-catenin and
TCF/LEF (T cell factor/lymphoid enhancer-binding factor) transcription factor activity [7].
Active GSK3β can act as a tumor suppressor as it participates, together with other members
of the destruction complex including APC (Adenomatous Polyposis Coli), AXIN1 and
CK1 (Casein Kinase 1), in phosphorylation and subsequent degradation of the oncogenic
β-catenin protein. In the pathway’s “off” state, TCF/LEF is inactive due to its interaction
with the repressor Groucho. In contrast, inactive GSK3β stimulates cell proliferation
in the pathway’s “on” state. The pathway is activated upon binding of Wnt ligands to
the Frizzled (Fz) receptor and the co-receptor lipoprotein receptor-related protein (LRP)
5/6, resulting in the disintegration of the destruction complex and β-catenin cytoplasmic
accumulation. Afterward, unphosphorylated β-catenin enters the cell nucleus, where
it interacts with transcription factors from the TCF/LEF family, leading to Wnt target
gene transcription (cyclin D1, c-myc, fra-1, c-jun, etc.) thus stimulating tumor growth [9].
Except for phosphorylating β-catenin, GSK3β can phosphorylate LRP co-receptor, thus
revealing a binding site for AXIN on LRP, which mimics pathway activation by a Wnt
ligand [10] (Figure 1).

Wnt signaling activity is also regulated by evolutionarily conserved inhibitors and
activators that antagonize Wnt signaling such as the Dickkopf (DKK) gene family. The
family consists of four members (DKK 1–4) in humans that specifically inhibit the Wnt/β-
catenin signaling cascade by preventing the Wnt ligand from binding to LRP 5/6 co-
receptors. Some members of the DKK family interact with transmembrane proteins Kremen
1 and 2, also modulating the pathway’s activity [11]. Not all DKK family members have
consistent roles. Recent reports reveal that they can have dual agonistic and antagonistic
functions, depending on the cellular context. Numerous studies report on changes in DKK
protein expression within tumor tissues. DKK1 is differentially expressed in different types
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of human cancers, and its expression affects cell invasion, proliferation, and tumor growth.
Some authors have reported on DKK1 overexpression [12–21], while others have noted its
downregulation in tumors [22–24]. On the other hand, DKK3 is omnipresent in normal
human tissues, including the brain; however, it is significantly depleted in various cancer
cell types. DKK3 silencing due to epigenetic alterations has also been reported in multiple
cancers [12]. However, there are few studies investigating the expression of DKK1 and
DKK3 in gliomas [25–28].

Figure 1. Overview of Wnt signaling pathway. (a) In the canonical Wnt pathway, DKK directly
competes with Wnt for binding to LRP6. When DKK binds to the receptor, cytosolic pool of β-catenin
is maintained at low levels through proteasomal degradation, due to its phosphorylation by the
complex consisting of Axin/APC/CK1/GSK-3β. (b) Binding of Wnt to receptors Fz/LRP leads
to the recruitment of components of the destruction complex to the membrane. This prevents
phosphorylation and degradation of β-catenin, resulting in its accumulation in the cytoplasm.
Stabilized β-catenin translocates into the nucleus and activates transcription of Wnt target genes.

These opposite reports indicate the need for further elucidation of the role of Wnt
signaling molecules in cancer. Our study aims to contribute to the great efforts that are
being made to clarify the genetic and epigenetic signatures in gliomas. Our goal was to
clarify the behavior of DKK1, DKK3, and GSK3β and identify potential correlations to
changes of APC and beta-catenin genes and proteins.

2. Materials and Methods

2.1. Tissue Samples

Sixty-four astrocytoma samples of different pathohistological types and grades, to-
gether with corresponding blood and formalin-fixed paraffin-embedded (FFPE) slides
of brain tumor tissues, were collected with patients’ consents from the Departments of
Neurosurgery and Departments of Pathology University Hospital Centers “Zagreb” and
“Sisters of Charity”.

Chosen slides were reviewed by a certified pathologist (KŽ) to confirm the diagnosis
(diffuse astrocytoma, anaplastic astrocytoma, glioblastoma). The diagnoses of astrocytic
brain tumors were in concordance with the most recent WHO classification of the tumors of
the central neural system [3]. In selected cases, additional immunohistochemical analyses
(IDH1/2, ATRX, p53) were conducted in order to provide the correct diagnosis. The
patients included in the study had no family history of brain tumors and did not undergo
any cancer treatment prior to surgery, which could affect the results of molecular analyses.
The sample consisted of 10 diffuse astrocytomas (grade II), 11 anaplastic astrocytomas
(grade III), and 43 glioblastomas (grade IV). Twenty seven patients were female and 37 male.
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The age of patients varied from 6 to 83 (mean age = 50.31, median = 54 years). The mean
age at diagnosis for females was 54.85 (median 56) and for males, 47 years (median 49).

The study was approved by the Ethical Committees, School of Medicine University
of Zagreb (Case number: 380-59-10106-14-55/147; Class: 641-01/14-02/01) and Univer-
sity Hospital Centers “Sisters of Mercy” (number EP-7426/14-9) and “Zagreb” (number
02/21/JG, class: 8.1.-14/54-2). Patients gave their informed consent.

2.2. DNA Extraction

The genomic DNA extraction from unfixed frozen tumor tissue was performed ac-
cording to the protocol by Green and Sambrook [29]. Briefly, approximately 0.5 g of tumor
tissue was homogenized with 1 mL extraction buffer (10 mM Tris–HCl, pH 8.0; 0.1 M
EDTA, pH 8.0; 0.5% sodium dodecyl sulfate) and incubated with proteinase K (100 μg/mL;
Sigma-Aldrich, St. Louis, MO, USA) overnight at 37 ◦C. Organic (phenol–chloroform)
extraction and ethanol precipitation followed.

The salting-out method was used to extract DNA from peripheral blood leucocytes [30].
Five milliliters of blood was lysed with 15 mL RCLB (red blood cell lysis buffer) (0.16 M
NH4Cl; 10 mM KHCO3; 10 mM EDTA; pH 7.6), centrifuged (15 min/5000× g), and incu-
bated overnight with 2 mL SE buffer (sodium-EDTA; 75 mM NaCl; 25 mM Na2EDTA; pH 8),
200 μL 10% SDS (sodium dodecyl sulphate) and 15 μL proteinase K (Sigma, Darmstadt,
Germany) (20 mg/mL) at 37 ◦C. The salting-out method and isopropanol precipitation
followed. The method is based on the principle that proteins and other cellular compo-
nents, except DNA, will precipitate in a saturated salt solution (5M NaCl) due to their
relative hydrophobicity.

The extracted DNA was successfully used for genetic (PCR/RFLP) and epigenetic
(MS-PCR) analysis.

2.3. Polymerase Chain Reaction (PCR), Restriction Fragment Length Polymorphism (RFLP), Loss
of Heterozygosity (LOH)
2.3.1. Polymerase Chain Reaction

The PCR mixture (25 μL) for APC’s exon 11 amplification consisted of 10 pmol of each
primer (5′-GGACTACAGGCCATTGCAGAA-3′ and 5′-GGCTACATCTCCAAAAGTCAA-
3′), ~250 ng template DNA, 2.5 μL × 10x PicoMaxx reaction buffer, 2.5 mM of each dNTP,
and 0.5 μL (1.25 U) of PicoMaxx high fidelity PCR system polymerase. PCR conditions
were initial denaturation, 4 min/95 ◦C; denaturation, 1 min/94 ◦C; annealing, 2 min/58 ◦C;
extension, 1.5 min/72 ◦C; for 35 cycles and final extension 7 min/72 ◦C. The PCR products
were analyzed on 2% agarose gels.

2.3.2. Restriction Fragment Length Polymorphism/Loss of Heterozygosity

Loss of heterozygosity of the APC gene was detected on the basis of restriction frag-
ment length polymorphism (RFLP) of the PCR products. RFLP was performed by using
restriction enzyme Rsa I, which recognizes a polymorphic site in exon 11 of the APC gene.
PCR amplification of exon 11 generated a fragment of 133 bp that Rsa I cleaves into 85 bp
and 48 bp fragments if the polymorphic site is present, or leaves uncleaved if the site is
absent. LOH/Rsa I was demonstrated only in informative (heterozygous) samples when
the tumor DNA showed loss of either the single uncut band (133 bp) or of the two cut bands
(85 + 48 bp) compared to autologous blood tissue. PCR aliquots (20 μL) were digested with
6 U Rsa I (New England BioLabs, SAD) overnight at 37 ◦C and were electrophoresed on
Spreadex EL 400 Mini gels (Elchrom Scientific, AL-Diagnostic GmbH, Amstetten, Austria)
in the ORIGINS electrophoresis system (AL-Diagnostic GmbH, Amstetten, Austria) at
120 V and 55 ◦C.
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2.3.3. Methylation-Specific PCR (MSP)

After isolation from tumor tissue, DNA was treated with bisulfite using the MethylEdge
Bisulfite Conversion System (Promega, Madison, WI, USA) following the manufacturer’s in-
structions. Bisulfite-treated DNA was afterward used for methylation-specific PCR (MSP).

Primer sequences of DKK1, DKK3, and GSK3β promoter region for MSP were synthe-
sized according to [31–33], respectively (Table 1).

Table 1. PCR primers used for MSP.

