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ABSTRACT

The Receptor for Advanced Glycation Endproducts (RAGE) is a mammalian specific cell
surface receptor. RAGE consists of three extracellular domains (V, C1, and C2), a transmembrane
domain, and an intracellular cytoplasmic tail. RAGE has a significant role in human pathogenesis,
including neurodegenerative diseases, diabetic complications, and certain cancers. Deregulation
of cell adhesion is one of the contributing cellular events common in many of the above listed
human pathologies and might be mediated via RAGE signaling. In our study, we aimed to
understand the role of RAGE in cell adhesion and to define the importance of the different domains
of RAGE in mediating this phenomenon.

For this study, a protein engineering approach was used to express full-length RAGE (FL-
RAGE) and a panel of domain deletion constructs (AV-, AC1-, AC2-, DN-, TmCyto- RAGE) of
the receptor. The necessary expression constructs were assembled in the pcDNA3 vector, and the
RAGE variants were expressed in HEK293 cells. The expression and cellular localization of
RAGE in HEK 293 cells were analyzed using Western blot, immunofluorescence microscopy, and
flow cytometry techniques. Our results show that the cytoplasmic domain of RAGE was sufficient
to contribute to cell adhesion to the extracellular matrix to a level comparable to that of the FL-
RAGE expressing cells.

The current mechanistic model suggests that RAGE signaling is initiated by ligand binding
to the extracellular region, followed by conformational changes in the intracellular domain.
Subsequently, this conformation change leads to the recruitment of RAGE-interacting proteins on
the intracellular side of the plasma membrane. However, in this thesis, we present evidence of an
alternative mechanism of RAGE signaling possibly involving the translocation of RAGE into the

nucleus. The results from our study suggest an alternative model for RAGE signaling and will help



to better understand RAGE signaling in pathophysiological conditions. Our results could
contribute to the development of new small molecule drugs targeting intracellular RAGE or the

intracellular RAGE domain as a novel approach for inhibiting RAGE signaling.*

! Note: The engineered RAGE mutants in this thesis are referred as RAGE domain deletion variants or RAGE
variants
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CHAPTER 1. GENERAL INTRODUCTION
Extracellular matrix, cell adhesion, and cell adhesion molecules

Extracellular matrix (ECM) is the non-cellular component that is present within all tissues
and organs and provides essential physical scaffolding for the cellular constituents. ECM is crucial
for initiating various biochemical and biomechanical cues for tissue morphogenesis (1). The
composition and the topology of the ECM exhibit variability depending on the tissue type and the
protein microenvironment. The fundamental ECM composition includes water, polysaccharides,
and two main classes of macromolecules: proteoglycans and fibrous proteins with distant physical
and biochemical properties. Proteoglycans are composed of glycosaminoglycans which are linear
anionic polysaccharides. There are three main families: small leucine-rich proteoglycans, modular
proteoglycans, and cell-surface proteoglycans which are widely expressed in all tissue types. The
extreme hydrophilic nature and highly extended conformation of proteoglycans are essential for
hydrogel and matrix formation (2).

The major fibrous ECM proteins are the collagens, fibronectins, elastin, and laminins, with
collagen being the main occupant contributing over 30% of ECM proteins (3). The collagens
represent the triple helical structure protein family of repeating peptide triplets of glycine and
proline or hydroxyproline, which contributes to 46 distinct collagen chains. In vertebrates, these
collagen chains assemble to form 28 different collagen types and are majorly categorized as fibril
and network forming collagens (4). The fibril form collagen forms the backbone of the interstitial
tissue stroma. These collagen types include I, 1, Ill, V, and IX. The network forming collagens,
also known as basement membrane collagens, are nonfibrillar in nature. Type IV collagen is the

major collagen component of the basement membrane underlining epithelial and endothelial cells

(5).



The fibronectins are ubiquitous, abundant ECM proteins secreted as soluble dimers. The
soluble dimeric fibronectin forms into a fibrillar matrix network due to extracellular and
intracellular promoting fibrillar formation. The secreted dimers also contribute to fibronectin
fibrils formation by binding to other fibronectin dimers, collagens, and cell surface receptors (6,7).
Like collagen, elastins are a major constituent of the ECM of connective tissue with greater
flexibility. The monomeric soluble precursor tropoelastin is the main component of elastin,
contributing to its elastic and recoiling nature. The characteristic domain arrangement in
tropoelastin consists of hydrophobic sequences alternating with lysine containing cross-linking
motifs. These cross-linking motifs aid in the direct interaction of microfibrillar proteins required
for the assembly of the elastin (8). The laminins are heterotrimeric ECM proteins with a-, B- and
y-subunits. The laminins can self-assemble or associate with type IV collagens to form a matrix
network in the basement membrane (9).

ECM plays a regulatory role in controlling key cellular mechanisms, including cell
adhesion. Cell adhesion is referred to as the process where a cell forms contact with other cells,
substratum in their surroundings, or ECM (10-12). It involves stimulating signals required for
tissue/organ development, growth, and anchorage. Cell adhesion also plays a vital role in cell
communication and regulation, which is of fundamental importance in maintaining the structural
integrity of multicellular organs and their physiological functions (13). Adhesion occurs via
controlled cell-cell or cell-ECM interactions and is performed by a group of specialized proteins

called cell adhesion molecules (CAMSs) (14,15).
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Figure 1.1: Cartoon representation showing cell-matrix interactions.

Major ECM proteins such as proteoglycan, collagen, elastin, laminin, and fibronectin forms
association with the cell surface and adhesion receptors such as syndecans, growth factor receptors,
G-protein coupled receptors (GPCR), and integrins to mediate cell adhesion. Taken from (16).

CAMs are glycoproteins expressed on the surface of cells that mediate adhesion to ECM
and with other cells. They are typically transmembrane receptors composed of an extracellular
domain, a transmembrane domain, and a cytoplasmic tail. CAMs link extracellular signals to
intracellular responses through their cytoplasmic domain, which associates with cytoskeletal and
cytoplasmic proteins to activate downstream cellular signaling (17,18). Cell-cell adhesion requires
the association of one or more CAMs, which are then reinforced by clustering of specific adhesion
molecules in cell junctions involving homophilic, heterophilic, or mixed interactions (19-21). The
probability and degree of strength in forming these interactions depend on the expression of

specific cell adhesion receptors, their localization, and relative binding affinities (22). In cell-ECM



interaction, CAMs serve as contact sites between them and activate multiprotein adhesion
signaling complexes (1,3,23). The matricellular proteins, including CAMs and cytoskeletal
proteins, constitute the multiprotein adhesion signaling complex capable of transducing
bidirectional signals between extracellular and intracellular compartments (24). Cell-cell and cell-
ECM adhesion is regulated by CAMs surface density, receptor clustering, and receptor activation
state. Based on CAMs structure, protein sequence, and mode of interaction, the CAMs are
classified into five families: cadherins, selectins, Ig-superfamily receptors, mucins, and integrins

(Figure 1.2) (19,25).

VCAM

N-CADHERIN P-SELECTIN ICAM, ALCAM

CADHERINS SELECTINS Ig-SUPERFAMILY MUCIN-LIKE INTEGRINS
FAMILY

Figure 1.2: Schematic representation of five major families of cell adhesion molecules involved
in cell-cell and cell-matrix interactions.

From left: cadherins, selectins, immunoglobulin (1g)-superfamily, mucin-like family, and
integrins, taken from (26). The tentacles like structure in the extracellular region of mucins
represent the O-linked glycans. Integrins are heterodimeric type 1 transmembrane proteins
containing o and B subunits linked together by a disulfide bond.



Classification and role of cell adhesion molecules in physiology

Cadherins

Cadherins are generally reported to mediate cell-cell adhesion and tend to be concentrated
at cellular junctions. The typical structure of cadherins comprises five tandem repeated
extracellular domains, a single membrane-spanning segment, and a cytoplasmic tail (27,28). The
major cadherin family includes: epithelial (E)-cadherin, placental (P)-cadherin, and neural (N)-
cadherin, and there are at least 20 different subtypes that were reported (29). Cadherins function
depends on the levels of calcium ions, and their depletion makes cadherins more prone to
proteolysis, decreasing adhesion (30). The five extracellular domains of cadherin mediate calcium
dependent adhesion by forming either homophilic or heterophilic interaction (31). Extracellular
domain interactions trigger the cytoplasmic tail of cadherins to bind with cytoplasmic binding
partners such as a- catenin and pB-catenin (28). Catenin bridges the adherent junctions to the actin
filaments activating a range of signaling networks, including Rho GTPases, mitogen activated
protein kinase (MAPK), Wnt, and Hedgehog pathways (32,33). Loss of cadherin expression or
any disruption in cadherin-catenin binding is reported to alter cell adhesion behavior and promote
tumorigenesis, renal injury, and autoimmune diseases such as rheumatoid arthritis and systemic
sclerosis by signaling to inflammation (34-36).
Selectins

Selectins belong to the C-type mammalian lectins that bind carbohydrate ligands in a
calcium dependent manner. They mediate transient cell-cell adhesion in the bloodstream by
recognizing carbohydrates on the cell surface (37-39). Selectins consist of an N-terminal calcium
dependent lectin domain (CRD), an epidermal growth factor like domain, a series of consensus

repeat domains, a transmembrane domain, and a short cytoplasmic tail (40). There are three



members of the selectin family: leukocyte (L)-selectin, platelet (P)-selectin, and endothelial (E)-
selectin. The members of the selectin family have high sequence similarities between each other
and across different species. Selectins were reported to have an essential role in leukocyte
recruitment to the inflammatory site. They mediate leukocyte rolling to sites of inflammation by
enabling chemokine or platelet activating factor triggered activation of B2 integrins. Several
signaling events are activated during this process, such as Src family kinases and
phosphatidylinositol-3-kinase, and protein kinase B (PI3K-AKT) (41,42). Abnormal functioning
of selectins is associated with various pathologies, including cancer and diabetes (42-45).
Immunoglobulin (Ig)-superfamily

Proteins that have a structure similar to immunoglobulins (Ig) are classified into the Ig-
superfamily. The Ig-superfamily is defined by the Ig-domains in the protein structure. There are
three types of Ig-like domains: V-like domains, C1-like domains, and C2 like domains. Most of
the 1g super family members belong to the type 1 transmembrane protein family and are broadly
classified into three general classes based on the presence of (i) only 1g domains, (ii) Ig domains
with additional domains resembling ECM component fibronectin (FN-like domains), and (iii) Ig
domains with additional domains other than FN-like domains (46,47). The functioning of the Ig
superfamily is independent of the presence of calcium ions. The Ig protein family members can
form homophilic or heterophilic interactions to mediate cell adhesion (48). Members of the Ig
superfamily adhesion molecules include intercellular adhesion molecule (ICAM), vascular cell
adhesion molecule (VCAM), activated leukocyte cell adhesion molecule (ALCAM), and
junctional adhesion molecule (JCAM). The Ig superfamily adhesion molecules are reported to
play a key role in various adhesion events, including leukocyte trafficking involving nuclear factor

kappa-light-chain-enhancer of activated B cells (NF-kB) pathway (49-51). Increased expression



of Ig type CAMs are reported in cancer (52-57), vascular disease (58-60), and renal disease
(61,62).
Mucin-like family

Mucins consist of serine and threonine rich proteins and are heavily glycosylated. Their
structural organization usually contains proline/threonine/serine (PTS)-rich O-glycosylated
domains, EGF-like, and sea urchin sperm protein, enterokinase and agrin (SEA) domains in the
extracellular region, a transmembrane domain, and a cytoplasmic tail (63). There are 21 different
mucin genes designated as MUC1- MUC21, and they are classified as secreted or membrane-
associated (64). Secreted mucins are small soluble mucins or gel-forming mucins which are stored
in secretory granules and released upon stimulus (65). Membrane associated mucins are involved
in cell adhesion and have the ability to function as a cell’s barrier and in cell adhesion by
controlling the interactions mediated by integrins and E-cadherins (66,67). The signaling of
membrane associated mucin proteins is initiated with the cleavage of the extracellular domain by
metalloproteases and by regulated intramembrane proteolysis (RIP). Phosphorylation of the
cytoplasmic domain activates Wnt—3-catenin, p53, and NF-kB pathways, (63). Evidence suggests
that membrane associated mucins contribute to carcinogenesis both via their glycosylated
extracellular domain which may protect cancer cells by forming a cellular barrier and via their
intracellular domain that links to pathways which regulate cell differentiation, apoptosis, and
inflammation (68,69).
Integrins

Integrins are large heterodimeric type 1 transmembrane proteins containing o and [
subunits linked together by a disulfide bond (70). The integrin family comprises 18 o and 8 f

subunits that can assemble into 24 different integrins in vertebrates. The sizes of the o and B



subunits vary but typically contain around 750 to 1000 amino acids. The o subunit consists of four
or five extracellular domains: a seven-bladed B-propeller, a thigh, two calf domains (calfl and
calf2), a transmembrane domain, and a short cytoplasmic domain. Nine of the 18 integrin a
subunits have an a-I domain (~200 amino acids) inserted between blades 2 and 3. The a-1 domain
undergoes numerous conformational changes, which are important for regulating the binding
affinity with the B subunit. The  subunit contains seven domains: -1 domain, plexin-semaphorin-
integrin (PSI) domain, four cysteine-rich epidermal growth factor (EGF) modules, and a p-tail
domain (71,72). The off pairings occur via the B-propeller surface on the o subunit and the -1 and
PSI domain in the B subunit. Integrins are the principal receptors linking ECM to cytoskeletal
proteins (73). They bind to the ECM proteins with their large ectodomain and engage with the
cytoskeleton through their short cytoplasmic tails. The a subunit, primarily the a-1 domain of the
integrin, determines the specificity of ligand binding. Depending on their ligand specificity,
integrins are broadly grouped into four categories; arginine-lysine-aspartic acid (RGD) receptors,

laminin receptors, leukocyte-specific receptors, and collagen receptors (Figure 1.3) (74).
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Figure 1.3: Classification of integrin receptor family.

The integrin heterodimers in vertebrates are classified into four major families; RGD, collagen,
leukocyte, and laminin binding integrin receptors (taken from (74)). The RGD type integrins
recognize the RGD sequence, and the collagen binding integrin receptors recognize the triple
helical GFOGER sequence. Laminin integrin receptors bind to laminin and leukocyte specific
receptors to mediate leukocyte activation and extravasation.

The RGD type integrins recognize the RGD sequence in their ligands and bind to from cell
attachment. Nearly half of the integrin family are categorized as RGD type integrins. The four
collagen binding ol domain integrins (al, a2, al0, and all) along with Bl integrin serves as
collagen binding integrin receptors with the ability to recognize the triple-helical GFOGER
sequence (Glycine-Phenylalanine-Hydroxyproline-Glycine-Glutamic acid-Arginine). Similarly,
several members of the integrin family, including a3p1, a6P1, and a7p1, serve as laminin

receptors. Leukocyte integrins consist of several a subunits coupled to either B1 or B2 integrin.



They mediate leukocyte adhesion by regulating their expression depending on the stage of
leukocyte activation and extravasation (72,74).

Integrin activation occurs either through ligand binding or conformational changes in the
cytoplasmic tail resulting in “outside — in” or “inside — out” signaling. Integrin clustering on the
cell surface also modulates the receptor signaling by shifting from a low affinity folded
conformation to a high affinity state. Clustered integrins are also capable of recruiting cytoskeletal
proteins such as talin, kindlin, focal adhesion kinase (FAK), scaffold molecules, and Src family
kinases, leading to conformational changes in the cytoplasmic region and receptor activation (75).
Such processes link integrins to downstream signalings, such as the PI3K/AKT pathways, Racl
GTPases, and MAPK pathways. The cytoskeletal proteins such as talin, kindlin, and FAK also
regulate integrin signaling by modulating the association of the cytoplasmic domain with its
respective downstream effectors of integrins (76,77). Integrins are involved in many pathological
conditions by signaling to inflammation and angiogenesis (78). In cancers, integrins' expression is
deregulated and is a key player in epithelial and mesenchymal transition (EMT) transition.
Integrins crosstalk with other receptors and growth factors and regulate cancer cell adhesion and
migration, ultimately contributing to cancer cell invasion and metastasis (79-81). Integrins also
mediate other pathological conditions, including fibrosis (82-84), vascular pathologies (85-87),
and neurological disorders (88-90). Because of their involvement in various pathologies, integrins
are evaluated as potential therapeutic targets (91-93).

RAGE (receptor for advanced glycation endproducts)

The receptor for advanced glycation endproducts (RAGE) belongs to the type 1

transmembrane protein family and is a member of the immunoglobulin Ig superfamily of receptors

(94). RAGE was initially identified as the receptor for advanced glycation end products (AGE),
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produced by non-enzymatic glycation of proteins (95). RAGE is a pattern recognition receptor and
is capable of binding to multiple ligands such as advanced glycation end products (AGEs), S100
proteins, and high mobility group box 1 (HMGBL1), collectively called damaged associated
molecular patterns (DAMPs). DAMPs are endogenous molecules released by stressed or damaged
cells which signal to initiate proinflammatory responses (96). RAGE binding to DAMPs is capable
of activating NF-xB via various downstream signaling pathways such as the mitogen-activated
protein kinase (MAPK) pathway, Janus kinase (JAK)/signal transducer, and activator of
transcription (STAT) pathway, extracellular signal-regulated kinase (ERK1/2) pathway. RAGE
signaling regulates the transcription of adhesion molecules, chemokines, chemokine receptors, and
cellular processes, including proliferation, cell survival, differentiation, migration, and autophagy
(97-100). RAGE overexpression is associated with the progression of disease states like diabetes,
cancer, Alzheimer’s, and cardiovascular diseases (101).
RAGE structure and expression

The RAGE gene is localized in the class 11l MHC region of chromosome 6. The RAGE
gene is comprised of a short 3’ UTR, 11 exons, and a 5’ flanking region that regulates transcription
(102). Protein sequence analysis revealed that the mature form of RAGE is comprised of 1. The
extracellular region (23-342 amino acid residues (aa)), 2. a transmembrane domain (TM) (343-363
aa), and 3. an intracellular cytoplasmic tail (Cyto) (364-404 aa). The extracellular structure of
RAGE is composed of an N-terminal variable type Ig domain (V) (23-116 aa) and two constant
type Ig domains (C1 and C2) domains (124-221 & 227-317 aa) (103,104) (Figure 1.4). The
secondary structures of the RAGE V, C1, and C2 domains show typical immunoglobulin fold
consisting of B-strands connected via loops. The VC1C2 domains are followed by a helical

transmembrane domain (TM), and the intracellular cytoplasmic domain of the RAGE (Cyto). The
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C1 and C2 domains are linked via an unstructured flexible linker (105,106). The RAGE VC1
ectodomain forms an integral structural unit where the VV domain contains two glycosylation sites
(Asn?® and Asn®) required for the plasma membrane localization of the receptor (104). Studies
have also identified that the RAGE V domain is crucial for RAGE dimer formation (107). Mutation
or deletion of the V domain of RAGE decreased the stability of the C1 domain highlighting the
dependence of the two domains (108). The cytoplasmic tail of RAGE is unstructured, short, and

positively charged and is essential for signal transduction (97,109).

Full-length
RAGE

V Domain
(23-116) aa
C1 Domain
(124-221) aa
C2 Domain
(227-317) aa

TM Domain o
(343-363) aa { Wi

Cytoplasmic tail .[
(364-404) aa

Figure 1.4: Schematic representation of full-length RAGE.
RAGE is comprised of 1) the extracellular region containing the V domain (23-116 aa), C1 domain
(124-221 aa), and the C2 domain (227-317 aa), 2) a transmembrane domain (TM) (343-363 aa),
and 3) an intracellular cytoplasmic tail (Cyto) (364-404 aa).

The signal peptide (1-22 aa) in RAGE directs its translocation to the cell surface and is
removed by a signal peptidase located within the endoplasmic reticulum lumen. The native RAGE

protein lacks the signal peptide and has a molecular weight of about 45-55 kDa, depending on the
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level of glycosylation. During embryonic development, RAGE is constitutively expressed in
various tissues, including the brain, kidney, smooth muscle cells, and vasculature, and is
downregulated in adulthood (110-112). The only exception is type I alveolar epithelial cells, where
RAGE is expressed in greater abundance throughout life, and deletion/absence of RAGE in these
cells has been reported to affect the epithelial and matrix interactions (113-116).

RAGE undergoes proteolytic cleavage and splicing events to yield different isoforms, and
it has been reported that there are over 20 isoforms found in mammals at mRNA levels (102,117).
The predominant isoforms of RAGE present at the protein level include full-length RAGE (FL-
RAGE) and the splice variants dominant-negative RAGE (DN-RAGE, residues 23-363 aa), N-
truncated RAGE (N-RAGE, 124404 aa), and secretory RAGE. The secretory RAGE is the
circulating soluble form of RAGE, which lacks the transmembrane and the cytoplasmic domains.
The secretory RAGE isoform comprises endogenous secretory RAGE (es-RAGE) produced from
alternative splicing, and the proteolytically generated C-terminal truncated RAGE known as
soluble RAGE (SRAGE, 23-342 aa) (Figure 1.5) (112,118,119). The secreted RAGE isoforms in
the plasma act as decoy receptors by actively binding to RAGE ligands (120). Different levels of
truncations at the N- and C-terminal of RAGE were found to have a significant effect on the
RAGE-mediated disease states. In particular, the DN-RAGE isoform was observed to abolish the
downstream RAGE signaling events and decrease the associated pathological effects in vitro and

in vivo (98,102,121).
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Figure 1.5: Schematic representation of RAGE splice variants.
From left: native/full-length RAGE, dominant-negative RAGE (DN-RAGE), N-truncated RAGE
(N-RAGE), endogenous secretory (es-RAGE), and soluble form RAGE (sRAGE). DN-RAGE
lacks the cytoplasmic domain and acts cell bound decoy receptor, and is not involved in signal
transduction. The N-truncated or AV-RAGE lacks the ligand binding V domain. sSRAGE consists
of the complete extracellular domain which is produced as a result of proteolytic cleavage. es-
RAGE another soluble form of RAGE, is produced from alternative splicing.
Ligand binding properties of RAGE

RAGE forms constitutive homodimers via cysteine mediated disulfide linkages in the
extracellular region. Ligands binding to RAGE affect the structure and stoichiometry of the
receptor complex and shift the equilibrium distribution in favor of higher order RAGE oligomers
(122-124). The oligomerization interface in RAGE was reported to occur in the V-C1 and C1-C2
domains, and recent studies using mass spectroscopy analysis revealed a major role of the C2 and

TM domains in oligomerization by contributing to their stability (125,126). Furthermore, in vitro

studies showed that RAGE oligomerization is a major step of receptor-ligand interaction as it also
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increases the number of binding sites (104,127). N- Glycosylation of RAGE has been shown to
help with AGE recognition but does not affect the binding capacity with AGE (128,129). However,
another study reported that deglycosylation of RAGE reduced binding affinity for the ligand
amphoterin (107,128).

Being a multiligand receptor, RAGE can also interact with other molecules apart from
DAMPs, such as Macl, RNA/DNA, and B-amyloid fibrils. Ligand binding occurs in the
extracellular V, C1, or VC1 domains (Table 1.1). This is because most of the ligands of RAGE
display a net negative charge at neutral pH and will be attracted by the complementary positive
surface charge of the VC1 domain (96,130). The uniqueness of the RAGE receptor lies in the fact
that its intracellular domain lacks intrinsic kinase activity. RAGE-ligand complex formation drives
the orientation of the cytoplasmic tail of RAGE in specific proximity to binding to adaptor proteins
to initiate signaling. Studies performed in vitro and in vivo showed that the DN-RAGE variant or
the deletion of the RAGE intracellular cytoplasmic domain prevented its ligands from activating
signaling cascades (121,131).

Table 1.1: RAGE ligands and their binding regions in RAGE domains.
Adapted from (132).

RAGE Ligands RAGE Binding Domain

AGEs Vv
B amyloid V
S100/calgranulins VorVClorC2
HMGB1 VCI1C2
[-sheet fibrils VvV
Macl VorVC1lorC2
RNA or DNA VC1
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RAGE signaling

The classical signaling of RAGE (Figure 1.6 A) involves ligand binding to the extracellular
domains V, C1, and C2, whereas the transmembrane and the intracellular cytoplasmic domains are
involved in the signal transmission (104,105). Oligomerization of RAGE was also reported to
initiate receptor activation via homodimerization of the V or the C1 domains (124,133). The
classical signaling suggests that RAGE signaling requires the involvement of adaptor proteins like
diaphanous-1 (DIAPHL1), Toll-Interleukin 1 Receptor Domain-Containing Adapter Protein
(TIRAP), myeloid differentiation primary response gene 88 (MYD88), and Dedicator of
cytokinesis protein 7 (DOCKT7) (reviewed in (134)). In microglial cells, following RAGE binding
with its ligand S100B led to the recruitment of the adaptor protein D1IAPH1, a member of the
formin family that mediates the effects of small GTPase of the Rho family near the C-terminus of
RAGE. D1APHL1 recruits Rac1/Cdc42 with subsequent activation of the RhoA/ RhoA associated
kinase (ROCK) pathway that governs the microglial motility (135). Affinity purification with mass
spectroscopy analysis discovered another intracellular effector, DOCK?7, which functions as a
guanine nucleotide exchange factor. DOCK?7 binds to the intracellular C-terminal region in RAGE,
activating the Cdc42 pathway. siRNA knockdown of DOCK7 was reported to downregulate
RAGE activated Cdc42 signaling in HEK 293T cells (132).

The phosphorylation of the cytoplasmic domain of RAGE at its residue Serine 391 by
protein kinase C promotes recruitment of TIRAP and MyD88, other adaptor proteins in RAGE
signaling (136). The signaling cascade is followed by the activation of inflammatory pathways
through kinases (JAK; ERK1/2, mitogen-activated kinase (MAPK); phosphoinositide 3-kinase
(P13K)), and GTPases (cell division cycle 42 (cdc42)), which signals through transcription factors

such as NF-kB, activator protein 1 (AP-1), and signal transducer and activator of transcription 3
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(STAT3) (137,138). The signaling pathways and the functional consequences of RAGE
engagement strongly depend on the cell type, the specific ligand bound, and their local
concentration. The hallmarks of RAGE signaling contributed to increased inflammation, cell
proliferation, migration, cell adhesion, and a positive feedback loop mechanism inducing increased
expression of the receptor through sustained receptor expression and activation, thus contributing
to the severity of pathological conditions (Figure 1.5 A) (139,140).

Apart from the existing classical signaling of RAGE, there were studies that had reported
other modes of RAGE signaling involving a change in the geometrical distance of its cytoplasmic
domain. Xue et al. showed that ligand induced association of RAGE homodimers on the cell
surface increased the molecular dimension of the receptor, recruiting DIAPH1 and activating
signaling pathways (141). In this model, the Ca?* bound S100B dimer binds to two V domains
from different SRAGE homodimers. The induced oligomerization of RAGE by Ca?* -S100B
causes the C-termini of the C2 domains of the RAGE homodimer to move a distance of 100 A
from each other, which is twice the distance of C2 domains from a SRAGE homodimer. This
change in the distance to 100 A corresponded to the distance of the dimers of the Formin homology
1 (FH 1) domains of the adaptor protein, DIAPHL1, and residues R366/Q367 of the cytoplasmic
domain of RAGE was reported to be involved. Upon binding to the intracellular cytoplasmic tail
of RAGE, the dimer of the domain FH 1 activates the autoregulatory/catalytic domain of the
Diaphanous 1 to carry out subsequent signaling (Figure 1.6 B). Results from in vitro and in vivo
studies also support this model as deleted mutant diaphanous 1 that lacks the FH 1 domain failed
to undergo ERK1/2 phosphorylation (109,142-144).

