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Abstract: The endothelin-1 (ET1) peptide has a pathological role in the activation of proliferation,
survival and invasiveness pathways in different cancers. ET1’s effects rely on its activation by
the endothelin-converting enzyme-1 (ECE1), which is expressed as four isoforms, differing only
in their cytoplasmic N-terminuses. We already demonstrated in colorectal cancer, glioblastoma,
and preliminarily lung cancer, that the isoform ECE1c heightens aggressiveness by promoting
cancer stem cell traits. This is achieved through a non-canonical ET1-independent mechanism of
enhancement of ECE1c’s stability upon CK2-dependent phosphorylation at S18 and S20. Here, a K6
residue is presumably responsible for ECE1c ubiquitination as its mutation to R impairs proteasomal
degradation. However, how phosphorylation enhances ECE1c’s stability and how this translates
into aggressiveness are still open questions. In this brief report, by swapping residues to either
phospho-mimetic or phospho-resistant amino acids, we propose that the N-terminus may also be
phosphorylated at Y5 and/or T9 by an unknown kinase(s). In addition, N-terminus phosphorylation
may lead to a blockage of K6 ubiquitination, increasing ECE1c’s stability and presumably activating
the Wnt/β-catenin signaling pathway. Thus, a novel CK2/ECE1c partnership may be emerging to
promote aggressiveness and thus become a biomarker of poor prognosis and a potential therapeutic
target for several cancers.
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1. Introduction

Cancer stem cells (CSC) are a marginal cell population responsible for genesis, metasta-
sis, and relapse after chemotherapy in many tumors [1–6]. In recent years, various signaling
pathways have garnered attention due to their capacity to provoke CSC development and
therefore promote aggressiveness traits. One such signaling pathway, the endothelin-1
(ET1) axis, has been highlighted as playing a pathological role in cancer etiology. In its phys-
iological role, the ET1 axis contributes to the regulation of vascular tone, mainly through
binding to its ETBR receptor. On the other hand, the stimulation of its ETAR receptor leads
to the pathological activation of cancer pathways [7–9]. The ET1 peptide is activated by
the cleaving of the endothelin-converting enzyme-1 (ECE1), a membrane-bound protease
constituted by three domains: a short N-terminal cytoplasmic domain (which defines
four isoforms), followed by a transmembrane domain, and finally a large extracellular
C-terminal catalytic domain [9–12].

ECE1 expression has been found to be elevated in patients with various cancers, and
increased mRNA and/or protein levels have been detected in several cancer cell lines, with
the ECE1c being the most-expressed isoform [13–15]. High levels of ET1 have also been
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identified in patients with colorectal cancer, suggesting that ECE1 may participate in the
disease process [16–18]. Furthermore, an early study reported the increased invasiveness
triggered by isoform ECE1c in prostate cancer cells [19]. However, the role of this and of
the other ECE1 isoforms in cancer hallmarks beyond invasiveness was an open question
for many years.

2. Results and Discussion
2.1. The ECE1c-Dependent Acquisition of a CSC Phenotype

A breakthrough arrived in 2015, when Niechi et al. first reported that isoform ECE1c
leads to aggressiveness in colorectal cancer cells [20]. Importantly, these authors demon-
strated that the protein kinase CK2 can phosphorylate ECE1c in its N-terminal cytoplasmic
domain, greatly enhancing its stability [20]. In fact, the literature shows that CK2 may
regulate the stability of many proteins. For example, CK2’s phosphorylation of c-myc
prevents its proteasomal degradation, enhancing the transcription of genes involved in
several cancer hallmarks [21]. Likewise, CK2’s phosphorylation of OTUB1 promotes its nu-
clear deubiquitinating activity and stabilization of chromatin-binding proteins [22]. Indeed,
increased CK2 mRNA and protein levels have been found in many types of tumors [23–27].
The findings from Niechi et al. take on special relevance in colorectal cancer, as CK2
regulates many traits related to aggressiveness in this disease, such as survival, resistance
to death, metabolic changes, angiogenesis, DNA repair, and tumor growth [28,29]. In con-
sequence, the existence of a non-canonical ET1-independent mechanism underlying cancer
cell aggressiveness, occurring through the CK2-dependent phosphorylation of ECE1c, is
emerging as an interesting possibility (Figure 1).
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phaFold (https://alphafold.ebi.ac.uk/; accessed on 30 October 2023). The 3D structure is shown in 
molecular surface representation and is colored by uncertainty/disorder. The 3D structure of human 
CK2 holoenzyme (lower) corresponds to accession 1JWH obtained from the Protein Data Bank 

