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Cancer cell plasticity is the ability of cancer cells to intermittently morph into different fittest phenotypic states. Due to the
intrinsic capacity to change their composition and interactions, protein macromolecular complexes are the ideal instruments for
transient transformation. .is review focuses on a poorly studied mammalian macromolecular complex called the CTLH
(carboxy-terminal to LisH) complex. Currently, this macrostructure includes 11 knownmembers (ARMC8, GID4, GID8, MAEA,
MKLN1, RMND5A, RMND5B, RANBP9, RANBP10, WDR26, and YPEL5) and it has been shown to have E3-ligase enzymatic
activity. CTLH proteins have been linked to all fundamental biological processes including proliferation, survival, programmed
cell death, cell adhesion, and migration. At molecular level, the complex seems to interact and intertwine with key signaling
pathways such as the PI3-kinase, WNT, TGFβ, and NFκB, which are key to cancer cell plasticity. As a whole, the CTLH complex is
overexpressed in the most prevalent types of cancer and may hold the key to unlock many of the biological secrets that allow
cancer cells to thrive in harsh conditions and resist antineoplastic therapy.

1. Introduction

Cancer cell heterogeneity and plasticity are the two major
obstacles to the cure of cancer [1, 2]. .ey are intricately
linked but plasticity, which takes advantage of a variety of
physiological programs, is considered the main reason why
cancer is a quickly moving target [3–5].

Broadly speaking, plasticity can be defined as the ability
of tumor cells to adapt to adverse conditions and evolve,
implementing advantageous phenotypic changes [3, 6]. .is
adaptability is key to survival and proliferation in harsh
conditions and involves fast and reversible rewiring of
cellular networks and signaling pathways. Indeed, cancer
cells can aberrantly turn on and off pathways that are
otherwise transiently needed during organism development
[7].

.e typical example of cancer cell plasticity is the epi-
thelial to mesenchymal transition (EMT), which is necessary
for cell migration and secondary localization of solid epithelial
malignancies. However, in order to establish the new colony
when tumor cells reach their destination, a reverse

mesenchymal to epithelial transition (MET) ensues [8–10]. In
some instances, cancer cells may retain phenotypic charac-
teristics that are common to both the epithelial and the
mesenchymal states being more tumorigenic and drug re-
sistant [9, 11–13]. Likewise, something similar to the EMT-
MET changes is likely to happen when cells are subject to
specific types of stress like treatments with anticancer drugs.
Obviously, reciprocal communication between cancer cells
and the microenvironment is crucial in determining the fittest
phenotype [14–19]. Also, the existence of micro-environ-
mental niches enabling survival and proliferation of malig-
nant cells has emerged together with the concept that, within a
tumor mass, some cells combine self-renewal with increased
plasticity [20]. Tumor cells with increased self-renewal ca-
pacity abundant in advanced stages of disease are major
contributors to tumor heterogeneity and resistance to therapy
[21]. Most importantly, these cells are endowed with ab-
normally activated pathways such as PI3-kinase, WNT, and
TGFβ, all of which are intimately linked to self-renewal and
plasticity itself [22, 23]. In fact, targeting these pathways has
become a major goal for therapy [24, 25].
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.e cellular changes at the basis of plasticity are not “fixed”
and can be of epigenetic nature. Without mutating the ge-
nome, cells can use these mechanisms to turn on and off
specific genes [26]. However, epigenetic changes also have a
certain degree of irreversibility and might not always be
enacted fast enough to respond to acute harmful threats.
.erefore, cells can use a type of change that is faster and based
on rewiring mediated by quick protein posttranslational
modifications. Regardless of the mechanism, cells will need to

ultimately coordinate the changes in global signaling and
concomitantly resolve potential incompatibilities.

Macromolecular complexes connected to a variety of
signaling pathways are best positioned to act as fast co-
ordinators of cell plasticity. In fact, they can quickly re-
shape and alter their member composition, implementing
changes in a very efficient and rapid manner. .e study of
their functions is likely to be the next frontier in cancer
biology.
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Figure 1: Schematic representation of the 11 members of the mammalian CTLH complex. Except for ARMC8, GID4, and YPEL5, all the
other members present a LisH domain followed by a defining CTLH domain. Both LisH and CTLH domains are considered protein-protein
interaction domains. MAEA in association with RMND5A or RMND5B provides the E3-ligase enzymatic activity of the complex. RANBP9
and RANBP10 are collectively called Scorpins (Spry-COntaining Ran binding ProteINS).
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Specifically, this review focuses on a poorly studied
multisubunit structure called the CTLH (carboxy-terminal
to LisH) complex and its links with a variety of signaling
pathways and fundamental biological processes at the basis
of cancer cell plasticity.

