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ALTERNATIVE SPLICING OF ANXA7 DICTATES RECEPTOR TYROSINE
KINASE FATES IN GLIOBLASTOMA

SINDHU NAIR
GRADUATE BIOMEDICAL SCIENCES: CANCER BIOLOGY

ABSTRACT

Alternative splicing (AS) is a tightly regulated process essential for lineage
specification in complex tissues like the brain. Dysregulated splicing in glioblastoma
(GBM) is a mechanism exploited by tumor cells to retain or splice out exons
consequently rewiring isoform-specific protein interactions to sustain tumor phenotypes.
Receptor tyrosine kinases (RTK) amplifications are frequent events in GBM driving
tumor growth and progression and are key targets for chemotherapy. However, RTK
targeting in GBM has achieved limited success predominantly due to adaptive
mechanisms of resistance in a constantly evolving tumor microenvironment. Clonal
populations and crosstalk between RTKs sustain heterogeneity within a tumor leading to
the failure of targeted RTK therapies. We previously found that monosomy of
chromosome 10 caused haploinsufficiency of tumor suppressor ANXA7 with a concurrent
amplification of EGFR indicating an inhibitory effect of ANXA7 on EGFR signaling in
GBM. ANXA7, a member of the annexin family, binds membranes in a calcium
dependent manner and regulates endo- and exocytosis. ANXA7 is alternatively spliced by
PTBP1 into either isoform 1 (I1), containing a cassette exon, or isoform 2 (I12) lacking the
cassette exon. In GBM, high levels of PTBP1 ensure splicing of ANXA7 in favor of 12
with a subsequent elevation of EGFR signaling. Reintroducing 11 into GBM cells lead to

a decrease in tumor growth and angiogenesis along with an inhibition of EGFR signaling.
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How I1 mediates EGFR downregulation is not clear. In this dissertation we dissect the
mechanism by which ANXA7 isoforms have divergent impacts on RTK signaling in
GBM. Il mediates the sorting of multiple RTKs such as EGFR, MET, PDGFRa and
EGFRvVIII for lysosomal degradation thereby abrogating signaling while RTKs are
recycled in 12 expressing cells. Using predictive structural modeling, we show that the
cassette exon region in I1 encloses a domain that potentially interacts with RTKs as well
as components of the endocytic machinery conferring it with the unique ability to target
RTKs for lysosomal degradation. The overarching goal of this study is to better
understand the functional impact of AS in GBM and how targeting AS to retain tumor

suppressive isoforms could offer an alternative approach to target GBM.

Keywords: Glioblastoma, alternative slicing, ANXA7, RTK signaling, endocytosis
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CHAPTER 1: INTRODUCTION

BRAIN TUMORS

Brain tumors are a heterogenous group of neoplasms, encompassing both benign
and malignant tumors, arising within the central nervous system (CNS). Amongst the
deadliest of cancers, malignant brain tumors are challenging to treat owing to their
location as well as their tendency to invade locally leading to neurological symptoms like
headaches, seizures, cognitive dysfunction, and focal deficits (1, 2). Malignant brain
tumors can be primary, those that arise in the brain, or secondary, cancers that arise
elsewhere in the body and metastasize to the brain (3, 4). Prior classification of brain
tumors was based on histopathology, differentiation, cell of origin, and
immunohistochemical expression of lineage-associated proteins. In 2016, the WHO
reclassified brain tumors by integrating both histology and molecular parameters such as
genetic and epigenetic modifications that confer distinct characteristics to different
tumors (5). Broadly, primary brain tumors are classified as gliomas — those that arise
from glial cells or glial precursor cells such as astrocytes, oligodendrocytes, and
ependymal cells; non-glioma tumors — those that rise from cells in the brain that are not

glial (5).



Gliomas

Gliomas are a diverse group of malignant brain tumors that based on their
putative cell of origin are sub-classified as astrocytomas, oligodendrogliomas,
ependymomas, or mixed gliomas (6-8). Additionally, gliomas can be characterized as
“diffuse” or “non-diffuse” based on their ability to migrate and invade over large
distances within the brain (8). With the advent of next-generation sequencing,
comprehensive molecular analyses have helped in subtyping tumors based on specific
molecular markers that modulate tumor behavior and treatment response. Diffuse gliomas
are now broadly sub-classified based on the following mutations — isocitrate
dehydrogenase 1 and 2 (IDH) status, loss of heterozygosity for 1p/19q (co-deletions with
IDH have also been reported), mutations in telomerase reverse transcriptase gene (7ERT)
promoter region, alpha-thalassemia/mental retardation syndrome X-linked gene (ATRX),
O[6]-methylguanine-DNA methyltransferase (MGMT) promoter methylation and tumor
protein p53 gene (TP53) mutations. Based on histological tumor grades, gliomas are
classified as diffuse astrocytomas (grade II), anaplastic astrocytoma, IDH-mutant (grade

IIT) and glioblastoma, IDH wild-type/mutant (grade IV) (5, 7-9).

Glioblastoma

Glioblastoma (GBM), a WHO grade IV astrocytoma, is the most malignant and
commonly occurring tumor accounting for 80% of all malignant brain tumors (2, 6, 10).
GBMs are sub-classified as primary, those arising de novo, or secondary, those that arise

from pre-existing low grade astrocytomas (11). The global incidence of GBM is roughly



10 per 100,000 persons, while in the United States it accounts for about 3.21 per 100,000
persons (7, 12). The median age of diagnosis is 65 years with a peak observed at 75-85
years; a higher incidence is observed in males as compared to females with GBM
occurring 1.58 times more common in males (7, 12, 13). Clinically, patients may present
with generalized or focal signs and symptoms depending on the duration of the disease.
Symptoms also depend upon the area infiltrated and destroyed by the tumor via necrosis,
intracranial pressure, and tumor location. Common symptoms include headaches,
seizures, sensory and motor disturbances (6, 14, 15). Histologically, GBMs exhibit
abundant atypia including cellular and nuclear polymorphism, hypercellularity, increased
vascularization and necrotic foci, a seminal feature of GBMs. Necrotic foci are formed
due to hypoxic areas within the central regions as the tumors expand in size peripherally
(16, 17). Additionally, GBMs are highly invasive locally and extensively infiltrate the
surrounding brain parenchyma. Tumor cells typically migrate along pre-existing
vasculature, white matter tracts, subpial and subarachnoid spaces (18, 19). However,

GBMs rarely metastasize and remain confined to the brain (16, 20).

Despite advances in research and clinical regimens, GBMs remain one of the
most devastating tumors with a dismal prognosis. Surgical resection alone is insufficient
to eliminate the tumor due to the microscopic invasion of tumor cells into surrounding
parenchyma. Currently, the standard-of-care remains maximal surgical resection,
followed by radiotherapy and concomitant chemotherapy with Temozolomide (TMZ), an
alkylating agent (21, 22). However, prognosis is poor in afflicted patients with a median
survival of approximately 14 to 15 months post-diagnosis (22, 23) and a 5-year survival

that has remained relatively consistent at about 5.8%, amongst the lowest of all cancers



(12, 24). In addition, high rates of recurrence are observed in a vast majority of patients
(25, 26). A combination of physiologic, pathologic, and molecular factors contributes

towards treatment failure and recurrence in GBMs.

Heterogeneity in Glioblastomas

A characteristic feature of GBMs is the presence of extensive cellular and
genetic heterogeneity between patients (intertumoral) or within a single tumor itself
(intratumoral). Heterogeneity can pertain to factors such as tumor location, phenotype,
metabolic signatures, signaling pathways and tumor microenvironment (27, 28). Tumor
cells may arise from one or more clones leading to the formation of clusters adding to the
genetic complexity of the tumor. With the subsequent accumulation of multiple mutations
over time, the cells in these clusters may transform so much so that they lose any
resemblance to their cell of origin (29). In addition, studies have shown that a high level
of plasticity exists in GBMs where in expression patterns in individual tumor regions
may change due to selective pressure during glioma development, factors such as
mutational burden, treatment-induced plasticity and temporal heterogeneity (leading edge

vs. tumor core) (30-32).

Consequently, most GBMs are therapeutically resistant as standardized treatment
modalities fail necessitating the need for personalized therapies that target specific
markers or relevant characteristics of each tumor. Recently, extensive transcriptomic

analyses of a panel of patient-derived GBM samples by the cancer genome atlas (TCGA)



have identified specific molecular signatures enabling the classification of GBMs into

clinically relevant subtypes with distinct behaviors.

Molecular Subtyping of Glioblastoma

Initial genome-wide profiling of 206 GBM samples carried out by the TCGA in
2008 revealed that frequent genetic alterations were observed with respect to three critical
signaling pathways — receptor tyrosine kinase (RTK) signaling, p5S3 and retinoblastoma
(RB) pathway (33). Concurrent mutations were also observed with respect to genes of the
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA),
Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) and Phosphatase and Tensin
Homolog (PTEN) deletions. It was concluded that mutations in RTK, p53 and RB genes
were obligatory driver events in most GBMs but with varying patterns and concomitant

mutations in other key pathways described above (33).

Subsequently, Verhaak et al. studied gene expression profiles using bulk-
sequencing in a panel of patient samples and independent datasets from the public
domain and found distinct molecular signatures with respect to commonly mutated genes
in GBM such as epidermal growth factor receptor (EGFR), Neurofibromatosis 1 (NF1),
Platelet derived growth factor receptor alpha (PDGFRA), IDHI, TP53 and CDKN2A
(34). Subtypes were accordingly named: Classical, Neural, Proneural and Mesenchymal.
Each subtype was associated with a distinct clinical behavior, inherent signatures of a

putative cell of origin and therapeutic response.



Classical GBM is characterized by the amplification of chromosome 7 paired with
a loss of chromosome 10 and a resultant amplification of EGFR, an RTK, in
approximately 97% of cases. Concurrent loss of 7P53 and/or CDKN2A was also
observed. The classical subtype retained a distinct signature associated with murine
astrocytes and responded well to concurrent chemo- and radiotherapy with significantly

reduced mortality.

Proneural GBM is associated with alterations in PDGFRA and point mutations in
IDHI. Focal amplification of PDGFRA with a resultant high level of gene expression was
observed exclusively in this subtype. Gene signatures associated with oligodendrocytic
development genes such as PDGFRA, NK2 Homeobox 2 (NKX2-2) and Oligodendrocyte
transcription factor (OLIG2) was observed; astrocytic signatures were absent. Clinically,
the proneural subtype was found to be associated with an overall younger age group and

showed a trend towards longer survival.

The neural subtype of GBM exhibits high expression of neuronal markers such as
Neurofilament Light Chain (NEFL), Gamma-Aminobutyric Acid Type A Receptor
Subunit Alphal (GABRAI), Synaptotagmin 1 (SY7/) and K-Cl cotransporter A5
(SLC1245). However, subsequent analyses on the neural subtype have revealed a lack of
characteristic gene abnormalities indicating it to be non-tumor specific and to be more
likely detected in normal brain tissue alluding to contamination in previous analyses. At
present, the neural subtype is either not included in GBM gene-expression profiling and if

included, is merged with the proneural subtype (33, 35).

The mesenchymal subtype of GBM is associated predominantly with focal
hemizygous deletions in NF1 with co-mutations in PTEN. Additionally, expression of

6



mesenchymal markers such as Chitinase 3 Like 1 (CHI3LI) and MET proto-oncogene
was observed. Genes in the tumor necrosis factor super family pathway and NF-xB
pathway were highly expressed possibly associated with higher overall necrosis and
inflammation in this subtype. Strong cultured astroglial signatures with a high activity of
markers linked with dedifferentiated tumors were observed. Mesenchymal GBMs
responded well to aggressive treatment; a significant decrease in mortality was observed

in patients treated with concurrent chemo- and radiotherapy (33).

Whole exome sequencing by Brennan et al. in a larger dataset found significant
amplification events in RTKs such as EGFR, MET, PDGFRA, and FGFR. At least one
RTK was altered in 67.3% of GBMs - EGFR (57.4%), PDGFRA (13.1%), MET (1.6%),
and FGFR2/3 (3.2%). 11% of GBMs highly expressed EGFRvIII, a truncated version of
EGFR, and directly associated with a more aggressive phenotype. Additionally,
mutations in EGFR were accompanied by concomitant mutations in MET or PDGFRA

demonstrating a pattern of intratumoral heterogeneity (36).

The evolution in sequencing technologies was allowed researchers to investigate
heterogeneity at a single cell level. Patel et al., using single-cell RNA-sequencing, found
that cell-to-cell variability in gene expression existed within a single tumor especially
with respect to RTK signaling pathways such as EGFR, FGFRI, PDGFRA and FGFI
underscoring the importance of RTK signaling in GBM (37). More recently, Wang et al.
matched profiles of primary and recurrent gliomas and found that phenotypic plasticity
existed in GBMs in response to treatment including subtype switching. The tumor

microenvironment played an important role in promoting transcriptomic adaptability and



transition between subtypes in order to escape therapeutic vulnerabilities (35).

Intratumoral heterogeneity in GBM is highlighted in Figure 1.
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Figure 1. Intratumoral heterogeneity in glioblastoma. Colored areas represent
different regions within a tumor overexpressing a specific RTK and the evolution of
RTK signatures in response to stimuli such as chemoradiation to evade targeted
therapy and/or in response to microenvironmental factors.

