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Abstract

Deciphering the paths to metastasis and identifying key molecules driving this process is one important issue for understanding
and treatment of cancer. Such a key driver molecule is Metastasis Associated in Colon Cancer 1 (MACCI1). A decade long
research on this evolutionarily conserved molecule with features of a transcription factor as well as an adapter protein for versatile
protein-protein interactions has shown that it has manifold properties driving tumors to their metastatic stage. MACCI1 transcrip-
tionally regulates genes involved in epithelial-mesenchymal transition (EMT), including those which are able to directly induce
metastasis like c-MET, impacts tumor cell migration and invasion, and induces metastasis in solid cancers. MACCI1 has proven
as a valuable biomarker for prognosis of metastasis formation linked to patient survival and gives promise to also act as a
predictive marker for individualized therapies in a broad variety of cancers. This review discusses the many features of MACC1
in the context of the hallmarks of cancer and the potential of this molecule as biomarker and novel therapeutic target for restriction

and prevention of metastasis.
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1 Discovery of a novel gene as key player
of metastasis

Cancer metastasis is directly linked to patient survival
representing the most lethal attribute of cancer. It critically
limits successful therapy in many tumor entities. For example,
survival of colorectal cancer (CRC) patients is about 90% in
early, non-metastasized stages, but below 10%, when distant
metastases have formed [1-3]. When presenting the first time,
about 25-30% of all CRC patients have distant metastasis.
However, 40-50% of all newly diagnosed, non-metastasized
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CRC patients will develop distant metastasis after primary
surgery. Thus, novel biomarkers, which are prognostic, pre-
dictive, and more importantly causal for cancer metastasis, are
ultimately desired.

More than a decade ago, we started our ambitious endeavor
to search for a new gene which is ideally — (a) prognostic for
the disease course, allowing identification of patients at high
risk for metastasis formation already in early stages before
occult metastases are determined, (b) predictive for therapy
response, (c¢) biologically causal for tumor initiation, progres-
sion and metastasis formation, and (d) representing a molec-
ular target to restrict/prevent metastasis resulting in longer
patient survival. By performing differential display RT-PCR
using human colon cancer tissues, metastases and normal co-
lon mucosa, we identified a novel, previously not described
differentially expressed complementary DNA (cDNA) frag-
ment and cloned the full length cDNA. We named this newly
identified gene Metastasis-Associated in Colon Cancer 1,
MACCI (GenBank gene ID 346389, European Molecular
Biology Laboratory (EMBL) data bank accession code
AJ313524) [4] (Fig. 1).

Remarkably, we found in this pioneer study, that those tumors
with UICC stages I, II and III (due to TNM classification not
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Fig. 1 Chronicle of MACC1 gene discovery. Time line of key findings regarding MACC1, its importance as biomarker and biological functions

distantly metastasized at the time point of surgery) showed a
significantly higher MACC1 expression at the time of diagnosis,
if they then developed metachronously (after surgery of the pri-
mary tumor) distant metastases, compared to non-metastasizing
tumors with lower MACC1 expression of these disease stages.
Consistently, the 5-year survival rate for patients with high
MACCI mRNA expression in their primary tumors was only
15%, whereas patients with low MACC]1 expression showed a
survival rate of 80%. These data provided first hints to have a
strong biomarker and key molecule for metastasis in hand.

2 Clinical impact of MACC1 as prognostic
and predictive biomarker

MACCI has been established by many groups as key player
and biomarker for tumor progression and metastasis in more
than 20 solid cancer types, including CRC, bladder, breast,
cervical, esophageal, gall bladder, gastric, head/neck, hepato-
cellular/biliary, lung, nasopharyngeal, ovarian, pancreatic, re-
nal, kidney and tongue squamous cell cancer, as well as glio-
blastomas and osteosarcomas [4—11]. Following our initial dis-
covery of MACCI, more than 180 successional papers
(PubMed) from groups worldwide were published until today,
including meta-analyses on the clinical impact of MACCI for
solid cancers [12], tumors of the digestive system [13], hepato-
cellular cancer (HCC) [14], and CRC [15] (Fig. 2). They strong-
ly confirm the prognostic value of MACCI for tumor progres-
sion and metastasis for a broad panel of solid cancer entities,
associated with poor patient survival. High MACCI expression
in primary tumors predisposes the development of
metachronous metastasis, allowing the early prognosis for me-
tastasis and patient stratification. Furthermore, high circulating
MACCI transcripts or protein levels in liquid biopsies (non-
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invasive), such as patient’s blood, predict tumor progression
and metastasis formation. They were found to be linked to
shorter survival of CRC, pancreatic, gastric, lung and breast
cancer patients [16-21]. High expression of MACCI was also
demonstrated to predict post-operative recurrence of lung can-
cer [22], cancer recurrence after resection of CRC liver metas-
tases [23], and HCC after liver transplantation [24].

Importantly, high MACC1 expression was predictive for
treatment response towards conventional chemotherapeutics,
such as cisplatin for tongue squamous cell cancer [25], glio-
blastoma multiforme (GBM) [26], ovarian cancer [27, 28],
gastric cancer [29], and lung cancer [30], oxaliplatin for gastric
cancer [31], and 5-fluorouracil (5-FU) for CRC [32, 33] and
gastric cancer [29]. High MACC1 expression levels also pre-
dicted treatment response to gemcitabine in pancreatic cancer
[17] and temozolomide/Endothelial-Monocyte-Activating
Polypeptide—1I (EMAP-II) in GBM [34], as well as poor out-
comes after neo-adjuvant chemo-radiotherapy for rectal cancer
[35] and after cryoablation therapy for advanced HCC [36].