.e composition of this structure may be variable and
dynamically different depending on cell conditions and/or
tissue-specific features. Ultimately, due also to its localiza-
tion in both nucleus and cytoplasm, the CTLH complex is
perfectly poised to integrate the myriad of different extra-
cellular cues and coordinate the appropriate quick and re-
versible cellular changes necessary for cancer cells to thrive
and become resistant to therapy.

2. CTLH Complex as Mammalian Ortholog of
the Yeast GID Complex

.e mammalian CTLH complex derives its name from a
protein-protein interaction domain shared by the majority
of its core members (Figure 1). .is multimolecular
structure is the evolutionary equivalent of the yeast GID

complex (Table 1) [27, 28]. As a whole functional unit, this
complex has been studied mainly in S. cerevisiae and shown
to respond to nutrient changes in the microenvironment
[29]. Interestingly, whilst following a short-term starvation
from glucose, the entire complex implements degradation of
gluconeogenesis enzymes by proteasome-mediated mecha-
nisms, some of its members are enacting an autophagy-
mediated degradation of the same enzymes when the
starvation is prolonged [29, 30]. .erefore, the equivalent of
the CTLH complex confers to yeast the ability to adapt to
both mild and severe changes of nutrient availability using a
different configuration.

2.1. Definition of the CTLH Complex. It has been recently
established that the CTLH complex is a heterodecameric
molecular aggregate built on a GID8 dimer (Figure 2) [31].
According to data, there is a core of six CTLH proteins plus
additional four peripheral members. Although this is not
definitively proven, the known topology of the yeast
complex, the ability of GID8 to self-dimerize, and the fact
that GID8 is also the smallest of the proteins found in the
CTLH core complex all are in agreement with this model
[32, 33].

Based on the analysis of the yeast GID complex,
RANBP9 too is considered essential for the assembly of the
CTLH macrostructure [29]. .erefore, both GID8 and
RANBP9 are necessary for a fully functional CTLH complex.
Notably, the yeast equivalent of RANBP9 called Gid1 has
evolved in humans into two different genes with high ho-
mology: RANBP9 and RANBP10 (a.k.a. Scorpins) [34–37].
Both of them seem to be present at the same time in the
CTLH complex and it is conceivable that they have, at least
in part, overlapping functions [35]. However, RANBP10 has
been shown to inhibit the pro-proliferative effects mediated
by RANBP9 on the tyrosine kinase signaling pathway [38].
Also, the two respective KO mice have different phenotypes
[39–42].

In addition to GID8, RANBP9, and RANBP10, pro-
teomic and biochemistry evidence shows that the hetero-
dimer MAEA-RMND5 is an integral part of the core of the
CTLH structure. RMND5 has evolved from the yeast Gid2

Table 1: CTLH proteins, gene chromosomal location, and yeast homologs.

Uniprot
protein ID Length (aa) Chromosome

cytoband S. cerevisiae homolog

1 ARMC8 Armadillo repeat-containing 8 Q8IUR7 673 3q22.3 Gid5
2 GID4 Glucose-induced degradation protein 4 homolog Q8IVV7 300 17p11.2 Gid4
3 GID8 Glucose-induced degradation protein 8 homolog Q9NWU2 228 20q13.33 Gid8
4 MAEA Macrophage erythroblast attacher Q7L5Y9 396 4p16.3 Gid9
5 MKLN1 Muskelin 1 Q9UL63 735 7q32.3 Gid7
6 RANBP9 Ran binding protein 9 Q96S59 729 6p23 Gid1
7 RANBP10 Ran binding protein 10 Q6VN20 620 16q22.1 Gid1
8 RMND5A Required for meiotic nuclear division 5 A Q9H871 391 2p11.2 Gid2
9 RMND5B Required for meiotic nuclear division 5 B Q96G75 393 5q35.3 Gid2
10 WDR26 WD repeat domain-containing protein 26 Q9H7D7 661 1q42.12 Gid7
11 YPEL5 Yippie-like 5 P62699 121 2p23.1 Moh1
.e CTLH complex includes 11 known members. We report the protein ID from the Uniprot database, the length in amino acids (aa), the chromosomal
location (from the UCSC database; human assembly Dec 2013�GRCh38/hg38), and the recognized or putative yeast homolog.
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Figure 2: Schematic representation of the CTLH complex. .e
mammalian CTLH complex is a heterodecameric multimolecular
structure built on dimer of GID8 (DARK RED). Its core (RED)
includes the heterodimer MAEA-RMND5A or MAEA-RMND5B
that together provide the E3-ligase enzymatic activity, the Scorpins
(RANBP9, RANBP10), and WDR26. Peripheral components
(GREEN) are GID4, ARMC8, MKLN1, and YPEL5.
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into two paralogs bearing an atypical RING domain,
RMND5A and RMND5B, and they are the necessary
partners for MAEA to confer E3-ligase activity to the CTLH
complex [43]..e recent study from Lampert et al. indicated
that they are mutually exclusive in the formation of the
CTLH complex [31]. .is mutual exclusivity suggests the
existence of at least two different CTLH complexes (one with
RMND5A and one with RMND5B) that might be in
equilibrium within the same cells likely conferring different
substrate specificities and providing an additional layer of
fine-tuning of the E3-ligase activity [44].