RECEPTOR TYROSINE KINASES

RTKs are cell-surface receptors and regulators of critical cellular processes such
as growth and differentiation, metabolism, motility, and the cell cycle. RTKs share a
common structural basis - an extracellular ligand binding domain, a transmembrane
region and an intracellular tyrosine kinase domain that activates key downstream
pathways (38, 39). Physiologically, RTKs are activated by the binding of receptor-
specific ligands in the extracellular region. This leads to receptor homo- or hetero-
dimerization enabling trans-autophosphorylation while simultaneously releasing an auto-

inhibitory tether. This dynamic conformational change recruits downstream signaling



molecules containing Src homology-2 (SH2) or phosphotyrosine-binding (PTB) domains
which then recruit proteins such as phosphatidylinositol 3-kinase (PI3K), SRC, adaptor
proteins such as SHC, GRB2, transcriptional factors like signal transducer and activator
of transcription (STAT), ubiquitin ligases and phospholipases (PLC-y). These molecules
phosphorylate specific residues on the tyrosine kinase domain and finally activate
downstream signal cascades, such as the RAS/RAF/mitogen-activated kinase (MAP),
PI3K/AKT/mammalian target of rapamycin (mTOR), PLC-y/protein kinase C and Janus
kinase (JAK)/STAT pathway necessary for vital biological processes (39-42). Once
activated, downregulation of RTK signaling occurs either due to the unavailability of

ligand or via endocytosis-mediated lysosomal degradation, a major deactivation pathway.

Receptor Endocytosis

Endocytosis is a mechanism involving the plasma membrane and a host of cargo
proteins necessary for nutrient uptake, regulation of RTK signaling, maintenance of
plasma membrane lipid, and protein homeostasis (43). The endocytic pathway is a
stepwise mechanism that utilizes vesicles budding off the plasma membrane and then
undergoing fusion and fission with various compartments of the pathway, a process
regulated by several hundred proteins.

Several endocytic pathways can mediate the internalization and sorting of
receptors. Two of the most studied pathways include — clathrin-mediated endocytosis
(CME) defined by the presence of clathrin coats on the vesicles; clathrin-independent
endocytosis (CIE) which encompasses multiple pathways dependent on the presence of

cholesterol-rich membrane rafts for internalization (41, 44). Post-activation, residues in



the tyrosine kinase domain serve as interaction sites for ubiquitination, a posttranslational
modification necessary to target RTKs for degradation (45, 46). c-Cbl, an E3 ubiquitin
ligase, binds to a specific phosphorylated residue of the RTK and then recruits E2
enzyme that tags the RTK with ubiquitin. Ubiquitinated RTKSs then interact with specific
residues for CME (clathrin adaptor AP-2) or CIE (epsin and Epsinl5) and are
subsequently internalized into vesicles and trafficked to the early endosome (EE) (44,
46). The early endosome serves as a focal point where the fate of an RTK is decided-
cessation of signaling by sorting to the lysosomes or recycling of the receptor back to the
plasma membrane.

Endocytic sorting is regulated by a family of proteins called Ras analog in brain
(Rab) which are small guanosine triphosphatases (GTPases) that belong to the Ras-like
GTPase superfamily and can regulate vesicle trafficking (47, 48). The Rab family binds
to different effectors of the endocytic pathway by regulating vesicular transport,
including budding, transport, tethering, docking, and fusion stages. 66 Rab proteins are
encoded in the human genome with most Rabs having overlapping yet distinct functions.
Some of the well-studied Rabs in receptor endocytosis include Rab4 (fast recycling
endosomes), Rab5 (early endosome), Rab 7 (late endosome), Rabl1 (slow recycling

endosome) and Rab25 (recycling endosomes) (48, 49).

RTK Signaling Networks and Therapeutic Resistance
Given the extent of heterogeneity and the co-existence of multiple RTK mutations
in GBM, it is now evident that a complex RTK signaling network exists driving GBM

progression. Studies have shown that the tumor microenvironment plays an important

10



role in the co-activation of RTKs as an adaptive response to stimuli such as - hypoxic
conditions, motility, and migration in response to targeted therapy using tyrosine kinase
inhibitors (TKI) (50-52). Snuderl et al. observed the coexistence of intermingled
functional and actively dividing EGFR, MET, and PDGFRA-amplified subclones in
varying ratios in 15 GBM samples and reasoned that there existed a selection pressure for
the growth of each subclone (53). Similarly, two other studies found the existence of
distinct subpopulations with multiple RTK amplifications in variable proportions (54,
55). More importantly, rewiring of signaling networks was observed within days of
targeted therapy (56) indicating that mosaic amplification and/or concurrent activation of
other RTKs leads to therapeutic resistance in GBM. This underscores the need to better

understand conserved biological mechanisms that downregulate RTK signaling in GBM.

ALTERNATIVE SPLICING

Alternative splicing (AS) is a regulatory mechanism by which exons of gene
transcripts can be spliced in different arrangements to generate multiple protein variants.
AS contributes to proteome complexity and diversifies gene functions with as many as
90-95% of the human genes undergoing AS (57-59). AS is regulated by a complex
machine called the spliceosome consisting of small nuclear RNAs and other splicing
factors that assemble on the pre-mRNA (60). The main types of AS patterns have been
described in Figure 2. Cassette exon skipping is the most prevalent pattern in vertebrates

followed by alternative selection of 5* and 3’ sites (61, 62).
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Large-scale proteomics analyses have revealed that AS patterns strongly
correlate with tissue types and that this tissue-specific AS is conserved across vast
evolutionary distances. More importantly, tissue-specific isoforms were abundantly
present in the nervous and cardiac tissues indicating that AS is vital during the
development of the heart and brain (63-65). In the brain, AS regulates the development
and maintenance of cell and tissue types and the establishment of neuronal networks.

Splicing regulatory networks during neural development ensures that exon networks are
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tightly regulated temporally during the transition from a neural precursor to a neuronal
subtype. Consequently, the inclusion or exclusion of exons modulates protein-protein
interactions (PPI) during neurogenesis via the presence/absence of domains encoded by
these exons (60, 63, 66, 67). Splicing aberrations in any of the genes regulating neural
development or within the spliceosome itself can contribute to gliomagenesis and GBM

progression.

Alternative Splicing in Glioblastoma

Recent studies have implicated dysregulated AS as a potential biomarker for
GBM. Reprogramming of AS networks in GBM cells were observed to not only play a
role in cancer progression but also modulated treatment response and patient prognosis
(68, 69). In two separate studies, exon skipping or cassette exon splicing was found to be
the most frequent AS event in a cohort of GBM samples. Additionally, prognostic
modeling for survival prediction showed a positive correlation between higher AS
signatures and lower survival (68, 70). Comparison in AS events between primary and
recurrent GBM showed that splicing patterns of a gene evolved and in some cases were
reversed in recurrent GBM indicating that tumor cells manipulated AS to better adapt to
the microenvironment and to enhance invasiveness and motility (71). Mutations in
spliceosomal components such as SRSF3, RBM22, PTBP1 and RBM3 have been
specifically observed in GBMs as compared to healthy brain tissue (69). More
importantly, splicing aberrations have been reported in genes that regulate important
cellular processes in GBM like apoptosis, cell growth, metabolism, invasion, and
membrane trafficking which are important for GBMs growth and progression (72). For
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example, lysosomal degradation via endocytosis is the predominant mechanism by which
RTK signaling is downregulated (46). This mechanism is tightly regulated
spatiotemporally and splicing aberrations in genes involved in vesicular trafficking and
can tilt the balance from degradation to recycling with respect to RTK fates potentiating
GBM growth. Studies have shown that splicing defects in endocytic regulatory genes that
traffic EGFR like CD44 and annexin A7 (ANXA7 amplified EGFR signaling in GBM by

impairing degradation (72).

ANNEXINS

Annexins are an evolutionarily conserved multigene family with membrane and
phospholipid binding properties. Annexins typically form networks or scaffolds in a
calcium-dependent manner and act as membrane recruitment platforms in order to
regulate multiple cellular functions such as membrane structure, vesicular transport,

endo- or exocytosis and calcium homeostasis (73-75).

The vertebrate annexin superfamily consists of 12 subfamilies identified as Al-
A1l, A13. Structurally, each annexin is composed of two domains - a conserved C-
terminal protein core composed of annexin repeats, each approximately 70 amino acids
long, and a divergent N-terminal domain that is unique to and confers functional
specificity to each annexin (Figure 3). While the C-terminal repeats of annexins bind to
negatively charged membranes in a calcium-dependent manner, the N-terminal domain
has been shown to act as substrates for kinases or binding sites for interaction partners

necessary for a broad range of cellular processes (76, 77).
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Plasma membrane

C-terminal ANX repeats

N-terminal domain

Figure 3. Annexin structure. Annexin repeats (green) are conserved in all annexins
and bind to phospholipid membranes; the N-terminal domain (yellow) is variable in
length and confers each annexin its unique function.

Annexins also undergo post-translational modifications such as myristoylation
and phosphorylation leading to surface remodeling of individual annexins accounting for
much of the subfamily specificity in annexin interactions (73). Annexins are
predominantly cytosolic with some annexins (All, Al12) translocating to the nucleus
during specific processes. In the cytosol, they may be reversibly associated with the
plasma membrane, cytoskeletal proteins, and extracellular matrix proteins depending on
their function and necessity for a specific biological process (73, 74). It has recently
become evident that dysregulation of annexin expression is directly correlated with a host
of diseases such as cancers, autoimmune disorders, neurological, blood, and metabolic
diseases (77). Annexins have been implicated in multiple cancers with each annexin

having divergent expression profiles and impact based on the cancer type (Table 1).
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Table 1. Expression of Annexins in various cancers

ANNEXIN Upregulated Downregulated References
ANXA1 Liver, lung, colorectal, | Prostate, cervix, | (78), (79),
pancreatic, skin, GBM larynx, lymphoma, | (80),(81), (82)
oral
ANXA2 Liver, breast, cervical, gastric, | Colorectal, prostate, | (78), (83), (84),
GBM, hematological (ALL, | esophageal (85), (86), (87)
APL, MM)
ANXA3 Liver, breast, lung, colorectal, | Thyroid (78) , (88), (89,
ovarian 90), (91), (92)
ANXA4 Liver, breast, gastric, ovarian, | Prostate (78), (93), (94),
colorectal, pancreatic (95)
ANXAS Liver, pancreatic, sarcoma, | Gastric, ovarian (78), (96), (92),
breast, GBM (97), (98)
ANXAG6 Breast, ovarian Ovarian, epidermoid, | (92), (99), (100),
liver (101), (102)
ANXAT7 Liver, colorectal, breast, | GBM, ovarian, | (78, 92), (103),
multiple myeloma prostate, melanoma | (104, 105)
ANXAS Ovarian, gastric, pancreatic Cholangiocarcinoma | (92), (106),
(107), (108)
ANXA9 Colorectal Head and neck | (109), (110)
squamous cell
carcinoma
ANXA10 | Head and neck, thyroid Liver, bladder, | (78), (110),
gastric (111), (112),
(113)
ANXAT11 Ovarian, glioma, liver, gastric (92), (114),
(115), (116)
ANXA13 | Cholangiocarcinoma, colorectal | Ovarian (117), (118), (92)
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ANNEXIN A7

ANXA7, previously known as synexin, was the first annexin to be discovered.
Structurally, ANXA7 contains the longest N-terminal domain of all the annexins, about
200 amino acids long, and is known to bind membranes in a calcium-dependent manner.
Like other annexins, ANXA7 is involved in exo- and endocytosis, calcium channel
homeostasis, and has additional unique functions like chromaffin granule aggregation and

platelet aggregation (104).

ANXA?7 is located on chromosome 10g21 and spans a total of 14 exons. ANXA7 is
alternatively spliced by a pre-mRNA processing molecule, polypyrimidine tract-binding
protein 1 (PTBP1), into two isoforms - a longer isoform containing cassette exon 6 (I1)
and/or a shorter isoform lacking the cassette exon (I12) with molecular masses of 51 and
47 KDa respectively. ANXA7 is predominantly found in the cytosol and is associated
with membranous and vesicular structures. ANXA7 expression is tissue-specific — while
12 alone is found ubiquitously, both 12 and I1 together are found in the brain and heart,
and I1 exclusively in the mature skeletal muscle (119). In the human brain, ANXA7 is
found exclusively in astroglial cells and modulates calcium-dependent signaling

processes and astrocyte proliferation (119).

AS of ANXA7 is lineage specific — I1 expression is predominantly observed in
normal brain tissue while 12 expression is observed in astrocytes, neural and glial
precursor cells suggesting that this patterned expression of splice variants could be
restricted to lineages that could potentially give rise to GBM (120). Interestingly,
monosomy of chromosome 10, where ANXA7 is located, is a frequent event in GBM with
the resultant haploinsufficiency of ANXA7 inadequate to sustain its tumor suppressive

17



effect. Concurrently, an increase in EGFR protein levels and signaling was observed
indicating that a tumorigenic synergism existed between ANXA7 loss and EGFR
amplification that potentiated GBM tumorigenicity (121). Ferrarese et al. found that
GBMs expressed high levels of PTBP1 that mediated ANXA7 exon skipping in favor of
12 with a subsequent increase in EGFR signaling due to failure in lysosomal sorting for
degradation. Re-introducing I1 into GBM cells leads to EGFR signaling attenuation and a
consequent decrease in tumor size and angiogenesis indicative of the tumor suppressive
effect of I1. They concluded that the AS of ANXA7 in GBM is lineage specific, where
splicing traits are inherited from GBM precursor cells and exploited to promote tumor

progression via EGFR signaling (120).

RATIONALE FOR RESEARCH

The research presented in this dissertation dissects the mechanism by which 11
acts as a tumor suppressor by regulating RTK signaling in GBM. Previous work from our
group has established that ANXA7 isoforms differentially regulate EGFR fates in GBM
and that dysregulated splicing in favor of 12 is a mechanism selected for by GBM cells.
How and why ANXA7 isoforms regulate divergent EGFR fates in GBM remains unclear.
Based on our previous findings, we hypothesize that ANXA7-I1, by virtue of the 22
amino acids encoded by cassette exon 6, binds to multiple RTKs and targets them for

endosomal degradation suppressing GBM tumorigenicity.