Primer Sequence Product Size

DKK1

MR-F 5′-CGTTCGTTGGTAGTTTTTATTTCGA-3′
175 bp

MR-R 5′-GCGACTACCTTTATACCGCGAA-3′

UMR-F 5′-TGTTTGTTGGTAGTTTTTATTTTGA-3′
173 bp

UMR-R 5′-ACCACAACTACCTTTATACCACAAA-3′

DKK3

MR-F 5′-CGGTTTTTTTTCGTTTTCGGG-3′
154 bp

MR-R 5′-CAAACCGCTACATCTCCGCT-3′

UMR-F 5′-TTTTGGTTTTTTTTTGTTTTTGGG-3′
155 bp

UMR-R 5′-CCAA ACCACTACATCTCCACT-3′

GSK3β

MR-F 5′ CGTCGTTATCGTTATCGTTC 3′
135 bp

MR-R 5′ AATAACTCGAAAATACGACG 3′

UMR-F 5′ GAGGAGTTGTTGTTATTGTTATTGTTT 3′
136 bp

UMR-R 5′ AAAAAAATAACTCAAAAATACAACA 3′

MR-F and MR-R-primer set for methylated reaction; UMR-F and UMR-R-primer set for unmethylated reaction; bp-base pairs.

PCRs for bisulfite-treated DNA were performed using TaKaRa EpiTaq HS (TaKaRa
Bio, USA): 1XEpiTaq PCR Buffer (Mg2

+ free), 2.5 mM MgCl2, 0.3 mM dNTPs, 20 pmol of
each primer (Sigma-Aldrich, USA), 50 ng of DNA, and 1.5 units of TaKaRa EpiTaq HS DNA
Polymerase in a 25 μL final reaction volume. PCR cycling conditions are shown in Table 2.

Table 2. MSP conditions for amplification of promoter region of DKK1, DKK3, and GSK3β genes.

Gene Initial Denaturation Cycle Conditions Final Elongation

DKK1
MR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

UMR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

DKK3
MR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

UMR 95 ◦C 5 min 95 ◦C 30 s 61 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

GSK3β
MR 95 ◦C 5 min 95 ◦C 30 s 55 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

UMR 95 ◦C 5 min 95 ◦C 30 s 56,5 ◦C 30 s 72 ◦C 30 s 72 ◦C 7 min

MR: methylated reaction; UMR: unmethylated reaction.

PCR products were separated on 2% agarose gel stained with Syber Safe nucleic
acid stain (Invitrogen, Thermo Scientific, Waltham, MA, USA) and visualized on a UV
transilluminator. Methylated Human Control (Promega, Madison, WI, USA) was used as
a positive control for the methylated reaction, while unmethylated DNA EpiTect Control
DNA (Qiagen, Hilden, Germany) served as a positive control for the unmethylated reaction.

2.4. Immunohistochemistry (IHC)

Immunohistochemical staining was performed on 4 μm thick paraffin embedded
tissue sections placed on silanized glass slides (DakoCytomation, Glostrup, Denmark).
Tissue sections were deparaffinized in xylene (3×, 5 min), rehydrated in a decreasing
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ethanol series, (100%, 96%, and 70% ethanol; 2×, 3 min), and placed in water (30 s).
Antigen retrieval was performed by heating the sections in microwave oven 2 times for
10 min at 400 W and 3 times for 5 min at 350 W in 6 M citrate buffer. Afterward, the
endogenous peroxidase activity was blocked using 3% hydrogen peroxide for 10 min
in dark. Non-specific binding was blocked by incubating samples with protein block
serum-free ready-to-use (Agilent Technologies, Santa Clara, CA, USA) for 30 min at 4 ◦C.
Next, sections were incubated with primary antibody Anti-GSK3β (phospho Y216) (rabbit
polyclonal; ab75745, Abcam, Cambridge, MA, USA; dilution 1:100), Anti-GSK3β (phospho
S9) (rabbit polyclonal; ab131097, Abcam, Cambridge, MA, USA; dilution 1:100), Active
β-Catenin (rabbit monoclonal, non-phospho (Ser33/37/Thr41), D131A1, Cell Signalling
Technology, Danvers, MA, USA; dilution 1:800) and Anti-Human Beta-Catenin (mouse
monoclonal; Clone b-Catenin-1, M3539, Dako, Santa Clara, CA, USA; dilution 1:200)
overnight at 4 ◦C. Dako REAL Envision detection system Peroxidase/DAB, Rabbit/Mouse,
HRP (Agilent Technologies, Santa Clara, CA, USA) was used for visualization according to
the manufacturer’s instructions, and the sections were counterstained with hematoxylin.

The level of expression of examined proteins in the healthy brain was determined
by using the cerebral cortex of the human brain (Amsbio, Oxfordshire, UK). It was found
that the level of immunoreactivity of all examined proteins in the healthy brain tissue
was generally low, and the signal was detected only in the cytoplasm. Human placenta
(decidual cells) and colon cancer served as positive controls. Negative controls underwent
the same staining procedure but without incubating samples with primary antibodies.

2.5. Microscopic Analysis

In the tumor hot-spot area, 200 cells were counted and the intensity of protein expres-
sion was determined using the computer program ImageJ (National Institutes of Health,
Bethesda, MD, USA). Astrocytic brain tumors stained for pGSK3β-Y216, pGSK3β-S9, β-
catenin (non-phospho Ser33/37/Thr41), and total β-catenin protein were interpreted by
5 independent observers, of which 2 were pathologists using the following criteria: score 0
(no staining), score 1 (<10% tumor cells), score 2 (10–50% of tumor cells), and score 3 (>50%
of tumor cells).

Next, a histological score (H-score) was calculated as the sum of the percentages of
positively-stained tumor cells multiplied by the weighted intensity of staining:

H-score = [1 × (% of cells 1+) + 2 × (% of cells 2+) + 3 × (% of cells 3+)].

The H-score, therefore, ranged from 0–300, where ‘% of cells’ represents the percentage
of stained cells for each intensity (1 = lack or weak expression, 2 = moderate expression,
and 3 = strong expression).

Immunohistochemical results were interpreted blindly in regard to the genetic and
epigenetic status.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS v.19.0.1 (SPSS, Chicago, IL, USA) statis-
tical program. The significance level was set at p < 0.05.

The distribution of the data was assessed by the Kolmogorov-Smirnov test and
Shapiro-Wilk W-test. Depending on the results of the test of normality and the num-
ber of patients per group, differences in the values between the 3 grades were analyzed
by one-way variance analysis (ANOVA) or Kruskal-Wallis test, while differences between
the 2 groups were tested by Student’s t-test or the Mann-Whitney test. Pearson χ2 and
Spearman’s correlation were used to test the relationships between DKK1, DKK3, and
GSK3β methylation, APC genetic change, GSK3β and β-catenin protein expression levels,
localization, and other clinical and demographic features.
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3. Results

3.1. Methylation Status of Promoter Regions of GSK3β, DKK,1 and DKK3

Expression of DKK1, DKK3, and GSK3β genes is controlled, among other mechanisms,
by DNA methylation (Figure 2).

Figure 2. Methylation-specific PCR analysis for (A) GSK3β, (B) DKK1, and (C) DKK3 promoter
in astrocytic brain tumors grade II–IV. The presence of a visible PCR product in lanes marked
M indicates the presence of methylated promoters, the presence of a product in lanes marked U
indicates the presence of unmethylated promoters; (D) methylated human control (MC) was used as
positive control for methylated reaction, unmethylated human control (UMC) was used as positive
control for unmethylated reaction, and water served as negative control. L–standard DNA 50 bp
ladder (Invitrogen).

Out of 50 analyzed astrocytoma samples of different grades, 41 (82%) had an unmethy-
lated GSK3β gene promoter, while methylation of the promoter region was detected in
nine samples (18%), including three AII (30%), three AIII (27%), and three GBM (10.34%)
(Figure 3A). Furthermore, methylation of DKK1 promoter was detected in 19 of 50 tumors
(38%), including three AII (30%), five AIII (45.45%), and eleven GBM (37.93%), respectively.
Similarly, DKK3 promoter was methylated in 21 of 49 tumors (42.86%), including four
AII (44.44%), four AIII (36.36%), and thirteen GBM (44.83%), respectively (Figure 3B,C).
Although it was obvious that grade IV comprised the lowest number of methylated cases
for GSK3β and highest for DKK3, the Kruskal-Wallis test showed no significant association
of methylation patterns of GSK3β (p = 0.235), DKK1 (p = 0.771), and DKK3 (p = 0.723)
promoter regions with the tumor malignancy grade.

Spearman test did not reveal a statistically significant association of promoter methy-
lation between DKK1 and DKK3 (p = 0.429), DKK1 and GSK3β (p = 0.775), or DKK3 and
GSK3β (p = 0.121) in our sample (Figures S1–S4).
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Figure 3. Graph showing the percentage of samples with methylated (M) and unmethylated (UM) promoter of (A) GSK3β,
(B) DKK1, and (C) DKK3 in astrocytic brain tumors grade II–IV.

3.2. pGSK3β-S9 and pGSK3β-Y216 Expression Levels

The effect of epigenetic changes on the protein expression levels was investigated in
the same group of patients. When analyzing active pGSK3β-Y216 in the total sample, low
expression was observed in 4% (2/50), moderate expression in 26% (13/50), and strong
expression in 70% (35/50). Low expression of the inactive form, pGSK3β-S9, was present
in 36% (18/50), moderate in 50% (25/50), and high in 14% (7/50) of total astrocytoma
samples (Figure 4).