Finally, part of the core is also considered WDR26,
which binds to RANBP9 [28, 31, 45, 46]. On the other hand,
GID4 together with ARMC8, MKLN1, and YPEL5 are the
peripheral component [31]. To date, it is still not clear
whether MKLN1 is a protein integral part of the complex
since it does not have an accepted equivalent in the GID
complex. Recently, it has been proposed that MKLN1 is part
of the complex but also a substrate of the E3-ligase MAEA-
RMND5 heterodimer [28].

A recent paper questioned whether ARMC8 too is the
human ortholog of yeast Gid5 [47]. However, it is not
disputed that ARMC8 is part of the human CTLH complex
[45, 46]. Finally, YPEL5 presents sequence similarities with
the yeast protein Moh1p, which is considered a nonessential
component of the GID complex [48].

2.2. Known Functions of the Mammalian CTLH Complex.
As single entities, CTLH members have been shown to be
involved in a variety of processes [27, 49, 50]. Some of them
have been linked to intellectual disability, neurodegenerative
disease, and personality disorders [50–55]. CTLH proteins
have also been involved in development and function of
specific cell populations and tissues [39, 40, 42, 56–58].
.ese physiological or noncancer-related roles are outside
the scope of this review.

One common theme in cancer-relevant systems is the
ability of CTLH proteins to influence the abundance,
stability, and subcellular localization of other proteins
[27, 49]. However, it is not known if this is accomplished by
always modulating the degradation mediated by the CTLH
complex itself or through yet unknown mechanisms.
Similarly, it is not clarified yet whether the E3-ligase ac-
tivity of the complex is always involved in the phenotypes
observed in cancer.

.e topology of the complex appears to be evolutionarily
conserved and the interactions between different members
are similar in humans compared to yeast (Figure 2 and
Table 1) [28, 31]. Observed differences in the composition
are mainly due to the evolutionary duplication of Gid1 into
the two paralogs RANBP9 and RANBP10 and Gid2 also into
two paralogs, RMND5A and RMND5B [31].

To date, one main difference between the mammalian
CTLH and the yeast GID might be functional. .e latter has
been shown to mediate the degradation of enzymes no
longer required for glucose synthesis while there is only
limited evidence showing that in kidney cells, the mam-
malian CTLH performs a similar function by binding to

Bicaudal C1 [59]. A recent article showed that over-
expression of MAEA in mouse hepatocytes lowers gluco-
neogenesis [60]. However, the CTLH complex may not be
able to always regulate gluconeogenesis in all cell types [31].
Although this needs to be confirmed, it suggests that the
CTLH complex may have functionally diverged and ac-
quired different functions compared to the yeast GID.
Understandably, nutrient availability is only one component
of the extracellular cues that cells have to respond to in
multicellular organisms. In fact, members of the CTLH
complex have been linked to response to a variety of growth
factors and hormones that mediate intercellular commu-
nication [49]. Admittedly, we still do not fully understand
how the CTLH complex works in higher organisms.

3. CTLH Complex Members: Tumor
Suppressors or Oncogenes? Drivers or
Passengers in Tumorigenesis?

Published data do not definitely respond to the question
whether the CTLH proteins are favoring or opposing tumor
development and progression. Studied as single proteins,
GID4 and RANBP10 have no known role in cancer. For
MAEA, MKLN1, RMND5A, and RMND5B, evidence is
quite limited and contrasting. Data relative to ARMC8,
GID8, andWDR26 indicate a general protumorigenic role of
theirs. Finally, RANBP9 is the most studied of the group, but
evidence is conflicting.

Altogether, published data support more convincingly a
protumorigenic role rather than the contrary for the CTLH
complex taken as one functional unit (as discussed below).
.is role is exerted through a gain of function based on
increased expression in tumors compared to the normal
tissue of origin. On the other hand, evidence does not
support a role as driver of tumorigenesis in the classical
sense that refers to genes that when mutated can lead to
tumor development. However, widespread increased ex-
pression in tumors suggests that they are important for
cancer growth and preliminary findings indicate that they
could constitute a novel nononcogene addiction [61–63].