Taken together, MACCI is proven by many groups for
multiple cancer entities as clinically useful prognostic and
predictive biomarker.

3 Unique structural features and regulation
of MACC1

The gene MACCI has an overall length of about 82.7 kbp and
is located on the complementary strand of the p-arm of human
chromosome 7 (7p21.1) between position 20,134,655 and
20,217,390 (GRCh38.p12). MACCI contains seven exons
and six introns, with its last intron harboring MACCI-AS1
on the opposite strand (Fig. 3), giving rise to a long non-cod-
ing (Inc) RNA with complementary sequence to MACC/
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Fig.2 Overview of published analyses (PubMed) on MACCI1 biological functions and clinical significance. The numbers reflect publication frequencies
for specific solid tumor entities indicated in red circles. Further meta-analyses prove MACCI as a prognostic biomarker for solid cancers

[37, 38]. Neighboring regions at chromosome 7p21 comprise
other tumorigenic and metastasis associated genes, like Twist
neighbor (TWISTNB), Twist-related protein 1 (TWISTT), and
Integrin beta 8 (ITGBS) [5].

Transcription of MACC1 and subsequent splicing generate
a 76.8 kbp mRNA, encoding a protein of 852 amino acids
(aa). Alternative splicing of MACC! has been found in
cDNA libraries, but mostly not considered to generate any
protein except full length MACC1 with alterations only in
the untranslated regions (UTRs) [39].

The 852 aa MACCI1 protein shows five predicted structural
domains. The most N-terminal protein structures harbor sim-
ilarities to a domain found in zonula occludens 1 and uncoor-
dinated protein 5 (ZUS5) and a domain common in uncoordi-
nated protein 5 (Unc5), pS3-induced death domain protein 1,
and ankyrins (UPA). More C-terminally, an Src homology 3
(SH3) domain is predicted, followed by a tandem of death
domains (DD) [4, 37, 39]. Interestingly, the pattern of ZUS5-
UPA-DD is found in a variety of proteins with different cellu-
lar functions, ranging from cytoskeletal anchors, transmem-
brane receptors to apoptosis promoting factors. Most similar
to MACCI1 in domain architecture, but also in nucleic and
amino acid sequence is SH3BP4/TTP, which is involved in
receptor internalization and recycling [40].

When looking at potential linear protein interaction motifs,
the rather unstructured N-terminus of MACC1 contains similar
interaction motifs for clathrin mediated endocytosis (clathrin
box, NPF, DPF) as seen in the MACCI1 homolog SH3BP4/
TTP, but also proline-rich motifs (PxPxP, KxxPxxP) located
N-terminally of the MACC1-SH3 domain [1, 4].

MACCI expression is regulated on the transcriptional and
post-transcriptional level. The MACCI1 promoter (up to 1000
bp from transcription start site, TSS) contains binding ele-
ments of the transcription factors AP1, C/EBP, and SP1,
which all contributed to the expression of MACCI1 [41]
(Fig. 3). Additional binding elements for the YB-1 transcrip-
tion factor have been reported further upstream of the
MACCI-TSS in lung cancer cells [42]. Interestingly, intracel-
lular calcium signaling is also involved in MACC1 expression
regulation, as the knock-down of key factors of store-operated
Ca®* entry resulted in reduced MACCI levels in gastric can-
cer [43]. The presence and activity of more distant regulatory
elements is not reported so far, but any progress on this topic
will contribute to better understand tissue specific- and time-
dependent regulation of MACCI1 transcription.

Knowledge on post-transcriptional regulation of MACC1
expression emerged in the last years, acting via either stabili-
zation or destabilization of MACC1-mRNA (Fig. 3). Elevated
expression of MACC1-AS1, a IncRNA, stabilizes mRNA
levels of MACCI1 via the AMPK/Lin28 pathway and there-
fore increases MACCI protein expression [38]. Similarly, de-
pletion of ZFP36, an RNA destabilizing protein recognizing
ARE sequences in the 3'-UTRs of ZEB1, SOX9, and
MACCI1, stabilized MACC1 mRNA levels [44].
Furthermore, a multitude of microRNAs (miRNA/miR) has
been found to strongly reduce MACC1 expression: miR-141
[45], miR-143 [46-48], miR-200a [49], miR-218 [50], miR-
338-3p [51-54], miR-433 [55], miR-485 [56], miR-497 [57],
miR-574-5p [58], miR-590-3p [34], miR-598 [59], and miR-
944 160, 61]. Epigenetic modifications were described as
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Fig. 3 Schematic representation of MACCI1 regulation. MACC1
expression is transcriptionally regulated by the MAPK pathway through
its consensus AP1 and SP1 binding sites on MACC1 promotor. SOX17
has been shown to repress MACCI1 expression by directly binding to its
promotor, whereas PIM3 and LMP1 showed its effect on activating
MACCI expression. MACCI1 is post-transcriptionally repressed by

mechanisms regulating MACC1 expression. DNA methyla-
tion arrays, performed with respect to the CRC metastatic
potential, revealed MACCI, besides other important genes
such as KRAS, genes of the Rho family of GTPases, and c-
MET [62]. Further, hypermethylation of MACC1 regulating
miR-218 was shown. Consequently, treatment with methyl-
transferase inhibitor 5-azacytidine induced miR-218 expres-
sion leading to inhibition of its target MACC1 [50].