Yatime et al. demonstrated that in addition to oligomerization, ligand binding could induce

substantial conformational changes in the receptor ectodomain and bring into proximity the
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intracellular domains from two RAGE molecules bound to the same dimeric S100 ligand (145).
The crystal structures of two SRAGE (VC1C2) molecules formed dimers in the VV domain region,
leading to a spacing distance of 190A in the C-terminus of the two C2 domains in a ligand unbound
state. In comparison, the binding of S100A6 dimer with two C2 domains from different SRAGE
dimers caused oligomerization and conformational changes, which decreased the spacing between
the two C2 domains to 60A. This distance coincides with the distance between the two receptor
binding loops from the Toll-Interleukin 1 Receptor Domain-Containing Adapter Protein (TIRAP),

an adaptor protein in RAGE signaling (145).

RAGE ligands
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Figure 1.6: Different models illustrating RAGE signaling.

(A) Representation of classical signaling in RAGE (left): Ligand binding to the extracellular region
in RAGE recruits adaptor proteins like DIAPH1, TIRAP, MYD88, and DOCKY. This is followed
by activation of GTPases/kinases via the NF-kB/STAT3/AP1 pathway, contributing to increased
inflammation, cell adhesion, and RAGE expression. (B) Model illustrating signal transduction in
SRAGE - S100B complex (right):; taken from (141). The oligomerization of SRAGE induced by
the Ca2+-S100B causes the C-terminal of the C2 domain from the two SRAGE homodimers to
move a distance of 100 A from each other, which corresponds to the distance between 2 FH1
domains of the DIAPH1. Recruitment of DIAPHL1 is followed by activation of GTPases/kinases
and NF-xB pathway.

18



Involvement of RAGE in pathologies

RAGE signaling links to several pathways, including NFxB, MAPK, and PI3K, that
mediate inflammatory responses. Overexpression of RAGE is associated with both acute and
chronic inflammation and has significant roles in human pathogenesis, including diabetic
complications (146,147), neurodegenerative diseases (148,149), and certain cancers (150-152).
Uncontrolled hyperglycemia in diabetes leads to the accumulation of AGE compounds. Oxidative
stress evoked by the AGE-RAGE axis in renal cells contributes to diabetic nephropathy by eliciting
inflammatory responses through ERK1/2, p38MAPK, PKC, and NF-xB pathways (153). RAGE
has been linked to atherosclerosis development via several ligands, including AGEs, HMGBL, and
S100 proteins (154,155). The activation of chronic inflammatory signaling pathways stimulates
the clotting cascade causing cardio-vascular damage (156). In addition, the interaction of RAGE
with S100 proteins and AGE enhances the expression of CAM, including E-selectin, VCAM, and
ICAM, and contributes to transendothelial migration (157,158).

RAGE expression is elevated in neuroinflammation and neurogenerative conditions (159-
162). Immunohistochemical studies have demonstrated that RAGE ligands, such as AGEs, S100,
and AP, lead to RAGE overexpression in neurons, microglia, astrocytes, and blood brain barrier
(BBB) vasculature in Alzheimer’s disease (163). RAGE has been implicated in the pathogenesis
of a variety of cancer types, including pancreatic (164,165), breast (166,167), melanoma
(168,169), and liver (170,171). RAGE binding to S100 proteins sustains signaling to
proinflammatory cytokines and autophagy, which directly links to cancer cell survival,
proliferation, invasion, and migration (172). RAGE signaling in cancer is also linked to KRAS
oncogenic mutations by increasing NF-kB activity in pancreatic ductal adenocarcinomas

(152,164). AGE/RAGE signals to oxidative stress by ROS generation and hypoxia induced

19



activation of oncogenes such as KRAS (Kirsten rat sarcoma virus), contributing to cancer cell
survival, progression, and metastasis (164,173-175). RAGE was also found to enhance growth,
metastasis, and EMT (epithelial-mesenchymal transition) by activating the P13K/AKT and
RAS/ERK/Rac pathways (176). AGE-RAGE signaling has also been implicated as a key
mechanism in the development of other pathologies, including fibrosis by promoting ECM
deposition (116,177,178), obesity by inducing insulin resistance in adipocyte tissue (179,180), and
psoriasis by activating several inflammatory pathways (181,182).
RAGE as a therapeutic target and its inhibitors

RAGE overexpression is linked to sustained inflammation contributing to disease
progression. All preclinical studies focused on blocking the extracellular region of RAGE to
prevent ligand mediated activation of the receptor. RAGE ligands bind to the extracellular region,
and studies used antiRAGE antibodies and SRAGE to block RAGE from signaling in cancer cell
migration and invasion (183,184). In murine models, treatment with SRAGE significantly reduced
atherosclerotic lesions and other vascular complications through RAGE signaling, such as
impaired renal injury, nephropathy, and retinopathy (185-187). Furthermore, ligand-derived
RAGE inhibitors have been shown to be effective in decreasing RAGE mediated inflammation, 8
amyloid aggregation in in vivo models of Alzheimer's disease, and metastasis of cancer (Tablel.2)
(188-190). TP488, a small molecule inhibitor of RAGE, blocked the binding of RAGE ligands to
the V domain and inhibited inflammatory signaling and neuronal AP accumulation in mouse
models of Alzheimer’s disease (191,192). A 4,6-disubstituted 2-amino pyrimidine 4-
fluorophenoxy analog, a disubstituted pyrimidine derivative is reported to bind to the VV domain of

RAGE and significantly reduced A entry into the brain (193,194). FPS-ZM1, a high affinity small
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molecule inhibitor, blocks RAGE-mediated inflammatory signaling inhibiting nuclear NF-xB
levels in a mouse model of Alzheimer's disease (195).

In cancer cell models, treatment with FPS-ZM1 impaired primary tumor growth,
angiogenesis, inflammatory cell recruitment, and most importantly, inhibited cancer cell
migration (165,196). GM-111, a low molecular weight semi-synthetic glycosaminoglycan ether,
inhibited interactions between RAGE and its ligands in the extracellular region and reduced
inflammatory responses (190). In addition, S100P-derived peptides and HMGB1-derived peptides
block RAGE interaction with S100 proteins and HMGBI, respectively, which reduced metastasis
and invasion of tumor cells (197,198).

A group of 13 compounds was identified from a high throughput screening assay using a
small molecule library of 58,000 compounds. The chemical structures of these small molecule
RAGE inhibitors comprise a central heteroaromatic core capable of hydrogen bonding with one or
two hydrophobic regions and a protonable nitrogen atom connected to the central core by an alkyl
linker. This group of molecules showed a strong affinity for the cytoplasmic domain of RAGE and
inhibited the RAGE-diaphanous 1 signal transduction in in vitro and in vivo (199). Disrupting the
RAGE-diaphanous 1 interaction is valued as an important therapeutic approach to target RAGE-
mediated inflammatory disease (200,201). Aptamer based antagonist blocks the ligand-binding
sites on the extracellular region and is reported to suppress downstream signaling of RAGE (202).
Apart from targeting RAGE ligand binding sites, studies demonstrated varied approaches to inhibit
the availability of RAGE ligands which inhibited RAGE activation. Treatment with an AGE cross-
link breaker, algaebrium (ALT7-11), reduced AGE accumulation, and atherosclerotic plaque

formation and lesions (203).
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Table 1.2: RAGE inhibitors along with their targeted RAGE domains and their effects.

Taken from (132).

Targeted RAGE

Inhibitors Domain Effects
TTP488 (191,192) Vv AGEs, HMGBI1, CML, S100B, and AB-RAGE
binding inhibition
4,6-disubstituted 2- \YJ AB-RAGE binding inhibition
amino pyrimidines (193)
4-fluorophenoxy analog V Inhibition of amyloid plaques inside the brain
(194)
FPS-ZM1 (204) Vv AB-RAGE binding inhibition and low cytotoxicity
in vitro and in vivo
GM-1111 (188) VC1C2 CML, GMGB1, and S100B-RAGE binding
inhibition
S100-derived peptide VC1C2 Reduced RAGE-mediated activation of NF-kB,
(197) inflammation, tumor growth, and metastasis in
various cancer cells
HMGB1-derived VC1C2 Suppressed the formation of pulmonary metastasis
Peptide (198) and invasion in tumor cells
Aptamer-based Vv inhibit interaction between RAGE and S100B
antagonist (202)
Group of 13 compounds cytoplasmic Inhibition of ctRAGE interaction with mDial
(199)

RAGE as an adhesion relevant molecule

Studies have shown that RAGE expressing cells have increased adherence and spreading
in the presence of extracellular matrix (ECM) proteins (196,205-207). The extracellular domain of
RAGE (VC1C2) adopts a secondary structure similar to that of cell adhesion molecules.
Furthermore, RAGE shares significant homology with MUC18 (melanoma cell adhesion
molecule), a glycoprotein that also belongs to the immunoglobulin superfamily, and with activated
leukocyte cell adhesion molecule (ALCAM) (54,94). A recent study on the evolutionary origin
showed that RAGE shared common ancestors with a family of CAMS; ALCAM, melanoma cell
adhesion molecule (MCAM), and basal cell adhesion molecule (BCAM) (207). Also, comparing

the gene sequences of RAGE and these CAMS showed evolutionarily similarities in genomic
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organization in the cytoplasmic domain with highly conserved sequences in the exon-intron
boundaries as an indication of gene duplication. The best structural alignment of the RAGE V-C1
domain matched 194 residues of the two N-terminal domains of human BCAM. It was also
proposed that RAGE could have CAMs like properties wherein the expression of full-length
RAGE in alveolar type cells showed increased cell adhesion and cell spreading in the presence of
extracellular matrix proteins. Within different ECM proteins, RAGE expressing alveolar type cells
were reported to adhere much faster to collagens forming an extremely flat phenotype with dense
spreading (205). Results from crystal studies suggest that membrane bound RAGE mediates cell
adhesion and cell spreading through homophilic interaction on the extracellular V domain (Figure
1.7). The homophilic interaction in RAGE is stabilized by the disulfide bonds formed between

cysteine residues and is also stabilized by receptor-ligand binding in the extracellular region (207).
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Figure 1.7: Model illustrating (A) structural comparison of RAGE V and C1 domains to a family
of cell adhesion molecules and (B) RAGE-RAGE homophilic interaction in mediating cell
adhesion.

The well conserved spatial arrangement of V and C1 Ig domains of RAGE closely resembles
BCAM (basal cell adhesion molecule), ALCAM (activated leukocyte cell adhesion molecule), and
MCAM (melanoma cell adhesion molecule). Based on the crystal structure, SRAGE was the V
domains in trans orientation modeled to adopt homophilic interaction in mediating cell adhesion.
Taken from (207)

RAGE subcellular localization and its functions
RAGE functioning in physiology is affected by the existence of different isoforms (119),
the presence of N-glycans (107), and the level of inflammation (208). The glycosylation sites on

the V domain of RAGE were reported to have an important role in increased ligand binding and
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cell surface localization of the receptor (209,210). Studies suggest that different subcellular
localization of RAGE contributes to the severity of the pathogenesis. In primary melanoma cells,
RAGE localization was found to be clustered on the membrane more at the sites of cell-cell
contact, whereas in the malignant type, RAGE expression is more distributed in the cytoplasm
(168,211). Evidence also shows that in peripheral blood mononuclear cells of obese patients with
insulin resistance, there is an increased expression of RAGE on the cell membrane contributing to
subsequent damage in specific tissues (212). Overexpression of cell surface RAGE in endothelial
cells was reported to be involved in impaired plasma membrane sealing causing endothelial cell
death and promoting blood-brain barrier leakage and vascular angiopathy (213). The authors
reported RAGE signaling in these cells leads to increased -catenin clustering at cell-cell junctions
and inhibition of F-actin remodeling.
Research goals, approach, and objectives

The overall goal of this study was to investigate the role of the different domains of RAGE
towards RAGE mediated cell adhesion and cell spreading. As cell adhesion is an essential
biological process that controls cell behavior, defective cell-cell and cell-matrix adhesion
mechanisms constitute a significant cause of fatal diseases, including coronary heart disease (214-
216), polycystic liver disease (217,218), and cancer (219-221). RAGE expression increased cell
adhesion and spreading (205,207), but it is not well understood which part of the extracellular
domain is most important if different domains modulate different aspects of cell adhesion, i.e.,
cell-cell, cell-matrix to different ECM proteins, and if RAGE mediates these effects through

homophilic or heterophilic interactions in the presence of ECM proteins.
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e Hypothesis (I): Deletion of individual extracellular domains of RAGE should
result in decreased cell adhesion to ECM, should change cell spreading behavior,
and could influence cell-cell contacts.

We investigated this using a panel of different RAGE domain deletion variants. RAGE
variants were constructed into pcDNA3 vector and transiently expressed in HEK 293 cells. We
then assessed the expression and localization of the RAGE domain deletion variants in HEK 293
cells using Western blotting, immunofluorescence, and flow cytometry. Finally, we evaluated the
adhesion and spreading properties of these variants expressing HEK 293 cells to different ECM
coated surfaces. These studies revealed that cell adhesion in RAGE expressing cells was increased
but surprisingly seemed not to depend on the presence of the extracellular domains on the cell
surface. The data from our study also suggested that RAGE expression enhances cell adhesion not
only through RAGE itself (homophilic interactions) but also through the increased surface
expression of other unidentified adhesion relevant proteins. During the studies, it was also
observed that the cytoplasmic domain entered the nucleus.

To further investigate this interesting observation, we formulated,

e Hypothesis (I1): Translocation of the cytoplasmic domain of RAGE is proceeded

by proteolytic cleavage, and only the cytoplasmic domain, but not full-length
RAGE, gets translocated into the nucleus. In addition, RAGE ligand stimulation,
such as AGE, can promote RAGE shedding and enhance nuclear localization of
the cytoplasmic domain.

This was investigated using the fluorescently labeled RAGE construct. HEK 293 cells were
transfected using the RAGE fluorescent tagged plasmid, and ribose glycated BSA was to induce

RAGE activation. Subcellular localization changes in RAGE were monitored in ligand induced
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and non-induced conditions. Interestingly, we obtained data that suggest that in addition to nuclear
localization, the cytoplasmic domain is concentrated in the nucleolar compartment in ligand
induced conditions.

To further investigate the impact of nuclear and nucleolar localization of RAGE-ICD, we

formulated,

e Hypothesis (I111): RAGE expression leads to the increased surface expression of
cell adhesion molecules and thus results in increased cell adhesion and
spreading.

This was investigated using transcript analysis of adhesion relevant genes between wild

type HEK 293 (WT HEK 293) and RAGE stably expressing HEK 293 cells (RAGE HEK 293).
We also used proteomics to identify CAMs that may show altered surface expression without
corresponding changes in transcription. A set of candidate proteins was identified with each
method, and gene ITGA8 was found to be regulated at both transcript and translational levels. To
further strengthen the evidence that RAGE was driving the expression of one of the candidate
CAMs proteins identified (ITGA8), we used ShRNA knock-down of RAGE. It was predicted that

RAGE knock-down should result in a decrease in ITGA8 expression.
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CHAPTER 2. GENERAL MATERIALS AND METHODS
Molecular biology and reagents

Reagents were of molecular biology or ACS purity grade and purchased through VWR or
Fischer Scientific. Molecular biology reagents and enzymes were purchased from New England
Biolabs. The primers for the gPCR reactions were purchased from Thermo Fischer, and DNA -
polymerase was purchased from Solis BioDyne. Media for cell culture were purchased from
ATCC.

Cell culture

Human embryonic kidney (HEK293) and chinese hamster ovary (CHO) cells (ATCC) were
cultured in Dulbecco's Modified Eagle Medium (DMEM) complete media (ATCC® 30-2002™,
Manassas, VA) containing 10% Fetal Bovine Serum (FBS) (PEAK SERUM PS-FB1) and 1%
penicillin/streptomycin (Corning, Cat#30-002-Cl) in an atmosphere with 5% CO; and >90%
humidity at 37°C. HEK 293 cells stably expressing full-length RAGE (RAGE HEK 293) were a
generous gift from Dr. Heizmann (University of Zurich, Zirich , Switzerland) and were cultured
in DMEM complete media with 0.5% vol/vol of G418 sulfate (Corning, Cat# 30-234-Cl) as the
selection agent. MiaPaCa2 cells were kindly provided by Dr. Leclerc (North Dakota State
University) and cultured in DMEM complete media containing 2.5% horse serum (ATCC, 30-
2040).

Cells were routinely tested for mycoplasma using a two stage PCR method with a
combination of primers specific to mycoplasma species [(stage 1 PCR primers: # Mycopl_M89:
TCACGCTTAGATGCTTTCAGCG; # Mycopl_M78: AAAGTGGGCAATACCCAACGC; #
Mycopl R1: CTTCWTCGACTTYCAGACCCAAGGCAT Y=C/T; # Mycopl F1:

ACACCATGGGAGYTGGTAAT Y=C/T) (stage 2 PCR primers: #Mycopl_R34:
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CCACTGTGTGCCCTTTGTTCCT,; # Mycopl_R2: GCATCCACCAWAWACYCTT W= A/T
Y=CI/T; #Mycopl_F2: GTGSGGMTGGATCACCTCCT S=C/G, M= A/C)] as described in (222).
The presence of mycoplasma contamination resulted in a PCR product ranging from 236-365
base pairs (bp) depending on the mycoplasma species (Figure Al).
Cloning of RAGE variants and plasmid production

The pcDNAS3 vector backbone was used for the constitutive expression of the engineered
RAGE domain deletion variants in HEK293 cells. The plasmids were provided by Dr. Vetter
(North Dakota State University). Appendix B contains the nucleotide sequences of the expression
cassettes and the corresponding protein sequences of the domain variants. The plasmids were
amplified in E. coli DH5alpha and purified using a plasmid miniprep kit (Omega, #D694). The
purity and size of the isolated plasmids were confirmed by UV-VIS spectrometry (Agilent) and by
agarose gel electrophoresis (Figure A2).

Transient transfection

Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used for transfection in HEK
293 cells. In brief, cells of density 5 x 10° per 2 ml were seeded in a 6 well plate and were allowed
to grow until 80-90% confluency. Before performing transfection, the media in the wells were
replaced with fresh DMEM media without FBS. For each well, 3.0pug of DNA diluted in 250l of
Opti-MEM reduced serum media (Gibco, ThermoFisher Scientific)was used to transfect the cells.
The DNA-lipofectamine mixture in the wells was left for 8 hours and then replaced with fresh
complete DMEM media.

SDS-PAGE and Western blotting
Cell lysates for SDS-polyacrylamide gel electrophoresis were prepared as follows:

Transfected cells were harvested by scraping them in ice-cold PBS and centrifuging at 2009 at
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4°C. The pellet was resuspended in 150ul of RIPA lysis buffer (1%NP-40, 0.5% W/V sodium
deoxycholate, 0.1% SDS, and 1mM protease inhibitor cocktail Calbiochem set 1V) and incubated
on ice for 45 min and centrifuged at 13,400g at 4°C. Protein concentration in the supernatant was
determined using the Pierce BCA protein assay kit (ThermoFischer). In general, 50-100 pg of total
protein was resolved on a 10 or 15% SDS PAGE gel and transferred onto a nitrocellulose
membrane by wet-electroblotting for 1hr at 160 mAmps. The blot was blocked using 5% milk in
TBS containing 0.1% tween-20 (TBS-T) for one hour at room temperature. Incubation with
antibodies was performed at the recommended dilutions overnight in the cold room with gentle
rocking. Blots were washed with TBS containing 0.1% tween and incubated with HRP conjugated
secondary antibodies (Jackson ImmunoResearch) raised against the primary antibodies at 1:50,000
ratio for 1hr at room temperature. An ECL luminescence substrate (BioRad ECL Western Blotting
substrate, Cat# 170-5061) was used for the visualization of the protein on the membrane. Antibody
against actin (Santa Cruz Biotechnology sc-1616, and Cell Signaling Technologies #4970) was
used on the same membrane after stripping and served as the loading control.
Immunofluorescence

p-Dish 35 mm from ibidi USA, Inc or the cover glass 18x18 mm (Zeiss) was coated with
collagen I (50pug/ml) diluted in 0.02 M acetic acid and incubated for 2 hrs at room temperature.
The cells were then seeded onto the collagen | coated cover glass and was allowed to reach a
confluency of 70%. The p- slide 8 well was treated the same way, and 20,000 cells were seeded
per well. After 24 hrs of transfection, cells were fixed for 10 min using 4% paraformaldehyde at
RT and washed twice in ice-cold PBS. The permeabilization was carried out in 0.1% triton X-100
for 15 min on ice. Blocking was performed using 5% bovine serum albumin (BSA) containing

0.1% tween in PBS for 30 min at room temperature. The incubation with primary antibodies was
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performed at recommended dilutions in blocking buffer overnight in the cold room. The cells were
washed three times with PBS containing 0.1% tween for 5 min, followed by incubation with FITC
conjugated secondary antibodies (Jackson Immuno-Research) diluted in blocking buffer (1:100)
for 1hr at room temperature. The Hoechst 33342 stain (Invitrogen) was used to stain the nucleus.
Images were taken using a Zeiss confocal microscope LSM700 and a Olympus FVV3000 confocal
laser scanning microscope.
Flow cytometry

Cells were detached using Cell Stripper (Corning #25-056-Cl) solution and were washed
three times in ice-cold PBS and centrifuged at 200g at 4°C. After resuspending the cells in ice-cold
PBS containing 2% FBS, cell counting was performed, and for each sample, 1x10™ cells were
used. Cells were maintained at 4°C throughout the labeling procedure. In brief, cells were fixed in
4% paraformaldehyde for 10 min; fixed cells were processed to be either permeabilized with 0.1%
triton X-100 (15 min) or non-permeabilized. Blocking with 5% FBS in PBS for 30 min was found
to be more efficient compared to 5% BSA. Cells were incubated with primary antibody at a
dilution recommended by the manufacturer, followed by three washes with ice-cold PBS for 5 min
and centrifuging at 200g at 4°C. As the final step, cells were labeled with a fluorescent conjugated
secondary antibody (Jackson Immuno Research. Cell Signaling Technologies #4412, #4413) at a
dilution of 1:200 in blocking buffer, followed by three washes. The non-transfected and the mock-
transfected cells containing only the empty vector were used as controls for the flow cytometry
experiments. All experiments were performed using a BD Accuri C6 plus system flow cytometer.
The threshold was set to default in the Accuri software, and the program was set to run with 25,000

counts for each sample. The data were analyzed using a gating strategy where singlet cells were
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considered. The percentage of fluorescent cells in the gated cell samples was determined based on
a fluorescence intensity cut-off derived from the mock and the non transfected cells.

Table 2.1: Details of the antibodies used in this study along with dilution specification for Western
blotting (WB), immunofluorescence (IF), and flow cytometry (FC) experiments.

Antibody Company Catalog No. Species Dilution
RAGE (9A11) Santa Cruz Sc-80653 Mouse 1:1000 - WB
Biotechnology 1:100 - IF and FC
RAGE (D1A12) Cell Signaling 6996 Rabbit 1:1000 - WB
Technology 1:100 - IF and FC
Human Integrin alpha 8 R&D Systems MAB6194 Mouse 1:2000 - WB
Antibody 1:200 - FC
Human/Mouse/Rat R&D Systems AF904 Goat 1:500 - WB
Contactin-1 Antibody
B-Actin Cell Signaling 4970 Rabbit 1:1000 - WB
Technology
GAPDH Cell Signaling 5174 Rabbit 1:1000 - WB
Technology
HRP conjugated Jackson Immuno 715-035-150 Anti-Mouse 1:500000 - WB
Research
HRP conjugated Jackson Immuno 711-035-152 Anti-Rabbit 1:500000 - WB
Research
HRP conjugated Jackson Immuno 705-035-147 Anti-Goat 1:500000 - WB
Research
FITC conjugated Jackson Immuno 115-095-062 Anti-Mouse 1:200 — IF and FC
Research
FITC conjugated Jackson Immuno 711-545-152 Anti-Rabbit 1:200 — IF and FC
Research
Alexa Fluor® 488 Cell Signaling 4412 Anti-Rabbit 1:200 -FC
Conjugate Technologies
Alexa Fluor® 555 Cell Signaling 4413 Anti-Rabbit 1:200 —FC
Conjugate Technologies
Streptavidin, Peroxidase, Vector SA-5014 1:500 - WB
ELISA Grade Laboratories

Cell adhesion assay
The assay was performed as described in (207). Tissue culture plates were coated with
different ECM proteins; Matrigel (10 pg/ml; R&D Systems #343300101), collagen IV (5ug/ml;
R&D Systems # 3410-010-01), collagen I (50ug/ml; R&D Systems #344702001), and fibronectin
(5ug/ml; R&D Systems #3420-001-01) in nuclease-free water for 2 hrs at room temperature. The

ECM coated wells were seeded with 50,000 RAGE variant transfected and mock transfected cells
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in 100 ul of DMEM complete media. The cells were incubated for these respective time points, 5,
10, and 20 min, and were washed twice with ice-cold PBS. The wells were filled with 100 ul of
DMEM complete media, and 10% V/V of resazurin (1mg/ml) was added and incubated for 3 hours.
The resazurin fluorescence was measured at 540/590 nm (excitation/emission) using a SpectraMax
multi-plate reader, and percentage adhered cells were calculated using the formula below

washed well

% cells adhered = (F luorescence from )X 100

non washed well

Cell spreading assay

12 well-chambered microscopy slides (Ibidi, # 81201) were coated with ECM proteins as
indicated in the cell-matrix adhesion assay. The cells of density 3x10* in 250 pl of media were
seeded, and after 3 hrs of incubation at 37°C, the slide was imaged on a Leica DM2000 microscope
using 20X magnification. ImageJ software was used for the analysis wherein the original image
was converted to a binary image. The region of interest (ROI) was selected using the free hand
tool for each cell in the image. The spread area and perimeter for the individual cells were obtained
from Image J. The circularity of the cells was determined by using the formula below,

Circularity = 4m(area/perimeter?)

A circularity value of 1 indicates a perfect circular shape of the cells. BSA coated surface was used
as the control.
RNA extraction and cDNA synthesis
Whole-cell RNA was extracted from the cells using the PureLink™ RNA Mini Kit,
Invitrogen (Thermo Fisher Scientific #12183020). Briefly, 200,000 cells were seeded in each well
of a 6 well plate, and cells were allowed to reach a confluency of 70-80%. Cells were harvested
manually using a cell scraper, and RNA extraction was carried out according to the manufacturer’s

protocol. The concentration of the RNA was measured using the absorbance from UV at 260 nm
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(A260). The ratio of the UV absorbance of 260 nm/280 nm (A260/A280) was calculated to
estimate the purity of the RNA. Extracted RNAs with 260/280 nm ratio >2, which corresponds to
good quality RNA, were used for further analysis. The purity of the extracted RNA was further
confirmed using agarose gel electrophoresis, which showed intact and no degradation of the 18s
and 28s ribosomal RNA (rRNA) (Figure A3). 1ug of total RNA was immediately reverse
transcribed using the Moloney Murine Leukemia Virus (M-MulV) Reverse Transcriptase (NEB
#M0253) by following the standard cDNA Synthesis protocol on the manufacturer’s website using
an oligo(dT) primer.
Quantitative PCR (qPCR)

20 ng of cDNA and 250 nM of forward and reverse primers were used in each PCR reaction
contained in HOT FIREPol EvaGreen qPCR master mix (ROX) (Solis BioDyne) in a total volume
of 20 pl. The RT-PCR thermal cycle program comprised an initial denaturation step at 95°C for
30sec, followed by 40 cycles of denaturation at 95°C for 30sec, then annealing at 58°C for 30sec,
and extension at 72°C for 60 sec. An increase in fluorescence of EvaGreen was measured at every
PCR cycle using ROX fluorescence as the reference in each well, and the corresponding cycle
threshold (C:) was determined by the Agilent Stratagene Mx3000P® Multiplex Quantitative PCR
(QPCR) System. For calculating the fold change in the gene of interest (GOI), a double delta Ct
(AACt) method was applied using the following equation (223).

