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Aberrant activation of MET, a receptor tyrosine kinase (RTK), leads to tumor 

growth, invasion and metastasis and is implicated in multiple types of cancers. Hence, 

various strategies have been employed to target MET for cancer therapy including 

recombinant form of MET ectodomain to sequester ligand and suppress MET activity. 

Here, we describe multiple C-terminal truncated MET decoys receptors (sdMET) with 

therapeutic potential. We show that these sdMET isoforms are translated from stable 

mRNA variants which are generated via Intronic polyadenylation (IPA) of MET’s pre-mRNA 

in a U1-snRNP (U1) dependent manner. Moreover, we demonstrate increase in sdMET 

IPA isoforms of choice at expense of full-length MET with our antisense-based strategy by 

blocking U1 binding to specific 5’ splice site and activating downstream intronic poly (A) 

site. Our strategy is an improvement of current methods due to its two-pronged 

approach: suppress MET activity in targeted cells by converting oncogenic MET into 
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soluble decoy to have dominant negative effect on surround microenvironment in 

paracrine manner. 
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1. General introduction to MET receptor 

 Initially identified in 1984, MET proto-oncogene located on chromosome 7q21-31 

encodes a cell surface receptor tyrosine kinase (RTK) which is involved in multiple 

biological processes [1, 2]. MET is a 155 kDa transmembrane receptor and expressed in 

various organs, such as liver, lung, pancreas, stomach, and kidney [3, 4]. MET promotes 

tissue remodeling for morphogenesis during embryonic development and organ 

regeneration in adulthood [5, 6]. External stimuli allow MET receptor to controls organ 

homeostasis under normal physiological conditions by receiving and integrating 

environmental signals for growth, survival and migration [6-11]. The underlying 

mechanism involves activating complex network of multiple signaling pathways which can 

regulate transcription and translation, protein stability and localization [11, 12]. 

However, aberrant activation of MET receptor is implicated in tumorigenesis and 

metastasis [6, 13, 14]. When dysregulated, MET promotes cancer cell proliferation, anti-

apoptosis, and migration [12, 15-17]; hence, MET signaling allows tumor to sustain 

growth and undertake aggressive phenotype [7, 18]. Furthermore, MET receptor is 

frequently activated in cancers undergoing targeted therapy to others RTKs to drive 

mechanism of resistance [19-23]. Therefore, MET is an attractive candidate for cancer 

therapeutics. 

2. MET receptor structure and regulation at cell surface 

 Broadly, the topology of MET is organized in extracellular, transmembrane, and 

intracellular domains (figure 1.1) [24]. Extracellular domain is responsible for interacting 
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with ligand, hepatocyte growth factor (HGF), whereas the intracellular domain exerts 

MET’s physiological functions [6, 11]. Once activated, MET initiates downstream signaling 

pathways necessary for numerous biological processes such as RAS-MAPK, PI3K-AKT, and 

STAT3 pathways [5, 6, 25]. 

2.1. MET receptor domains 

MET receptor is initially synthesized as a single polypeptide precursor protein [6, 

26]. in the Golgi compartment, pro-MET undergoes proteolytic processing into α- and β-

chain [11, 15]. the α/β chains are joined by a disulphide bond forming a heterodimer 

Figure 1.1: Domain structure of MET. The 

extracellular portion is composed three 

domains: 1, N-terminal semaphorin (sema) 

domain spans the entire α-chain and part of 

β-chain. 2, plexin-semaphorin-integrin (PSI) 

domain. 3, four immunoglobulin-plexin-

transcription (IPT) domains. The Intracellular 

portion is composed of three domains: 1, 

juxta-membrane negative regulatory domain 

containing Y1003 residue. 2, kinase domain 

with Y1234 and Y1235 residues. 3, 

multifunctional docking domain with Y1349 

and Y1356 residues. 
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single-pass cell surface receptor (figure 1.1). The extracellular part of MET receptor is 

divided into three domains [24, 27]. The N-terminal semaphorin (sema) domain 

encompasses the entire α-chain and part of the β-chain [24]. Sema domain forms seven 

blade β-propeller structure allowing ligand-receptor interaction and shares structural 

homology to cell surface proteins in semaphorin and Plexin families [13, 28-30]. Following 

sema domain is the plexin-semaphorin-integrin (PSI) domain which includes four 

disulphide bonds. In between the PSI domain and transmembrane (TM) domain are four 

immunoglobulin-plexin-transcription (IPT) domains [31]. The IPT domains provide ‘stalk’ 

like structural support for the sema domain to interact with MET receptor ligand, 

hepatocyte growth factor (HGF) [32]. Furthermore, recent studies have identified a 

second ligand binding site in IPT3 and IPT4 adding a layer of complexity to HGF and MET 

interactions [31]. 

Three domains define the intracellular part of MET receptor. Immediately 

following the TM domain is juxta-membrane negative regulatory (JNR) domain containing 

of Y1003 residue [33]; following phosphorylation of Y1003, MET is ubiquitinylate by E3 

ubiquitin-protein ligase thereby promoting internalization and lysosomal-mediated 

receptor degradation [26, 33, 34]. After the JNR domain is the tyrosine kinase (TK) domain 

which positively modulates MET activity upon trans-phosphorylation of Y1234 and Y1235 

[6, 15]. Lastly, C-terminal multifunctional docking domain have Y1349 and Y1356 residues 

which are critical to recruiting adaptor proteins to initiate signaling pathways. 
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2.2. Ubiquitin-mediated regulation of MET 

Main determinant of controlling MET expression at cell surface is endosomal-

mediated degradation of MET in the lysosomal compartment (figure 1.2) [35-39]. After 

phosphorylation of Y1003 residue in the JNR domain of MET, E3 ubiquitin-protein ligase, 

casitas b-lineage lymphoma (CBL), are recruited to monoubiquitylation of MET at multiple 

sites [39]. Ubiquitylated MET is recognized by endocytic adaptors with ubiquitin-binding 

domains. Furthermore, CBL attracts endophilin proteins which promote negative 

curvature and invagination of cell membrane during early steps of endocytosis [40]. 

Collectively, CBL is responsible for tagging MET, physical formation of clathrin-coated 

early endosome and its subsequent sorting to the endosomal network; within this 

network, MET containing endosome accumulates to form multivesicular bodies which 

eventually merges with lysosomes for MET degradation [5]. 

Figure 1.2: Endosomal mediated 

internalization and lysosomal 

degradation of MET receptor. MET 

containing endosome form 

multivesicular bodies that fuse with 

lysosome for receptor degradation. 

Reprint with permission from [5]. 
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What determines MET towards degradation rather than sustained signaling from 

endosomal network is unknown. For EGFR, degradation predominates in conditions of 

abundant ligand, whereas signals from endosomes is favored during low levels of EGF in 

the microenvironment [41]. A comparable situation might apply to MET though such 

scenario lacks experimental evidence.  

2.3. Regulation of MET with Proteolytic cleavage 

Receptor proteolysis is an alternative route to regulate MET expression at cell 

surface [42]. This mechanism involves two successive proteolytic cleavage of MET (figure 

Figure 1.3: Sequential proteolysis of MET receptor at the cell surface. The first 

cleavage liberates ectodomain by extracellular metalloprotease, ADAM. ADAM 

activity is stimulated by phorbol esters (PMA), suramin, lysophosphatidic acid 

(LPA) or MET monoclonal antibodies. The released ectodomain can behave as a 

decoy receptor to block full-length MET activation. The second cleavage is by γ-

secretase to release intracellular fragment which is degraded by proteasomes. 

Reprint with permission from [5]. 
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1.3). An extracellular protease, a disintegrin and metalloprotease (ADAM), performs the 

first cleavage to generate MET ectodomain and membrane anchored cytoplasmic tail [42-

44]. The second proteolytic reaction is done by membrane associated γ-secretase to 

release the intracellular domain which is unstable and swiftly degraded by cytoplasmic 

proteasomes [45, 46]. Various agents can promote ADAM metalloprotease activity, such 

as lysophosphatidic acid, suramin, phorbol esters or monoclonal antibodies targeting MET 

[47-52]. Notably, shedding of MET ectodomain has a dual function: first, shedding 

decreases level of full-length (FL) receptor at cell surface; second, inhibition of FL-MET 

activity by generate a decoy moiety to sequester HGF, prevent dimerization and 

transactivation of FL receptor [5, 12, 51, 53]. Therefore, agents which reduce FL-MET and 

induce MET ectodomain can be utilized to target MET for cancer therapy. 

Proteolysis of MET is distinct from endosomal mediated degradation. Proteolytic 

cleavage does not require ligand induced kinase activity and is independent of receptor 

ubiquitinylation [5]. This mechanism prevents chronic MET activation and weaken signal 

input under basal conditions [5]. 

3. MET ligand, hepatocyte growth factor (HGF) 

HGF, also known as scatter factor (SF), was independently identified by two groups 

in the late 1980s [54, 55]. the first group named the ligand, HGF, due to its ability induce 

hepatocyte proliferation, while the latter group identified it as a SF because it promoted 

‘scattering’ of epithelial cells (figure 1.4). 
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Initially, HGF is synthesized and secreted as a single-chain polypeptide precursor 

[11]. In the extracellular space, proteases converted the pro-HGF into α- and β-chain 

which are remain together by disulphide bridge to form an active heterodimer (figure 

1.5A) [56, 57]. The α-chain contains N-terminal hairpin loop (HL) domain followed by four 

Kringle domains, while the β-chain consists of serine protease homology (SPH) domain. 

SPH domain is required for HGF-MET interaction, receptor activation and subsequent 

ligand mediated dimerization (figure 1.5B).  

In addition to full-length HGF, two C-terminal truncated isoforms of HGF are 

produced by alternative splicing variants NK1 and NK2 [58, 59]. NK1 variant encodes HL, 

Figure 1.4: MET induced 

scattering and invasion. Reprint 

with permission from [11]. 

Figure 1.5: A. HGF is composed of six 

domains: N-terminal hairpin loop 

(HL) domain. Four Kringle domains 

(K1-K4. Serine protease homology 

(SPH) domain. B. Crystal structure of 

between sema domain and HGF β 

chain. reprint with permission from 

[5]. 
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and K1 domain while NK2 variant encodes HL, K1, and K2 domain. In vivo studies have 

demonstrated NK1 can serve as a partial agonist, whereas the role of NK2 in MET 

activation is unclear [59]. 

4. MET activation and downstream pathways 

 After HGF binds MET, two HGF-MET complex dimerizes in a ligand-dependent 

manner, induces a conformational change and activates the intracellular kinase domain 

(KD) (figure 1.6). One receptor trans-phosphorylates its dimer partner’s KD 

(Y1234/Y1235) and vice versa [6]. The following step is phosphorylation of Y1349/Y1356 

in the multifunctional docking domain and recruitment of various docking protein to this 

site, such as GAB1, phospholipase C (PLC), GRB2, and SRC [60]. After their localization to 

the cell surface, these docking proteins are phosphorylation and serve as scaffold to 

attract protein involved in signaling cascade. For example, phosphorylated GAB1 bound 

to MET recruits PI3K and SHP2, while phosphorylated GRB2 recruits SOS, guanine 

nucleotide exchange factor [61-66]. Eventually, these complex interactions lead to 

activation of downstream signaling, mainly RAS-MAPK, PI3K-AKT and STAT3 pathways [5, 

6, 11, 12]. 

4.1. Signaling pathways regulated by MET receptor 

MET regulated signaling are arranged in pathways that transmit biological 

information from outside to inside of cell cytoplasm. Once HGF is release into 
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microenvironment, it acts in an autocrine or paracrine manner (figure 1.6) [67-70]. For 

instance, fibroblast release HGF to activate MET on neighboring epithelial cells during 

tissue repair [70]. The signaling apparatus, such as docking and transducer molecules are 

unique to MET. However, the downstream response to activated MET depends on 

conventional signaling pathways that are shared among different RTKs and are reviewed 

in the following three sections. 

Figure 1.6: Major signaling pathways regulated by MET receptor. MET can be 

activated by HGF in autocrine and paracrine manner leading to ligand-mediated 

dimerization of HGF/MET dimer. Adaptor proteins are recruited to cell surface to 

attract effector molecules and trigger several biologically relevant signaling 

cascades, such as PI3-AKT, RAS-MAPK, and STAT3 pathways.  
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4.1. RAS-MAPK pathway 

 Mitogen-activated protein kinase (MAPK) proteins, also known as extracellular 

signal-regulated kinases (ERKs), are part of a subfamily with a distinctive phosphor-relay 

system involving multiple kinases [71, 72]. The ERKs are primarily activated by tyrosine 

kinase-mediated stimulation of RAS, a small GTPase [72]. For example, MET bound 

GRB/SOS complex can phosphorylate and activate RAS [7]. Through its effector loop 

domain, activated RAS binds serine threonine kinase, RAF [73-75]. This association 

inducing conformational change in RAF and allows RAF to phosphorylate intermediate 

kinases in MAPK system, MEK1 and MEK2 [75-77]. Finally, MEK1 and MEK2 phosphorylate 

ERK1 and ERK2, the final effectors of the pathways [77]. Activated ERK1 and ERK2 are 

translocated to the nucleus where they phosphorylate and stabilize multiple transcription 

factors to modulate multiple genes involved in cell-cycle regulation, cell motility, invasion 

and proliferation [78, 79]. 

 In addition to ERKs, MET can activate signaling kinases in the p38 MAPK and JNK 

subfamilies [80, 81]. Through RAS, MET can stimulate RAC, another small GTPase [82]. 

RAC activation leads to phosphorylation of MEK3, MEK4, MEK6, and MEK7. As a 

consequence, activated MEK4 and MEK7 proceeds to phosphorylate JNKs [80], whereas 

activated MEK3 and MEK 6 leads to phosphorylation of multiple p38 isoform [81]. JNKs 

and p38s stimulated in MET-dependent manner regulated cellular differentiation and 

transformation. 
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4.2. PI3K-AKT pathway 

 MET-dependent activation of phosphoinositide 3-kinases (PI3K)-AKT pathway 

occurs via two mechanisms [5, 83, 84]. For instance, MET can directly phosphorylate PI3K 

or indirectly through adaptor protein, GAB1 [62, 84]. In both scenarios, activated PI3K 

results in phosphatidylinositol-3,4,5-triphosphate (PIP3) formation at the cell surface. 

PIP3 recruits and activate serine threonine kinase, AKT to initiates signaling pathways 

required for cell survival and growth [85]. AKT is able to suppress apoptosis by increasing 

expression of (B-cell lymphoma) BCL-2 and the degradation of p53 via activation of 

ubiquitin-protein ligase MDM2 [85]. Moreover, AKT can stimulate protein synthesis by 

activation of activate mammalian target of rapamycin (mTOR) [85]. 

4.3. STAT pathway 

 As in PI3K-AKT activation, MET can initiate Signal transducer and activator of 

transcription 3 (STAT3) pathway directly or indirectly through adaptor protein, SRC [5]. 

Figure 1.7: Activation of STAT3 

pathway by MET from endosomal 

compartment. MET containing 

endosome are trafficked to the 

perinuclear compartment to activate 

the STAT3 pathway. Reprint with 

permission from [5]. 
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Furthermore, as an alternative route, recent evidence has described PKCα-mediated 

activation of STAT3 pathway by MET from endosome (figure 1.7) [86, 87]. After 

internalization, MET containing endosome are trafficked along network of microtubule to 

accumulate in the perinuclear compartment [88]. From this juxtanuclear space, MET 

phosphorylate STAT3 [88]. In any case, phosphorylation and activation of STAT3 leads to 

homodimerization. Ultimately, the STAT3 homodimers is translocated to the nucleus 

where they function as transcription factors to control expression of multiple genes 

involved in proliferation, differentiation, angiogenesis, survival and migration [89].  

5. MET and other cell surface receptors 

In recent years, cooperative signaling have been described between MET and 

other cell surface receptor, such as CD44 isoforms, integrins, and other RTKs [13]. The 

signaling pathways initiated by MET is potent and specific because of complex interaction 

between MET and co-receptors at the cell surface (figure 1.8). MET interacting partners 

can strengthen and/or expand MET mediated signals from microenvironment and 

translate them into definite and meaningful biological outcomes. 

5.1. CD44 isoforms and MET 

CD44 isoforms due to alternative splicing have been shown to functionally interact 

with MET and regulate actin cytoskeleton in epithelial and endothelial cells (figure 1.8A) 

[90, 91]. CD44s are cell adhesion molecules localized at the cell surface and provides 

physical cell-to-cell linkage through intracellular actin cytoskeleton and extracellular 

matrix [92, 93]. CD44v1 through CD44v10 isoform differ from one another due to 
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insertion of variable regions in their extracellular domain [90]. The CD44v6 isoform 

contributes in MET signaling via multiple mechanism [91, 94, 95]. For example, 

extracellular domain of CD44v6 is essential for ternary complex formation between 

MET/HGF/CD44v6 and for successful activation of MET. Furthermore, CD44v6-mediated 

MET activation initiates assembly of complex association of MET’s intracellular domain, 

GRB2, and ERM proteins to recruit SOS and efficiently activate the RAS-MAPK pathway 

Figure 1.8: Cooperative interaction between MET and cell surface receptors. A. 

MET receptor can associate CD44 hyaluronan receptor splice variant V6 and 

activate RAS-MAPK pathways B. α4β6 integrin can interact with MET to stimulate 

of PI3K, RAS and SRC pathway. C. Functional crosstalk between MET and other 

RTKs (EGFR, RON, PDGFR, AXL) can occur in normal physiological context or in 

multiple type of tumors. 
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[96]. Moreover, C44v10 isoform promotes MET trafficking into caveolin-enriched 

microdomains along with TIAM1, dynamin and cortactin, an actin cytoskeletal regulator 

[97]. Thus, CD44 association assists in precise localization of MET within cellular 

compartments to amplify signal output and regulate actin cytoskeletal. 

5.2. Integrins and MET 

 MET signaling can be strengthened with selective interaction with α4β6 integrins 

(figure 1.8B) [6]. Activated MET can interact with α4β6 integrin through its GAB1 adaptor 

protein [98-100]. Thereafter, activated MET can proceed to phosphorylation cytoplasmic 

domain of β4 subunit and initiated recruitment of effector molecules, SHC, PI3K, and SHP2 

[100]. Through this mechanism, cytoplasmic domains of MET and α4β6 integrin serve as 

additional docking stage for recruitment of downstream proteins that synergize with 

those already bound to MET. This mode of action strengthens and sustains activation of 

downstream pathways through amplification of MET signaling  

5.3. MET and other RTKs  

 Numerous studies have described crosstalk between MET and other RTKs, such as 

EGFR, RON, PDGFR, FGFR, and AXL, in great detail due to its likely implications in normal 

physiology and resistance to cancer therapy (figure 1.8C) [101].  

In particular, physical interaction between MET and epidermal growth factor 

receptor (EGFR) was recently reported [102-104]. Furthermore, even in the absence of 

HGF, stimulation with EGFR ligands EGF can induce MET phosphorylation in cells with 

expression of both receptors [105]. Moreover, synergistic activation of downstream 
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pathways is demonstrated when ligands for both receptors are utilized, indicating a 

functional crosstalk between both receptors [106]. Furthermore, MET interaction can also 

crosstalk with the other EGFR family members, such as ERBB3 [23]. Similar to MET-EGFR 

crosstalk, transactivation of ERBB3 and MET was demonstrated with HGF or ERBB3 ligand, 

neuregulin [107].  

Additionally, MET can interact with the closely related RON receptor [108]. With 

the absence of HGF, this association can induce transphosphorylation of the MET 

receptor. It was recently found that subset of tumors addicted to MET signaling feature 

transactivation of RON by MET [109]. Lastly, MET association with platelet-derived growth 

factor receptor (PDGFR) and AXL was demonstrated in lung and bladder cancer [110].  

The number of cell surface receptors that play a part in MET signaling is constantly 

growing. The MET receptor relies on numerous co-receptors and adaptors proteins to 

exert its biological responses. Although much work has been done to describe these 

interactions, our understanding of the complex network of MET-mediate signaling 

remains incomplete. 