3.1. Evidence in support of a Tumor Suppressive Role of CTLH
Proteins. Asmentioned, RANBP9 is the most studied CTLH
protein. Correlative studies performed in human samples,
but often limited to analysis of its mRNA expression, suggest
that reduced expression is associated with worse prognosis.
For example, reduced expression of RANBP9 associated
with distant metastasis and chemoresistance in gastric
cancer [64]. Low levels of RANBP9 transcript also correlate
with increased survival in early-stage lung cancer [65].

.e study by Qin et al. recently reported that both
RANBP9 mRNA and protein expression are increased in
colorectal cancer compared to paired normal mucosa.
However, in vitro and in xenografts fromHCT116 and HT29
knockdown of RANBP9 resulted in increased proliferation
[66].

.e Schild-Poulter’s group has reported that RANBP9
inhibits ERK signaling by decreasing the protein levels of
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c-RAF [67–69]. RANBP9 has also been shown to favor
apoptosis [70, 71] and stabilize known tumor suppressors
such as p73 and human lethal giant larvae homolog 1
[72, 73]..ereby, RANBP9 has been proposed to function as
a tumor suppressor itself [70, 71, 73]. Finally, RANBP9
bound to TSSC3 (tumor-suppressing STF cDNA3) inhibited
anchorage-independent growth and promoted anoikis in
osteosarcoma cells [74]. Somewhat in agreement with this
role in promoting apoptosis and decreasing survival is the
report showing that RANBP9 can decrease the NFκB sig-
naling pathway [75].

MKLN1 was found to represent a novel candidate
glioblastoma suppressor gene encompassed within homo-
zygously deleted loci [76]. .e interaction between MKLN1
and heme oxigenase-1 favors a less aggressive phenotype and
supports an antitumoral role in prostate cancer [77].

In addition to being amplified, the RMND5A gene locus
at 2p11.1 has been shown to be also deleted or in a variety of
cancers [44]. In the same study, overexpression of RMND5A
or RMND5B caused ubiquitination and decrease of the
nuclear levels of the known prostatic tumor suppressor
NKX3.1 [44]. Also, RMND5A might be a putative tumor
suppressor as a strong candidate target of miR-21 in human
hepatocellular carcinoma [78]. Finally, the RMND5B locus
at 5q35.3 undergoes frequent loss of heterozygosity in breast
tumors from BRCA1 and BRCA2 mutation carriers and is
located within an uncharacterized prostate cancer herita-
bility locus [44].

3.2. Evidence in support of a Protumorigenic Role of CTLH
Proteins. In the literature, evidence supporting a protu-
morigenic effect of the CTLH complex is more conspicuous
and convincing than data supporting tumor suppression.
Overall, a picture emerges in which overexpression of CTLH
genes influences all the main aspects relating to cancer cell
plasticity. In summary, (A) CTLH member gene alterations
collected from the top 5 most prevalent malignancies in-
dicate that, despite some degree of tissue specificity, mu-
tations are not frequent. On the other hand, copy number
gains are present in about 13% of samples. Importantly,
increased expression is pervasive. (B) .ese data are con-
sistent with published articles showing the association of
increased expression of single CTLH genes with advanced/
aggressive disease. (C) Mechanistically, overexpression of

CTLH proteins positively regulates key tumorigenic sig-
naling pathways and (D) regulates cell adhesion and mi-
gration. Finally, (E) increased expression correlates with
augmented resistance to therapy.

3.2.1. Gene Alterations of the CTLH Complex in Cancer.
A straight tumor suppressive role is in stark contrast with the
general observation of an increase in the expression of these
proteins in the vast majority of cancers. For this review
article, we queried the PanCancer Atlas datasets of the 5
most prevalent cancers in the United States (TCGA: http://
www.cbioportal.org) (Table 2) for mutations, copy number
variations, and alterations of expression of the 11 CTLH
genes. Out of 3,665 surveyed patients, we found a total of 185
mutated cases (5.0%; Figure 3(a)).

However, the vast majority of reported mutations are
missense of unknown significance compared to truncations
and fusions (Figure 3(b)). .erefore, single base-pair mu-
tations with significant functional consequences might be
markedly less than the number recorded. Furthermore, none
of the CTLH complex member genes display hotspots or a
high number of recurrent mutations (not shown). In spite of
reported CTLH single-nucleotide polymorphisms or mu-
tations causing brain developmental disorders and mental
retardation, there are no reports of mutations causing or
associated with cancer pathogenesis.