Fold change = 2-AACt

Where,

AACE
= [(Ct of GOD)- (Ct of HKG)|RAGE HEK 293- [(Ct of GOI)- (Ct of HKG)] WT HEK 293
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Cell surface proteomics

Cell surface protein labeling and enrichment

Cell surface protein capture from live cells was performed as described in (224,225) with
some modifications. Wild type (WT) HEK 293 and RAGE HEK 293 cells were dissociated using
CellStripper (Corning Cat# 25-056-Cl) and washed twice with ice-cold 1XPBS and centrifuged at
100g for 2 min at 4°C. Cells (1.5 x 107) were subjected to a mild oxidation reaction using 1.25
mM sodium meta periodate (Biosciences) in PBS (pH 6.7) for 30 min. The reaction was quenched
using 1mM ethylene glycol for 30 min, followed by washing the cells thrice with ice-cold PBS.
The labeling reaction was carried out at 4°C using 250 uM aminooxy biotin (Biotium 90113) and
10 mM aniline (Sigma) as a catalyst for 90 min. The cells were then washed four times with ice-
cold PBS and four times with PBS containing 1mM EDTA. The cells were then lysed in lysis
buffer (10 mM Tris, 150 mM NacCl, 1% triton X- 100, and 1 mM Calbiochem cocktail set VII
protease inhibitor) followed by 5 cycles of 5 burst of sonication for 25 sec and incubation at 4°C
with gentle rocking for 3 hrs. The lysates were centrifuged at 20,0009 for 20 min at 4°C. This step
was repeated twice by adding half the volume of lysis buffer used in the first lysis step to the pellet
in order to extract the remaining proteins from the debris. The supernatant from the lysate was
collected and centrifuged again at 20,0009 to remove any debris from the process and immediately
processed for cell surface protein isolation and enrichment using NeutrAvidin Gel (Prod #
1859388, Pierce). The beads were washed with PBS, and 3 mg of total biotinylated protein was
added to the beads and incubated overnight with gentle rocking in the cold room. The next day the
beads were washed using a series of buffers with 1 mM Calbiochem cocktail set VII protease
inhibitor at 4°C. The first four washes were performed with lysis buffer, followed by PBS with

0.1% tween, PBS, and 50 mM ammonium bicarbonate. A total of 16 washes were performed, with
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the last two washes containing 50 mM ammonium bicarbonate without protease inhibitors. The
flow-through from the bead incubation and wash steps were stored and used for BCA assay to
determine the amount of protein bound to the beads by comparing the total amount of protein used
and protein amount found in the flowthroughs.

Sample processing for mass spectrometry (MS)

The washed beads were incubated with 20 mM DTT in 50 mM ammonium bicarbonate
containing 0.1% RapiGest SF (Cat # 186001860, Waters) for 1hr at 37 °C. RapiGest is an anionic
surfactant used to accelerate the in-solution production of peptides generated by proteases. The
beads were alkylated using 50 mM iodoacetamide for 1hr at room temperature, followed by
quenching of the alkylation reaction using 20 mM DTT for 15 min. On-bead digestion was
performed using a 1:50 (W/W) ratio of protein to trypsin (Pierce Trypsin Protease, MS Grade
90057) for 24 hrs at 37°C. The supernatant from the bead digestion was collected, and 0.1%
RapiGest from the peptide mix was precipitated using treatment with 0.5% V/V trifluoroacetic
acid. The samples were lyophilized (Labconco Freezone 2.5 Plus Freeze Dryer) overnight and
stored at -80°C. The C18 purification was performed in the UND lab on the samples using the
manufacturer’s protocol before running them on the mass spectrometry instrument (Cat # 87784,
Pierce™ C18 Tips, 100 pL bed).

Nano LC-MS acquisition

A Waters Acquity nanoUPLC system equipped with an autosampler (Waters, Milford,
MA) was used for peptide chromatographic separation. Peptides were loaded on a trapping column
(Waters Acquity UPLC M-class Symmetry, Cig, 5 um, 180um x 20mm) at a flow rate of 15 pL/min
for 3 min with 99.5 % solvent A (0.5% formic acid in water) and 0.5% solvent B (0.5% formic

acid in acetonitrile). After trapping, peptides were resolved on a Waters analytical column
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(Acquity UPLC M-class HSS T3, 1.8 pum, 100um x 100mm) at a flow rate of 0.4 pL/min using a
linear gradient of solvents A and B. Initial %B was increased from 2% to 5% over 1 min, held at
5% for 4 min, then increased to 25% over 120 min, to 32% over 20 min, and further to 95% over
1 min. After holding at 95% for 5 min, %B was returned back to 2% over 1 min and held at this
value for 18 min for re-equilibration.

For mass spectrometry, a hybrid quadrupole-Orbitrap Q Exactive mass spectrometer
(ThermoFisher Scientific) was used. LC eluent was ionized using a nanoelectrospray ion source
in a positive ionization mode with an electrospray voltage set at 1.8 kV. MS/MS data were
collected in a data-dependent acquisition mode with dynamic exclusion (30 s). Profile full MS
scans were collected at 70,000 resolution (m/z 400-1600), and a maximum of 10 centroid product
ion scans at 17,500 resolution per cycle. Fragmentation was performed using collision-induced
dissociation (CID) set at 30%. Automatic gain control (AGC) targets were 1 x €% jons for full scans
and 1 x e for MS/MS scans.

MS-data processing

For protein identification, Protein Discoverer (version 2.2, ThermoFisher Scientific) was
used to search MS/MS spectra, and parent proteins against the Homo Sapiens reference proteome
database (UniProtKB/Swiss-Prot) downloaded on September 10, 2021. Minora Feature Detector
was used for unlabeled quantification. Initial mass deviation of precursor ion and fragment ions
were up to 10 ppm and 0.5 Da, respectively. Enzyme specificity was set to trypsin with a
maximum of two miscleavages allowed. The minimum peptide length was set to 6, and the
maximum to 150 amino acids. Carbamidomethyl-Cys was set as a static modification. Met
oxidation, protein N-terminal acetylation, and biotin- Lys were set as dynamic modifications. The

expression of identified surface proteins was normalized using Na,K-ATPase alpha 1 subunit
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(ATP1A1) (Uniport entry: P05023), a prominent cell surface protein marker (226) which showed
equal protein abundance from MS experiments in WT HEK 293 and RAGE HEK 293 samples.
The fold change was represented as relative gene expression between WT and RAGE HEK 293
samples.
Statistical analysis

All experiments generating quantitative data were performed at least three times. Data from
3 replicates of each experiment are shown either as Mean £ SEM or Mean + SD. Comparative
analysis between two groups was performed by one tail two sample (unpaired). Student’s t-test

and p < 0.05 was considered significant.
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CHAPTER 3. RAGE DOMAIN DELETION VARIANTS TO PROBE THE ROLE OF
RAGE DOMAINS IN CELL ADHESION
Introduction
Studies have reported that RAGE expression increased cell adherence and spreading in the
presence of extracellular matrix (ECM) proteins, and phylogenetic analysis showed RAGE
belongs to a family of cell adhesion molecules (CAMS) (196,205-207). Other studies
demonstrated that SRAGE binds to different ECM proteins with different affinities suggesting that
RAGE-ECM binding primarily occurs in the extracellular region (227). The current model
suggests that RAGE mediates the cell-cell and cell-matrix adhesion through homophilic interaction
of its V domain at the cell surface (140). This model seems to fit well this is based on the 3D
structural model comparison of CAMs to the crystal structure of RAGE. However, it also fails to
acknowledge the existence of other possible models involved in RAGE mediated cell adhesion.
We aimed to fill this knowledge gap by addressing
(i) the role of the different domains of RAGE in mediating cell-cell and cell-ECM adhesion
(i)  if membrane bound RAGE is required to mediate the adhesion phenomenon
(iii) if the absence of certain domains affects the membrane localization of RAGE
In this chapter, we conducted studies to answer the above questions by investigating the
role and contribution of different domains of RAGE towards its expression, localization and

mediating cell adhesion to various ECM proteins.
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Design and expression of the RAGE domain deletion variants

Experimental design
Generation of RAGE variants

Plasmids encoding full-length (FL) -RAGE (1- 404 residues, NM_001136) and other
RAGE variants with deleted V domain, C1 domain, and C2 domain (AV-, AC1-, AC2-) was a
generous gift from Dr. Heizmann (University of Zurich). The dominant negative or the DN—
RAGE and the TmCyto variant, were generated by Dr. Vetter (Department of Pharmaceutical
Sciences, NDSU). The AV-domain variant lacks residues 23-101; the AC1 variant lacks residues
117-221; the AC2 variant lacks residues 221-318; the dominant negative (DN-) lacks residues from
364-404; the TmCyto- variant lacks residues 23-318 and has an additional N-terminal Flag tag

(Figure 3.1). The plasmid stocks were prepared in batches and stored at -80°C.
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Figure 3.1: Domain organization of full-length RAGE (FL-RAGE) and the domain deletion
variants used in this study.

The extracellular portion of RAGE is composed of the V-, C1, and C2-domains. A single helical
transmembrane spans the plasma membrane, leading to a 40 residues long, C-terminal,
cytoplasmic domain. The DN-RAGE variant lacks the cytoplasmic domain of RAGE. The AV,
ACI1, and AC2 lack the V-, C1-, and C2-domains, respectively. The TmCyto variant lacks the
entire extracellular portion of RAGE.
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Transient transfection optimization using reporter plasmids pcDNA3GFP and pcDNA3SEAP
in HEK 293 cells

Transient transfection conditions in HEK 293 cells were optimized by estimating the
transfection efficiency of two reporter plasmids pcDNA3GFP and pcDNA3SEAP. Two different
transfecting reagents, polyethyleneimine PEI and Lipofectamine 3000, were compared and
evaluated by varying ratios of the DNA amount (g) to the transfecting reagent (ug or pl). In brief,
cells of density 50x10" cells/well in 500 pl DMEM media were seeded onto a 24-well plate, and
transfection was performed once the cells in the wells reached 70% confluency. For a well, 0.75
pg of DNA diluted in 50ul of optiMEM media was used. For transfections using PEI (Cat# 23966,
Polysciences Inc), fresh stock solutions of 1mg/ml PEI in DNAse-free water were prepared and
sterile-filtered. The cells were transfected using different ratios of DNA to PEI (1:2, 1:3, 1:4, and
1:5) as described in (228).

For Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), cells were transfected according
to the manufacturer’s protocol using different volumes of 1.5, 2, and 2.5 pl to recommended DNA
amount of 0.75 pg. The transfection efficiency in cells was assessed quantitatively and
qualitatively after 24 and 48 hours. The transfection efficiency of cells transfected with
pcDNA3GFP plasmid was determined by taking epifluorescence images in blue spectral regions (
478-495 nm) to evaluate the green fluorescent protein (GFP) positive cells. A phosphatase activity
assay was performed to measure the amount of secreted embryonic alkaline phosphatase (SEAP)
after transfection with pcDNA3SEAP. The SEAP assay is a colorimetric assay in which the
alkaline phosphatase secreted from the cells can be assessed using p-nitrophenyl phosphate as a
substrate. Secreted alkaline phosphatase catalyzes the hydrolysis of p-nitrophenyl phosphate

(PNPP), to p-nitrophenolate, which is a yellow product under alkaline conditions and can be
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quantified at 405 nm in a spectrophotometer (Figure 3.2). This assay provides a measure of the
average transfection efficiency across the entire cell population. In brief, after 24 and 48 hours of
transfection, supernatants from the pcDNA3SEAP transfected cells were collected, and the
endogenous alkaline phosphatase was heat-inactivated by incubating at 65°C for 10 min. To 90ul
of the heat-inactivated sample, 10ul of pNPP (1mg/ml) in nuclease-free water was added, and

readings were at different time points 0, 15, 30, and 60 min.
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Figure 3.2: Hydrolysis of pNPP catalyzed by alkaline phosphatase.

Transient expression of RAGE variants

Transient transfection of the RAGE variants in wild type (WT) HEK 293 cells was
performed with the conditions optimized with the control plasmids and the volumes scaled up
proportionally for a 6-well plate. After 24hrs of transfection, cells were processed for Western
blotting, confocal imaging, and flow cytometry experiments as described in (Chapter 2).
Western blot

Western blotting experiments were performed as described in general methods (Chapter

2), and 50 pg of total protein was resolved on a 12% SDS PAGE gel. For this experiment,
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antiRAGE antibodies targeting two different epitopes were used due to different domain deletion
RAGE proteins. AntiRAGE 9A11; (#sc-80653 mouse monoclonal antibody, Santa Cruz
Biotechnologies) targets the N-terminus of RAGE in the V domain region, and antiRAGE
D1A12;( #6996 rabbit monoclonal antibody, Cell Signaling Technologies) recognizes the epitope
in the C-terminal cytoplasmic tail of RAGE (Figure 3.3). For the construct DN-RAGE, which lacks
the cytoplasmic tail, antiRAGE 9A11 antibody was used to access the protein expression in
Western blot. As there were no commercial antibodies available that specifically recognized the
other two domains of RAGE of the extracellular region (C1 and C2). AntiRAGE D1A12 was used

for the variant lacking the V domain (AV-RAGE).

RAGE 9A11
RAGE D1A12
FL-RAGE
AV AC1 AC2 T™ Cytoplasmic
Domain Domain Domain Domain tail

(23-116) aa (124-221)aa  (227-317)aa (343-363)aa  (364-404)aa

Figure 3.3: Binding regions of the antiRAGE antibodies 9A11 and D1A12 used in this study.

Immunofluorescence and confocal image analysis

For immunofluorescence microscopy experiments, cells were grown on a coverslip and
transfected as described. The primary antibody staining was performed at a dilution of 1:50 for
RAGE 9A11 and 1:100 for RAGE D1A12. The primary antibody was counter stained using
species appropriate FITC conjugated secondary antibody, and images were taken using a Olympus
FV3000 confocal laser scanning microscope. The magnification was set to 40X, and we used the

default laser setting to measure FITC and DAPI (480 and 360 nm) signals in the samples.
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Flow cytometry

AntiRAGE antibody 9A11 was used to assess the membrane bound proteins in (FL, DN,
ACI, and AC2)-RAGE transfected cells at 1:100 dilution. Cells were processed and treated as
described in Chapter 2. In non-permeabilized conditions, only the cell surface RAGE will be
recognized, but in permeabilized conditions, the antibody has access to both cell surface and
intracellular RAGE. Gating was performed using the fluorescence intensity from the mock-
transfected cells as the control threshold in both permeabilized and non-permeabilized conditions.
The percentage of membrane-bound RAGE was calculated using fluorescence intensities from

both the permeabilized (FP) and non-permeabilized (NFP) samples using the formula below.

% Protein localized to the cell surface = (%) * 100 (2.1)

Results
Lipofectamine 3000 showed good transfection efficiency with two tested reporter plasmids

For the initial set of experiments, the transfection efficiency was compared between PEI
and Lipofectamine 3000 using pcDNA3 GFP. The results of transfection efficiency with PEI were
observed to be low (< 20%) for all the different ratios used. Higher use of PEI in DNA:PEI ratio
1:4 and 1:5 induced cytotoxicity as more necrotic cells (> 30%) were observed after 48 hours of
transfection. It was also observed that the transfection efficiency did not show any difference at

both 24- and 48-hour time points when compared to all the DNA:PEI ratios used (Figure 3.4).
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Figure 3.4: Epifluorescence images of HEK 293 cells transfected with pcDNA3 GFP using
different ratios of PEI at 24 and 48 hours.

1:2

24 hours

In contrast, Lipofectamine 3000 showed better transfection with low cytotoxicity (< 5%).
Using 750ng of DNA to 2ul of Lipofectamine 3000 gave the best results and had the maximum
transfection efficiency of 80-90%, which was determined using GFP expression in the cells (Figure
2.5 (A)). Furthermore, integrated intensity for the individual transfected cells in these images was
calculated using ImagelJ software. Plotting the integrated intensity vs. the mean integrated
intensity/area showed about 80% of the transfected cell population lay within a certain range of
intensity. This inferred that the majority of the individual transfected cells had similar protein

expression levels but with some heterogeneity (Figure 3.5 (B)).
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Figure 3.5: (A) Epifluorescence images of HEK 293 cells transfected with pcDNA3 GFP using
Lipofectamine 3000 with optimized conditions after 24 hours. (B) Plot showing the integrated
intensity of the fluorescence from the GFP-positive cells.

Data from the SEAP assay also showed comparable results using the same transfection

conditions. Using 750ng of DNA to 2ul, Lipofectamine 3000 had the maximum absorbance at 405

nm after 60 min and corresponded to the maximum alkaline phosphate activity of 1.95 mU/mi

compared to the other two transfection conditions of transfecting reagent volume 1.5ul and

2.5ul.used in the experimental setup (Figure 2.6).
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Figure 3.6: Plot showing absorbance at 405 nm from SEAP assay in HEK 293 cells transfected

with pcDNA3 SEAP for 24 hours.

Expression of the RAGE variants and Western blot analysis

Western blots of HEK293 cells transfected with the six RAGE constructs are shown in
figure 3.7. HEK293 cells do not express endogenous RAGE, and none was detected on Western
blots of nontransfected cells or cells transfected with pcDNA3 without a RAGE insert (mock
transfected cells). Transfection with full-length RAGE (FL-RAGE) resulted in a single clear band
of approximately 55kDa size. This molecular weight is approximately 10 kDa higher than
theoretically expected but is typical for RAGE due to post-translational modification

(glycosylation). In order to assess the expression and stability of the domain deletion variants (AV,

15min 30 min 45 min

Time
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ACI1, AC2, DN, and TmCyto)- RAGE over time, protein expression for these variants was
evaluated at 24, 48, and 72 hours. The three single domain deletion variants (AV, AC1, AC2) show
molecular weights close to the calculated size of the domain deletion forms (40, 42, and 39 KDa).
The DN-RAGE variant shows a lower apparent molecular weight (~ 50 kDa) compared to the FL-
RAGE, which matches the expected molecular weight of the variant. It was also observed that the
expression of DN-RAGE reduced after 24-hour transfection time. The TmCyto-variant, which
lacks all three extracellular domains, shows the lowest molecular weight of approximately 15 kDa
and had comparable expression pattern changes over time with that of the DN-RAGE variant. The
possible reason behind the loss of expression in DN-RAGE and TmCyto after 24 hours of
transfection could be due to occurrences of proteolytic cleavage near the transmembrane region.
This could lead to the formation of SRAGE in the case of DN-RAGE variant that is secreted and a
small cytoplasmic fragment in the case of TmCyto, which can be difficult to see by Western
blotting. It was also observed that at 24-hour time points, a strong higher molecular weight band

in TmCyto-RAGE was detected.
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Figure 3.7: Protein expression of FL-RAGE and other RAGE variants at different transfection
time points.

(A) 24, 48, and 72 hours and (B) at 24 hours in HEK 293 cells, n=2. Actin was used as the loading
control. The N-terminus antiRAGE 9A11 antibody was used to determine expression in FL-RAGE
and DNRAGE. For all other RAGE domain deletion variants, including FL-RAGE, expression
was detected using the C-terminal antiRAGE D1A12 antibody.
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Using the D1A12 antiRAGE antibody, which recognizes the C-terminal cytoplasmic
domain of RAGE, some proteolytic processing of the extracellular domain of FL-RAGE, AV-
RAGE, and AC1-RAGE was detectable. The detected fragments were observed to have molecular
weights ranging from 2515 kDa. The result from other experiments performed is provided in
appendix figure A4.

Data from the Western blot analysis showed that at the 24-hour time point, cells had the
maximum expression of these variants.

Localization of the RAGE variants using immunofluorescence analysis

Immunofluorescence was used to visualize the localization of the different RAGE variants.
Representative microscopic images are shown in figure 3.8. FL-, DN-, ACI1-, and AC2- RAGE
localized exclusively to the plasma membrane. Images for (AV and TmCyto)- RAGE showed
intracellular localization as intense fluorescence was observed in the cytoplasmic regions of the
cell. Also, the TmCyto-RAGE variant shows some plasma membrane localization, as well as some
nuclear localization. Additional images from different experiments representing the localization

of the RAGE variants are provided in appendix figure A5.
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AC1-RAGE

AV -RAGE

Figure 3.8: Confocal microscopy images of HEK 293 cells expressing the FL-RAGE and different
domain deletion variants.

For the DN-RAGE construct antiRAGE 9A11 antibody was used, and for all other constructs,
antiRAGE D1Al12antibody was used. The images are taken at 40X objective using Olympus
FV3000 at the same exposure time. Images adjacent are enlarged images indicated with arrows to
highlight the different localization of these variants in the cells.
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Quantitative cellular localization of domain deletion RAGE variants by flow cytometry

Flow cytometry was used to quantitatively measure the distribution of plasma membrane
versus intracellularly localized RAGE variants. The cells were analyzed either with their plasma
membrane intact to quantify the amount of cell surface localized RAGE or after membrane
permeabilization, which allows antibody binding to both intracellular and cell surface exposed
RAGE. Results are shown in figure 3.9 and table 3.1. The data shows that FL-RAGE and AC2-
RAGE are almost exclusively expressed on the cell surface, 85% and 80% of cell surface
expression, respectively. DN-RAGE and ACI-RAGE showed slightly lower cell surface
expression, 78%, and 75%, respectively. The analysis of the AV-RAGE variant was hampered by
the fact that we could not identify an antibody that would bind to the RAGE C1- or C2- domain.
The engineered flag tag on the TMCyto domain was not recognized by two commercial anti-flag
antibodies for unknown reasons and could not be used for flow cytometric analysis. Also, the
antiRAGE antibody D1A12 recognizes the epitope at the C terminal; we, therefore, could not
measure the cell surface presence of either AV- or TmCyto-RAGE, and whether a fraction of the
protein is localized to the cell surface remains unclear. However, we were able to determine the
percentage of increased FL1-A signal in AV- and TmCyto-RAGE compared to mock using
antiRAGE D1A12 antibody in permeabilized conditions. The signal was observed to be about

80+5% and was comparable to the signal from FL-RAGE under the same conditions (Figure 3.10).
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Figure 3.9: Flow cytometry dot blots of HEK 293 cells transiently transfected with mock, FL-
RAGE, DN-RAGE, AC1-RAGE, and AC2-RAGE.

The left column shows flow cytometry dot plots in non-permeabilized conditions and the right
column in permeabilized conditions. The gating was performed using mock in both non-
permeabilized and permeabilized conditions. The percentage cell population with increased FL1-
A signal is compared to mock and as considered the qualitative representation of the transfected
cells. One representative example of three experiments (n=3) performed is shown.
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Table 3.1: Percentage of cell surface localized RAGE in FL-, DN-, AC1-, and AC2-RAGE variant
transfected HEK 293 cells.

RAGE variants % Cells with increased % Cells with increased % Localized to the

FL1-A signal FL1-A signal compared cell surface
compared to mock in to mock in (FNP/FP)*100
Non-permeabilized permeabilized
condition (FNP) condition (FP)
FL-RAGE 7045 80+6 ~ 85
DN-RAGE 68+7 95+3 ~78
AC1-RAGE 54+8 68+4 =75
AC2-RAGE 62+4 707 ~ 80

The percentage of protein localized to the cell surface was estimated by dividing the gated FL1-
A signal in non-permeabilized to the permeabilized condition. Results from three individual
experiments are displayed as mean and SEM.
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Figure 3.10: Flow cytometry dot blot of HEK 293 cells transiently transfected with AV-RAGE
and TmCyto-RAGE under permeabilized conditions using antiRAGE D1A12 antibody.

The gating was performed using mock in both non-permeabilized and permeabilized conditions.
The percentage cell population with increased FL1-A signal is compared to mock and considered
as the qualitative representation of the transfected cells. One representative example of three
experiments (n=3) performed is shown.

Discussion
Our study demonstrates the successful expression of FL-RAGE and five domain deletion

variants in HEK293 cells. We chose HEK 293 cells as our study model due to their ability to
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express various recombinant proteins, including RAGE. Hence, HEK 293 cells serve as a reliable
platform to look at the contribution of recombinantly expressed RAGE, as HEK 293 cells also do
not express endogenous RAGE (207,229). Western blot analysis using RAGE D1A12 antibody
indicates partial proteolytic processing of about 30% in (FL, AV, and AC1)-RAGE variants at a
24-hour time point. Although we see different degradation rates in these variants, it could be due
to variations in the proteolytic processing between samples. Based on the molecular weights of the
detected RAGE fragments, cleavage could occur between the C1- and C2-domain. This site of
cleavage appears to be distinct from the proteolytic cleavage of RAGE associated with membrane
shedding mediated by MMP9 and ADAM 10 (230,231). The expression of the variants DN-RAGE
and TmCyto-RAGE was found to be completely abolished at 48-hour and 72-hour time points.
This could be possibly due to proteolytic processing of the variants producing SRAGE from DN-
RAGE and the intracellular cytoplasmic domain from TmCyto-RAGE (232,233). The C2 and the
transmembrane region were also reported to be important in maintaining the structure and
functioning of the receptor (125,234). Proteolytic processing or misfolding in this region might
have impacted the expression of DN- and TmCyto-RAGE after 24 hours. This also explains why
the FLAG tag could not be recognized in the TmCyto variant by two different commercial
antibodies, as it might have been cleaved after being expressed.

Confocal immunofluorescence microscopy also confirmed the successful expression of all
the RAGE variants. Surprisingly, not all variants were translocated to the plasma membrane. While
the (FL, DN, ACI1, and AC2)-RAGE shows clear localization at the plasma membrane, two
variants appear to have intracellular localization. The AV domain variant was located in the
cellular space between the plasma membrane and the nucleus, with a granular distribution. Since

no further investigation was performed on the sub-cellular localization of AV-RAGE, it could be
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possible that the protein is associated with the endoplasmic reticulum or Golgi apparatus rather
than homogeneously distributed in the cytoplasm. Further studies will be necessary to pinpoint the
localization of the AV domain variant and to understand why it is not successfully translocated to
the cell surface. It also opens up a possible hypothesis that the V domain of RAGE might be
required for trafficking the receptor to the plasma membrane. Studies also reported that the V
domain containing 2 glycosylation sites and cysteine disulfide linkage is involved in the
dimerization of the receptor, which is critical for cell surface localization (107,122,141). The
TmCyto-RAGE variant showed a cellular localization different from AV-RAGE and the
membrane-localized RAGE variants. In addition to intracellular localization, there was also
evidence that the protein was partially translocated to the nucleus.

Flow cytometry analysis was performed to estimate the amount of RAGE on the cell
surface of FL-, DN-, AC1-, and AC2-RAGE. The comparison of the fluorescence intensities of
non-permeabilized and permeabilized cells revealed slightly higher fluorescence intensity for the
permeabilized cells. The result demonstrates that these RAGE variants were predominantly
expressed at the cell surface. Since there were no other commercial antibodies targeting the C1 or
the C2 domain of RAGE, we could not report on the percentage of membrane-bound protein for
the AV -RAGE variant. Knowledge of the expression and localization of different domain deletion
variants of RAGE is important for subsequent studies which explore the role of individual domains

of RAGE in mediating cell adhesion and cell spreading.
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Effect of RAGE expression in mediating cell-cell contacts on collagen 1V coated surface

Experimental design
Determining RAGE-RAGE or RAGE-nonRAGE contacts on mixed cell population

HEK 293 cells stably expressing full-length (FL-) RAGE was transiently transfected with
a plasmid encoding the red-fluorescent protein (RFP), pcDNA3_RFP (RAGE HEK 293-RFP). The
wild type (WT) HEK 293 cells were transiently transfected with a plasmid encoding the green
fluorescent protein (GFP), pcDNA3_GFP (WT HEK 293-GFP) with transfection conditions as
described under general methods chapter 2 (Figure 3.11). After 24 hours of transfection, cells from
these two populations were mixed at equal cell densities and were seeded onto collagen IV
(5pg/ml; R&D Systems # 3410-010-01) coated u-dish (Ibidi, 35mm). The cells were allowed to
attach for 48 hours, and the nucleus was stained using Hoechst 33342 (Invitrogen). Five different
fields were selected and imaged from a single p-dish using a Zeiss confocal microscope LSM700
using default laser settings with appropriate wavelengths. The pinhole for the laser was set to
0.2um, and the exposure was kept constant for each fluorophore ranging from 550 — 600 mV for
this study. The exported images from the Zen software were analyzed for RAGE-RAGE and
RAGE-nonRAGE contacts. The cells were identified as RAGE HEK 293 or WT HEK 293 based
on the type of fluorescence, and cells that had no fluorescence with just nuclei stained were
considered nontransfected. The cell contacts formed from these cells with other cells, i.e., RFP
(RAGE HEK 293 cells), GFP (WT HEK 293 cells), or nontransfected cells, were determined using
Image J software. The percentage of RAGE-RAGE and RAGE-nonRAGE were calculated by
dividing the sum of RFP-RFP/ RFP-GFP/ GFP-GFP/ RFPor GFP with nonfluorescent contacts by
the total number of contacts made from RAGE HEK 293 for the RFP expressing cells or WT HEK

293 cell for the GFP expressing cells.