6. MET in developmental and regenerative biology 

Most RTKs pathways amplify complex protein–protein interactions and 

participate in numerous signaling feedback loops to ensure signal intake and increase 

functional capability. As for MET, downstream protein fulfill signaling requirements in a 

tissue specific manner which contributes towards embryonic development and organ 

regeneration (figure 1.9) [5]. Furthermore, depending on spatiotemporal and biological 
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context, some downstream molecules dominate over others to relay signals (summarized 

in table 1.1). The following two sections outline several examples of biological functions 

of MET with genetic and pharmacological studies.  

Table 1.1: In vivo response to MET signals. 

Figure 1.9: Selected contribution of MET receptor in development and tissue repair. 
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6.1. MET and embryonic development 

MET relays required signals for proliferation and survival of hepatocytes and 

placental trophoblasts during embryonic development [111, 112]. In MET knockout (KO) 

mice, there is substantial reduction in liver size and defect in formation of placental 

labyrinth [111]. The consequence of abnormal placenta is insufficient nutrient exchange 

between fetal and maternal blood leading to death in utero [111]. Also, MET activity is 

crucial for motility and proliferation of myoblast which undergo long range migration 

(figure 1.10) [113-116]. These muscle progenitor cells undergo epithelial-mesenchymal 

transition (EMT) to detach from epithelial layer of ectoderm. Once in their mesenchymal 

state, they migrate, differentiate, and populate selective regions which eventually 

develop into limbs, tongue and lung diaphragm [11, 117, 118]. Indeed, specific muscle 

types are absence MET KO mice [114, 115, 118]. Finally, perturbation in MET signaling 

Figure 1.10: MET in development. Myogenic precursors (red) detach 

from dermomyotome (DMy) and migrate in a MET-mediated manner 

to development limb buds. Reprint with permission from [11]. 
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impairs proper wiring of neuronal network leading to abnormal axon outgrowth and 

reduced survival of sensory and motor neurons.  

Genetic knock-in mouse models have been utilized to determine developmental 

significance of different downstream signaling regulated by MET. For instance, recent 

study describes rescue of specific phenotypes with mutant form of multifunctional 

docking domain which selectively binds adapter proteins PI3K, SRC or GRB2 [119]. When 

MET exclusively binds GRB2, mice are viable and normal demonstrating that GRB2 is 

adequate in recruiting all necessary components downstream of MET [119]. However, 

embryonic lethality was observed when MET only associated with SRC or PI3K. although 

incompatible with survival, tissue specific SRC activation restore myoblast and placental 

trophoblast proliferation, while selective activation of PI3K is enough to promote 

branching and outgrowth of motor neurons [119]. Together, these studies demonstrate 

that MET regulated processes during development are accomplished in a spatiotemporal 

and tissue specific manner by different downstream proteins. 

Defects observed in MET knockout embryos are identical to GAB1-null mice 

indicating that GAB1 is critical to MET dependent signaling pathways [120]. The mode of 

GAB1 and MET association can have biological implication in a tissue-specific manner in 

vivo [120]. Both direct and indirect GAB1 binding to MET is necessary for MET-mediated 

placenta and liver development [120]. However, either direct or through GRB2, but not 

both, is essential for developing limb muscles. Similar to its interaction with MET, GAB1 

association with individual downstream factors modulates specific processes during 

different stages in embryo formation [121]. For instance, PI3K and GAB1 interaction is 
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critical for eyelid formation, while this associate is dispensable for MET-mediated 

organogenesis [119-121]. Furthermore, MET signals are primarily relayed via GAB1-SHP2 

interaction [119, 120]. Mutations in GAB1 which prevent SHP2 interaction are 

undistinguishable from MET-null mice; these mice have defects in placenta formation and 

suppress myoblast cells migration similar to MET KO mice [120, 121]. To conclude, 

prerequisite of specific pathway in MET signaling is time- and tissue-dependent during 

development.  

6.2. MET and organ regeneration 

The mechanism of MET-mediated signaling during organ regeneration and tissue 

repair is extensively studied in vitro and in vivo. 

For in vitro, culture conditions mimicking three-dimensional environment is 

utilized in morphogenetic assays [122]. For example, normal proliferating epithelial cells 

form spheroids when embedded in collagen matrix [122]. In addition, these spheroids 

have polarized cells surrounding a hollow lumen [122, 123]. Spheroids elongation to form 

hollow tubules is mediated by MET signaling in sequence dependent manner [124]. 

Initially, polarized epithelial cells undergo EMT to transform into invading mesenchymal 

cells that project spindle-shaped extensions in their surrounding matrix [122, 124, 125]. 

Thereafter, these cells form single file chains which lengthen and resist apoptosis [123, 

125]. Finally, cells revert back to epithelial state to restore polarity and form elongated 

tubule. The above process is repeated to add length to the growing lumen. This biological 

mechanism of tubulogenesis has been precisely described at the molecular level and is 
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dependent of MET-mediated signaling; broadly, tubule formation requires activated MET 

to initiate RAS-MAPK, STAT3 and NF-κb pathways [123]. Initially, early stages of EMT is 

dependent of MET-GAB1-mediated activation of ERKs to proliferate transformed cells; in 

addition, ERKs can increase expression of SNAIL family of transcription factors to initiate 

migration and suppress apoptosis along with NF-κb [123]. Finally, the late phase of 

tubulogenesis requires STAT3 pathway for expression of matrix metalloproteases (MMPs) 

and proteases required for MMP activation [126, 127]. MMPs are indispensable for 

extension and formation of hollow mature tubules [126-128].  

For in vivo, Cre-loxP system is employed to generate conditional MET KO and 

decipher its function in liver regeneration [120, 129-131]. MET activation is essential for 

liver regeneration due to chronic or acute injury [132]. Subsequent to liver damage, there 

is a substantial increase in HGF expression from stromal fibroblast of injured tissue [132]. 

This HGF can activate MET on hepatocytes in autocrine or paracrine manner to deliver 

mitogenic and survival signals for organ repair [132]. Accordingly, conditional MET KO in 

liver prevents organ regeneration after hepatic injury or resection [130]; at the molecular 

level, there is lack of mitogenic signals due to reduced ERK1/2 activation and its 

downstream transcriptional target: cyclins, and enhances activity of cyclin-dependent 

kinase (CDK) inhibitor p21 [120]; this suppresses hepatocyte proliferation and impaired 

liver injury repair. Similar phenotype of diminished liver regeneration was demonstrated 

in conditional deletion of GAB1 or SHP2 in mice, adding significance to GAB1-SHP2 

interaction in MET-mediated responses [120, 133]. 
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MET activity provides similar protective functions in kidneys [134]. In renal 

epithelial cells, proliferation and survival signals can be induced by activation HGF-MET 

axis [134]; for instance, MET-mediated RAS-MAPK pathway can transmit mitogenic signal, 

while PI3K-AKT can increase transcription of BCL-2 and BCL-X to promote cell survival 

[134, 135]. This important renal protective function played by MET enhances kidney 

regeneration prevents tubular necrosis.  

Persistent damage to liver and kidneys can cause fibrosis [134]. Over production 

of fiber deposits in extracellular matrix from renal myofibroblast is mediated by sustained 

TGFβ signaling [135]. MET can act as a forceful anti-fibrotic agent in multiple ways: MET 

can transcriptionally suppress TGFβ and phosphorylate ERKs to inhibit SMADs, 

transcription factors for TGFβ signaling pathway [136]. 

Lastly, HGF/MET axis is also utilized by epithelial cells in wound healing [137]. 

Hyperproliferative epithelium at the wound edge is formed by keratinocytes [137, 138]. 

To provide fresh layer of epithelium, these cells enter multiple cell division cycles to cover 

and repopulate the injured dermis [138]. Keratinocytes from conditional MET KO mice are 

impaired in their ability to produce hyperproliferative epithelium to repair injured area 

[139, 140]. In an in vitro scratch wound assay, MET promotes proper keratinocyte 

positioning. This re-orientation allows focal adhesion molecules, actin fibers, and 

microtubules to be directed towards wound edges as a requirement for subsequent 

locomotion [137]. Once in correct orientation, MET initiates proliferation and migration 

of epithelial cells to cover the empty space [140]. The key MET-regulated signaling factors 

in wound healing are GAB1, ERKs, AKT, and p21-activated kinases (PAKs) which all 
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together modulates protrusion formation and actin polymerization to promote migration 

[140, 141]. 

7. MET and cancer 

In cancer, regulation of MET signaling observed during development and 

regeneration is aberrantly altered. Number of mechanisms can cause this deviation, such 

as gene amplification, activating point mutations, transcriptional deregulation, impaired 

degradation, crosstalk with other RTKs or synergies with downstream signaling factors [7, 

12]. Ultimately, these variations can lead to tumorigenesis, metastasis, or resistance to 

cancer therapy. 

7.1. Genetic alterations of MET in cancer 

Genetic changes in MET are observed in many types of tumors [142]. These 

variations occur at primary site to act as oncogenic drivers or secondary events to 

promote metastases and evade exposure to treatment. Gene amplification is the most 

common alteration found in MET-dependent tumors [142]. Numerous studies have 

reported MET amplification in primary tumors and in metastatic sites [7]. Increase in MET 

copy number substantially increases expression and leads to ligand-independent MET 

activation [7, 9, 19, 23, 101]. MET amplification have been identified for several cancers, 

such as non-small cell lung cancer, gastric cancers, and pancreatic adenocarcinomas.  

Furthermore, point mutations is an alternative mechanism for constitutive MET 

activation (figure 1.11) [142]. Mutations can occur in the kinase or juxta-membrane 

domains. Kinase domain mutants induce overactive MET signaling independent of HGF. 
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On the other hand, missense or splice site mutation can alter juxta-membrane domain; 

this results in aberrant increase in signaling due receptor recycling to cell surface rather 

than endosomal-mediated degradation [143-145]. Indeed, isoforms carrying activating 

mutations can cause basal-like breast carcinomas when expressed in mice mammary 

glands [146-149]. In addition, clonal selection of MET activating mutations occurs during 

metastasis of head and neck cancer [150, 151]; for instance, frequency of activating 

mutations increases from 2% in the primary site to 50% in the metastases in patients with 

head and neck cancers [152-154].  

The following three sections highlight MET contribution in selected types of 

cancers which were studies for this thesis. 

 

Figure 1.11: MET mutation in intracellular domain. Missense mutation in the 

tyrosine kinase domain (TK) results in constitutive activation. Missense 

mutation or deletion of juxta-membrane domain (JM) due to splice site 

mutation can promote receptor recycling to cell surface. Modified and reprint 

with permission from [142]. 



25 

 

7.2 MET and lung cancer 

Lung cancer is the leading cause of cancer related death worldwide. An average of 

1.6 million lung cancer-related deaths are reported each year [155]. Common cause is 

tobacco smoking which represent 80% of cases [155]. the remaining 20% are never 

smokers who were affected from inherited genetic susceptibility, second hand smoking, 

or environmental carcinogens [155]. Nearly 80% to 85% of lung cancer are histologically 

categorized as non-small cell lung cancer (NSCLC) and the rest as small cell lung cancer 

(SCLC) [155]. Understanding lung cancer biology is critical for developing effective 

therapies. As in other malignancies, lung cancer is collection of clonal sub-populations of 

cells [155]. Each population has distinct genetic features which can possibly promote 

metastases, resistance to treatment and relapse (figure 1.12). Hence, its crucial to identify 

Figure 1.12: Primary lung cancer metastasis to brain liver, and bone.  Reprint 

with permission from [172] 
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targetable clonal genetic variations within tumors to design successful therapeutic 

approaches.  

Multiple genetic events can lead to constitutive MET activity in NSCLC or SCLC, 

such as activating mutation or gene amplification [156-158]. Dziadziuszko et al 

demonstrated increase MET copy number in lung adenocarcinoma tumor bank using 

fluorescence in situ hybridization [159]. Furthermore, this group reported MET expression 

correlated with higher immunohistochemical staining for MET phosphorylation (pMET) at 

Y1234/1235 when compared to adjacent normal tissues. Notably, preferential staining of 

pMET was detected in cell near invading front of the tumor [159]. 

Another mechanism of aberrant MET activity in lung cancer are mutations in the 

cytoplasmic portion of the receptor [157]: primarily in the juxta-membrane domains. For 

example, one study with SCLC samples identified two mutations in juxta-membrane 

domain: R988C and T1010I which prevent Y1003 phosphorylation [160]. As mentioned 

previously, these class of mutation enable MET recycling to cell surface and prevent 

ubiquitin-mediated lysosomal degradation [5]. Similar mutations were also characterized 

in NSCLC. For instance, R988C, T1010I, and S1058P were identified in a study of more than 

100 lung adenocarcinoma tumor tissues [161]. In addition, this group also detected an 

alternative splice variant; this isoform lack 47 amino acids in the juxta-membrane domain 

due to exon 14 splice site mutation which results in exon skipping [157, 161]. 

Finally, another link between lung cancer and MET are the lung stem cells. These 

cells are localized at bronchioalveolar duct junctions, able to self-renewal and repopulate 
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injured regions. Because they express HGF and MET, it is proposed that aberrant MET 

activation promote lung tumorigenesis or aid tumors to resist therapy [162-165]. 

7.3 MET and gastric cancer 

The most common form of stomach malignancies is gastric adenocarcinomas 

(GAC) [166, 167]. After lung, breast, colorectal and prostate cancers, GACs is the fifth most 

diagnosed cancer and causes roughly 700,000 deaths/year worldwide [166]. As other 

cancers, GACs is a heterogeneous disease which can be categorized based of molecular, 

histological or anatomical profile [166, 167]. Early stage I and II GACs are successfully 

treated with surgical resection and chemotherapy [166]. On the other hand, patients with 

late stage III and IV GACs have median survival of 8-10 months and approximately 15% 

survival rate even with high doses of chemo-and-radiotherapy [167]; the reason for poor 

response in advanced GACs is due to its ability to metastasize to proximal and distal sites 

with high efficiency [166]. Indeed, most common organs for GAC metastasis are liver, 

peritoneum, lymph nodes, bone and lung (figure 1.13). 

H. pylori is a well-known risk factor for GACs [168]. H. pylori causes gastritis due 

to inflammatory response resulting in destruction of cells lining the cavity of gastric lumen 

[168]. Thereafter, gastric stem cells differentiate and proliferate to restore the damaged 

tissues [168]; at this point, aberrant proliferation can lead to GACs due to mutations in 

tumor suppressor or cell cycle-related genes, such as TP53, PTEN, CDK2 or retinoblastoma 

(RB) [167]. 
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In addition, aberrant MET activation is reported in ≈20% of differentiated GACs 

and scirrhous gastric cancer [169]. Main source of overactive MET in GACs is gene 

amplification and activating mutation [146, 170, 171]. Indeed, increase in MET expression 

is commonly identified in precancerous lesions in the stomach [172]. For example, recent 

studies reported correlation of MET expression in GACs to disease progression and 

metastasis to lymph nodes, liver and lung [173, 174]. Furthermore, the same group also 

detected increase in MET mRNA is peripheral blood, possibly from metastatic cells 

traveling to distal organs suggesting MET promotes GAC metastasis [173]. Notably, recent 

analysis of 120 tumors with immunohistochemistry reported phosphorylated MET 

(pMET) in approximately 60% in these samples [175]. Moreover, pMET immunostaining 

was associated with metastasis to lymph nodes, disease stage and poor prognosis [176]. 

 Albeit less frequent, activating point mutations, slice variants such as the exon 14 

skipping isoform and R988C, T1010I, S1058P mutations have been identified in GAC [176, 

Figure 1.13: Metastatic sites of Gastric cancer. reprint with permission from [166] 
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177]. All of these alterations promote aberrant signaling by rescuing MET from 

degradation and their precise mechanism were described above in sections 4.1 and 6.2. 

7.4 MET and pancreatic cancer 

Pancreas consists of enzyme-secreting acinar cells, bicarbonate-secreting ductal 

cells, hormone-secreting endocrine islets and fairly inactive stellate cells [178]. Common 

form of cancers of pancreas are ductal adenocarcinomas (PDAC) which arise from 

epithelial layer of pancreatic duct, whereas less common forms are neuroendocrine 

tumors and acinar carcinomas. PDAC (figure 1.14) presents a health risk with over 100,000 

cases reported worldwide in 2016 [178]. The overall 5‑year survival rate of patients with 

late stage PDAC is <10%. Several reasons contribute to poor prognosis [178]; PDAC is 

commonly diagnosed at late stages due to nonspecific symptoms and difficulties imaging 

tumors at early-stage. For these reasons, PDAC is an aggressive form of all cancers with 

early metastases to surround organs that prevent surgical resection [178]. Conventional 

treatment regimen for PDAC patients is nucleotide analog, gemcitabine in combination 

Figure 1.14: Aggressive pancreatic 

cancer and surrounding organs. 

reprint with permission from [178] 
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paclitaxel; however, resistance develops within weeks due to intrinsic genetic factors or 

acquired mechanisms [178, 179]. For the latter, de novo activation of signaling pathway, 

such as MET, modulate crosstalk between tumor and microenvironment [179]. 

PDAC harbors numerous oncogenic genetic alterations and have complex tumor 

microenvironments promoting tumor growth and metastasis [178]. Indeed, multiple 

reports have described role of cancer-associated fibroblasts (CAFs) and pancreatic stellate 

cells (PSCs) in PDAC metastasis [180-185]. Within tumor, CAFs and PSCs deposit excessive 

fibrous material into microenvironment forming stiff desmoplastic extracellular matrix 

(ECM) [186, 187]. This form of ECM prevents tumor angiogenesis thereby preventing 

uptake of nutrient and therapeutic agents [187-189]; notably, absence of blood vessels 

promotes hypoxic conditions, early metastasis and drug resistance [190, 191]. Finally, 

dense ECM serve as a reservoir for growth factors which orchestrate aggressive nature of 

PDAC. 

Recent approaches to develop effective drugs for PDAC involves detecting tumor 

specific biomarker [178]. Biomarkers can aid in identifying subgroups within PDAC 

patients for personalized medicine with a focus on targeting microenvironment in 

addition to primary tumor [189]. Once such recently identified biomarker and therapeutic 

target is MET receptor for PDAC [179]. 

Multiple studies have targeted MET in PDAC because of its contribution in PDAC 

progression [179, 192-194]. High expression of HGF in tumor stroma is related to poor 

survival rate for PDAC patients [192]. While loss of or mutations in KRAS, TP53 and p16 
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are considered initiators of pancreatic cancers, aberrant MET activation is associated with 

PDAC’s aggressive phenotype: tumor growth and metastases [193, 195]. In comparison 

to normal adjacent tissues, MET expression is significantly higher in PDAC lesions [196, 

197]; recently, this expression pattern was correlated to DYRK1A kinase, a regulator of 

MET turn-over [198]. Furthermore, MET expression directly effect PDAC tumor grade 

which supports metastatic function of MET [196]. 

Moreover, studies have demonstrated that PSCs and CAFs can migrate together 

with PDAC cells to proximal or distal metastasis [180, 182]. This evidence proposes a 

heterogeneous PDAC in the primary and metastatic sites where HGF-MET auto/paracrine 

loops in the microenvironment can contribute towards tumor dissemination [188, 197]. 

Lastly, MET signaling in stromal mesenchymal cells promotes HGF secretion from CAFs 

resulting in a positive feedback loop [179, 199]. 

Irregular MET signaling in PDAC contributes to drug resistance via several 

mechanisms [188, 191, 196]. MET expression is detected in pancreatic cancer stem cells 

(P-CSC) and HGF-MET loop contribute towards mesenchymal system in the stroma [200, 

201]. Recent preclinical studies inhibiting MET activation suppressed cell survival, 

migration and invasion in naïve or gemcitabine resistant P-CSC [201, 202]; furthermore, 

markers for EMT, which were detect in drug resistant P-CSC, were reduced with MET 

inhibition [202]. Lastly, MET inhibition with monoclonal antibodies in PDAC mouse model 

restored sensitivity to cancer therapy [179]. 
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7.5 MET and tumor angiogenesis 

 Angiogenesis refers to formation of blood vessels from present vasculature. 

