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Abstract: The insulin-like growth factor (IGF) system, which is constituted by the IGF-1
and IGF-2 peptide hormones, their corresponding receptors and several IGF binding proteins,
is involved in physiological and pathophysiological processes. The IGF system promotes
cancer proliferation/survival and its signaling induces the epithelial-mesenchymal transition
(EMT) phenotype, which contributes to the migration, invasiveness, and metastasis of epithelial
tumors. These cancers share two major IGF-1R signaling transduction pathways, PI3K/AKT and
RAS/MEK/ERK. However, as far as we could review at this time, each type of cancer cell undergoes
EMT through tumor-specific routes. Here, we review the tumor-specific molecular signatures of
IGF-1-mediated EMT in breast, lung, and gastric cancers.

Keywords: insulin-like growth factor 1 (IGF-1); IGF-1 receptor (IGF-1R); epithelial-mesenchymal
transition (EMT); cancer; metastasis; PI3K/AKT pathway; RAS/MEK/ERK pathway

1. Introduction

The secreted protein hormones insulin-like growth factors (IGFs) are key modulators of several
physiological processes and participate in various pathophysiological events [1-5]. Although the IGF
system is neither genotoxic nor transforming, its enhanced activation promotes cancer proliferation
and survival. The epithelial-mesenchymal transition (EMT) plays a crucial role in migration and
invasiveness of neoplastic cells thereby leading to metastases [6]. Experimental evidence obtained
in the last two decades suggests that IGF-1 is able to induce EMT in cancer [7]. Here, we review the
state-of-the-art knowledge about the IGF-1-mediated EMT activation with particular focus on the
tumor-specific molecular signatures in breast, lung and gastric cancers.

2. The IGF System

The whole IGF system is characterized by two secreted hormones (IGF-1 and IGF-2), two receptors
(IGF-1R and IGF-2R) and several binding proteins (IGFBP1-7) [8,9]. Generally, IGFBPs modulate the
bioavailability of both IGFs by handling their release, transport and degradation [10], and IGFBP3
carries 75% or more of the two circulating hormones [11]. IGF-1 and IGF-2 share sequence homology
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with insulin [12] and are mainly produced by the liver [13]. Also extra-hepatic organs secrete
these growth factors, thereby enabling endocrine and paracrine/autocrine signaling [14]. At the
physiological level, hepatic secretion of IGF-1 is dependent by growth hormone (GH) action [15],
and circulating IGF-1 levels are linked to anabolic functions and growth-promoting processes because
the GH/IGF axis favors the development and differentiation of several tissues [16,17]. IGF-1 levels can
vary among healthy individuals depending on sex, age, and lifestyle factors [18], but their interpersonal
variability is considered a cancer risk determinant [3]. Nutrition is one of the major regulators of
circulating IGF-1 levels [19,20]. In fact, fasting reduces serum IGF-1 levels, whereas long-term calorie
restriction is less effective, particularly if coupled to a high protein intake [21-23]. Also exercise affects
IGF-1-dependent signaling by reducing circulating hormone levels and/or by increasing the expression
of specific IGFBPs [24,25]. The ability of IGFBPs to limit the amount of free IGF-1 in blood partly
explains the molecular mechanisms underlying cancer prevention by exercise [24].

The complexity of the IGF system is also linked to IGF-1 mRNA alternative splicing events,
which generate three pro-forms in humans: prolGF-1Ea, prolGF-1Eb, and prolGF-1Ec. Intracellular
IGF-1 seems to be mainly expressed as prolGF-1 that is extracellularly converted into mature
IGF-1 [26,27]. Although IGF-1’s biological activity is mainly exerted by the mature peptide, recent
evidence suggests that the various prohormones exert functional roles [28]. These prohormones
share the same mature IGF-1 sequence, but have different C-terminals, also known as “E-peptides”.
The expression of prolGFs differs between normal and tumor tissues/cells [29]. Moreover, prolGFs
differ in posttranscriptional modifications: prolGF-1Ea, the most abundant prohormone, has a
highly conserved N-glycosylation site (N92) in its E-peptide, whereas prolGF-1Eb and prolGF-1Ec
lack N-glycosylation sites in their E-domains [29]. Interestingly, it was recently demonstrated that
E-peptides play a key role in controlling the subcellular localization and cellular trafficking of prolGFs
and, as a consequence, in controlling the regulation of mature IGF-1 production, secretion and
bioavailability [26,28].