Our survey also shows that copy number variations
(CNVs) of CTLH genes are only present in about 13.0% of
cases (Figure 3(c)). However, gains are consistently more
prevalent than losses. Strikingly, GID8 is amplified 110 times
while lost only once (Figure 3(d)). Finally, more than 60% of
all tumor cases present alterations of CTLH gene expression
(Figure 3(e)). Overexpression is markedly predominant.
GID8 shows increased expression in 819 instances compared
to only 28 cases of reported underexpression (Figure 3(f )).
However, a more accurate and systematic analysis with
proper statistical consideration will be required to establish
how significant and relevant are these alterations in cancer.

3.2.2. Specific CTLH Gene Expression Is Increased in Ag-
gressive Disease. In addition to TCGA data, a number of
low-throughput studies reported high expression of specific
CTLH genes associated with more aggressive disease and

Table 2: PanCancer studies from the TCGA collection (http://www.cbioportal.org) analyzed for CTLH gene alteration.

No. of complete tumors analyzed

1 Lung cancer Lung adenocarcinoma (LUAD) 503
Lung squamous cell carcinoma (LUSC) 466

2 Prostate cancer Prostate adenocarcinoma (PRAD) 487
3 Breast cancer Invasive breast carcinoma (BRCA) 994
4 Colorectal cancer Colon adenocarcinoma (COADREAD) 524

5 Renal cancer
Kidney chromophobe (KICH) 65

Kidney renal clear cell carcinoma (KIRC) 352
Kidney renal papillary cell carcinoma (KIRP) 274

Total 3665
Studies represent the top 5 most prevalent malignancies in the USA. Number of unique samples is indicated.
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Figure 3: CTLH gene alterations in the most prevalent malignancies in the USA. .e TCGA collection of the top 5 most prevalent
malignancies in the USA reported in Table 2 was queried for alterations pertaining the 11 CTLH genes (http://www.cbioportal.org). (a)
About 5% of cases show mutations of the CTLH genes. (b) For all the analyzed genes, the vast majority of mutations are missense and their
functional significance is unknown. (c) 13% of cases show putative copy number variations (CNVs) of the CTLH genes. (d) Putative
amplifications are overwhelmingly more prevalent than copy number losses of ARMC8, GID8, RMND5B, WDR26, and YPEL5. On the
other hand, GID4, MAEA, and RANBP10 display more copy number losses than gains. (e) 61% of cases show alteration of expression
concerning the CTLH genes. (f ) Cases of overexpression are overwhelmingly more prevalent than underexpression with the exception of
GID4.
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worse prognosis in different types of cancers. .ese in-
vestigations, which only occasionally take into consideration
protein levels, suggest that tissue specificity exists in that
some CTLHmembers are more expressed in specific types of
tumors.

Although only in a limited number of publications,
GID8 has been invariably reported as overexpressed and
correlating with advanced disease and poor prognosis. .is
is consistent with an overexpression in the vast majority of
tumors independently of the tissue of origin shown in the
TCGA data above (Figure 3).

In fact, GID8 was shown to be significantly upregulated
in colorectal cancer and its nuclear levels were inversely
correlated with prognosis [79]. GID8-increased expression is
also predictive of poor prognosis in gastric cancer [80].

Despite the in vitro evidence showing that knockdown
of RANBP9 results in increased tumor cell proliferation,
invariably, tumors of different types display higher levels of
expression compared to the normal counterpart. .is is
true for lung cancer [65, 81], colorectal cancer [66], os-
teosarcoma [82], gastric cancer [64], and invasive breast
cancer [83].

ARMC8 is probably the second most investigated
member of the CTLH complex in cancer after RANBP9. It
has been found to be overexpressed in many cancers to the
point that it has been proposed as a prognostic marker and/
or potential valid target for therapy [84]. In NSCLC, ARMC8
level was significantly higher in tumors than in the adjacent
normal tissues and was significantly associated with TNM
stage, lymph node metastasis, and poor prognosis. ARMC8
downregulation by siRNA knockdown inhibited growth,
colony formation, and invasion, while ARMC8 over-
expression had opposite effects [85, 86]. In 206 cases of colon
cancer and the matched adjacent normal tissue, ARMC8 has
been found to be significantly higher in the membrane and
cytoplasm of tumor cells in comparison with the adjacent
normal tissues. Furthermore, ARMC8 increased expression
associated with aggressive disease and directly related to
TNM stage, lymph node metastasis, and poor prognosis. In
vitro, ARMC8 promoted invasiveness and migration of
colon cancer cells and downregulation of its levels had again
opposite effects [87].