Herein, we reintroduced I1 into GBM cells and observed how ANXA7 isoforms

dictated the fates of multiple RTKs such as EGFR, MET, PDGFRa, and EGFRvVIIIL. Our
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findings provide evidence that GBM cells manipulate AS of ANXA7 that can rewire
protein interaction networks altering the fates of these receptors such that they permit

GBM progression.
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ABSTRACT

Tissue regulated splicing is a tightly regulated process in the brain to maintain tissue
identity and generate cell-specific isoforms of key proteins that regulate various cellular
processes. Aberrant alternative splicing (AS), a frequent occurrence in glioblastoma
(GBM), manipulates splicing in favor of isoforms that sustain tumor phenotypes by
rewiring protein interactions. Annexin A7 (ANXAY7) is a hydrophilic protein that binds
membranes in a calcium-dependent manner, and it is important for membrane scaffolding
and vesicle trafficking. ANXA7 is spliced by PTBPI in a lineage-specific manner into two
isoforms - isoform 1 (I1), containing a cassette exon, or isoform 2 (I2) lacking the
cassette exon. In GBM, ANXA7 isoforms have contrasting impacts on EGFR signaling -
I1 is tumor suppressive by inhibiting EGFR signaling while 12 augments EGFR
signaling. Unfortunately, in GBM, high levels of PTBP1 ensure splicing of ANXA7 in
favor of 12 leading to perpetual signaling. By reintroducing I1 into GBM cells, we show,
both structurally and functionally, how I1 acts as a master regulator of RTK signaling by
mediating the sorting of multiple RTKs such as EGFR, MET, PDGFRa, and EGFRvVIII
for lysosomal degradation thereby abrogating signaling. In contrast, we find that RTKs
are recycled in cells expressing 12. We show that knocking down I1 causes GBM cells to
revert to an 12 phenotype by promoting recycling sustaining RTK signaling. Finally, we
show that the cassette exon region in I1 encloses a domain that potentially interacts with
RTKSs and components of the endocytic machinery conferring it with the ability to target
RTKs for lysosomal degradation. Collectively, we provide critical insight into how GBM
cells exploit AS in favor of isoforms that perpetuate tumor growth and how targeting AS

to retain tumor suppressive isoforms is a rational basis for therapeutic investigation.
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INTRODUCTION

Alternative splicing (AS) is a post-transcriptional mechanism by which a single
gene can generate multiple mRNAs isoforms and resultant protein products (1-3). An
estimated 90-95% of human genes undergo AS, underscoring its role in the expansion of
the proteome (4, 5). A tightly regulated process, AS impacts protein-protein interactions
wherein transcripts can act as functional isoforms mediating similar functions, as
functional alloforms mediating divergent functions, or where interaction partners of one
isoform can interact with the other isoform (6, 7). Mutations or splicing defects in any
component of the spliceosome machinery can disrupt AS leading to aberrant protein
products or interactions, a mechanism that has been implicated in human tumorigenesis

2,8,9).

AS occurs at a significantly higher rate in complex tissues like the brain, testes
and skeletal muscle (4, 8). In the brain, AS events are highly conserved and essential for
neuronal differentiation and plasticity (10, 11). Genome-wide studies comparing splicing
events in the normal brain and gliomas have shown aberrant AS to act as oncogenic
drivers in glioma pathogenesis and progression (12-14). We previously reported that
monosomy of chromosome 10 in GBM causes haploinsufficiency of the tumor
suppressor gene Annexin A7 (ANXA7) with resultant augmentation of epidermal growth
factor receptor (EGFR) signaling, a paradigmatic receptor tyrosine kinase (RTK) (15).
ANXA7, a member of the annexin family, is a hydrophilic protein that binds membranes
in a calcium-dependent manner and plays a role in membrane scaffolding and vesicle
trafficking (16, 17). ANXA7 is alternatively spliced into two isoforms by pre-mRNA

binding protein polypyrimidine tract-binding protein 1 (PTBP1): a longer isoform
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containing a cassette exon 6 (I1) or a shorter isoform lacking the cassette exon (12). We
have shown that elevated expression of PTBP1 in GBM was associated with preferential
splicing of ANXA7 into 12 consequently enhancing EGFR signaling and tumor growth
(18, 19). This splicing event occurs in a lineage-specific fashion in GBM cells and GBM-
initiating precursor cells but not in mature neurons (18). Restitution of I1 in GBM cells
leads to abrogation of EGFR signaling and a decrease in tumor growth and angiogenesis
suggesting that I1 has tumor-suppressive capabilities in GBM (18). How and why
ANXA7 isoforms regulate divergent EGFR fates in GBM remains unclear. Herein, we
demonstrate how ANXA?7 isoforms dictate the fates of multiple tumorigenic RTKs in
glioma cells such as EGFR, Mesenchymal epithelial receptor (MET), platelet-derived
growth factor receptor alpha (PDGFRa), and EGFR variant III (EGFRVIII). Our findings
provide evidence that GBM cells manipulate lineage-specific AS of ANXA7 into
isoforms that rewire receptor-endocytosis interaction networks leading to divergent fates

of these receptors driving GBM progression.

RESULTS

I1 downregulates RTK signaling via lysosomal degradation.

We previously showed that ANXA7-I1 represses EGFR signaling in GBM cells
by targeting it for lysosomal degradation (18). This observation prompted us to further
investigate if ANXA7-I1 similarly regulates other tumorigenic RTKs in GBM cells,
including MET, PDGFRo, and EGFRvVIIL. We transfected multiple GBM cells lines

expressing endogenous 12 with empty vector (EV), ANXA7-12 (12), or ANXAT7-I1 (I1)
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(Supplemental Fig 1). Additionally, we created a Tet-inducible system to overexpress the
ligand-independent, mutant EGFRvVIII in GBM cells; tetracycline binds with the Tet
repressor leading to the activity of the promoter and expression of EGFRvVIIIL. Since
EGFRVIII exhibits a deletion of exons 2-7 of the EGFR gene, it renders the mutant
receptor incapable of binding ligand and therefore Tet activation was used as a signal

activation timepoint.

To observe if I1 impacted RTK levels in GBM cells, we stimulated EV and 11
cells with the respective ligands for EGFR (EGF), MET (HGF), and PDGFRa (PDGFA)
and tetracycline for EGFRVIII cells. We observed a sustained reduction in both activated
and total RTK levels in a time-dependent manner in I1 cells compared to the EV cells
indicative of signaling attenuation due to receptor degradation (Fig 1 A-B). The impact of
I1-mediated downregulation of RTKs was confirmed independently in multiple GBM cell
lines modified to express I1 (Supplemental Fig 2). To confirm if the receptors were
indeed being sorted for lysosomal degradation, we assessed the colocalization of RTKs
with LAMP1, a lysosomal marker, and used appropriate degradation timepoints for each
RTK. We observed colocalization of RTKs with LAMPI1 exclusively in 11 cells
confirming sorting for degradation; this was absent in EV cells (Fig 1C). We speculated
that I1 regulates RTK sorting by potentially binding to the lysosomes. To test this, we
used a proximity ligation assay (PLA) that detects protein-protein binding. We found
positive ANXA7-LAMPI1 interactions specifically in the I1 cells; a complete absence of
interaction was observed in the EV cells indicating that I1 plays a direct role in sorting

RTKs to the lysosomes for degradation (Fig 1D). Collectively, these data show that re-
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introducing I1 in GBM cells leads to the downregulation of multiple RTKs via I1-

mediated sorting to the lysosomes.

I1 binds to and maintains sustained interactions with multiple RTKSs.

To define the binding interactions between RTKs and I1 or 12, we used PLA and
co-immunoprecipitation (co-IP) assays. We first assessed ANXA7-RTK binding in I1,
and EV cells using PLA and found that post-ligand stimulation, positive interactions were
seen with respect to all RTKs indicating that both isoforms are bound to RTKs post-
activation (Fig 2A). Next, we used co-IP to investigate ANXA7-RTK interactions before
and after ligand stimulation. We found that isoform-RTK binding dynamics varied from
receptor to receptor. Post-activation, all RTKs strongly interacted with I1; however, in
EV cells only PDGFRa and EGFRvVIII showed an increase in binding with 12 post-
activation, while a decrease in interaction was observed with respect to MET and EGFR
(Fig 2B). In the absence of ligand stimulation, positive interactions were evident only in
EGFR, EGFRVIII, and MET in Il cells; in the EV cells, only EGFR and EGFRvIII
interacted with 12 pre-activation. The interactions between ANXA7 isoforms and RTKs

thus vary depending on receptor activation status and are RTK-specific.

Since ANXA7 is known to bind phospholipids and mediate membrane vesicle
aggregation and since RTKs are internalized into vesicles post-activation, we sought to
determine if ANXA7-RTK interactions occurred early in this internalization process. We
found that RTKs and ANXA7 co-localized with each other in clustered endocytic pits at

the plasma membrane in both EV and Il cells as early as 5 minutes post-ligand
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stimulation indicating that ANXA7 isoforms interact with proteins regulating the
internalization process (Fig 2C). These results indicate that while both isoforms of
ANXA7 bind RTKs, this interaction is strengthened in I1 cells post-receptor activation
with subsequent clustering of the ANXA7-RTK complexes in vesicles indicating a

potential role of ANXA7 isoforms in the internalization of RTKSs.

RTKSs are recycled via fast and slow recycling pathways in cells expressing 12.

Post activation, RTKs are internalized and sorted to the early endosome (EE),
where they can undergo two fates: they can be trafficked to the lysosomes for degradation
or recycled back to the surface for subsequent activation (20, 21). Since we found that
RTKs were not sorted for degradation in the 12 cells, we hypothesized that sustained
signaling observed in these cells could be due to receptor recycling. Receptor recycling is
facilitated by small GTPases Rabl1l and Rab4 that regulate slow and fast recycling
pathways, respectively (22, 23). We assessed the colocalization of RTKs with Rabl1-
and Rab4-tagged recycling endosomes in cells expressing either EV or I1 post-ligand
stimulation (Fig 3A-B). The staining patterns for slow and recycling endosomes differ in
that Rab4-lined vesicles tend to aggregate at the cell surface while Rabl1-lined slow
recycling endosomes localize in the peri-nuclear region. Upon ligand stimulation, we
found that RTKs colocalized with recycling endosomes, both slow and fast, exclusively
in the EV cells expressing 2. This phenomenon was time-dependent and varied from
RTK to RTK: colocalization with Rabl1 peaked at 60 minutes with respect to EGFR,
MET, and EGFRvIII, while PDGFRa sorted as early as 30 minutes. With regards to
Rab4, colocalization was evident between 5 and 10 minutes for EGFR, PDGFRa, and
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EGFRvIII, and between 15 and 20 minutes for MET. Collectively, while recycling was

observed with all RTKs in EV cells, the temporal pattern differed between RTKs.

To delineate the mechanism behind RTK recycling in 12 cells, we chose to
initially focus on the trafficking of EGFR as a paradigmatic RTK. We inhibited recycling
using monensin, which prevents the sorting from the early endosomes to the recycling
endosomes (24, 25). We pre-treated EV cells with monensin followed by EGF
stimulation and then assessed activated and total EGFR levels. In the monensin-treated
cells, we observed a 60% increase in EGFR levels at 120 minutes as compared to cells
treated with vehicle control (Fig 3C-D). In addition, activated EGFR levels were
significantly higher in monensin-treated cells at this timepoint. We confirmed the impact
of monensin on the recycling of PDGFRa, MET, and EGFRVIII and found a similar
increase in total levels of each RTK specifically in monensin-treated EV cells
(Supplemental Fig 3). Intriguingly, we also found an increase in EGFRvVIII in monensin-
treated I1 cells. Studies have shown that EGFRVIII is almost always recycled due to low
levels of E3 ubiquitin-protein ligase Cbl along with a hypophosphorylation at residue
Y1045 leading to impaired lysosomal sorting and constitutive signaling (26-28). While
overexpression of I1 in EGFRVIII cells downregulated signaling to an extent, some
recycling was still evident in these cells explaining the monensin-induced increase of

EGFRVIII in 11 cells.

Next, we hypothesized that EGFR levels might increase in monensin-treated cells
due to its prolonged retention in the early endosomes within which it can continue
signaling. We co-immunostained EGFR with Rab4 and Rabll in EV cells with or

without monensin treatment followed by EGF stimulation. EGFR failed to colocalize
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with the recycling markers in monensin-treated cells indicative of failed sorting to the
recycling endosomes. At the same timepoint (60 minutes), we found positive
colocalization between EGFR and EEA1 (and early endosomal marker) suggesting that
EGFR was instead being retained in the early endosome (Fig 3E). Collectively, these data
establish that RTKs are sorted from the early endosomes to the fast and slow recycling
endosomes exclusively in cells expressing 12 and inhibition of recycling causes RTKs to
be retained in the early endosomes with failure of sorting to the slow and fast recycling
endosomes. Therefore, ANXA7 isoforms act as functional alloforms by having divergent
impacts on RTK fates in GBM cells: recycling in 12 cells contrasted with degradation in

11 cells.

Loss of I1 impairs EGFR sorting to the lysosomes and promotes recycling.

Having established that 11 and I2 have distinct effects on RTK signaling and
sorting dynamics, we again chose to focus upon EGFR signaling and use it as a model to

better understand how ANXA?7 isoforms regulate receptor fates.