Unlike IGF-1, IGF-2 is an epigenetically regulated gene mainly involved in fetal development [12]
and expressed by both alleles only in early tumor cells [30], which suggests that IGF-2 plays a critical
role in oncogenesis [31]. IGF signaling is mainly mediated via activation of the receptor tyrosine
kinases (RTKs) IGF-1R and IGF-2R [1,4,17], both of which being able to complex with insulin receptor
(IR) [13]. IGF-1, IGF-2 and insulin bind their corresponding receptors with high affinity, but hybrid
ligand /receptor complexes also occur [13]. IGF-1R is coupled to several downstream pathways, namely,
the PI3K/AKT, RAS/RAF/MAPK, and STAT cascades, after ligand binding and phosphorylation
of docking sites [13]. Consequently, IGF-1R triggers growth-promoting and anti-apoptotic signals.
This transmembrane receptor is vital for cells and tissues; in fact, IGF-1R(—/—) mice are smaller than
their normal counterparts and die soon after birth from respiratory failure [32]. However, murine
embryos lacking IGF-1R do not develop cancer when exposed to oncogenes [33]. Although ligated
as well as unligated IGF-1R is neither genotoxic nor transforming [34], its expression increases at
mRNA and protein levels [35] in pediatric, brain, renal and hematological tumors, and in transformed
cells [1,3]. In these contexts, IGF-1R signaling contributes to the mitogenic and anti-apoptotic cascades
and to migration, metastasis and angiogenesis [36]. In fact, after an IGF-1-independent oncogenic
event, survival of the newly transformed cells depends largely on the IGF system.

The evaluation of IGF-1R in epithelial tumors in adults is complex due to the interplay between
IGF-1R and such other cellular factors [37—41] as stimulatory and/or inhibitory transcriptional
regulators [42]. For example, androgens and estrogens can stimulate IGF-1R gene expression in
steroid hormone-dependent tumors such as breast, prostate, and even bone [43,44], whereas IGF-1R
levels may be reduced in steroid hormone-independent tumors [36]. However, conflicting data
have been reported regarding these issues [45]. IGF-1R expression levels are rarely related to a
mutation in the corresponding gene; the few known cases describe heterozygote forms associated
to growth retardation and not to neoplasia [46—48]. It is conceivable that “loss-of-function” and
“gain-of-function” mutation theory can clarify the role played by the IGF-IR gene in cancer [36].
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In the former case, the mutated tumor suppressors p53, BRCA1, and VHL [49-51] are not able to
inhibit downstream targets, including IGF-1R. In the latter case, the transactivation of the IGF-1R
promoter would be enhanced [52]. In fact, enhanced IGF-1R transactivation by oncogenic fusion
proteins has been observed in pediatric and adolescent tumors [53-55], and recently, also in adult
epithelial tumors [56]. An intact and activated IGF-1R signaling network is required to commit a cell
to neoplastic transformation [36,52]. In fact, according to the adoption phenomenon, oncogenes
exert their action through IGF-1R signaling that mediates the oncogene-directed differentiation
events [36,52]. This mechanism of action is exerted by pp60° [57], c-myb [58,59] and hepatitis B
virus X oncogenes [60]. Jones et al. suggested that in transformed cells overexpressing IGF-1R,
the latter’s proliferative/survival signaling can be ligand-independent above a certain expression
level, whereas in normal cells in which the receptor is under expressed, IGF stimulation triggers
a robust response [61]. Such ligand-independent/dependent signaling may play an instrumental
role when IGF-1 is used at supraphysiological doses as a performance-enhancing drug [15,62,63].
In fact, IGF-1 is included in the World Anti-Doping Agency list of banned peptide hormones. In this
context, there is no convincing evidence that the GH/IGF axis improves sport performance in
terms of increased muscle mass and strength, enhanced muscle protein synthesis and fatty acid
availability, and reduced glycogen consumption [64-66]. Conversely, supraphysiological doses of
IGE-1, alone or combined with other doping agents, result in a molecular signature resembling a
system prone to carcinogenesis in human peripheral mononuclear cells expressing physiological
levels of IGF-1R [67-69]. Similarly, the IGF-1/IGF-1R axis can stimulate other concurrent oncogenic
mechanisms in tumor cells, such as androgen receptor signaling in prostate [70,71] and in colon cancer
cells [72,73].

Another level of IGF-1R expression regulation occurs at transcriptional level by means of
microRNAs (miRs) [74]. Jiang et al. suggested that miR-7 plays a role in the modulation of IGF-1R
expression in tongue squamous carcinoma cells [75], whereas McKinsey et al. proposed a novel
complex mechanism in Ewing sarcoma (EWS) in which a set of miRs able to regulate negatively
pro-oncogenic IGF-1R pathway components was repressed by the EWS-Flil oncogene [76].

Within the complex interplay between the IGF system and cancer, IGF-1R signaling is involved in
the metabolic shift of transformed cells from an aerobic to an anaerobic production of ATP, known as the
“Warburg effect” [77]. In particular, the PI3K pathway in cancer cells triggers not only anti-apoptotic
and mitogenic signals but it also affects cellular metabolism by stimulating the glycolytic pathway [78]
as well as lipid and protein synthesis [79].