57



Stably transfected Wild type

RAGE Hek 293 cells Hek 293 cells
Transiently transfected Transiently transfected
using RFP using GFP

[ | J
|
Equal number of viable transfected cells from both
RAGE Hek 293 (RFP)and WT Hek 293 (GFP)

population are seeded on a p dish coated with collagen
IV and imaged after 48 hrs.

‘ Expected outcome

25% 50% 25%

Figure 3.11: Schematic representation of the RAGE-RAGE and RAGE-nonRAGE association
study.

Results
RAGE expressing cells preferentially formed RAGE-RAGE contacts during cell-cell adhesion
in the presence of collagen 1V

Before determining the type of cell-cell contact RAGE expressing cells form when placed
in contact with nonRAGE expressing cells, the surface localization of RAGE was assessed in
RAGE HEK 293 cells using immunofluorescence imaging. Staining these cells with C-terminal
antiRAGE D1A12 antibody demonstrated that RAGE is mostly membrane bound although the

cytoplasmic region in the cells showed a faint and diffused fluorescence signal (Figure 3.12).
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Figure 3.12: Confocal microscopy image of RAGE HEK 293 cells stained with c-terminus
antiRAGE D1A12 antibody on collagen 1V coated surface.

RAGE was detected mainly on the cell surface upon FITC counterstaining the RAGE HEK 293
cells (HEK 293 cells stably transfected with full-length RAGE) with intense staining between cell
clusters pointed by arrows.

From the image analysis, most of the cell clusters were formed by RAGE HEK 293-RFP
cells (Figure 3.13). The total number of contacts made from RAGE HEK 293 and HEK 293 cells
accounted for 876 (Table 3.2), out of which 359 (~ 41%) were from RAGE-RAGE contacts, i.e.,
RFP-RFP. The contacts made from WT HEK 293 cells, i.e., GFP-GFP, accounted for 157 (~18%)
of the total cell contacts. It suggests that RAGE HEK 293 cells mediate cell-cell adhesion by
preferentially forming RAGE-RAGE contacts and not through RAGE-nonRAGE association. It
was also observed that the total number of cell contacts formed from RAGE HEK 293 cells was
twice more than WT HEK 293. From this data, we could infer that RAGE expression leads to
increased formation of cell-cell contacts (235). The non-transfected cells were identified by their
stained nucleus, which is referred to as nonfluorescent cells. The total cell contacts made from
RAGE HEK 293-non fluorescent and WT HEK 293- nonfluorescent constituted 25% of the total

cell contacts (Figure 3.14).
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Figure 3.13: Confocal microscopy images showing cell-cell adhesion in RAGE HEK 293 and
HEK 293 cells.

The cells were transiently transfected with plasmids encoding the red fluorescent protein (RFP)
for RAGE HEK 293 and green fluorescent protein (GFP) for HEK 293. Cells were seeded in equal
numbers from the two populations and imaged after 48hrs. RAGE expressing cells formed cell
clusters indicated by arrows in the following images. Scale bar 20pum. For a single experiment,
five images were taken from different fields, and a total of 4 independent experiments (n=4) were
performed, which are represented as A, B, C, and D (Refer to appendix Figure A5).
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Table 3.2: Quantitative analysis of the identified cell-cell contacts between RAGE HEK 293 (RFP
expressing) and WT HEK 293 (GFP expressing) cells.

Fluorescence type only RFP  Only GFP RFP-GFP nuclear stained
Contacts RAGE WT HEK RAGE/ WT RAGE/WT HEK 293 Total
HEK 293 293 cells HEK 293 with Nonfluorescent ~ Contacts
cells cells cells
RAGE HEK 293 359 157 140 917 476
HEK 293 (~41%)  (~18%) (~16%) (~25%)

Cells were counted for all 20 images from four different experiments.

PERCENTAGE ESTABLISHED CELL CONTACTS

RAGE-nonRAGE

16%

Figure 3.14: Percentage of different cell-cell contacts; RAGE-RAGE, RAGE-nonRAGE,
nonRAGE-nonRAGE, and nonfluorescent cells.

RAGE-RAGE association accounted for the maximum percentage of contacts made (~41%);
RAGE-nonRAGE and nonRAGE-nonRAGE accounted for approximately 16% and 18%.

Discussion

Immunofluorescence imaging in RAGE HEK 293 cells showed that RAGE was highly
clustered at cell-cell contact sites, which agrees with previous studies (200,207). The results from
investigating the type of cell contacts associated with RAGE-mediated cell adhesion showed cells

preferentially formed homophilic or RAGE-RAGE interaction. The primary reason behind
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choosing collagen 1V is that it is the primary collagen found in the extracellular basement
membranes separating a variety of epithelial and endothelial cells (205,207,236) and RAGE
contributes to inflammatory signaling in these cells. Indeed when combined in a mixed cell
population, RAGE expressing cells preferentially interact with other RAGE expressing cells and
not with nonRAGE cells on collagen IV coated surface. From our study, we estimated that 41%
of the total established cell contacts came from RAGE expressing cells. From the image analysis,
we expected that the contacts made from RAGE-nonRAGE could account for the maximum
percentage of the total cell contacts. However, the observed data showed that <18% of the total
cell contacts were made between RAGE HEK 293 and HEK 293 cells.
Effect of RAGE domain deletion variants on cell adhesion and cell spreading on ECM
proteins

Experimental design
Cell-matrix adhesion assay

The cell-matrix adhesion experiments with the RAGE domain deletion variants were
performed using the Xcelligence real-time cell analyzer dual plate (RTCA DP, Agilent), as well
as the traditional multi-well plate assay using the ECM proteins indicated under methods in
Chapter 2. The RTCA-DP Instrument consists of two components: the RTCA Control Unit (a
computer that runs the instrumental software) and the RTCA DP Analyzer, which holds three
integrated stations for measuring cell responses in parallel or independently (Figure 3.15). The
instrument is operated in a standard cell culture incubator, and the control unit is housed outside.
It records the signal as cell impedance or cell index (), which is the measure of resistance to the

electrical current flow. The change in cell impedance is proportional to the change in cell adhesion.
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Figure 3.15: Schematic workflow of the Xcelligence RTCA dp system, Agilent.
Modified from (237).

The Xcelligence RTCA E16 well plate comes with either a glass or polystyrene (PET)
surface. A control experiment was performed to determine the (1) appropriate type of E-16 well
plate to be used, (2) if coating the plate surface with ECM proteins interferes with the measurement
of the cell impedance value, and (3) to determine the appropriate number of cells to be seeded.
The readings from PET E16 well plate showed less background compared to the glass surface with
ECM coatings. The PET E16 well plate also had cell index/cell impedance Z that gradually
increased relative to the number of cells seeded compared to the glass surface (Figure 3.16). Based
on our control experiment, the PET surfaced E-16 well plate with 5000 cells/well in 200 pl showed

the expected outcome with less variation between replicates.
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Figure 3.16: Plot of cell index/cell impedance value (Z) at 30 min time point between glass and
plastic surface type E-16 well plates with different cell densities.

For the cell-matrix adhesion assay, the wells of the E-16 well polystyrene plate
(#300600890) containing sensor gold electrodes were coated with collagen IV (5ug/ml; R&D
Systems # 3410-010-01) and incubated for 2 hours at RT. After washing the wells with FBS free
DMEM media, a background reading was recorded with the instrument with 50 ul of complete
DMEM media with FBS, and cells at a density of 5000 in 150 ul of media were seeded. The
measure of cell adhesion was recorded as the change in cell impedance value (Z) for a time period
of 6 hours. The plate assay was performed as described under cell adhesion assay in chapter 2, and

for statistical analysis, the student t-test method was used.
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Cell spreading assay

The cell spreading assay was performed as described in chapter 2. The cell spread pattern
was compared between the mock and RAGE variants using ImageJ software. A total of 3
independent experiments were performed, and statistical significance was determined using the
student t-test.
Results
The presence of only the cytoplasmic domain of RAGE enhanced cell adhesion to ECM
proteins

Data from the RTCA on the collagen IV coated surface (Figure 3.17) showed that FL-
RAGE transfected HEK 293 cells had a steady increase in the cell impedance value with time. The
changes were prominent within the first 30 min of the experiment, 0.05 Q compared to the mock
transfected cells, which showed an impedance of about -0.05 Q. At 6 hours (300 min) time point,
the FL-RAGE expressing cells reached an impedance value (Z) of 0.5 Q and was significant
compared to the mock. It was noticed that deleting individual domains on the extracellular region
of RAGE lowered the cell impedance compared to the FL-RAGE variant. In particular, deleting
the C1 or the C2 domain (AC1 & AC2) of the RAGE showed a lower impedance value of 0.1and
0.15 Q compared to deleting the V domain (AV), which had slightly higher impedance Z = 0.2 Q
at 6 hours. Surprisingly, removal of the cytoplasmic domain, in the case of the DN-RAGE
construct, seems to have no effects on cell adhesion, and the cell impedance over time followed a
pattern that was identical to the mock transfected cells, which had an impedance value of 0.1 Q.
This demonstrates that the extracellular domains of RAGE have very little role in modulating cell
adhesion to collagen IV. The above observation was further supported by the fact that the TmCyto

variant, which lacks the entire ectodomain of RAGE, had an impedance value that was comparable
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to that of the FL-RAGE. The impedance value from TmCyto HEK 293 cells exceeded that of the

FL-RAGE HEK 293 cells within the first 25 min and, after 6 hours, showed a value of Z = 0.6 Q.
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Figure 3.17: Plot of Xcelligence RTCA data showing cell adhesion of HEK 293 cell transiently
transfected with RAGE variants to collagen IV at 30 min and 6 hours.

The cell impedance (Z) is directly proportional to the change in cell adhesion. This graph
represents the averaged Z values from three independent experiments (n=3). Statistical analysis
was performed using the Student t-test; *p<0.05.

66



RTCA cell adhesion plot - collagen IV

(6 hours)
1.2
=i | -RAGE

o 1 m———TmcYto
=
c == \oCk
>
N 0.8 =—=—DN-RAGE %
]
&) m———Del C2
% *
ki 06 | e Dl v
g' = De| C1
— 04
©
@)

0.2 —_—

O L
-0.2
0 50 100 150 200 250 300 350

Time (min)

Figure 3.17: Plot of Xcelligence RTCA data showing cell adhesion of HEK 293 cell transiently
transfected with RAGE variants to collagen IV at 30 min and 6 hours (continued).

The cell impedance (Z) is directly proportional to the change in cell adhesion. This graph
represents the averaged Z values from three independent experiments (n=3). Statistical analysis
was performed using the Student t-test; *p<0.05.

Interestingly, repeating the same experiment with matrigel coated surface showed no
significant change in impedance over time between (FL-, DN-, TmCyto-) RAGE variants and the
mock transfected cells (Figure 3.18). It was also noticed that Z values after 5 hours in FL- and

TmCyto- RAGE variants were 10 times lower in matrigel (Z = 0.03 Q) coated surface compared
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to collagen 1V. Also, from the plots, it was observed that the impedance after 3 hours did not show

a steady increase and resembled a stationary adhesion phase. The data implies that these RAGE

variants do not contribute to cell adhesion in the presence of matrigel or have the same rate of

adherence.
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Figure 3.18: Plot of Xcelligence RTCA data showing cell adhesion of HEK 293 cell transiently
transfected with RAGE variants (FL-, DN-, TmCyto-) and mock to matrigel for 5 hours.
Matrigel is a commercially available matrix derived from a mouse tumor rich in laminin, collagen,
and other ECM proteins. This graph represents the averaged Z values from three independent
experiments (n=3). Statistical analysis was performed using the Student t-test; *p<0.05.

68



Plate assay cell adhesion plot - collagen IV

100

MOCK

80 DN-RAGE

F-RAGE *%
TmCyto —

% adhered viable cells

5 min 10 min 20 min
Time Points
Plate assay cell adhesion plot - fibronectin Plate assay cell adhesion plot - collagen |
100 100
B WMOCK
B WMoCK B DN-RAGE
80 B DN-RAGE Wik s B FRAGE
B F-RAGE B TmCyto

Ly B TmCyio % =
o o
@ O
= g %
I & *%
= = —
B T X% *kk *k
[ 'S
[ 1] a
= =
=] T
-1 "
= ES

5 min 10 min 20 min 5 min 10 min 20 min

Time Points Time Points

Figure 3.19: Plots of cell adhesion plate assay data in HEK 293 cell transiently transfected with
RAGE variants (FL-, DN-, TmCyto-) and mock to different ECM proteins.

Cell adhesion of FL-RAGE, DN-RAGE, TmCyto-RAGE, and mock transfected WT HEK 293
cells to collagen 1V (top center), fibronectin (bottom left), and collagen | (bottom right) coated
surface. This plot represents the average of three independent experiments (n=3). Statistical
analysis was performed using Student t-test; *p<0.05, **p<0.01, ***p<0.001.
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A cell adhesion plate assay was performed on the collagen 1V coated surface and compared
to adhesion data from the RTCA DP system for (FL-, DN-, TmCyto-)RAGE variants and mock
transfected cells (Figure 3.19). The data showed a similar change in adhesion pattern with FL- and
TmCyto variants showed the highest adherence (57% and 65%) corresponding to the 20 min time
point. The adherence of DN-RAGE was observed to increase with time, reaching a maximum
adherence of 35%, slightly higher than mock (30%) but was not found to be statistically significant.
Comparing the adhesion of these 3 RAGE variants (FL-, DN-, & TmCyto-) to other important
ECM proteins in physiology, collagen | and fibronectin showed similar adherence patterns as for
collagen 1V. With fibronectin coated surface, the TmCyto and FL-RAGE variants reached a
maximum adherence of 60% and 45% after 20 min compared to collagen I, which showed 40 %
adhered cells. Overall, the results suggest that only the cytoplasmic domain is critical in RAGE-
mediated cell adhesion to ECM proteins. It also suggests that RAGE contributes preferential

binding to different ECM proteins, which follows the order of collagen 1V > fibronectin > collagen
l.

Enhanced cell adhesion by the cytoplasmic domain is followed by increased cell spreading to
ECM proteins

The cell adhesion phenomenon between cell-cell and cell-ECM is often accompanied by
cell spreading. We investigated if the effect on adhesion from FL- and TmCyto-RAGE variant
construct to different ECM proteins was linked to cell spreading. Here, we compared the spreading
pattern of FL-RAGE, TmCyto, and DN-RAGE to that of the mock-transfected cells on collagen
IV, fibronectin, collagen I, and Matrigel coated surfaces (Figure 3.20). Images from cell spreading
assays showed that the FL-RAGE and TmCyto RAGE variants showed polarized cell morphology

and covered maximum surface area in collagen 1V, fibronectin, and collagen I. Although there
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were few cells in the images that resembled circular morphology, most of the cells had a dense,
almost neuronal-like, spread pattern. Mock and DN-RAGE transfected cells showed circular
spread patterns, with most of the cells sparsely attached to the surface and covering a smaller area.
Images from the matrigel coated surface showed no change between the RAGE variants FL-, DN-
, and TmCyto to the mock. Cells appeared circular in morphology and were observed to be spaced
apart from one another.

The images from the cell spreading assay were represented quantitatively by calculating
the circularity of the cells using ImageJ software (Figure 3.21). The circularity value for TmCyto-
and FL-RAGE variants ranged between 0.5-0.55 for all the tested ECM proteins except for
matrigel (0.9). Mock and DN-RAGE, which appeared to be round in morphology, were observed
with circularity values > 0.8. BSA coated surface was used as the control surface where the RAGE
variants and mock had equal circularity value ~0.9.

The cell spreading image analysis data demonstrates that adhesion and spreading patterns
are linked and follow one another. In the case of FL- and TmCyto-RAGE enhanced cell adhesion
is followed by increased cell spreading in all the ECM proteins used in the study except for
matrigel. Mock and DN-RAGE resulted in no significant changes in adhesion and spreading

behavior to all tested ECM proteins
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Figure 3.20: Microscopy images from cell spreading assay in HEK 293 cell transiently transfected
with RAGE variants (FL-, DN-, TmCyto-) and mock to different ECM proteins.

WT HEK 293 cells transfected with mock and (FL-, DN-, and TmCyto-) RAGE variants seeded
onto different ECM protein coatings and imaged after 3 hrs. Results from the image analysis
demonstrated that FL-and TmCyto-RAGE variant transfected cells had enhanced spreading
compared to DN-RAGE variant and mock to all tested ECM coated surfaces except for matrigel.
The DN-RAGE variant showed behavior similar to the mock with circular-shaped cells with no
spread pattern, (n=2) scale bar 25um.
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Figure 3.21: Quantitative analysis of circularity of cells transfected with RAGE variants (FL-,
DN-, TmCyto- RAGE) and mock transfected cells.
The bar graph represents the average cell circularity values from two independent experiments
(n=2) using Image J software. A circularity value of 1 denotes the perfect circular shape of a cell.
Statistical analysis was performed using the student t-test; *p<0.05, **p<0.01, ***p<0.001.
Discussion

Based on our data from cell adhesion and cell spreading assays, RAGE was found to
mediate cell adhesion that is independent of its extracellular domain. Past studies on RAGE have
suggested that its extracellular domains mediate cell-cell and cell-matrix adhesion
(104,145,207,227,238). Our data demonstrated that the DN-RAGE variant, which contained all
the extracellular domains of RAGE (V, C1, and C2), behaved similarly to mock transfected cells

in adhesion on collagen 1V, collagen I, and fibronectin coated surfaces. The results of the cell
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adhesion assay correlated with the cell spreading assays where DN-RAGE variant transfected cells
adapted circular in morphology with no apparent spreading onto these ECM coated surfaces
(collagen 1V, collagen I, and fibronectin). However, the deletion of individual extracellular
domains AV, AC1, and AC2 resulted in differences in cell adhesion. Particularly, deleting C1 and
C2 domains affected cell adhesion more than deletion of the VV domain. Interestingly, the presence
of the cytoplasmic domain was found to be important for RAGE mediated cell adhesion and cell
spreading to ECM. The FL-RAGE and TmCyto variant showed comparable rates of adherence,
suggesting that the transmembrane and the cytoplasmic domains of RAGE could function
independently without the extracellular domains. The surface localization in the RAGE variants;
DN-, AC1-, and AC2 did not correlate with cell adhesion or cell spreading to ECM. The AV and
the TmCyto variants both showed predominant intracellular cytoplasmic localization.

The cytoplasmic domain of RAGE was reported to share no considerable homology with
other receptors and possesses no endogenous receptor tyrosine kinase activity. Previous studies
reported that the cytoplasmic domain is needed for effector proteins like Diaphanous 1, DOCK?7,
and ERK1/2 to carry out downstream signaling (141,239-241). The binding of these effector
proteins was mapped to residues R366/Q367 of the RAGE cytoplasmic domain. Truncation of the
RAGE cytoplasmic domain via alternative splicing (DN-RAGE) prevented RAGE ligands from
activating signaling cascades. DN-RAGE was reported to act as the decoy receptor of RAGE.
Expression of FL-RAGE in glioblastoma cells induced the formation of dendritic pseudopodia and
increased cell adhesion, whereas DN-RAGE expression was devoid of these changes
(119,134,240,242). Pseudopodia are protrusive structures formed at the leading edge of cells that
can drive cancer cell migration and adhesion. Recent studies also suggest that RAGE can modulate

the expression of various cell adhesion molecules and collagen genes to signal cell migration and
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adhesion (165,243). Interestingly from our data, we also observed a preferential binding of FL-
and TmCyto- RAGE variants to different ECM proteins, collagen 1V was the most preferred
ligand. Studies reported that conditional overexpression of RAGE in alveolar epithelial cells
decreases collagen IV, and this gives a possible explanation behind increased cell adherence (244).
Our study also found significant adhesion to collagen I and fibronectin coated surfaces in FL- and
TMCyto-RAGE variants.

The results from our cell spreading data for FL- and TmCyto-RAGE variants showed
polarized cell morphology on all tested ECM proteins except for matrigel. Matrigel does not seem
to affect the changes in cell adhesion or spreading of these RAGE variants. Matrigel is an ECM
mixture containing many factors, including nidogen, collagen IV, and laminin. From our data, it
was observed that matrigel does not appear to function as a ligand for RAGE. This observation is
similar to other studies on RAGE, where authors have shown that cells expressing FL-RAGE
showed no observable change in the adhesion to matrigel (207,242). Overall, our data demonstrate
that the RAGE cytoplasmic domain is critical for sustained cell adhesion and increased spreading
to ECM proteins.

Conclusions

The goal of this chapter was to elucidate the role of different domains of RAGE in cell-
matrix adhesion and spreading. In the first part of the chapter, we constructed domain deletion
variants of RAGE (FL, AV, AC1, AC2, DN, and TmCyto). We then investigated these variants
expression and localization in HEK 293 cells.

We utilized Western blotting to monitor the expression of those variants using two different
epitopes targeting antibodies (N-terminus RAGE9A11 and C-terminus RAGE D1A12) at different

time points. Variants FL- AV-and AC2- RAGE showed signs of proteolytic cleaved products.
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Ectodomain shedding has been reported on RAGE from metalloproteinases, and it has been
proposed to play a significant role in RAGE mediated adhesion and migration (131,196,231).
Imaging of the variants (FL, AC1, AC2, and DN)- RAGE showed membrane localization as
expected, and the total proteins expressed from these variants localized on the cell membrane.
However, deleting the V domain from RAGE appeared to affect the membrane localization of the
receptor with variants (AV and TmCyto)- RAGE showing intracellular localization. Interestingly,
deletion of all the extracellular domains from RAGE in the TmCyto variant showed partial nuclear
localization. It highlights the importance of the V domain towards membrane localization of
RAGE (122). As reported in other studies, we found that deletion of the C2 domain did not seem
to affect the surface localization of RAGE. It shows that the formation of intermolecular disulfide
bonds in the C2 domain is not essential for RAGE surface localization in HEK 293 cells (123).
This could be possible because RAGE expression and function are altered in different cells (119)

Next, we investigated if RAGE mediates homophilic interactions in collagen 1V coated
surfaces. For this, we used HEK 293 wild type cells that do not express endogenous RAGE (Figure
3.7) as well as HEK 293 cells that over express RAGE. Based on the clustering pattern, RAGE
was observed to increase cell-cell contacts between RAGE-RAGE expressing cells (summarized
in Figure 3.22). This emphasizes the involvement of selective interactions between the RAGE
expressing cells, and we suspect that this might be the reason behind increased RAGE clustering

in cell-cell contacts.
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Figure 3.22: Schematic illustration of results of cell-cell contacts formed from wild type and
RAGE expressing HEK 293 cells on collagen IV coated surface.

Cell clusters/aggregates were mostly formed by RAGE HEK 293 cells and formed preferential

homophilic interaction. Wild type HEK 293 formed fewer cell clusters, and analysis showed fewer
heterophilic interactions between the cells.
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Figure 3.23: Overall findings from chapter 3 on the effect of RAGE variant expression on cell
adhesion and cell spreading to ECM in HEK 293 cells.

Expression of FL-RAGE and TmCyto-RAGE increased cell adhesion and cell spreading to ECM
proteins in comparison to DN-RAGE variant, which completely abolished cell adhesion and
spreading effect. These results indicate RAGE mediates signaling to cell adhesion and cell
spreading that is independent of the presence of its extracellular domains.

The effect on adherence from these RAGE variants to different extracellular matrix
proteins was also determined. We found that of all variants, the DN-RAGE was found to have the
lowest adhesion and was comparable to the mock. Deleting individual extracellular domains
showed decreased cell adhesion compared to FL-RAGE. Interestingly the TmCyto variant showed
adhesion that was comparable to that of the FL-RAGE variant. The pattern in adhesion was similar
in the presence of all tested ECM proteins collagen IV, collagen I, and fibronectin but was different
in the presence of matrigel. The RAGE variants showed no adhesion changes on matrigel coated
surface and showed adhesion behavior similar to the mock. The natural outcome that follows cell

and ECM interaction is cell spreading. We observed that the cell spreading effects in FL-, DN-,

78



TmCyto- RAGE variants mirrored cell adhesion effects. The results of our study do not refute the
published work but guide us to the possibility that there exist other mechanisms of RAGE which
can signal independently of extracellular domains (summarized in Figure 3.23). Based on our data,
membrane bound RAGE was not required to modulate cell-ECM interactions. Our data suggest
that RAGE signaling results in enhanced cell adhesion through regulating the expression of other

cell adhesion relevant proteins.
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CHAPTER 4. RAGE EXPRESSION IN HEK 293 CELLS SHOWS EVIDENCE FOR
INTRAMEMBRANE PROTEOLYSIS OCCURRENCE FOLLOWED BY NUCLEAR
TRANSLOCATION
Introduction

In chapter 3, we concluded that the presence of the cytoplasmic domain of RAGE is
important for enhanced cell adherence and cell spreading on different ECM proteins. Furthermore,
data from the Western blot analysis on the expression of RAGE variants demonstrated occurrences
of proteolytic cleavage in RAGE. Based on previous studies on RAGE shedding and from our
data, we suggest that intramembrane proteolysis of RAGE might be responsible for mediating
adhesion, independent of its extracellular domain.

Ectodomain shedding and regulated intramembrane proteolysis (RIP)

Cell adhesion proteins activate various signaling cascades and play an important role in
pathophysiology. Recent studies also suggest that these proteins interact with the
microenvironment through several mechanisms. One such regulatory mechanism is the proteolytic
release of the extracellular domain or ectodomain shedding. Ectodomain shedding is an
irreversible posttranslational mechanism that liberates the extracellular domain region of a
transmembrane receptor (245-247). During ectodomain shedding, a protease, also called sheddase,
cleaves a membrane receptor close to or within its transmembrane domain. This results in 2
fragments of the protein (1) a soluble extracellular form and (2) a membrane bound form consisting
of a transmembrane and a cytoplasmic domain (248). Proteases that are reported to have a
sheddase-like function are grouped into two major classes; ADAMs (a disintegrin and

metalloproteinase) and matrix metalloproteinases (MMPSs) (249).
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The first sheddase characterized was the transmembrane enzyme responsible for cleaving
tumor necrosis factor o (TNFa) and is known as the TNFa-converting enzyme or ADAM17. More
than half of the ADAM family members possess zinc-dependent protease activity, including
ADAMS, 9, 10, 12, 15, 17, 19, 20, 21, 28, 30, and 33. These proteases share a typical consensus
sequence (HEXGHXXGXXHD) present in zinc-binding proteases (250). Other members of the
ADAM family including ADAM10 were reported to cleave cell surface proteins that are integral
key components of adherent junctions like E-cadherin (251) and N-cadherin (252). The proteolytic
cleavage was reported to be crucial for regulating cell-cell adhesion and B-catenin signaling. The
matrix associated MMPs such as MMP7 and MMP9 cleave E-cadherin and influence receptor
mediated cell-cell adhesion and cell migration (253,254). The membrane type MMPs were also
reported to associate with surface proteins via lipid anchors directly or to reside at the cell surface
by binding to other transmembrane proteins. MMP 14 transmembrane metalloproteinase mediates
the shedding of CAMs, including CD44 and syndecan-1. The ectodomain shedding process is
tightly controlled in a spatial and temporal manner by allowing interactions of specific substrates
and sheddases (248).