We first assessed the impact of ANXA7 depletion on EGFR degradation and
trafficking by using a siRNA that knocks down both isoforms of ANXA7. We observed
about a 40% increase in total EGFR levels in the 11/siANXA7 cells at the end of 60
minutes post-EGF stimulation suggesting failure of EGFR degradation in the absence of
I1; EGFR levels remained unaffected in 12/siANXA7 cells (Fig 4 A-B). Additionally, we
confirmed the impact of I1 knockdown on RTK degradation with respect to MET,

PDGFRo, and EGFRvVIII and observed a similar stabilization of RTK levels in
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I1/siANXA7 cells, albeit to a lesser extent in EGFRVIII cells, indicating that

downregulation of RTKSs is regulated by 11 (S.Fig 4).

We next sought to confirm the impact of ANXA7 knockdown on EGFR
trafficking by tracking its sorting to the early endosome, which is a common sorting
station for both 12 and I1 post-internalization. While ANXA7 knockdown did not seem to
impact the sorting of EGFR to the early endosome in the EV cells, it significantly
impaired sorting in the 11/siANXA7 cells as compared to the control cells (Fig 4C).
Quantification of colocalization revealed an about 40% decrease in EGFR-early
endosome overlap in [1/siANXA7 cells (Fig 4D). Consequently, we tracked sorting to the
lysosomes using the appropriate degradation timepoints for EV and I1 cells. EGFR also
failed to colocalize with lysosomal marker LAMP1 in the I1/siANXA7 cells while
sorting remained unaffected in the 12/siANXAT7 cells (Fig 4E). These results suggest that
I1 plays a role early in the endocytic process and is necessary for trafficking EGFR to the
early endosome and subsequently to the lysosome. Since EGFR failed to sort to the
lysosomes in the absence of 11, we questioned if EGFR was instead being recycled in
these cells. Using similar timepoints, co-immunostaining of EGFR with Rab11 confirmed
that EGFR indeed colocalized with recycling endosomes in I1/siANXA7 cells compared
to control cells where colocalization was completely absent (Fig 4F). Together, these
results show that I1 regulates the sorting of EGFR to the early endosome and lysosomes
for degradation. While ANXA7 depletion does not appear to impact trafficking in cells
expressing 12, deeming 12 inconsequential for sorting, EGFR is instead rerouted to the
recycling pathway in I1 expressing cells augmenting signaling and thereby escaping the

tumor suppressive effect of I1.
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I1-mediated degradation of EGFR is clathrin-dependent.

Since the loss of ANXA7 impacted EGFR sorting to the early endosome in the 11
cells, we sought to determine if I1 was necessary for the internalization of EGFR at the
cell surface post-activation. Endocytic internalization can be broadly classified as
clathrin-mediated endocytosis (CME) or non clathrin endocytosis (NCE) (29-31). CME
entails the internalization of RTKs into clathrin-coated pits, while NCE uses lipid raft-
dependent mechanisms (32, 33). A large body of evidence points to CME acting as the
major pathway for RTK internalization (29, 34, 35). However, clathrin depletion studies
have shown that RTKs can also be internalized via NCE (34, 36). To delineate if
ANXA7-mediated EGFR internalization relies on CME or NCE, we studied the
colocalization of RTKs with clathrin (CME) or caveolin-1 (NCE) post-ligand stimulation
in a time-dependent manner. Positive colocalization with clathrin was observed with
respect to all RTKs in both I1 and EV cells (Fig 5A). However, colocalization with
caveolin was absent for all RTKs except PDGFRa, which exhibited some colocalization
(Supplemental Fig 5). Thus, CME appears to be the predominant pathway for ANXA7-

mediated internalization of RTKs in GBM cells.

Next, we sought to assess if ANXA7 isoforms temporally regulate RTK
internalization via CME. We again chose to focus on EGFR signaling. We observed a
rapid and significantly higher rate of EGFR colocalization with clathrin as early as 5
minutes in I1 cells, while colocalization began at 10 minutes and peaked at 20 min in 12
cells (Fig 5B-C). Consequently, we found an increase in clathrin levels in I1 cells post-
EGF stimulation suggesting a strong interaction between I1 and clathrin while

internalizing EGFR (Fig 5D). We used a PLA to ascertain the ANXA7-clathrin
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interaction and found significantly higher interaction in I1 cells at 10 minutes compared
to EV cells indicating that I1 enhances the trafficking of EGFR to clathrin pits post-

receptor activation (Fig SE-F).

To confirm that CME was essential for I1-mediated sorting of EGFR to the early
endosome, we used Pitstop2, a clathrin inhibitor (35). We observed significantly higher
EGFR levels at 60 minutes post-ligand activation in Pitstop2-treated I1 cells indicating a
possible failure of internalization and retention at the surface; EGFR levels remained
unaffected in EV cells (Fig 5G). Finally, we investigated if ANXA7 depletion hampered
the internalization of EGFR into clathrin pits. We treated EV and I1 cells with control or
siANXA7 and monitored colocalization of EGFR with clathrin post-EGF stimulation (Fig
5H). EGFR failed to colocalize with clathrin specifically in I1/siANXA7 cells indicating
that I1 is vital for EGFR internalization into clathrin pits. However, colocalization was
evident in EV/siANXA7 cells indicating that 12 is not necessary for EGFR to associate
with clathrin. Collectively, these results demonstrate that I1-mediated EGFR sorting and
degradation is clathrin-dependent and loss of I1 causes failure of EGFR endocytosis,

prolonging signaling at the cell surface.

Truncated I1 fails to sort EGFR for lysosomal degradation and instead sorts to the

recycling endosomes.

Structurally, the inclusion of cassette exon 6 (encoding amino acids 145-167) is
the only difference between I1 and 12 (Fig 6A). Since we observed RTK degradation only

in cells expressing I1, we hypothesized that the amino acids encoded by exon 6 are
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critical for I1-mediated sorting of RTKs for lysosomal degradation. To dissect the
structural requirements essential for this mechanism, we again chose to focus on EGFR
signaling and used Hek293T cells, which do not express EGFR but express endogenous
12. We created two truncated I1 mutants with deletions in the exon 6-encoded region,
lacking amino acids 145-156 (I1-Al) or amino acids 157-167 (I1-A2) (Fig 6A). Hek293T
cells were first transfected to express EGFR and then co-transfected with either an EV,
full length I1 (I1-FL), 11-Al, or I1-A2 (Supplemental Fig 6A-B). We first compared
EGEFR levels between EV and I1-FL cells and found that introducing 11 into Hek293T
cells leads to a sustained reduction in both activated and total EGFR levels, recapitulating

our GBM model (Supplemental Fig 6D-E).

Next, we compared EGFR levels in our full length and truncated 11 models post
EGF stimulation in a time-dependent manner. Compared to I1-FL or I1-A2 cells, we
observed significantly high levels of activated and total EGFR in I1-A1 cells (Fig 6B-C).
While degradation of EGFR was almost complete in I1-FL and I1-A2 cells at 120
minutes, EGFR levels remained consistently high in I11-Al cells indicating a possible
failure of degradation. We thus speculated that the motif necessary for I1-mediated

degradation of EGFR localizes to the region of exon 6 encoding amino acids 145-156.

To monitor EGFR trafficking dynamics in EV, I1-FL, I1-A1, and [1-A2 cells, we
co-stained EGFR with EEA1 or LAMP1 (Fig 6D). EGFR colocalized with EEA1 in EV,
I1-FL, and I11-A2 cells indicating efficient sorting to the early endosome; in 11-Al cells,
EGFR remained localized at the cell surface indicating a delay in internalization (Fig 6D,
top panel). At 30 minutes, colocalization with lysosomes was only observed in I1-FL and

I1-A2 cells indicating the commencement of degradation (Fig 6D, bottom panel). In the
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I1-A1 cells, EGFR exhibited continued surface retention at 30 minutes suggesting a delay
or failure to be internalized and sorted for degradation. Due to the absence of lysosomal
sorting in EV and 11-Al cells, we investigated if EGFR was being recycled in these cells
reminiscent of 12-expressing GBM cells. We stimulated EV, I1-FL and I1-Al cells and
co-stained EGFR with Rab4 or Rabll (Fig 6E top; bottom). I1-A2 cells were not
included as sorting and degradation of EGFR remained unaffected even in the absence of
AA 157-167. We observed that EGFR co-localized with both Rab4- and Rabl1-lined
vesicles exclusively in EV and I1-Al cells indicative of recycling akin to the I2-
expressing cells. These results recapitulate what we observed in the GBM cells and
indicate that the region within exon 6 that encodes amino acids 146-156 contains a motif
that regulates EGFR sorting to the lysosomes. In the absence of this motif, EGFR is
internalized at a slow rate and rerouted to the recycling pathway leading to unabated

signaling.

ANXA7-11 encodes a secondary structure amenable to form isoform-specific protein

interactions.

Since we found that ANXA7 isoforms exhibited differential protein-protein
interactions (PPI) leading to divergent RTK fates, we compared the protein structures of
the isoforms to model whether the region encoded by the cassette exon allowed for
isoform-specific PPI. As the ANXAT7 protein has not been crystallized, we employed a
hierarchical approach to protein structure prediction of the two isoforms using I-TASSER
and the SWISS-MODEL server (37). The latter contained well-characterized models for
the C-terminal domain spanning residues which are common to all members of the
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Annexin family. We compared our C-terminal domain modeling on I-TASSER with the
established models on the SWISS-MODEL server and found consistent secondary and

tertiary structural architecture.

12 contained two distinct domains, the N-terminal domain spanning residues 1-
145, and the C-terminal domain containing the repeats spanning residues 167-488 (Fig
7A). The N-terminal domain of 12 contained a mixture of a-helices and B-sheets that
appeared to form a stable fold. The N- and C-terminal domains were connected by a loop

region resulting in multiple areas of contact and rendering an overall compact structure.

While the N-terminal (1-145) and C-terminal (167-488) domains adopted similar
conformations in 11, the region encoded by cassette exon 6 (146-167) formed a helical
segment, indicating the inherent propensity to form a secondary structure (Fig 7B).
Intriguingly, this resulted in the N-terminal domain moving away from the C-terminal
repeats thereby opening up a domain for potential interactions with other proteins. These
structural models indicate that the secondary structure present in I1 and absent in 12
exposes short linear motifs within this region that can mediate interactions with peptides
or domains of other proteins. Presumably, AAs 145-156 (Fig 6) in this secondary
structure is necessary for PPI with RTKs and/or partners of the endocytic pathway during
the process of I1-mediated RTK degradation. Collectively, these results indicate that the
inclusion or exclusion of the cassette exon 6 during the lineage-specific AS of ANXA7

affects domain structure, rewires PPI networks, and dictates the fate of RTKs in GBM.
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DISCUSSION

In this study, we elucidate, structurally and functionally, how lineage-specific
alternative splicing of ANXA7 differentially impacts RTK trafficking and how GBMs
benefit from aberrant AS in favor of 12, thereby subverting the inhibitory effect of I1 and
promoting pro-tumorigenic signaling (Fig 8). Restitution of I1 in GBM cells is sufficient

for tumor suppression by targeting multiple RTKs for endosomal degradation.

Approximately 60% of GBMs exhibit amplifications in oncogenic RTKs such as
EGFR, MET, PDGFRa, and FGFR suggesting that their dysregulation is a major driver
of gliomagenesis and progression (38-40). Additionally, EGFRVIII, a truncated mutant of
EGFR, is a commonly occurring mutation in GBM (41-43). This constitutively active
receptor enhances the tumorigenic potential of gliomas by virtue of its impaired
internalization and degradation (26, 27). More importantly, genetic heterogeneity, where
different RTKs are amplified in adjacent cell subpopulations within the same tumor,
confers insensitivity to targeted therapies inhibiting a specific RTK (40). RTK
coactivation or oncogenic switching are mechanisms by which glioma cells limit the
efficacy of targeted inhibition by employing alternative or concurrent RTKs for pro-
survival signaling (44-47). This clinical conundrum necessitates the need to understand
tissue-specific conserved regulatory mechanisms that inhibit RTK signaling in order to

develop therapeutic strategies that broadly target RTKs.

Comprehensive analyses have shown a significantly higher number of AS events
occurring in cancers as compared to normal tissues underscoring their role in
tumorigenesis and progression (48, 49). AS of RTK genes with their resulting impact on
tumor growth and acquisition of drug resistance have been widely reported (13, 50-53).

35



However, AS events in genes that regulate RTKs post-activation remain understudied.
Our study establishes AS of membrane-binding protein ANXA7 as a tissue-specific
determinant of endocytic sorting of multiple RTKs in GBM. We define a novel
mechanism by which two alloforms of a common endocytic regulator exert diverging
functions on RTK fates in these challenging neoplasms. We demonstrate how a tissue-
regulated splicing mechanism that is present in the tissue of GBM origin, when
subverted, provides a selective advantage to GBM cells and, if reversed, may offer an

avenue that could be potentially exploited therapeutically.

Interestingly, we see that phosphorylated RTK levels, in addition to total RTK
levels, are also significantly lower during ANXA7 Il1-mediated sorting. This could be
possibly due to rapid sorting of the receptor to the early endosome or abrogation of RTK
phosphorylation by I1 upon binding, which we intend to further investigate. Additionally,
while both isoforms bind and internalize RTKs, only I1 has the ability to traffic RTKs to
the lysosomes by forming an RTK-I1-lysosome complex. We presume I1 facilitates the
interaction between the receptor and lysosome by acting as a scaffolding protein. This
phenomenon has been previously observed for ANXAS5 and ANXA6 which act as
scaffolds for protein kinase C (PKC) translocation and signaling (54-56). Conversely,
RTKs were recycled in cells expressing 12 indicating that the absence of the cassette exon
deviates RTKs to the recycling pathway in order to sustain RTK signaling. Importantly,
inhibiting recycling in these cells did not re-route EGFR to the lysosomal pathway
confirming that the sequence necessary for lysosomal sorting is contained in the region
encoded by the cassette exon present in I1 and spliced out in 12. Interestingly, Tanowitz

et al reported divergent post-endocytic sorting fates for alternatively spliced G-protein
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coupled receptor Mu-type opioid receptor (MORI1) that failed to recycle when exon 4
was spliced out. They concluded that the recycling sequence was localized to the exon 4

region of the MOR1 gene and was necessary for recycling to occur (57).