Irregular sprouting of new vessels contributes to several diseases, such as cancer, 

arthritis, glaucoma, macular degeneration [203]. Angiogenesis is promoted by numerous 

growth factors and their receptors. In solid malignancies, a critical factor for angiogenesis 

is signaling pathway of vascular endothelial growth factor (VEGF) and its receptor VEGFR 

[204]. Indeed, inhibiting VEGFR signaling with antibodies against VEGF or VEGFR 

suppressed angiogenesis in tumor mouse models [205, 206]; in addition, same outcome 

was demonstrated with the use of small molecule tyrosine kinase inhibitor (TKI) for VEGFR 

[206]. Hence, FDA has approved Inhibitors of VEGF or VEGFR for use in treatment of 

cancer patients. Bevacizumab, an antibody against VEGF, was the first drug approved to 

inhibit tumor angiogenesis in 2004 [207]. Thereafter, non-selective TKI, sorafenib and 

sunitinib, which can inhibit VEGFR were approved in 2005 and 2006 respectively [208]. 

Unfortunately, VEGFR inhibitor cannot remove all blood vessels and eventually 

progression of angiogenesis is restored [209]. Therefore, identification of additional 

target to suppress angiogenesis is critical to develop effective therapies. 

One such promising target is HGF-MET signaling pathway [210]. Multiple studies 

have established that MET activation promotes endothelial cell proliferation and 

angiogenesis in vitro and in vivo [211, 212]; furthermore, MET activation leads to increase 

in VEGF expression and vessel formation through SRC, which is a adaptor protein for both 



33 

 

VEGFR and MET [213]. Synergistic effect of MET and VEGFR pathway in endothelial cells 

and angiogenesis was demonstrated by multiple groups [211-214]. The reason for this 

synergy is not due to physical interaction or transphosphorylation, but rather activation 

of common signaling cascades such as RAS-MAPK, PI3K-AKT, and STAT3 [214]. Indeed, use 

of MET TKIs in tumor mouse models significantly reduced number of blood vessels in 

addition to tumor growth [215, 216]. In line with these finding, recent reports have shown 

modulation of MET expression in hypoxic conditions. Hypoxia occurs during low nutrient 

state and promotes expression of hypoxia-inducible factor 1α (HIF1α), a transcription 

factor [217, 218]. Several reports have identified MET as transcriptional target of HIF1α 

in various types of solid tumors [218-220]. Hence, VEGFR inhibitor can reduce tumor 

vasculature but increase expression on MET in HIF1α dependent manner to restore blood 

vessel formation. Moreover, since MET can promote metastasis in multiple cancers, 

VEGFR inhibitors can promote spreading of tumor cells. For these reasons, it is argued to 

combine anti-angiogenic and MET inhibitors to reduce tumor burden. Recent preclinical 

studies have tested this concept in mouse xenograft models [215]; these experiments 

show promising effect with combinatorial inhibition of MET and VEGFR; the combine 

inhibitors not only suppress blood vessel formation and tumor mass, but also reduced 

number of metastatic lesions. 

7.6 MET and Metastasis 

 Metastasis is a foremost hurdle in treatment of cancer and remains the most 

common cause of deaths in cancer patients. Metastatic cells migrate beyond their 

borders, invade juxtapose tissues, and colonize proximal or distal organs (figure 1.15). 
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Metastatic cells use blood or lymphatic vessels to populate environment favorable to 

proliferation and angiogenesis. Metastatic dissemination is orchestrated via complex 

mechanism [221]: (1) cancer cells enter EMT; (2) dissociate from primary tumor; (3) 

invade adjacent tissue; (4) intravasate blood and lymph vessels; (5) migrate through 

vessels; (6) extravasate from vessels; (7) proliferate, survive immune response and induce 

angiogenesis to form a metastatic colony. Each of these steps are collection of multiple 

processes and can occur on a timescale of minutes to hours [221]. Moreover, it can take 

years to form detectable metastatic lesion.  

Proteins which promote invasion of adjacent tissues and propagate supportive 

microenvironment are considered metastatic initiating gene. Loss of cell-to-cell adhesion 

molecule, E-cadherin, is a prerequisite to enter EMT which can be induced by key cell 

surface receptors including notch, hedgehog and certain RTK, especially MET [5, 11, 221]. 

MET’s contribution to metastasis has been extensively investigated since its initial 

discovery in 1984 [1, 2]. MET can activate RAS-MAPK and STAT3 pathway to promote 

Figure 1.15: Brain and lung 

metastasis via blood and lymph 

vessels. [cancer.gov] 
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angiogenesis, migration and invasion [11, 162]. Multiple studies have utilized MET-

dependent cancer cells xenografts to characterize its metastatic potential [11]; 

collectively, these studies show that MET is responsible for metastases to multiple sites 

depending on type of cells used for xenograft [162, 165, 174]. Furthermore, several 

reports have showed MET amplification from metastatic lesions from mouse models for 

lung, brain, and pancreatic cancers. Indeed, the association of MET and metastatic 

progression is well-known for patients suffering from lung, gastric, pancreatic, and renal 

cancers [7, 67]. Hence, MET is an attractive target to prevent metastases. As a proof of 

concept, Kucerova et al reported reduced frequency of metastasis with MET TKI in an in 

vivo lung colonization assay with hyper-metastatic human melanoma cells [222]. 

Moreover, Basilico et al recently demonstrated reduction in lung metastases with MET 

inhibition utilizing orthotopic pancreatic mouse model [223]. 

7.7 MET and cancer stem cell 

EMT transform cancer cells to mesenchymal state. This transition is correlated to 

high frequency of cancer stem cells (CSC) [224]. Depending on the type of cancer, CSC 

represent variable portion of tumor cell population. Just as adult stem cells, CSC have the 

ability to self-renew and differentiate to multiple cell types [224]. However, only CSC, not 

normal stem cells, can efficiently reconstitute whole tumor after transplantation [224]. 

Therefore, the presence of CSC in tumor have implications for cancer therapy. 

Developmental signaling pathway, such as MET, play an integral role in 

maintenance and self-renewal of normal stem cells and CSC [225, 226]. Functional 
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characterization of HGF-MET signaling in mesenchymal and hematopoietic stem cells was 

recently demonstrated [226, 227]. For example, Urbanek et al demonstrated MET 

activation induces motility and migration of cardiac stem cells after myocardial infarction 

[228]. In addition, Yamada et al showed presence of MET activity in skeletal muscle and 

how it can activate satellite cells, muscle progenitors [229]. Furthermore, HGF-MET 

autocrine/paracrine loop is enriched in hepatic stem cells during liver regeneration after 

injury and is important to stem cells of adult and developing pancreas [201, 230]. 

In cancer, studies have demonstrated important role of MET in self renewal of 

colon CSC [231]. These CSC rely on stromal fibroblast for HGF; this HGF engages MET on 

colon CSC to promote WNT-β-catenin signaling and maintain stemness [232-234]. Similar 

to previous example, cooperative signaling between MET and WNT-β-catenin pathways 

are implicated in CSC from multiple forms of tumor [235, 236]. For instance, 

overactivation of MET and WNT was reported for multiple myeloma and suppression of 

either pathway prevented myeloma cell proliferation [237, 238]. In addition, WNT 

signaling activated by autocrine or paracrine HGF-MET loop promoted human breast 

cancer metastasis to the bones [239-241]. Lastly, stromal HGF-mediated MET activation 

in NSCLC patients increase tumor burden and lower prognosis [242-244]. With many 

examples, it stands to reason that more examples of cooperative signaling may exist 

between MET and other pathway, such as notch or hedgehog, in maintaining CSC. 

7.8 MET crosstalk with receptor of EGFR family in cancer 
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In cancers, MET and receptor in EGFR family are often co-expressed [102, 245]. 

EGFR-dependent MET activation was demonstrated with EGFR ligand, EGF or TGFα [245]. 

On the other hand, EGFR phosphorylation is reported with HGF stimulation in gastric, 

NSCLC and breast cancer cell lines which express of both receptors [102]. Use of both HGF 

and EGF to stimulate cells enhances activation of several downstream pathways – PI3K-

AKT, and RAS-MAPK [102]. Furthermore, physical interaction between MET and EGFR was 

recently confirmed with co-immunoprecipitation experiments in human squamous cell 

carcinoma and lung cancer cells [246]. These studies support transactivation and initiation 

of downstream pathway through a heterodimeric MET-EGFR complex.  

Indirect cooperative interaction can also occur between MET and EGFR [101, 247, 

248]. For example, MET activated SRC can activate EGFR and its downstream signaling 

pathways [248-250]. Furthermore, HGF-MET pathway can increase transcription of 

heparin binding EGF like growth factor (HB-EGF), an EGFR ligand, to induce activation of 

EGFR in glioma cells [251]. Conversely, activated EGFR regulates shedding of MET 

ectodomain leaving behind an oncogenic membrane bound cytoplasmic portion [252]. 

indeed, MET lacking extracellular domain was able to transform NIH 3T3 cells to be more 

proliferative and invasive [253]. Likewise, EGFR TKI gefitinib can prevent HGF-dependent 

proliferation, cell scatter, and invasion in multiple mammary carcinoma cell supporting 

the concept of MET EGFR crosstalk [254, 255]. 

MET phosphorylation can also be induced in a ligand-independent manner by 

EGFRvIII isoform in gliomas [256-259]. Indeed, MET activation in glioblastomas correlates 

with expression levels of EGFRvIII isoform [258, 259]. Xenograft of cells expressing both 



38 

 

MET and EGFRvIII require inhibition of both receptors to suppress tumor growth [258, 

259]. Similarly, effective growth inhibition of NSCLC cells and their xenografts requires 

inhibitors targeting MET and EGFR, highlighting EGFR-MET collaboration in disease 

progression [260, 261]. 

In addition, multiple studies have reported functional interaction between MET 

and other EGFR family members – HER2 [262]. increase MET expression in HER2-amplified 

breast cancer was reported suggesting cooperative signaling between these two 

receptors [263, 264]. For example, MET inhibition in MET-amplified gastric cancer cells 

abrogates basal levels of HER2 phosphorylation [265, 266]. MET and HER2 cooperative 

signaling enhances invasion and EMT of epithelial cells in in vitro three-dimensional cell 

culture assay [267]. Combinatorial inhibition of HER2 and MET with transtuzumab and 

MET TKI, SU11274, in breast cancer cells enhanced suppression of AKT and ERK pathway 

and inhibit proliferation compared to single treatments [268]. 

7.9. MET as mechanism of resistance in cancer 

The main hurdle to long term utility of and response to target therapy is mechanism of 

resistance. Due to its ability to crosstalk with other receptors as outlined above, MET 

activation as a bypass pathway has emerged as a common resistance mechanism for 

numerous types of malignancies (figure 1.16). Accumulation of several studies have 

explained the unique role of MET as bypass pathway to sustain survival, proliferation, 

promote EMT, and evade treatment [269]. Resistance emerges to inhibitors for RTKs, such 

as EGFR, HER2, PDGFR, or IGF1R, because of MET activation has been reported in multiple 
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cancers [269]. For example, MET amplification can activate PI3K–AKT and RAS-MAPK 

signaling in lung, gastric or brain cancers with EGFR mutants that are resistant to EGFR 

TKI [270-273]. MET amplification is frequently detected in patients with lung cancer who 

develop resistance to the EGFR TKI gefitinib. Indeed, MET was activated in resistant clones 

derived from in vitro selection against gefitinib in NSCLC cells [157]; this MET-mediated 

resistance activated ERBB3 signaling to PI3-AKT pathway for survival and proliferation in 

presence EGFR-TKI [23]. Also, MET inhibition in erlotinib-resistant NSCLC cells results in 

cell death in vitro and reduction of tumor growth in vivo [274]. In these studies, Gefitinib 

and erlotinib resistance was due to MET amplification; MET amplification resulted in MET 

overexpression, HGF-independent MET phosphorylation, and activation of downstream 

Figure 1.16. Mechanism of resistance to EGFR inhibitors with MET activation. 

Constitutive activity due to MET amplification or mutation in intracellular domain 

are contributing factors to resistance mechanism. 
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signaling [19, 23, 274, 275]. Moreover, an alternative mechanism is reported to bypass 

EGFR inhibition with MET receptor; in EGFR-TKI resistant breast cancer cells, MET-SRC 

complex mediated EGFR phosphorylation [276]. These phosphorylated EGFR favored 

binding of adaptor proteins to initiate PI3K-AKT pathway in the presence of EGFR TKI 

providing a multiple resistance mechanism facilitated by MET [276]. 

MET and EGFR may play a redundant role in cancer. For example, a switch to MET 

dependency was observed with EGFR inhibition, whereas cells reverted back to EGFR 

addiction with MET inhibition [101, 257, 277]; this concept was confirmed in gastric 

cancer and glioma cells [257, 266]. Indeed, concomitant treatment of gefitinib-resistant 

gastric cancer cell xenografts with gefitinib and MET inhibitor is necessary to inhibit cell 

growth and blood vessel formation [278]. Likewise, dual inhibition of EGFR and MET is 

vital to inhibiting AKT, ERK, and STAT3 pathways to produce complete regression of lung 

cancer cell xenografts [266]. Furthermore, MET protein expression is elevated in response 

to HER2 inhibitor, transtuzumab, in breast cancer cells with HER2 overexpression 

suggesting MET may compensate in context of HER2 inhibition [264]. 

Hence, all these evidence supports attractive option in combination of MET 

inhibitor with drugs targeting receptors in EGFR family to improve tumor response. 

8. Current approaches for MET inhibition in cancer 

Better understanding of HGF-MET structural interactions and molecular 

mechanism leading to downstream signaling has permitted development MET targeting 

drug for cancer therapeutics. MET targeting compounds are categorized into four broad 
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class of inhibitors (figure 1.17). Two classes are biologic compounds: HGF neutralizing 

antibodies and antibodies against MET ectodomain to prevent ligand binding and 

receptor dimerization; the remaining two classes are non-selective or selective small 

molecule tyrosine kinase inhibitor (TKI). Multiple MET biologics and TKI have entered 

clinical trial with variable success (table 1.2). Large fraction has failed due to toxicity or 

lack of efficacy [279]. Furthermore, after some period of favorable response, resistance 

emerged from either reliance of bypass RTK or mutation which rendered the inhibitor 

ineffective. 

8.1 HGF antibodies  

HGF neutralizing antibodies was initially developed by Vande Woude and 

colleagues to inhibit growth in glioblastoma (GBM) cancer cell [280]. More importantly, 

with a collection of HGF antibodies, previously described HGF-MET autocrine signaling in 

Figure 1.17. Current approaches to target MET receptor. 
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GBM was suppressed resulting in impaired GBM cell xenografts. Subsequent studies have 

described individual HGF monoclonal antibody to block HGF-MET binding [281]. Multiple 

HGF antibodies, rilotumumab and ficlatuzumab, were evaluated in clinical trials to 

evaluate their safety and efficacy in advanced or metastatic gastric, lung, and head and 

neck cancer [282, 283]. However, rilotumumab trial was discontinued due to lack of 

efficacy because more deaths observed with HGF antibody compared to control arm. As 

for ficlatuzumab, clinical trials also yielded unfavorable results with no significant 

improvement in progression free survival [279]. 

8.2 MET antibodies 

Many of the initially designed MET antibodies were bivalent and resulted in 

receptor crosslinking and activation of downstream pathways [27]. For this reason, 

monovalent onartuzumab antibody was developed by Genentech [284]. onartuzumab 

binds SEMA domain, prevented HGF-mediated MET signaling, and reduced tumor size in 

GBM cell xenograft mouse model [284]; furthermore, tumor growth was abolished in 

Table 1.2. Summary of selected clinical trial with MET 

inhibitors 
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orthotopic xenograft of pancreatic cells [285]. Unfortunately, onartuzumab phase III 

clinical trial was stopped because of lack of efficacy and further development of this 

antibody has been halted [286]. Emibetuzumab, alternative to onartuzumab, sequester 

HGF and binds MET to promote internalization and degradation [287]. In preclinical 

mouse xenograft models, emibetuzumab prevented HGF-dependent and independent 

tumor growth [287]. Emibetuzumab phase II clinical trial are ongoing and phase III have 

not started. Hence, it is too early to determine emibetuzumab effectiveness in patients. 

8.3 MET kinase inhibitors 

TKIs are the predominant MET inhibitor in clinical trials. MET TKIs fall into two 

categories, type I (AMG337, capmatinib, crizotinib) and type II (cabozantinib). Type I TKIs 

are ATP competitors while type II TKIs bind at allosteric position to prevent active 

conformation of ATP binding pocket [288]. To date, selective MET inhibitors have failed 

in clinical trial due to lack of efficacy; for example, AMG337 entered clinical trials because 

of its success in suppressing tumor growth in GBM, gastric cancer and hepatocellular 

xenografts in preclinical studies [289, 290]; however, AMG337 progress in clinical trial 

have halted due to lack of efficacy in phase II. 

Unlike selective TKIs, non-selective have fared better in clinical trials with FDA 

approval of crizotinib and cabozantinib. Unfortunately, their approvals were for their 

ability to target another oncoprotein. 

For example, crizotinib is approved for +ALK positive NSCLC while its utility in MET 

dependent tumor is being test in phase II in +MET NSCLC and gastric cancer [279, 291]. 
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However, multiple reports have described resistance to crizotinib in MET-dependent 

tumors in patients and preclinical studies [292, 293]; in addition, emergence of resistance 

was due to activation of bypass RTK, such as EGFR, or mutation in kinase domain 

preventing crizotinib binding to MET [294]. 

Cabozantinib is a non-selective inhibitor for MET, VEGFR2, FLT3, c-KIT, and RET 

[295, 296]. It is approved as an anti-angiogenic drug due to its ability to block VEGFR2 

[295]. Currently, this compound is being tested in early stages of clinical trials for +MET 

gliomas, NSCLC, liver, renal, colorectal and head and neck cancers. However, recent 

preclinical studies have already identified multiple mechanism of resistance to 

cabozantinib [297, 298]. For example, Fuse et al report IGF1R as a bypass pathway to 

evade cabozantinib treatment in colorectal KM12 cell line [297]. Furthermore, Wu et al 

identified multiple mutations in RET’s kinase domain which prevents cabozantinib 

inhibition [298]. For this reason, it stands to reason that targeting MET-dependent tumor 

with cabozantinib will eventually develop resistance. Hence, novel alternative approaches 

(outline in following section) are necessary to inhibit MET receptor. 

9. Alternative approach to targeting MET receptor 

Multiple groups have utilized a recombinant MET extracellular domain to suppress 

MET activity in preclinical studies [53, 223, 299]. Because the lack of transmembrane and 

intracellular domains, this MET isoform is secreted into extracellular space and inhibits 

FL-MET by binding to HGF and dominant negative engagement of residual FL-MET (figure 

1.18).  
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In my thesis, I demonstrate that this soluble decoy MET (sdMET) isoform is due to 

intronic polyadenylation (IPA); IPA is U1-snRNP-dependent mechanism for an alternative 

3’ pre-mRNA processing to express variety of natural isoforms from a single gene [300]. 

For MET, I describe nine sdMET isoforms generated from IPA. These isoforms are able to 

bind HGF and suppress MET signaling pathways. Importantly, activation of IPA is 

demonstrated by using splice switching anti-sense oligonucleotides (ASO). Hence, ASO 

can be used to covert oncogenic FL-MET to a therapeutic sdMET isoform. 

The following chapter extensively describes constitutive and alternative pre-

mRNA splicing and 3’ processing. Examples of disease associate with aberrant splicing is 

described and how ASO is utilized to correct this molecular defect. Lastly, chapter 2 

Figure 1.18. Activation of intronic polyadenylation (IPA) in MET receptor. IPA 

remove full-length (FL) MET and expresses soluble decoy MET which sequesters 

ligand and suppress activity of residual FL-MET. 
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outlines pivotal preclinical studies conducted by Cartegni group and others who use ASO 

to generate isoforms for cancer therapeutics. 
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1. Introduction 

 Genes are made up of exons and intervening introns. Pre-mRNA processing assists 

cells in understanding our transcribed genetic code. In eukaryotes, pre-mRNA processing 

consists of splicing and polyadenylation to produce exon containing mRNA; in addition to 

helping interpret genomic message, mechanism of pre-mRNA processing expand 

transcriptome and add cadre of proteins from a single gene [301-303]. If this mechanism 

is deregulated, it can have a devastating effect on mRNA or protein stability and lead to 

pathologies that can cripple life [303]. 