Very recently, the circular RNA PDESA has been shown to
increase MACCI levels in pancreatic cancer by competitive
miR-338 binding, counteracting its inhibitory effect on
MACCI expression [63].

Once translated and folded, MACCI is highly likely also a
target of post-translational modifications (PTM) that regulate
its cellular localization, activity, binding affinity of interaction
partners, or protein stability. Several sites of PTM, like phos-
phorylation, glycosylation, or covalent attachment of ubiqui-
tin/-like modifiers, are predicted by current algorithms.

The tight expression regulation of MACC! in normal tis-
sues and its deregulated expression in cancer tissues highlight
the role of MACC! in metastasis formation and support its
clinical relevance. Furthermore, its unique pattern of structural
domains, linear motifs, and potential PTMs are suggesting a
multitude of potential protein interactions, which allows

@ Springer

, 5

IncRNA MACC1-AS1

l

MACC1 mRNA

;

miR-141
miR-143
miR-200a
miR-218
Circ-PDESA  ———| miR-338-3p
miR-433
miR-485
miR-497
miR-547-5p
miR-590-3p
miR-598
miR-944

IncRNA XIST ———

plethora of miRNAs (miRs) that bind to its corresponding consensus
sequences in the 3'UTR of MACCI. The long non-coding RNA
(IncRNA) XIST and exosomal circular RNA (circ-PDE8A) increase
MACCI1 expression by antagonizing their miR targets miR-497 and
miR-338, respectively, whereas IncRNA MACCI1-ASI increases
MACCI expression by stabilizing its mRNA transcript

MACCI to act in many cellular mechanisms, including hall-
marks of cancer, like proliferation, invasion, inhibition of ap-
optosis and treatment resistance [4, 40].

4 The hallmarks of cancer: how a novel gene
came into the play

Hanahan and Weinberg’s cancer hallmarks provide a compre-
hensive list of events that outline and dictate the transforma-
tion of a normal tissue into an aggressive and malignant tumor
[64, 65]. Numerous genes were shown to be essential contrib-
utors to the hallmarks of cancer as they influence cell signal-
ing, tumor growth, progression, and metastasis. Here, we de-
scribe how the novel gene MACCI1 also plays a central role in
equipping cells with a malignant phenotype by inducing or
promoting the following hallmark capabilities: inducing inva-
sion and metastasis, sustained proliferative signaling, evading
growth suppression, resisting cell death, inducing pro-tumor
inflammation, preventing immune-attack, inducing tumor an-
giogenesis, promoting metabolic re-programming, and con-
tributing to replicative immortality and genomic instability
(Fig. 4). The molecular mechanisms by which MACC1
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Fig. 4 Schematic representation of MACC1 impact in the hallmarks of
cancer. MACCI elicits and associates with the cancer hallmark
characteristics through involvement and activation of various signaling
mechanisms and biological features of cancer. The key components

causally supports these hallmark capabilities are discussed in
detail under each section (Fig. 5).

4.1 Activation of invasion and metastasis: the travel
agent MACC1

Metastasis is a highly orchestrated process involving cancer
cell migration, local invasion, intravasation, systemic dissem-
ination, extravasation, and settlement of secondary tumors in
distant organs in virtually all solid tumors [65].

MACCI, frequently overexpressed in primary tumors, has
proven to predict metachronous metastasis and reduced recur-
rence-free, as well as overall survival independently of
established clinicopathological criteria in CRC [4] and in many
other solid cancer entities (CRC [35, 66]; gastric [67]; lung [22,
68]; HCC [36, 69, 70]; breast [71, 72], renal [ 73]; bile duct [74];
ovarian [75]; and cervical cancer [76]; as well as GBM [77, 78];
and osteosarcoma [79], reviewed in [6]). MACCI expression
increases as the tumor progresses from adenoma to carcinoma
[4, 21, 80, 81], during which the primary tumor loses epithelial
features, establishes an invasive front towards the underlying
tissue, and eventually disseminates circulating tumor cells
(CTCs) into blood and lymphatic vessels. In advanced tumors,
MACCI expression is enriched at the invasive front and tumor
buds in CRC [80], as well as in CTCs [81]. As MACCI1 induces
cell motility [4], its expression at the invasive front and in CTCs
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strengthens the role of MACCI1 as a causative driver of tumor
cell invasion and metastasis.

We have observed in vivo that transgenic overexpression of
MACCI led to transition of sporadic non-invasive adenomas
to carcinomas in the intestine of APC" mice [82]. The
resulting vil-MACCI/APCM" tumors were greatly enriched
in genes associated with re-modulation of the extracellular
matrix (PLAU, MMP7, MMP9), key players driving tissue
invasion and metastasis [83]. Further, xenograft models of
MACCT-overexpressing CRC cells showed strong increase
in number and size of hepatic metastases [4, 84].