Figure 4. Graph illustrating the levels of expression of active (pGSK3β-Y216) and inactive (pGSK3β-
S9) forms of GSK3β investigated in our total astrocytoma sample; and levels of expression of both
forms of β-catenin (total and active) in glioblastoma group.

When analyzing both forms of GSK3β expression in specific astrocytoma types, diffuse
astrocytoma revealed 50% (5/10) of the samples with a lack or low levels of pGSK3β-S9
expression, while 70% (7/10) of the samples showed high levels of pGSK3β-Y216. In
anaplastic astrocytoma, moderate expression was observed in 60% (6/10) of analyzed
cases for pGSK3β-S9, while 70% (7/10) of samples showed a high level of pGSK3β-Y216
expression. The majority of glioblastoma samples analyzed for active pGSK3β-Y216
showed high levels of expression (70%), while for the inactive pGSK3β-S9, moderate
expression was observed in 50% of samples. The signal was co-localized in the cytoplasm
and cell nucleus in all of the analyzed samples (Figure 5).
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Figure 5. Characteristic immunohistochemical staining of active pGSK3β-Y216 and inactive pGSK3β-
S9 protein in astrocytoma. (A) astrocytic brain tumor grade II with unmethylated GSK3β promoter
showing weak cytoplasmic staining of pGSK3β-S9; (B) same astrocytic brain tumor grade II with
unmethylated GSK3β promoter showing strong cytoplasmic and nuclear staining of pGSK3β-Y216;
(C) glioblastoma (grade IV) with unmethylated GSK3β promoter showing lack of cytoplasmic staining
of pGSK3β-S9; (D) same glioblastoma with unmethylated GSK3β promoter showing strong cyto-
plasmic and nuclear staining of pGSK3β-Y216; (E) glioblastoma (grade IV) with methylated GSK3β
promoter showing moderate cytoplasmic and strong nuclear staining of pGSK3β-S9; (F) glioblastoma
(grade IV) with methylated GSK3β promoter showing weak cytoplasmic staining of pGSK3β-Y216.
Scale bar 50 μm.

Protein expressions of both active and inactive forms of GSK3β (pGSK3β-S9 (p = 0.728)
and pGSK3β-Y216 (p = 0.820)) showed no significant association with any specific astro-
cytoma grade. Wilcoxon test revealed a statistically significant difference between the ex-
pression of pGSK3β-S9 and pGSK3β-Y216 protein in investigated astrocytoma (p < 0.0001,
Z = −5.332). This result indicates that samples with a higher level of expression of active
pGSK3β-Y216 have a lower expression level of inactive pGSK3β-S9 protein.

3.3. Total β-Catenin and Unphosphorylated β-Catenin Expression Levels in Glioblastoma

Expression and localization of total β-catenin (detects both phosphorylated and un-
phosphorylated form) and active (unphosphorylated) β-catenin were further examined
in glioblastoma.

H-score analysis for total β-catenin revealed 36.66% (11/30) samples with weak,
56.67% with moderate (17/30) and 6.67% (2/30) with strong protein expression when
compared to levels of β-catenin in a healthy brain (Figure 4). Grouped together, elevated
expressions (2+ and 3+) were detected in 63.34% of samples. Most samples showed
cytoplasmic expression (86.67%), while co-localization of the signal in cytoplasm and
nucleus was present in only 4 cases (13.33%).

Unphosphorylated β-catenin showed a similar distribution of signal strengths. H-
score analysis detected 33.33% (10/30) of samples with weak, 60% (18/30) with moderate,
and 6.67% (2/30) with strong expression (Figure 4). When compared to cellular levels of
β-catenin in a healthy brain, grouped elevated expressions (2+ and 3+) were observed
in 66.67% of samples. Cytoplasmic and nuclear co-localization of unphosphorylated β-
catenin was noticed in five samples (16.67%), and again in most samples, the expression
was present exclusively in the cytoplasm (83.33%).
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Spearman’s correlation showed a statistically significant positive correlation between
H-score values of total and unphosphorylated β-catenin (rs = 0.634, p < 0.001), which
confirms the presence of an active form of β-catenin in tumor cells.

3.4. APC Exon 11 Genetic Changes in Glioblastoma

Genetic changes of APC exon 11 were analyzed in 27 glioblastoma samples that
were available for the analysis, nine (33%) of which were homozygous i.e., uninformative.
Taking into account informative (heterozygous) samples, 44.44% (8/18) showed one of the
two observed genetic changes. More precisely, LOH was detected in 33% (6/18) and the
introduction of the restriction site because of mutation in 11.11% (2/18) cases (Figure 6).

Figure 6. APC exon 11/RsaI/RFLP in glioblastoma samples is demonstrated. Lane M-standard
DNA 50 bp ladder (Invitrogen); lanes 1, 2: heterozygous sample (tumor and blood), both alleles, cut
and uncut, are visible; lane 3: possible restriction site introduced in tumor sample; lane 4: paired
homozygous sample (blood); lanes 5, 6: homozygous sample (tumor and blood), uncut alleles are
visible; lanes 7, 8: homozygous sample (tumor and blood), cut alleles are visible; lane 9: LOH, cut
allele is missing; lane 10: corresponding informative blood sample, both alleles, cut and uncut,
are visible.

Eight glioblastoma samples with genetic change in APC exon 11 showed moderate
expression of total β-catenin in 62.5% and unphosphorylated β-catenin in 50% of samples.
Student t-test revealed a significant difference of total β-catenin expression between groups
with and without genetic changes in APC’s exon 11. Samples with changes had higher
H-score values for total β-catenin, compared to the group without changes (t = −2.264,
p = 0.038). However, a significant association of unphosphorylated (active) β-catenin
H-score values with groups with or without APC genetic changes (U = 54.500, p = 0.197)
could not be established.

3.5. The Correlations of Molecular Findings and Clinical Parameters

Spearman test revealed a significant positive correlation between DKK3 methylation
status and expression of active pGSK3β-Y216 (rs = 0.356, p = 0.011), indicating that when
the DKK3 was epigenetically silenced, the expression of the active GSK3β was on the rise.
Inactive pGSK3β-S9 protein was significantly positively correlated with the methylation
of the GSK3β promoter region (rs = 0.278, p = 0.050). Additionally, a bivariate correlation
between active pGSK3β-Y216 and active (unphosphorylated) β-catenin showed a trend of
negative association of the two proteins (rs = −0.427, p = 0.088). Our analysis also showed
that samples with genetic change in APC exon 11 were statistically significantly correlated
with the increase of total β-catenin expression (rs = 0.542, p = 0.004). The upregulation
of β-catenin expression was noticed in 66% of analyzed samples. Of note is that 55% of
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the samples with upregulated β-catenin showed methylation in negative regulators of the
signaling DKK1 or DKK3.

Finally, no statistical significance was found between molecular findings and clinical
parameters (p > 0.05), meaning that the analyzed molecular features were independent of
the patients’ age and sex.

4. Discussion

The Wnt signaling pathway is frequently implicated in the etiology of various cancers
and plays important roles in tumor initiation and progression. As recent reports indicate,
impairment of negative regulators of Wnt signalization, i.e., DKKs, is often involved in
tumor formation and growth [34]. Expression of the DKK1 and DKK3 gene is controlled,
among other mechanisms, by DNA methylation, a common epigenetic silencing tool, which
is increased in many tumors and tumor cell lines. Most research has indicated a DKK1
inhibitory effect in tumors [35–38], but interestingly, some studies showed DKK1′s tumor-
promoting role [18,39]. Similarly, DKK3 was discovered to be downregulated in various
types of malignant tissue [36,40–44], but there are also reports of DKK3 overexpression in
hepatocellular and esophageal cancer [45–47].

Our findings on 50 astrocytoma samples revealed promoter methylation of DKK1 in
38% and DKK3 in 42.86% of the samples. Methylation of DKK1 and DKK3 was relatively
constant across different grades (DKK1-AII 30%, AIII 45.45%, GBM 37.93%; DKK3-AII
44.44%, AIII 36.36%, GBM 44.83%). The remaining portion of astrocytoma samples did
not show DKK1 and DKK3 promoter methylation; downregulation could be explained by
the existence of additional epigenetic regulatory events. In the case of DKK1 and DKK3,
these may be post-translational modifications in the histone tails, which are associated
with transcriptional repression [35,48]. We also point out other mechanisms here that
may contribute to DKK1 and DKK3 gene (and consequently DKK1 and DKK3 protein)
silencing, such as the mutational burden and various miRNAs, as recently shown in a case
of melanoma [49] and colorectal cancer [38,50,51].

A study by Götze et al. [27] suggests that primary and secondary GBMs are character-
ized by different DKK1 and DKK3 gene methylation profiles, helpful to distinguish between
glioblastoma subtypes. In their study, promoter methylation of DKK1 was quite rare in
lower-grade astrocytoma but frequent in glioblastoma. Additionally, DKK1 methylation
was more frequently observed in secondary GBM (5/10), whereas none of the primary
GBMs showed methylation of the DKK1 promoter region. These findings suggest that
methylation of DKK1 may be linked to glioma progression and thus might be a potential
prognostic marker. Furthermore, this study indicates that methylation of DKK3 is a rare
event in glioma, with no obvious association with the tumor type or grade [27]. Our re-
search showed no significant association between methylation of DKK1 (p = 0.767) or DKK3
(p = 0.885) and the tumor grade or type. However, the frequency of methylation of the
two genes was overall substantial, and it was shown that methylation of DKK1 was higher
in pooled grades III and IV (40%) in comparison to AII (30%). No significant association
of promoter methylation between DKK1 and DKK3 (p = 0.429) was found in our study.
Mizobuchi et al. [25] showed that DKK3 plays a pivotal role in regulating cell survival in
human malignant glioma, promotes apoptosis, and facilitates the degradation of β-catenin.
Similarly, there are also reports about a DKK1 pro-apoptotic function in glioma [36].