 In this chapter, alternative splicing and polyadenylation is described with their 

emphasis on disease causing events that can be corrected by anti-sense-based approach. 

In the last section, a strategy is described that utilizes anti-sense oligonucleotides (ASO) 

to activate intronic polyadenylation to generate therapeutic isoform for cancer therapy. 

2. pre-mRNA splicing 

Pre-mRNA splicing removes introns and ligates exons to generate mRNA for 

ribosomal translation. Any error in the process causes disconnect between coding gene 

and their translated protein. For this reason, splicing must be efficient and accurate for 

proper gene expression and avoid producing non-functional or pathogenic proteins [303]. 

Spliceosome, a complex and dynamic macromolecule consisting of hundreds of proteins 

and small RNAs, catalyzes pre-mRNA splicing. Its complexity allows it to achieve specificity 

given diverse sequence elements that define exons and introns. 
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Conserved sequence motifs which define exons and introns are core cis signal elements 

comprised of 5’splice site (ss), 3’ss, branchpoint sequence (BS), and polypyrimidine tract 

(Figure 2.1). These sequence elements demarcate exons and are recognized through 

base-pairing interaction with small nuclear RNA of ribonucleoproteins (snRNPs), U1, U2, 

U4, and U5 [304]. These snRNPs are vital for orchestrating the splicing reaction (figure 

2.2) [304]. U1 initiates splicing by binding to 5’ss. This is followed by U2 base pairing to BS 

and U4, U5, and U6 bridging 5’ and 3’ end of intron. In addition to snRNPs, other splicing 

factors, such as RNA binding proteins, regulate splicing by direct interaction with RNA is 

sequence-dependent manner. They can either enhance or silence splicing of exon and 

intron. Based on their location, these sequence elements are referred to as exonic or 

intronic splicing enhancer or silencers (ESE, ESS, ISE, ISS; figure 2.1) [302].  

Figure 2.1. Schematic of two-exon gene with their consensus splice site and 

enhancers and silencers. Conserved motifs of 5’ splice site (ss), and 3’ss. Both 

splice site consists of invariant dinucleotide (GU at 5’ss and AG at 3’ss) surrounds 

be consensus sequence. Also, shown are ESE – exonic splicing enhancer, ESS – 

exonic splicing silencer, ISE – intronic splicing enhancer, ISS – intronic splicing 

silencer, ss – splice site, BP – branch point adenine. 
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2.1. Alternative splicing 

Constitutive splicing predominates with strong splice sites. However, 

approximately 75% of exons are alternatively spliced to generate multiple distinct mRNA 

variants from a single gene (figure 2.3) [303, 305]. Most common form of alternative 

Figure 2.2. pre-mRNA splicing reaction. Splicing is initiated by U1 recognition 

of 5’ss and followed by U2AF binding to polypyrimidine tract to form complex 

E. U2 bridges U1 to U2AF to generate complex A. At this point, conformational 

change recruits U4, U5, and U6 to form complex B. Nineteen complex (NTC) 

binds complex B to form catalytically active complex B. U1 and U4 dissociate 

from splicing reaction to form complex C. the final catalytic step takes place in 

complex C which ligates exons together and splicing out intron as a lariat. 

Reprint with permission from [304]. 
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splicing is exon skipping. Moreover, Spliceosome can also recognize alternative 5’ or 3’ss 

in exon and intron [302]. In most scenarios, alternative spliced mRNA encodes proteins 

with either subtle or dramatic functional difference compared to wild type (WT) isoform 

[304]. Hence, alternative splicing plays a crucial role in contributing towards phenotypic 

diversity of higher eukaryotes [306]; it expands organism’s proteomic profile without the 

need to increase overall number of genes. Because most pre-mRNA is alternatively 

spliced, it suggests most genes have intrinsic plasticity that helps modulate protein 

expression and their activity. Indeed, most exons are multiples of trinucleotide such that 

exon skipping maintains open reading frame (ORF) and contributes towards mRNA 

stability. This mRNA will encode for isoform with internal deletion of amino acids that 

were encoded by skipped exon. Many isoforms generated by alternative splicing have 

unique functions during developmental stages as well as in specific tissues- and cell type 

in adulthood [306]. Hence, precise regulation of pre-mRNA splicing is used to exploit 

functional variation of isoforms in spaciotemporal manner [306]. 

Figure 2.3. Examples of alternative pre-mRNA splicing. 
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2.2. Splicing defects due to mutations 

Mutations that disrupt splicing can lead to devasting diseases (table 2.1). It is 

estimated that such mutation account for third of all disease-causing mutations [303].  

Because introns are non-coding, intronic mutations by default are categorized as 

splicing mutation. Majority of mutations in introns disrupt 5’-ss, 3’-ss, branch point 

sequence, or polypyrimidine tract in addition to creation of de novo alternative ss. Most 

intronic mutations usually cause exon skipping or intron retention. Furthermore, when 

WT-ss is mutated, cryptic-ss can be activated within juxtapose intron or exon [302]; 

cryptic ss is pseudo ss that are not recognized under normal context but can be used when 

surrounding sequence is altered [302]. Intronic mutation can also disrupt enchancer or 

silencer sequence and prevent their recognized by RNA binding proteins which contribute 

towards pre-mRNA splicing regulation (figure 2.4) [302, 305].  

Exonic mutation can also affect pre-mRNA splicing. As in intronic mutation, 

mutations in exon can create de novo cryptic ss or disrupt enhancer or silencer sequences. 

Table 2.1. Diseases due to splicing mutations  
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consequence of aberrant splicing is typically generation of unstable mRNA or 

quantitative switch from WT to alternative variant [303]. As in nonsense mutations, shift 

in ORF can possibly generate premature termination codon (PTC) that targets mutant 

transcript for degradation by nonsense mediated decay pathway (NMD), an mRNA 

surveillance mechanism that degrades PTC containing mRNA [307]. Hence, stability of 

mRNA with PTC is compromised and results in loss of WT protein. Furthermore, splicing 

mutation can possibly yield stable mRNA with deletion of vital coding sequencing that are 

required to produce functional protein [302]; in this scenario, as long as PTC is not 

included, ORF is maintained to generate NMD immune transcript resulting in a 

quantitative switch to a non-functional isoform [304]. Other culprit in aberrant splicing is 

non-functional splicing factors. In this case, splicing is deregulated in all RNA transcripts 

that require the affected factor for proper splicing [308]. 

Figure 2.4. RNA binding protein recognize intronic or exonic enhancers and 

silencers to regulate pre-mRNA splicing. Reprint with permission from [305]. 
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For diseases due to splicing or nonsense/missense mutation, splicing redirection 

can prevent expression of pathogenic proteins [309]. For example, exon skipping can 

remove nonsense mutation and rescue protein expression even if the new transcript 

encodes isoforms with internal deletion; these isoforms may be partially functional 

Figure 2.5. alteration of splicing with anti-sense oligonucleotides (ASO). Splice 

switching oligonucleotides (SSO) prevent splicing factors from recognizing their 

target sequence and can possibly induce exon skipping or exon inclusion.  No 

shown are alternative events which can also occur, such as cryptic splice site 

activation or intron retentions. Reprint with permission from [310]. 



55 

 

compared to WT but can alleviate disease phenotype. For this reason, anti-sense-based 

strategy can remove unwanted sequence or restore ORF and have significant impact in 

suppressing manifestation of otherwise devastating illness [310]. 

3. Splicing correction with anti-sense oligonucleotides 

Anti-sense oligonucleotides (ASOs) are synthetic compounds made from nucleotides or 

their analogues that bind complementary sequence. The consequence of ASO base-

pairing relies on chemistry of ASO and binding sequence [310]. Unlike RNA:DNA duplex 

that promotes RNAse H-mediated degradation of RNA, ASO nucleotides are chemically 

modified to prevent RNAse H recruitment and recognition [310]. This ASO feature is 

crucial since the goal is to alter splicing not promote mRNA degradation. ASOs are 

typically 15-35 nucleotides in length and sterically block splicing factors from interacting 

with their target sequence. Hence, ASOs alters ss recognition by spliceosome to generate 

mutant variant or restore WT mRNA (figure 2.5).  

3.1. Type of anti-sense oligonucleotides 

Natural oligonucleotides are unstable in vivo because they are degraded by 

nucleases in cells and serum [310, 311]; hence they are not useful for the purpose of 

splicing redirection. Chemically modified oligonucleotides improve base-pairing in 

addition to in vivo stability [310, 311]. Sugar components and/or phosphate backbone are 

common target for chemical modifications [312]. Phosphorothiate and 

phosphorodiamidate-based alterations are well studies form of synthetic 
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oligonucleotides and ASO with these modifications are currently approved for clinical use 

[312-314].  

 ASO with phosphorothioate modifications (figure 2.6, top) were the first to enter 

clinic for therapeutic purpose. Phosphorothioate-ASO have slightly less affinity to its 

target than its natural counterpart; however, it has better in vivo stability and greater 

resistance to nucleases [310, 315]. Furthermore, because phosphorothiate-ASO binds 

plasma proteins, it has improved retention and reduced clearance, thereby providing 

broad tissue distribution and increase in toxicity [312, 315]. Because phosphorothiate-

ASO are not completely resistant to RNAse H, additional modifications are required; 

methyl or methoxyethyl modification at 2’ position on furanose sugar backbone is 

commonly used to prevent RNAse H-mediated degradation [314]. Furthermore, bridging 

of furanose sugar ring, referred to as locked nucleic acid, is another form of 

phosphorothiate-ASO modification [314]; LNA have higher binding affinity thereby 

allowing use of shorter sequence to minimize off target effect [311, 314]. All three 

modification are used in various combination to successfully alter splicing pattern for 

therapeutic purpose.  

 Another form of ASO modification is phosphorodiamidate morpholinos (MO) 

[312, 314, 315]. In this alteration, furanose sugar is replace by morpholine ring and 

negatively charge phosphodiester linkers are replaced by neutral phosphorodiamidate 
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backbone (figure 2.6, bottom). MOs are better tolerated in vivo than phosphorothiate-

ASO due to MO’s neutral charge which prevents binding to plasma proteins; however, 

this property allows rapid clearance and high dose is required to achieve pharmacological 

response. To overcome this obstacle, further modification, such as conjugation of cell-

penetrating peptides or octaguanidine dendrimer, is required to improve cellular delivery 

and efficacy. 

Figure 2.6. Types of ASO modifications. Reprint with permission from 

[310].  
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The following two sections describe FDA approved ASOs that correct splicing to 

restore fully or partially functional protein and prevent disease manifestation. 

 

3.2. ASO to treat Duchenne Muscular Dystrophy (DMD)  

DMD is an X-linked neuromuscular disorder that affects 1 in 3,500 male births 

[316-319]. DMD is due to mutations in dystrophin gene that encodes structural protein in 

muscle cells. internal cytoskeleton is anchored to external microenvironment with 

molecular bridge provided by dystrophin, allowing tensile strength to maintain cellular 

morphology. Roughly 70% of patients suffering from DMD is due to mutation leading to 

exon skipping. Exon skipping in dystrophin pre-mRNA disrupts ORF and generates PTC 

Figure 2.7. Dystrophin splicing in DMD and its correction with ASO. 3’ss mutation 

(Δss) promotes exon skipping which shifts ORF to generate PTC and target mutant 

transcript for degradation by NMD pathway. ORF can be restored by skipping exon 

51 which can be induced by targeting 3’ss of exon 51. 
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that targets mutant transcript for degradation by NMD pathway, thereby reducing 

expression of WT protein (figure 2.7). Lack of dystrophin causes progressive muscle 

weakness beginning around 6 years of age and inability to walk by early teens. During 

their 20’s, death can occur from respiratory muscle failure or cardiomyopathy.  

Initially studies used in vitro minigene splicing assay to demonstrate ASO-induced 

exon skipping can restore ORF of RNA produced by minigene [320]. This was followed by 

ASO-mediated exon skipping to restore dystrophin expression in cells derived from DMD 

mouse model and DMD patient (figure 2.7, right) [321, 322]. Afterward, various groups 

used intramuscular, intravenous, and subcutaneous injections of ASOs with different 

chemistries to induce exon skipping in DMD mouse models to correct disrupted 

dystrophin ORF [317]. Importantly, weekly ASO injections were well tolerated and 

produced sufficient dystrophin protein to improve muscle functions. 

Initiation of clinical trials with ASO in DMD patients followed promising preclinical 

studies. First compounded to be tested in clinical trial was 31-mer phosphorothioate-ASO 

which successfully induced exon skipping and increase in dystrophin protein [323]; 

unfortunately, phosphorothioate-ASO was sensitive to RNAse-mediated degradation 

lower its effectiveness. Ultimately in 2016, Sarepta’s 30-nucleotide morpholino-based 

ASO, called exondys 51, was FDA approved for promoting exon 51 skipping to rescue 

dystrophin expression (figure 2.7, right) [324, 325]. In a four-year study of 12 patient 

treated with exondys 51, participants scored higher than patients created with placebo in 

6-minute walk test and was accompanied by increase in dystrophin protein [324, 325]. 
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3.3. ASO to treat Spinal Muscular Atrophy 

ASO are also approved for spinal muscular atrophy (SMA). SMA is a degenerative 

disorder of motor neurons characterized progressive muscle weakness ultimately leading 

to respiratory failure [326]. SMA is a genetic disorder responsible for infant mortality and 

affects ∼1:10,000 new born [326]. 

At the molecular level, SMA is due to inadequate expression of survival motor 

neuron (SMN) protein [326]. SMN is a pre-mRNA splicing factor which is highly conserved 

and ubiquitously expressed [327]. SMN protein can be produced by two genes, SMN1 and 

SMN2 [327]. Most SMN is made from SMN1 because SMN2 has exon 7 single nucleotide 

mutation that disrupts an ESE and allows ISE in intron 7 to repress and exclude exon 7 

from mature transcript [327, 328]. Exon 7 skipping transcript produces an unstable 

isoform which is swiftly degraded; hence, SMN2 gene makes little to no contribution 

toward levels of SMN protein (figure 2.8, middle). SMA patients do not have functional 

SMN1 gene due to gene deletion or nonsense mutation [327, 328]; therefore, small 

amount of SMN protein produced from SMN2 gene is insufficient to reverse debilitating 

symptoms of SMA.  

Because lack of SMN protein in SMA patients is due to exon 7 exclusion in SMN2-

generated transcript, use of ASO was extensively studied to correct SMN2 pre-mRNA 

splicing (figure 2.8, right) [329]. Initial strategy included targeting 3’ss of downstream 

exon 8 resulting in increase in exon 7 inclusion. However, following studies identified 

splicing silencers around exon 7 which can serve as possible targets for ASO; among the 
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silencer sequences was an ISS (ISS-N1) near exon 7 – intron 7 boundary [327-329]. ISS-N1 

was recognized by hnRNP which repressed exon 7 inclusion in mature SMN2 transcript. 

Indeed, using ASO to prevent hnRNP binding to ISS-N1, Cartegni et al successfully restored 

exon 7 inclusion [329]. Thereafter, ASO targeting ISS-N1 was shown to increase SMN 

expression in SMA mouse models [330]. With success in preclinical studies, SMA ASOs 

were shuttle along into phase I clinical trial in 2011 [331]; with intrathecal injection, 

treatment of 28 patients with SMA showed not only safety in route of delivery and 

desirable half-life in cerebrospinal fluid [331], it also demonstrated increase in SMN 

protein levels after 9-14 months on treatment [331]. Importantly, increase levels in SMN 

Figure 2.8. SM2 splicing in SMA and its correction with ASO. Left. Exon splicing 

enhancer (ESE) promote exon 7 5’ss definition in opposition of intronic splicing 

silencer (ISS). Middle. When ESE is mutated (ΔESE), ISS is able to silence exon 7 

resulting in exon 7 exclusion from mature transcript which produces an unstable 

isoform which is swiftly degraded. Right. SMN2 splicing is corrected with ASO 

targeting ISS and promoting exon 7 inclusion to restore expression of FL-SMN2. 
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correlated with improvement in clinical assessment tests. A morpholino-based ASO 

targeting ISS-N1, referred to as nusinersen and developed by Ionis pharmaceutical, was 

approved for clinical use in late 2016 [332] and more ASO or splicing modifying 

compounds are currently in trial and may enter the clinic soon [326]. 

In addition to DMD and SMA, ASO are also utilized in preclinical and clinical studies 

to prevent cancer progression. Indeed, Zammarachi et al successfully promoted usage of 

alternative 3’ss in STAT3 pre-mRNA by targeting WT 3’ss with ASO; this strategy switches 

oncogenic STAT3-α with an antitumorigenic β-form [333].  

As in splicing redirection, ASO-pre-mRNA base-pairing can also be exploited to 

alter 3’ processing. Alternative polyadenylation (APA) can generate stable mRNA variants 

which can produce c-terminal truncated isoform with possible dominant negative 

Figure 2.9. Cis and trans-acting elements involved in cleavage and 

polyadenylation. Reprint with permission from [301]. 
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functions [300, 333-335]. The following section describes APA and how it can be 

modulated with ASO for therapeutic purpose. 

4. Alternative polyadenylation 

mRNA synthesized by RNA polymerase II are co-transcriptionally processed at the 

3’ end; this step is important for mRNA stability and is considered a key mechanism of 

gene regulation [301]. The process entails pre-mRNA cleavage and polyadenylation by 3’ 

processing complex (PC). 3’PC includes CstF (cleavage stimulation factor), CPSF (cleavage 

and polyadenylation specificity factor), PAP (polyA polymerase) and numerous other 

factors important for pre-mRNA processing (figure 2.9). Along with trans-acting factors, 

cleavage and polyadenylation (poly A) at CA sequence is regulated by cis elements located 

upstream and downstream of cleavage site; upstream elements include hexameric polyA 

signal (PAS), UGAU and U-rich sequences, while G-rich elements are found approximately 

40 nucleotides downstream of cleavage site (figure 2.9) [301]. 3’ processing is initiated by 

CPSF recognition of hexameric polyA signal (PAS) and polyadenylation by PAP with 200-

250 nucleotide polyA tails [301].  

Most eukaryotic genes use more than one of twelve possible PAS demonstrating 

that pre-mRNA undergo alternative polyadenylation (APA) [301, 335]. To date, most 

studies about APA are usually about selection from multiple PAS embedded within 3’ UTR 

following terminal exon. Choice of PAS with 3’ UTR can have dire effect mRNA stability; 

for example, mRNA shorter 3’UTR may exclude miRNA-binding site that can regulate post-

transcriptional mRNA stability, translation, or cellular localization [301, 335]. 
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In addition to APA in 3’ UTR, intronic PAS can also be recognized, cleaved and 

polyadenylation (IPA) [335]. Unlike APA that only effect of protein expression levels, IPA 

generates a shorter stable mRNA variant and thereby shorter ORF. These shortened 

transcripts express truncated isoforms with distinct C-terminal domain [300, 335]. For this 

reason, IPA can generate isoforms with vastly different properties relative to WT protein 

and may even possess dominant negative functions.  

As with alternative splicing, 3’UTR and IPA expand transcriptome and proteome 

without increase number of genes. Mechanism controlling APA rely on levels of 

polyadenylation factors and RNA binding proteins that can regulate PAS selection [301, 

335]. To add level of complexity to APA, recent studies have implicated epigenetic 

modification and chromatin structure in PAS usage [336, 337]. 

Global and specific APA and IPA regulation are important in multiple normal 

biological functions; however, their dysregulation can contribute to various disease, such 

as cancer. Recent studies have associated a switch towards shorter 3’UTR to cancer 

progression [338]; oncogenes with truncated 3’UTR may lack miRNA binding site that are 

required for mRNA degradation and proper post-transcriptional regulation, thereby 

increasing levels of oncoprotein and promoting tumorigenic transformation [338, 339]. 