Mechanistically, MACCI is a transcription factor of c-
MET, positioning this molecule atop a MACC1/HGF/c-
MET axis orchestrating EMT in CRC [4, 85], ovarian cancer
[86, 87], Klatskin tumors [74], gastric cancer [88], HCC [89],
and GBM [77]. Through c-MET/AKT signaling, MACCI in-
duces the EMT-associated transcription factors TWIST1 and
TWIST2 and promotes migration, invasion, and neovascular-
ization in gastric cancers [90, 91]. The functionality of this
MACCI1/c-MET/AKT axis is demonstrated in various cancers
by miR-598 [59], miR-944 [60, 61] and miR-338-3p, which
unequivocally reduced c-MET and pAKT expression by
targeting MACC1. miR338-3p, targeting both ZEB2 and
MACKCI, inhibits EMT in gastric cancer, an effect reversible
by exogenous overexpression of either ZEB2 or MACCI,
where the latter restored expression of ¢c-MET and pAKT
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Fig. 5 MACCI effectors,
signaling mechanisms, and
biological responses. MACC1 is
involved in various cancer
hallmark capabilities, such as
proliferation, metastasis,
metabolic de-regulation,
apoptosis resistance,
angiogenesis, and stemness
through transcriptional activation
of'its key target molecules c-
MET, NANOG, and SPON2. In
particular, c-MET upregulation by
MACCI is central in activating
various downstream signaling
mechanisms, such as MEK/ERK,
PI3K/AKT/B-catenin, STAT1/3,
and TWIST/VEGF, which results
in enhancement of various cellu-
lar processes associated with on-
cogenic transformation, tumor
progression, and metastasis.
Further, NANOG upregulation
induces stemness features and
SPON?2 induces metastatic
dissemination

/

Stemness

and promoted EMT-specific gene regulation [51]. Overall,
PI3K/AKT signaling emerges as a main hub for the effect
of MACC1 on EMT, as increased pAKT was accompanied
by markers of mesenchymal differentiation (downregulat-
ed E-cadherin, enhanced N-cadherin, «-smooth muscle ac-
tin, and vimentin) and matrix remodeling (upregulated
MMP2 and MMP9) in several cancer types [76, 89,
92-95]. Potentially, also through inactivation of PTEN,
MACCI expression increased the phosphorylation of
AKT in osteosarcoma cells and esophageal cancer [79,
96]. Consistently, in nasopharyngeal cancer, MACC1 over-
expression correlated positively with abundance of activat-
ed AKT in tumor sections. Additionally, the kinase AKT
itself is intimately linked to canonical WNT signaling by
stabilizing (3-catenin and promoting its nuclear accumula-
tion [92, 97-99]. WNT/{3-catenin signaling itself is inap-
propriately active in many cancers and promotes cell plas-
ticity and motility by direct induction of EMT genes, such
as SNAIL1/2, TWIST1/2 and even suppressing CDHI (E-
cadherin) on a transcriptional level [100-102]. By activa-
tion of AKT and subsequent GSK3{ inhibition, MACCI1
stabilizes [3-catenin and enhances migration and invasive-
ness of cancer cells in vitro and in vivo [92, 93].

Taken together, critical steps in invasion and metastasis
formation of solid cancers are orchestrated by MACCI. Its
elevated expression in the primary tumor when benign ad-
enomas turn into carcinomas, its enrichment at the invasive
tumor front and CTCs, the MACCI1-dependent induction
of EMT-associated transcription factors and signaling path-
ways, and the expression of ECM modulating factors result
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in increased cellular motility and enhanced tumor invasive-
ness. This combination drives the lethal spread of tumor
cells to local and distant organs, rendering MACCI a
promising target to treat metastasis formation early in tu-
mor development, and thus potentially improves patient
outcome.

4.2 Sustained proliferative signaling: MACC1 keeps
cancer cells growing

Sustained proliferation is a fundamental feature of cancer
whereby cells undergo uncontrolled cell growth and division
cycles. Cancer cells fuel proliferative signaling through upreg-
ulation of growth factor ligands and activation of receptors or
its downstream receptor tyrosine kinase (RTK) signaling [64,
65]. The first study on MACCI revealed the impact of this
gene on cancer cell proliferation, since CRC cells with ectopic
overexpression of MACC1 showed increased growth in vitro
and in vivo [4]. More importantly, MACC1 was shown to be
the transcriptional activator of ¢c-MET, the receptor tyrosine
kinase promoting HGF/c-MET signaling for proliferation.
This increased c-MET signaling triggers downstream GABI1-
SHP2-ERK/MAPK and PI3K/AKT-axes resulting in in-
creased cell proliferation [4, 103]. Moreover, MACCI itself
is regulated by active ERK signaling via the transcription fac-
tors AP1 and SP1 [41, 104, 105]. In this context, the MACC1/
HGF/c-MET/ERK/MACCI positive feed-back loop might
represent a self-sustaining proliferation mechanism in cancer
thereby contributing to tumor progression.
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MACCI induced PI3K/AKT signaling increases the ex-
pression of WNT target genes, such as c-MYC, cyclin D1/E,
MMP2, and MMP9, with concomitant increase in cell prolif-
eration in vitro and in vivo [30, 76, 79, 88, 89, 92-94, 106,
107]. Consistently, intestine specific MACCI transgenic mice
(Vil-MACCI/APC™™) showed sporadic development of big-
ger tumors with strong Ki-67 staining, indicating tumor cell
hyper-proliferation. Transcriptomic analysis and validation of
tumor tissues from MACCI transgenic mice showed in-
creased expression of WNT target genes, including VEGF-A
and matrix degrading proteases MMP7 and MMP9 [82]. The
MMPs are known to induce proliferation by increasing the
spatial bioavailability of growth factors whereas VEGF is
known to induce tumor cell proliferation in a cell autonomous
and angiogenesis-independent manner [65, 108]. By contrast,
this MACC1-dependent proliferative signaling was inhibited
by RNAi and several MACC 1-destabilizing miRNAs [17, 45,
51, 52, 55, 58]. However, MACCl-stabilizing IncRNAs
(XIST and MACCI1-AS1) and circRNA (PDE8A) induced
sustained MACCI1-dependent proliferation [38, 57, 63].
Taken together, numerous studies clearly show that MACC1
supports tumor aggressiveness by inducing sustained prolifer-
ation in both growth factor dependent and independent man-
ner by modulating different signaling pathways.