Apart from epigenetic silencing of negative regulators, aberrant pathway activity may
be a result of the mutations in downstream components. Modifications that cause change
in GSK3β activity, CTNNB1 gene mutations targeting sites phosphorylated by GSK3β on
β-catenin (S33, S37, and S41), and mutations of proteins that form a destruction complex
with GSK3β (for example, APC) may all cause Wnt pathway hyperactivity [9].

The influence of GSK3β on tumor formation and promotion is still controversial.
GSK3β can display both pro-oncogenic and tumor-suppressive effects as it has diverse
roles in numerous cellular processes that also differ among different cell types [5].
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In order to determine the character of the GSK3β role in astrocytoma grades II–IV,
we examined the promoter methylation of the GSK3β gene and level of expression of
active (pY216) and inactive (pS9) form of GSK3β protein. Although the proportion of
methylated samples was relatively small in each astrocytoma grade, our results showed
that methylation of GSK3β decreased with grade. In astrocytoma grade II, 30% of samples
had methylated GSK3β promoter, followed by 27% of astrocytoma grade III and 10% of
glioblastoma. Of note is that the number of unmethylated samples increased with grade,
meaning that GSK3β is upregulated in aggressive cases. GBM is primarily diagnosed at
older ages, and recent reports suggest that epigenetics, especially DNA methylation, seem
to be age-dependent [52].

Immunohistochemical analysis revealed low expression levels of active pGSK3β-
Y216 in 4% (2/50), moderate levels in 26% (13/50), and strong levels in 70% (35/50) of
samples, which is consistent with the findings on unmethylated promoter. Expression of
inactive pGSK3β-S9 was weak in 36% (18/50), moderate in 50% (25/50), and strong in 14%
(7/50) of astrocytoma samples in grades II–IV. Wilcoxon test showed significant opposite
levels of expression between pGSK3β-S9 and pGSK3β-Y216 protein in astrocytoma cells
(p < 0.001, Z = −5.332), indicating that samples with a higher level of expression of active
pGSK3β-Y216 have a lower expression level of inactive pGSK3β-S9 protein. Inactive
pGSK3β-S9 protein was significantly positively correlated with methylation of GSK3β
promoter (rs = 0.278, p = 0.050), showing that in methylated cases, phosphorylation events
also decrease protein expression. Similarly, Shakoori et al. [53,54] studied the expression
of active and inactive forms of GSK3β in colorectal cancer. Although the study included
a smaller number of samples, they proved that most patients had elevated expression of
pGSK3β-Y216, whereas pGSK3β-S9 was mainly present in non-neoplastic tissues. Contrary
to previously mentioned studies, high expression of inactive pGSK3β-S9 is found in
skin [55], oral [56], and lung [57] cancers, which suggests tumor-suppressing effects of the
enzyme in those malignant tissues.

The pro-oncogenic activity of GSK3β is based on the findings that deregulated GSK3β
maintains tumor cell survival, proliferation, and invasion by enhancing machinery for
cell motility and migration [58]. Finally, growing evidence marks GSK3β as a potential
therapeutic target in cancer [59,60], thus encouraging the development of GSK3β inhibitors
for cancer treatment [61]. In glioblastoma multiforme, such inhibitors facilitate apoptosis
through inhibition of anti-apoptotic mechanisms in mitochondria and the NFkB pathway
that is essential for cell survival [58,62].

Although GSK3β is generally considered a cytosolic protein, it can also be present
in the nucleus. Our data showed an elevated level of expression of pGSK3β-Y216 in the
cell nuclei of almost every sample of astrocytic brain tumors. It is known that GSK3β
nuclear levels increase in response to apoptotic stimuli, and its major role is to affect gene
expression by regulating the activity of many transcription factors [63].

The largest number of glioblastomas analyzed for both total and unphosphorylated
β-catenin had moderate cytoplasmic expression (56.67% and 60%, respectively); weak
expression was noted in 36.66% and 33.33%, respectively; while a strong signal was present
in a smaller percentage of samples (6.67% and 6.67% respectively). Overall cytoplasmic
accumulation of β-catenin predominated, whereas the expression of total and unphos-
phorylated β-catenin in the nucleus was observed in only four (13.33%) and five (16.67%)
samples, respectively. It seems that strong expression and consequent transfer in the nu-
cleus occurs in a smaller number of glioblastomas. Utsuki et al. [64] and Kahlert et al. [65]
also found a small number of samples with nuclear expression, which can be partly ex-
plained by the Wnt pathway activity only in a small proportion of glioblastoma cells that
have stem cell properties [66]. Another explanation is that the active form of beta-catenin
that is transferred to the nucleus lacks specific epitopes and cannot be detected by this
antibody. Spearman’s correlation showed a statistically significant positive correlation
between H-score values of total and unphosphorylated β-catenin (rs = 0.634, p < 0.001),
thus confirming the presence of an active form of β-catenin in tumor cells. Phosphory-
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lation status and localization of β-catenin are important indicators of the Wnt signaling
pathway’s activation. Liu et al. [67] studied β-catenin expression in different grades of
astrocytoma and noticed significantly higher levels of β-catenin in glioblastoma compared
to lower grades and control groups, thus suggesting a role for β-catenin in the progression
of malignant gliomas. The study by Sareddy et al. [68] on astrocytoma grade II–IV reports
on the positive correlation of β-catenin mRNA and protein levels with the increase of
malignancy grades. They also noticed a nuclear and cytoplasmic accumulation of β-catenin
in astrocytoma, which is the hallmark of active Wnt/β-catenin signaling. Previous research
by our laboratory has shown that tumors of neuroepithelial origin have higher levels of
β-catenin expression compared to β-catenin expression levels in healthy brain tissue [69].
Kafka et al. [70] revealed that DVL3, TCF1, and LEF1 expression significantly increased
with astrocytoma malignancy grades, suggesting their cooperation with nuclear β-catenin
and joint involvement in malignant progression. In the present investigation, the bivariate
correlation between unphosphorylated active β-catenin and active pGSK3β-Y216 showed
a trend of negative association of the two proteins (rs = −0.427, p = 0.088), confirming their
mutually dependent relationship. Still, it seems that GSK3β activity toward β-catenin does
not depend unambiguously on its phosphorylation status on S9, which appears to be a
protective mechanism when GSK3β is aberrantly phosphorylated by some kinases [71,72].
It has been shown that highly active Akt does not fully inhibit GSK3β activity in some
cancers and cancer cell lines [53]. However, a more recent study on human colorectal cancer
cell lines shows that hyperactive Akt causes GSK3β inhibition and consequential β-catenin
accumulation [73]. Recent studies demonstrated that active DKK3 is associated with
reduced cytoplasmic and nuclear accumulation of β-catenin in different tumor types [74].

APC is a tumor-suppressor gene and an essential component of the beta-catenin
complex that controls cytoplasmic beta-catenin levels. APC mutations occur early in
gliomagenesis and result in increased beta-catenin levels that lead to the expression of
Wnt responsive genes [9]. In our study, genetic change in APC exon 11 was present in
44.44% of the informative samples. Our laboratory group previously reported on APC
exon 11 genetic changes in human brain tumors [75], brain metastases [76], and laryngeal
squamous cell carcinoma [77] and found 33.3%, 58.8%, and 41% of samples with LOH
or mutation of this gene, respectively. The present investigation also found that samples
with changes of the APC gene had significantly higher values of total β-catenin H-score,
compared to the group without genetic changes (t = −2.264, p = 0.038). Although the result
for unphosphorylated β-catenin was not significant, its elevated expression in glioblastoma
indicates the pathway’s activity and its association with genetic changes in APC. The
relatively rare expression of β-catenin in the nucleus may also be explained by work from
Morgan et al. [78], where they showed that APC loss alone was insufficient to stimulate
nuclear β-catenin translocation, and further dysregulation is required. Another explanation
for the rare β-catenin nuclear expression is the finding that most of the C-terminal deletions
show the predominant nuclear localization [79], and the antibody that we used in our
study was raised against the C-terminal β-catenin epitope.

In conclusion, the results of this study undoubtedly indicate the activation of the Wnt
signaling pathway in astrocytoma. Our findings on DKK1 and DKK3 demonstrate the
importance of methylation in the regulation of Wnt signaling activity but also suggest that
additional regulatory mechanisms may be involved. Our findings indicate pro-oncogenic
effects of GSK3β on astrocytoma development and progression not necessarily connected
to the Wnt destruction complex. It is also evident that large deletions and mutations in
the APC gene increase the level of β-catenin expression in glioblastomas. This research
can provide more data about astrocytoma pathogenesis and help to better understand and
improve the management of gliomas.
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Simple Summary: Considering the pivotal role of Wnt/β-catenin signaling in AML development
and persistence, the current study addresses in AML, the prognostic value of Wnt/β-catenin signaling
molecules and the anti-leukemic value of Wnt/β-catenin inhibition. In silico analysis of RNAseq
data from AML patients and flow cytometric analysis of primary AML samples revealed that higher
levels of Wnt/β-catenin pathway is a poor prognostic marker. Next, we found that pharmacological
interference, through small molecule inhibitors of Wnt and/or GSK-3 signaling reduces AML cell
survival by sensitizing the leukemia cells to chemotherapeutic agents both in vitro and in vivo. Overall,
our findings suggested that Wnt-inhibitory therapy could overcome the prognostic significance of
patient risk stratification, standing as a therapeutic response for all subgroups of AML.