IPA activation is also regulated in cancer. Generation of truncated isoforms can 

possess oncogenic or antitumorigenic functions. For example, cancer cells can activate 

specific IPA in cyclin D1 pre-mRNA; this generates a constitutive active cyclin D1 that 

promotes cell cycle progression and oncogenic transformation [340]. On the over hand, 
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tumors can inhibit IPA in VEGFR2 pre-mRNA thereby suppressing expression of soluble 

extracellular decoy version of VEGFR2 which are endogenous inhibitors of VEGF-VEGFR 

signaling pathway [300, 335]. 

Even though mechanism governing APA in 3’UTR and IPA are poorly understood, 

recent evidence has identified a crucial role of U1 snRNP in both these processes. 

4.1. U1 snRNP and IPA 

U1 snRNP (U1) was initially identified as a splicing factor that is responsible for 

defining 5’ss and initiating splicing reaction (figure 2.10). in addition, U1 was implicated 

in APA when cells treated in vitro with antibody against U1 interfered with 

polyadenylation [300, 335]. Thereafter, multiple reported described U1 ability to inhibit 

polyadenylation [341]; for example, studies examining 3’ processing of human and bovine 

papillomavirus transcripts showed that U1 can suppress polyadenylation by binding to 

Figure 2.10. simplified schematic of canonical 

functions of U1 snRNP (U1). U1 initiates 

splicing by defining 5’ss while other splicing 

factors identify 3’ss. After series of reactions, 

exons are ligated together and intron is 

splicing out as a lariat. 
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upstream 5’ss [342]. Specifically, it was demonstrated that a component of U1, U1-70K, 

directly inhibit polyA polymerase (PAP) [341]. Thereafter, recent reports have described 

a protective function of U1 whereby U1 prevents recognition of intronic PAS and blocks 

IPA activation to protect WT-mRNA expression (figure 2.11, top) [343]; hence, U1 

prevents aberrant IPA, prevents expression of unwanted mutant mRNA and suppress 

Figure 2.11. U1 suppression of IPA. Top. U1 binds to 5’ss and inhibits component of 

3’ PC, PAP, prevents PAS recognition and suppress IPA activation. Bottom. Under 

condition that prevent U1 binding to 5’ss, inhibition of 3’PC is relieved and pre-mRNA 

is cleaved and polyadenylation to form a mutant mRNA that retains intronic 

sequence. If the intronic sequence incorporate in-frame stop codon, IPA can 

generate a stable mRNA which can express non-functional or dominant negative 

isoform. 
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expression of non-functional isoform. For these reasons, 5’ss mutations reduces its 

affinity to U1 and activates downstream IPA and possibly express deleterious or dominant 

negative isoform (figure 2.11, bottom). Hence, 5’ss mutation or mutations to splicing 

signal motifs responsible for U1 recruitment can have similar effect as non-sense 

mutations or gene deletion [335]. 

Because IPA activation produces stable mRNA variant that can express dominant 

negative isoforms, multiple groups have tried to exploit U1 mechanism for therapeutic 

Figure 2.12. Expression of dominant negative isoform with ASO. Top. U1 binds to 

5’ss and inhibits premature cleavage and polyadenylation and thereby expressing 

full length oncogenic receptor. Bottom. Activation of intronic polyadenylation by 

targeting specific 5’ss upstream of transmembrane domain (TM) with ASO. this IPA 

mRNA variant expresses isoform lacking TM and intracellular domain which can 

possible have dominant negative function. 
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purpose [300, 344]. The following section describes studies which generate possible 

therapeutic isoform with ASO.  

4.2 Use of ASO to activation intronic polyadenylation 

 In the initial study that described U1’s role in preventing premature cleavage and 

polyadenylation, Dreyfuss group demonstrated global IPA activation with treatment of 

ASO mimicking 5’ss [343]. Unfortunately, even though this approach can decipher U1 

mechanism, it is futile for therapeutic use due to pleiotropic effect of their ASO. 

Thereafter, Vorlova et al successfully demonstrate use of ASO targeting 5’ss to 

inactivation of IPA and express dominant negative isoforms for receptor tyrosine kinase 

(RKT) [300]. This strategy involves targeting specific 5’ss upstream of transmembrane 

(TM) coding exon (figure 2.12) thereby expression truncated isoform which lacks TM and 

intracellular domains (ICD). More importantly, these isoforms are secreted into 

extracellular space and behave as decoy receptor (sdRTK) to sequester ligand and engage 

residual receptors in a dominant negative manner. Furthermore, the same report 

described existence of low levels of multiple endogenous sdRTK IPA variant, such as AXL, 

FGFR, and MET. Because many sdRTKs are naturally expressed, its rational to strategize 

similar approach to increase their expression for cancer therapy.  

For this reason, work in this thesis exploits U1 mechanism in a similar manner to 

activation IPA and express soluble decoy form of MET RTK. A recombinant form of sdMET 

corresponding to intron 12 IPA was previously described.  Importantly, this recombinant 

form was shown to behave in a dominant negative manner to suppress HGF signaling in 
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preclinical studies. In the following chapter, we present data that demonstrate IPA 

variants are naturally expressed and correspond to IPA of MET pre-mRNA; importantly, 

we show that these isoforms are secreted into extracellular space and sequester HGF 

(figure 2.13) and can be expressed by targeting specific 5’ss with ASO. 

 

 

 

 

 

Figure 2.13. Activation of intronic polyadenylation (IPA) in MET receptor. IPA 

remove full-length (FL) MET and expresses soluble decoy MET which sequesters 

ligand and suppress activity of residual FL-MET. 
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1. Introduction 

Proto-oncogene MET, a receptor tyrosine kinase (RTK), is important for multiple 

biological processes during embryonic development and adulthood [5]. Along with its 

ligand hepatocyte growth factor (HGF), MET activity is critical for formation of placenta 

and limb buds at early development stage and liver regeneration in adulthood [10, 130, 

345]. However, aberrant MET activation is tumorigenic and its role in tumors is 

extensively studied for multiple forms cancers [15]. Indeed, constitutively active MET due 

to activating mutations or gene amplification is frequently observed in MET dependent 

lung, gastric, pancreatic and brain cancers [9, 18, 346]. The consequence of constitutive 

MET activation is an increase of oncogenic signaling in downstream pathways, mainly 

RAS-MAPK, PI3K-AKT and STAT3; this allows MET-dependent cancers to maintain tumor 

growth [18], initiate migration and invasion [347], and sustain antiapoptotic signals [25]. 

Moreover, multiple reports have described functional crosstalk of MET with other 

RTKs, such as EGFR, HER2 and IGF1R [101]. For this reason, in tumors undergoing 

treatment with inhibitor for other RTKs, MET is frequently activated to serve as 

alternative bypass track to maintain cell survival, growth and eventually cause tumor 

relapse [19, 23, 348]. Because MET has emerged both as a driver and one of the primary 

mechanisms of resistance, multiple approaches are employed to inhibit MET activity for 

cancer treatment, such as, small molecule tyrosine kinase inhibitor and antibodies against 

MET or HGF [15]. 
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Notably, multiple groups have suppressed MET activity with the use of soluble 

isoform of MET which consist solely of ligand binding extracellular domain [53, 223, 299, 

300]. This soluble MET decoy (sdMET) was identified as a possible endogenous isoform 

encoded in mRNA variant from intronic polyadenylation (IPA) in Intron (In) 12 of MET’s 

pre-mRNA [300]. During pre-mRNA splicing, IPA is suppressed by U1-snRNP (U1) from its 

5’ splice site (ss) binding site to prevent premature cleavage and polyadenylation [343]. 

However, Vorlova, S. et al. publish a strategy to overcome U1 mediated IPA inhibition; 

morpholino (MO) based antisense oligonucleotides were used to block U1 binding to 5’ss 

upstream of poly (A) site and selectively increase expression of sdRTK IPA isoform of 

choice [300]. 

To utilize this approach to generated sdMET isoforms, we searched for actionable 

5’ss to target with MOs. To be included as a 5’ss target, the downstream intron must 

consist of in-frame stop codon, hexamer poly (A) signal, validated with 3’ race assay, and 

be dominant negative over the FL-MET. Our pursuit led us to the identification of 3 natural 

sdMET IPA isoforms with inhibitory properties. Our results will show that 5’ss specific MOs 

can increase expression of IPA variant at the expense of FL-MET and generate sdMET 

which is secrete into extracellular space. importantly, cells which did not uptake MOs can 

be also affected due to presence of dominant negative sdMET in the microenvironment. 

Hence, our work along with previous study served a blueprint to target RTK or 

other disease-causing membrane bound proteins. Controlled modulation of U1 with MOs 

to activate IPA in cancer or other disease can be a powerful tool to generate therapeutic 

isoforms. 
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2. Material and Methods 

2.1. Sources for Cell lines 

A549 lung cancer cells with KRAS G12C mutation (#CLL-185), BEAS-2B normal lung 

bronchial epithelial cells (#CRL-9609), H1792 lung cancer cells with KRAS G12C mutation 

(#CRL-5895), Hek293T cells (#CRL-3216), HeLa cervical cancer cells (#CCL-2), HPAF-II 

pancreatic adenocarcinoma cells (#CRL-1997), Hs738 normal gastrointestinal fibroblast 

cells (#CRL-7869), and Hs746T gastric cancer cells with MET amplification (#HBT-135) 

were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). EBC-1 

lung cancer cells with MET amplification (#JCRB0820) were obtained from Japanese 

Collection of Research Bioresources cell bank (JCRB cell bank, Ibaragi City, Osaka, Japan). 

MKN-45 gastric adenocarcinoma cells with MET amplification were kind gift from Dr. 

Maurizio Scaltriti (Memorial Sloan Kettering Cancer Center, New York, NY, USA). 

2.2 Cell culture conditions 

All cell culture reagents were purchased from Thermo Fisher Scientific (Waltham, 

MA, USA). A549, EBC-1, H1792, and MKN-45 cells were cultured in 2mM L-Glutamine 

containing RPMI-1640 (#11875093) supplemented with 10% heat inactivated fetal bovine 

serum (FBS), and 1% Penicillin/Streptomycin (P/S). BEAS-2B, HEK293T, HeLa, Hs738, and 

Hs746T were cultured in 4.5 g/L D-Glucose, 2 mM L-Glutamine, and 110 mg/L Sodium 

Pyruvate containing DMEM (#11995065) supplemented with 10% FBS, and 1% P/S. HPAF-

II cells were cultured in EMEM (#11095080) supplemented with 10% FBS and 1% P/S. Cells 

were maintained in humidified incubator with 5% CO2 and 37oC. 
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2.3 Sources for antibodies, growth factors, and inhibitor 

From Cell Signaling Technology (CST, Danvers, MA, USA), rabbit anti-phospho MET 

Try1234/1235 (#3077), rabbit anti-MET (#8198), rabbit anti-phospho AKT Ser473 (#4060), 

rabbit anti-AKT (#4685), rabbit anti-phospho Erk1/2 Thr202/Try204 (#4370), rabbit anti-

Erk1/2 (#4695), rabbit anti-flag (#2368) and rabbit anti-HGF β (#52445). All antibodies 

from CST were used at 1:1,000 dilution in 5% BSA in TBS-tween (TBS-T). Rabbit anti-MET 

N-terminal antibody was (#ab51067, Abcam, Cambridge, MA, USA) used at 1:1,000 

dilution in 5% non-fat milk in TBS-T. Mouse anti-alpha tubulin was (#T9026, Sigma Aldrich, 

St. Louis, MO, USA) used at 1:10,000 in 5% non-fat milk in TSB-T. Horseradish peroxidase 

(HRP) conjugated goat anti-rabbit secondary (#31460) and HRP conjugated goat anti-

mouse secondary (#32430) were from Thermo Fisher Scientific and used at 1:10,000 

dilution in TSB-T.  

Recombinant Human HGF (#294-HG, R&D systems, Minneapolis, MN, USA) was 

reconstitutes in 0.1% BSA in PBS. MET selective inhibitor, AMG337 (#S8167, Selleck 

Chemicals, Houston, TX, USA) was reconstitutes in DMSO. 

2.4 Western blotting 

Cell lysates were collected with radioimmunoprecipitation assay (RIPA) buffer 

containing 1x phosphatase inhibitor (#4906845001, Roche, Madison, WI, USA) and 

protease inhibitors (#11697498001, Roche). Cell lysates were cleared of debris and 

membranous material by centrifugation at 13,000 x g for 5 minutes and supernatant 
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transferred to a sterile tube. 10 uL of sample was used to measure protein concentration 

with BCA protein assay (#23224, Thermo Fisher Scientific). 

10ug – 20ug of cell lysates were resolved in 6% or 10% SDS-PAGE gel. To detect 

MET intronic polyadenylation (IPA) isoforms in conditioned medium (CM), 45uL of CM 

was resolved in SDS-PAGE gel. Samples from SDS-PAGE gel were transferred to 

polyvinylidene difluoride (PVDF) membrane (#IPVH00010, Millipore, Burlington, MA, 

USA). Following transfer, PVDF membranes were blocked with 5% non-fat milk in TBS-

tween for 1 hour at room temperature (RT) then incubated with primary antibodies at 

4oC overnight. The following day, PVDF membranes were incubated in HRP conjugated 

secondary antibody in 5% non-fat milk in TBS-tween at room temperature for 1 hour. 

Proteins were detected with SuperSignalTM west femto maximum sensitivity substrate 

(#34095, Thermo Fisher Scientific) and visualized with GeneGnome XRQ 

Chemiluminescence imaging system (Syngene International Limited, Frederick, MD, USA). 

Image-J software (National Institutes of Health, Bethesda, MD, USA) was used for protein 

quantification and normalized to alpha-tubulin. 

2.5 Detection and analysis of intronic polyadenylation sites 

2-primer PCR assay was used to detection of natural IPA mRNA variants. Briefly, 

5ug of human universal total RNA (#338112, Qiagen), or RNA from BEAS-2B and Hs738 

cells was reverse transcribed with SuperScriptTM first-strand synthesis kit according to 

manufacturer’s protocol (#18080051, Thermo Fisher Scientific). 4uL of cDNA was used to 

amplify MET IPA variants with a common MET Exon 2 forward primer and intron specific 
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primer upstream of the 1st poly (A) signal (PAS) using GoTaq® Flexi DNA polymerase 

(#M8291, Promega, Madison, WI, USA) with the following conditions:  

1. Initial denaturation at 95oC for 2 minutes 

2. 35 cycles of denaturation for 30 seconds at 95oC, annealing for 

30 seconds at 60oC, extension for 45 seconds at 72oC 

3. Final extension for 5 minutes at 72oC 

PCR reactions was resolved on 2% agarose gel, post-stained with ethidium bromide and 

imaged with Gel DocTM EZ Gel Documentation System (Bio-Rad Laboratories, Hercules, 

CA, USA). Expected PCR products were gel purified with QIAquick gel extraction kit 

(#28115, Qiagen, Germantown, MD, USA) according to manufacturer’s instructions, 

cloned into TA cloning vector (#K202020, Thermo Fisher Scientific) which was then used 

to transform DH5α competent bacterial cells (#18258012, Thermo Fisher Scientific). 

Plasmid was extracted from transformed colonies with QIAprep® spin miniprep kit 

(Qiagen) according to manufacturer’s instructions and sequence analyzed with 

MacVector alignment software (MacVector, Inc, Apex, NC, USA).  

2.6. 3’ RACE assay 

5ug of human universal RNA (#338112, Qiagen) was reverse transcribed with 3’ 

RACE kit according to manufacturer’s protocol (#18373010, Thermo Fisher Scientific). 

Forward intron specific primer upstream of 1st PAS and reverse adapter primer were used 

to amplify specific MET IPA variants with GoTaq® Flexi DNA polymerase (#M8291, 

Promega) with the same PCR protocol as 2-primer PCR assay described in section 2.5. 2uL 
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of PCR product was cloned into TA cloning vector (#K202020, Thermo Fisher Scientific) 

and used to transform DH5α competent bacterial cells (#18258012, Thermo Fisher 

Scientific). Plasmid was extracted from more than 50 transformed colonies with QIAprep® 

spin miniprep kit (Qiagen) and sequence analyzed with MacVector alignment software 

(MacVector, Inc, Apex, NC, USA). 

2.7. Cloning of flag-tag MET IPA Isoforms 

cDNA for all MET IPA variants were amplified with Phusion® high-fidelity DNA 

polymerase (#M0530S, New England Biolabs) according to manufacturer’s instructions 

with two specific primers: forward-MET Exon 2-ATG HindIII primer and reverse MET 

intron primer containing last amino acid codon followed by NotI site. cDNA variants were 

cloned as HindIII and NotI fragment into 3xflag-CMV-14 expression vector (#E7908, Sigma 

Aldrich). A non-tag version of selected MET IPA isoforms was cloned into pcDNATM 3.1(+) 

mammalian expression vector (#V79020, Thermo Fisher Scientific) as HindIII and NotI 

fragment. All plasmids were verified by sequence analysis with MacVector alignment 

software to confirm absence of mutations. 

2.8. Detection of flag-tag isoforms in Lysate and culture medium 

To detect flag-tag MET IPA isoforms in lysate and conditioned medium (CM), 

3.5x106 Hek293T cells were seeded in 6 cm cell culture dish. After 24 hours, 10 ug of 

plasmid was transfected with lipofectamine® LTX according to manufacturer’s protocol 

(#15338100, Thermo Fisher Scientific). After 6 to 8 hours, culture medium was replaced 

with 3 mL of 0.1% FBS containing Opti-MEMTM I (#31985062, Thermo Fisher Scientific). 
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After additional 72 hours, cell lysate and approximately 3 mL CM were collected. CM was 

centrifuged 2,000 x g for 5 minutes to remove floating cells and debris and transferred to 

sterile 15 mL tube. To detect flag-tag MET IPA isoforms, 20 ug of lysate and 45 uL of CM 

were subjected to western blot analysis with rabbit anti-flag antibody as described in 

section 2.4. 

2.9. PNGase F treatment 

To remove N-linked oligosaccharides from flag-tag MET IPA isoforms, 20 ug of 

lysate from HEK293T cells transfected with In12, In8, or In6 flag constructs were treated 

with PNGase F (#P0704S, New England Biolabs) under reducing and non-reducing 

conditions according to manufacturer’s instructions. Following treatment, reactions were 

resolved on 10% SDS-PAGE and subjected to western blot analysis with rabbit anti-flag 

antibody (#2368, CST). 

2.10. Conditioned medium (CM) assay 

1 mL of CM was used to demonstrate activity of MET IPA isoforms. Briefly, 2x105 

of HeLa or A549 cells were seed in 12 – well dish. After 24 hours, culture medium was 

replaced with 1 mL of CM containing 10 ng of recombinant human HGF (#294-HG, R&D 

Systems) for 5 minutes. Following 5 minutes of stimulation with HGF, cells were washed 

with ice cold 1x PBS and cell lysates were collected for western blot analysis for 

phosphorylation of MET Try1234/1235, AKT Ser473, and Erk1/2 Thr202/Try204. 
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2.11. Conditioned medium depletion assay 

To deplete flag-tag MET IPA isoforms from CM, 100 uL of mouse anti-flag antibody 

conjugated to sepharose beads (#5750, CST) or mouse IgG conjugated to sepharose beads 

(#3420, CST) was added to 1.2 mL of CM and incubated with rotation overnight at 4oC. 

Following day, CM with sepharose beads were centrifuged at 3,000 x g for 3 minutes and 

flow through CM was transferred to sterile tube. Sepharose bead pellet was washed 2x 

with 1 mL of ice cold Opti-MEM I and pellet from final wash was resuspended in SDS-PAGE 

loading buffer for western blot analysis alongside 45 uL of flow through CM with rabbit 

anti-Flag antibody. To test flow through CM’s activity, 10 ng/ml of recombinant human 

HGF (#294-HG, R&D Systems) was added to 1 mL of flow through CM. HeLa cells were 

treated with HGF/depleted CM mixture for 5 minutes. After 5 minutes, cells were washed 

with ice cold PBS and cell lysate were collected for western blot analysis for 

phosphorylation of MET Try1234/1235, AKT Ser473, and Erk1/2 Thr202/Try204. 