4.3 Evading growth suppression: break release
by MACC1

Cancer cells develop the ability to circumvent or overcome
the strictly controlled mechanisms of cell proliferation
which shifts them into a continuous growth state leading
to extensive cell expansion and spread [65]. The cell cycle
represents one of the essential and tightly regulated mech-
anisms governed by different upstream cascades including
tumor-suppressor proteins (e.g. p53, Rb and PTEN) and
further driving or inhibiting factors, such as cyclin-depen-
dent kinases, cyclins, CIP, KIP and ¢-MYC [109-111]. In
this context, MACC1 was shown to induce G;/S-phase
progression in different cancer models, whereas MACCI1
silencing led to G¢/G; arrest [79, 112, 113]. Cell cycle
progression is mediated via MACC1-dependent PI3K/
AKT signaling which regulates G,/S-phase transition and
the expression of crucial target genes, such as cyclin B, D1,
D2, E, ¢-MYC, and SPON2 [30, 79, 92-94, 112-114].
Most interestingly, in hepatocellular and nasopharyngeal
tumors, a positive correlation between MACC1 and
pAKT expression was shown, substantiating the clinical
relevance of MACC1-dependent activation of AKT signal-
ing [30, 79, 92, 115]. Consistently, MACCI silencing in-
creased the expression of PTEN, a well-established tumor
suppressor, thereby attenuating the downstream PI3K/
AKT signaling and subsequently triggering growth sup-
pression [96]. Taken together, MACC1 enables cancer

cells to progress through Gi/S-phase and to evade from
growth suppression by inhibiting tumor-suppressor
PTEN, thereby activating PI3K/AKT signaling which in
turn regulates key cell cycle proteins.

4.4 Resisting cell death: survive with MACC1

Dysregulated apoptosis mechanisms enable cancer cells to
acquire resistance towards programmed cell death stimuli of
intrinsic and extrinsic origin [64, 65]. Numerous studies have
linked MACCI to cancer escaping from apoptosis. MACC1
silencing in vitro increased the number of cells with Annexin-
V positivity as well as activation of caspases (caspase 8, 9, 3
and 7) and PARP. Consistently, MACCI silencing decreased
the expression of anti-apoptotic proteins BCL2 and MCLI,
whereas the expression of pro-apoptotic proteins BAX and
BAD was increased [93, 96, 112, 115-117]. In vivo,
MACCT silencing induced the apoptotic phenotype, such as
increased cleaved caspase 3 expression and DNA fragmenta-
tion in HCC and cervical cancer xenografted tumors
[115-117]. In patient-derived tumor specimens of CRC and
pancreatic cancer, MACCI expression positively correlated
with that of MCL1. Consistently, MACCI1 silencing decreased
MCLI1 expression thereby inducing apoptosis in cancer cells
in a BAX/BAD-dependent manner upon death receptor stim-
ulation by FASL and TRAIL [117]. MACCI inhibits cell
death by inducing pro-survival signaling in a tissue- and con-
text-dependent manner. The MACC1-dependent MCL1 regu-
lation and sensitization to death receptor activation was medi-
ated through STAT1/3 signaling [117]. MACCI activates
PI3K/AKT signaling and regulates the expression of BCL2,
BAX, BAD and caspase 3 in CRC, HCC and nasopharyngeal
cancer cells [92, 93, 115], whereas in ovarian and pancreatic
cells MACC1 induced MEK/ERK pro-survival signaling,
thereby regulating the expression of BCL2 and activation of
caspase 3, caspase 9 and PARP [17, 86].

Genotoxic stresses originating from reactive oxygen spe-
cies (ROS) or from therapy-induced DNA adducts eliminate
cancer cells by activation of apoptosis. Interestingly, chemo-
therapy (taxol, 5-FU and cisplatin)-resistant tumors exhibited
an enrichment of MACCI expressing cells, which were re-
sensitized by disrupting the HGF/c-MET/AKT pro-survival
signaling upon MACCI silencing [26, 29, 116, 118].
Moreover, MACCI silencing sensitized pancreatic cancer
cells to gemcitabine treatment through inhibition of MEK/
ERK signaling [17]. These observations suggest a central role
of MACCI in the regulation of major survival pathways, such
as PI3K/AKT, MEK/ERK and STAT, thereby enabling cancer
progression via imparting resistance to cell death. Hence,
inhibiting MACCI1 in combination with chemotherapy or
checkpoint inhibitors might present a novel attractive strategy
to treat therapy-resistant and —refractory tumors.
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4.5 Immune destruction: shielding cancer by MACC1