Figure 1. Stable ECE1c leads to CSC traits in various cancer models. Schematic representation of
the hallmarks associated with CSCs observed in vitro upon stabilization of ECE1c. Protein stability
of ECE1c has been experimentally enhanced by the following mutations at its N-terminus: K6R
(ubiquitination site, putative) and S18D/S20D (CK2 phosphorylation sites). As a consequence,
traits associated with a CSC phenotype, such as expression of stemness genes, self-renewal, tumor
growth, invasiveness and drug resistance, have been found to be significantly augmented in colorectal
cancer [30], glioblastoma [31] and lung cancer [32] cells. ECE1 three-dimensional structure (upper)
corresponds to a computational prediction (AF-P42892-F1) of isoform B obtained from AlphaFold
(https://alphafold.ebi.ac.uk/; accessed on 30 October 2023). The 3D structure is shown in molecular
surface representation and is colored by uncertainty/disorder. The 3D structure of human CK2
holoenzyme (lower) corresponds to accession 1JWH obtained from the Protein Data Bank (PDB;
https://www.rcsb.org/; accessed on 30 October 2023) and is depicted in molecular surface mode and
colored by model index.

https://alphafold.ebi.ac.uk/
https://www.rcsb.org/
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2.2. CK2’s Phosphorylation of ECE1c and Aggressiveness

The N-terminus of ECE1c is highly conserved in several species, displaying almost
a complete identity [15]. It contains three conserved putative phosphorylation sites for
CK2: T9, S18, and S20, which are predicted to be excellent substrates by the NetPhos 3.1
software (www.cbs.dtu.dk; accessed 31 July 2023). By designing biphospho-mimetic (i.e.,
ECE1cS18D/S20D) and biphospho-resistant (i.e., ECE1cS18A/S20A) mutants at both serines,
Pérez-Moreno et al. delved deeper into the mechanism(s) that may enhance the stability
of ECE1c. These authors clearly demonstrated that S18 and S20 residues are bona fide
CK2 phosphorylation sites, which greatly enhance the stability of ECE1c but also lead to
an increased invasiveness and other aggressiveness-associated traits in colorectal cancer
cells. Surprisingly, while T9 was an excellent putative substrate for CK2, it was not in
fact phosphorylated in vitro by this kinase [33]. However, phosphorylation at T9 (or
even at Y5, according to NetPhos 3.1) is greatly disfavored when S18/S20 are replaced
by alanines, while phosphorylation is significantly enhanced when serines are swapped
for phospho-mimetic aspartates (Figure 2a). Moreover, CHO-K1 cells—which express
negligible ECE1 levels—were used to show that the triphospho-mimetic ECE1cDDD mutant
displays significant resistance to ubiquitination compared to its counterpart, ECE1cAAA

(Figure 2b).
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Figure 2. Phosphorylation of ECE1c blocks its ubiquitination. (a) DLD-1 cells expressing either
Myc/Flag-tagged ECE1c wild-type (WT) or mutants (AA: S18A/S20A; DD: S18D/S20D) were treated
with MG-132. Cell lysates were immunoprecipitated (IP) with an anti-Flag antibody and then
ECE1c proteins phosphorylated at any S/T/Y were detected by Western blot (WB) with an anti-
pS/pT/pY pan-antibody. Total immunoprecipitated ECE1c was detected by WB with an anti-Myc
antibody. (b) CHO-K1 cells expressing ECE1cWT, ECE1cAAA (i.e., T9A/S18A/S20A), or ECE1cDDD

(i.e., T9D/S18D/S20D) were transfected with a plasmid encoding His6-tagged ubiquitin. Cells
were treated, or not treated, with the CK2 inhibitor CX-4945 to promote ECE1c degradation. His6-
ubiquitinated proteins of each lysate were pulled down with a Ni+2-NTA resin, separated by SDS-
PAGE, and detected by WB with an anti-ECE1 pan-antibody (upper). Total ECE1c levels at input are
also shown (lower).

The above findings are consistent with a potential hierarchical process in which
phospho-serines are a requisite for phosphorylation at Y5 or T9. Alternatively, as reported
for some substrates of CK2, the regulatory β subunit may have a docking function in T9
phosphorylation in a given cell context [34–36]. This docking event has been observed, for
instance, with the inhibitor of cyclin-dependent kinases, p27KIP1, whose phosphorylation
via CK2 only occurs in the presence of the β subunit [36]. Finally, it is also plausible
that while S18/S20 are CK2 substrates, another kinase(s) actually phosphorylates at Y5 or
T9. In this regard, the EGF receptor, although with a low score of 0.389 as predicted by
NetPhos 3.1, may phosphorylate ECE1c at Y5. Likewise, PKA with a score of 0.656 may
also phosphorylate it at T9.