Abstract: Wnt/β-catenin signaling has been reported in Acute Myeloid leukemia, but little is
known about its significance as a prognostic biomarker and drug target. In this study, we first
evaluated the correlation between expression levels of Wnt molecules and clinical outcome. Then,
we studied—in vitro and in vivo—the anti-leukemic value of combinatorial treatment between Wnt
inhibitors and classic anti-leukemia drugs. Higher levels of β-catenin, Ser675-phospho-β-catenin
and GSK-3α (total and Ser 9) were found in AML cells from intermediate or poor risk patients;
nevertheless, patients presenting high activity of Wnt/β-catenin displayed shorter progression-free
survival (PFS) according to univariate analysis. In vitro, many pharmacological inhibitors of Wnt
signalling, i.e., LRP6 (Niclosamide), GSK-3 (LiCl, AR-A014418), and TCF/LEF (PNU-74654) but not
Porcupine (IWP-2), significantly reduced proliferation and improved the drug sensitivity of AML cells
cultured alone or in the presence of bone marrow stromal cells. In vivo, PNU-74654, Niclosamide and
LiCl administration significantly reduced the bone marrow leukemic burden acting synergistically
with Ara-C, thus improving mouse survival. Overall, our study demonstrates the antileukemic role
of Wnt/β-catenin inhibition that may represent a potential new therapeutics strategy in AML.

Cancers 2020, 12, 2696; doi:10.3390/cancers12092696 www.mdpi.com/journal/cancers271
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1. Introduction

Acute myeloid leukemia (AML) is the most common acute leukemia in adults; relapse after
chemotherapy still represents a critical problem in most patients, with only a 35–40% five-year
overall survival rate for non-promyelocytic AML [1,2]. Nevertheless, accurate biomarkers for early
diagnosis and response prediction to chemotherapy or allogeneic transplantation are still lacking [3].
The persistence of residual leukemia cells during chemo- or immunotherapy is favored by different
components of the bone marrow stromal niche through a redundant panel of molecular pathways, such
as Wnt, Notch and Hedgehog, supporting cell survival, proliferation and chemoresistance [4–6].
However, the role of these pathways in the interaction between AML cells and bone marrow
microenvironment is not entirely clear yet [7,8].

Wnt/β-catenin signaling is a developmental pathway mostly involved in tissue patterning during
embryonic development, through its ability to modulate proliferation, differentiation and motility of
embryonic and adult stem cells [9]. The pathway is activated when secreted Wnt proteins (Wnt-1,
Wnt-3a, Wnt-3b etc.) bind to the extracellular domain of the frizzled family of receptors and lipoprotein
receptor-related protein (LRP) co-receptors. This binding stabilizes β-catenin by disrupting the
β-catenin destruction complex consisting in GSK-3 and other proteins. The inactivation of the β-catenin
destruction complex promotes the nuclear accumulation of β-catenin, which in turn triggers the
expression of several target genes [10]. Deregulation of the pathway can occur in cancer, either as
result of gene mutations in components of Wnt/β-catenin pathway or because of the crosstalk between
tumor-associated stroma and cancer cell bulk. This deregulation can induce a persistent accumulation
of β-catenin in the nucleus, thus favoring cancer growth and dissemination, maintenance of cancer
stem cells, and drug resistance [11,12]. Considering the pivotal role of Wnt/β-catenin signaling in
several cancers, small molecules inhibitors have been developed as potent anticancer agents, including
inhibitors of Frizzled, Porcupine, GSK-3 and disruptors of the β-catenin/TCF/LEF complexes [13].

In AML, a number of studies support the contribution of the canonical Wnt signaling in the
maintenance of leukemia stem cells (LSCs) [14]. Indeed, many molecular events contribute to the
aberrant expression of the Wnt pathway in AML cells, such as FLT3 signaling, hypermethylation of the
secreted frizzled-related proteins, high levels of Frizzled receptors and Wnt ligands [15]. Moreover,
preclinical studies have demonstrated that activating the mutation of β-catenin in stromal cells is
sufficient to induce AML-like disease in mice [16]. Overall, the canonical Wnt signaling appears
relevant for leukemogenesis in AML and therefore drug targetable.

In this work, we demonstrate that pharmacological interference, through small molecules
inhibitors of Wnt and/or GSK-3 signaling reduces AML cell survival by sensitizing the leukemia cells
to chemotherapeutic agents both in vitro and in vivo. Consequently, combination treatments with
small molecules inhibitors of Wnt/GSK3 axis and chemotherapy may represent a novel therapeutic
strategy for a better chance of AML cell eradication.

2. Materials and Methods

2.1. Chemicals and Antibodies

The antibodies used for blast cell identification by Flow Cytometry (FACSCanto II, Becton
Dickinson, Rutherford, NJ, USA) were: anti-CD45-VioBlue, anti-CD45-APC-Vio770, anti-CD34-PerCP
and anti-CD117-APC all from Miltenyi Biotech (Bergsch gradbach, Germany). For Western
blot analysis, anti-β-catenin, anti- Ser675-phospho-β-catenin, anti-Ser33/37/Thr41-phospho-β-catenin,
anti-non-phopho-β-catenin, anti-GSK-3β, anti-Ser9-phospho-GSK-3β, anti-GSK-3α, anti-Ser21-phospho-
GSK-3α anti-Histone H3 antibodies and Alexa 488-conjugated secondary antibodies were from Cell Signaling
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(Danvers, MA, USA); anti-GAPDH, and HRP-conjugated secondary antibodies against mouse or rabbit
were from Sigma-Aldrich (Darmstadt, Germany). Wnt modulators used for proliferation and vitality assays,
i.e., Wnt-3a, PNU-74654, Niclosamide, IWP-2, Lithium Chloride (LiCl), and AR-A014418, were all purchased
from Sigma-Aldrich. For the analysis of cell death, Propidium iodide (PI) and FITC-conjugated Annexin V
were from Miltenyi Biotechnology. CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Eden
Prairie, MN, USA) was from Promega (Promega, Milano, Italy). Cytarabine (Ara-C) and Idarubicin (Ida)
were provided by the Pharmacy Unit of the University Hospital of Verona.

2.2. Patients, Samples and Cell Lines

All cell samples were collected from AML patients and healthy donors after written informed
consent, as approved by the Ethics Committee of Azienda Ospedaliera Universitaria Integrata Verona
(N. Prog. 1828, 12 May 2010—‘Institution of cell and tissue collection for biomedical research in
Onco-Hematology’). In detail, AML blast cells were obtained from bone marrow or peripheral blood
samples of patients with AML at diagnosis (>80% of leukemia cells). Samples with less than 80% of
blast cells were enriched with CD34+ using MACS CD34 Microbead Kit (MiltenyiBiotec). AML patients
characteristics have been described elsewhere [17] and summarized in Table S1. Human bone marrow
mesenchymal stromal cells were obtained from bone marrow aspirates of healthy donors (hBM-MSCs,
n = 12) and AML patients (hBM-MSCs*, n = 18) after informed consent as previously described [17,18].
Human cell lines HL-60 (acute promyelocytic leukemia cell line), THP1 (acute monocytic leukemia cell
line), U937(myeloid histiocytic sarcoma cell line), were grown in complete RPMI-1640 medium (RPMI
supplemented with 10% FBS, 1% L-Glutamine solution 200 mM and 1% Penicillin/Streptomycin).
HEK-293 (human embryonic kidney cell line) and hBM-MSCs were maintained in complete DMEM.
Cell lines were purchased from the American Type Culture Collection. Flow cytometry of membrane
marker and cell morphology through Giemsa staining were used to check stability and identity of cell
lines as previously described [19]. Cell lines were routinely tested to be Mycoplasma-free.

2.3. Western Blotting

Immunoblotting were performed as previously described [19]. Briefly, Cells were lysed with the
RIPA lysis buffer (25 nM Tris pH 7.6, 150 mM NaCl, 1% NP40, 1% Na-deoxycholate, 0.1% SDS). Then,
samples were subjected to SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
followed by protein transfer onto nitrocellulose membrane (GE Healthcare, Chicago, IL, USA), that were
subsequently probed with antibodies specific to target proteins.

2.4. Cell Proliferation and Apoptosis and Viability Assays

The IC50 for each drug were obtained by analyzing treated cells with the colorimetric One
Solution Cell Proliferation Assay (MTS), as previously described [19,20]. Cell proliferation, cell
death and apoptosis were assessed through flow cytometric analysis of AML cells stained with
CFSE (carboxyfluorescein succinimidyl ester, proliferation) TOPRO-3 (cell death) and FITC-Annexin
V/Propidium Iodide (PI) (apoptosis) as previously described [17–19].