Immune surveillance controls tumor emergence and also
metastatic spread by immune destruction of transformed
cells. In turn, tumors develop escape mechanisms to cir-
cumvent such destruction. In this regard, MACC1 was
found as a modulator of FASL- and TRAIL-mediated ap-
optosis [117]. FASL and TRAIL are important mediators
of immune surveillance and serve as important molecules
for the success of checkpoint inhibitor therapy [117, 119,
120]. MACCI1-mediated down-regulation of FAS and up-
regulation of MCLI1 via the STAT1/3 signaling provide
first indication for the potential link between this metasta-
sis-promoting gene and immune escape. Other studies also
supported the anti-apoptotic activity of MACCI,
protecting tumor cells from apoptotic signaling and aiding
survival [92]. Furthermore MACCI1 might interfere with
immune attacks via activation of TIMP1/2, that in turn
recruits tumor-associated macrophages (TAMs) [121].
TAMs create a pro-cancerous microenvironment and can
support tumor escape from immune destruction by secre-
tion of cytokines (e.g., IL1, IL6, TNF-«) and growth fac-
tors (e.g., TGF-f3), which dampen T cell activity and T cell-
mediated tumor destruction [121-123].

In conclusion, MACCI1 not only promotes metastatic
spread but might also protect metastasis from immune de-
struction for their establishment at distant sites. In the light
of check-point immune therapies, targeting MACC1 might
add to design of new combinatorial concepts to improve im-
mune surveillance of tumors.

4.6 Pro-tumor inflammation: MACC1 conditions
microenvironment

Inflammation significantly affects aspects of malignancy, such
as proliferation, survival of cancer cells, angiogenesis and
metastasis [124]. This is supported by the fact that chronic
inflammation promotes development of CRC, particularly pa-
tients with inflammatory bowel disease (IBD) show increased
risk for CRC [125]. Interestingly, the analyzed regions of ge-
netic alterations in IBD patients mapped one such region to
MACKCI [126], providing first clues on the impact of MACC1
in inflammation and cancer development. Recently, MACCI
was associated with IBD by detecting increased MACCI and
c-MET expression in patient tissues with IBD-associated dys-
plasia [127]. First indications for a function of MACCI in
cancer-promoting inflammation came from the data that
MACCI transcriptionally induces TWIST1/2 [90], genes
known to promote macrophage recruitment [128]. In turn,
tumor-associated macrophages promote angiogenesis and re-
structure tumor microenvironment to support metastasis
[121]. This indicates that MACCI1 not only associates, but

@ Springer

actively interacts with key events of cancer-promoting
inflammation.

4.7 Genome instability and mutations in cancer:
MACC1 loves the defects

Genome instability, an emerging hallmark of cancer [65],
is tightly connected to MACCI1-induced cancer develop-
ment, progression and metastasis. Recently, a study on
stage II CRC patients revealed that MACCI together with
markers of genomic instability, such as mismatch repair
(MMR), predict response to adjuvant 5-FU-based chemo-
therapy [33]. MACCI1 expression stratifies CRC patients
with unfavorable pMMR status. Patients with pMMR/
MACCI-low tumors have a similar favorable prognosis
to those with dMMR. This further indicates potential
functional liaisons between MACCI1 and genomic insta-
bility [66, 80, 129].

Single nucleotide polymorphisms (SNPs) were identi-
fied in intronic regions 1, 2, and 6 as well as in the coding
region of MACC1 in CRC [130-132], breast cancer
(rs1990172, rs975263, rs373515 [72]; rs1990172,
rs975263, rs3735615, rs4721888 [133]), and HCC
(rs1990172, 1s975263, 1s3735615, rs4721888, 12241056
[134]). Some of these SNPs were found to be clinically
relevant and were linked to shorter patient survival as well
as increased risk for metachronous metastasis for patients
younger than 60 years with stage I or II CRC tumors
(rs1990172, rs975263), increased risk of recurrence after
liver transplantation (rs1990172, rs975263), and increased
risk for progression or death in breast cancer (rs1990172,
1s975263).

The impact of MACCI1 copy number variations (CNVs)
was studied in CRCs patients [135]. Increase in CNVs corre-
lated with MACCI expression levels and unfavorable tumor
characteristics, like lesion size, multiple metastases, and de-
tection of intravascular metastatic cells.

Taken together, SNPs and CNVs of MACC1 might have
prognostic value for cancer patients and may be used in the
future as biomarkers, in addition to the MACC1 expression
levels. The combinatorial use of MMR status and MACCI1
expression levels might serve as predictive biomarkers for
treatment decisions for 5-FU-based chemotherapy of stage I1
CRC patients.

4.8 Inducing angiogenesis: MACC1 goes with the flow

Tumor angiogenesis is the process by which cancer cells re-
activate the angiogenic switch in a constitutive manner,
resulting in neo-vascularization to support nutrient as well as
oxygen supply and metabolic waste expulsion from the neo-
plastic tissue [64, 65]. The angiogenic process is tightly regu-
lated by vascular endothelial growth factors (VEGFs),
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angiopoietinl, angiopoietin2 and their cognate receptors
(VEGFR1, VEGFR2, VEGFR3, and Tie2) that coordinate
the differentiation, proliferation and migration of cells to form
new blood and lymphatic vessels [136—138]. High MACCl1
expression was correlated with increased microvessel density
and tumor recurrence in patients with gastric cancer.
Molecular analysis showed that MACCI induces expression
of VEGF-A, a key protein involved in vasculogenesis,
through upregulated TWIST1 expression [91]. Consistently,
MACKCT silencing by miR-338-3p reduced VEGF expression
with a concomitant decrease in tube formation in vitro and
angiogenesis in chorioallantoic membrane (CAM) assay
[52]. Therefore VEGF signaling downstream of MACCI dic-
tates endothelium-dependent tumor angiogenesis [91].