3. The IGF System and Breast, Lung, and Gastric Cancers

The IGF system contributes to the progression and evolution of several epithelial cancers and
its components often acquire a prognostic significance. The IGF-1/IGF-1R signaling axis is involved
in breast carcinogenesis and development [80]. Breast cancer (BC) is the most frequently diagnosed
malignant tumor in women and its 5-year survival rate is 85% or higher [81-83]. However, at least 20%
of all patients develop metastatic BC with an average survival of less than two years [83]. As a first-line
therapy of metastatic BC, a cisplatin plus gemcitabine regimen are more effective than paclitaxel plus
gemcitabine [84]. However, current chemotherapies are often associated with drug resistance, reduced
potency, and relevant side effects [85]. To address these issues, attempts are being made to unravel
the molecular targets/signaling involved in the altered biological processes. In fact, IGF-1/IGF-2
overexpression has been correlated with BC development, aggressive phenotypes, and with BC cell
survival and proliferation [80,86,87]. Indeed, increased serum levels of IGF-1 have been associated with
a high risk of BC [42,88-90]. A growing body of evidence indicates that the IGF-1/IGF-1R signaling
pathway is a key player in BC cell therapy resistance and cancer recurrence [91-93]. Hence, most
clinical studies have focused on this pathway both as a target for BC treatment, and for prevention [93].
In particular, circulating IGF-1 and/or IGF-1R expression levels could serve as predictive biomarkers to
predict which patients will respond to IGF-1R-targeted therapies [94,95]. However, some early-phases
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clinical studies reported that changes in the IGF-1/IGF-1R axis may be a necessary but not sufficient
condition to define the patients’ responsiveness [96-98].

The potential role of IGF-1/IGF-1R signaling in cancer progression has been investigated also in
lung cancer (LC). Lung cancer is the most common cause of cancer deaths worldwide, with a slightly
lower incidence in women than in men, and more than 75% of cases are non-small cell lung cancers
(NSCLC) [99]. Histologic subtypes and clinical stages seem to influence IGF-1R expression and serum
IGF-1/1GFBP3 levels. In fact, Agullo-Ortuno et al. reported differential expression of IGF-1R across
histologic subtypes with reduced levels in squamous cell tumors [100]. On the contrary, IGF-1R is
overexpressed in small cell lung cancer (SCLC) and its inhibition affects cancer cell growth [101].
In patients with both NSCLC histology and NSCLC metastatic stage, serum IGF-1/IGFBP3 levels are
significantly higher than those measured in subjects with SCLC histology and non-metastatic stage of
NSCLC [102]. However, neither circulating IGF-1 nor IGFBP3 have been associated with the clinical
outcome of LC [102]. The chemotherapy protocols used in LC patients did not affect these circulating
components of the IGF system. In fact, after chemotherapy, NSCLC and SCLC patients continued
to have higher IGF-1 levels and lower IGFBP concentrations versus controls [103]. Notably, IGFBP3
expression is reduced in cisplatin-resistant LC cells and the in vitro IGFBP3 overexpression induces
apoptosis and improves drug response [104]. Consequently, IGFBP3 may be a predictive marker of LC
patients responsive to IGF-1-targeted therapy.

Genetic variants of IGFBP3 were found to correlate significantly with the survival of patients
affected by advanced gastric cancer (GC), which is the most frequent cause of cancer-related
mortality [105-109]. Gastric cancer is often diagnosed in an advanced stage when the patient has
widespread metastases, and its 5-year survival rate is 28% or less [105,110,111]. So far, there are no
specific biomarkers for an early diagnosis and metastasis prediction [105,109]. Conventional anticancer
and targeted therapies have slightly improved prognosis, but not in patients with metastasis [105,108].
Stage IV patients are usually treated with cisplatin/oxaliplatin and fluoropyrimidine chemotherapy,
combined with trastuzumab in EGFR2-positive patients [9,110]. Moreover, in patients treated with
oxaliplatin, 5-fluorouracil and leucovorin, the presence of single nucleotide polymorphisms in IGF-1R
and IGF-1 are significantly associated with treatment response [112]. The levels of co-expression of
IGF-1R and multidrug resistance-associated protein-1 (MRP-1) in the tumor may predict the effect of
chemotherapy [113]. Indeed, IGF-1R expression is an independent predictor of survival in patients and
has been correlated with a worse prognosis and lymph node metastasis. In addition, IGFBP7 levels
were found to correlate positively with tumor stage, invasiveness and metastatic capability [9].

4. Epithelial-Mesenchymal Transition (EMT)

Most epithelial cancer cells are characterized by intrinsic plasticity that, in specific conditions,
give rise to the EMT. This is a multistep process by which cells modify their own morphological
and functional features and acquire mesenchymal characteristics [6,114]. Mesenchymal cancer cells
become invasive thanks to their enhanced motility, and can pass through surrounding tissues [115,116].
The EMT is a key step in the process that characterizes the dismal prognosis of most epithelial
cancers and carcinomas, promoting the survival, self-renewal and metastatic potential of cancer cell
subtypes, generally referred to as cancer stem cells (CSCs) [117-120]. Indeed, the EMT process is
triggered by the interaction between the inherent potential of cancer epithelial cells to acquire the
mesenchymal phenotype and environmental and /or autologous stimuli and growth factors [6,120,121].
A molecular hallmark of the EMT process is the reduction, delocalization, and degradation of
E-cadherin, which results in the dissolution of adherent cell junctions. Moreover, (3-catenin,
no longer able to bind E-cadherin, can exert its transcriptional activity in crosstalk with WNT
signaling [120-124]. While the expression of specific membrane proteins is downregulated during the
EMT, alternative gene expression programs are activated to promote mesenchymal adhesion [6,120,121].
In detail, the reduction of E-cadherin expression is counterbalanced by N-cadherin upregulation that
mediates feeble cell interactions that favor migration capability [6,125]. N-cadherin interacts with
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the neural cell adhesion molecule (NCAM) that modulates the activity of specific RTK pathways
and hence promotes cell migration [6]. Cytoskeletal intermediate filaments also change their
composition because cytokeratin expression is impaired during EMT in favor of vimentin upregulation.
This mechanism influences motor protein functions and the trafficking of organelles and membrane
proteins, thus favoring the mesenchymal capability of migration and invasion [6,126,127]. Cells that
have undergone the EMT loose interaction with the basement membrane and acquire the ability to
interact with different extracellular matrices (ECMs) by regulating the expression of specific integrins
and also matrix metalloproteinases (e.g.,, MMP2, MMP9) [6,122,128-132].