Loss of ANXA7 impacted internalization and degradation exclusively in I1 cells
emphasizing the necessity of the sequence encoded by the cassette exon region for
lysosomal sorting. Interestingly, EGFR was rerouted to the recycling pathway in the
absence of I1 indicating that recycling could be an ANXA7-independent process that we
found was unhindered in 12 cells even with ANXA?7 depletion. This further suggests that
12 is largely non-functional in the sorting process of RTKs and is, therefore, the preferred

isoform that GBM cells select for to drive transforming pathway signaling.

Multiple studies have shown that the decision regarding RTK fate, recycling or
degradation, is made early in the endocytic process during CME and involves the
recognition of endocytic sorting signals or tags by clathrin that are specific for recycling
or degradation (58-60). Annexin family members have well-documented roles in the
endocytic process with ANXA2 and ANXA6 shown to not only interact but deemed
necessary for clathrin budding and assembly (61-64). Our observations add to this
consensus by showing that an EGFR-I1-clathrin complex is formed immediately post-
receptor activation. We propose that I1-mediated clathrin endocytosis is a two-fold
mechanism: first, since I1 has a stronger interaction with clathrin early in the CME
process, it accelerates the internalization of EGFR; second, depleting ANXA7 in I1 cells
caused a failure of EGFR sorting to the early endosome and subsequently to the
lysosomes. This mechanism would rely on a specific degradation motif being localized to

the cassette exon 6-encoded region and is supported by our truncated I1 models where an
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N-terminal truncation of 11 amino acids in the exon 6-encoded region of I1 caused the
failure of EGFR degradation. Strikingly, this deletion was also sufficient to reroute EGFR
to the recycling pathway and to augment signaling. Our isoform-based structural
modeling further supports the notion of an endocytosis-determining binding motif within
the cassette exon-encoded region. An increasing body of evidence shows how isoforms
have different protein interaction profiles due to the inclusion or exclusion of cassette
exons (65, 66). Tissue-specific exon splicing can give rise to isoforms that contain
protein segments with conserved binding motifs or “interaction-promoting” regions
which in turn rewire protein networks (6, 67). We speculate that the secondary structure
formed in the cassette exon region in I1, and absent in 12, encodes a binding motif that

interacts with a conserved RTK and/or endocytic motif to mediate degradation.

Several studies have identified a conserved mechanism for RTK endocytosis
involving the activation of RTK microdomains and multiple downstream adaptor proteins
including the Cbl and ubiquitin families (29, 68-72). The involvement of I1 in multiple
steps of the endocytic process consolidates its role as a scaffold protein that steers the
interaction of RTKs with various elements of the endocytic pathway necessary for
lysosomal targeting. Further studies will be necessary to investigate how I1 interacts with
other components of the endocytic machinery. Finally, elucidating potentially conserved
motifs within EGFR, PDGFRa, MET, and EGFRvVIII, which we presume could be

putative binding sites for 11, will help to fully define the I1-RTK crosstalk.

In summary, our findings describe how tissue-dysregulated splicing of a tumor
suppressor gene can generate protein variants with altered or divergent functions in

endocytic sorting and thus drive RTK fate to establish a favorable environment for

38



tumorigenesis. Our work adds to the growing body of evidence that implies that
subversion of tissue-specific AS mechanisms can act as complementary oncogenic

drivers.

MATERIALS & METHODS

Cell lines & treatments

U251-MG, SNB19-MG, LN229, U87, and Hek293T were purchased from ATCC and
maintained in 1X DMEM (Gibco) supplemented with 10% FBS (Sigma) and 5%
Penstrep (Fisher). U251/EGFRVIII cells were maintained in Zeocin (Invitrogen)
supplemented media (1 ug/ml). Cells were cultured in serum-free conditions for at least
16 hours before stimulation with ligands (20 ng/ml) for western blotting,
immunofluorescence, and proximity ligation assays. For treatments with chemical
compounds — cells were pretreated with recycling inhibitor Monensin (100uM) for 20
minutes, clathrin inhibitor Pitstop2 (20uM) for 15 minutes. Knockdown of ANXA7 was
achieved using a scramble or siRNA (Dharmacon, M-010760-01) for 48 hours in
Lipofectamine before ligand stimulation and knockdown was verified using western

blotting.

Transfection and Viral Infection

Glioma cells overexpressing I1 or 12 - ANXA7-11, ANXA7-12, and/or an empty vector

were overexpressed using a lentiviral vector (pPCHMWS) with an EGFP tag. Lentiviral
particles were prepared in Hek293T cells using packaging plasmids (pMD2.G and
psPAX2) and were collected and filtered. GBM cells were infected using lentiviral
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particles supplemented with polybrene (8 pg/ml, Sigma). GFP-positive cells were sorted
using a flow cytometer (BD FACS Aria I1) and expanded to create a stable cell line.

U251/EGFRVIII expressing cells - U251-MG cells were transfected with a regulatory

plasmid (pcDNA6/TR), which encodes the tetracycline repressor. Next, cells were co-
transfected with pcDNA4/TO/EGFRVIII followed by Zeocin selection. For initiation of
EGFRvVIII signaling 1 ug/ml of fresh Tetracycline was added to the media and
inducibility was confirmed using western blotting.

ANXAT7-11 mutant models — Hek293T cells were transfected with EGFR-GFP (kindly

provided by Alexander Sorkin, Addgene #32751) and GFP positive cells were sorted
using flow cytometry. Subsequently, EGFR expressing cells were co- transfected with
either an empty retroviral vector (pBabe kindly provided by Hartmut Land, Jay
Morgenstern & Bob Weinberg, Addgene #1764), full-length 11 (pBbae-I1), or modified
using Q5 site-directed mutagenesis kit (New England Biolabs) to express mutant I1.
Primers for the deletion models are as follows — I1-Al - AA 145-156 (F —
TTCTCTCCTGTTTCTTTG, R — CTGACTAGGGTAAGTAGG); 11-A2 — AA 157-167
(F — CCTGCCACAGTGACTCAG, R - AACAGGATAGGAAGAAAAAGAATCTG).
Positive clones were selected by Puromycin treatment (0.5 pg/ml) and verified by

western blotting for ANXA7 expression. Lipofectamine was used for all transfections.

RTK Stimulation, Immunoblotting, and co-immunoprecipitation
GBM cells were grown to 70% confluency and serum starved for at least 16 hours
followed by ligand stimulation with EGF, HGF, PDGFA (Biolegend, 20 ng/ml) or Tet (1

ng/ml). Whole cell lysate was collected in RIPA buffer supplemented with protease
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inhibitor cocktail (100nM PMSF, 100mM sodium orthovanadate, 2.5 mg/ml aprotinin,
2.5 mg/ml leupeptin, SnM Sodium Fluoride). Protein was resolved through SDS-PAGE
under denaturing conditions, transferred to polyvinylidene difluoride (PVDF)
membranes, and blocked in 5% non-fat milk in TBS-T. The following antibodies were
used in immunoblotting analyses: ANXA7 (Santa Cruz, 17815), EGFR (Cell
Signaling,4267) pEGFR (Y1068, Cell Signaling, 3777), PDGFRa (Cell Signaling, 3174),
pPDGFRa (Cell Signaling, 2992), MET (Cell Signaling, 8198) pMET (Cell Signaling,
3133/3135), EGFRVIII (Novus Biologicals, 50599), B-actin (Cell Signaling, 3700) and o-
tubulin (Cell Signaling, 3873). Incubation with HRP-conjugated secondary was
performed and protein was detected using ECL chemiluminescence methods (Pierce
ThermoScientific). Band densities were quantified using ImageJ software.

For co-1P, cells were washed and lysed in IP lysis buffer (0.1M HEPES, 5M NaCl, 0.5M
EDTA, 1% NP-40) containing protease inhibitors. Lysates were disrupted using a 22-
gauge needle and centrifuged at 10,000 rpm for 15 minutes at 4°C. Precleared lysates
baited with mouse ANXA7 (Santa Cruz, 17815) and incubated with protein G plus
agarose beads (Santa Cruz, 2002) overnight at 4°C with gentle rocking. The precipitates
were washed the next day thrice with 1 ml lysis buffer, boiled in loading buffer for 8

minutes and subjected to SDS-PAGE and western blot analysis.

Immunofluorescence & confocal microscopy analysis
Cells were grown on autoclaved glass coverslips, serum starved, and treated with the
appropriate ligand for each RTK. Cells were washed with cold PBS, fixed in 4%

paraformaldehyde (PFA) for 10minutes, and washed again. Cells were then
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permeabilized in 0.1% Tween in PBS (PBS-T) for 10 minutes, followed by blocking in
5% bovine serum albumin in PBS-T at room temperature. The following primary
antibodies were used for endocytosis assays — EEA1 (Cell Signaling, 3288, 1:100),
LAMPI (Cell Signaling, 9091, 1:200), Rab4 (Novus Biologicals, 74519, 1:100), Rabl11
(Cell Signaling, 5589, 1:100), Clathrin (Cell Signaling, 4796, 1:50) and Caveolin (Cell
Signaling, 3267, 1:100) at 4°C overnight in blocking solution. The following day, cells
were washed three times in PBS-T and incubated in either anti-mouse secondary antibody
(Invitrogen, Alexa Flour 594) or anti-rabbit secondary antibody (Invitrogen, Alexa Flour
647) at 1:300 dilution for 1 hour at room temperature. Cells were then washed three times
in PBS-T and mounted in Prolong anti-fade diamond mountant with DAPI
(ThermoFisher, P36962) and imaged using a Nikon Structured Illumination super-
resolution Microscope (SIM). Pearson’s coefficient of colocalization was calculated
using the NIS-Elements 5.0 imaging software on non-saturated pictures. At least 10-20

cells per field were quantified for each condition.

Proximity ligation assay (PLA)

The cells were grown on glass coverslips, washed, fixed and permeabilized as described
above and PLA was performed using the Duolink PLA Fluorescence kit (Sigma,
DUQO92101). The cells were then blocked in Duolink blocking solution for 60 minutes at
37°C in a humidified chamber. Primary antibodies used for immunofluorescence were
diluted in Duolink antibody diluent at 1:100 along with Phalloidin (Thermofisher,
A12381, 1:1000) to cross-stain actin filaments and incubated overnight at 4°C The next

day, cells were washed in Duolink buffer A and incubated with mouse plus and rabbit
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minus PLA probes for 60 min at 37 °C. After washing in buffer A, the cells were
incubated for 30 min at 37 °C in Duolink Ligation buffer diluted in autoclaved water
containing ligase. Following ligation, the cells were washed in buffer A, and then
incubated for 100 min at 37°C with the Duolink Amplification buffer containing
polymerase. The cells were then washed three times in buffer B and mounted in Prolong
anti-fade diamond mountant with DAPI (ThermoFisher, P36962) and imaged using a
Nikon-SIM microscope. Quantitative analysis was performed using NIS-Elements 5.0

imaging software; at least 10 cells were assessed for each condition.

ANXAT7 Isoform structural analyses

Isoform 1 (P20073: residues 1-487) and isoform 2 (P20073 2: residues 1-465) of human
Annexin A7 (ANXA7) differ by an insert of 22 residues (Exon 6). A model for the C-
terminal domain (Isoform 1: residue range 169-487; Isoform 2: residue range 147-465) of
Annexin A7 is available from the SWISS-MODEL Repository

(https://swissmodel.expasy.org/repository) (73) by searching for either ‘ANXA7’ or

‘P20073°. This model is based on sequence homology (45% sequence identity) to human
Annexin III (PDB code: laii). To model the N-terminal domain and identify the
secondary structure of the 22-residue insert we submitted sequences of just the N-
terminal domain(s) and also the entire protein for both isoforms to the I-TASSER

(Iterative Threading ASSEmbly Refinement) web server

(https://zhanglab.decmb.med.umich.edu/I-TASSER/) (74-75). The models for the N-
terminal domains of isoform 1 and isoform 2 were combined with the model for the C-

terminal domain and subsequently analyzed.
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Statistics

Relative fluorescence intensities, Pearson’s colocalization coefficient, and western
blotting experiments were compared with controls using the GraphPad Prism software
(v.9). Data shown are representative of at least two independent experiments. Error bars
represent the standard error of mean. Depending on the number of variables, results were
analyzed for statistical significance by paired #-test, unpaired #-test, or two-way ANOVA.
p<0.05 was considered significant, with actual values represented by - *p < 0.05, **p

<0.01, ***p < 0.001, ****p < 0.0001.
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Figure 1 - I1 downregulates RTK signaling via lysosomal degradation. (A-B).
Activated and total RTK levels (EGFR, PDGFRa, MET and EGFRVIII) at various
timepoints in U251 glioma cells transduced to express empty vector (EV) or ANXA7-I1.
(C). Co-immunostaining of RTKs with LAMPI, a lysosomal marker, in EV and I1 cells.
Nuclei were counterstained with DAPI. Arrows indicate points of colocalization. Scale
bars, 20uM. (D). Proximity ligation assay (PLA) showing positive interaction (red spots)
between ANXA7 and LAMPI in I1 cells. Actin filaments were stained with Phalloidin,
and nuclei were counterstained with DAPI. Scale bar, 20puM.
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Figure 2 — I1 binds to and maintains sustained interactions with multiple RTKSs.
(A). Proximity ligation assay depicting positive interactions (red spots) between
ANXA7 isoforms and RTKs in U251 glioma cells expressing empty vector (EV) or I1.
Scale bar, 20 uM (B). Co-immunoprecipitation assays were performed in EV and I1
cells stimulated with the appropriate ligand (20 ng/ml) and immunoprecipitated using
anti-ANXA7 followed by immunoblotting for EGFR, MET, PDGFRa and EGFRVIII.
(C). Co-immunostaining of RTKs with ANXA7 isoforms in EV and I1 cells stimulated
with the appropriate ligand (20 ng/ml) and nuclei counterstained with DAPI. Scale
bars: 10uM.
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Figure 3 — RTKSs are recycled via fast and slow recycling endosomes in the EV
cells. (A-B). Co-immunostaining of EGFR, MET, PDGFRa and EGFRvVIII with
slow recycling endosome marker, Rab11 (A) and fast recycling endosome marker,
Rab4 (B) in EV or Il cells. Timepoints for Rabl1- EGFR, MET, EGFRVIII (60
min); PDGFRa (30min). Timepoints for Rab4- EGFR, PDGFRa, EGFRVIII (5-10
min); MET (15-20min). Arrows indicate areas of colocalization. Scale bars: 20uM.
(C-D). Total and activated EGFR levels in EV cells post-Monensin treatment
(100uM) and EGF stimulation (20 ng/ml) for various timepoints. (E). Co-
immunostaining of EGFR with Rab11, Rab4 and EEA1 with and without Monensin
treatment. Nuclei counterstained with DAPI. Scale bars: 20uM.