Knockdown of ARMC8 significantly inhibited osteo-
sarcoma cell proliferation in vitro, and it also inhibited
xenograft tumor growth in vivo. ARMC8 silencing inhibited
the migration and invasion of osteosarcoma cells as well
[88]. In breast carcinoma where ARMC8 expression was
detected mainly in the cytoplasm with occasional membrane
immunostaining, infiltrating breast carcinoma showed high
expression of ARMC8. Further, higher ARMC8 expression
was found to be linked to lymph node metastasis and ad-
vanced tumor-node-metastasis stages. Results also indicated
that elevated expression of ARMC8 may be involved in
atypia-to-carcinoma progression of breast carcinoma [89].
ARMC8 has been reported to promote the malignant
progression of ovarian cancer too [90]..e study in question
obtained findings similar to those for NSCLC and colon
cancer in regard to the association with aggressive disease
and in vitro oncogenic effects when overexpressed [90].

Similar results are also reported about ARMC8 in hepato-
cellular carcinoma [91].

.at WDR26 has been shown to play a distinct role in
breast cancer in a study by Ye et al. is consistent with our
survey of TCGA data showing that WDR26 is the CTLH
gene with the highest number of amplifications and levels of
overexpression in that malignancy [92]. .at investigation
showed that WDR26 overexpression correlates with short-
ened survival of breast cancer patients. In addition,
downregulation of WDR26 in highly malignant cell lines
alleviated GPCR-stimulated PI3-kinase/AKT signaling, tu-
mor cell growth, migration, and invasion but did not alle-
viate EGF receptor-stimulated PI3-kinase/AKT signaling
and tumor cell growth, migration, and invasion. .e
overexpression of WDR26 had the opposite effect. Collec-
tively, these results identified WDR26 as a potential ther-
apeutic target for breast cancer [92].

RMND5A has also been shown to be a novel potential
prognostic marker in breast cancer with higher transcript
levels correlating to worse prognosis [93].

Finally, YPEL5 has been shown to be involved in cell
division localizing at the spindle during mitosis. Down-
regulation of YPEL5 leads to diminished cell proliferation
[34, 94].

3.2.3. Overexpression of CTLH Proteins Positively Regulates
Key Tumorigenic Signaling Pathways. GID8 not only pro-
moted proliferation of colon cancer cells, but its depletion
reduced cancer cell growth and expression of WNT-de-
pendent genes [79]. Mechanistically, GID8 was shown to be
required for nuclear accumulation of β-catenin when WNT
canonical signaling is turned on. Considering that the
hyperactivation of WNT/β-catenin signaling is a major
cause of human colorectal cancer and is linked to tumor-
initiating cells renewal, these results indicate a major role for
GID8 in the pathogenesis of colorectal cancer. In addition,
this establishes GID8 as a potential enhancer of WNT sig-
naling in any type of cancer where this pathway is hyper-
activated [22, 23].

ARMC8 downregulation in bladder cancer cells
inhibited the TGFβ1-induced migration and invasion and
suppressed the EMT progress. Furthermore, ARMC8 si-
lencing inhibited the TGFβ1-induced expression of β-cat-
enin, cyclin D1, and c-myc [95]. .erefore, although via a
different signaling pathway, ARMC8 seems to affect some of
the same major targets of the WNT signaling.

Interestingly, WDR26 binds Axin1 and negatively reg-
ulates β-catenin signaling favoring its ubiquitination [96].
On the other hand, WDR26 has been described to be a
scaffolding protein involved in various signaling pathways
[92, 97, 98]. In breast cancer cells, WDR26 fosters assembly
of a specific signaling complex consisting of Gβc, PI3-kinase,
and AKT2. In an orthotopic MDA-MB231 xenograft model,
overexpression of WDR26 mutants in cells caused a dis-
ruption in the formation of this complex and abrogated PI3-
kinase/AKT activation, tumor cell growth, and metastasis.

.is connection between the CTLH complex, WNT
signaling, and TGFβ1 signaling is intriguing. While the
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essential protein for the formation of the complex GID8 has
been shown to promote WNT signaling through nuclear
retention of β-catenin [79], WDR26 was shown to be a
negative regulator of the pathway [96]. On the other hand,
ARMC8 has been reported to enhance the TGFβ1-induced
expression of β-catenin [95].

RANBP9 has been shown to be able to curb the NFκB
signaling-stimulated TGFβ1 [99]. On the other hand, at the
cell membrane, RANBP9 was identified as a factor able to
positively regulate the RAS-RAF-MEK kinase pathway when
initiated by known kinase oncogenes such as c-MET [67],
Axl [100], TRKA [101], and TRKB [102], or c-KIT [57], for
example.