The molecular mechanisms controlling the EMT, namely, the master regulators of the transition
are subdivided into two groups: (i) transcription factors and (ii) signaling pathways.

4.1. Transcription Factors

During the EMT, a complex switch in gene expression program occurs via transcription factors
belonging mainly to three protein families: SNAIL, helix-loop-helix ((HLH), including TWIST, and zinc
finger E-box binding homeobox (ZEB) proteins [6,120,121]. These factors often influence the expression
of each other, frequently converge in the regulation of common target genes and in general upregulate
mesenchymal genes and repress epithelial genes [6,120,121,133,134]. SNAIL1 and SNAIL2, also known
as SNAIL and SLUG, respectively, activate the EMT program [6,133,135-144]. Most EMT-promoting
signaling pathways (TGF-3, WNT, Notch, and RTKs) activate SNAIL1 expression, and control
its localization and stability [120,121,133]. GSK-3f3 phosphorylates specific serine residues of
SNAIL1, thus inducing its nuclear export, ubiquitination, and consequent degradation. The WNT,
PI3K/AKT, Notch and NF-kB pathways enhance SNAIL1 stability by inhibiting its GSK-33-mediated
phosphorylation or simply by preventing GSK-3f3 binding [6]. The transcription factors bHLHs
include some regulators of EMT program, namely, E12, E47, TWIST1, and TWIST2 that repress
epithelial phenotype genes (e.g., E-cadherin) and promote the expression of mesenchymal genes
(e.g., N-cadherin) via SNAIL-independent routes [120,121,133,134,136]. Many signaling pathways
upregulate TWISTs during cancer development and tumorigenesis [120,121,133,136]. Furthermore,
microenvironmental conditions, e.g., hypoxia, can increase TWIST expression and favor EMT by
inducing hypoxia-inducible factor 1o (HIF1«) [6,120,145]. Similar to SNAILs, also TWIST1 stability
is regulated by MAPKSs through phosphorylation that impedes ubiquitination and degradation of
TWIST1 [146].

The two ZEB transcription factors, namely ZEB1 and ZEB2, can act both as transcriptional
repressors and activators [136,147]. ZEBs downregulate genes encoding proteins involved in epithelial
cell-cell junctions and in the maintenance of apical-basal polarity, and upregulate mesenchymal
genes [133,136]. In most cases, increased ZEB expression can be a consequence of SNAIL activation.
In fact, as an example, the ZEB1 gene is a direct target of SNAIL1 transactivity, whereas TWIST1 can
improve this effect by cooperating with SNAIL1 [148]. The expression of ZEBs is promoted by the
TGEF-f3, WNT and RAS pathways [136], while it is inhibited by specific miRs, namely, miR-200, miR-205,
and miR-192 families [6,121].

4.2. Signaling Pathways

Among the proteins of the TGF-f superfamily, TGF-31 and TGF-f32 are the most powerful signals
able to trigger the EMT program. In particular, TGF-f1 activity induces the EMT in diverse carcinomas,
and leads to cancer cell migration and metastasis [115,149,150]. SMAD proteins are intracellular
effectors of the TGF-p signaling that control EMT gene expression both directly and by upregulating
the expression and activity of EMT transcription factors [6,121,151,152]. TGF-B-activated SMADs can
induce SNAIL expression and cooperate with the latter to downregulate E-cadherin [153]. TGF-3 can
also promote ZEB1 expression, which is also controlled by MAPK signaling [154]. The interaction of
SMAD with ZEB1 and ZEB2 enhances TWIST expression by downregulating the inhibitor of DNA
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binding 1 (ID1) [155], and directly inducing the expression of genes encoding mesenchymal phenotype
proteins e.g., fibronectin, vimentin and collagen «I [156,157].

TGF-f induces signaling through the RHO-like GTPases, PI3K and MAPK pathways, all of
which contribute to the EMT [121,136,158-161]. Activation of RHO-like GTPases drives cytoskeletal
reorganization and lamellipodia and filopodia formation [162]. TGF-p also activates PI3K/AKT,
which results in activation of mammalian TOR complex 1 (mTORC1) and mTORC2 [120,121,163-165].
Indeed, mTORC1 mediates the processes leading to increased cell motility and invasion [164] and
mTORC2 is crucial for acquisition of the mesenchymal phenotype [163]. AKT also sustains SNAIL1
expression and participates in E-cadherin repression and MMP upregulation [163,166]. It also
phosphorylates GSK-3f3, thereby inhibiting the activity of the latter and consequently enhancing
SNAILL1 stability [6]. TGF-B-dependent ERK/MAPK signaling is mediated by the adaptor protein SRC
homology 2 domain-containing-transforming A (SHCA), which binds growth factor receptor-bound
protein 2 (GRB2) and the son of seven less (SOS) genes, thereby triggering the RAS/RAF/MEK/ERK
cascade [167].