The remaining membrane-embedded protein fragment resulting from the ectodomain
shedding is cleaved within its transmembrane domain by a family of proteins known as
intramembrane-cleaving proteases (iCliPs), leaving soluble cytoplasmic protein fragment. This
sequential proteolytic cleavage event is named the regulated intramembrane proteolysis (RIP)
(255). The ectodomain shedding of the transmembrane receptor contributes to the initial half of
the RIP process. The second half involves the iCliPs that cleave inside the TM region. There are
four main families of iCliPs; the zinc metalloproteases (of which S2P is the only known member),

aspartyl proteases that include the presenilin [Presenilin 1 (PS1) or Presenilin 2 (PS2)]-contained
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gamma (y)-secretase protease complex, serine or rhomboid proteases and the recently identified
glutamate protease (256). Of these proteases, y-secretase is the best studied and characterized
protease. The y-secretase proteases form high molecular weight tetrameric protein complexes
consisting of PS1 or PS2, nicastrin, anterior pharynx defective-1 (Aph-1) and presenilin enhancer-
2 (Pen-2). Studies have demonstrated that these four components of y-secretase cross-regulate
each other, and deregulation of any of the components destabilizes the other and interferes with
protease maturation (256).

The best studied and characterized RIP substrates include amyloid precursor protein (APP)
(257), Notch (258), CD44 (259), and epithelial cell adhesion molecule (EpCAM) (260). y-
secretase was also reported to act on substrates that lack prior ectodomain shedding. This
phenomenon was first discovered in the B cell maturation antigen (BCMA), in which y-
secretase activity was reported within its TM domain when its short 54 amino acids ectodomain
was still intact (261). The generation of y-secretase cleaved protein fragments from various RIP
substrates is believed to be a mechanism that contributes to important biological functions like (1)
translocating the liberated intracellular cytoplasmic domain (ICD) of the receptor in the nucleus,
which signals to regulate gene transcription; (2) enabling the removal and degradation of protein
fragments from biological membranes; (3) guiding the spatial segregation of biologically distinct
signaling pathways initiated by a RIP substrate (262). The ICD of several RIP substrates contains
nuclear localization signals (NLS) which mediate the translocation of cleaved ICD into the nucleus
of cells. Ectodomain shedding and RIP are reported to play a major role in pathogenesis by
controlling the surface expression and signaling pathways of numerous transmembrane receptors.
Constitutive or induced ectodomain shedding was reported to play important roles in cell-cell and

cell-matrix adhesion in various organs and is linked to chronic inflammation and tumorigenesis
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(263-266). Nuclear translocated ICD upon RIP of transmembrane receptors like EpCAM, CD44
was also reported to activate oncogenic and stress induced signaling responses through selective
regulation of genes (260,267).
Ectodomain shedding and RAGE

The existence of SRAGE is an indication that ectodomain shedding of RAGE can occur.
SRAGE, as discussed earlier in the introduction section, contains only the extracellular domain of
RAGE while lacking the transmembrane and the cytoplasmic domains. The generation of SRAGE
was initially assumed to be the result of alternative splicing until it was discovered that 80% of
RAGE mRNAs encode for the FL-RAGE protein and only 7% encode the esSRAGE variant in
human lung samples (117). Results from multiple studies identified that both ADAM 10 and MMP
9 were involved in RAGE shedding between amino acid glycine 331 and serine 332 (230,233).
Furthermore, a study reported that ectodomain shedding in RAGE could also be induced following
the activation of the Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) receptor,
which belongs to the family of G protein-coupled receptors. This study further demonstrated that
apart from knocking down genes of ADAM10 and MMP 9, blocking the PACAP receptor also
reduced ectodomain shedding of RAGE (233). The RAGE ligands AGE and HMGB1, as well as
the chemical activators of shedding such as ionomycin, phorbol 12-myristate 13-acetate, and 4-
aminophenylmercuric acetate were also reported to induce RAGE shedding (196,232,268).

Ectodomain shedding was identified to modulate membrane bound RAGE expression in
pathological conditions such as Alzheimer’s disease (269), hypertension (270), and coronary artery
disease (271). Stress-induced RAGE signaling also contributed to proteolysis and shedding of the
receptor and suggested that it might play an important role in neurodegeneration (272,273).

Although ectodomain shedding was suggested to be important in influencing RAGE-mediated
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processes in cell biology and pathophysiology, no studies have conclusively shown the therapeutic
importance of this mechanism. Interestingly, RAGE was reported to share a similar topology as
RIP substrates such as notch, amyloid precursor protein, and ErbB4 which undergo constitutive or
induced RIP. Three studies have reported that ectodomain shedding of RAGE is followed by y-
secretase cleavage and nuclear translocation of its C-terminal fragment. These studies also
suggested that RIP in RAGE is critical to mediate signaling and cell functions including apoptosis
and RAGE activated cell migration (196,230,232). Altogether, the result from these studies
demand further investigation on the role of ectodomain shedding and RIP of RAGE towards its
functioning and regulation.

Therefore in this chapter, we investigated the occurrence of ectodomain shedding in FL-
RAGE by monitoring changes in its membrane localization upon AGE stimulation at different
time points in HEK 293 cells. For this, we used RAGE which is tagged to a fluorescent protein
(FP) at its C-terminus. Since our results from immunofluorescence analysis (chapter 3) with the
TmCyto variant demonstrated signs of nuclear localization after 24 hours, and studies suggested
y-secretase cleavage in RAGE, we hypothesized that the RAGE-ICD when expressed individually,
could localize to the nucleus. To test this hypothesis, we used a plasmid encoding for RAGE with
two distinct fluorescent tags, one at its N-terminus and the other at its C-terminus. We transiently
transfected this plasmid in HEK 293 cells. The fluorescence signals were monitored at 12 and 24
hours following ligand stimulation and were analyzed to determine the intracellular and nuclear

localization of RAGE.

84



RAGE subcellular localization
Experimental design
Fluorescent tagged FL-RAGE and RAGE-ICD plasmids
The plasmids mentioned below (Figure 4.1) were constructed by Dr. Vetter. The amino
acid sequence of the fluorescent protein is provided in appendix B.
(1) FL-RAGE-YFP
pcDNA3 containing FL-RAGE with m-citrine, a yellow fluorescent protein (YFP) at its C-
terminus.
(2) RAGE-ICD-CFP
pcDNA3 containing the RAGE ICD fused to the cyan fluorescent protein (CFP) at its C-
terminus.
(3) RAGE-ICD-EGFP
pcDNA3 containing the RAGE ICD fused to the emerald, green fluorescent protein (EGFP)
at its C-terminus.
(4) EGFP-FL- RAGE-RFP
pcDNA3 containing FL-RAGE fused with EGFP at the N-terminus and m-Apple, a red

fluorescent protein (RFP) at the C-terminus using glycine and serine (GGGSGGG) linkers.
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EGFP-FL- RAGE-RFP

FL-RAGE-YFP

RAGE-ICD-CFP RAGE-ICD-EGFP

Figure 4.1: Cartoon representation of the different plasmids constructed to monitor ligand induced
changes in the subcellular localization in RAGE.

From left; FL-RAGE is tagged with citrine (yellow fluorescent protein) at its C-terminus (FL-
RAGE-YFP); RAGE ICD is tagged with cyan fluorescent protein at its C-terminus (RAGE-ICD-
CFP); RAGE ICD is tagged with emerald green fluorescent protein at its C-terminus (RAGE-ICD-
EGFP); FL-RAGE tagged with EGFP at its N-terminus and m-apple (red fluorescent protein) in
its C-terminus (EGFP-FL-RAGE-RFP).

As the control, a pcDNAS3 vector containing only the fluorescence protein YFP or Cyan
not tagged to the RAGE fragment was used. HEK 293 cells and CHO cells were transfected with
the plasmids indicated above using the optimized condition as described earlier in chapter 2 under
transient transfection in a p-dish (Ibidi, 35mm) coated with collagen IV. Cells were transfected
with FL-RAGE FP tagged plasmids was stimulated using one of its ligands, ribose glycated BSA
(prepared by Dr. Vetter) simultaneously, at 500 pg/ml concentration for different time points (1,
6, and 24 hours). In this case, the media was not replaced with fresh DMEM after 8 hours of
transfection. The cells were then fixed using 4% paraformaldehyde in PBS, and the nuclei of the
cells were stained using Hoechst 33342 (Invitrogen #H3570). A prominent subnuclear

compartment nucleolus was stained to characterize the intranuclear localization. It involved
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cotransfecting the cells with a mTagRFP-T-Fibrillarin-7 plasmid (Addgene #58016) to highlight
the fibrillarin region in the nucleolus. Images were taken using the ZEISS LSM 900 Airyscan
confocal system. The microscope was set to confocal line switch airyscan mode, and the laser
wavelengths were selected from the preprogrammed setting from the Zen software under smart set
up. The optimum wavelength option was used to get the maximum signal and to avoid any
overlapping signals from different fluorophores. The pinhole for the laser was set to 0.2um and
the exposure was kept constant for each fluorophore ranging from 550 — 600 mV for this study.
Colocalization analysis was performed using Image Pro Premier software (Media Cybernetics) by
selecting the region of interest and by comparing the threshold between the different fluorescence.
The Pearson overall colocalization value was used to quantify the degree of colocalization.
Results

Treatment with ribose glycated BSA induced internalization and decreased membrane
bound FL-RAGE-YFP in HEK 293 cells

Upon expression of FL-RAGE-YFP in HEK 293 cells, the fluorescence was mainly
localized to the cell surface. This agrees with our immunofluorescence data on the FL-RAGE
localization using antiRAGE antibodies. Hence, FP tagging of FL-RAGE did not alter its surface
localization. HEK 293 cells transfected only with the YFP control plasmid showed localization
only in the cytoplasmic (figure 4.2 A).

Treatment with ribose glycated BSA induced no change in the membrane bound expression
of FL-RAGE in the first hour of treatment (Figure 4.2 B). However, after 6 hours of treatment, a
substantial increase in the intracellular localization of FL-RAGE was observed, and this was
accompanied by reduced surface expression. It was also noted that after 24 hours of AGE

treatment, the RAGE localization RAGE was observed to have partial nuclear localization. This
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result suggests that AGE-RAGE binding initiates internalization of the receptor, which results in

decreased membrane bound RAGE.

Ribose glycated BSA-1hr

2 A

—i

Ribose glycated BSA-6hr Ribose glycated BSA-24hr

20 um 20 ym
— p N

Figure 4.2: Confocal images of WT HEK 293 cells transfected with (A) control, YFP, and FL-
RAGE-YFP plasmids. (B) Images of cells transfected with FL-RAGE-YFP and treated with ribose
glycated BSA at different time points (1, 6, and 24 hours). (C) 3D image of cells transfected with
FL-RAGE and treated with ribose glycated BSA for 24 hours.
Without AGE treatment, RAGE was localized to the membrane. After 6 hours of AGE treatment
(500pg/ml), RAGE internalization was observed with increased intracellular RAGE localization.
Spots of nuclear localization of RAGE-ICD were observed after 24 hours of ribose glycated BSA
treatment (shown in 3D image). Images from different experiments under the same conditions are
included in appendix figure A7.
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Ribose glycated BSA-24hr 3D view

Figure 4.2: Confocal images of WT HEK 293 cells transfected with (A) control, YFP, and FL-
RAGE-YFP plasmids. (B) Images of cells transfected with FL-RAGE-YFP and treated with ribose
glycated BSA at different time points (1, 6, and 24 hours). (C) 3D image of cells transfected with
FL-RAGE and treated with ribose glycated BSA for 24 hours (continued).

Without AGE treatment, RAGE was localized to the membrane. After 6 hours of AGE treatment
(500pg/ml), RAGE internalization was observed with increased intracellular RAGE localization.
Spots of nuclear localization of RAGE-ICD were observed after 24 hours of ribose glycated BSA
treatment (shown in 3D image). Images from different experiments under the same conditions are
included in appendix figure A7.

Expression of RAGE-ICD showed nuclear translocation without ribose glycated BSA
treatment in HEK 293 and CHO cells

The results from the image analysis of FL-RAGE-YFP suggested nuclear localization of
RAGE after 24 hrs, so we took this as our reference timepoint and monitored RAGE ICD
localization. Immunofluorescence data (chapter 3) of the TmCyto-RAGE variant showed
intracellular and nuclear localization. But in this case, we observed localization of RAGE-ICD-
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CYAN mostly in the nucleus (Figure 4.3). We investigated if the same phenomenon can be
replicated in a different cell line that has no endogenous RAGE and has properties similar to HEK
293 cells. We chose Chinese hamster ovary (CHO) cells as the second cell line and expressed
RAGE-ICD-CYAN. It was observed after 24 hours of transfection RAGE-ICD-CY AN transfected
CHO cells also showed nuclear localization. This suggests that RAGE-ICD can translocate into
the nucleus in different cell types.

We hypothesized that a nuclear localization signal (NLS) exists in the RAGE-ICD
sequence. SegNLS, an online NLS predicting software, was used. SegNLS is based on frequent
pattern mining and linear motif scoring (274). This software uses the amino acid sequence as the
bait queue and compares it to a library of known NLS sequences. The output from SegNLS
analysis is shown as color-coded score number from calculating all the positively charged lysine
and arginine residues from the sequence. A score of >0.89 corresponds to strong NLS, and the
sequence is shown in red. We compared the RAGE-ICD sequence to EpCAM, which has a RIP
substrate ICD sequence confirmed to have nuclear localization. We found that the size of EpCAM-
ICD (260) was similar to RAGE-ICD sequence. Comparing the ICDs of these two proteins in
SeqNLS gave a prediction score of about 0.9, corresponding to strong NLS (Figure 4.3). The NLS
sequence RRQR in RAGE ICD corresponds to amino acid residues 365-368. It was also observed
that the start and the stop amino acid residues in RAGE-ICD and EpCAM-ICD were arginines.
These results show that RAGE-ICD could potentially translocate to the nucleus through its NLS

sequence.
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HEK293CFP  HEK293RAGEICD-CFP  CHOCFP CHO RAGE-ICD- CFP

Figure 4.3: Confocal microscopy images of cells transfected with control plasmid containing only
cyan fluorescent protein (CFP) tagging and RAGE-ICD CFP in HEK 293 (left) and CHO cells
(right).

HEK 293 and CHO cells were transfected with CFP and RAGE-ICD CFP plasmids for 24 hours.
Image analysis showed distinct nuclear localization of the CFP in cells transfected with RAGE-
ICD-CFP (image enlarged below). In contrast, the control plasmid transfected cells showed no
distinct cellular localization of the fluorescent protein. Images from different experiments under
the same conditions are included in appendix figure A8.
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SeqNLS: Nuclear Localization Signal (NLS) Prediction software

EpCAM intracellular cytoplasmic domain
amino acid sequence

P16422: SRKKRMAKYEKAEIKEMGEMHRELNA

Protein I
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RAGE intracellular cytoplasmic domain (RAGE-ICD)
amino acid sequence
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Figure 4.4: Data from the SeqNLS software.
Processed data from SegNLS software indicating NLS in ICD sequence of EpCAM and RAGE.
The highest NLS prediction score in both was observed to be 0.9, which corresponds to a strong
NLS amino acid sequence (indicated in red) (274).
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FL-RAGE undergoes intramembrane proteolysis upon treatment with ribose glycated BSA

and leads to the nuclear translocation of its ICD

Image analysis of the FL-RAGE tagged with EGFP, and RFP (EGFP-FL- RAGE-RFP)

showed superimposed fluorescence of two fluorescence signals giving a yellow false color image

at the cell membrane without ligand stimulation (Figure 4.5). The data is in line with our previous

data from the image analysis of FL-RAGE-YFP, which showed membrane localization before

treatment. It also demonstrates that FL-RAGE is intact with all its domains at the cell surface and

clustered at cell-cell contacts. After 12 hours of treatment with ribose glycated BSA, a proteolytic
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cleavage in FL-RAGE was inferred by the distinct localization of EGFP and RFP. In particular,
the cleaved C-terminal RFP fragment from the FL-RAGE appeared to be localized in the nucleus.
The N-terminal tagged EGFP localization appeared diffused and remained more at the surface.
The nuclear localization of the cleaved C-terminal tagged RFP fragment was observed to be time
dependent and appeared to occur after 24 hrs of ligand treatment. The nuclear localized RAGE C-
terminal RFP fragment appeared as intensely concentrated spots rather than homogenous
distribution. It prompted us to investigate further the intranuclear localization of RAGE ICD,
which can be important in delineating the role of ICD in the nucleus. Our data demonstrate
intramembrane proteolysis in FL-RAGE and liberation of its ICD fragment upon treatment with

ribose glycated BSA. We also show the nuclear translocation of liberated RAGE-ICD.
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Figure 4.5: Confocal images (2D and 3D view) of WT HEK 293 cells transfected with EGFP-FL-
RAGE-RFP in non-treated and ribose glycated BSA treated conditions.

In non-treated conditions, both EGFP and RFP colocalized to the membrane. The enlarged image
beside shows increased colocalization of both fluorescent proteins indicating RAGE clustering at
cell-cell contacts. With ribose glycated BSA treatment (500pg/ml) at 12 hours and 24 hours
induced cleavage of RAGE, and this led to distinct localization of EGFP and RFP. After 24 hours,
the RFP tagged to C-terminus of RAGE shows nuclear localization. The 3D rendering of the
corresponding images was shown beside the treated conditions (Images from different experiments
under the same conditions are included in appendix figure A9).
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Figure 4.5: Confocal images (2D and 3D view) of WT HEK 293 cells transfected with EGFP-
FL- RAGE-RFP plasmid in non-treated and ribose glycated BSA treated conditions (continued).
In non-treated conditions, both EGFP and RFP colocalized to the membrane. The enlarged image
beside shows increased colocalization of both fluorescent proteins indicating RAGE clustering at
cell-cell contacts. With ribose glycated BSA treatment (500g/ml) for 12 hours and 24 hours,
RAGE induced cleavage, which led to distinct localization of EGFP and RFP. After 24 hours, the
RFP tagged to the C-terminus of RAGE shows nuclear localization. The 3D rendering of the
corresponding images was shown beside the treated conditions (Images from different
experiments under the same conditions are included in appendix figure A9).
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Characterizing the intranuclear localization of RAGE-ICD revealed localization in the
nucleolus.

Data from the image analysis of nuclear localized RAGE showed heterogeneous
distribution (Figure 4.2 and Figure 4.5). We initially investigated the intranuclear localization of
RAGE ICD in the nucleolus, a prominent subnuclear compartment that contains genes for
ribosome biosynthesis. Fibrillarin is a specific marker for the nucleolus. HEK 293 cells were
cotransfected with RAGE-ICD-EGFP and the nucleolus marker, mTagRFP-T-Fibrillarin-7. We
used the EGFP tagged RAGE-ICD as they emit at a longer wavelength than CFP. It is beneficial
in our study as fluorescence proteins with longer wavelengths have reduced autofluorescence upon
exposure to UV or visible radiation (275). After 36 hours, RAGE-ICD showed nuclear localization

and appeared more concentrated in the nucleolus (Figure 4.6).
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Fibrillarin -

RAGHICI-EGEF nucleolus marker Hoeelit 33342 Merge

Figure 4.6: Confocal microscopy images of WT HEK 293 cells co-transfected with RAGE-ICD-
CFP and mTagRFP-T-Fibrillarin-7.

After 36 hours of co-transfecting RAGE-ICD-EGFP with mTagRFP-T-Fibrillarin-7 (Addgene
#58016), cells were fixed, nuclei were stained, and imaged. The enlarged image shows nuclear
and nucleolar localization of RAGE-ICD-EGFP.
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We questioned if FL-RAGE could have the same effect upon ribose glycated BSA
treatment for 36 hours. After 36 hrs of treatment with ribose glycated BSA, FL-RAGE showed
clear nucleolar localization (Figure 4.7). However, membrane bound RAGE expression was still
observed in this case. The change from nuclear to nucleolar localization appears to occur in a time
dependent manner for both FL-RAGE and RAGE-ICD. The Pearson overall co-localization value
within the nucleolus ROI was 0.9 for RAGE-ICD-CFP (Figure 4.8) and 0.98 for FL-RAGE-YFP

transfected cells.
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Figure 4.7: Confocal microscopy images of HEK 293 cells co-transfected with FL-RAGE-YFP

and mTagRFP-T-Fibrillarin-7, treated with ribose glycated BSA.
After 36 hours of co-transfecting RAGE-ICD-EGFP with mTagRFP-T-Fibrillarin-7 (Addgene

#58016), cells were fixed, nuclei were stained, and imaged. The enlarged image below shows the
nucleolar localization of RAGE-ICD-EGFP.
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Figure 4.8: Colocalization analysis of RAGE-ICD-EGFP and mTagRFP-T-Fibrillarin-7 using
Image Pro Premier software.

Representative images showing a manual selection of nucleolus ROI (top left). Corresponding
colocalization plot for the selected ROI and the screenshot results from Image Pro Premier
software (Media Cybernetics) are shown below the images indicating the Pearson overall co-
localization value.

Similar to nuclear localization signal predictors, there are online tools to detect nucleolar
localization sequences in a protein. Using a Nucleolar localization sequence Detector (NoD) two

nucleolar localization sequences were detected in RAGE (276). One in the V domain and the other
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in the intracellular cytoplasmic domain. The NLS sequence residue region exactly matched the
nucleolar localization signal (Figure 4.9). This further complemented our observation of the
nucleolus localization of RAGE-ICD.
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Query protein is AGER (Q15109-1)

2 NoLSs are predicted in this protein:
LVLKCKGAPKKPPQRLEWKLNT (between positions 34 and 55)

ILWQRRQRRGEERKAPENQE (between positions 361 and 380)

Position in full-length protein (NoLSs shown in red):

MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEA
WKVLSPQGGGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQI
PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRH
PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVPLEEVQL
VVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYS
CVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGV
ILWQRRQRRGEERKAPENQEEEEERAELNQSEEPEAGESSTGGP

NolLS predictions per residue
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Figure 4.9: Screenshot of the output window from the Nucleolar localization sequence Detector
(NoD) online software.

The software predicted two nucleolar localization signals in the RAGE protein sequence, one in
the VV domain and the other in the intracellular cytoplasmic domain. The plot below shows the
prediction scores for each protein residue (276).

101



Discussion

The data from our image studies provide strong evidence for intramembrane proteolysis of
RAGE. Our results indicate that the fluorescent protein labeled RAGE mutants behaved like the
native RAGE with predominant cell membrane localization. In response to stimulation with ribose
glycated BSA, RAGE was internalized in the case of FL-RAGE. RAGE-ICD is localized in the
nucleus even without ligand stimulation. Earlier studies on RAGE showed that ectodomain
shedding © in the juxtamembrane region, which is the flexible region that links the C2 to the
transmembrane region (196,230,269). The Western blot data from Chapter 3 indicated proteolytic
cleavage in FL-RAGE, and our imaging studies on FL-RAGE-YFP showed that treatment with
the RAGE ligand decreased membrane bound RAGE. Combining the results of these experiments
suggests that RAGE is capable of constitutive and induced shedding.

Images from both FL-RAGE-YFP and EGFP-FL-RAGE-RFP transfected cells showed
internalization of the receptor after 6 hours of treatment with ribose glycated BSA. This is in line
with previous studies where the authors show RAGE internalization upon ligand binding
(277,278). In FL-RAGE-YFP transfected cells, the internalized RAGE was translocated first to the
cytoplasmic region and then to the nucleus. We showed that the internalized RAGE fragment
belonged to the ICD region (Figure 4.3 & 4.5). Similar translocation was observed in CHO cells
where expressing RAGE ICD also showed nuclear localization.

Several transmembrane receptors, including CAMs, were reported to undergo regulated
intramembrane, and their ICD was found to have nuclear localization (251,252,260,262).
Investigating the RAGE ICD sequence revealed the presence of a nuclear localization signal,
which corresponded to the sequence RRQR of amino acid residues 365-368. The NLS of RAGE

ICD resembled that of EpCAM ICD, with arginine being the start and end residues. EpCAM is a
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transmembrane receptor, and upon intramembrane proteolysis, the liberated ICD was identified to
form a multiprotein complex with Wnt signaling associated molecules before translocating into
the nucleus. In the nucleus, EpCAM ICD was reported to regulate the expression of genes involved
in oncogenic signaling (260). Our data suggest that further investigations are needed to understand
how the RAGE-ICD is translocated into the nucleus. We also suspect the involvement of complex
formation with other cytoplasmic proteins for nuclear translocation of the RAGE (279).

Upon identifying the intranuclear localization of the RAGE-ICD, we observed that this
domain is concentrated in the nucleolus. The nucleolus is a prominent, non-membrane nuclear
subcompartment and is primarily the site for ribosome biogenesis (280). The hallmarks of
nucleolar stress are the p53 signaling pathway inducing apoptosis, autophagy, DNA damage, and
senescence. Nucleolar stress is a common event in various neurological disorders and cancers
(281,282). Studies from multiple groups suggest that RAGE is a central regulator of apoptosis and
autophagy by modulating p53, mTOR, Beclin, NF-kB signaling pathways (100,283,284). The
result from our study suggests an alternative mechanism of RAGE signaling in which the ICD
localization in the nucleolus might contribute to nucleolar stress signaling.

Conclusion

This chapter aimed to investigate ectodomain shedding in RAGE and monitor the changes
in the membrane localized RAGE. Our data showed that FL-RAGE is capable of both constitutive
and induced cleavage. On treating FL-RAGE with ribose BSA induced intramembrane proteolysis.
The increased intracellular localization of the FL-RAGE was accompanied by decreased cell
surface RAGE localization. The internalized RAGE fragment was determined to be the ICD and
showed a time dependent localization into the nucleus. Our data suggest that the RAGE-ICD can

function as an independent fragment and, when expressed as FL-RAGE by translocating to the
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nucleus in the two different lines HEK 293 and CHO. The NLS in RAGE-ICD sequence was
mapped to residues 365-368 (RRQR) using segNLS which showed a similar residue arrangement
as the ICD of EpCAM. The exact mechanism of how RAGE-ICD is translocated into the nucleus
is still not clear. We believe that RAGE-ICD forms a complex with other protein/s, and this
complex could mediate the shuttling into the nucleus. Upon characterizing the intranuclear
localization, we also discovered that RAGE-ICD accumulated in the nucleolus. Overall, our study
suggests a new mechanism of RAGE signaling through cleaved ICD. We suggest that the liberated
RAGE-ICD forms a complex with other proteins and that this complex is then translocated to the

nucleus and nucleolus of the cells (summarized in Figure 4.10).
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Figure 4.10: Proposed mechanism for nucleolar localization of RAGE through intramembrane

proteolysis.
The extracellular domains of RAGE were cleaved by (1) ADAM10 or MMP9. The remaining

membrane bound portion was proteolytically cleaved by (2) y-secretase to liberate the ICD. The
liberated ICD forms a complex with other proteins, and it is (3) translocated into the nucleus and
nucleolus.
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CHAPTER 5. IDENTIFYING DIFFERENTIALLY EXPRESSED GENES AND
PROTEINS INVOLVED IN RAGE MEDIATED REGULATION OF CELL ADHESION
PROPERTIES
Introduction

Increasing evidence shows the role of proteolytic cleavage in regulating the function of
RAGE in both the extracellular and intracellular space (196,269). Lower levels of membrane
bound RAGE were reported to promote myoblast differentiation via NF-xB-dependent activation
of MyoD (and myogenin) expression in aged human muscle satellite cells. However, this effect
was not reversed when cells were forced to overexpress the DN-RAGE isoform. It suggests that
the cleaved cytoplasmic region in RAGE is capable of signaling in these cells (285). A recent study
on neuroinflammation in schizophrenia patients showed a direct involvement of RAGE shedding
via matrix metalloproteinase 9 (MMP9) in promoting inflammatory responses through NF-xB
signaling (273). Expression of an ectodomain shedding resistant variant of RAGE was observed
to impair RAGE ligand dependent cell signaling, actin cytoskeleton reorganization, and cell
migration (196).