.erefore, a scenario emerges in which the CTLH
complex in different configurations can modulate positively
or negatively WNT signaling. Fascinating is the hypothesis
that the scaffold provided byWDR26 can represent a central
node integrating signaling of WNT, TGFβ, and PI3-kinase
pathways [92, 97, 98]. .e centrality of these highly inter-
connected pathways in the modulation of stemness and
plasticity of cancer cells has been widely demonstrated
[2, 4, 10, 15, 25, 103–105]. Indeed, it is tempting to speculate
that the of the CTLH complex in its different configurations
could act as rheostat of these biological processes.

3.2.4. CTLH Proteins Modulate Cell Adhesion andMigration.
Several studies on ARMC8, MKLN1, RANBP9, and
RMND5A alone or in combination with each other reported
important roles for these CTLH proteins in cell adhesion
and migration, which together with EMT-MET are funda-
mental processes for the establishment of metastatic lesions
from primary tumors [106]. Studies on RANBP9 have
revealed multiple and important functional links of this
scaffold protein with adhesion molecules. Some of these
interactions such as the ones with LFA1 [107], obscurin and
titin [108], or cofilin [54, 109, 110] have been tested in
noncancer contexts. .e interaction of RANBP9 with L1-
CAM, which is involved in pancreatic cancer pathogenesis,
regulates the MAPK signaling activation [111]. RANBP9
influences function and signaling of other integrins, which
are major players in virtually all types of malignancies
[65, 107, 112]. In this regard, RANBP9 has an important role
in integrin-dependent focal adhesion [112].

In cancer cells in vitro, generally it has been shown that
downmodulation of RANBP9 results in decreased cell ad-
hesion but more invasion ability, while overexpression has
opposite effects [64, 65, 113]. A more mechanistic study has
shown that RANBP9 can increase migration by inhibiting
DYRK1B an inhibitor of migration [114].

As a note of caution for the interpretation of results,
RANBP10 has been linked to microtubules dynamics and
bears a putative tubulin-binding domain within the N-ter-
minus region that is absent in RANBP9 [35, 41, 42, 115].
However, no studies have been performed to test whether
Scorpins cross-regulate each other in the context of cell
adhesion and migration.

Aside from its participation in the CTLH complex,
MKLN1 is known as a multidomain scaffolding intracellular

protein that functions in cytoskeletal organization and is
strongly implicated in regulation of cell morphology
[116–118]. In fact, the duo RANBP9-MKLN1 as such has
been reported to regulate cell morphology [117].

Finally, ARMC8 has been isolated together with
RANBP9 and MKLN1 in a study where they mediate cell-
spreading responses to the thrombospondin-1, a matrix
adhesion molecule [116, 119]. Functionally, ARMC8 has
been shown to interact with proteins of cell adhesion
structures like desmosomes [47, 91]. ARMC8 binds to dif-
ferent catenins including α- and β-catenin having a sig-
nificant role in regulating cell migration, proliferation, tissue
maintenance, signal transduction, and tumorigenesis
[88, 120]. ARMC8 promotes disruption of E-cadherin
complex through the regulation of α-catenin degradation.
.is indicated that ARMC8 could regulate cancer invasion
through E-cadherin/catenin complex in addition to the fact
that it was proposed as potential cancer marker in hepa-
tocellular carcinoma [91].

RMND5A has been shown to be involved in microtubule
dynamics, cell migration, nucleokinesis, and chromosome
segregation [93].

Overall, these interactions support the hypothesis that
the CTLH complex could be an adaptor between the cell
adhesion machinery and different cell signaling pathways.

3.2.5. CTLH Complex and Cancer Resistance to �erapy.
In a retrospective clinical study, we have recently shown that
the levels of RANBP9 protein are inversely correlated with
non-small cell lung cancer patient survival in a cohort of
patients treated with platinum-based drugs [81]. Important
from a therapeutic perspective, we had previously shown
that RANBP9 participates in the DNA damage repair [121].
.e protein bears several consensus motifs putative target
sites of the major kinases involved in the DDR. Active ataxia
telangiectasia mutated (ATM), the pinnacle kinase of the
DDR, phosphorylates RANBP9 on at least two serine resi-
dues and that ATM-kinase activity is required for nuclear
accumulation of the protein early after exposure to ionizing
radiation [121]. Our results are in agreement with large-scale
studies in which both RANBP9 and RANBP10 peptides were
found to be phosphorylated following cell exposure to
different types of genotoxic stress [122, 123]. In our study, we
also unveiled an exquisite sensitivity of NSCLC cells in the
absence of RANBP9 to PARP (poly-ADP-ribose polymer-
ase) inhibitors commonly used in the clinics [81]. Knock-
down of RANBP9 was also reported to sensitize gastric
cancer cells to methotrexate [64].