Growth factors recognized by RTKs can mediate an induction of EMT mainly via PI3K/AKT and
MAPK/ERK [6]. As in the case of TGF-$3, also in RTK-signaling, the AKT and mTORC2 pathway
is crucial for EMT activation [6,168]. Mutations in the genes encoding RAS or RAF also promote
RTK-mediated EMT in cancer cells. The RAS pathway induces SNAIL1 and SNAIL2 expression and
promotes activation of the RHO-GTPases thereby favoring migratory and invasive properties in cancer
cells [169]. Indeed, RTK signaling promotes TGF-f31 expression, thus potentiating its signaling [6].
IGF-1 induces the EMT in most cancer cells, whereas IGF-1R activation leads to downregulation of
E-cadherin and upregulation of N-cadherin, vimentin, and fibronectin [170]. Indeed, IGF-1R complexes
with E-cadherin and ov integrin are destabilized by IGF-1 thereby promoting cell motility [171].
In some epithelial cells, IGF-1-mediated activation of NF-«B upregulates SNAIL1 [170] while in other
cells, the IGF-1-mediated EMT results from the activation of the MAPK/ERK axis with consequent
enhancement of ZEB1 expression [172]. Lastly, the PI3K/AKT pathway is essential for IGF-1-induced
EMT in all the epithelial cells [173].

5. IGF-1 Signaling and EMT Activation in Breast, Lung, and Gastric Cancers

5.1. Breast Cancer

Experimental and clinical evidence indicates that IGF-1 induces the EMT phenotype,
thereby promoting BC cell growth, survival, migration, invasiveness, metastasis and, eventually,
drug-resistance [7,117,174]. In fact, it is now recognized that ERK/MAPK and IRS-1/PI3K/AKT/GSK-3,
the major IGF-1R signaling transduction pathways, are involved in IGF-1-mediated EMT activation in
BC. Interestingly, in vitro studies showed that also human prolGFs can promote cell proliferation and
migration in different human cell types, both normal and cancer cells including BC [27,29]. In fact,
De Santi et al. demonstrated that prolGFs induce BC cell proliferation via IGF-1R activation [27].
ProlGFs activate either the MAPK or the PI3K/AKT arm of IGF-1R downstream signaling in a cell
type-dependent manner. Contrary to transgenic mice overexpressing IGF-1Ea, AKT phosphorylation is
affected by glycosylated pro-IGF-1Ea in MCF-7 human breast (adenocarcinoma) epithelial cells [27,29].
However, among prolGFs, we cannot exclude the existence of distinct downstream signaling pathways
that are divergent from that of mature IGF-1.

Breast cancer-specific routes and specific key mediators are emerging within the canonical
IGF-1 signaling transduction pathways that lead to EMT activation (Figure 1). In this context,
Kim et al. demonstrated that overexpression of a constitutively active IGF-1R in normal human breast
epithelial cells, MCF10A, causes transformation and xenograft growth, which are processes linked to
NF-«B-mediated EMT induction via upregulation of SNAIL and downregulation of E-cadherin [170].
In IGF-1-stimulated MCF10A, AKT isoforms play different roles in regulating the EMT process: if AKT1
is downregulated and AKT2 expressed, the stimulated BC cells acquire an EMT phenotype in which
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ERK/MAPK signaling is activated and cell migration is enhanced [173]. Intriguingly, this phenotype
is reversed by AKT2 downregulation, which supports the therapeutic potential of AKT inhibitors in
the treatment of specific BCs also coupled with conventional therapies. Notably, overexpression of
IGF-1R in MCF-7 together with IGF-1 treatment induces the EMT phenotype in a PI3K-dependent
manner [175]. In MCF-7 and highly metastatic MDA-MB-231 human BC cells, stimulation with IGF-1
induces the overexpression of discoidin domain receptor 1 (DDR1), a collagen receptor tyrosine-kinase
involved in EMT-dependent cancer progression (Figure 1) [176]. In fact, the cross-talk between IGF-1R
and DDR1 is mediated by a PI3K/AKT/miR-199a-5p signaling cascade (Figure 1) [176]. This novel
pathway may be manipulated to modulate the IGF-1/IGF-1R axis in BC. In fact, in the experimental
model proposed, AKT activation, through the IGF-1 paracrine/autocrine signal, inhibits miR-199a-5p,
which in turn induces DDR1 upregulation. Interestingly, DDR1 upregulation and AKT activation were
inhibited in BC cells transfected with pre-miR-199a-5p, and as a consequence, cancer cell migration
and proliferation were impaired [176]. These findings could open the way to DDR1 inhibitors that can
be combined with IGF-1R-targeted therapies for BC treatment.