59



A c
EV 1]
CT si CT i

vs]
&
]

cT siANXA7

ok k

0.5+
S5 S s s | EGFR
et 0.0-
e = ANXAT7 CT si CT si

Normalized intensity

D EV 1
| -1 .Actin 1.0
i ° Kok ok ok
5 09 i
5 06 Ve %ﬁ —_p
Q
o
5 0.4+
e —_—
© A
Po2q e

CT siANXA7

Figure 4 — Loss of I1 impairs EGFR sorting to the lysosomes and promotes
recycling. (A-B). Total and activated EGFR levels in EV and I1 cells treated with
control (CT) or siANXA7 (si) followed by 60 minutes of EGF stimulation. (C). Co-
immunostaining of EGFR with EEA1 in EV and I1 cells treated with control (CT) or
siANXA7 (si) followed by 15 minutes of EGF stimulation. (D). Pearson's correlation
coefficient for colocalization of EGFR and EEA1. n=20. (E) Co-immunostaining of
EGFR with LAMP1 in EV and I1 cells subjected to control (CT) or siANXA7
followed by 60-minute EGF stimulation (F). Co-immunostaining of EGFR with
Rabl1l in EV and Il cells subjected to control (CT) or siANXA7 followed by 60
minutes of EGF stimulation. Nuclei counterstained with DAPI. Scale bars: 50uM.
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Figure 5 — I1-mediated degradation of EGFR is clathrin dependent. (A). Co-
immunostaining of RTKs with clathrin in EV and I1 cells post-ligand stimulation (B).
Co-immunostaining of EGFR with clathrin in EV and I1 cells stimulated with EGF
(20 ng/ml) at indicated timepoints. Scale bar: 20uM (C). Pearson's correlation
coefficient for colocalization of EGFR and clathrin. n=10. (D). Clathrin levels in EV
and I1 cells post-EGF stimulation at timepoints indicated. (E). PLA showing the
interaction between ANXA7 and clathrin in EV and Il cells 10 min post-EGF
stimulation. Scale bar 20um. (F). Quantification of PLA. n=10. (G). Total and
activated EGFR levels in EV and 11 cells treated with Pitstop2 (20uM), a clathrin
inhibitor, followed by EGF stimulation. (H). Co-immunostaining of EGFR and
Clathrin in control (CT) and siANXA7 cells following 5 minutes of EGF stimulation.
Scale bars: 20uM.
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Figure 6 — Truncated I1 fails to sort EGFR for lysosomal degradation and sorts
to the recycling endosomes (A). Schematic diagram of the proposed deletions in the
Exon 6 encoded region (B-C). Total and activated levels of EGFR in Hek293T
transfected with EGFR and co-transfected with empty vector (EV), full length 11 (I1-
FL) or mutant I1 models (I1-A1 or 11-A2) after EGF (20 ng/ml) stimulation in a time
dependent manner. (D). Co-immunostaining of EGFR with EEA1 (top panel) and
LAMP1 (bottom panel), in Hek293T transfected with EGFR and co-transfected with
EV, I1-FL or 11 mutant models stimulated with EGF (20 ng/ml) for 5 minutes and 30
minutes, respectively. Arrows indicate areas of colocalization (E). Immunostaining of
EGFR with Rab4 and Rabll in Hek293T transfected with EGFR and co-transfected
with EV, I1-FL or I1 mutant models stimulated with EGF (20 ng/ml) for 5 minutes
and 30 minutes, respectively. Arrows indicate areas of colocalization. Scale bars:
10uM.
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Figure 7- ANXA7-11 encodes a secondary structure amenable to form isoform
specific protein interactions. [-TASSER modeling of ANXA7 isoforms (A) 12
structure (B). Il structure. N-terminal domain AA 1-145 (yellow); cassette exon
region 146-167 (grey); C-terminal Annexin repeats 167-488 (pink). The last residue of
the N-terminal domain, namely Glutamine 145 is indicated in red.
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tumor growth and survival.
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S. Fig 2: I1 mediates downregulation of RTK signaling. Total EGFR (left),
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overexpressing I1 at various timepoints post-ligand stimulation. Downregulation of
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S. Fig 5: I1-mediated RTK sorting is a caveolin independent process. (A) Co-
immunostaining of RTKs with caveolin post-ligand stimulation in both EV and I1
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ABSTRACT

Epidermal growth factor receptor (EGFR) is a pro-tumorigenic receptor tyrosine
kinase that facilitates growth for cancer cells that overexpress the receptor. Monoclonal
anti-EGFR antibody Cetuximab (CTX) provides significant clinical benefit in patients
with head and neck squamous cell carcinoma (HNSCC). Missense mutations in the
ectodomain (ECD) of EGFR can be acquired under CTX treatment and mimic the effect
of large deletions on spontaneous untethering and activation of the receptor. Little is
known about the contribution of EGFR ECD mutations to EGFR activation and CTX
resistance in HNSCC. We identified two concurrent non-synonymous missense mutations
(G33S and N56K) mapping to domain I in or near the EGF binding pocket of the EGFR
ECD in patient-derived HNSCC cells that were selected for CTX resistance through
repeated exposure to the agent in an effort to mimic what may occur clinically. Structural
modeling predicted that the G33S and N56K mutants would restrict adoption of a fully
closed (tethered) and inactive EGFR conformation while not permitting association of
EGFR with the EGF ligand or CTX. Binding studies confirmed that the mutant,
untethered receptor displayed a reduced affinity for both EGF and CTX but demonstrated
sustained activation and presence at the cell surface with diminished internalization and
sorting for endosomal degradation, leading to persistent downstream AKT signaling. Our
results demonstrate that HNSCC cells can select for EGFR ECD mutations under CTX
exposure that converge to trap the receptor in an open, ligand-independent, constitutively
activated state. These mutants impede the receptor’s competence to bind CTX possibly

explaining certain cases of CTX treatment-induced or de novo resistance to CTX.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is a biologically,
phenotypically, and clinically heterogeneous disease [1-3]. Epidermal growth factor
(EGFR) is a paradigmatic receptor tyrosine kinase (RTK) that serves as a master conduit
for many cell growth and differentiation pathways in this disease [4]. Moreover,
inhibition of EGFR has become an important therapeutic target for these patients [5, 6].
EGEFR is overexpressed in most and amplified and/or mutated in up to 15% of HNSCC
[1]. Mutations involving the EGFR RTK domain usually lead to a constitutively active
receptor [1]. Mutations in the ectodomain (ECD) of EGFR have been well-documented in
other cancers [7—10]. Their contribution to HNSCC pathogenesis and therapy response
has received little attention but could have therapeutic implications [7]. It has been
demonstrated that EGFR ECD missense mutations can unexpectedly cause spontaneous
receptor untethering that removes a restraint on RTK activation and that such mutants can

be targeted by specific monoclonal antibodies (mAbs) [11].

The ECD of EGFR is composed of 4 discrete domains—two leucine-rich domains
for ligand binding (I and III) and two cysteine-rich domains (Il and IV) [12—-14]. EGFR is
activated by EGF-ligand binding to domains I and III that favors a conformational change
of the ECD from a closed, self-inhibited ‘tethered’—locked by the molecular interaction
between domain II and IV—to an open ‘untethered’ state [15]. This spatial rearrangement
of the ECD exposes domains II and IV to bind to the corresponding domains of the
adjacent receptor facilitating homo- or hetero-dimerization, auto-phosphorylation, and
activation [12, 13, 15, 16]. Some evidence suggests that EGFR can preexist as an inactive

dimer prior to ligand binding [17]. Upon ligand binding, the EGFR transmembrane
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domain rotates resulting in the reorientation of the intracellular RTK domain dimer from
a symmetric inactive configuration to an asymmetric active configuration (‘rotational
model’) [17]. This model helps explain how ECD missense mutations can potentially
activate the receptor in the absence of EGF ligand without necessarily assuming that the
mutations induce receptor dimerization [18]. This hypothesis is strengthened by recent
evidence indicating that ECD missense mutations located at the domain I-II interface
away from the self-inhibitory tether, can favor a third, untethered but compact
intermediate EGFR conformation occurring transiently from the tethered-to-untethered
transition [11]. This conformation originates from a rotation of ECD domain I—which
binds EGF—and has been postulated to expose a cryptic, cancer-characteristic epitope in
a similar way as does the constitutively active EGFRvIII mutant that lacks the ECD [11,
19]. These observations suggest that ECD missense mutations can have structural and

functional consequences that are equivalent to large-spanning ECD deletion changes

[11].

Current therapeutic strategies targeting the ECD of EGFR seek to competitively
interfere with ligand binding at domains I and III [16, 20]. Cetuximab (CTX)—a
therapeutic monoclonal antibody (mAb) [5, 21]—structurally inhibits the receptor by
binding to domain III of EGFR’s tethered ECD, thereby sterically overlapping the ligand-
binding site and stabilizing the receptor in the closed conformation [13, 16, 22, 23]. CTX
provides significant clinical benefit in patients with HNSCC [5, 6]. However, treatment
failure occurs and has been shown to correlate with biological elevation of EGFR
expression [24], genetic or epigenetic alterations of the EGFR [25-28], or downstream

targets [1, 3, 29, 30], impaired EGFR trafficking and degradation [31-33] or signaling
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through alternative RTKs [34]. A single case report has described CTX resistance in a
HNSCC patient as a result of an acquired CTX-binding site mutation in the EGFR ECD
[35]. Herein, we characterize two novel EGFR ECD mutations that are concurrently
selected for in patient-derived HNSCC cells while these cells were repeatedly exposed to
CTX in an effort to mimic what may occur clinically. While the effect of small EGFR
ECD missense mutations remains to be fully understood, we demonstrate that these
mutations hinder EGF and CTX binding and are associated with ligand-independent
activation of the receptor suggesting functional equivalence to large ECD deletion
mutations. These findings have significance regarding methods of circumventing CTX

resistance.

RESULTS

We selected patient-derived HNSCC cells (UM-SCC-1) for resistance by
repeated, stepwise exposure to CTX in an attempt to recapitulate a clinical setting
(termed UM-SCC-1R). We previously showed that the escape mechanism of these cells
involved enhanced EGFR-induced downstream signaling without identifying a direct
cause [21]. Recently, one study reported a G465R ECD mutation in EGFR affecting the
CTX binding site on EGFR conducive to the development of resistance [35]. To date, a
total of 19 mutations with respect to EGFR have been identified by The Cancer Genome
Atlas (TCGA) HNSCC Project (https://portal.gdc.cancer.gov/projects/TCGA-HNSC)
encompassing 17 missense mutations, one nonsense mutation, and one frameshift
deletion. Amongst these, 14 mutations were specifically in the ECD. Therefore, we
examined whether the resistance formation in our cells could be attributed to EGFR

74



sequence changes. Subsequently, Sanger sequencing identified two novel EGFR ECD
mutations (G33S, N56K, Fig 1A). The locations of the mutated residues are highlighted
in crystal structures of the ECD in complex with CTX [16] and EGF [15] in Fig 1B and

1C.