RAGE signaling utilizes different cellular pathways, including activation of MAPKSs,
PI3K/Akt, Rho GTPases, Jak/STAT, and Src family kinases (132,286). The AGE-RAGE axis has
been well documented. AGE-RAGE signaling was reported to interfere with the adipogenesis
process by modulating p53 function (287). AGE-RAGE interactions were also reported to
generate a specific NF-xB RelA “barcode” that regulates ECM turnover (243,288).

With the data from published studies and the results from our cell adhesion and spreading
assays, we hypothesize that arginine-glycine-aspartic acid (RGD) and collagen receptors could be

involved. The RGD receptors recognize the tripeptide sequence in their adhesion protein ligands,
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and they are the cell attachment site for many adhesive ECM (fibronectin, vitronectin, and laminin)
and cell surface proteins. Nearly half of the integrins receptors are categorized as RGD receptors
(289). Similarly, diverse families of receptors, including integrins, immunoglobulin-like receptors,
and receptor tyrosine kinases, bind to collagen (290). We hypothesized that RAGE could
contribute to changes in the expression of adhesion-relevant surface proteins to mediate cell
adhesion, as our data confirmed RAGE is not directly involved in mediating cell adhesion. To test
our hypothesis, we utilized gPCR and proteomics to determine changes in the expression of
adhesion relevant genes in WT and RAGE HEK 293 cells. We also tested if RAGE is responsible
for regulating these changes in these cells by silencing RAGE.
Screening of RAGE regulated transcription of adhesion relevant genes

Experimental design
Gene expression analysis using qPCR

RNA extraction, cDNA synthesis, and gPCR reaction were performed as described under
methods in Chapter 2. The changes in the transcription levels of cell adhesion molecules between
WT HEK 293 and RAGE HEK 293 were determined using a normalizer/reference gene. A
normalizer/reference gene was necessary to correct fluctuations due to technical variations, RNA
quality, and reverse transcription efficiency between samples (291-293). For the initial screening,
a list of 15 commonly used housekeeping genes (HKGs) (292) was selected to determine the
expression pattern in WT HEK 293 and RAGE HEK 293 (appendix C). The melting curves were
recorded for each HKG, and an agarose gel was run using the qPCR products to determine the
quality of the amplified products and the amplification specificity. Using the Minitab software, a
linear regression model with a 95% confidence interval (CI) was employed to compare mean Ct

values of HKG from WT HEK 293 and RAGE HEK 293 samples to identify the stable ones for

106



the analysis. A list of 67 candidate genes of interest was selected based on literature studies. These
genes were reported to have a role in cell adhesion (appendix D) (21,25,82,294-296). The fold
change for these cell adhesion molecules in RAGE HEK 293 and WT HEK 293 was calculated as
described in chapter 2. Here the AACt calculated from all the selected HKG from the linear
regression model were averaged for the fold change calculation.
Results
Validation using the linear regression model identified 7 housekeeping genes as stable
candidate reference genes

Plotting the mean Ct values of 15 HKGs from WT HEK 293 and RAGE HEK 293 cells
(Table 5.1) as a scatter plot showed linear correlation. Expression stability of the candidate HKGs
in WT HEK 293 and RAGE HEK 293 cells using linear regression analysis with a 95% confidence
interval gave a R? value of 70% (Figure 5.1.). R? value indicates how well the regression model
fits a given dataset. A list of 7 housekeeping genes whose mean Ct fell within the 95% confidence
interval from regression analysis was selected. These genes include ACTB, GAPDH, HSP90B1 —
V2, LDHA, PGK1, RPLPO, and RPS18. Other 8 HKGs (B2M, GUSB, HPRT1, HSP90ABI,

HSP90B1 - V1, HSP90B1 — V3, RPL13A, and PPIA) were excluded from the analysis.
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Table 5.1: Ct values of housekeeping genes (HKGs) in WT HEK 293 and RAGE HEK 293 cells

expressed as mean=SEM (n=3).

Gene (Gene ID)

WT HEK 293 Ct values

RAGE HEK 293 Ct values

ACTB (NM-001101) 21.60+0.57 22.85+0.49
B2M (NM_004048) 20.45+0.07 22.80+0.42
GAPDH (NM_008084) 19.05+0.07 19.35+0.07
GUSB (NM_000181) 22.05+0.99 22.15+0.21
HPRT1 (NM_000194) 21.30+0.14 23.70+0.85
HSP90AB1 (NM_007355) 20.05+0.21 21.40+0.14
HSP90B1 — V1 (NM._003299.3) 19.25+0.07 21.05+0.07
HSP90B1 - V2 (NM_003299.3) 19.90+0.14 19.75+0.14
HSP90B1 — V3 (NM_003299.3) 19.90+0.14 19.70+0.14
LDHA (NM_005566) 22.20+0.21 21.70+0.21
PGK1 (NM_000291) 20.50+0.35 20.95+0.07
PPIA (NM_021130) 22.20+0.07 22.00+0.00
RPL13A (NM_012423) 20.26+0.34 22.00+0.34
RPLPO (NM_001002) 19.15+0.07 19.70+0.28
RPS18 (NM _022551) 17.55+0.07 17.40+0.57
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Figure 5.1: Expression correlation plot with the mean Ct values of the 15 housekeeping genes
from WT HEK 293 and RAGE HEK 293 cells.

The plot was generated in Minitab using linear regression analysis at a 95% confidence interval
and identified 7 HKG (ACTB, GAPDH, HSP90B1 - V2, LDHA, PGK1, RPLPO, and RPS18)
labeled in black as stable candidate reference genes. Other tested HKG labeled in red were
excluded from the analysis as they failed to fit in the linear regression model and not categorized
as stable genes.
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gPCR analysis showed selective regulation of cell adhesion molecule (CAM) gene expression
in RAGE HEK 293 cells

The gPCR analysis of 67 genes mediating cell-cell and cell-extracellular matrix in WT
HEK 293 and RAGE HEK 293 cells showed large variations in gene transcript levels, and the
mean Ct values ranged from 21 to 33 (Table 5.2). In these experiments, relative expression of
RAGE was used as an internal control. The average Ct value of RAGE in WT HEK 293 was
28.1+1.8 compared to RAGE HEK 293, which was 19.0+1.4 and corresponded to a 500 fold
increase fold of RAGE in these cells. The CD36 gene had the maximum Ct in both WT (36.4+1.7)
and in RAGE HEK 293 (37.1£1.5) cells, indicating low transcription levels in both these cell types.

Interestingly, a list of few candidate genes, integrin alpha 8 (ITGAS8), contactin 1 (CNTN1),
melanoma cell adhesion molecule (MCAM & MUC18), fibronectinl (FN1), and thrombospondin-
1 (THBS1) were found to be differentially expressed between WT HEK 293 and RAGE HEK 293
cells. ITGA8 and CNTN1 showed 4.6+0.8 and 3.1+0.7 increased expression in RAGE HEK 293
cells, and the changes were statistically significant (Figure 5.2). In striking contrast, the MCAM
& MUCI18, FN1, and THBS1 genes were found to be downregulated in RAGE HEK 293 compared
to WT HEK 293 cells. The changes in transcription for these genes were MCAM 0.089+0.02;
MUC18 0.117£0.5; FN1 0.45+1.3; THBS1 0.064+1.1 (Figure 5.3). Western blot analysis was
performed in parallel for the ITAG8 and CNTNL1 genes to confirm that the effect observed at the
gene level represented their protein levels. It was observed that ITGA8 and CNTN1 showed
increased expression at the protein levels by 8.0 and 5.2 fold, respectively (Figure 5.4). The Ct
values of other genes belonging to different classes of cell adhesion molecules such as integrins,
the cluster of differentiation (CD) receptors, and the 1gG receptor superfamily showed no

significant changes in the expression between WT HEK 293 and RAGE HEK 293 cells. The fold
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change in the expression of these genes between HEK 293 and HEK 293 RAGE varied by a factor
of 1+0.5.

Table 5.2: C; values of genes mediating cell adhesion in WT HEK 293 and RAGE HEK 293 cells
expressed as mean=SEM (n=3).

Gene (Gene ID) WT HEK 293 RAGE HEK 293

C: values Ct values
1 ADAMTS13 (NM_139026) 28.5+1.0 27.9+0.9
2 ALCAM (NM_001243281) 24.7+1.5 24.7+1.0
3 CD133 (NM_001145847) 30.5+0.6 29.3+0.7
4 CD24 (NM_013230) 25.6+0.9 27.2+0.8
5 CD36 (NM_001001548) 36.4+1.7 37.1+15
6 CD44 (NM_000610) 30.1+1.6 30.2+0.5
7 CDH1 (NM_004360) 28.1+2.0 27.7+0.5
8 CDH2 (NM_021248) 32.6+2.6 32.3+0.6
9 CDH12 (NM_004061) 31.1+2.0 30.8+0.5
10 CNTN1 (NM_175038) 29.7+0.4 26.7+0.8
11 Colalh (NM_005261180) 29.5+0.9 31.1+0.6
12 CTGF (NM_001901) 23.0+2.2 25.5+1.8
13 CTNNAL (NM_004903) 22.1+1.4 22.6+0.8
14 CTNNB1 (NM_001098209) 25.3+3.9 24.1+2.4
15 CTNNB1 (NM_001098209) 26.7+1.8 28.0+3.5
16 CTNND1 (NM_001085467) 23.2+0.8 23.4+1.4
17 DDR1 (NM_001202523) 25.0+1.2 24.9+0.5
18 DDR2 (NM_001014796) 29.4+1.0 28.7+1.3
19 DESP/DSP (NM_004415) 23.4+1.9 24.0+0.9
20 ECAD (NM_004360) 27.2+1.2 27.8+0.8
21 EPCAM (NM_002354) 22.0£1.5 23.1+1.0
22 EZR (NM_003379) 22.6+1.0 23.4+0.8
23 FN1 (NM_212482) 22.7+0.8 25.3+0.5
24 HAS3 (NM_005329) 27.1+0.6 27.5+0.6
25 ICAM1 (NM_000201) 30.2+1.8 29.2+1.0
26 ITGAL1 (NM_181501.1) 28.0+2.1 29.0+1.0
27 ITGA2 (NM_002203) 29.8+2.1 30.1+1.0
28 ITGA3 (NM_005501) 31.3+2.6 31.4+0.9
29 ITGA4 (NM_000885) 27.1£15 27.3+1.1
30 ITGA5 (NM_002205) 29.5+2.2 30.4+1.1
31 ITGA7 (NM_001144997) 26.1+0.9 26.2+0.6
32 ITGA8 (NM_0032638) 29.3+0.7 25.8+0.7
33 ITGA10 (NM_003637) 29.3+2.1 29.5+0.7
34 ITGAL11l (NM_001004439) 25.4+1.9 26.4+2.5
35 ITGAL (NM_001114380) 30.8+2.7 30.5+1.0
36 ITGAM (NM_000632) 30.8+3.2 30.2+1.2
37 ITGAM (NM_001145808) 32.6+2.2 33.0+0.7
38 ITGAV (NM_001145000) 25.0+0.7 26.4+0.5
39 ITGB1 (NM_002211) 27.0+0.8 27.8+0.6
40 ITGB2 (NM_000211) 32.2+3.4 33.0+1.6
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Table 5.2: C; values of genes mediating cell adhesion in WT HEK 293 and RAGE HEK 293 cells
expressed as mean£SEM (n=3) (continued).

Gene (Gene ID) WT HEK 293 RAGE HEK 293

C: values Ct values
41 ITGB2 (NM_000211) 31.5+1.0 31.3+2.7
42 ITGB3 (NM_000212) 26.4+0.9 27.8+0.5
43 ITGB4 (NM_001005619) 25.9+1.4 26.4+0.8
44 ITGB5 (NM_002213) 25.4+0.8 25.7+0.6
45 MCAM (NM_006500) 26.9+1.1 29.5+0.7
46 MPZL1 (NM_001146191) 23.5+1.3 24.0+0.9
47 MSN (NM_002444) 23.4+0.7 23.4+0.4
48 MUC18 (NM_006500) 26.4+1.6 29.2+1.2
49 NCAM1 (NM_001076682) 27.8+4.2 28.7+4.0
50 NPTN (NM_017455) 22.9+1.3 23.5+1.0
51 PCDHA3 (NM_031497) 31.9+2.8 31.2+1.1
52 PECAM1 (NM_000442) 26.3+1.1 27.0+1.3
53 PLXB2 (NM_012401) 27.6+1.9 27.4+0.5
54 PNN (NM_002687.3) 25.3+0.3 26.0+1.7
55 RAGE (NM_001136) 28.1+1.8 19.0+1.4
56 RDX (NM_002906) 21.5+0.6 22.5+0.4
57 SELE (NM_000450)) 29.2+2.7 28.3+1.0
58 SELL (NM_000655) 29.8+2.4 29.7+1.0
59 SELP (NM_003005) 29.7+3.6 29.4+1.7
60 SGCE (NM_001099400) 27.1+4.0 26.5+3.1
61 THBS1 (NM_003246) 25.4+0.8 28.9+0.5
62 THBS2 (NM_003247) 28.8+1.9 28.4+0.7
63 THBS3 (NM_001252607) 29.9+1.1 28.8+0.6
64 VCAM1 (NM_001078) 30.0+1.7 29.3+0.8
65 VCAN (NM_004385) 25.0+0.5 24.9+0.6
66 VIM (NM_003380) 24.3+1.2 25.2+0.5
67 VTN (NM_000638) 27.0+1.5 26.2+1.1
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Figure 5.2: Gene expression of integrin alpha 8 (ITGA8) and contactin 1 (CNTN 1) in WT HEK
293 and RAGE HEK 293 cells.

The plot represents the average fold change from 3 independent experiments (n=3) where **
P<0.01, * P<0.05.
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Figure 5.3: Change in the gene expression of melanoma cell adhesion molecules — (MCAM &
MUC18) (left), fibronectin 1 (FN1), and thrombospondin-1(THBS1) between WT HEK 293 and
RAGE HEK 293 cells.

The plot represents the average fold change from 3 independent experiments (n=3) where **
P<0.01, * P<0.05.
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Figure 5.4: Western blot against ITGA8 and CNTN1 in WT HEK 293 and RAGE HEK 293 cells.
The plot shows the relative quantification of the ITAG8 and CNTN1 expression from 2 (n=2)
independent experiments where, * P<0.05. Expression of ITGA8 and CNTN1 were detected using
human ITGAS8 antibody (MAB6194) and human CNTN1 antibody (AF904). Actin was used as
the loading control.
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Discussion

Our results showed that RAGE expression in HEK 293 cells modulated the transcription
levels of specific CAM genes. Out of 67 tested adhesion relevant genes, 6 were found to be
significantly regulated in RAGE HEK 293 cells compared to WT HEK 293. RAGE HEK 293
samples exhibited increased expression of integrin alpha 8 (ITGA8) and contactinl (CNTN1) at
both MRNA and protein levels. Both genes were reported to have important roles in mediating
cell-cell and cell-extracellular matrix adhesion (297-300). ITGAS is expressed in epithelial and
mesenchymal cells and forms a functional heterodimer by associating with integrin beta 1
(ITGB1). ITGB1 and ITGAS8 heterodimer was reported to bind to the RGD sites of extracellular
matrix molecules such as fibronectin and vitronectin (301-305). However, the data from our g°PCR
analysis showed no increase in the transcription for ITGB1 in RAGE HEK 293 samples.

CNTNL1 belongs to neural adhesion molecule of the immunoglobulin (1g) superfamily and
is highly expressed in neuronal tissues. CNTN1 associates with other cell surface proteins like
tenascin-C, tenascin-R, and receptor protein tyrosine phosphatase p (RPTPp) to initiate signaling
as it lacks a functional intracellular domain. CNTN1 binding to ECM has been reported to promote
axonal growth and neurite adhesion (306). RAGE expression in neuronal cells was also reported
to influence axonal growth by binding to its ligands S100B and HMGB1 through the NF-xB axis
(307,308). Additionally, our findings suggest that RAGE may signal axonal growth via CNTN1.
Deregulation of both ITGA8 and CNTN1 was reported to play an important role in cancer EMT
transition and in cancer cell metastasis by altering the gene expression of EMT associated markers
such as Snail, E-cadherin, and N-cadherin (309-311). Interestingly, RAGE was also reported to
induce EMT transition, and the results from our data suggest that RAGE may cross talk with

ITGA8 and CNTNL1 to modulate oncogenic signaling (165,312).
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We also observed decreased gene expression in melanoma cell adhesion molecule
(MUC18/MCAM), fibronectinl (FN1), and thrombospondin-1 (THBS1) in RAGE HEK 293 cells.
Until now, no study has shown the direct relation of the expression of these genes in the context
of RAGE signaling. Few studies reported that RAGE shared structural homology with
MCAM/MUCL. Furthermore, RAGE and MCAM have also been reported to bind to SI00A8/A9
protein heterodimers to mediate signaling in malignant melanoma (57,207). FN1 and THBS1 have
been reported to have an important role in tissue repair and wound healing response (313,314).
Our data suggest that RAGE expression could modulate the function of these genes. Overall, our
gPCR analysis showed increased expression of ITGA8 and CNTN 1 with simultaneous
downregulation of MUC18/MCAM, FN1, and THBS1 genes. The changes in protein expression
levels of ITGA8 and CNTNL1 in RAGE HEK 293 cells corresponded to the changes observed at
the transcriptional level.

A proteomics approach to identify adhesion relevant cell surface protein regulated by
RAGE
Experimental design
Cell surface proteomics

Cell surface proteomics is a powerful technique to characterize the entire surface proteome
using effective labeling strategies. Recent studies on comprehensive surface proteome analysis
reported a drastic change in the expression and abundance of cell surface proteins in various
disease models compared to healthy controls (315-317).

For this study, we employed a cell surface biotin labeling procedure using two
commercially available biotin reagents, EZ-Link Sulfo-NHS-LC-LC-Biotin, and aminooxy biotin.

EZ-Link Sulfo-NHS-LC-Biotin reagent labels the primary amines of exposed surface proteins,
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whereas aminooxy biotin covalently attaches biotin to aldehyde or ketone groups of glycosylated
surface proteins. From initial screening experiments, we found that aminooxy biotin showed less
cytoplasmic protein contamination and was chosen for further experiments. The labeling,
enrichment, and sample processing for MS were performed as described in Chapter 2 under cell
surface proteomics (Figure 5.5). Various factors affect the labeling procedure for surface
proteomics, such as the number of cells, concentration of biotin used, biotinylation and quenching
reaction time, enrichment of the labeled surface proteins, and trypsin digestion. Therefore, we
optimized every step of the sample preparation process by performing appropriate control
experiments.

The MS-sample run and peptide data analysis from the MS spectra was performed by Dr.
Golovko (Associate Professor, Director of Mass Spectrometry Core Facility, University of North
Dakota, ND, USA). A screening strategy was employed for the MS data sets by manually entering
identified proteins in UniProt knowledgebase and sorting adhesion relevant surface proteins found
in WT HEK 293 and RAGE HEK 293 cells. After the initial sorting, the proteins identified at least
in two of the three experiments in data sets of the samples were considered for analysis. Proteins
that were identified only in a single experiment data set were excluded from the analysis. Next,
the common proteins in both WT HEK 293 and RAGE HEK 293 were normalized using Na, K-
ATPase alpha 1 subunit (ATP1A1) (uniport entry: P05023), a prominent cell surface protein
marker (226), and a loading control in our experiment. Proteins identified only in WT HEK 293,

and RAGE HEK 293 were reported separately.
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Figure 5.5: Schematic illustration of sample preparation and processing for cell surface
proteomics.

The cells were biotinylated using aminooxy biotin, which selectively labels the cell surface
proteins. This was followed by quenching the biotinylation reaction using 0.1% ethylene glycol,
lysing of cells, and enrichment and affinity purification of the biotinylated sample using
streptavidin beads overnight. Trypsin was used for on-bead digestion (18-20hrs at 37 C), and
sample fractions were collected. A bottom-up proteomics strategy was employed to identify the
adhesion relevant surface proteins between WT HEK 293 and RAGE HEK 293 cells. Modified
from (315).

Results
Validation of cell surface protein labeling, enrichment, and digestion

For the initial analysis, we compared two biotin reagents based on their ability to
selectively label membrane proteins. This was determined using Western blot against a well-

known cytoplasmic marker GAPDH (Cell Signaling Technology #5174). Biotinylated sample
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from EZ-Link Sulfo-NHS-LC-Biotin labeling showed increased GAPDH presence compared to
aminooxy biotin (appendix figure A10). The results from this data prompted us to proceed with
aminooxy biotin for our future experiments. We further determined the optimized conditions for
surface protein labeling of aminooxy biotin using its fluorescent analog compound, aminooxy
TAMRA. First, the surface labeling specificity was verified using confocal imaging and was
observed to be on the cell surface. We then determined that a total of 8 wash steps were required
to remove excess labeling reagent from the reaction by measuring the fluorescence from the
supernatant of the wash fractions at 540 nm (excitation) and 560 nm (emission).

Aminooxy biotin labeling was performed in cells using these optimized conditions.
Following labeling and lysing of cells, the protein fractions from the total, membrane, and
cytoplasmic proteins were tested by Western blot using a streptavidin-conjugated HRP antibody.
It is done to detect the presence of biotinylated proteins in all these fractions. Biotin binds strongly
to streptavidin, and their abundance would correspond to the signal in these protein fractions from
the Western blot. From the Western blot data, we observed only the total, and the membrane
protein fractions showed strong signals. No signal was observed in the cytoplasmic fraction of the
proteins. The success of trypsin digestion in samples was checked by silver nitrate staining of
digested and undigested samples. The staining showed bands present only in the undigested
sample. A band around 25 kDa was observed in the digested sample, which corresponded to excess

trypsin from the digestion reaction (Figure 5.6).
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Figure 5.6: Results from optimization of cell surface protein labeling for proteomics experiment.
From top left: confocal microscopy image of aminooxy TAMRA labeled cells shows selective
surface labeling indicated by arrows. Fluorescence measurement from the wash fractions was
evaluated to determine the number of washes required to remove free aminooxy TAMRA left in
the sample after labeling. Western blot against HRP streptavidin in total, cytoplasmic, membrane
protein fractions of aminooxy biotin labeled samples. Bottom center: Protein gel with digested and
the digested samples is identified as free trypsin left after the
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RAGE HEK 293 cells showed altered expression of adhesion relevant proteins

Data analysis from all 3 independent experiments showed that almost 50% of the adhesion
relevant proteins were found in both WT and RAGE HEK 293 cells. It was also noticed that RAGE
expression in HEK 293 cells increased the expression of selective adhesion relevant proteins that
were found to be absent in WT HEK 293 cells. Comparing the results within individual sample
sets showed that 29 proteins were identified from all 3 experiments in RAGE HEK 293 and 24
proteins in WT HEK 293 samples (appendix figure A12).

From the total list of identified proteins in 3 independent experiments, 12 proteins were
found in both WT and RAGE HEK 293 cells. These proteins include neural cell adhesion molecule
(NCAM), cell adhesion molecule 1 (CAML1), basigin (BSG), dystroglycan (DAGL1), integrin alpha
5 (ITGA5), integrin beta 1 (ITGB1), activated leukocyte cell adhesion molecule
(ALCAM/CD166), leukocyte surface antigen CD47 (CD 47), integrin alpha 2 (ITGA2), plexin-
B2 (PLXB2), cadherin-2 (CADHZ2), and integrin alpha 1 (ITGA1). Of these proteins, cadherin-2
showed no change in expression, and plexin-B2 was downregulated by half fold (0.5+0.2) in
RAGE HEK 293. The remaining proteins were upregulated in RAGE HEK 293, and of these
proteins, NCAM, dystroglycan, ITGA2, and ITGA1 showed fold changes greater than 3.5+0.7 that
were statistically significant. Adhesion proteins CAML, basigin, ITGA5, ITGB1, CD166, and CD

47 had a slight increase in fold change in the range of 1.5-2.0 (Figure 5.7).
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Figure 5.7: Differentially expressed adhesion relevant proteins in WT and RAGE HEK 293 cells
identified by LC-MS-MS proteomics.

The plot represents the normalized average fold change from 3 experiments (n=3) where ***
P<0.001, ** P<0.01, * P<0.05.
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Interestingly, in RAGE HEK 293 cells, a set of cell adhesion proteins were identified that
were not found in WT HEK 293 cells; epidermal growth factor receptor (EGFR), CD44 antigen
(CD44), ephrin-B1 (EFNB1); trophoblast glycoprotein (TPBG); podocalyxin-like protein 2
(PODXL2), neuroplastin (NPTN), CD99 antigen (CD99), integrin alpha-8 (ITGAS8), filamin-A
(FLNA), integrin alpha-V (ITGAV), and inactive tyrosine-protein kinase 7 (PTK7). Also, it was
noted that RAGE expression in HEK 293 completely abolished the expression of a set of proteins,
including ephrin type-A receptor 2 (EPHA2), ephrin type-A receptor 3 (EPHA3), ephrin type-A
receptor 8 (EPHAS8), ephrin type-B receptor 1 (EPHBL), ephrin type-B receptor 3 (EPHB3), and
ephrin type-B receptor 4 (EPHB4) (figure 5.8). Using the Panther classification system, the
functional classification of these differentially expressed genes towards pathway analysis
predicted the involvement of integrin mediated signaling pathways along with presenilin/y-
secretase and inflammation pathways from cytokines. Overall results from our proteomics study
suggest that RAGE expression in HEK 293 cells differentially regulates the expression of adhesion

relevant surface proteins, as listed in figure 5.8.
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Figure 5.8: Differentially expressed adhesion proteins upon RAGE expression in HEK 293 cells
by cell surface proteomics (top). Pathway analysis using the Panther classification system on the
genes identified in RAGE HEK 293 cells (bottom).
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Discussion

The results from cell surface proteomics showed that RAGE expression in HEK 293 cells
regulates the expression of surface proteins which are suggested to have an important role in cell-
cell and cell-matrix adhesion. Studies reported that there is an apparent interdependence in RAGE
signaling and the cell surface proteins identified. For example, in addition to signaling to
proinflammatory pathways, AGE-RAGE is also reported to mediate leukocyte recruitment via
RAGE expression and binding to Mac-1, a leukocyte adhesion molecule (318,319). Furthermore,
RAGE expression in HEK 293 significantly upregulated the expression of the following adhesion
molecules; NCAM, ITGA2, DAG1, and ITGAL. However, our gPCR analysis for the same genes
showed no significant upregulation in their transcriptional level compared to WT HEK 293. The
plausible scientific explanation is that a gene's transcript level is not the only factor affecting
protein levels. The expression level of proteins is also affected by their translation rates and
degradation rates (320).

Consistent with the upregulation of adhesion relevant surface proteins, RAGE also induced
expression of genes that were not found in WT HEK 293 cells. The data suggest that RAGE can
modulate the translational levels of these genes, although their transcriptional levels remain
constant. From the list of identified proteins in RAGE HEK 293 cells, only ITGAS8 protein levels
matched with its mMRNA levels, and the result was also supported by Western blot analysis. Other
identified proteins such as FLNA, CD44, NPTN were observed to have mRNA expression in the
WT HEK 293 cells but were not found in the protein levels. To our surprise, we did not find
CNTN1 from the proteomics data, although, from our Western blot analysis, we were able to
identify its expression. A possible explanation could be the absence of surface localization as these

proteins are reported to form complexes with other surface proteins such as Notch, which rapidly
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undergoes RIP processing (321). In the vasculature, RAGE expression was reported to stimulate
VCAML1 and ICAML1 expression. From our data, we did not find VCAM1 and ICAM1 at both
transcript and protein levels in RAGE HEK 293 cells suggesting that RAGE regulation of these
two CAMs is dependent on the tissue type (322). We expected to observe an increased expression
of MUC18/MCAM, FN1, and THBSL1 based on the result from our qPCR data in WT HEK 293
cells, but we could not identify these proteins in our proteomics study. However, WT HEK 293
cells were found to express high levels of ephrin type A and B receptors which were not found in
RAGE HEK 293 cells. Overall, our data suggests that RAGE regulates the expression of cell
surface adhesion receptors differently.
Effect of RAGE knockdown in cell adhesion and ITGAS8 expression

Experimental design
Knockdown of RAGE using ShRNA

Knockdown of RAGE was performed using shRNA plasmid targeted against RAGE
(Genecopoeia, product# HSH094823-CU6). RAGE HEK 293 cells and MiaPaCa2 cells were
transiently transfected as described in chapter 2 with some modifications. Cells were transfected
for 72 hours and processed for RNA extraction for gPCR and protein extraction for Western blot
analysis to determine the knockdown efficiency. Changes in cell adhesion to ECM coated surfaces
(collagen 1V, collagen 1, and fibronectin) and ITGA8 expression was investigated upon RAGE
knockdown in these cells. Scrambled shRNA was used as a control in this study (Genecopoeia,

product# CSHCTR001-CUSG).
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Results

RAGE knockdown reduced cell adhesion, cell spreading to ECM, and downregulation of

ITGAS8

Out of the 3 RAGE shRNA plasmids tested, clone ‘C’ showed maximum knockdown

efficiency and was used for subsequent experiments (appendix figure A12). Knockdown efficiency

of 40% was observed at the transcript level and 54% at the translational level (Figure 5.9).