(Wise3)
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v DDR1
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(LRI I

TGF-BR IGF-1R
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ERK1/2
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Figure 1. Two major signaling axes in IGF-1-mediated EMTs in human breast, lung, and gastric cancers.
IGF-1/IGF-1R signaling axis via IRS-1/PI3K/AKT/GSK-33/NF-«kB and RAS/RAF/MEK/ERK
pathways leads to the activation of EMT markers, namely ZEB1/2, SNAIL1 and TWIST1. The interplay
between IGF-1 and TGF-§ signaling pathways for EMT induction is also indicated. The key mediators
involved in EMT induction by IGF-1 are labeled with (#) in breast, (§) in lung cancers and (*) in gastric.
WISP3: WNT1 inducible signaling pathway protein 3; TM4SF4: transmembrane 4L six family member 4;
ANXAZ2: annexin A2; CBLB: Cbl proto-oncogene B; IFITM2: interferon induced transmembrane protein
2; STAT3: signal transducer and activator of transcription 3; MUC1: mucinl; DDRI1: discoidin domain
receptor 1; MEMO1: mediator of ErbB2-driven cell motility 1; PTP: phosphotyrosine phosphatase; FAK:
focal adhesion kinase.
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Among potential therapeutic targets for BC, Sorokin et al. found that the mediator of ErbB2-driven
cell motility 1 (MEMO1) is involved in IGF-1-mediated EMT induction in BC cell lines, mostly in
MCF10A cells [177]. Upon binding of MEMOL to IRS-1, which results in activation of the downstream
PI3K/AKT signaling pathway, the EMT is induced via upregulation of SNAIL1 (Figure 1) [177]. It is
noteworthy that in normal breast epithelial cells, such as MCF10A, MEMOY, overexpression enhances
proliferation and migration, whereas MEMO1 knockdown in highly metastatic MDA-MB-231 cells
reverses their invasive phenotype. This suggests that MEMOL1 plays a role in BC treatment [177].
Contrary to MEMO1, whose overexpression triggers the EMT in MCF10A cells, the reduction of
the matricellular protein WNT1 inducible signaling pathway protein 3 (CCN6/WISP3) activates the
IGF-1/IGF-1R axis and induces the EMT via upregulation of ZEB1 (Figure 1) [178].

Another potential target for the prevention of BC invasion is mucin 1 (MUC1), which is a
transmembrane glycoprotein that acts as a metastasis-promoting oncoprotein. MUC1 is overexpressed
in IGF-1 stimulated MCF-7 and MDA-MB-231 cells. MUC1 upregulation via the PI3K/AKT signaling
pathway plays a key role in EMT induction that is prevented by MUC1 knockdown in MCEF-7 cells
(Figure 1) [179].

The interplay between the IGF-1 and TGF-{31 signaling pathways is another important feature
for EMT induction (Figure 1) [180]. IGF-1 stimulation of MCF-7 cells, through the PI3K and MAPK
pathways, leads to the activation of MMPs; this, in turn, activates TGF-31 with consequent EMT
induction after (3-catenin nuclear translocation [180]. Stimulation of MCF-7 and BT474 (breast invasive
ductal carcinoma) cells with TGF-f3 induces both the EMT program and nongenomic estrogen
receptor-oc (ER-) signaling, which translates into BC progression [181]. Interestingly, the EMT
phenotype of these BC cells is characterized by: (i) overexpression of the epidermal growth factor
receptor (EGFR) and of IGF-1R which form complex with ER-«; (ii) MAPK activation and, most
importantly, (iii) increased resistance to tamoxifen. This reduced sensitivity to anti-estrogen-based
therapy is reversed by inhibitors against TGF-3, EGFR, IGF-1R and MEK1/2 [181].

Besides the MAPK, PI3K/AKT and NF-«B pathways, also integrins and components of focal
adhesion complexes play crucial roles in the TGF-3- and/or IGF-1-induced EMT [175,182]. In fact,
IGF-1-induced depolarization of breast epithelial cells involves phosphotyrosine phosphatase activity,
which is required for dephosphorylation of focal adhesion kinase (FAK) [175]. It is noteworthy that the
IGF-1R-induced EMT features in triple negative breast cancer (TNBC) cell lines are mediated by FAK
activation (Figure 1) [183]. In fact, IGF-1R overexpression promotes TNBC migration and invasion
and, intriguingly, this phenotype can be abolished by using pharmacological FAK inhibitors [183].