2.5. Xenograft Mouse Model

Animal care was performed in accordance with institution guidelines as approved by the Italian
ministry of health. Mice were purchased from Taconic (Germantown, NY, USA). Animal experiments
were carried in pathogen-free conditions at the animal facility of the Interdepartmental Centre of
Experimental Research Service of the University of Verona. Parameters used for sample size are power
of 80%, a signal/noise ratio of 2 and a significance level of 5% (p ≤ 0.05) using a one-sample t-test
power calculation. With a commitment to providing refinement, reduction and replacement (3Rs),
application of factorial design to reduce the minimum group size was applied to obtain a minimum
group size of 5–8 mice. Xenograft mouse model were generated in NOD/Shi-scid/IL-2Rγnull (NOG,
Minnetonka, MN, USA) mice as previously described [17]. Briefly, U937 AML cell line (1 × 106) were
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injected into the tail vein of totally irradiated (1.2 Gy, 137Cesium source), 8–12-week-old male mice.
At day 9 post-injection, mice (randomly allocated) received for 5 days intraperitoneal daily injection of
Ara-C (25 mg/Kg) or its vehicle (dimethyl sulfoxide, DMSO). In case of combined treatment, Ara-C or
DMSO were associated with each Wnt/GSK-3 inhibitor for the first two days, followed by three days of
Ara-C or DMSO. Mice were sacrificed after 2 weeks following the cell line injection, and bone marrow
leukemic burden was evaluated as percentage of human hCD45+ cells. No blinding was done. Wnt
inhibitors used for mouse experiments were PNU-74654 (0.5 mg/kg), Niclosamide (10 mg/Kg) and LiCl
(25 mg/Kg).

2.6. Cell Culture and Co-Culture

To study the capability of hBM-MSCs to support AML cell survival, AML cells were cultured in
suspension or on a confluent monolayer of hBM-MSCs with complete RPMI 1640 in 96-well plates:
105 AML blast cells or 2 × 104 cells from AML cell lines were cultured in 100 μL of complete RPMI
for 48 h. Wnt modulators, Ara-C and Idarubicin were added in co-culture. Co-cultured AML cells
were collected and stained with anti-CD45 antibodies conjugated to APC or PerCP and analyzed for
proliferation (CFSE dilution) and cell death (TOPRO-3, Annexin V/PI).

2.7. Flow Cytometry Analysis of Wnt Molecules

AML cell lines or AML blast cells identified as CD45+, CD34+, CD38- cells by flow cytometry,
were fixed and permeabilized for 30 min at 4 ◦C. Permeabilized cells were probed with primary
antibodies or their specific isotype for 1 h. Subsequently cells were washed and labelled for 30 min
with Alexa 488-conjugated secondary antibodies. Protein expression was then analyzed through flow
cytometry and expressed as relative median of fluorescence intensity (rMFI), defined as the ratio of the
specific antibody fluorescence over the specific isotype fluorescence.

2.8. Gene Reporter

To monitor Wnt/β-catenin transcriptional activity, we transfected THP1 with reporter plasmids
encoding for an inducible TCF responsive GFP reporter (Qiagen, Hilden, Germany) as previously
described [8] GFP signal was observed through Axiovert Z1 (Zeiss, Sheung Kehen, Germany) and
quantitatively measured by flow cytometry. The Wnt pathway activity was determined by normalizing
the activity of TCF-GFP to that of CMV-GFP plasmid.

2.9. RNA-seq Analysis

RNA-seq data from 173 AML patients were obtained as part of The Cancer Genome Atlas project
(TCGA). Gene expression data in Z-score format were downloaded from the cbioportal R package
cgdsr for the TCGA-LAML. Normalized data were used for Z-score calculation. For each mRNA,
a sample showing a Z-score higher or lower than the average Z-score for the whole population was
considered as expressing highly or lowly, respectively, the corresponding gene, Z > +/− 1.96; p < 0.05.
This strategy was applied for the gene of the WNT signaling pathways (APC, AXIN1, CTNNB1, FZD4,
GSK3A, GSK3B, LRP5, TCF4, WNT3A, WNT5A, WNT5B, WNT10A, WNT10B).

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (La Jolla, CA, USA).
Mann–Whitney and Kruskal–Wallis were used to compare two groups or more than two groups,
respectively. All tests were one-sided. Pearson Chi-square analysis was used to test association among
variables. Survival curves were calculated by the Kaplan–Meier Method.
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3. Results

3.1. Wnt/GSK-3 Axis Is Functional in AML Cell Lines

We first evaluated in three AML cell lines, HL-60, THP1 and U937, the basal expression and
activation of the Wnt molecules, including total β-catenin, pan-phosphorylated β-catenin(Ser33–37/Thr41),
Ser675-phospho-β-catenin, active non-phospho-β-catenin, GSK-3β (total and Ser9) and GSK-3α (total
and Ser9). These proteins were expressed in all the three cell lines (Table 1). Western immunoblot of
nuclear fraction confirmed the activation of the Wnt/β-catenin pathway, since β-catenin was found in the
nuclear fraction of lysate for each cell line (Figure S1A). Next, we used a pharmacological approach to
confirm the activation of the pathway in AML cell lines by adding Wnt inhibitors (PNU-74654, IWP-2 and
Niclosamide) or GSK-3 inhibitors (LICL, AR-A014418) in the culture medium. Cells were treated with
increasing concentrations of each inhibitor, then cell viability was assessed through MTS. The samples
treated with all the GSK-3 and Wnt inhibitors, except IWP-2, displayed reduction in cell viability in a
dose-dependent manner (Figure S1B). As MTS assay cannot discriminate cell death or cell proliferation,
cell lines were treated with a single concentration (close to the IC50) of each drug, and then cell death and
proliferation were analyzed using TOPRO-3 and CFSE staining. Except Niclosamide, which induced a
strong effect, the other Wnt inhibitors PNU-74654 and IWP-2 slightly reduced cell viability, while inducing a
significant reduction in cell proliferation (Figure 1A,B). GSK-3 inhibitors, including LiCl and AR-A014418,
induced a significant reduction in both cell viability and proliferation (Figure 1A,B) in all the tested cell lines.
THP1 cell line, expressing higher levels of Wnt proteins compared to the two other cell lines (Table 1 and
Figure S1A,B), was mostly sensitive to Wnt inhibitors (Figure 1A). The use of Wnt ligands, such as Wnt-3a
and Wnt-5a, did not modify either cell proliferation or cell survival (Figure S1C).

Table 1. Flow cytometric analysis of Wnt/β-catenin and GSK-3 molecules in AML cell lines. HL-60,
THP1 and U937 were probed with specific primary antibodies and labelled with Alexa 488-conjugated
secondary antibodies. Data are expressed as relative median of fluorescence intensity and reported as
mean ± SEM of 6 independent experiments.

Relative Expression of Wnt Molecules in
AML Cell Lines

HL-60 THP1 U937

Relative median of fluorescence intensity (rMFI) ± SEM

Total β-catenin 2.466 ± 0.238 6.765 ± 1.508 2.781 ± 0.288
Non-phospho-β-catenin 1.676 ± 0.058 2.360 ± 0.209 1.442 ± 0.0677

Ser675-phospho-β-catenin 3.471 ± 0.202 7.847 ± 1.443 3.398 ± 0.566
Ser33/37/Thr41-phospho-β-catenin 2.135 ± 0.119 3.013 ± 0.395 2.232 ± 0.21

GSK-3α 2.275 ± 0.161 2.654 ± 0.298 2.194 ± 0.18
pGSK-3α (Ser21) 9.355 ± 1.641 1.640 ± 2.678 7.901 ± 1.643

GSK-3β 2.217 ± 0.139 2.456 ± 0.293 1.713 ± 0.064
GSK-3β (Ser 9) 4.600 ± 0.416 9.401 ± 3.046 3.935 ± 0.643

3.2. Wnt Molecules Are Enriched in Patient Samples

To determine whether the Wnt/β-catenin pathway was represented in patient samples, we first
used in silico analysis of RNA-seq data from more than 170 AML patients that were part of The Cancer
Genome Atlas (TCGA) project on AML [21]. We observed that several genes of the Wnt/GSK-3/β-catenin
axis were enriched in AML samples, including AXIN, APC, CTNNB1 (BETA-CATENIN), GSK-3A and
GSK-3B (Figure 2). We then used flow cytometric analysis to determine the Wnt expression pattern in a
cohort of 60 AML patients admitted to our institution. Consistently with in silico analysis, we observed
in primary AML samples, a robust expression of β-catenin (total and phosphorylated forms), GSK-3β
(total and Ser9) and GSK-3α (total and Ser21) (Figure 3A). However, the expression levels of each
protein were not homogeneous amongst samples. To investigate whether this heterogeneous expression
of Wnt molecules could have prognostic significance, the samples were classified according to the
expression degree (high versus low) as compared to the mean values of expression for all samples.
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Then, we used a Kaplan–Meier analysis to determine patient survival in the two groups, censoring
data after 36 months. For all the proteins considered, no significant differences were observed neither
in overall survival (OS), nor in progression free survival (PFS). By contrast, when we considered the
activation of β-catenin pathway as the ratio between the non-active form (Ser33/37/Thr41 β-catenin)
and the total β-catenin, patients with low activation status (high ratio) displayed a better PFS
compared to patients presenting high activation status of the pathway (low ratio) (Figure 3B). Pearson
analysis showed a positive association between leucocyte count (WBC) and expression levels of
pan-phospho-β-catenin (Ser33–37/Thr41), Ser 675-phospho-β-catenin, non-phospho-β-catenin and
GSK-3β (Table 2A). A positive association was also found between hemoglobin (Hb) level and
active β-catenin (non-phosphorylated), phospho-GSK-3β (Ser 9), pan-phospho-β-catenin and Ser
675-phospho-β-catenin) (Table 2B). The European Leukemia Network (ELN) recommendations for
diagnosis and management of AML in adults has proposed the stratification of AML patients according
to genetic and molecular characteristics, dividing patients into three risk categories that are relevant
for clinical outcomes, i.e., good/favorable, intermediate, poor/adverse [22]. Accordingly, thanks to the
cytogenetics and mutational pattern of each patient, we classified patients in these three risk groups,
observing that β-catenin, Ser675-phospho-β-catenin and GSK-3α (total and Ser21) were preferentially
expressed in adverse and intermediate risk groups (Figure 4). All these observations suggested that
Wnt or GSK signaling could be associated with AML chemosensitivity.