Interestingly, increased expression of YPEL5 has been
reported in erlotinib-treated EGFR-mutant NSCLC [124].

4. ConcludingRemarks andFuturePerspectives

Despite the significant level of conservation throughout
evolution, which is indicative of critical biological functions,
the CTLH complex is poorly investigated and the knowledge
about it is limited especially in the context of cancer [36].
However, CTLH proteins appear to be linked to
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fundamental biological processes such as proliferation,
survival, regulated cell death, cell adhesion, cell migration,
and DNA damage response [35, 49, 125]. Furthermore, this
complex seems to respond to various types of extracellular
cues and regulate major oncogenic pathways [49, 125].

Piecing together all the available tiles of the puzzle, the
overall increased expression in human malignancies of the
CTLH complex appears to exert essential functions that
become even more important for highly proliferative and
stressed tumor cells. In light of the links to multiple path-
ways, a better molecular knowledge of the complex and
understanding the reasons why this complex is upregulated
in cancer would lay the foundation to target this structure in
a precise manner and ablate functions or network con-
nections that enable cancer cell plasticity. To this aim, it will
be necessary to gain a better understanding of the molecular
functional intricacies of the structure. For example, the
duplication during evolution of Gid1 and Gid2 suggests that
maybe RANBP10 and RMND5B provide an extra layer of
fine-tuning and negative regulation of RANBP9 and
RMND5A, respectively. .e existence of these paralogs can
potentially explain part of the conflicting phenotypes pro-
vided by the existing literature about the role of the CTLH
protein in cancer. An alternative explanation to conflicting
results may relate to some tissue specificity that seems to
emerge from the survey of the TCGA collection data.
However, another plausible explanation for the apparent
conundrum is that this ubiquitously expressed protein
complex is instrumental to maintaining cellular homeostasis
and therefore is tumor suppressive during early phases of
tumorigenesis. At later stages, once a tumor has been
established, the same antitumor functions become advan-
tageous for neoplastic growth. Indeed, this distinct opposite
effects (tumor suppressors and protumorigenic) are typical
of proteins involved in DNA damage response or TGFβ or
autophagy, for example [126–128].

In regards to cell plasticity, we can speculate that pro-
teins and complexes functioning as enablers such as the
CTLH one should be not only always present but also highly
expressed in their functional form (not mutated) in cancer in
order to maintain their intact advantageous functions. On
the other hand, their expression can be regulated in a timely
fashion similar to what happens to proteins linked to EMT
and its reverse process MET. In this regard, an area that
requires exploration is the regulation of expression of CTLH
gene by microRNA. In fact, RANBP9 was identified in lung
cancer as a target of mir-200c, one of the major players [129].
Consistent with the idea that RANBP9 can be dynamically
modulated during metastasis is also the prediction that the
3′-UTR is targeted by other established players of EMTsuch
as mir-200a/b/c (http://www.targetscan.org). In the end, this
type of posttranscriptional regulation would be also able to
explain why RANBP9 mRNA and protein levels not always
correlate [81].

For translational purposes, it will be absolutely necessary
to understand the links that the CTLH complex have with
signaling pathways that are major drivers of oncogenesis. In
fact, this complex appears to be potentially linked to all the
hallmarks of cancer [130]. Multiple connections with key

oncogenic signaling pathways such as PI3-kinase, TGF-β,
and WNT, for example, suggest an ability to integrate and
coordinate these events. .ese are the same pathways at the
heart of stemness and tumor aggressiveness [25, 131].

An important focus of future investigations should also
be the identification of the types of stress to which this
complex reacts. .is is necessary in order to identify po-
tential weaknesses created by targeting the complex or its
members. To this aim, we found that depletion of RANBP9
in lung cancer cells renders themmore sensitive to genotoxic
drugs such as cisplatin and inhibitors of PARP. Considering
the centrality of the DDR in cancer, RANBP9 becomes of
extreme interest especially in those types of malignancies,
characterized by high genomic instability and mutational
burden [132]. .erefore, targeting of RANBP9 can be
considered as a possible strategy to treat specific types of
cancers in which genotoxic drugs are used.

Finally, in order to begin to answer to all the complex
questions about the biological functions of the complex and
its role in tumorigenesis, new in vivomodels to conditionally
delete or overexpress the CTLH proteins in specific tissues
and cell types will be required.
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