5.2. Lung Cancer

As in other cancers, activation of ERK1/2, AKT and IKBx/NF-«B is thought to promote
carcinogenesis and invasion in NSCLC [184]. NSCLC is also associated to EGFR gene mutations
and protein overexpression [185]. EGFR is a transmembrane RTK and tyrosine kinase inhibitors (TKIs),
mainly gefitinib and erlotinib, are used in LC therapy. However, EGFR-TKI-treated patients develop
drug resistance in less than 1 year [185]. The two mechanisms known to underlie acquired resistance
(the secondary EGFR T790M mutation and c-Met gene amplification) account for about 60-70% of
cases [186—-190]. Investigations to identify the causes of the remaining cases focus on mutations in
other key genes, impaired signaling and the EMT [191-196]. In this context, Zhou et al. support the
involvement of the EMT in the drug resistance mediated by IGF-1R in advanced NSCLC cells [186].
In particular, they found that in two NSCLC cell lines (gefitinib-resistant PC9 and erlotinib-resistant
H460) IGF-1R and pIGF-1R, but not EGFR, are overexpressed. They also found that exogenous
IGF-1 induced IGF-1R activation, enhanced resistance to EGFR-TKIs and, consequently, upregulation
of SNAIL, EMT induction by TGF-1 and reduced sensitivity to EGFR-TKIs, whereas E-cadherin
overexpression restored this sensitivity by reverting the transition. These findings are in agreement
with previous reports [193,197-199] and strengthen the concept that IGF-1R activation is one of the
mechanisms leading to the EMT and hence to EGFR-TKI resistance in LC cells. Zhou et al. also showed
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that the EMT is triggered by SNAIL through pERK but not through pAKT signaling, and promotes
3-catenin translocation to the nucleus thereby suppressing E-cadherin (Figure 1).

Differently, Yi et al. focused on the role of the stromal microenvironment, and hence of
cancer-associated fibroblasts (CAFs) in EGFR-TKI resistance and in the EMT [200]. They found that
the conditioned medium from CAFs overexpresses specific factors, including IGF-1 and hepatocyte
growth factor (HGF), which synergistically increase the expression and phosphorylation of annexin A2
(ANXA2), and are able to induce EMT phenotype and enhance NSCLC migratory potential (Figure 1).
Moreover, inhibition of the IGF-1/IGF-1R and HGF/c-Met axes prevents both EGFR-TKI resistance and
the EMT [200]. More than 50% of LC patients receive radiation therapy. However, radiation upregulates
cancer-promoting genes, such as EGFR, thereby causing resistance [201]. Choi et al. demonstrated that
transmembrane 4L six family member 4 (TM4SF4) protein confers radiation-resistance in lung A549
and Calu-3 adenocarcinoma cells [202]. In fact, TM4SF4 overexpression triggers the IGF-1/IGF-1R axis
which in turn activates PI3K and nuclear translocation of NF-«B (Figure 1). Notably, MMP2, MMP?7,
and MMP9, which are biomarkers of migration and invasion ability of LC cells [203], were upregulated
in TM4SF4-overexpressing NSCLC cells. This finding supports evidence that NSCLC features are EMT
traits [204,205].

Likewise, hypoxia can induce the EMT in LC. Indeed, Nurwidya et al. demonstrated that
IGF-1/1GF-1R/IGFBP3 are upregulated in an HIF1 a-dependent manner in hypoxic A549 and HCC2935
cells [206]. By inhibiting IGF-1R signaling, the authors showed that hypoxic NSCLC cells do not
develop EMT molecular hallmarks, whereas exogenous IGF-1 induces the EMT under normoxic
condition [206].

5.3. Gastric Cancer

The invasive behavior and metastatic properties of GC are closely related to the EMT and high
levels of some EMT markers in biopsy samples are hallmarks of poor prognosis [7,105-109,207,208].
IGF-1 signaling is the main EMT axis in GC and, in general, it follows RAS/MEK/ERK and PI3K/AKT
routes, which are common to other types of cancer [105,207-209]. The upregulation of ZEB2, but not
of ZEB1, TWIST1 or TWIST2 is the main peculiarity of IGF-1-induced EMT in GC, at least in BGC-823
human gastric adenocarcinoma cells (Figure 1) [208]. Indeed, Li et al. demonstrated that inhibition
of the PI3K/AKT signaling pathway reverses ZEB2 upregulation and the subsequent EMT process
mediated by IGF-1 [208]. However, they also reported that the activation of GSK-3f inhibits ZEB2
upregulation and is able to maintain the epithelial phenotype of BGC-823 [208]. It is noteworthy
that ZEB2 protein levels are upregulated after IGF-1 treatment without an increase in ZEB2 mRNA,
which suggests post-transcriptional regulation [105].