Figure 1. Cell viability and proliferation of AML cell lines cultured in the presence of Wnt and
GSK-3 inhibitors. AML cells lines were stained with CFSE and cultured in the presence of either Wnt
modulators, including PNU-74654 (15 μM), IWP-2 (15 μM) Niclosamide (1 μM), or GSK-3 inhibitors,
including LiCl (10 mM), AR-A014418 (15 μM). After 4 days, cells were stained with TOPRO-3 to exclude
dead cells. (A) Viable cells (TOPRO-3 negative cells) and CFSE-stained cells were quantified by FACS
analysis. (B) Relative cell proliferation was expressed as the percentage of CFSE median fluorescence
of treated cells compared to the cells treated with DMSO. Data are reported as mean ± SEM of 5
independent experiments. A Mann–Whitney test was used to analyze the differences between means.
* p < 0.05, ** p < 0.01, *** p < 0.001. Dot line: control.
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Figure 2. Enrichment of Wnt signaling component in primary AML samples. Wnt signaling expression
data from 173 de novo AML samples obtained from The Cancer Genome Atlas RNA-Seq database for
AML, Gene expression data in Z-score format were downloaded from the cbioportal R package cgdsr
for the TCGA-LAML. Normalized data were used for Z-score calculation. For each mRNA, a sample
showing a Z-score higher or lower than the average Z-score for the whole population was considered
as having higher or lower expression respectively for the corresponding gene, Z +/− 1.96 (p < 0.05).
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Figure 3. Expression of Wnt signaling in primary AML samples. (A) Flow cytometric analysis of Wnt
components in AML primary samples (n = 60), probed with specific primary antibody and labeled
with FITC-conjugated secondary antibodies. Data were expressed as relative median of fluorescence
intensity. (B) The ratio between inactive Ser33–37/Thr41-phospho-β-catenin and total β-catenin was
evaluated for each sample and classified as high ratio or low ratio when they were above and below the
mean ratio value for all samples, respectively. Gehan–Breslow–Wilcoxon analysis was used to establish
the difference in overall survival and progression-free survival among the groups.

Figure 4. Wnt and GSK-3expression in primary AML samples according to patient stratification. Patient
samples analyzed for Wnt expression, were stratified according to their mutational status and their
cytogenetics into 3 risks group as proposed by the European Leukemic Network (ELN)s; favorable risk
or good (n = 11), intermediate (n = 12) and poor (n = 13). Mann–Whitney test was used to analyze
differences between the two groups * p < 0.05, ** p < 0.01, *** p < 0.001.

278



Cancers 2020, 12, 2696

Table 2. Correlation between hemogram and Wnt signaling expression in AML blast cells. Spearman
analysis was used to assess the correlation between Wnt protein levels in blast cells and parameters of
the hemogram, including (A) white blood cells (WBC); (B) Hemoglobin (Hb), and (C) platelets (PLTS).
Statistical significance when p ≤ 0.05.

(A) White Blood Cells (WBC)

WBC GSK3α GSK3β Non-Phospho-
β-catenin

Total
β-Catenin

Phospho-GSK-
3α (Ser 21)

Phospho-GSK3β
(Ser 9)

Ser33/37/Thr41-
Phospho-β-Catenin

Ser675-Phospho-
β-Catenin

r 0.1117 0.3236 0.3205 0.2317 0.1109 0.2414 0.4311 0.4106
p value 0.2583 0.0271 0.0284 0.0870 0.2597 0.0780 0.0043 0.0064

(B) Hemoglobin (Hb)

Hb GSK3α GSK3β Non-Phospho-
β-Catenin

Total
β-Catenin

Phospho-GSK-
3α (Ser 21)

Phospho-GSK3β
(Ser 9)

Ser33/37/Thr41-
Phospho-β-Catenin

Ser675-Phospho-
β-Catenin

r −0.02664 −0.02471 0.09962 0.002832 0.1640 0.2041 0.1749 0.2092
p value 0.4387 0.4431 0.2816 0.4935 0.1696 0.1162 0.1538 0.1104

(C) Platelets (PLTS)

PLTS GSK3α GSK3β Non-Phospho-
β-Catenin

Total
β-Catenin

Phospho-GSK-
3α (Ser 21)

Phospho-GSK3β
(Ser 9)

Ser33/37/Thr41-
Phospho-β-Catenin

Ser675-Phospho-
β-Catenin

r 0.2725 0.2478 0.4430 0.1463 0.2366 0.3473 0.3730 0.4452
p value 0.0539 0.0726 0.0034 0.1972 0.0824 0.0190 0.0125 0.0033

3.3. hBM-MSCs Express Wnt Molecules but are Insensitive to Pathway Inhibitors

Considering the importance of bone marrow microenvironment in AML onset and recurrence,
ex-vivo co-culture of leukemic cells on bone marrow stromal monolayer represents a good tool for
evaluating drug sensitivity [23,24]. Bone marrow stromal cells from healthy donors and patients
were analyzed for expression of components of Wnt/GSK-3/β-catenin axis. Western blot analysis
highlighted that all healthy donors hBM-MSCs (n = 12) and AML-hBM-MSCs (hBM-MSCs*, n = 18)
samples expressed Wnt components, suggesting a possible paracrine signal between hBM-MSCs and
leukemic cells. The presence of active forms of β-catenin, including non-phospho-β-catenin and
Ser675-phospho-β-catenin [25], revealed a constitutive activation of the Wnt/β-catenin pathway in
these cells (Figure 5A). To assess whether hBM-MSC and AML cell co-culture induces the activation
of Wnt/β-catenin in AML cells, we used THP1 cells expressing the TCF/LEF-GFP reporter gene.
Transfected cells seeded on hBM-MSCs displayed enhanced GFP signal (Figure 5B) and the increase in
TCF/LEF activity was similar to that observed when cells were challenged with Wnt-3a (Figure 5B).
As the inhibition of the pathways could theoretically interfere with some hBM-MSC functions,
we assessed hBM-MSC viability through MTS assay with increasing concentrations of Wnt/GSK-3
inhibitors. hBM-MSCs and hBM-MSCs* viability was not altered by Wnt/GSK-3 inhibitors unless at
very high concentrations (Figure 5C). We also analyzed immunomodulatory properties and adipogenic
or osteogenic differentiation of hBM-MSCs treated with Wnt or GSK-3 inhibitors for 48 h; hBM-MSCs
retained the same capability both to suppress stimulated PBMC proliferation (Figure S2A) and to
undergo differentiation into osteocyte and adipocytes (Figure S2B).

3.4. Wnt Modulators Enhance Chemosensitivity of AML Cells

We assessed whether Wnt inhibitors could increase AML cell sensitivity to drugs normally used
for AML therapy, such as Idarubicin or Ara-C. AML cells were cultured alone or in the presence
of hBM-MSCs for 48 h, with or without Wnt modulators and chemotherapeutic agents. Cells were
harvested, stained with annexin and analyzed for apoptosis. Idarubicin (0.5 μM) or Ara-C (10 μM)
significantly induced the apoptosis of both AML cell lines and AML primary cells, while co-culture
with hBM-MSCs led to a significant rescue effect (Figure 6A and Figure S4). The addition of PNU-74654
(15 μM), Niclosamide (1.5 μM), LiCL (15 mM) or AR-A014418 (15 μM) significantly lowered the
anti-apoptotic effect on AML cells mediated by bone marrow stromal cells, regardless their origin
(hBM-MSCs or hBM-MSCs*) and the ELN risk classification of the AML patients.
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Figure 5. Expression of Wnt and GSK-3 molecules in hBM-MSCs. (A) Representative Western blot
analysis (Figure S3) of Wnt components in AML-hBM-MSC (hBM-MSCs *) and hBM-MSCs from normal
donors. Images are representative of 12 hBM-MSC and 18 hBM-MSC * samples. (B) Wnt activity
according to GFP signal in THP1 cells expressing the gene reporter CSL-TCF/LEF-GFP. Transfected
cells were cultured either alone or in presence of hBM-MSCs or in medium supplemented with Wnt-3a
(25 ng/mL). (C) hBM-MSC viability in growth medium supplemented with increasing concentrations of
Wnt and GSK-3 inhibitors. Data are representative of at least 4 independent experiments. * p < 0.05.

 

Figure 6. Wnt modulators improve chemosensitivity of AML blasts. (A) Primary AML blasts were
treated with Ara-C or Idarubicin in presence or absence of hBM-MSCs and Wnt or GSK-3 inhibitors.
After 48 h of incubation, cells were collected and stained with AnnexinV/PI to evaluate cell apoptosis.
Data are expressed as mean ± SEM of at least 3 independent experiments performed in triplicate:
* p < 0.05, ** p < 0.01, *** p < 0.001, ns (not significant). (B) Representative Western blot analysis (Figure
S5) of HL-60 and THP1 cell lines treated for 48 h with Wnt or GSK-3 inhibitors, including PNU 74,654
(15 μM), IWP-2 (15 μM), Niclosamide (1 μM), LiCl (15 mM) and AR-A014418 (15 μM). Images are
representative of at least 3 experiments.