Interestingly, MACCI also induces endothelium-inde-
pendent angiogenesis through vasculogenic mimicry,
whereby tumor cells form endothelial-like vasculature to
maintain blood supply. MACC1 expression correlated with
vasculogenic mimicry density and expression of its
markers VE-cadherin as well as TWIST1/2 in gastric can-
cer tissues [90]. Moreover, silencing of MACC1/TWIST1/
TWIST2 inhibited vasculogenic mimicry in gastric cancer
xenograft models, which was also mimicked by ¢c-MET
inhibitor treatment [90]. This suggests a MACC1/HGF/c-
MET/TWIST/VEGEF signaling axis central to endothelium-
dependent and -independent tumor angiogenesis. An aux-
iliary angiogenic function of MACC1-induced VEGF sig-
naling is lymphogenesis and promotion of lymphatic me-
tastasis through VEGF-C/D upregulation in transplanted
tumors, which is also inhibited by ¢c-MET inhibitor treat-
ments. Consistently, MACC1 expression correlated with
lymphatic vessel density and VEGF-C/D expression in
gastric cancer patients and was associated with tumor re-
currence [88].

These observations indicate the role of MACCI in
vasculogenesis and lymphogenesis, thereby supporting tumor
progression. Hence targeting MACC1 might restrict tumor
metastasis and recurrence by inhibiting angiogenesis and lym-
phatic dissemination.

4.9 Deregulating cellular energetics: MACC1
and cancer feeding

Reprogramming metabolism is another emerging hallmark of
cancer. This redirection of energy metabolism in cancer to-
wards aerobic glycolysis (Warburg effect) is often induced
by oncogenes that are involved in programming the core hall-
marks of cancer [65].

MACCI is up-regulated by glucose deprivation-induced
metabolic stress via adenosine monophosphate-activated pro-
tein kinase (AMPK) signaling in gastric cancer cells. MACC1
in turn enhances the Warburg effect by up-regulating glyco-
lytic enzymes such as hexokinase (HK2), pyruvate

dehydrogenase (PDH) kinase, and lactate dehydrogenase
(LDH), leading to increased viability, resistance to apoptosis
induced by glucose deprivation/nutrient starvation, and in-
creased 18F-deoxyglucose uptake in xenografted mice. In
gastric cancer patients, MACCI correlates with the maximum
standardized uptake value of 18F-deoxyglucose [13, 139].
MACCI was also linked to enhanced Warburg effect via ac-
tivated PI3K/AKT signaling, which phenotypically results in
trastuzumab resistance [140]. LncRNA MACC1-ASI, elevat-
ed by metabolic stress, induces metabolic plasticity through
MACCI] up-regulation, subsequently enhanced glycolysis
with increase in expression of glucose transporter GLUT1,
HK2, LDH, and anti-oxidative capabilities, which are medi-
ated via the AMPK/Lin28 pathway. This is linked to poor
prognosis in gastric cancer patients [38].

The role of MACCI in glucose metabolism was also
shown for HCC with higher expression of MACCI and 6-
phosphofructo-2-kinase/fructose 2,6-bisphosphatase
(PFKFB2) vs. corresponding non-tumor tissues.
Simultaneous high MACC1 and PFKFB2 was associated with
high Edmondson classification, advanced TNM stage, and
lower overall survival [141]. Also in HCC, MACC1 promotes
proliferation through enhanced glucose metabolism linked to
HK2 expression [142].

MACCI also promotes lipogenesis by activation of
lipogenic enzymes including fatty acid synthase (FASN)/
ATP citrate lyase (ACLY) and acetyl-CoA carboxylase
(ACC). In gastric cancer patients, high MACCI1 correlated
with high FASN, more advanced disease, more frequent
post-operative recurrence, more metastases, and higher mor-
tality [143].

In summary, the crucial impact of MACCI for tumor initi-
ation, progression and metastasis has to be contemplated with
respect to MACC1-induced re-wiring of metabolic pathways.
This provides new options for metabolism-based diagnosis as
well as for therapeutic interventions.

4.10 Replicative immortality and cancer stemness:
MACC1 for rejuvenation

Cancer cells sustain unlimited replication in order to form
macroscopic tumors which are supported by telomerase
activity that prevents telomere attrition thereby maintain-
ing chromosomal integrity [144, 145]. Telomerase and its
protein subunit hTERT have also non-canonical roles
[146, 147] like induction of WNT signaling via the inter-
action of hTERT with (3-catenin/LEF transcription factor
complex [148]. Consistently, stem cell factors CD117,
OCT4, and SOX2 are regulated by hTERT in cancer cells,
contributing to their stemness and immortal properties
[149-151].

MACCI1 promotes stemness by regulating stem cell
markers OCT4 and NANOG. Intestinal overexpression of
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MACCI in APCM" mice results in not only more invasive
phenotype but also increased expression of cancer stem cell
(CSC) markers as well as WNT target genes [82]. It correlates
with stem cell gene expression, such as ALDH1, CD133 and
CD44, in cell culture and patient samples in head and neck
cancer, non-small cell lung cancer, ovarian carcinoma and
retinoblastoma. These tumors were characterized by their
higher invasive potential and poor prognosis [152—-155].
Mechanistically, MACC1 promoted CSC-like properties, spe-
cifically chemoresistance and sphere formation by activating
EMT through PI3K/AKT/(3-catenin and RAS/ERK signaling
pathways [28, 30, 32, 34, 44].