It is known that CTX complexes with ECD domain III of EGFR in the closed
confirmation and, by partially overlapping the ligand-binding site, prevents EGF binding
[13, 16, 22, 23]. Therefore, we sought to determine the possible implications of the G33S
and N56K ECD mutations on how they contribute to CTX resistance. Structural
modeling shows the ECD-CTX complex (Fig 1B) with the ECD in its closed, tethered
conformation while the EGF-bound structure (Fig 1C) highlights how the rotation of
domain II and III enables a dimeric form of the ECD in the open, untethered
conformation and forms a pocket for EGF binding. In wild-type EGFR, domains I-III are
arranged in a C shape and EGF is docked between domains I and III while a protruding
beta-hairpin arm of each domain II holds the body of the other [36]. Structurally, G33S
and N56K both mapped to ECD domain I [13]. In the closed conformation, G33S and
N56K reside in a single shared pocket of the ECD with G33S situated at the end of the
initial beta strand that makes contacts with domain II during formation of the closed
conformation (Fig 1B). Following rotation, these mutants occupy distinct structural sites
in the open conformation. G33S is positioned directly in the interface of domain I binding
to EGF. N56K does not make direct contact with EGF in the open conformation, but
rather sits at the C-terminal end of the first alpha helix in domain I that serves as the key

interface between domain I and EGF (Fig 1C).
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Fig 1. EGFR ectodomain mutants in the closed and open conformations. (a)
EGFR G33S and N56K mutations identified in CTX-resistant UM-SCC-1R cells but
not in parental UM-SCC-1 cells by Sanger sequencing. The locations of the two
mutations (G33S and N56K) are highlighted in red in the closed (b) and open (c)
conformations of EGFR. (b) The closed, tethered monomer confirmation (PDB:1yy9)
is presented in complex with CTX (yellow space-filling) with ECD domain I (cyan),
domain II (blue), domain III (grey), and domain IV (orange) shown in ribbons. (¢)
EGFR domains are colored as in (b) but are shown in the open, untethered/dimer
complex confirmation bound to EGF (yellow space filling) and lack domain I'V.
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Given that our structural-based modeling mapped G33S and N56K into a shared
EGF binding pocket, we assessed the competence of the mutant receptor to bind its own
ligand. UM-SCC-1 and UM-SCC-1R cells were incubated with increasing concentrations
of FITC-labelled EGF for 30 minutes, following which cells were analyzed by flow
cytometry to assess ligand binding. We found that mutant UM-SCC-1R cells display
diminished EGF binding affinity at low EGF concentrations (6.25-12.5 ng/mL) but that
affinity increased and was almost similar to parental, non-mutant UM-SCC-1 cells at

high EGF concentrations (25-50 mg/mL) (Fig 2A).

By contrast, UM-SCC-1 and UM-SCC-1R cells displayed notably distinct CTX
binding dynamics at a broad range of concentrations of the mAb: while exposure to
increasing concentrations (6.25-50 ng/mL) of CTX for 30 min led to increased binding of
Cy5.5-labeled CTX in UM-SCC-1 cells, none of these concentrations reached meaningful
binding in UM-SCC-1R cells (Fig 2B). Structural studies investigating the binding
mechanisms of CTX have depicted the mAb as an antagonist by exclusively binding to
domain III of the ECD of the tethered receptor, covering an epitope that partially overlaps
the EGF binding site on that domain [16]. Therefore, G33S and N56K cannot directly
explain the reduced CTX binding in the resistant cells. However, the CTX epitope—
which we found to be not mutated (exon 12)—is fully exposed only in the transitional
form of EGFR that occurs because the receptor changes from the inactive tethered
conformation to an active untethered form [16]. Therefore, prolonged adoption of the
extended conformation could indirectly impact the ability of CTX to bind the receptor.
Stimulation of UM-SCC-1 and UM-SCC-IR cells with saturating doses (60 ng/mL) of

EGF revealed sustained presence and activation of the receptor in UM-SCC-1R cells after
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60 and 120 minutes (Fig 2C). Consistently, flow cytometry demonstrated prolonged high
levels of the EGFR at the cell surface in response to saturating EGF doses in UM-SCC-

IR compared to UM-SCC-1 cells, indicating impaired receptor internalization (Fig 2D).

Next, we examined this difference in receptor internalization with respect to intracellular
trafficking of EGFR. Within minutes of activation, EGFR is typically internalized into
endocytic vesicles and sorted into the endosomal machinery for recycling or degradation
[37-47]. Receptor endocytosis is a spatiotemporally regulated process in which the
internalized receptor is first shuttled to the early endosome followed by the late
endosome and finally to the lysosome for degradation [48, 49]. We visualized and
compared the internalization of EGFR in UM-SCC-1 vs. UM-SCC-1R cells by
stimulating cells with saturating EGF (60 ng/mL) conjugated to Alexa Fluor 488. We
observed abundant internalization and dot-like clustering of EGF-EGFR complexes in
raft-like domains at 15 min in UM-SCC-1 cells but hardly in UM-SCC-1R. Lipid rafts
can sequester EGFR and reduce the number of receptors on the cell membrane [50].
Consistently, co-immunofluorescence confirmed greatly reduced co-localization with
early endosome antigen 1 (EEA1) in UM-SCC-1IR vs. UM-SCC-1 cells, implying
diminished endosomal sorting and trafficking (Fig 2E). These findings are consistent
with previous reports that suggest CTX-resistant cells have an impaired ability to
efficiently sort EGFR for degradation leading to perpetual signaling [31-33]. EGFR
phosphorylation and subsequent ubiquitination and degradation is an important
determinant of response to cisplatin [51], a commonly used anticancer therapeutic in
H&N cancers. Given the altered endosomal sorting dynamics of EGFR in UM-SCC-1R

vs. UM-SCC-1 cells, we examined their sensitivity to cisplatin but did not note an
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Fig 2. Effect of G33S and NS56K mutants on EGF or CTX binding and EGFR
activation and degradation. (a-b) FITC-labeled EGF and Cy5.5-labeled CTX in
UM-SCC-1 vs.—SCC-1R (G33K-N56 mut) assessed by flow cytometry after 30 min of
incubation with various concentrations of EGF or CTX. (¢) Phospho- and total EGFR
levels at indicated times of incubation with saturating EGF (60 ng/mL). (d) Surface
levels of EGFR in cells stimulated with 60 ng/mL EGF in unpermeabilized/unfixed
cells, by flow cytometry using a secondary goat anti-rabbit Alexa-Fluor 488 antibody.
(e) Mapping of Alexa-Fluor 488-EGF conjugate shows internalization (green dotted
lipid rafts) and co-localization with early endosome in UM-SCC-1 but not UM-SCC-
IR. Scale bar represents 10 uM. (f) Consistently increased phospho-AKT but overall
comparable (p)ERK1/2 levels in the mutant (IR = UM-SCC-1R) vs. parental (1 =
UM-SCC-1) cells. Blots for (p)ERK1/2 were generated on a separate gel with its own
-actin loading control.
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appreciable difference in cell growth, proliferation, or colony formation assays (data not

shown).

Finally, we probed downstream EGFR signaling as these events play an important
role in the growth-promoting function of EGFR [20, 37]. We previously showed that
UM-SCC-1R cells display increased phospho-serine 727 and total STAT3 —a key
downstream target of EGFR—expression compared to UM-SCC-1 cells [21]. AKT and
ERK1/2 are major EGFR induced transforming pathway serine-threonine protein kinases.
We found sustained phospho-AKT activation up to 6 hours following stimulation with
saturating EGF in UM-SCC-1R but not in UM-SCC-1 but no meaningful difference in
phospho-ERK1/2 levels (Fig 2F). A recent study investigating mechanisms of CTX
resistance in HNSCC found that CTX therapy directly inhibited the activation of AKT in
CAL33 HNSCC cells whereas CTX-resistant cells had constitutively activated AKT [31].
Inhibiting the PI3K/AKT pathway resulted in sensitivity towards CTX indicating that the
AKT pathway has a direct role in CTX resistance [31]. Similarly, our CTX resistant cells
also exhibit constitutive AKT activation suggesting that by selectively activating pro-
survival pathways, CTX-resistant HNSCCs possibly ensure tumor growth and survival

while also potentiating resistance in this scenario.

DISCUSSION

A better understanding of acquired CTX resistance may lead to the development of new
therapies to circumvent this resistance. Therefore, we explored CTX resistance in cells

that were initially sensitive to CTX but formed CTX resistance after repeated exposure to
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CTX. In these studies, we identified novel missense mutations in the ECD of EGFR in
patient-derived HNCC cells that render the receptor active independent of EGF ligand
and resistant to CTX. Our data show that the G33S and N56K mutants impede EGFR
internalization and sorting and sustain high levels of downstream signaling. Our finding
of ligand-independent EGFR activation and concurrent CTX resistance as a consequence
of mutations in or near the EGF binding pocket highlights the potentially profound
impact and molecular mimicry small missense mutations can have on protein dynamics
and function: restricting adoption of a fully closed, inactive EGFR conformation while
not permitting association of EGFR with EGF; and, in parallel, restricting accessibility
for domain III to interact with CTX, thereby leading to CTX resistance in our model (Fig

3).

Structural analysis of the ECD of EGFR has established compelling evidence that
domains I, 11, and III adopt a closed conformation in the absence of EGF and upon EGF
binding undergo rotation of domains II and III to an extended and open conformation that
exposes the EGF binding pocket [17]. This rotational model for EGF binding underscores
the impact that protein dynamics have on function and further provides some insight into
how the identified mutations may alter association with EGF and CTX. Importantly, the
two mutations are each positioned to influence key interfaces necessary for adoption of
the closed conformation with G33S and N56K located at or near the interface of domain I
and EGF. We were initially surprised that the CTX resistant cells showed sustained high
levels of total and activated EGFR despite the low affinity for EGF, though these results

mirror previous reports of ECD missense mutations—albeit in glioblastoma—which
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Fig 3. Model. Upon EGF binding, the ECD (contains domains I-IV) of EGFR
switches from a closed, inactive (‘tethered’) state to an open, active (‘untethered’)
state. Upon CTX selection (CTX interacts with domain III of tethered EGFR thereby
preventing EGF binding), HNSCC cells acquire EGFR mutations (G33S, N56K) in
domain I, which leads to ligand-independent activation and prevents receptor
internalization/degradation. Mutant EGFR does not bind CTX since it is ‘trapped’ in
the open confirmation, leading to CTX resistance.

showed constitutive EGFR activity in the absence of EGF suggesting that ECD mutations

can have tumorigenic receptor-activating potential [7, 52, 53].

Our subsequent structural analysis regarding the location of these mutations
provided some insight into the observed phenotype. Specifically, the reduction in EGF
affinity is likely a direct result of G33S and N56K impacting the receptor’s affinity

towards EGF as these are both positioned in or near the EGF binding pocket.
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Likewise, the CTX resistance of the mutants can be possibly explained by the constitutive
presence of EGFR in an untethered state, which perturbs the normal closed conformation
of the ECD and thus limits the availability of domain III to associate with CTX thereby
decreasing affinity. Thus, the identified mutations could have the impact of both
restricting the adoption of a fully closed and inactive EGFR conformation while not
allowing the association of EGFR with EGF. This restriction may be expected to alter the
accessibility for domain III to interact with CTX, thereby leading to the reduction in CTX
association observed in our assay. While our data establish that continuous exposure to an
anti-EGFR agent can select for EGFR ectodomain mutations that are associated with low
affinity to that agent or EGFR, full validation of the significance of these mutants will
require combinations of site-directed mutagenesis and wildtype EGFR knockout

experiments in additional patient-derived head and neck cancer cell lines.

Our results add to an emerging body of evidence suggesting that EGFR ECD missense
mutations can cause spontaneous EGFR untethering that promotes activation of the RTK
[11]. Missense mutations located at the domain I-II interface away from the self-
inhibitory tether, have been shown to increase ECD flexibility to an open conformation
by removing an ECD fragment that acts as steric hindrance to prevent RTK activation
[11]. Such heterogenous ECD mutants can present opportunities for molecular targeting
and are for example responsive to cancer-specific mAbs [7, 11, 54-57]. Moreover, first-
in-class anti-EGFR mixtures of recombinant, human-mouse chimeric mAbs have also
demonstrated some initial promise to overcome CTX resistance mediated by EGFR ECD

mutations [54, 57].
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MATERIALS & METHODS

Head and neck squamous cell carcinoma cells

Patient-derived HNSCC cells, UM-SCC-1, were acquired from Dr. Thomas Carey at the
University of Michigan. Additional details, including genotyping, origin, and unique cell
identity, have been reported in [58]. Cells were grown in Dulbecco’s Modified Eagle
Medium (MT-10-090-CV, Gibco) supplemented with 10% fetal bovine serum (Sigma)
and 5% Pen-strep (Corning) and treated with 5 pg/ml of CTX (Eli Lilly & Co) for six
months to create CTX-resistant cells denoted as UM-SCC-1R as previously described
[21]. Acquisition of resistance was observed by the absence of cell death in HNSCC cells
and confirmation of a viable population of resistant cells by periodic cell counts using
Coulter cell counter. Cells have been sporadically tested for pathogens by Charles River

Research Animal Diagnostic Services, and all the results were negative.

Genomic DNA and mRNA extraction and analysis

Genomic DNA was isolated from cells using GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma GIN70-1KT). Standard Sanger Sequencing with BigDye v3.1
(Applied Biosystems) chemistry was performed, and the samples were run on an ABI
3730xl Genetic Analyzer. Total RNA was extracted from cells using Trizol. To assess
mRNA expression levels, 1 ug of total RNA was reverse transcribed and analyzed by
quantitative polymerase chain reaction (PCR). Reactions for each sample were performed
in triplicate using a PCR protocol (95°C activation for 10 min followed by 40 cycles of

95°C for 15 sec and 60°C for 1 min) in an ABI StepOnePlus Detection System (Applied
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Biosystems). Quantitative RT-PCR (qRT-PCR) was performed via TagMan Assay

(Applied Biosystems).