2.12. Co-immunoprecipitation assay 

To demonstrate that HGF binds MET flag-tag IPA isoforms, 5 ng/ml of human 

recombinant of HGF was added to 1.2 mL of CM and incubate for 4 – 6 hours with rotation 

at 4oC. Thereafter, mouse anti-flag antibody conjugated to sepharose bead (#5750, CST) 

or moues IgG conjugated to sepharose bead (#3420, CST) were added to CM/HGF mixture 

and incubated with rotation overnight at 4oC. Following day, CM with sepharose beads 

were centrifuged at 3,000 x g for 3 minutes and flow through was transferred into sterile 

tube. Sepharose bead pellet were wash 2x with 1 mL of ice cold Opti-MEM I and pellet 
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from final wash was resuspended in SDS-PAGE loading buffer for western blot analysis 

alongside with 45 uL of flow thorough with rabbit anti-flag antibody followed by rabbit 

anti-HGF antibody 

2.13. Biological in vitro assay 

Anchorage – independent growth assay was performed as previously described 

[223, 349]. Briefly, 5x103 A549 cells were suspended in culture medium containing 10% 

FBS and 0.5% noble agarose (J1090722, Thermo Fisher Scientific) and seeded on top of 

1% noble agarose in complete medium. CM containing MET IPA isoforms plus 20 ng/ml 

of HGF were added twice weekly. After 14 days, cells were stained with nitroblue 

tetrazolium blue chloride (#N6876, Sigma Aldrich) in 1X PBS and colonies were quantified 

with Image-J software. 

Cell scatter assay was performed as previously described with slight modification 

[223]. 5 x 104 HPAF-II cells were seeded in 24 well dish. After 24 hours, culture medium 

was replaced with 1 mL of CM containing MET IPA isoforms. after additional 6 hours, cells 

were stimulated with 10 ng/mL of HGF. After another 24 hours, cells were image with 

Nikon inverted microscope (Nikon Instruments).  

Invasion assay was performed as previously described with slight modification 

[223]. 1.5 x 105 HPAF-II cells were suspended in CM containing MET IPA isoforms and 

seeded in upper compartment of transwell insert (#3472, Corning Life Sciences, Corning, 

NY, USA) pre-coated with 30 ug of matrigel matrix (#356230, Corning Life Sciences). 

Culture medium supplemented with 2% FBS and 10 ng/mL of HGF was added in the lower 
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compartment. After 24 hours, cells were mechanically removed from upper side of the 

transwell membrane. Cells which migrated to lower side of the transwell insert were 

washed with 1x PBS, fixed with ice cold methanol for 20 minutes and stained with 0.1% 

crystal violet. Image of migrating cells were acquired with Nikon inverted microscope. 

Furthermore, crystal violet was eluted with 10% acetic acid and optical density was 

measured at 590nM with SpectraMaxM microplate reader (Molecular Devices, San Jose, 

CA, USA).  

For migration assay, transwell inserts without pre-coat Matrigel matrix were used 

with similar protocol as described for invasion assay. 

2.14. Morpholino treatment assay 

For western blot analysis, EBC-1 (3x105), MKN-45 (4x105), Hs746T (2x105), BEAS-

2B (2x105), Hs738 (2x105), or H1792 (2x105) cells were seeded in 12 – well dish. After 24 

hours, culture medium was replaced with medium containing CTRL-MO, MET targeting 

MOs (MET-MOs) or AMG337. After additional 48 hours, cell lysates were collected for 

western blot analysis for phosphorylation of MET Try1234/1235, AKT Ser473, and Erk1/2 

Thr202/Try204. 

To collect CM from morpholino treated cells, mutant 3x106 H1792 cells were 

seeded in 6cm dish. After 24 hours, culture medium was replaced with medium 

containing CTRL-MO or MET-MOs. After additional 12 hours, medium was replaced with 

Opti-MEMTM I supplemented with 0.1% FBS. After 48 hours, Lysates and CMs were 



82 

 

collected for western blot analysis and CM collected was used for conditioned medium 

experiment and in vitro biological assays. 

For analysis of IPA activation post morpholino treatment, cells were treated as 

descried above for 48 hours and analyzed with three primer PCR strategy as previously 

described. Briefly, total RNA from treated cells was extracted with TRIzolTM reagent 

according to manufacturer’s protocol (#15596026, Thermo Fisher Scientific). Extracted 

RNA samples were treated with TurboTM DNase (#AM1907, Thermo Fisher Scientific) to 

remove any residual DNA carry over. 1ug of extracted RNA was reverse transcribe with 

SuperScriptTM first-strand synthesis kit. 2 uL of cDNA samples were used in a 3-primer PCR 

assay as previously described[300, 350]. Briefly, forward primer was place one or two 

exons upstream of intron of interest, first reverse primer was place in the intron upstream 

of 1st PAS, and second reverse primer was place one or two exons downstream of PAS. 

With these three primers, 2ul of cDNA was amplified with GoTaq® flexi DNA polymerase 

(#M8291, Promega) with the following conditions:  

1. Initial denaturation at 95oC for 2 minutes 

2. 30 cycles of denaturation for 30 seconds at 95oC, annealing for 

30 seconds at 60oC, extension for 45 seconds at 72oC 

3. Final extension for 5 minutes at 72oC  

PCR reactions were resolved on 3% agarose gel and imaged with Gel DocTM EZ Gel 

Documentation System (Bio-Rad Laboratories). 

All cloning primers are listed in supplemental table 2.1 
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2.15. Cell viability assay 

EBC-1 (4x104), MKN-45 (4x104), Hs746T (2x104), BEAS-2B (2x104), Hs738 (2x104), and 

H1792 (2x104) cells were in 48 – well dish. After 24 hours, culture medium was replaced 

with medium containing CTRL-MO, MET-MOs, or AMG337. After additional 72 hours, 

viable cells were quantified with Cell Counting Kit – 8 according to manufacturer’s 

instructions (CK04-05, Dojindo Molecular Technologies) using Tecan microplate reader at 

490 nM wavelength (Morrisville, NC, USA). 

3. Results 

3.1. Identification of intronic polyadenylation (IPA) mRNA variants 

Multiple reports have demonstrated that existence of a C-terminal truncated 

soluble decoy form of MET (sdMET) which is secreted into extracellular space, trap HGF 

and suppress MET activation [223, 299, 300]. We hypothesized that this isoform is a 

byproduct of intronic polyadenylation of introns which consist of in-frame stop codon 

(IFSC) followed by a poly (A) signal (PAS), a hexamer sequence 5’ to polyadenylation site. 

In a U1 dependent manner, these PAS are recognized, cleaved and polyadenylated 15 – 

30 nucleotides downstream at a CA sequence to generated a mature IPA mRNA. Because 

these IPA variants lacks transmembrane (TM) and intracellular domain (ICD) coding 

exons, the translated C-terminal truncated isoforms are secreted into extracellular space 

and trap ligand (figure 3.1A). For this reason, we did a systematic search in all introns 5’ 

to TM coding exon 13 for IFSC followed by one of the 12 consensus PAS. In our search, we 

found IFSC and PAS in all introns except intron 7 (figure 3.1B).  
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When RT-PCR was done with a common forward primer in exon 2 and specific 

reverse primer for introns with IFSC and PAS, we detected product corresponding to 

predicted IPA variants for all introns (figure 3.2A). To rule out false positive due to 

alternative splicing or intron retention which can include primer binding site, we 

Figure 3.1: A. Schematic of wild type (WT) splicing or IPA. Hypothetical 4 exon pre-

mRNA can be subjected to WT splicing or recognition of poly (A) signal (PAS) 

followed by cleavage and polyadenylation of intron 5’ to transmembrane (TM) 

coding exon. The resulting mRNAs can express oncogenic membrane bound 

receptor (WT mRNA variant) or therapeutic ligand trapping soluble decoy (IPA 

mRNA variant). B. poly A signals in MET pre-mRNA introns. MET protein topology 

and pre-mRNA. Top:  Domain structure of full-length MET protein; bottom: MET 

pre-mRNA with annotation of in-frame stop codon followed by PAS. Also, indicated 

are primer positions for 2 primer PCR assay for IPA detection in figure 3.2A. 
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performed 3’ RACE assay and validated the previously described In12 IPA and identified 

novel In8 and In6 IPA mRNA variants (figure 3.2B).  

Figure 3.2: Detection of endogenous MET IPA variants. A. 2-primer PCR assay for 

IPA detection. IPA variants in total RNA from universal human reference, normal lung 

cells, or normal gastric cells. Primer positions are annotated in pre-mRNA schematic 

in figure 3.1B. B. 3’ RACE assay to validate existence of soluble decoy MET (sdMET) 

IPA mRNA variants. top: overview of 3’ RACE assay with universal human total RNA 

reference with intron specific forward primer. Bottom: sequence alignments from 

cloned 3’ RACE PCR products to genomic reference along with nucleotide position 

for forward primer position, PAS, and cleavage and polyadenylation. 
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Together, our identification and validation assay identified three MET IPA variants. 

The lack of TM and ICD allows these variants to be secreted, bind ligand and prevent MET 

activity.  

3.2. Characterization of sdMET and their inhibitory properties 

sdMET IPA variants corresponding to all intron IPAs (figure 3.1B, 3.2A) were cloned 

as C-terminal flag tag recombinant isoforms (figure 3.3A) to study their ability to inhibit 

MET activity. As predicted, flag tagged sdMET isoforms were secreted and conditioned 

the culture medium when expressed in HEK293T cells (figure 3.3B).  

Figure 3.3: Secretion of flag tagged sdMET IPA isoforms into culture medium. A. 

Truncated isoform corresponding to each intron IPA was cloned in a c-terminal flag 

tagged recombinant protein. B. Overexpression of sdMET IPA isoforms in HEK293T 

cells. After 72 hours transfection, cell extract and culture medium were subjected to 

western blot analysis with flag antibody. 
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Next, we ask if sdMET isoforms are N-linked glycosylated and undergo other post-

translation modification just as full-length (FL) MET. For our analysis, we selected In12, 

In8, In6 sdMET IPA isoform to demonstrate glycosylation and disulfide bond formation. 

As expected, sdMET isoform migrated faster in SDS-PAGE analysis after treatment with 

N-linked oligosaccharides removing enzyme, PNGase F demonstrating that sdMETs have 

similar post translation modification as FL-MET (figure 3.4B).  Furthermore, three bands 

observed in lysates and CM (figure 3.3B, 3.4A) were resolved to a single band with 

absence of reducing agent, DTT, from sample buffer suggesting sdMETs are heterodimer 

composed of two polypeptides joined together with disulfide bonds just as FL-MET (figure 

3.4). 

Figure 3.4: Post-translation modification of sdMET IPA isoforms. A. Expression of 

In12, In8, In6 sdMET IPA isoforms in cells and culture medium from HEK293T cells. 

B. Post-translation modification of sdMET IPA isoforms.  20ug of lysates from 

panel A were treated with or without PNGase F to remove N-terminal 

glycosylation under reducing (+DTT) or non-reducing (-DTT) conditions and 

subjected to western blot analysis with anti-flag antibody. 
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Next, we asked if sdMET isoforms are able to bind its ligand HGF. To address this 

question, we performed co-immunoprecipitation (Co-IP) assay of HGF with flag tagged 

sdMET isoforms. As predicted, we were able to Co-IP HGF along with sdMETs 

demonstrating that HGF is able to bind sdMET isoforms (figure 3.5).  

Figure 3.5: HGF binds sdMET IPA isoform. Co-immunoprecipitation of HGF with 

flag tagged sdMET In12 (top) and In6 (bottom). HGF was added to CM from 

HEK293T transfected with In12 or In6 flag tag sdMET and subjected to overnight 

co-immunoprecipitation (IP) with sepharose beads conjugated with anti-flag 

antibody. IP and flow through (FT) were subjected to western blot analysis with 

anti-flag antibody followed by anti-HGF α antibody. 
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because sdMET isoforms are able to bind HGF, we asked if sdMETs can block MET 

activation and its downstream signaling pathways in our conditioned medium (CM) test 

(figure 3.6).  

In our CM test, we treated HeLa cells with HGF in presence of CM containing 

sdMETs and there was significant reduction of MET phosphorylation and perturbation of 

downstream AKT and ERK signaling pathways (figure 3.7A, B). 

Collectively, our sdMET are processed similarly as FL-MET, sequester HGF, prevent 

MET activation, suppress oncogenic signaling pathways.  

Figure 3.6: Schematic of conditioned medium (CM) test. HeLa cells were 

stimulated with or without 10 ng/ml of HGF for 5 minutes in presence of fresh 

medium (FM) or CM containing flag tag sdMET isoforms. 
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3.3 Validation of inhibitory properties of sdMET isoforms 

It is possible that sdMET inhibitory activity observed in figure 3.7 can be artifact 

from experimental conditions, such as cell line specific effect, non-specific HGF binding to 

Figure 3.7: Inhibitory activity of sdMET isoforms. A. samples from CM test 

subjected to western blot analysis for pMET, pAKT, pERK. B. bands in panel A were 

quantified, normalized to tubulin and represented as percentage to FM + HGF. Each 

point represents mean of values in triplicate + standard deviation [SD; error bars]. 
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flag tag, or transfection conditions that introduced factors into CM that inhibits MET.  To 

negate the possibility that activity is due to cell line specific effect, we treat A549 cells 

with HGF in presence of CM containing sdMET. As expected, we observed similar MET 

inhibition in A549 cells as observed in HeLa cells (figure 3.8A). furthermore, to rule out 

cell culture conditions during CM test, we starved A549 cells for 24 hours before CM test. 

As expected, sdMETs were able to suppress MET phosphorylation and downstream 

pathways irrespective of starved or non-starved conditions of A549 cells (figure 3.8B). 

Figure 3.8: Flag tag sdMET isoforms can block MET activation in A549 cells. A. A549 

cells were stimulated with 10 ng/ml of HGF for 5 minutes in presence of CM 

containing flag tagged sdMET isoforms. Following HGF stimulation, A549 cell lysate 

were subjected to western blot analysis for phosphorylation of MET and activation 

of downstream AKT and ERK pathways. B. A549 cells are 24 hours starved or non-

starved before CM test as in panel A. 
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To rule out non-specific interaction between flag tag and HGF, we remove flag 

from sdMET (figure 3.7A) and perform CM test. As predicted, the presence or absence of 

flag tag did not make a difference in sdMET ability to block MET activation (figure 3.9B).  

 

 

Figure 3.9: Removal of flag tag does not affect sdMET inhibitory activity. A. 

sdMET In6 isoform with or without flag tag were expressed in HEK293T cells for 

72 hours. Top: western blot with anti-flag antibody; bottom: western blot with 

anti-MET extracellular domain (ECD) antibody B. HeLa cells treated with 10ng/ml 

of HGF for 5 minutes in presence of CM from panel A. 
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Finally, we perform a CM depletion assay to rule of effect of transfection 

conditions (figure 3.10).  

In our CM depletion assay, we depleted sdMET from CM by immunoprecipitation 

(figure 3.11, left) and performed CM test with flow through (FT) from IP. As expected, 

removal of sdMET from CM, restored MET phosphorylation and activation of downstream 

pathway (figure 3.11, right). 

Together, our data demonstrates that MET inhibition and suppression AKT and 

ERK pathways is due specifically to presence of sdMET in CM rather than artifact in 

experimental conditions. 

Figure 3.10: Schematic of sdMET depletion from CM. Sepharose beads conjugated 

with anti-flag antibody is added to CM containing flag tagged sdMET isoforms. After 

overnight immunoprecipitation (IP), flow through (FT) is collected and added to 

HeLa cells in presence of 10 ng/ml of HGF for 5 minutes. After 5 minutes, lysates are 

collected and analyzed for MET activation. 
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3.4. Biological activity of MET is suppressed in presence of sdMET isoforms 

After we established that sdMET IPA isoforms can inhibit MET activity at the 

molecular level, it stands to reason that sdMETs can also suppress MET’s biological 

Figure 3.11: Depletion of sdMETs from CM restores MET activity. Depletion assay 

was performed as outlined in figure 3.10 for In12, In8, In6, and In4 flag isoforms.  
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activity. Recent studies have described in vitro biological assay for MET, such as, cell 

scattering, migration, invasion, and anchorage independent assay.   

To demonstrate that sdMETs can suppress cell scattering, we treated HPAF II 

pancreatic adenocarcinoma cells with HGF in presence of CM containing sdMETs. As 

expected, sdMETs isoforms were able to suppress scatter effect of HGF-MET activation 

(figure 3.12).   

Next, we asked whether sdMET IPA isoforms can prevent MET-dependent 

migration and invasion. To address this question, we utilized transwell migration and 

Figure 3.12: sdMET isoform prevents scattering in HPAF-II pancreatic cancer cells. 

HPAF II cells were treated with 10 ng/ml of HGF for 24 hours in presence of fresh 

medium (FM) or CM containing sdMET isoforms.  
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invasion assay. In the presence of CM containing sdMETs, there is a significant reduction 

of migrating and invading HPAF II cells (figure 3.13). 

Figure 3.13: sdMET isoforms prevents cell migration (top) and invasion (bottom). 

HPAF II cells were treated for 24 hours with HGF (10ng/ml) in presence of FM or CM 

containing sdMETs in a transwell migration or invasion assay. After 24 hours, cells 

were stained with 0.1% crystal violet, eluted, quantified at 590 nm and represented 

as percentage of FM + HGF. Each point represents mean of values in triplicate + 

standard deviation [SD; error bars]. 
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To test if sdMETs can inhibit anchorage independent growth, we seeded A549 cells 

in soft agar. For two weeks, cells treated with HGF in presence of CM containing sdMET. 

As shown in figure 3.14, sdMET was able to prevent colony formation compared to control 

conditions. 

Figure 3.14: sdMET isoform inhibits anchorage-independent colony formation. A. 

After seeding A549 cells in soft agar, cells were treated with 10 ng/ml of HGF in 

presence of FM or CM containing sdMETs for 14 days. B. Colonies were quantified 

and represented as percentage of FM + HGF (bottom). Each point represents mean 

of values in triplicate + standard deviation [SD; error bars]. 
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 Overall, our data demonstrate that sdMET IPA isoforms can block MET activation 

and suppress is biological activity by preventing cell movement, migration and invasion.  

3.5. Targeting 5’ splice site specific exons with anti-sense morpholino compounds to 

activation intronic polyadenylation 

Based on our results of inhibitory properties with sdMET IPA isoforms, we used an 

anti-sense base approach using morpholino (MO) oligonucleotides coupled to dendritic 

transporter to activate IPA in selected introns. We designed MOs to bind to specific 

upstream exon’s 5’ splice site (ss) to prevent U1 snRNP binding thereby activating IPA in 

intron immediate downstream of target 5’ss (figure 3.15A). For example, to activate IPA 

in In12, designed MO binds to Ex12.5’ss. Furthermore, as a control, we designed a MO to 

Ex2.3’ss to knockdown MET. With this rational, we initially targeted 5’ss of exon 2, 4, 6, 

9, and 12 (figure 3.15B). As a control, we also targeted 3’ss for exon 2 (figure 3.15B). 

Figure 3.15: Selective targeting with MO to activate IPA. A. Schematic of 

activating IPA with anti-sense compounds in hypothetical 4 exon pre-mRNA. B. 