www.cbs.dtu.dk


Kinases Phosphatases 2024, 2 4

But beyond phosphorylating Y5/T9, how does ECE1c’s phosphorylation translate into
enhanced protein stability? The simplest answer is that CK2 phosphorylation induces a
conformational change at the N-terminus—a phenomenon already reported for other pro-
teins [36]—that can block protein degradation. On the other hand, many proteins are ubiq-
uitinated in a lysine-dependent fashion to be further degraded by the proteasome [37,38].
In fact, ECE1c contains a conserved K6 residue at its N-terminus [15]. Moreover, the pro-
teasomal inhibitor MG-132 blocks the degradation triggered by the specific CK2 inhibitor
silmitasertib in colorectal cancer cells [20]. Thus, CK2 phosphorylation may be linked to
greater ECE1c stability by somehow impeding ubiquitination at K6.

To confirm the above hypothesis and correlate increased protein stability with en-
hanced aggressiveness, Pérez-Moreno et al. mutated K6 to arginine (i.e., ECE1cK6R) to block
ubiquitination. As anticipated, protein stability was dramatically increased but, surpris-
ingly and importantly, this mutant protein led to the occurrence of a CSC-like phenotype
and a significantly greater aggressiveness of the colorectal cancer cells both in vitro and
in vivo [30]. Notably, comparable results have been observed in other cancer models, such
as glioblastoma [31] and lung cancer [32].

In terms of the mechanism that could explain the enhanced stability of ECE1c, a
conformational change in the phosphorylated N-terminus may prevent K6 ubiquitina-
tion. Another potential mechanism is the binding of an adaptor to the phospho-sites.
Adaptors that bind to either phospho-Thr or phospho-Ser include proteins containing
FHA-, WW-, PoloBox-, or WD40-domains; 14-3-3 proteins; and leucine-rich repeats [39–42].
Nevertheless, whether the underlying mechanism leading to aggressiveness is shared
among other types of cancer of different tumor origins remains another interesting but
unsolved question.

2.3. The Non-Canonical ET1 Regulation of Signaling Proteins

The effect of the ECE1cK6R mutant has been observed to be independent of its canonical
role in activating the ET1 peptide. Levels of this peptide in culture media of ECE1cK6R-
expressing cells were indistinguishable from those of ECE1cWT-expressing cells originating
from colorectal cancer [30], glioblastoma [31] or lung cancer [32]. Taken together with
data obtained using ECE1c inhibitors, ETAR silencers, ETAR antagonists, and ET1 supply
(for review [15]), these findings indicate that the promotion of an ECE1c-driven CSC
phenotype occurs in parallel to, if not at the expense of, ET1 activation and binding to its
ETAR receptor.

Consistent with the above findings, studies using an array of human phospho-proteins
from colorectal cancer cells showed that the expression of the highly stable biphospho-
mimetic ECE1cDD mutant—functionally similar to ECE1cK6R—promotes significant changes
in some signaling proteins (Figure 3a). These proteins include β-catenin, AKT1, SRC, and
GSK3β, which are known regulators of the canonical Wnt signaling pathway involved in
CSC genesis [1–6]. Upon activation, β-catenin migrates to the nuclei and transactivates
the expression of several genes related with stemness, proliferation, differentiation, death,
etc. [43–45]. Our data show that the expression of the super-stable ECE1cK6R mutant
promotes nuclear localization of β-catenin in colorectal cancer cells (Figure 3b,c), which
strongly suggests an activation of the canonical Wnt signaling pathway. In fact, we have
already determined a significantly augmented expression of many canonical Wnt target
genes as a consequence of the expression of both super-stable ECE1cK6R and biphospho-
mimetic ECE1cS18D/S20D enzymes in colorectal cancer cells, such as the stemness genes
c-Myc, CD44, Lgr5, Nanog and Snail [30], as well as the proliferation-related genes CCND1
(cyclin-D1) and BIRC5 (survivin) [33], respectively. Notably, whether the same nuclear
localization of β-catenin following the expression of the super-stable ECE1cK6R occurs in
glioblastoma and lung cancer cells is an interesting but yet unsolved issue, since a group
of canonical Wnt target genes, such as c-Myc, CD44, MMP9, Oct-4, Snail, Sox-2 and Twist,
have been found to be augmented in these cancer models [31,32].
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vs. ECE1cWT were: EGF receptor (EGFR), ERK1 (MAPK1), GSK3β, β-catenin (CTNNB1), AKT1, SRC,
p53 (TP53), S6K (RPS6KB1), Chk2 (CHEK2), Pyk2 (PTK2B), and eNOS (NOS3). Proteins were analyzed
by STRING for protein–protein interactions, including: “known” (cyan: curated databases; pink:
experimentally determined), “predicted” (blue: gene co-occurrence), and “other” interactions (green:
text mining; black: co-expression; grey: protein homology). (b) DLD-1 cells expressing ECE1cWT,
ECE1cK6R, or mock were grown under normal conditions for 48 h. β-catenin was detected by confocal
IF microscopy with an anti-β-catenin antibody followed of an AF488-conjugated secondary antibody
and DAPI for nuclei. (c) Nuclear fluorescence (AU: arbitrary units) was quantified in the three
clone cells at “b” using the Image J software. Values were plotted as mean ± SE from at least three
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Finally, an in silico analysis predicted that all of the proteins detected in the above
proteome array may interact with one or more proteins (Figure 3a). However, when
ECE1c was incorporated into this analysis, no interactions were predicted with any of
the proteins, with the exception of eNOS, which is related to the regulatory role of ECE1
in vascular tone [15]. Moreover, no genetic mutations of Y5, K6, T9, S18, or S20 residues
in cancer patients have been reported in the literature [30]. However, it is well known
that several signaling proteins are aberrantly elevated in colorectal and other cancers,
including CK2 and β-catenin [27,29,45,46]. Thus, whether ECE1c indeed contributes to
cancer aggressiveness in a CK2-dependent post-translational manner is an issue that
certainly merits continued research.