Several studies have shown that reduced levels of miR-200 family members are associated
with tumor metastasis, poor disease outcome and the EMT [210-214]. In most cancers, this role is
played particularly by miR-200b [6]. However, in some tumor setting, miR-200c seems to cause EMT
suppression through ZEB1/2 targeting [211-213]. IGF-1 stimulation induces miR-200c downregulation
in MGC-803 human gastric carcinoma cells and in SGC-7901 human metastatic gastric carcinoma
cells [105]. Moreover, the PI3K/AKT inhibitor LY294002, the ERK inhibitor PD98059 and transient
knockdown of ERK or AKT partially reverse the IGF-1-mediated downregulation of miR-200c [105].
Given that the IGF-1-induced EMT upregulates ZEB2 but not ZEB], it is conceivable that miR-200c
controls this program mainly by acting on ZEB2 (Figure 1). In this context, the activation of the
AKT/ERK signaling, the inhibition of miR-200c expression, and the upregulation of ZEB2 could be
influenced, at least indirectly, by Cbl proto-oncogene B (CBLB), whereas Cbl ubiquitin ligase maintains
cell-cell adhesion and suppresses cell migration (Figure 1) [215-217]. In fact, IGF-1-induced EMT and
migration potential are increased and miRNA-200c expression decreased in CBLB-knockdown GC
cells [105]. In other cancer contexts, Cbl proto-oncogene C (CBLC) combines with IGF-1R and mediates
receptor polyubiquitination in response to IGF-1 [218]. After IGF-1R phosphorylation and activation,
receptor combination with CBLB initiates IGF-1R degradation in IGF-1-stimulated MGC-803 GC cells.
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It is noteworthy that knockdown of CBLB significantly inhibits this process [105]. Moreover, IGF-1R
expression in gastric adenocarcinoma tissues is positively associated with late-stage tumors and lymph
node metastasis [113], and negatively correlated with CBLB expression [105]. CBLB expression is
positively associated with early-stage tumor and negatively with lymph node metastasis [105]. CBLB
could repress IGF-1R and decrease the risk of developing lymph node metastasis in patients with
GC [105].

Another possible crucial molecular regulator of IGF-1-mediated EMT in GC is survivin, whose
expression has been associated with GC stage and metastasis (Figure 1) [207]. Indeed, IGF-1 treatment
increases ERK and AKT phosphorylation in the GC cell line BGC823, and the expression of survivin
and EMT biomarkers, including N-cadherin, MMP2, and SNAIL [207]. Silencing of survivin eradicates
the expression of IGF-1-induced EMT biomarkers like N-cadherin, MMP2, and SNAIL, and negatively
affects (reduces) the migration and invasion of BGC823 cells [207]. Moreover, interferon induces
transmembrane protein 2 (IFITM2), thought to act as a tumor suppressor, promotes cancer cell
proliferation, invasion, migration and the EMT in vitro, as well as tumor growth and metastasis
in an xenograft model [136]. Interestingly, IGF-1 induces IFITM2 expression via IGF-1R/STAT3
signaling (Figure 1) [209].

In the light of these findings, strategies able to attenuate, in cancer cells, the invasive and migratory
potential related to IGF-1-mediated EMT induction, have a great potential in the prevention of cancer
progression and metastasis.

6. Conclusions

Accumulating clinical evidence shows that an overexpressed and/or hyperactivated IGF system
plays an important role in the progression of many types of solid tumors, including breast, lung,
and gastric cancers [37,40,41,219]. Several studies report that the enhanced activation of the
IGF-1/IGF-1R signaling axis promotes cancer proliferation and survival [42,220,221]. This scenario
prompted efforts to develop anticancer drugs that target the IGF system and its downstream pathways.
Currently, human monoclonal blocking antibodies or TKIs are being used in preclinical studies and in
clinical trials/protocols [222-225]. However, these pharmacological strategies are not producing the
expected results, often due to the development of acquired resistance mechanisms in the short/medium
period of treatment. This disappointing outcome can be partly explained by mutations in key genes,
impaired signaling and an altered EMT profile. Indeed, many oncogenes induce an aggressive
phenotype via the IGF-1-mediated EMT program. Surprisingly, the molecular and functional traits of
the EMT phenotype are common to various tumors, but the molecular routes leading to such features
are tumor-specific.

Figure 1 is an overview of current knowledge about the molecular species involved in the
IGF-1-mediated EMT in breast, lung, and gastric cancers. ERK/MAPK and IRS-1/PI3K/AKT/GSK-33,
the major IGF-1R signaling transduction pathways, are involved in IGF-1-mediated EMT activation.
In fact, ERK/MAPK signaling pathways activate ZEB1 and TWIST, which are the main EMT
transcription factors. Activation of IGF-1R signal transduction via IRS-1/PI3K/AKT/GSK-3f3 leads
to inhibition of E-cadherin via repression of 3-catenin and SNAIL by GSK-3f3, thereby regulating the
EMT program. Whatever the major IGF-1R signaling transduction pathway activated (PI3K/AKT
and/or RAS/MEK/ERK pathway) in a human epithelial cancer, current evidence shows that there
is a tumor-specific molecular signature, acting at protein and mRNA level, that enables activation of
EMT-promoting transcription factors (such as SNAILs, ZEBs and TWISTs). Little is known about these
signatures. Most studies focused more on the PI3K/AKT pathway than on the RAS/ERK pathway,
and surprisingly, the majority report that modulators involved in EMT induction by IGF-1 act through
the PI3K/AKT arm of IGF-1R downstream signaling. To our knowledge, no RAS/ERK modulators are
reported in the types of cancers investigated herein. Nevertheless, both arms lead to the activation of
EMT markers which, except for TWIST1, are shared by at least two cancer types reported herein.



Int. ]. Mol. Sci. 2018, 19, 2411 11 of 24

The number of studies characterizing the IGF-1-mediated EMT activation in BC largely exceeds
those devoted to other tumors. Hopefully, future studies will reveal the existence of other
tumor-specific routes converging to the EMT, thus enabling our understanding of the invasive and
migratory potential of cancer cells in IGF-1-mediated processes.
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