Structural modeling

Mammalian EGFR is composed of four extracellular domains, named I, II, III, and IV,
that alter their conformation in response to ligand binding. To model our point mutations
onto EGFR in the CTX- and EGF-bound conformations, we downloaded Protein
Databank (PDB) coordinates for the x-ray crystal structures of CTX- and EGF-bound
forms of EGFR, 1yy9 and livo, respectively. The CTX-EGFR complex (1yy9) includes
coordinates for all four extracellular domains while the EGF-EGFR complex (1ivo)
shows the dimer structure of EGFR with domains I, II, and III. We separated the
respective domains into independent elements using PyMOL molecular visualization
software (https://pymol.org) and identified the location of our point mutation in each
model. The impact of specific mutations was assessed through visual analysis of space
filling models of the native sidechains in the original structures and comparing this with
their respective side-chain mutations. Domains that contain a point mutation were
depicted as cartoons, with the location of the point mutation highlighted in a different
color while domains or proteins that did not contain mutations were shown in space

filling models.
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Immunoblotting

Cells were grown to 70% confluency and then serum starved overnight. Whole cell lysate
was collected in RIPA buffer supplemented with protease inhibitor cocktail (100nM
PMSF, 100mM sodium orthovanadate, 2.5 mg/ml aprotinin, 2.5 mg/ml leupeptin, 5SnM
Sodium Fluoride). Protein was resolved through SDS-PAGE under denaturing
conditions, transferred to polyvinylidene difluoride (PVDF) membrane, and blocked in
5% non-fat milk in TBS-T. Subsequent incubation with the indicated antibody was done
overnight at 4°C. Incubation with HRP-conjugated secondary in TBS containing 5%
nonfat milk was performed for 1 hour and protein was detected using ECL

chemiluminescence methods (Pierce ThermoScientific, Grand Island, NY).

Reagents and antibodies

Reagents and antibodies were obtained from the following sources: EGF from Fisher
Scientific, Alexa Fluor 594 conjugated secondary (A11032, Thermo Scientific), -Actin
(3700, Cell Signaling), total EGFR (4267, Cell Signaling), phospho-EGFR (3777, Cell
Signaling), Akt (9272, Cell Signaling), phospho-Akt (4058, Cell Signaling), phospho-
ERK (9101, Cell Signaling), total ERK (9102, Cell Signaling), anti-mouse and anti-rabbit

secondary IgG-conjugated horse radish peroxidase (7074; 7076, Cell Signaling).
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Flow cytometry

Cells were treated with varying concentrations of FITC-labeled EGF (Thermofisher) and
Cy 5.5-labeled CTX respectively for 30 minutes at 37°C. Cells were collected and
analyzed by BD LSR II flow cytometer for the percentage bound fraction of labeled EGF

ligand or labeled CTX.

Internalization and co-localization studies

To assess EGF internalization, cells were pre-cooled to 4°C for 30 minutes and then
treated with 25 ng/ml of EGF conjugated to Alexa Fluor 488 (E13345, ThermoFisher).
After incubation at 4°C for 90 minutes, cells were transferred to 37°C for appropriate
time points, washed in ice-cold PBS, and fixed in 4% paraformaldehyde. For co-
immunostaining studies, cells were treated as described above, followed by
permeabilization in 0.1% Tween in PBS (PBS-T) for 10 minutes at room temperature
followed by blocking in 5% bovine serum albumin in PBS at room temperature.
Overnight incubation at 4°C in primary antibody against EEA1 (3288, Cell Signaling) at
1:100 dilution was carried out after which cells were washed three times in PBS-T (0.1%
Tween in PBS) and incubated in anti-rabbit secondary antibody (Alexa Flour 594) at
1:200 dilution for 1 hour at room temperature. Cells were washed three times in PBS-T
and mounted in Prolong anti-fade diamond mountant with DAPI (P36962, ThermoFisher)

and imaged using a Nikon AIR confocal microscope.
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Statistics

Studies have been designed to incorporate multiple treatment conditions, often applying a
full factorial design, for experiments that are continuous in nature. For data summary
purposes, means and standard deviations were calculated within each experimental
condition, and plots were examined to diagnose extreme outliers. Formal analysis, where
only one experimental factor was varied, used one-way ANOVA to evaluate global
differences across groups; two-way ANOVA was applied when multiple experimental
factors were varied. Because of the number of statistical hypothesis tests being evaluated,
multiple comparisons adjustments were not performed; rather nominal p-values <0.05
along with consistent interpretations of mechanisms over the series of experiments were
used to avoid false positive conclusions. For pairwise comparisons, triplicates in each
experimental condition afford 80% power at two-sided Type I error to detect differences
in continuous outcomes of approximately 3 standard deviations using a t-test. All other
studies used continuous readouts of binding characteristics and cell specific marker

expression to evaluate the impact of EGFR ECD mutations.
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CHAPTER 4

DISCUSSION & FUTURE DIRECTIONS

GBM is a challenging disease to treat due to its highly aggressive behavior and a
constantly evolving transcriptional and proteomic profile in response to various stimuli
such as the tumor microenvironment or therapeutic vulnerabilities. Aberrations in RTK
signaling is the cornerstone of GBM tumorigenicity with extensive inter- and
intratumoral heterogeneity in RTK expression. Therapeutic targeting of RTKs often fail
due to oncogenic switching in RTK expression highlighting the need to better understand
conserved endogenous mechanisms that regulate RTKs and how they can be
therapeutically targeted. In this dissertation, we establish how ANXA7-I1 acts as a master
regulator of multiple tumorigenic RTKs in GBM by modulating their trafficking and

signaling dynamics.

AS of primary gene transcripts into isoforms expands the transcriptome and by
extension the proteome by enabling functional diversity in a given cell or tissue type.
Functionally, alternative isoforms may or may not share interaction partners and as a
result may act like distinct proteins themselves. Global analysis of alternative transcripts
of human genes has shown that alternative splicing products can either be isoforms
(functionally similar) or alloforms (functionally divergent) (122). This is attributed to the
inclusion or exclusion of cassette exons, where interaction domains or motifs are
localized, consequently altering protein interaction networks (122, 123). There is strong
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evidence now that AS is vital and tightly regulated during neurodevelopment. Previous
work from our group has shown how isoform switching from 12 to I1 occurs during
neuronal development indicating that the AS of ANXA7 in the brain is both temporal and
lineage specific (124). Functionally, we observed divergent impacts of Il and 12 on
EGEFR signaling dynamics with I1 inhibiting EGFR signaling, while 12 augmented EGFR
signaling indicating that the ANXA7 isoforms behave like functional alloforms.
Therefore, the expression of a specific isoform at a particular stage of neurodevelopment
most likely depends on the necessity for EGFR signaling — EGFR signaling is
dispensable in postmitotic mature neurons entailing I1 expression; in neural and glial
precursors, EGFR signaling is essential for proliferation and maintenance and therefore
these cells are enriched for 12. Consequently, in GBM, aberrant splicing in favor of 12
ensures that EGFR signals unabated indicative of a dedifferentiated phenotype. It is
therefore reasonable to conclude that tumor cells inherit these splicing traits from

precursor cells considered putative cells of origin for GBM (124).

The research presented in Chapter 1 of this dissertation delineates the mechanism
by which ANXA7 isoforms differentially regulate the fate of multiple RTKs like EGFR,
MET, PDGFRa and EGFRVIII in GBM. We show how reintroducing 11 into multiple
GBM cell lines establishes it as the dominant isoform with a resultant inhibition of RTK
signaling via lysosomal degradation and a reversal of the phenotype previously observed
with 12 alone. Additionally, phosphorylated levels of these RTKs are also significantly
decreased in I1 cells indicating that I1 impacts the activation of the receptor post-ligand
stimulation. On the contrary, RTKs are preferentially recycled in the I2 cells post-

activation through the fast and slow recycling pathways ensuring sustained signaling. The
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phenomenon of functional alloforms has been previously observed in multiple studies,
albeit in receptor genes themselves, and not in genes regulating receptor trafficking.
Richardson et al. found that RET gene, a receptor tyrosine kinase, expressed in
neuroendocrine tissues was spliced at the 3° end to produce isoforms RET9 which was
efficiently degraded and RET51 which was recycled leading to sustained signaling (125).
Tanowitz et al. found that Mu opioid receptor, MORI1, failed to recycle back to the
surface in the absence of cassette exon 4 as compared to full length MOR1 suggesting
that a recycling sequence was encoded by the alternate exon 4 (126). Collectively, our
observations along with these studies establish how AS dictates post-endocytic sorting of

receptors.

With advances in whole genome transcription profiling, the functional relevance
of alternative isoforms has been better defined. A previous assumption that all transcripts
generated from a gene are translated into functional proteins has been now disproved
with the discovery of non-functional isoforms (127, 128). We found that 12 is largely
non-functional in GBM cells as depleting ANXA7 via siRNA knockdown did not seem
to impact overall RTK levels post-activation or receptor trafficking - RTKs were sorted
to the EE as well as to the Rab4 and Rabl1 recycling pathways indicating that these
processes were independent of 12. Transcript variants deemed non-functional could be
due to low abundance, quick degradation following translation or failure to be translated
into functional proteins. Additionally, it has been proposed that the role of these splicing
variants may not be at a protein level, instead at a pre-mRNA level where it may
modulate the self-expression (122, 127). Although our results pinpoint to the non-

functionality of 12 with respect to RTK trafficking in GBM, it is reasonable to assume
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that it may participate in interactions or roles that are yet to be characterized. In the 11
cells, ANXA7 knockdown severely impaired the trafficking of RTKs to the EE and
subsequently to the lysosomes resulting in an elevation of total RTK levels. Interestingly,
the loss of ANXA7 in I1 expressing cells caused RTKs to be diverted to the recycling
pathway, comparable to 12 cells. This substantiates our hypothesis that recycling is

independent of ANXA7.

The ANXA7 mediated internalization of RTKs was observed to be clathrin-
dependent. However, only 11, and not 12, is essential for RTKs to be internalized into
clathrin pits post-activation. Upon knocking down ANXA7, EGFR failed to internalize
into clathrin pits in I1 cells as compared to 12 cells, where colocalization was observed.
Additionally, I1 formed faster and stronger interactions with clathrin immediately post-
ligand stimulation as compared to 12 cells. I1 also interacted with multiple downstream
endocytic partners such as the EE and lysosomes at appropriate timepoints indicating that
I1 possibly forms interaction networks or scaffolds that facilitate the trafficking of RTKs
through distinct steps of the endocytic pathway. Multiple studies have shown that cassette
exons contain protein segments or domains that act as binding sites modulating various
protein-protein interactions (PPI) (122, 129, 130). We propose that the cassette exon 6
encoded region in I1 contains motifs or domains that regulate the sorting and trafficking
of RTKs through different steps of the endocytic pathway by facilitating PPI between
RTK and endocytic proteins. Domain mapping of ANXA7 revealed that the region
encoded by exon 6 formed a secondary structure opening up a region of potential PPI in
I1. Due to exon skipping, this secondary structure is absent in 12, with a consequent loss

of putative interaction sites and PPI.
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The existence of this domain is also substantiated by our ANXA7-11 mutagenesis
models in which deletion of amino acids 145-156 of the exon 6 region of I1 lead to a
failure in sorting and degradation of EGFR indicating that the motif necessary for I1-
mediated inhibition of RTKSs is localized to this region. Additionally, loss of this domain
caused I1 to revert to an 12 phenotype by promoting recycling of EGFR suggesting a loss
of inhibitory function. Collectively, our results show that inclusion or exclusion of a
cassette exon impacts the domain structure consequently modifying isoform-specific PPI.
From a disease perspective, dysregulated AS in cancers is beneficial for recapitulating
cancer-associated phenotypes via domain exclusion (131, 132). Our research shows how
GBM cells reprogram AS by upregulating PTBP1 which in turn splices in favor of 12.
Thus, tumor cells subvert the tumor suppressive effect of I1, which is critical for

terminating RTK signaling.

Considering the extent of aberrant AS in cancers, targeting AS is now a logical
approach in cancer therapeutics. Currently, several small molecules that modulate
splicing by targeting different parts of the splicing machinery have been successfully
tested invitro in breast cancer, lung adenocarcinoma, colon cancer and certain leukemias.
H3B-8800, a derivative of pladienolide-B, is currently being used in a phase 1 clinical
trial targeting patients with relapsed/refractory myeloid neoplasms (133, 134). More
recently, splicing modulators like antisense oligonucleotides (ASO), short
oligonucleotides about 15-25 bases long, have been used to bind and modulate protein
expression through various mechanisms. ASO’s are complementary to a specific RNA
transcript and can mediate either — exon inclusion by preventing the spliceosome from

accessing the transcript or exon skipping by conjugating the ASO to a splicing enhancer
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to splice out disease-causative frameshift or nonsense mutations (133-137). Due to their
high specificity, ASOs are a versatile tool that can be used to modify RNA expression
and have been tested successfully in patients with Duchenne muscular dystrophy, spinal
muscular atrophy, and amyotrophic lateral sclerosis (135, 138-140). In cancers, ASOs
have only been tested in vitro and in mice models for prostate cancer, hepatocellular
carcinoma and colorectal cancer models and are yet to progress to clinical trials (141,
142). Theoretically, in GBM cells, an ASO conjugated to a splicing inhibitor can prevent
the splicing out of cassette exon 6 in ANXA7, retaining I1 expression and consequently its

tumor suppressive effect on RTK signaling.

Our research demonstrates how isoform-specific interactions of ANXA7
differentially regulate RTK dynamics in GBM. However, some critical aspects that need
to be addressed include elucidating the domains within proteins that are interaction
partners for I1. These include conserved sequences in the intracellular domain of RTKs
as well as within the endocytic proteins that participate in the I1-mediated sorting and
degradation of RTKs. Identification of these domains will help us better understand the

molecular underpinnings of ANXA?7 isoforms’ regulation of RTKs in GBM,

Despite decades of research, GBM remains a deadly and incurable disease
highlighting the need for new approaches to inhibit GBM growth and progression. The
research presented in this dissertation is an in-depth analysis of how GBM cells
manipulate AS and rewire protein interactions to subvert tumor suppression and how
targeting aberrant splicing is a favorable point of intervention that can be exploited

therapeutically.
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