RAGE knockdown in RAGE HEK 293 cells

- (qPCR analysis)

[l Control ShRNA
H RAGE shRNA

Relative fold change at mRNA level

RAGE

Relative fold change at protein level

Set I Set 11 Set 11T

¥ 3y & ¥
FF FF &
FS &5 5F

Actin *42 KDa

RAGE knockdown in RAGE HEK 293 cells
(Western blot quantification)

B Control shRNA
H RAGE shRNA

RAGE

Figure 5.9: gPCR and Western blot data showing relative fold change in RAGE expression after

shRNA knockdown in RAGE HEK 293 cells.

The plots represent the average of 3 independent experiments (n=3) where ** P<0.01, * P<0.05.
AntiRAGE D1A12 antibody was used to detect RAGE in these samples.
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Knocking down RAGE reduced cell adhesion in RAGE HEK 293 cells to different ECM
proteins (Figure 5.10). The RAGE shRNA transfected cells showed a reduced adherence of about
40% to the ECM proteins. It was also noticed that adherence to collagen IV was slightly higher
than to collagen I or fibronectin 1 during the 5 min time point with control shRNA transfected
RAGE HEK 293 cells. With fibronectin and collagen | coated surfaces the control shRNA
transfected cells adhered at the same rate. Cells transfected with RAGE shRNA showed reduced
binding between 5-10 minute time points to collagen | changing from 20 to 24%, but with
fibronectin, the adherence was comparatively higher in the initial time points. Data obtained for
cell spreading assays mirrored the results of the adhesion assay (Figure 5.11). Overall, RAGE
knockdown decreased the cell polarization, and cells appeared circular. However, control ShRNA
transfected RAGE HEK 293 cells maintained a dense, almost neuronal-like spread pattern typical
for RAGE expressing HEK 293 cells. The observed circularity value for RAGE shRNA transfected

cells were >0.8, whereas the control shRNA transfected cells had a value of <0.5.
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Figure 5.10: Plots from cell adhesion plate assay with RAGE HEK 293 cells transfected with
control and RAGE shRNA to collagen IV (top center), fibronectin (bottom left), and collagen |
(bottom right) coated surfaces.

This plot represents the average of all three independent experiments (n=3). Statistical analysis
was performed using Student t-test; *p<0.05, **p<0.01, ***p<0.001.
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Figure 5.11: Images from cell spreading assay in RAGE HEK 293 cells transfected with control
and RAGE shRNA.

After 72hrs of transfection, cells were seeded onto different ECM protein coatings and imaged
after 3 hrs. Results from the image analysis of a single experiment demonstrated that RAGE
knockdown inhibited cell polarization and was observed to have circular shaped morphology.
Quantitative analysis of circularity of cells was shown beside. The bar graph represents the average
cell circularity values from all three independent experiments using Image J software. A circularity
value of 1 denotes the perfect circular shape of a cell. Statistical analysis was performed using
Student t-test; n=3 and *p<0.05. Scale bar 25um.

As our next step, we investigated the effect of RAGE knockdown on ITGAS level in RAGE
HEK 293 cells using Western blot analysis. RAGE knockdown significantly downregulated

ITGAS8 expression by 60% (Figure 5.12). To further investigate the functional dependency of
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RAGE and ITGAS, we used the pancreatic cancer cell line, MIA PaCa-2. Endogeneous expression
of RAGE and ITGAS8 expression were determined in MIA PaCa-2 cells (Figure 5.13). Western
blot analysis using antiRAGE D1A12 antibody showed a RAGE band around 55 Kda from MIA
PaCa-2 lysate. Immunofluorescence analysis showed that RAGE localized mainly in the
intracellular region, and some fluorescence was observed in the nucleus. ITGA8 expression was
confirmed by Western blot and by flow cytometry analysis.

We observed about 40% knockdown of RAGE in MIA PaCa-2 cells by Western blot
analysis. Furthermore, as observed in RAGE HEK 293 cells, knocking down RAGE in MIA PaCa-
2 cells also reduced ITGAS levels by 80% (Figure 5.14). Overall, our results showed that RAGE
knockdown reduced cell adhesion and cell spreading, which might be resulted from the

downregulation of ITGAS.
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Figure 5.12: Western blot against ITGA8 in RAGE HEK 293 cells transfected with
control/scrambled and RAGE shRNA.

Actin was used as the loading control. The plot below shows the relative quantification of the
ITAG8 expression from 2 independent experiments (n=2) where ** P<0.01. Human ITGAS8
antibody (MAB6194) was used to detect ITGAS in these samples.
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Figure 5.13: Validation of endogenous expression of RAGE and ITGAS8 in MIA PaCa-2 cells.
(A) Western blot against RAGE in RAGE HEK 293 and MIA PaCa-2 lysates;
Immunofluorescence analysis of RAGE in MIA PaCa-2 cells. AntiRAGE D1A12 antibody was
used to detect RAGE in these samples. (B) Western blot against ITGA8 in MIA PaCa-2 lysates;
Histogram from flow cytometry analysis of cell surface RAGE and ITGA8 in MIA PaCa-2 cells
in non-permeabilized condition. AntiRAGE 9A11 was used to detect RAGE, and human ITGAS8
antibody (MAB6194) was used to detect ITGAS in these samples.
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RAGE knockdown in MIA PaCa-2 cells
(Western blot quantification for RAGE & ITGAS)
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Figure 5.14: Western blot showing expression of RAGE and ITGAS8 in MIA PaCa-2 cells after
RAGE knockdown.

The plot shows the quantification of these respective proteins and represents the average of 2
independent experiments (n=2) where ** P<0.01, * P<0.05. AntiRAGE D1A12 was used to detect
RAGE, and human ITGAS8 antibody (MAB6194) was used to detect ITGAS8 in these samples.

Discussion

Our study demonstrated successful knockdown of RAGE in both RAGE HEK 293 and
MIA PaCa-2 cells. RAGE HEK 293 cells showed a slightly higher knockdown level of RAGE in
protein levels (~60%) compared to MIA PaCa-2 cells (~40%) which could be due to differences
in the transfection efficiency between these cell types (323). RAGE knockdown reduced cell
adhesion compared to the control shRNA transfected cells. The data is in line with our findings in
chapter 3, where we observed that overexpression of RAGE significantly improved adherence of
cells. The data from the cell spreading assay showed that RAGE knockdown decreased the cell’s
ability to polarize. These cells had circularity values corresponding to those of mock and DN-

RAGE expressing cells from chapter 3.
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Data from the qPCR and proteomics studies showed that RAGE expression increased the
expression of ITGA8 both at the transcript and translational levels. We investigated levels of
ITGA8 upon RAGE knockdown in RAGE HEK 293 cells and in the pancreatic cancer cell lime
Mia PaCa2-2 which is reported to express endogenous RAGE. It was observed that silencing
RAGE downregulated ITGA8 levels in these cells (324). Western blot analysis showed
endogenous expression of ITGA8 in MIA PaCa-2 cells. It was also previously reported that altered
integrin expression in pancreatic cancer contributes to cancer cell invasion and metastasis (325).
RAGE knockdown reduced the expression of ITGA8 in Mia PaCa-2 cells suggesting that RAGE
modulates ITGA8 expression in these cells. A recent study described that endogenous RAGE in
podocyte co-immunoprecipitates with aVB3-integrin. aVB3-integrin associates with soluble
urokinase plasminogen activator receptor (SUPAR) to mediate pathological signaling. This study
identified that RAGE is an essential co-receptor for sUPAR as blocking RAGE using its inhibitor,
azeliragon, and silencing RAGE inhibited the signaling (326). Our data suggest that RAGE can
directly or indirectly affect integrins in mediating signaling response.

The overall result from this study demonstrates that RAGE knockdown suppresses cell
adhesion and cell spreading by downregulating ITGA8 expression.

Conclusion

The overall goal of this study was to identify differentially expressed adhesion relevant
surface proteins upon RAGE expression. We investigated the above at the transcriptional and
protein levels. We utilized gPCR to evaluate the transcriptional changes using a list of selected
genes relevant to cell adhesion. Our results from the qPCR analysis showed increased transcript
levels of ITGA8 and CNTN1 in RAGE HEK 293 cells and downregulated the levels of

MCAM/MUCI18, FN1, and THBS1 in these cells compared to WT HEK 293. Since transcript
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levels do not always replicate the protein levels of a gene, we used cell surface proteomics as a
complementary approach.

Data analysis from the proteomics study showed that RAGE expression differentially
altered the expression of adhesion relevant cell surface proteins, which fell into 3 categories;
proteins that were (1) common in both the cell types, (2) identified only in RAGE HEK 293, and
(3) WT HEK 293. From the analysis, we identified 12 proteins in both WT and RAGE HEK 293
cells: NCAM, CAML1, BSG, DAGL, ITGA5, ITGB1, ALCAM/CD166, CD 47, ITGA2, PLXB2,
CADH2, and ITGAL. Except for PLXB2, all proteins were upregulated, in particular NCAM,
ITGAL, and ITGA2, which showed fold changes greater than 3.5. However, their transcript levels
did not show significant changes when compared to the WT HEK 293 cells. In addition, RAGE
expression induced the expression of certain proteins that were absent in WT HEK 293 cells. The
genes include, EGFR, CD44, EFNBL, TPBG, PODXL2, NPTN, CD99, ITGAS, FLNA, ITGAV,
and PTKY7. Ephrin type A and B receptor proteins (EPHA & EPHB) were found only in WT HEK
293 cells but not in RAGE HEK 293 cells.

A knockdown study approach was utilized to understand the functional relevance of RAGE
expression towards cell adhesion and the molecular mechanism involved. Based on the result from
pathway ontology using the panther classification system, we linked changes in ITGA8 and RAGE
to cell adhesion in HEK 293 and in MIA PaCaz2 cells. As expected, knocking down RAGE resulted
in reduced adherence and impairment in cell polarization in RAGE HEK 293 cells. Furthermore,
we observed a direct correlation between RAGE and ITGA8 expression and knocking down
RAGE reduced the expression of ITGAS.

Collectively, the results of this study suggest that RAGE expression alters global changes

in the surface proteome of the cells, and ITGA8 was identified as one of the adhesion proteins. We
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also demonstrated ITGA8 expression to correlate with RAGE expression changes directly and
further suggest a functional dependency between them (Summarized in Figure 5.15). However,
we could not come to a definite conclusion about this as the effect of ITGA8 expression on RAGE

was not evaluated.

Figure 5.15: Overall findings from Chapter 5 show RAGE expression increases cell adhesion and
cell spreading to ECM by regulating ITGA8 expression.

Our data suggest that RAGE regulates ITGA8 expression in RAGE HEK 293 and Mia PaCa-2
cells. We propose that this might contribute to increased cell adherence and spreading to ECM.
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CHAPTER 6. SUMMARY AND CONCLUSIONS; CLINICAL RELEVANCE;
LIMITATIONS; AND FUTURE DIRECTIONS
Summary and conclusion

This project provides novel insights into the role of different domains of RAGE and the
underlining mechanism involved in RAGE mediated cell adhesion.

RAGE is a pattern recognition receptor comprising three Ig-like extracellular domains, V,
C1, and C2, a single transmembrane domain, and an intracellular cytoplasmic domain (ICD)
(104,105). RAGE is known to interact with a wide range of ligands and activates multiple signaling
pathways (109,134). RAGE associated signaling has significant roles in human pathogenesis,
including diabetic complications (146,147), neurodegenerative diseases (148,149), and certain
cancers (150,152,327). Blocking RAGE activation and signaling has been shown to reduce or
prevent the development of these pathological conditions in in vitro and in vivo models
(134,204,328-330). Despite the prominent role of RAGE in pathological complications, studies
have also shown that RAGE expressing cells had increased adherence and spreading in the
presence of extracellular matrix (ECM) proteins (196,205-207).

An elaborate investigation of the importance of the different domains of RAGE in cell
adhesion was performed using domain deletion variants of RAGE; (FL-, DN-, AV-, AC1, AC2,
and TmCyto-). Deletion of the V domain of RAGE impaired the membrane localization of RAGE,
suggesting the function of the V domain in RAGE localization. To evaluate the adhesion upon
expression of these variants, we utilized the real time cell analyzer Xcelligence dp system, which
is capable of recording small changes in cell adhesion. The results from cell adhesion and cell
spreading data highlighted the importance of the ICD and demonstrated that the presence of

membrane bound RAGE or its extracellular domains was not necessary to mediate cell-cell and
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cell-extracellular matrix interactions. Another observation from this study was that the ICD of
RAGE, even when expressed individually, was able to function as the full-length receptor. The
striking difference between these variants is their difference in localization, with the expression of
FL-RAGE localized primarily at the plasma membrane and the TmCyto-RAGE localized in the
intracellular region.

Studies reported the occurrence of metalloprotease mediated ectodomain
shedding/cleavage in RAGE upon stimulation (269). This extracellular shedding is often
associated with intramembrane proteolysis in many transmembrane receptors and reported to
liberate the intracellular cytoplasmic domain which upon nuclear localization signals to alter
cellular events including gene expression, cell adhesion and migration (262,267). Ligand
stimulation in FL-RAGE induced intramembrane proteolysis and nuclear translocation. However,
in the case of the cytoplasmic domain, it was observed that the intramembrane proteolysis occurred
without stimulation and showed selective nuclear localization.

Furthermore, in the nucleus, the ICD was found to concentrate in the nucleolus, and this
is the first study to report the nucleolar localization of RAGE ICD. The findings were also
complemented by the NLS prediction software, which reported residues 365-368 (RRQR) in the
RAGE ICD as an NLS sequence. Interestingly, a nucleolar localization signal was also mapped in
this same region.

Next, RAGE expression and its effects on global changes in the expression of adhesion
relevant surface proteins were investigated. ITGA8 and CNTN1 were found to be upregulated in
their mMRNA and protein levels. Also, it was observed that the genes such as MCAM, FN1, and
THBS1 were downregulated upon RAGE expression. The cell surface proteomics study identified

cell adhesion molecules that were upregulated upon RAGE expression. NCAM, ITGAL, and
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ITGA2 showed greater than 3-fold change. Interestingly, RAGE expression also induced the
expression of adhesion molecules EGFR, CD44, EFNB1, TPBG, PODXL2, NPTN, CD99,
ITGA8, FLNA, ITGAV, and PTK7. Multiple studies showed that the identified genes are
important contributors to neurologic disorders and cancer metastasis (52,259,309,331,332). Also,
half of the identified proteins were reported to undergo intermembrane proteolysis and signal
important biological functions such as cell adhesion, proliferation, and migration (267).

Lastly, the functional dependency of RAGE towards changes in adhesion and spreading
was assessed using the gene knockdown approach. RAGE knockdown significantly reduced
adherence of the cells to ECM proteins and completely abolished polarization of the cells.
Furthermore, the protein levels of ITGAS8 correlated with RAGE expression, as knocking down
RAGE in both RAGE HEK 293 and MIA PaCa2 cells reduced integrin expression. Our data
suggest an interplay between RAGE and ITGAS8 in mediating cell adhesion.

Collectively, these data propose a new model of RAGE signaling via ectodomain shedding
and intramembrane proteolysis that is distinct from classical signaling. The liberated RAGE ICD
upon nuclear and nucleolar translocation regulates the expression of adhesion molecules on the

cell surface, such as ITGA8(Summarized in Figure 6.1).
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Figure 6.1: Overall findings and proposed model of RAGE signaling to cell adhesion by
intramembrane proteolysis.

(1) RAGE-ligand association induces ectodomain shedding by ADAM10 or MMP9. (2) The
cytoplasmic tail of RAGE is liberated upon regulated intramembrane proteolysis (RIP) by y-
secretase. (3) The liberated cytoplasmic tail forms an association with a cytoplasmic protein
partner (Protein X) and is translocated to the nucleus. (4 & 5) In the nucleus, RAGE ICD drives
transcription factors to signal to induce expression of ITGA8 and other CAMSs, which contributes
to increased cell adherence and cell spreading in the presence of ECM.

Clinical relevance
RAGE is implicated in diverse chronic inflammatory states, and the clinical
relevance of RAGE in these inflammatory diseases is being demonstrated in clinical trials of novel
small-molecule RAGE inhibitors. Several of these inhibitors (Table 1.2) were developed to target

the ligand binding sites in the extracellular domains of RAGE. For example, Azeliragon is an
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orally bioavailable inhibitor of RAGE targeting its VC1 domain and has undergone phase 3 clinical
trials for Alzheimer’s disease (ClinicalTrials.gov identifier: NC02080364). The study was
terminated due to its failure to slow the decline on the Alzheimer’s disease assessment scale (333).
The result suggests that an alternative strategy is needed to block RAGE from signaling in
pathological conditions.

The results from our data suggest an alternative mechanism in RAGE signaling involving
nuclear translocation of its ICD. Our study also demonstrated the functional dependency of RAGE
with integrins, and further investigations on this would be beneficial to understanding RAGE’s
signaling and cross talks.

Overall, our study suggests that targeting ectodomain shedding and intramembrane
proteolysis along with small molecule inhibitors might be effective in blocking RAGE signaling
in pathological conditions.

Limitations

Although this study resulted in novel findings, there were limitations associated with it.

The major limitation of this study is that all of the experiments have been carried out in
cell culture models. Another limitation is that our study used only one disease cell model (Mia
PaCa2 — pancreatic cancer cell) to correlate changes in RAGE expression to ITGA8. Also,
additional studies would be required to translate the proposed RAGE signaling model to in vitro
and in vivo disease models.

A second limitation was that we could not identify a mechanism behind the nuclear
translocation of the RAGE ICD. Although we show the presence of NLS, it is not clear if the ICD
translocates on its own into the nucleus or forms a complex with another cytoplasmic protein for

nuclear translocation.
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Third, we did not check the changes in expression of adhesion relevant genes in disease
models that express endogenous RAGE. We also did not check the functional dependency of other
identified proteins from our surface proteomics study. Therefore, this limited our understanding of
the dependency between RAGE and other adhesion molecules.

Future directions

It would be beneficial to investigate the mechanism behind the nuclear translocation of
RAGE and to identify the associated cytoplasmic binding partners in mediating this translocation.
This can be done by affinity tagging the cytoplasmic domain followed by an immunoprecipitation-
based purification technique for studying protein—protein interactions.

Next, it would be valuable to investigate if blocking the extracellular ligand binding region
and inhibiting the RAGE ICD nuclear translocation could disrupt RAGE signaling in HEK 293
cells. This can be done by mutating the NLS sequence (RRQR) in the cytoplasmic domain (residue
365-368) and blocking the ligand binding V domain using antiRAGE antibodies, followed by
monitoring changes in the expression of ITGA8. The results from the above experiment would
answer if nuclear translocation of RAGE-ICD is the reason behind changes in expression of
ITGAS and other adhesion relevant proteins.

Finally, an in-depth study investigating the effect of RAGE expression and activation of
adhesion molecule transcription and expression in specific disease models would be important.
Such a study could use RNAseq and the targeted proteomics approaches in cell based and mouse

disease models.
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APPENDIX A. SUPPLEMENTAL FIGURES
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Figure Al: Agarose gel (1.5%) with the PCR products amplified from mycoplasma primers.

For details, refer to cell culture conditions in chapter 2. Only the positive sample showed the PCR
product, which is a single DNA amplicon ranging in 236-365 base pairs (bp). Wild type (WT)
HEK 293 cells and RAGE stably transfected HEK 293 cells (RAGE HEK 293) were negative for
mycoplasma contamination.

Figure A2: UV spectra of the pcDNA3 FL-RAGE plasmid (left). Extracted plasmids pcDNA3
empty vector (MOCK) and pcDNAZ3 full length (FL)-RAGE ran on a agarose gel (0.8%) with a
10Kbp DNA ladder (New England Biolabs) (right).

The quality of extracted plasmid was determined using the absorbance ratio of 260 to 280 nm
(0.42/0/23 = ~1.8). Plasmid with a 260/280 ratio of ~1.8 is generally accepted as “pure” for DNA.
It was observed that the plasmid sample containing FL-RAGE ran higher than the mock plasmid
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Figure A3: Extracted total RNA sample ran on a agarose gel.
200 ng of total RNA samples from WT HEK 293 and RAGE HEK 293 were run beside

GoldBio.com 100bp ladder D001-500 on a 1.5% agarose gel containing 0.01% ethidium bromide.
The 18S and 28S ribosomal RNA bands are clearly visible and intact in these samples. The ratios
of 260/280 nm for these extracted RNA samples were found to be ~1.8
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Figure A4: Additional western blot data from different experiments representing figure 3.7 of
chapter 3. Protein expression in WT HEK 293 cells transfected with FL-RAGE and other RAGE
variants at time points (A) 24, 48, and 72 hours and (B) at 24 hours in WT HEK 293 cells.

Actin was used as the loading control. The N-terminus antiRAGE 9A11 antibody was used to
determine expression in FL-RAGE and DN-RAGE. For all other RAGE domain deletion variants,
including FL-RAGE, expression was detected using the C-terminus antiRAGE D1A12 antibody.
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Figure A5: Additional images from different experiments representing figure 3.8 of chapter 3.
Confocal microscopy images of cells expressing the FL-RAGE and different domain deletion

variants.

For the DN-RAGE construct antiRAGE 9A11 antibody was used, and for all other constructs,
antiRAGE D1A12antibody was used. The images are taken at 40X objective using Olympus
FV3000 at the same exposure time.
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Experiment D Experiment C Experiment B Experiment A

Figure A6: Microscopy images from all four individual experiments (A, B, C, and D) n=4,
showing cell-cell adhesion in RAGE HEK 293 and WT HEK 293 cells (additional images for
figure 3.13 of chapter 3).

The cells were transiently transfected with plasmids encoding the red fluorescent protein (RFP)
for RAGE HEK 293 and green fluorescent protein (GFP) for WT HEK 293. Cells were seeded in
equal numbers from the two populations on a collagen 1V coated surface and imaged after 48hrs.
The type of cell contacts was determined by counting the contacts made from RFP and GFP cells.
Only the nuclei stained cells were considered nontransfected cells. Scale bar 20 pum.
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Figure A7: Additional images representing figure 4.2 of chapter 4. Confocal images of HEK 293
cells transfected with FL-RAGE-YFP plasmids and treated with ribose glycated BSA at different
time points (1, 6, and 24 hours).

Without AGE treatment, RAGE was localized to the membrane. After 6 hours of AGE treatment
(500pg/ml), RAGE internalization was observed with increased intracellular RAGE localization.
The enlarged image below shows the nuclear localization of RAGE-ICD after 24 hours of ribose
glycated BSA treatment (bottom right).
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Figure A8: Additional images representing figure 4.3 of chapter 4. Confocal microscopy images
of cells transfected with control plasmid containing only cyan fluorescent protein (CFP) tagging
and RAGE-ICD CFP in HEK 293 (left) and CHO cells (right).

HEK 293 and CHO cells were transfected with CFP and RAGE-ICD CFP plasmids for 24 hours.
Image analysis showed distinct nuclear localization of the CFP in cells transfected with RAGE-
ICD-CFP. In contrast, the control plasmid transfected cells showed no distinct cellular localization
of the fluorescent protein.
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Figure A9: Additional images representing figure 4.5 of chapter 4. Confocal images (2D and 3D
view) of WT HEK 293 cells transfected with EGFP-FL- RAGE-RFP plasmid in ribose glycated
BSA treated conditions.

In non-treated conditions, both EGFP and RFP colocalized to the membrane. The enlarged image
beside shows increased colocalization of both fluorescent proteins indicating RAGE clustering at
cell-cell contacts. Treatment with ribose glycated BSA (500ug/ml) for 12 hours induced cleavage
in RAGE, leading to distinct localization of EGFP and RFP. After 24 hours, the RFP tagged to the
c-terminus of RAGE showed nuclear localization. The 3D rendering of the corresponding images
was shown below the treated conditions.
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Figure A10: Detection of GAPDH in enriched biotinylated samples labeled with aminooxy biotin
and EZ-Link Sulfo-NHS-LC-Biotin.
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Figure A11: Venn diagram of adhesion relevant proteins identified from cell surface proteomics.
(A) individual experiment sample sets of both WT and RAGE HEK 293 (B) three independent
experiments in RAGE HEK 293 and WT HEK 293 samples.
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Figure A12: Relative changes in RAGE expression at mRNA and protein levels upon RAGE
shRNA transfection in RAGE HEK 293 cells.