To investigate which microenvironmental prosurvival protein network was affected by Wnt
pharmacological inhibition, we first analyzed how the Wnt-GSK axis was modulated in AML cell
lines treated with above mentioned inhibitors, observing that the pattern of modulation was cell
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line-dependent, probably reflecting differential modulation of the pathway according to molecular
features of the AML cell/samples (Figure S6). Briefly, Niclosamide and PNU-74654 reduced the levels of
Ser675-phospho-β-catenin in the HL-60 cell line, whereas Niclosamide induced reduced levels of both
total β-catenin and the pan-phospho-β-catenin in the THP1 cell line. Of note, as previously described,
the PNU-74654 treatment induced increased levels of total β-catenin [26]. This effect could be related to
the accumulation of the protein in the cytoplasm, because the inhibition of the Tcf/β-catenin complex,
PNU-74654, decreased nuclear β-catenin accumulation (Figure S6A) [26]. In contrast, both Wnt and
GSK-3 inhibitors were associated with reduced phosphorylation of GSK-3β at Ser 9 (Figure S6B). Then,
we analyzed the expression and activation of Bcl-2, mT/Akt and MAP kinase family proteins in THP1
and HL-60 cell lines treated with above mentioned inhibitors. A persistent modulation of Bax, STAT-3,
Akt, NF-κB, and ErK 1/2 was clearly evident (Figure 6B).

To assess whether he anticancer effect of Wnt and GSK-3 inhibitors could be operational in vivo,
we generated a xenograft model of AML by injecting the U937 cell line in the tail vein of NOG mice,
as previously described [17]. Two weeks later, the mice were treated with either Ara-C alone or Ara-C
in combination with each inhibitor (except AR-A014418 for its known toxicity). Treatment of engrafted
mouse with Ara-C significantly reduced the leukemic burden in mouse bone marrow (Figure 7A),
but this effect was stronger when Ara-C was associated with either PNU-74654, Niclosamide, or LiCl.
Accordingly, the mean of mouse survival was significantly improved when Ara-C was associated with
each inhibitor, i.e., PNU-74654 (33 days), Niclosamide (29 days) and LiCl (33 days), as compared to
mice treated with Ara-C alone (mean survival = 26 days) (Figure 7B).

Figure 7. Wnt inhibition reduces bone marrow leukemic burden and prolongs survival of the cell
line-based AML xenograftmouse model. (A,B) Flow cytometry analysis of human CD45+ in bone
marrow samples obtained from mice transplanted with AML cell line U937. Starting from day 9
post-engraftment, mice were treated for 2 days with one of the following schedules: DMSO, Ara-C
alone (25 mg/Kg), Wnt inhibitor alone, or Wnt inhibitor + Ara-C. Then Ara-C were administered for
further 3 days in the groups receiving Ara-C (alone or in combination), while the other groups received
DMSO. The following concentrations were used for each inhibitor: PNU-74654 0.5 mg/kg, Niclosamide
10 mg/kg, LiCl 25 mg/kg. The assay was performed with at least 5 mice in each group. Data are
reported as mean ± SEM of values obtained from at least 5 mice. (C) Survival of mice transplanted with
U937, differences in survival curves were analyzed with the Log-rank (Mantel–Cox) Test, * p < 0.05,
*** p < 0.001.
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4. Discussion

Targeted treatments using small molecule inhibitors are extensively studied as promising strategies
to eradicate drug resistance in cancer and in AML [27]. In this study, we demonstrated—in vitro,
ex vivo and in vivo in a murine model—that the use of pharmacological inhibitors of Wnt/β-catenin
enhances the effectiveness of chemotherapeutic agents in eradicating AML cells.

The rationale for using pharmacological inhibitors of Wnt signaling as anti-leukemic agents is the
evidence of aberrant activation of Wnt pathway in AML samples [28,29]. Through flow cytometric analysis,
we confirmed that β-catenin was present in AML primary cell samples in a variable phosphorylated
status, including the Ser675-phospho-β-catenin and the (Ser33/37/Thr41)-phospho-β-catenin. Considering
the heterogeneity of each AML sample, we did not use Western blot of nuclear fraction as a method to
analyze Wnt activation in samples. We took the (Ser33/37/Thr41)-phospo-β-catenin/total β-catenin ratio
as a surrogate for assessing Wnt/β-catenin activation, demonstrating that the pathway is constitutively
active in a large portion of patients. Besides the robust expression of β-catenin, we also observed a robust
expression of different forms of GSK-3 proteins in AML samples. Within the Wnt/β-catenin cascade, GSK-3
is considered as a negative regulator of the pathway [30,31]. Its inhibition is often used as an indirect strategy
to stabilize cellular β-catenin [32,33]. Nevertheless, we report here that the use of GSK-3 inhibitors reduced
cell viability, similarly to Wnt inhibition. There are at least two pools of GSK-3, one associated with Axin
and involved in β-catenin phosphorylation, the other not associated with Axin. Interestingly, Wnt signaling
can modulate both β-catenin-associated GSK-3 and β-catenin-independent GSK-3 [30,34]. Evidence from
the literature also shows that GSK-3 is not only involved in the Wnt signaling, but also crosstalk with
multiple others survival pathways, such as Notch, Hegehog and Akt-related cascades [27,32,34–38]. As the
role of GSK-3 cannot be only related to Wnt/β-catenin signaling, we cannot exclude the involvement of a
GSK-3-independent Wnt signaling in AML pathogenesis [27,32,34–38]. Interestingly, a previous work has
demonstrated that GSK-3 inhibition can improve 1,25-dihydroxyvitamin D3-mediated differentiation of
AML cells, suggesting that a combinatorial treatment including GSK-3 inhibitors and anti-leukemic drugs is
a promising and safety strategy in AML [39].

Wnt/β-catenin signaling is a multiple step cascade. The importance of each step for cancer
development is disease- and cell context-dependent [40,41]. The inhibitors used in this study were
chosen for their ability to interfere with specific steps of the pathway, i.e., ligand and receptors
(IWP-2 and Niclosamide), GSK-3 (LiCl, AR-A014418), or nuclear transactivation or TCF/LEF complex
(PNU-74654 and PKF118-310). While all GSK-3 inhibitors and TCF/LEF inhibitors showed the same
activity for each member of Wnt family, IWP-2 failed to reproduce the capability of Niclosamide of
reducing AML cell viability and sensitizing them to drugs. This discrepancy can be explained by the
mechanisms triggered by each of the inhibitors; in fact, IWP-2 interferes with biogenesis of Wnt ligand,
by targeting porcupine, while Niclosamide interferes directly with the co-receptor LRP-6 [13,42].

Our data show that small molecule inhibitors of Wnt or GSK-3 substantially enhance the antitumor
effect of Ara-c and Idarubicin in vitro and reduce AML cell survival advantage, thus lowering the
leukemic burden in the bone marrow of AML mouse models. The mechanisms involved in Ara-C
or Idarubicin-induced cell death include the modulation of many pathways, such as mTor/Akt, Erk,
NF-KB, stat3, Bax/Bak etc [17,18,43–45]. Through Western blot analysis, we clearly showed that
these proteins were down-regulated in AML cell lines treated with Wnt or GSK-3 inhibitors. These
observations are in favor of a synergistic activity between our inhibitors and the chemotherapeutic
agents used in this study. We cannot exclude the interaction with other specific mechanisms of drug
resistance, but Wnt/β-catenin signaling seems to play a pivotal role in this phenomenon.

The main molecular events related to Wnt pathway activation in AML are both chromosomal
translocations and/or mutations of FLT3 [15]. Enhanced FLT3 signaling is similarly associated to
poor prognosis in AML [22]. However, aberrant Wnt signaling was also observed in patients with
normal karyotype, i.e., patients classified as an intermediate-risk group according to WHO and ELN
classifications [15,46]. We observed a significant expression of total β-catenin, Ser675-phospo-β-catenin,
and GSK-3α (total and Ser 21) molecules in intermediate- and adverse-risk patients compared to
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favorable-risk groups. In addition, we found a significant association between Wnt/β-catenin activation
and PFS, suggesting that Wnt/β-catenin signaling could be related to the persistence of residual leukemic
cells along the treatment course. Residual resistant cells are mainly found in the bone marrow, as the
result of a close interaction between bone marrow microenvironment and AML blast cells and leukemia
stem cells. This phenomenon is associated with drug resistance and relapse [47–49]. Several literature
data permit to elaborate a model of AML development, according to which Wnt/β-catenin is both
involved in the crosstalk between stromal cells and AML cells, and in autocrine signaling amongst AML
cells [46,50]. Our co-culture data support this hypothesis, demonstrating through gene reporter assays
the presence of enhanced activity of Wnt/β-catenin in AML cells cultured on stromal cell monolayers.
In the model of AML leukemogenesis induced by activating mutation in β-catenin, the stromal cell
contribution is at least equal to the role played by hematopoietic cells [16]. Thus, Wnt inhibition may
sensitize AML cells to therapy by both targeting directly resistant cells and interfering with the stromal
cell support towards leukemic cells that is necessary for the persistence and selection of resistant
clones [48]. Therefore, Wnt-inhibitory therapy could overcome the prognostic significance of patient
risk stratification, standing as a therapeutic response for all subgroups of AML.

5. Conclusions

Overall, our study demonstrates that because of their capabilities to interfere with AML cell
growth and chemoresistance, small molecule inhibitors of Wnt and GSK-3 signaling may represent
potential candidates for drug development in AML.
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