3. Materials and Methods

Phosphorylation assay. Cells were treated for 3 h with 25 µM MG-132 (Tocris, Bristol,
UK). One milligram of cell lysates was immunoprecipitated with 10 µg of rabbit anti-
Flag antibody (Cell Signaling Technology, Danvers, MA, USA), and then ECE1c proteins
phosphorylated at any S/T/Y were detected by Western blot with a mouse anti-pS/pT/pY
pan-antibody (Abcam, Cambridge, UK). Total immunoprecipitated ECE1c was detected by
WB with a mouse anti-Myc antibody (Cell Signaling Technology, Danvers, MA, USA).

Ubiquitination assay. Cells were transfected with 5 µg of a plasmid encoding His6-
tagged ubiquitin. After 16 h of growing in normal conditions, cells were treated, or not
treated, for 24 h with 25 µM of the CK2 inhibitor CX-4945 (ApexBio Technology, Houston,
TX, USA) and incubated the last 3 h with 25 µM MG-132 (Cayman, Ann Arbor, MI, USA).
His6-ubiquitinated proteins from 1 mg of each lysate were pulled down with a Ni+2-NTA
resin (Thermo Fisher Scientific, Waltham, MA, USA), separated by SDS-PAGE, and detected
by Western Blot with a rabbit anti-ECE1 pan-antibody (Abcam, Cambridge, UK).

Proteome assay. Cell lysates were used in a Human Proteome Profiler Array (R&D
Systems, Minneapolis, MN, USA) following manufacturer’s instructions. Phospho-proteins
whose levels showed significant variations for ECE1cDD vs. ECE1cWT or ECE1cAA vs.
ECE1cWT were analyzed by STRING for protein–protein interactions (https://string-db.
org/; accessed on 20 May 2021).

https://string-db.org/
https://string-db.org/
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Confocal immunofluorescent microscopy. Cells were grown on glass coverslips under
normal conditions for 48 h. After rinsing with PBS, cells were fixed in 4% paraformalde-
hyde/PBS for 30 min and permeabilized with 0.1% Triton X-100 for 10 min. Cells were
incubated with a mouse anti-β-catenin antibody (Becton Dickinson, NJ, USA) followed of
an AF488-conjugated secondary antibody (Cell Signaling Technology, Danvers, MA, USA)
and DAPI for nuclei. Cells were further mounted onto slides with mowiol (Sigma-Aldrich,
St. Louis, MO, USA) and then visualized with an LSM-400 Carl Zeiss confocal microscope
Axiovert (Zeiss Group, Jena, Germany) following excitation at 488 nm.

4. Conclusions

A novel CK2/ECE1c functional partnership may be emerging from a hidden non-
canonical mechanism that promotes aggressiveness. As tumors progress, the N-terminus
of ECE1c is phosphorylated at S18/S20 by CK2 and presumably at Y5/T9 by an unknown
kinase(s). This phosphorylation leads to a blockage of ubiquitination at K6, improving
the stability of ECE1c, activating CSC-associated signaling pathway(s), and consequently
leading to poor prognosis in patients. Therefore, more research is necessary to uncover
how this CK2/ECE1c relationship modulates aggressiveness in cancer cells. Undoubtedly,
experiments in vitro with cancer cell lines and in vivo with mice will help to define the
elusive molecular mechanism(s) governing poor prognosis in cancer patients.
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