Antisense morpholino compounds is designed to target specific exon 5’ splice site 

(ss) for Ex12, 9, 6, 4, 2. In addition, we also targeted exon 2.3’ss as a control. 
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3.6. Activity of anti-sense morpholino targeting exon 4 or exon 9 5’ splice site 

For test our strategy, we initially targeted Ex4.5’ss and Ex9.5’ss. To detect IPA 

mRNA, we utilized a previously described 3-primer RT-PCR strategy. In this RT-PCR assay, 

a common forward primer is used with two reverse primers: one intronic reverse primer 

to detect IPA mRNA and second exonic reverse primer to detect WT or other alternative 

splicing events (figure 3.16A). Unfortunately, after 48hr treated in EBC-1 cells with 

Figure 3.16: Schematic of 3-primer RT-PCR assay for Ex4.5’ss-MO and Ex9.5’ss-

MO. A. Switch from wild type mRNA to IPA variant is detecting in 3-primer PCR 

assay; a common forward primer is paired with two reverse primers: a reverse 

intronic primer to detect IPA variant and a reverse exonic primer to detect WT 

mRNA or other splicing events, such as exon skipping. B. EBC-1 cells were treated 

with 1uM, 2uM or 4uM of CTRL-MO, Ex4.5’ss-MO or Ex9.5’ssMO for 48 hours. 3-

primer assays were performed as described in panel A. 



100 

 

Ex4.5’ss-MO and Ex9.5’ss-MO with increasing concentration, we were only able to induce 

exon skipping. (figure 3.16B). 

Figure 3.17: Ex4.5’ss-MO and Ex9.5’-MO generate inactive exon skipping isoform. 

A and B. EBC-1 cells were treated with 1uM, 2uM or 4uM of CTRL-MO, Ex4.5’ss-

MO or Ex9.5’ssMO for 48 hours. Lysates were analyzed with MET extracellular 

(ECD) antibody (A) or activation of AKT or ERK pathways (C). EBC-1 cells treated 

similarly to panel A and B for 72 hours. Cell viability was measured and represented 

as percentage of non-treated (NT) group. Each point represents mean of values in 

triplicate + standard deviation (error bars). 
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mRNA without exon 4 or 9 retains open reading frame and codes for isoform 

similar to FL-MET with the exception amino acids (AA) encoded by skipped exon. For this 

reason, we analyzed treated EBC-1 cells for Ex4 or Ex9 skpping corresponding isoforms, 

145 kDa and 140 kDa respectively. As expected, western blot analysis with N-terminal 

extracellular domain (ECD) or C-terminal MET antibody detected slower migrating band 

corresponding to Ex4 and Ex9 skipped isoforms (figure 3.17 A, B). Furthermore, based on 

their expression pattern, it suggests that these isoforms are stabilized and are expressed 

at higher levels than FL-MET (figure 3.17 A, B). However, the lack of Ex4 or Ex9 coding AA 

prevented activation of downstream ERK and AKT pathway and significantly reduced cell 

viability (figure 3.17 B, C). From these results, the utility of Ex4.5’ss-MO and Ex9.5’ss-MO 

can be exploited when inactive intracellular MET is required. 

3.7. Activity of anti-sense morpholino targeting 5’ and 3’ splice site of exon 2 

The next set of anti-sense MOs tested were targeting exon 2 5’ss and 3’ss. These 

MOs are designed to serve as control for IPA generating compounds. As previously with 

Ex4 and Ex9 MOs experiment, we treated EBC-1 with increasing concentration of Ex2.5’ss-

MO or Ex2.3’ss-MO for 48 hours and performed 3-primer RT-PCR assay. As predicted, 

targeting 5’ss of exon 2 generated IPA variant at mRNA level, whereas Ex2.3’ss produced 

exon skipping variant (figure 3.18A, B).  

To analyze protein generated with Ex2.5’ss-MO or Ex2.3’ss-MO, we again treated 

EBC-1 cells with Ex2 targeting MO compounds. After 48 hours of treatment, we 

performed western blot analysis with antibodies against the extracellular domain and C-
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terminal domain of MET. With Ex2.5’ss-MO, we detected faster migrating isoform 

corresponding to In2 IPA which is predicted to be 38 kDa in higher MO treated samples 

(figure 3.19A). Furthermore, EBC-1 cells treated with Ex2.3’ss-MO knockdown FL-MET 

(figure 3.19B); importantly, C-terminal MET antibody did not detect any isoform with 

Ex2.3’ss-MO ruling out usage of alternative splice site which retains open reading frame. 

Moreover, Ex2.3’ss-MO and Ex2.5-MO perturbed AKT and ERK pathways and induced 

cytotoxicity in EBC-1 cells (figure 3.19C, D). 

Figure 3.18: Schematic of 3-primer RT-PCR assay for Ex2.5’ss-MO and Ex2.3’ss-MO. 

A. Targeting exon 2 with .5’ss-MO and 3’ss-MO and predicted splicing event. B. EBC-

1 cells were treated with 1uM, 2uM or 4uM of CTRL-MO, Ex2.5’ss-MO or Ex2.3’ssMO 

for 48 hours and 3-primer RT-PCR assays were performed as in panel A. 
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3.8 Activation of intronic polyadenylation (IPA) with Ex12.5’ss-MO and Ex6.5’ss-MO to 

generate soluble decoy MET 

To screen for molecular activity of Ex12.5’ss and Ex6.5’ss MO compounds (figure 

3.20A), we utilized a cell line which is independent of MET activity: KRAS G12C mutant 

Figure 3.19: Activity of Ex2.5’ss-MO and Ex2.3’ss-MO. A and B. EBC-1 treated with 

1uM, 2uM, or 4uM with CTRL-MO, Ex2.5’ss-MO or Ex2.3’ss-MO. Western blot analysis 

with ECD MET antibody (A) or C-terminal MET antibody (B). C. sample from panel A 

and B were analyzed for activation of AKT or ERK pathways. D. EBC-1 treated similarly 

as panel A and B for 72 hours. Cell viability was measured after 72 hours and 

represented as percentage of non-treated (NT) group. Each point represents mean of 

values in triplicate + standard deviation (error bars). 
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H1792 cells. With our 3-primer RT-PCR assay, we were able to detect increasing level of 

sdMET In12 and In6 IPA mRNA in dose dependent manner where we observed a switch 

to therapeutic variants at highest concentration exclusively in MET 5’ss specific MO and 

not CTRL-MO (figure 3.20B).  

Figure 3.20: Schematic of 3-primer RT-PCR assay for Ex12.5’ss-MO and Ex6.5’ss-MO. 

A. Targeting exon 12.5’ss or 6.5’ss with anti-sense morpholinos and predicted splicing 

event. B. H1792 cells were treated with 0.5uM, 1uM or 2uM of CTRL-MO, Ex12.5’ss-

MO or Ex6.5’ssMO for 48 hours and 3-primer RT-PCR assays. 
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After observations of complete reduction of FL-MET at RNA level, we hypothesized 

that FL-MET protein should also be removed with our MO compounds. As expect, 

treatment of H1792 cells for 48 hours with Ex12.5’ss-MO and Ex6.5’ss-MO remarkably 

reduced FL-MET when using antibodies against the C-terminus (figure 3.21A). Moreover, 

since H1792 harbor KRAS G12C mutation, reduction of FL-MET marginally effected the 

downstream AKT and ERK pathways (figure 3.21A) and had no consequence on cell 

viability (figure 3.21B). 

Figure 3.21: Targeting Ex12 and Ex6 5’ss with MOs reduces full length (FL) MET and 

does not affect cell viability in H1792 cells. A. analysis of FL-MET and AKT and ERK 

pathway activation after 48-hour treatment. B. 72-hour cell viability was measured 

and expressed as percentage of NT group. Each point represents mean of value in 

triplicate + standard deviation (error bars). 
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With our Ex6.5’ss-MO, we also detected an alternative splicing event 

corresponding to usage of cryptic 5’ss splice site located 19 nucleotides within Exon 6 

(figure 3.20B right, figure 3.22A) leading to frameshift and generation of premature 

termination codon (PTC) in exon 7 (figure 3.22A).  

Due to the PTC in reading frame, Ex6_-19 transcript is target for nonsense mediate 

decay (NMD) pathway which is an RNA surveillance mechanism to degrade mRNA with 

PTC. Nevertheless, if low levels of Ex6_-19 transcript were to escape NMD mediated 

degradation, the expressed protein is similar in activity to sdMET In6 IPA isoform (figure 

3.23A, B). 

Figure 3.22: characterization of sdMET mRNA variants generated by Ex6.5’ss-MO. A. 

same PCR gel as figure 3.20B right. For 2uM Ex6.5’ss-MO lane, slower migrating PCR 

product is Ex6_-19 NMD transcript which has a premature termination codon (PTC) 

due to shift in open reading frame; the faster migrating PCR product is In6 IPA variant 

which includes in-frame stop codon (IFSC). However, if Ex6_-19 NMD transcript is 

expressed, it will generate a C-terminal truncated sdMET similar to sdMET In6 IPA 

isoform. 
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More importantly, since MOs did not affect H1792 cell viability, we hypothesized 

that the switch from FL-MET to MET IPA variants we observed at the RNA level will also 

be detect at the protein level. Furthermore, MET IPA In12 and In6 isoform should 

condition the culture medium just the recombinant flag tag isoforms (figure 3.3B) due to 

the lack of TM and ICD domains. As expected, when using N-terminal ECD MET antibody 

to detect both FL-MET and sdMET IPA isoforms, we observed substantial conversion of 

Figure 3.23: In6 IPA and Ex6_-19 NMD isoform have similar inhibitory activity. 

A. Ex6_-19 variant and ex6_skipping isoform was cloned as C-terminal flag tag 

recombinant protein similarly to sdMET In6 IPA (figure 3.3). sdMET Ex6_-19 and 

sdMET In6 IPA isoforms were transfected into HEK293T cells. After 72 hours, 

lysate and conditioned medium (CM) were collected and subjected to western 

blot analysis with anti-flag antibody. B. sdMET Ex6_-19 and sdMET In6 IPA flag 

tagged proteins have comparable inhibitory activity. Conditioned medium test 

with HeLa cells and lysates were collected for western blot analysis for 

phosphorylation of MET and activation of AKT and ERK pathways. 
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FL-MET to IPA proteins and IPA proteins were overwhelmingly secrete into extracellular 

space in cells treated with Ex12.5’ss and Ex6.5’ss MOs (figure 3.24A). Next, we asked 

whether sdMET IPA isoform generated with our MO compounds can inhibit MET 

activation. To test for inhibitory activity, we perform CM test with CM collected from MET 

MOs treated H1792 cells. As anticipated, when HeLa cells were treated with HGF for 5 

minutes in the presence of CM containing MET IPA isoforms expressed via our anti-sense-

based approach, there was a significant reduction of MET phosphorylation and 

suppression of AKT and ERK pathways (figure 3.24B).  

Figure 3.24: Ex12.5’ss and Ex6.5’ss MOs convert FL-MET to sdMET IPA isoforms. 

A. H1792 cells were treated with 2uM of MOs targeting Ex12.5’ss or Ex.6.5’ss. 

After 72 hours, lysate and conditioned medium (CM) was collected for western 

blot analysis with anti-MET ECD antibody to detect sdMET IPA isoforms. B. sdMET 

IPA isoform generated with 5’ss specific antisense MOs can block MET activation. 

HeLa cell were stimulated with 10ng/ml of 5 minutes in presence of CM from 

panel A. after 5 minutes stimulation, lysates were collected for western blot 

analysis for activation of MET and downstream pathways, AKT and ERK. 
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Collectively, our Ex12.5’ss and Ex6.5’ss MOs demonstrates that targeting specific 

5’ss can generate sdMET isoforms of choice at the expense of FL-MET protein. Moreover, 

these C-terminal truncated sdMET IPA isoforms are released into extracellular space and 

behave in a dominant negative manner over its FL-MET counterpart. 

3.9. MET anti-sense compounds leads to sdMET expression and toxicity in MET 

dependent cancer cells 

Next, we tested MET 5’ss-MOs activity in cells lines dependent on MET activity. 

We utilized cells lines with MET amplification (METamp.), EBC-1, MKN45 and Hs746T, 

which are sensitive to MET inhibition. Furthermore, as a control for MET inhibition, 

selective small molecule tyrosine kinase inhibitor, AMG337, was used in parallel with MET 

MOs. First, we treated METamp cells with increasing concentration of MET Ex12.5’ss-MO 

and Ex6.5’ss-MO for 48 hours and performed 3 primer RT-PCR assay. As expected, FL-MET 

mRNA was completely removed at 2uM of MOs and replaced with sdMET mRNA (figure 

3.25). 

Figure 3.25: Ex12.5’ss and Ex6.5’ss MOs convert FL-MET to sdMET IPA at mRNA 

level. EBC-1, MKN45, or Hs746T, were treated with CTRL-MO, Ex12.5’-MO, Ex6.5’ss-

MO, or AMG337. After 48 hours, 3-primer RT-PCR assay as described in figure 3.20. 
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Second, we asked if METamp cell lines treated with MET 5’ss MOs for 48 hours can 

generate sdMET In12 and In6 IPA proteins. When cells extracts were resolved in SDS-PAGE 

and probed with N-terminal MET antibody, we detected expression of MET In12 and In6 

IPA isoform solely in cells treated with MET 5’ss MOs and not in CTRL-MO or AMG337 

treatment groups (figure 3.26).  

Furthermore, when lysates were probed with C-terminal MET antibodies, FL-MET 

was significantly reduced which led to suppression of downstream signaling AKT and ERK 

pathways (figure 3.27).  

Figure 3.26: Ex12.5’ss and Ex6.5’ss MOs convert FL-MET protein and generates 

sdMET IPA isoform. EBC-1, MKN45, and Hs764T cells were treated similarly as figure 

3.25 for 48 hours. Thereafter, cell lysates were subjected to western blot analysis 

with MET ECD antibody. Red asterisks are predicted IPA isoforms. 
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Finally, we tested MET 5’ss MOs’ ability to induced cellular toxicity in METamp. 

cells that are dependent of MET activity. When METamp. cells were treated with 

Ex12’5ss-MO and Ex6.5’ss-MO for 72 hours, we observed increase in cellular toxicity in 

dose dependent manner upon MET 5’ss MOs treatment and not CTRL-MO (figure 3.28). 

furthermore, the increase in toxicity correlate with increase in sdMET IPA isoform and 

reduction of FL-MET (figure 3.25,26,27).  

 

 

 

Figure 3.27: Ex12.5’ss and Ex6.5’ss MOs reduced FL-MET and perturbs downstream 

signaling pathways. EBC, MKN45, Hs746T cells were treated with Ex12.5’ss-MO, 

Ex6.5’ss-MO or AMG337 for 48 hours and analyzed for pMET, pAKT, and pERK. 
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In addition to testing MET MO compounds in MET dependent cells, normal lung 

BEAS-2B and normal gastric Hs728 cells were treated with MET 5’ss MOs. As predicted, 

we observed reduction of FL-MET proteins (figure 3.29A). however, because these cells 

are not dependent on MET activity, MET MOs did not affect downstream pathway, AKT 

and ERK (figure 3.29A). Furthermore, Ex12.5’ss and Ex6.5’ss MOs did not induce cell 

viability (figure 3.29B). 

Figure 3.28: cytotoxic effect of Ex12.5’ss and Ex6.5’ss MOs treatments. MET 

dependent cells treated with Ex12.5’ss and Ex6.5’ss MOs leads to cellular toxicity. 

EBC-1, MKN45, and Hs746T were treated with increasing concentration of CTRL-MO, 

Ex12.5’ss-MO, Ex6.5’ss-MO or AMG337. After 72 hours, cell viability was measured 

and represented as a percentage of non-treated group. Each point represents mean 

of values in triplicate + standard deviation [SD; error bars]. 



113 

 

Overall, these data demonstrate that MET specific 5’ss MOs are active in MET 

dependent cells. MOs are able to re-direct FL-MET pre-mRNA splicing towards generation 

of sdMET mRNA variants which are expressed at protein level. Furthermore, the switch 

from FL-MET to sdMET isoform perturbs downstream AKT and ERK pathways and leads 

to cytotoxic effect in MET dependent cells.  

Figure 3.29: Activity of MET Ex12.5’ss-MO and Ex6.5’ss-MO in normal cells. A. 

Treatment of normal lung BEAS-2B and normal gastric Hs738 cells with MET 5’ss 

MOs reduced FL-MET but marginally effect AKT and ERK pathways. B. After 72 

hours, cell viability was measured and represented as a percentage of non-treated 

group. Each point represents mean of values in triplicate + standard deviation [SD; 

error bars]. 
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4. Discussion and future perspectives 

 Aberrant MET activation is involved in various aspects of cancer biology, including 

tumor initiation, progression, maintenance, angiogenesis, and metastasis. Hence, 

multiple groups have employed strategies to target MET receptor for cancer therapy. 

Current approaches include: 

1. Ligand neutralizing antibodies 

2. MET targeting antibodies to prevent ligand interaction and/or induce receptor 

degradation 

Figure 3.30: Advantage of targeting MET with anti-sense-based approach. Use of 

anti-sense compounds has a three-pronged effect: 1. Removal of oncogenic FL-MET 

receptor, 2. Release of soluble decoy MET (sdMET) into extracellular space to trap 

HGF, 3. sdMET engages residual FL-MET in effected and naïve cells in a dominant 

negative manner.  
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3. Recombinant dominant negative MET ectodomain to sequester ligand and 

form non-functional dimer with Full length (FL) MET 

4. Selective or non-selective small molecule tyrosine kinase inhibitors (TKIs) 

Unfortunately, tumors activate mechanisms of resistance to maintain cancer progression, 

such as: 

1. alternative RTK activity as a bypass track 

2. Mutations to prevent drug-receptor interactions 

3. Activating mutations in downstream signaling factors to prevent reliance on 

upstream receptor 

4. Cell transformation to prevent drug uptake 

5. Secretion of excess ligand from stromal cells to outnumber neutralizing 

antibodies 

For these reasons, in this thesis, a novel method was described for targeting MET receptor 

(figure 3.30). Our anti-sense oligonucleotides (ASO) induces alternative intronic 

polyadenylation (IPA) with specific intron of choice in a U1-snRNP dependent manner. 

Hence, within a single ASO, we accomplish three-prong approach to inhibit MET activity 

at multiple levels: 

1. Reduction of FL-MET oncoprotein similarly to RNAi-mediated knockdown 

2. Expression and secretion of therapeutic soluble decoy MET (sdMET) into 

tumor microenvironment to trap MET ligand, hepatocyte growth factor (HGF) 
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3. Possibly engage residual FL-MET on targeted or naïve cells to form a non-

productive dimer 

Because of multifaceted role of MET in cancer progression, our approach can be 

useful in MET dependent or independent tumors. For example, patients under treatment 

with angiogenic inhibitors can relapse due to hypoxia inducible factor 1α (HIF1α) – 

mediated expression and secretion of HGF from tumor associated fibroblast [218]. This 

HGF activate MET on remaining blood vessel endothelial cells and rescue angiogenesis, 

thus allowing cancer to progress. Furthermore, MET signaling cascade can modulate and 

induce epithelial to mesenchymal transition (EMT), hence promoting metastases [202]. 

For these reasons, while there are short-term benefits with angiogenic inhibitors, their 

long-term use can have dire consequences. Due to this sequence of events under 

angiogenic inhibitors, addition of MET-ASO can have a synergistic effect to eradicate MET-

dependent or independent tumors. 

As with other reports, our strategy can be applied to other RTKs. indeed, our group 

previously generate sdVEGFR2 by targeting VEGFR2 to block tubulogenesis in huvec cells 

in vitro. Furthermore, Thomas Rando group recently therapeutic use ASO to generate 

membrane bound C-terminal truncated PDGFRα which can bind PDGF but lack kinase 

domain; their strategy activated IPA of PDGFRα in resident stem cells to attenuate muscle 

fibrosis. In addition to targeting RTKs or other membrane bound protein, ASO-mediated 

IPA can potentially target cytoplasmic protein. In protein which pathogenic domain is in 

C-terminus, IPA activation can remove C-terminus while preserving N-terminus which 

might be required for normal biological functions. 
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The approach described in this thesis has successfully targeted MET to generated 

therapeutic decoys; even though further work is needed to address tumor specific 

delivery of ASO, this work provides proof of principle that ASO can generated MET decoys 

while removing oncogenic MET. Moreover, this thesis is expected to serve as a blueprint 

for useful assays to describe and activate decoys for others RTKs. 
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Alternative Splicing Generates p53 isoform with Possible Metastatic Function 
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1. Abstract 

Transcription factor p53 plays a vital part in maintenance of genome stability and 

avoiding tumorigenesis. p53 gene encodes twelve isoforms because of alternative 

splicing, alternative promoter usage, and alternative initiation sites of translation. p53 

isoforms can modulate cell-fate in stress response by regulating p53 transcriptional 

activity in a promoter and stress dependent manner. However, p53 isoforms are 

aberrantly expressed in multipe types of cancers, signifying their importance to cancer 

formation. Recently, laboratory of R. Sordella described a novel isoform for p53, p53ψ. 