RAGE HEK 293 cells are transfected with 3 sShRNA plasmids targeting RAGE: RAGE shRNA
(A), RAGE shRNA (B), and RAGE shRNA (C) for 72 hrs. Cells were then processed to determine
changes in RAGE expression at mMRNA and protein levels compared to Control/scrambled sShRNA
transfected cells. The plot corresponds to a normalized relative fold change of RAGE at the mRNA
level by gPCR analysis, and the blot corresponds to RAGE expression at the protein level by
western blot analysis.
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APPENDIX B. NUCLEOTIDE AND PROTEIN SEQUENCE OF RAGE MUTANTS
(CHAPTER 3 AND 4)

FL-RAGE nucleotide sequence

ATGGCGGCGGGCACCGCGGTGGGCGCGTGGGTGCTGGTGCTGAGCCTGTGGGGCGCGGTGGTGGGCG
CGCAGAACATTACCGCGCGCATTGGCGAACCGCTGGTGCTGAAATGCAAAGGCGCGCCGAAAAAACC
GCCGCAGCGCCTGGAATGGAAACTGAACACCGGCCGCACCGAAGCGTGGAAAGTGCTGAGCCCGCAG
GGCGGCGGCCCGTGGGATAGCGTGGCGCGCGTGCTGCCGAACGGCAGCCTGTTTCTGCCGGCGGTGGG
CATTCAGGATGAAGGCATTTTTCGCTGCCAGGCGATGAACCGCAACGGCAAAGAAACCAAAAGCAAC
TATCGCGTGCGCGTGTATCAGATTCCGGGCAAACCGGAAATTGTGGATAGCGCGAGCGAACTGACCGC
GGGCGTGCCGAACAAAGTGGGCACCTGCGTGAGCGAAGGCAGCTATCCGGCGGGCACCCTGAGCTGG
CATCTGGATGGCAAACCGCTGGTGCCGAACGAAAAAGGCGTGAGCGTGAAAGAACAGACCCGLLGCC
ATCCGGAAACCGGCCTGTTTACCCTGCAGAGCGAACTGATGGTGACCCCGGCGCGCGGCGGCGATCCG
CGCCCGACCTTTAGCTGCAGCTTTAGCCCGGGCCTGCCGCGCCATCGCGCGCTGCGCACCGCGCCGAT
TCAGCCGCGCGTGTGGGAACCGGTGCCGCTGGAAGAAGTGCAGCTGGTGGTGGAACCGGAAGGCGGC
GCGGTGGCGCCGGGCGGCACCGTGACCCTGACCTGCGAAGTGCCGGCGCAGCCGAGCCCGCAGATTC
ATTGGATGAAAGATGGCGTGCCGCTGCCGCTGCCGCCGAGCCCGGTGCTGATTCTGCCGGAAATTGGC
CCGCAGGATCAGGGCACCTATAGCTGCGTGGCGACCCATAGCAGCCATGGCCCGCAGGAAAGCCGCG
CGGTGAGCATTAGCATTATTGAACCGGGCGAAGAAGGCCCGACCGCGGGCAGCGTGGGCGGCAGCGG
CCTGGGCACCCTGGCGCTGGCGCTGGGCATTCTGGGCGGCCTGGGCACCGCGGCGCTGCTGATTGGCG
TGATTCTGTGGCAGCGCCGCCAGCGCCGCGGCGAAGAACGCAAAGCGCCGGAAAACCAGGAAGAAGA
AGAAGAACGCGCGGAACTGAACCAGAGCGAAGAACCGGAAGCGGGCGAAAGCAGCACCGGLGGeee
G

AV-RAGE nucleotide sequence

ATGGCGGCGGGCACCGCGGTGGGCGCGTGGGTGCTGGTGCTGAGCCTGTGGGGCGCGGTGGTGGGLG
CGGTGTATCAGATTCCGGGCAAACCGGAAATTGTGGATAGCGCGAGCGAACTGACCGCGGGLGTGLC
GAACAAAGTGGGCACCTGCGTGAGCGAAGGCAGCTATCCGGCGGGCACCCTGAGCTGGCATCTGGAT
GGCAAACCGCTGGTGCCGAACGAAAAAGGCGTGAGCGTGAAAGAACAGACCCGCCGCCATCCGGAAA
CCGGCCTGTTTACCCTGCAGAGCGAACTGATGGTGACCCCGGCGCGCGGCGGCGATCCGLCGLCLCCGACC
TTTAGCTGCAGCTTTAGCCCGGGCCTGCCGCGCCATCGCGCGCTGCGCACCGCGCCGATTCAGCCGCG
CGTGTGGGAACCGGTGCCGCTGGAAGAAGTGCAGCTGGTGGTGGAACCGGAAGGCGGCGCGGTGGLG
CCGGGCGGCACCGTGACCCTGACCTGCGAAGTGCCGGCGCAGCCGAGCCCGCAGATTCATTGGATGA
AAGATGGCGTGCCGCTGCCGCTGCCGCCGAGCCCGGTGCTGATTCTGCCGGAAATTGGCCCGCAGGAT
CAGGGCACCTATAGCTGCGTGGCGACCCATAGCAGCCATGGCCCGCAGGAAAGCCGCGCGGTGAGCA
TTAGCATTATTGAACCGGGCGAAGAAGGCCCGACCGCGGGCAGCGTGGGCGGCAGCGGCCTGGGCAC
CCTGGCGCTGGCGCTGGGCATTCTGGGCGGCCTGGGCACCGCGGCGCTGCTGATTGGCGTGATTCTGT
GGCAGCGCCGCCAGCGCCGCGGCGAAGAACGCAAAGCGCCGGAAAACCAGGAAGAAGAAGAAGAAC
GCGCGGAACTGAACCAGAGCGAAGAACCGGAAGCGGGCGAAAGCAGCACCGGLGGLCCG

ACI1-RAGE nucleotide sequence

ATGGCGGCGGGCACCGCGGTGGGCGCGTGGGTGCTGGTGCTGAGCCTGTGGGGCGCGGTGGTGGGCG
CGCAGAACATTACCGCGCGCATTGGCGAACCGCTGGTGCTGAAATGCAAAGGCGCGCCGAAAAAACC
GCCGCAGCGCCTGGAATGGAAACTGAACACCGGCCGCACCGAAGCGTGGAAAGTGCTGAGCCCGCAG
GGCGGCGGCCCGTGGGATAGCGTGGCGCGCGTGCTGCCGAACGGCAGCCTGTTTCTGCCGGCGGTGGG
CATTCAGGATGAAGGCATTTTTCGCTGCCAGGCGATGAACCGCAACGGCAAAGAAACCAAAAGCAAC
TATCGCGTGCGCGTGTATCAGATTCCGGGCAAAACCGCGCCGATTCAGCCGCGCGTGTGGGAACCGGT
GCCGCTGGAAGAAGTGCAGCTGGTGGTGGAACCGGAAGGCGGLCGCGGTGGCGCCGGGLCGGCACCGTG
ACCCTGACCTGCGAAGTGCCGGCGCAGCCGAGCCCGCAGATTCATTGGATGAAAGATGGCGTGCCGCT
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GCCGCTGCCGCCGAGCCCGGTGCTGATTCTGCCGGAAATTGGCCCGCAGGATCAGGGCACCTATAGCT
GCGTGGCGACCCATAGCAGCCATGGCCCGCAGGAAAGCCGCGCGGTGAGCATTAGCATTATTGAACC
GGGCGAAGAAGGCCCGACCGCGGGCAGCGTGGGCGGCAGCGGCCTGGGCACCCTGGCGCTGGLGLTG
GGCATTCTGGGCGGCCTGGGCACCGCGGCGCTGCTGATTGGCGTGATTCTGTGGCAGCGCCGCCAGCG
CCGCGGCGAAGAACGCAAAGCGCCGGAAAACCAGGAAGAAGAAGAAGAACGCGCGGAACTGAACCA
GAGCGAAGAACCGGAAGCGGGCGAAAGCAGCACCGGLGGLELEG

AC2-RAGE nucleotide sequence

ATGGCGGCGGGCACCGCGGTGGGCGCGTGGGTGCTGGTGCTGAGCCTGTGGGGCGCGGTGGTGGGCG
CGCAGAACATTACCGCGCGCATTGGCGAACCGCTGGTGCTGAAATGCAAAGGCGCGCCGAAAAAACC
GCCGCAGCGCCTGGAATGGAAACTGAACACCGGCCGCACCGAAGCGTGGAAAGTGCTGAGCCCGCAG
GGCGGCGGCCCGTGGGATAGCGTGGCGCGCGTGCTGCCGAACGGCAGCCTGTTTCTGCCGGCGGTGGG
CATTCAGGATGAAGGCATTTTTCGCTGCCAGGCGATGAACCGCAACGGCAAAGAAACCAAAAGCAAC
TATCGCGTGCGCGTGTATCAGATTCCGGGCAAACCGGAAATTGTGGATAGCGCGAGCGAACTGACCGC
GGGCGTGCCGAACAAAGTGGGCACCTGCGTGAGCGAAGGCAGCTATCCGGCGGGCACCCTGAGCTGG
CATCTGGATGGCAAACCGCTGGTGCCGAACGAAAAAGGCGTGAGCGTGAAAGAACAGACCCGCLGCC
ATCCGGAAACCGGCCTGTTTACCCTGCAGAGCGAACTGATGGTGACCCCGGCGCGCGGCGGCGATCCG
CGCCCGACCTTTAGCTGCAGCTTTAGCCCGGGCCTGCCGCGCCATCGCGCGCTGCGCACCGCGCCGAT
TCAGCCGATTAGCATTATTGAACCGGGCGAAGAAGGCCCGACCGCGGGCAGCGTGGGCGGCAGCGGC
CTGGGCACCCTGGCGCTGGCGCTGGGCATTCTGGGCGGCCTGGGCACCGCGGCGCTGCTGATTGGCGT
GATTCTGTGGCAGCGCCGCCAGCGCCGCGGCGAAGAACGCAAAGCGCCGGAAAACCAGGAAGAAGA
AGAAGAACGCGCGGAACTGAACCAGAGCGAAGAACCGGAAGCGGGCGAAAGCAGCACCGGLGGeee
G

DN-RAGE nucleotide sequence

ATGGCGGCGGGCACCGCGGTGGGCGCGTGGGTGCTGGTGCTGAGCCTGTGGGGCGCGGTGGTGGGLG
CGCAGAACATTACCGCGCGCATTGGCGAACCGCTGGTGCTGAAATGCAAAGGCGCGCCGAAAAAACC
GCCGCAGCGCCTGGAATGGAAACTGAACACCGGCCGCACCGAAGCGTGGAAAGTGCTGAGCCCGCAG
GGCGGCGGCCCGTGGGATAGCGTGGCGCGCGTGCTGCCGAACGGCAGCCTGTTTCTGCCGGCGGTGGG
CATTCAGGATGAAGGCATTTTTCGCTGCCAGGCGATGAACCGCAACGGCAAAGAAACCAAAAGCAAC
TATCGCGTGCGCGTGTATCAGATTCCGGGCAAACCGGAAATTGTGGATAGCGCGAGCGAACTGACCGC
GGGCGTGCCGAACAAAGTGGGCACCTGCGTGAGCGAAGGCAGCTATCCGGCGGGCACCCTGAGCTGG
CATCTGGATGGCAAACCGCTGGTGCCGAACGAAAAAGGCGTGAGCGTGAAAGAACAGACCLCGLCCGLC
ATCCGGAAACCGGCCTGTTTACCCTGCAGAGCGAACTGATGGTGACCCCGGCGCGCGGCGGCGATCCG
CGCCCGACCTTTAGCTGCAGCTTTAGCCCGGGCCTGCCGCGCCATCGCGCGCTGCGCACCGCGCCGAT
TCAGCCGCGCGTGTGGGAACCGGTGCCGCTGGAAGAAGTGCAGCTGGTGGTGGAACCGGAAGGCGGC
GCGGTGGCGCCGGGCGGCACCGTGACCCTGACCTGCGAAGTGCCGGCGCAGCCGAGCCCGCAGATTC
ATTGGATGAAAGATGGCGTGCCGCTGCCGCTGCCGCCGAGCCCGGTGCTGATTCTGCCGGAAATTGGC
CCGCAGGATCAGGGCACCTATAGCTGCGTGGCGACCCATAGCAGCCATGGCCCGCAGGAAAGCCGCG
CGGTGAGCATTAGCATTATTGAACCGGGCGAAGAAGGCCCGACCGCGGGCAGCGTGGGCGGCAGCGG
CCTGGGCACCCTGGCGCTGGCGCTGGGCATTCTGGGCGGCCTGGGCACCGCGGCGCTGCTGATTGGCG
TGATTCTGTGG

Tm-Cyto nucleotide sequence

ATGGCGGCGGGCACCGCGGTGGGCGCGTGGGTGCTGGTGCTGAGCCTGTGGGGCGCGGTGGTGGGCA
TTAGCATTATTGAACCGGGCGAAGAAGGCCCGACCGCGGGCAGCGTGGGCGGCAGCGGCCTGGGCAC
CCTGGCGCTGGCGCTGGGCATTCTGGGCGGCCTGGGCACCGCGGCGCTGCTGATTGGCGTGATTCTGT
GGCAGCGCCGCCAGCGCCGCGGCGAAGAACGCAAAGCGCCGGAAAACCAGGAAGAAGAAGAAGAAC
GCGCGGAACTGAACCAGAGCGAAGAACCGGAAGCGGGCGAAAGCAGCALCLCGGLGGLEEG
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FL-RAGE protein sequence

MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQG
GGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKPEIVDSASELTAGVPN
KVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRHPETGLFTLQSELMVTPARGGDPRPTFSCSF
SPGLPRHRALRTAPIQPRVWEPVPLEEVQLVVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLP
PSPVLILPEIGPQDQGTYSCVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAA
LLIGVILWQRRQRRGEERKAPENQEEEEERAELNQSEEPEAGESSTGGP

AV-RAGE protein sequence

MAAGTAVGAWVLVLSLWGAVVGAVY QIPGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGK
PLVPNEKGVSVKEQTRRHPETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVP
LEEVQLVVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYSCVATHS
SHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGVILWQRRQRRGEERKAPENQ
EEEEERAELNQSEEPEAGESSTGGP

AC1-RAGE protein sequence

MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQG
GGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKTAPIQPRVWEPVPLEE
VQLVVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYSCVATHSSHG
PQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGVILWQRRQRRGEERKAPENQEEE
EERAELNQSEEPEAGESSTGGP

AC2-RAGE protein sequence

MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQG

GGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKPEIVDSASELTAGVPN
KVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRHPETGLFTLQSELMVTPARGGDPRPTFSCSF
SPGLPRHRALRTAPIQPISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGVILWQRRQRRGEERK
APENQEEEEERAELNQSEEPEAGESSTGGP

DN-RAGE protein sequence

MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQG
GGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKPEIVDSASELTAGVPN
KVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRHPETGLFTLQSELMVTPARGGDPRPTFSCSF
SPGLPRHRALRTAPIQPRVWEPVPLEEVQLVVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLP
PSPVLILPEIGPQDQGTYSCVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAA
LLIGVILW

Tm-Cyto protein sequence

MAAGTAVGAWVLVLSLWGAVVGISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGVILWQRR
QRRGEERKAPENQEEEEERAELNQSEEPEAGESSTGGP

RAGE-ICD protein sequence

MAQRRQRRGEERKAPE NQEEEEERAELNQSEE PEAGESSTGGP
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CFP protein sequence

VSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVP
WPTLVTTLTWGVQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLEYNAISDNVYITADKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPD
NHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

YEP protein sequence:

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFGYGLMC
FARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKL
EYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSYQSKLSKDP
NEKRDHMVLLEFVTAAGITLGMDELY

EGFP protein sequence

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQC
FSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKL
EYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPN
EKRDHMVLLEFVTAAGITLGMDELYK

m-Apple protein sequence

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQC
FSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKL
EYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPN
EKRDHMVLLEFVTAAGITLGMDELYK
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APPENDIX C. LIST OF HOUSEKEEPING GENES USED FOR INITIAL SCREENING

IN THE STUDY (CHAPTER 5)
Gene Name Primers
(Gene ID) 5> — 3)
ACTB Actin beta Forward: CATGTACGTTGCTATCCAGGC
NM-001101 Reverse: CTCCTTAATGTCACGCACGAT
B2M Beta-2-microglobulin Forward: GAGGCTATCCAGCGTACTCCA
NM_004048 Reverse: CGGCAGGCATACTCATCTTTT
GAPDH Glyceraldehyde 3-phosphate Forward: GAAGATGGTGATGGGATTTC
NM_008084 dehydrogenase Reverse: GAAGGTGAAGGTCGGAGTC
GUSB Glucuronidase beta Forward: GTCTGCGGCATTTTGTCGG
NM_000181 Reverse: CACACGATGGCATAGGAATGG
HPRT1 Hypoxanthine phosphoribosyl ~ Forward: CCTGGCGTCGTGATTAGTGAT
NM_000194 transferase 1 Reverse: AGACGTTCAGTCCTGTCCATAA
HSP90AB1 Heat shock protein 90kDa alpha  Forward: AGAAATTGCCCAACTCATGTCC
NM_007355 (cytosolic), class B member 1 Reverse: ATCAACTCCCGAAGGAAAATCTC
HSP90B1 - V1 Human heat shock protein Forward: CGGTCAGAGCTGACGATGAA
NM_003299.3 90kDa beta variantl Reverse: TAACTTCGGCTTGGAAGGCA
HSP90B1 - V2 Human heat shock protein Forward: GGGTGTGGTGGACTCAGATG
NM_003299.3 90kDa beta variant 2 Reverse: ACGTGTTCGATTCGAGTGGT
HSP90B1 - V3 Human heat shock protein Forward: CAGTACGGATGGTCTGGCAA
NM_003299.3 90kDa beta variant 3 Reverse: GATACCCTGACCGAAGCGTT
LDHA Lactate Forward: CAGCCCGAACTGCAAGTTG
NM_005566 dehydrogenase A Reverse; CCCCCATCAGGAACGGAATC
PGK1 Phosphoglycerate kinase Forward: AGTCGGTAGTCCTTATGAGCC
NM_000291 Reverse: TTCCCAGAAGCATCTTTTCCC
PPIA Peptidylprolyl isomerase A Forward: CCCACCGTGTTCTTCGACATT
NM_021130 Reverse: GGACCCGTATGCTTTAGGATGA
RPL13A Ribosomal protein L13a Forward: GCCATCGTGGCTAAACAGGTA
NM_012423 Reverse: GTTGGTGTTCATCCGCTTGC
RPLPO Ribosomal protein, large, PO Forward: AGCCCAGAACACTGGTCTC
NM_001002 Reverse: ACTCAGGATTTCAATGGTGCC
RPS18 Ribosomal protein S18 Forward: GATGGGCGGCGGAAAATAG
NM_022551 Reverse: GCGTGGATTCTGCATAATGGT
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APPENDIX D. LIST OF 67 POTENTIAL GENES CANDIDATES RESPONSIBLE FOR

MEDIATING CELL ADHESION TESTED IN THE STUDY (CHAPTER 5)

Gene Name Primers
(Gene ID) 5 — 3
ADAMTS13 ADAM metallopeptidase Forward: GGGTGCCCCAAATATCACAG
NM_139026 with thrombospondintype 1 Reverse: CATCAGGCAACTCCAGGTCA
motif
ALCAM Activated leukocyte cell Forward: ACTTGACGTACCTCAGAATCTCA
NM 001243281 adhesion molecule Reverse: CATCGTCGTACTGCACACTTT
CD133 CD133 molecule Forward: CAGAGTACAACGCCAAACCA
NM_001145847 (PROM1) Reverse: AAATCACGATGAGGGTCAGC
CD24 CD24 molecule Forward: CTGCAGTCAACAGCCAGTCT
NM 013230 Reverse: ACGTTTCTTGGCCTGAGTCT
CD36 Platelet glycoprotein 4 Forward: CTTTGGCTTAATGAGACTGGGAC
NM 001001548 Reverse: GCAACAAACATCACCACACCA
CD44 CD44 Molecule Forward: TCCCTGCTACCACTTTGATG
NM 000610 Reverse: AGACGTACCAGCCATTTGTG
CDH1 Cadherin 1 Forward: CGAGAGCTACACGTTCACGG
NM 004360 Reverse: GGGTGTCGAGGGAAAAATAGG
CDH12 Cadherin 12 Forward: TTTGATGGAGGTCTCCTAACACC
NM 004061 Reverse: ACGTTTAACACGTTGGAAATGTG
CDH2 Cadherin 22 Forward: TGTATGTGGGCAAGATCCACT
NM 021248 Reverse: CTCGTCGATCAGGAAGATGGT
CNTN1 Contactin 1 Forward: CAGCCCTTTCCCGGTTTACAA
NM_175038 Reverse: TGCTTCTGACCATCCCGTAGT
Colalh Collagen type XVIll alphal Forward: GTTCCAGAGAATGCCGCTTG
NM_005261180 chain Reverse: CCCATCTGAGTCATCGCCTT
CTGF Connective tissue growth Forward: CAGCATGGACGTTCGTCTG
NM_001901 factor Reverse: AACCACGGTTTGGTCCTTGG
CTNNA1 Catenin (cadherin-associated  Forward: GGGGATAAAATTGCGAAGGAGA
NM_004903 protein), alpha 1 Reverse: GTTGCCTCGCTTCACAGAAGA
CTNNB1 Catenin beta 1 Forward: CATCTACACAGTTTGATGCTGCT
NM_001098209 Reverse: GCAGTTTTGTCAGTTCAGGGA
CTNNB1 Catenin beta 1 Forward: CATCTACACAGTTTGATGCTGCT
NM 001098209 Reverse: GCAGTTTTGTCAGTTCAGGGA
CTNND1 Catenin delta 1 Forward: GTGACAACACGGACAGTACAG
NM 001085467 Reverse: TTCTTGCGGAAATCACGACCC
DDR1 Discoidin domain receptor ~ Forward: AAGGGACATTTTGATCCTGCC
NM_001202523 tyrosine Kinase 1 Reverse: CCTTGGGAAACACCGACCC
DDR2 Discoidin domain receptor ~ Forward: CCAGTCAGTGGTCAGAGTCCA
NM 001014796 tyrosine kinase 2 Reverse: GGGTCCCCACCAGAGTGATAA
DESP/DSP Desmoplakin Forward: GCAGGATGTACTATTCTCGGC
NM 004415 Reverse: CCTGGATGGTGTTCTGGTTCT
ECAD E-cadherin Forward: GTCACTGACACCAACGATAATCCT
NM 004360 Reverse: TTTCAGTGTGGTGATTACGACGTTA
EPCAM Epithelial cell adhesion Forward: TGATCCTGACTGCGATGAGAG
NM 002354 molecule Reverse: CTTGTCTGTTCTTCTGACCCC
EZR Ezrin Forward: AGCGGCTGATCCCTCAAAG
NM_003379 Reverse: GGCATCAACTCCAAGCCAAAG
FN1 Fibronectin Forward: CGGTGGCTGTCAGTCAAAG
NM_212482 Reverse: AAACCTCGGCTTCCTCCATAA
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Gene Name Primers
(Gene ID) & — 3
HAS3 Hyaluronan synthase 3 Forward: ATTATCAAGGCCACCTACGC
NM_005329 Reverse: GGAATGAGGCCAATGAAGTT
ICAM1 Intercellular adhesion Forward: CCAAGTTGTTGGGCATAGAG
NM_000201 molecule 1 Reverse: AGTCCAGTACACGGTGAGGA
ITGAL Integrin Subunit Alpha 1 Forward: GTGCTTATTGGTTCTCCGTTAGT
NM_181501.1 Reverse: CACAAGCCAGAAATCCTCCAT
ITGA2 Integrin Subunit Alpha 2 Forward: CCTACAATGTTGGTCTCCCAGA
NM_002203 Reverse: AGTAACCAGTTGCCTTTTGGATT
ITGA3 Integrin alpha 3 Forward: TGTGGCTTGGAGTGACTGTG
NM_005501 Reverse: TCATTGCCTCGCAGCTAGC
ITGA4 Integrin Subunit Alpha 4 Forward: AGCCCTAATGGAGAACCTTGT
NM_000885 Reverse: CCAGTGGGGAGCTTATTTTCAT
INTGAS Integrin Subunit Alpha Forward: ATCTGTGAGGTCGAAACAGGA
NM 002205 5 Reverse: TGGAGCATACTCAACAGTCTTTG
ITGA7 Integrin alpha 7 Forward: CTGACTCCATGTTCGGGATCA
NM_001144997 Reverse: CACCTGTGAAGGTTTGGCG
ITGAS Integrin, alpha 8 Forward: GAATGGAGACCTTATTGTGGGA
NM_0032638 Reverse: GAGCCACTTCCGTCTGCTTT
ITGA10 Integrin alpha 10 Forward: ACTTAGGTGACTACCAACTGGG
NM_003637 Reverse: CCACAAGCACGAGACCAGA
ITGAll Integrin subunit alpha 11 Forward: GTCACCCTGTCCAACGTGTC
NM_001004439 Reverse: ACATCCCTGTGGTGTAGTAGG
ITGAL Integrin, alpha L Forward: TGCTTATCATCATCACGGATGG
NM_001114380 Reverse: CTCTCCTTGGTCTGAAAATGCT
ITGAM Integrin alpha M Forward: CACATGACTTTCGGCGGATGA
NM_000632 Reverse: GCTGCGTTATTGGCTTCACC
ITGAM Integrin alpha M Forward: ACTGGTGAAGCCAATAACGCA
NM_001145808 Reverse: TCCGTGATGACAACTAGGATCTT
ITGAV Integrin alpha V Forward: ATCTGTGAGGTCGAAACAGGA
NM_001145000 Reverse: TGGAGCATACTCAACAGTCTTTG
ITGB1 Integrin beta 1 Forward: CCTACTTCTGCACGATGTGATG
NM_002211 Reverse: CCTTTGCTACGGTTGGTTACATT
ITGB2 Integrin beta 2 chain Forward: AGTGTGACACCATCAACTGTG
NM_000211 Reverse: GCACTCGCATACGTTGCAG
ITGB2 Integrin, beta 2 Forward: TGCGTCCTCTCTCAGGAGTG
NM_000211 Reverse: GGTCCATGATGTCGTCAGCC
ITGB3 Integrin beta 3 Forward: GTGACCTGAAGGAGAATCTGC
NM_000212 Reverse: CCGGAGTGCAATCCTCTGG
ITGB4 Integrin beta 4 Forward: CTCCACCGAGTCAGCCTTC
NM_001005619 Reverse: CGGGTAGTCCTGTGTCCTGTA
ITGB5 Integrin beta 5 Forward: GGAAGTTCGGAAACAGAGGGT
NM_002213 Reverse: CTTTCGCCAGCCAATCTTCTC
MCAM Melanoma cell adhesion Forward: AGCTCCGCGTCTACAAAGC
NM_ 006500 molecule Reverse: CTACACAGGTAGCGACCTCC
MPZL1 Myelin protein zero like 1 Forward: ACGCCAAAAGAAATCTTCGTGG
NM_001146191 Reverse: TCAACCCGCCAGTCGTACTA
MSN Meosin Forward: ATGCCCAAAACGATCAGTGTG
NM_002444 Reverse: ACTTGGCACGGAACTTAAAGAG
MUC18 Melanoma cell adhesion Forward: AGCTCCGCGTCTACAAAGC
NM_ 006500 molecule Reverse: CTACACAGGTAGCGACCTCC
NCAM1 Neural cell adhesion Forward: GGCATTTACAAGTGTGTGGTTAC
NM_001076682 molecule Reverse: TTGGCGCATTCTTGAACATGA
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NPTN Neuroplastin Forward: GAGGTCATTATTCGAGACAGCC
NM_017455 Reverse: TTGATCCTGTACTCCATGTTGC
PCDHA3 Protocadherin alpha 3 Forward: GTTTTCGCTAGAGGGCGCAT
NM_031497 Reverse: CAACACGAGTCCAAGGGATTTA
PECAM1 Platelette and endothelial cell Forward: AACAGTGTTGACATGAAGAGCC
NM 000442 adhesion molecule Reverse: TGTAAAACAGCACGTCATCCTT
PLXB2 Forward: AGCCTCTTCAAGGGCATCTG
NM_012401 Plexin B2 Reverse:GCCACGAAAGACTTCTCCCC
PNN Desmosome associated Forward: GTCGCCGTGAGAACTTTGC
NM_002687.3 protein GGTCCTCCTCCACTATCTGAGA
RAGE Receptor for advanced Forward: GGGCAGTAGTAGGTGCTCAAA
NM 001136 glycation endproducts Reverse: CGGCCTGTGTTCAGTTTCCAT
RDX Radixin Forward: AATTGTGGCTAGGTGTTGATGC
NM 002906 Reverse: GGTGCCTTTTTGTCGATTGGC
SELE Selectin E Forward: CAGCAAAGGTACACACACCTG
NM 000450 Reverse: CAGACCCACACATTGTTGACTT
SELL Selectin L Forward: ACCCAGAGGGACTTATGGAAC
NM_000655 Reverse: GCAGAATCTTCTAGCCCTTTGC
SELP Selectin P Forward: ACTGCCAGAATCGCTACACAG
NM_003005 Reverse: CACCCATGTCCATGTCTTATTGT
SGCE Sarcoglycan epsilon Forward: GGCGTTTATGTCATGGTTGGT
NM_001099400 Reverse: AGGTGGACACTTGCTTTGTTT
THBS1 Thrombospondin-1 Forward: AGACTCCGCATCGCAAAGG
NM 003246 Reverse: TCACCACGTTGTTGTCAAGGG
THBS2 Thrombospondin-2 Forward: GACACGCTGGATCTCACCTAC
NM 003247 Reverse: GAAGCTGTCTATGAGGTCGCA
THBS3 Thrombospondin 3 Forward: ATGGAGACGCAGGAACTTCG
NM 001252607 Reverse: AGCTACCATCTGCCGAGACT
VCAM1 Vascular cell adhesion Forward: CAGATAGACAGCCCTCTGAGC
NM 001078 molecule 1 Reverse: CTCCACCTGGATTCCCTTT
VCAN Versican core protein Forward: GTAACCCATGCGCTACATAAAGT
NM 004385 Reverse: GGCAAAGTAGGCATCGTTGAAA
VIM vimentin Forward: GGCAGAAGAATGGTACAAATCC
NM_003380 Reverse: CTTCCAGCAGCTTCCTGTAG
VTN Vitronectin Forward: CGGGGATGTGTTCACTATGCC
NM_000638 Reverse: GTGTCTGCTCAGGATTCCCTT
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