Regulation of stem cell markers [82] and the correlation of
MACCI expression with cancer stem cell genes in different
tumor entities [152—155] highlight its role in maintaining can-
cer cell immortality. One possible mechanism might be syn-
ergistic regulation of WNT signaling via MACC1/PI3K/AKT/
GSK3[3 axis-dependent 3-catenin stabilization followed by
direct interaction of hTERT with (3-catenin, increasing its nu-
clear retention [148, 151] and target gene expression [32, 34,
51, 92, 93]. Alternatively, h\TERT might function upstream of
MACCI, inducing WNT/[3-catenin signaling and transcrip-
tion of its target genes, such as NANOG and c-MET, where
binding of MACCI1 to the promoter is required [4, 82].
However, further studies are required to shed light on the
direct function of MACCI1 in cancer stemness and replicative
immortality and to elucidate the role of MACCI in therapy
response in patients with cancer recurrence.

5 MACC1 as new target for therapies
to restrict tumor progression and metastasis

MACCIT has emerged as a protein that enables hallmark prop-
erties of cancer, making it a promising new target for interven-
tion strategies to restrict tumor progression and more impor-
tantly, cancer metastasis. In this context, downregulating
MACCI by shRNA, siRNA, or miRNA approaches has clear-
ly shown that reduced MACCI] restricts invasion, migration,
promotes apoptosis, and increases chemosensitivity of tumor
cells in vitro and in vivo [4, 28, 31, 34, 45-61, 84, 86, 92, 93,
115]. Such studies indicate that targeting MACCI is of thera-
peutic value. Hence, interfering with MACC1 expression and
function at transcriptional or post-transcriptional level partic-
ularly with novel or repositioned small molecule inhibitors
will be of clinical relevance. Identification of the human
MACCI promoter has enabled high throughout screens
(HTS) for transcriptional MACCI inhibitors [41]. By this,
rottlerin and lovastatin were identified, which reduced
MACCI expression, cell invasion, and migration in vitro
and reduced tumor growth and metastasis in vivo [156].
More extended HTS will reveal additional, novel MACC1
inhibitors for efficient tumor growth inhibition and metastasis
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restriction. In fact, such MACC]1 inhibitors can be used in
combination with other drugs that interfere in signaling path-
ways, which are also impacted by MACCI action, as they
have been discussed in the previous sections. In particular,
combinations with conventional drugs (e.g., 5-FU, cisplatin,
taxol, gemcitabine) for which MACCI1 causes resistance
could be of clinical value [17, 28, 30, 32, 116, 118]. The
concept of combination therapies can certainly be extended
to checkpoint inhibitor and death receptor agonist therapies in
which MACCI1 inhibition might promote apoptosis induction
by sensitizing tumor cells.

The knowledge that MACCI1 harbors predicted phosphor-
ylation sites as well as protein-protein interaction domains,
will be the basis for targeting such functional moieties for
selective post-translational intervention to interfere with
MACCI function.

Taken together, MACC1 will develop to a valuable clini-
cally relevant therapeutic target, either as sole molecular target
or by hitting multiple targets in its signaling context via com-
bination therapies. In fact MACCl1-targeted therapies hold
promise not only for anti-tumoral and anti-metastatic but also
for metastasis prevention therapies. This will be
complemented by MACC1-based patient stratification for me-
tastasis intervention or even prevention in a more personalized
therapy approach.

6 Conclusion

A decade-long research on MACC1 has continuously
highlighted its predictive value as a biomarker for metastasis
and its prognostic potential in the clinical setting. This review
presents evidence that MACC1 promotes tumor progression
by enabling various cancer hallmark features that could be
prevented by blocking MACCI1 expression or its function.
Hence, MACCI has the potential to become a therapeutic
target for metastasis restriction or even prevention. The grow-
ing body of knowledge on MACCI1 brings about novel func-
tions of MACCI1 in carcinogenesis, such as in cancer
stemness, induction of pro-tumor inflammation and autopha-
gy. However, there is a dearth of understanding on its physi-
ological role. To date, the only available insight in this regard
is the role of MACCI1 on craniofacial development in
zebrafish based on a morpholino screen [157]. The recent
advancements in gene-editing technologies, such as
CRISPR-Cas9 system, will allow us to better understand the
physiological and developmental roles of MACCI1. More
studies are also required to define how MACCI is specifically
activated during cancer progression but is kept to the basal
level in normal tissues. This might in part be explained by
the tumor-suppressors and tumor-suppressor miRNA-depen-
dent regulation of MACC]1 expression in tumor tissues.
However the benefits of inhibiting MACCI1 for restricting
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tumor progression and metastasis strongly suggest its clinical
potential. In this regard, the recent developments in search of
MACCI targeting small molecules and therapies might prove
to be beneficial in cancer care. Additionally, elucidation of
MACCI structure will open up new possibilities for post-
translational targeting of MACCI1 and its oncogenic functions.

Taken together, the combination of MACC1’s predictive
potential for patient stratification, combinatorial therapies
targeting MACCI, and conventional treatment regimens
might help in the development of personalized interventions
for improving patient survival.
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