Rather than preventing tumorigenesis, it contributes to cancer formation. p53ψ is a 

byproduct of the usage of alternative 3’ splice site with intron 6 that generated a C-

terminal truncated 27 kDa protein. p53ψ lacks oligomerization, DNA binding and nuclear 

localization domain. Hence, it is primarily localized in the cytoplasm where it alters 

mitochondrial permeability to increase reactive oxygen species (ROS). Increase in ROS 

promotes epithelial to mesenchymal transition (EMT) and induces metastasis. Because 

intronic and exonic mutation can promote alternative splicing, we, we explored existence 

other alternatively splice isoform due to mutation in 5’ss or codon juxtapose to 5’ss of 

exon 6 that will generate similar truncation with tumorigenic function. For our purpose, 

we employed an minigene splicing assay and usage of alternative 5’ss to generate 

truncated variant which should express truncated C-terminal isoform with similar 

topology as p53ψ. 
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2. Introduction 

 p53 is a key tumor suppressor inactivated in nearly all form of cancers [351]. p53 

avoids tumorigenesis by modulating multiple pathways including cell cycle or cell death 

(appendix figure 1) [352]. p53 oligomerizes and binds p53- responsive elements (p53REs) 

in the genome to regulate gene expression. For instance, p53 promotes cell cycle arrest 

by activating genes such as BTG2, GADD45 or the cyclin-dependent kinase inhibitor, p21 

[353]. On the other hand, p53 promotes apoptosis by activating pro-apoptotic genes such 

as Puma, Bax, Apaf1, Noxa and suppressing the anti-apoptotic gene - Bcl-2 [353]. 

However, how p53 decides to initiate with define cellular responses to promote cell death 

or cell survival to variable stress signals remains poorly understood. It has been 

Appendix figure 1. P53 responses to stress signals. 

Reprint with permission from [2]. 
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demonstrated in tissue and cell type dependent manner that different p53 isoforms can 

regulate cellular responses to stress signals [351]. 

Appendix figure 2. 12 isoforms of P53. A. Schematic of p53 gene of Homo sapiens. 

Promoters are indicated with forward arrows, exons are numbered. White box 

exons are coding and black box noncoding. B. Schematic representation of 12 

isoforms of p53. TADI and TADII: transactivating domains; DBD: DNA binding 

domains; NLS: nuclear localization signal; OD: oligomerization domain; BR: basic 

region. Reprint with permission from [351 and 354]. 
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Before the discovery of p53ψ, 12 distinct human p53 isoform were characterized 

(appendix figure 2) [351, 354, 355]. These Isoform are due to alternative splicing, 

promoter usage or AUG; thus, each p53 isoform have distinct topological layout. These 

isoforms are expressed in normal tissues but can be aberrantly expressed in in cancer 

[356]. Indeed, the response to genotoxic damage can be switched from senescence to 

apoptosis by modulating p53 isoform expression [357]. 

The following sections give a brief description of p53 isoforms. 

2.1. Δ133p53α 

In response to DNA damage or embryonic defect, usage of internal promoter in 

intron 4 leads to expression of Δ133p53α that prevented p53-mediated apoptosis [358]. 

Indeed, selective knockdown of Δ113p53α with morpholino injection in Zebrafish 

embryos increase sensitivity to ionizing radiation and promoted embryonic defect [358, 

359]. Thereafter, re-expression of morpholino resistant Δ113p53α mRNA induced 

expression of MDM2, cyclin G, p21, and Bcl-xL leading to rescue of development of 

embryo [358, 360-364]. Therefore, in addition to behaving in a dominant negative 

manner, Δ113p53α differentially modulates p53 responsive genes profile at the 

physiological level and thereby demonstrating its intrinsic biological activity. 

2.2. Δ133p53β and Δ133p53γ 

 p53 mRNAs produced from usage of internal promoter in intron 4 are also 

alternatively spliced in intron 9 to generate 2 other isoforms, Δ133p53β and Δ133p53γ 

[351, 365]. Expression of Δ133p53β or Δ133p53γ in cells with endogenous p53 does not 
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affect p53-mediated apoptosis [355, 365, 366]. While these two isoforms are expressed 

in normal tissue, analysis of tumor samples revealed abnormal expression of Δ133p53β 

and Δ133p53γ suggesting that they some play a role in tumorigenesis [365, 366]. 

2.3. Δ160p53α, Δ160p53β, and Δ160p53γ 

These three isoforms lack first 159 amino acids because the use of alternative AUG 

from Δ133p53α, Δ133p53β, and Δ133p53γ mRNA [351, 356]. Interestingly, this 

alternative AUG 160 is conserved across all mammals while the 133 AUG is only found in 

primates [356, 367]. Of note, upon hemin-mediated erythroid differentiation of K562 

cells, Δ160p53β was reduced, while Δ160p53α expression was constant, signifying the 

role of Δ160p53β in erythroid differentiation [351]. 

2.4. p53β 

Intron 9 can be alternatively spliced to generate 2 different truncated isoforms: 

p53β and p53γ [351, 368, 369]. Both lack oligomerization domain due to inclusion of in-

frame stop codon carried over from alternatively spliced intron 9 [353, 354, 356, 368, 

369]. p53β can selectively bind to promoter of p53 transcriptional targets [351, 368, 369]; 

for example, it can bind Bax promoter while weakly binding to MDM2 promoter [368-

370]. Laboratory of JC Bourdon has demonstrated that p53β has residual transcriptional 

activity by using artificial p53 response element driving luciferase expression [354]. 

Moreover, p53β expression promotes apoptosis independent of p53, although with a 

decreased efficiency than p53 possibly due to direct interaction of p53β with p53 [368-

370]. Furthermore, p53-mediated cellular senescence is accelerated in the presence of 
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p53β in human normal fibroblasts by upregulating p21 and miR-34a [368-370]. Overall, 

this proposes that p53β helps regulate p53 transcriptional targets in a promoter-

dependent manner in addition to having it owns residual transcriptional activity. 

2.5 p53γ 

 p53γ isoform is byproduct of alternative splicing of intron 9 and expressed in 

normal tissue [351, 368, 370]. The subcellular localization of p53γ and p53β are different 

from each other. p53β is in the nucleus, while p53γ can be found in the nucleus or the 

cytoplasm [369]. p53γ induce p53-mediated transcriptional targets Bax but not on the 

p21 [369]. 

2.6. Δ40p53α, Δ40p53β, and Δ40p53γ 

Δ40p53 isoforms lacks the first transactivation domain due to alternative splicing 

of intron 2 [351]. Recent evidence has established the existence of internal ribosome 

entry site (IRES) sequence that allows usage of alternative AUG initiation at position 40 

rather than 1st AUG [351, 354, 355, 371]. p53 IRES sequences are modulated by various 

IRES transacting factors (ITAFs) including polypyrimidine tract binding protein (PTB), 

dyskerin, and hnRNP C1/C2 [372]. All regulate expression of p53 and Δ40p53 isoforms and 

thereby p53 tumor suppressor activity. 

2.7. p53ψ 

Recently, Dr. Raffaella Sordella’s lab identified a thirteenth p53 isoform which has 

metastatic functions called p53ψ [373]. This isoform is produced due to usage of 
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alternative 3’ splice within intron 6. This new transcript has a shift in open reading frame 

(ORF) that introduces stop codon in exon 7 to generate a C-terminal truncated p53ψ 

isoform (appendix figure 3). ψ is mainly expressed under conditions of chronic stress and 

in tumors with high metastatic potential. ψ lacks a portion of DNA binding domain, 

nuclear localization signal, and oligomerization domain. p53 transcriptional activity and 

tumor suppressor function is not present in ψ. On the other hand, ψ localized to the 

mitochondria and associates with cyclophilin D, regulator for mitochondrial permeability. 

Thus, ψ increase reactive oxygen species, induces EMT through regulation of EMT related 

genes (appendix figure 4).  

Appendix figure 3. P53ψ isoform. A. Usage of alternative 3’ splice site to generate 

p53ψ mRNA variant. B. p53ψ domain topology relative to p53-WT. TAD: 

transactivation domain; DBD: DNA binding domain; NLS: nuclear localization signal; 

OD: oligomerization domain; ψ: specific amino acids. 
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In addition to splice site mutations, Cartegni et al. have suggested that silent and 

nonsense mutation can alter pre-mRNA splicing [302]. Hence, it is possible to generate ψ-

like isoforms with 5’splice site (ss) mutation for intron 6 or mutation to codon juxtapose 

Exon 6 5’ss. For this reason, I performed a mutational screen for Ex6’ss and the juxtapose 

Appendix figure 4. Functional characteristics of P53ψ. A. p53ψ regulates 

mitochondrial permeability in cyclophilin D dependent manner to increase 

reactive oxygen species and induce EMT. B. Expression of p53ψ promotes 

EMT in A549 and MCF7 cells. C. p53ψ increase EMT related genes. Reprint 

with permission from [373]. 
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codon 224 (GAG). We used an exon 5 to exon 8 minigene in vitro assay to monitor effect 

of mutation on pre-mRNA splicing. From our screen, we identified two novels 

alternatively spliced p53 isoforms due to usage of intronic 3’ cryptic splice site. One 

isoform retains 18 intron 6 nucleotides and maintain ORF to generate 6 amino acid 

insertion in DNA binding domain. Other isoform, p53ψ-like protein (p53ψ-LP), retained 5 

nucleotides from intron 6 which shifted the ORF to generate stop codon in exon 7; hence, 

p53ψ-LP can possible behave a metastatic promoter. 

3. Material and Methods 

3.1. Sources for Cell lines 

A549 lung cancer cells (#CLL-185), H1792 lung cancer cells (#CRL-5895), HeLa 

cancer cells (#CCL-2), H716 colorectal cancer cells (#CCL-251), and PC3 lung cancer cells 

(#CRL-1435) were obtained from American Type Culture Collection (ATCC, Manassas, VA, 

USA). 

3.2 Cell culture conditions 

All cell culture reagents were purchased from Thermo Fisher Scientific (Waltham, 

MA, USA). A549, EBC-1, H1792, and PC3 cells were cultured in 2mM L-Glutamine 

containing RPMI-1640 (#11875093) supplemented with 10% heat inactivated fetal bovine 

serum (FBS), and 1% Penicillin/Streptomycin (P/S). HeLa, were cultured in 4.5 g/L D-

Glucose, 2 mM L-Glutamine, and 110 mg/L Sodium Pyruvate containing DMEM 

(#11995065) supplemented with 10% FBS, and 1% P/S. Cells were maintained in 

humidified incubator with 5% CO2 and 37oC. 
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3.3 Sources for antibodies, growth factors, and inhibitor 

Mouse anti-p53 DO-1 (#SC-126) was purchased from Santa Cruz Biotechnology 

(Dallas, Texas, USA). Rabbit anti-p21 (#2947) and rabbit anti-Vimentin (#5741) were 

purchased from Cell Signaling Technologies (Danvers, MA, USA). These three antibodies 

were used at 1:1,000 dilution in 5% BSA in TBS-tween (TBS-T). Mouse anti-alpha tubulin 

was (#T9026, Sigma Aldrich, St. Louis, MO, USA) used at 1:10,000 in 5% non-fat milk in 

TSB-T. Horseradish peroxidase (HRP) conjugated goat anti-rabbit secondary (#31460) and 

HRP conjugated goat anti-mouse secondary (#32430) were from Thermo Fisher Scientific 

and used at 1:10,000 dilution in TSB-T. 

3.4 Western blotting 

Cell lysates were collected with radioimmunoprecipitation assay (RIPA) buffer 

containing 1x protease inhibitors (#11697498001, Roche, Madison, WI, USA). Cell lysates 

were cleared of debris and membranous material by centrifugation at 13,000 x g for 5 

minutes and supernatant transferred to a sterile tube. 10 uL of sample was used to 

measure protein concentration with BCA protein assay (#23224, Thermo Fisher Scientific). 

20ug of cell lysates were resolved in 6% or 10% SDS-PAGE gel. Samples from SDS-PAGE 

gel were transferred to polyvinylidene difluoride (PVDF) membrane (#IPVH00010, 

Millipore, Burlington, MA, USA). Following transfer, PVDF membranes were blocked with 

5% non-fat milk in TBS-tween for 1 hour at room temperature (RT) then incubated with 

primary antibodies at 4oC overnight. The following day, PVDF membranes were incubated 

in HRP conjugated secondary antibody in 5% non-fat milk in TBS-tween at room 
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temperature for 1 hour. Proteins were detected with SuperSignalTM west femto maximum 

sensitivity substrate (#34095, Thermo Fisher Scientific) and visualized with GeneGnome 

XRQ Chemiluminescence imaging system (Syngene International Limited, Frederick, MD, 

USA).  

3.5. Cloning of p53 minigene with mutations 

Exon 5 to exon 8 p53 minigene was generated by PCR on genomic DNA from HeLa 

cells. PCR was done with Phusion® high-fidelity DNA polymerase (#M0530S, New England 

Appendix figure 5. 3 step PCR strategy to generate point mutation in p53 

minigene. FP: forward primer and RP: reverse primer. 
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Biolabs) according to manufacturer’s instructions with two specific primers: forward-p53 

Exon 5 primer to reverse primer on exon 8. PCR was cloned in as EcoRV and NotI fragment 

into PcDNA3.1(+) (#V79020, Invitrogen, Carlsbad, CA). All plasmids were verified by 

sequence analysis with MacVector alignment software to confirm absence of mutations. 

To generate point mutation in our minigene, we used a 3 step PCR strategy 

(appendix figure 5) with a forward primer in the first PCR carrying mutation of choice. 

3.6 Minigene splicing assay 

To detect pre-mRNA splicing of p53 minigene, we transfected 3.5x106 HeLa cells 

with 2 ug mutant minigene constructs using lipofectamine® LTX according to 

manufacturer’s protocol (#15338100, Thermo Fisher Scientific). After 24 hours of 

transfection, total RNA was extracted with TRIzolTM reagent according to manufacturer’s 

protocol (#15596026, Thermo Fisher Scientific). Extracted RNA samples were treated with 

TurboTM DNase (#AM1907, Thermo Fisher Scientific) to remove any residual DNA carry 

over. 1ug of extracted RNA was reverse transcribe with SuperScriptTM first-strand 

synthesis kit. 2 uL of cDNA samples were used in a 2-primer PCR assay. To avoid detection 

of endogenous p53, reverse primer was placed on plasmid: 3’ to minigene insert 

(appendix figure 6). 

With these two primers, 2 uL of cDNA was used for PCR assay using GoTaq® Flexi 

DNA polymerase (#M8291, Promega, Madison, WI, USA) with the following conditions:  
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1. Initial denaturation at 95oC for 2 minutes 

2. 35 cycles of denaturation for 30 seconds at 95oC, annealing for 

30 seconds at 60oC, extension for 45 seconds at 72oC 

3. Final extension for 5 minutes at 72oC 

PCR reactions was resolved on 3% agarose gel, post-stained with ethidium 

bromide and imaged with Gel DocTM EZ Gel Documentation System (Bio-Rad Laboratories, 

Hercules, CA, USA). Expected PCR products were gel purified with QIAquick gel extraction 

kit (#28115, Qiagen, Germantown, MD, USA) according to manufacturer’s instructions, 

cloned into TA cloning vector (#K202020, Thermo Fisher Scientific) which was then used 

to transform DH5α competent bacterial cells (#18258012, Thermo Fisher Scientific). 

Plasmid was extracted from transformed colonies with QIAprep® spin miniprep kit 

(Qiagen) according to manufacturer’s instructions and sequence analyzed with 

MacVector alignment software (MacVector, Inc, Apex, NC, USA). 

Appendix figure 6. Primer position to detect minigene spliced product and 

avoid endogenous p53. 
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4. results 

4.1. Mutation in 5’ss of exon 6 alter splice to generate ψ like protein 

To study the effect of pre-mRNA splicing with splice site mutation, we constructed 

Ex5 to Ex8 p53 minigene (appendix figure 6). As expected, after mutating 5’ss of exon 6, 

we observed altered splicing pattern. Post PCR assay, reaction was cloned into TA cloning 

Appendix figure 7. Mutating 5’ss of exon 6 generates mRNA variant with possible 

metastatic potential. A. pre-mRNA splicing analysis after 24 hours transfection in 

HeLa cells. Primers to distinguish between endogenous or minigene mRNA are in 

appendix figure 6. B. Schematic of mRNA variant detected in PCRs in panel A and 

their possible translated protein isoforms. 
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vector to characterize types of mRNA species generated in context of Ex6 splice site 

mutation. Most 5’ss mutations induced usage of 2 alternative cryptic splice site within 

intron 6 except 5’ss T>G that most promoted exon skipping; the first cryptic 5’ss included 

5 nucleotides to mature mRNA while other included 18 nucleotide. Interestingly, 

sequence analysis of 5 nucleotides inclusion in ORF induces a frameshift, generate a stop 

codon in exon 7 and possibly translate to isoform similar to p53ψ. 

4.2. Mutation in codon juxtapose to 5’ss induces alternative splicing 

Next, we wanted to examine mutation in coding sequences of exon 6 and their 

effect on splicing. The most obvious target to mutation is glutamate codon which is the 

last trinucleotide in exon 6; within mutation spectrum for glutamate codon for this 

trinucleotide, many were missense mutation in addition to one nonsense and another 

silent (appendix figure 8). 

Appendix figure 8. Mutation spectrum for last codon for exon 6. 
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Our PCR analysis on RNA generated from p53 minigene shown splicing pattern similar to 

the one observed for 5’ss mutation (appendix figure 9).  Surprisingly, both nonsense and 

silent mutation yielded RNA with +5 nucleotide inclusion. This is very informative since 

silent mutation are disregarded in genomic analysis. 

4.3. Cells with splice site mutations alters splicing 

 Based on our results, next we wanted to ask if cancer cells with the same mutation 

generate splice variants which we observed in our artificial minigene assay. H716 

colorectal cancer cells which harbors mutation in codon 224 and H1792 which harbors 

splice site mutation both showed aberrant splicing of p53 pre-mRNA. As expected, both 

cells expressed +5 and +18 nucleotide inclusion demonstrated that fact that spice site 

mutation or mutation juxtapose to splice site can generate mRNA which can express 

metastatic proteins (appendix figure 10). 

 

 

Appendix figure 9. PCR 

analysis of minigenes 

with mutation in last 

codon in exon 6. 
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5. Conclusion and future perspectives 

 In conclusion, the work presented here sheds light on how mutation, missense, 

nonsense, or silent, can alter p53 splicing and generate alternative spliced variants that 

may be modulate EMT pathways and serves as a counteract to p53 FL. p53ψ promotes 

tissue remodeling, proliferation and survival of cancer stem cells. The proof establishing 

physiological role of p53ψ will surface from generation of knock-in and knock-out mouse 

models. It can be predicted that increase in p53ψ will promote tumorigenesis and display 

aggressive invasive phenotype by regulating potential cancer stem cells. Whatever their 

outcome, such in vivo studies will be of great value in peeling back yet another layer of 

complexity in p53 regulation. 

 Furthermore, with our results from our minigene assay, criteria to evaluate 

genomic data needs to be revisited. Silent mutation and possible intronic mutation can 

alter mRNA splicing and generate mutation that have metastatic potential. For this 

reason, these mutations should be considered before prescribing treatment regimen.  

Appendix figure 10. PCR 

analysis of cancer cell with 

mutation in last codon of exon 6 

or exon 6 splice site. 
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