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Résumé

La protéine ubiquitaire CD98hc (SLC3A2, 4F2hc), présente chez tous les vertébrés,
est impliquée dans un large éventail de processus, tels que I'homéostasie tissulaire, le
développement ou la protection contre le stress. Elle constitue la chaine lourde d'une
famille de transporteurs d'acides aminés (SLC7) et est aussi un co-récepteur des
intégrines. En régulant la signalisation associée a I'adhésion des intégrines ainsi que le
transport des acides aminés, le niveau d'expression de CD98hc controle la prolifération
cellulaire qui joue un réle crucial dans l'expansion clonale des lymphocytes, le
renouvellement des épithéliums et la tumorigenése. Le travail présenté dans cette these
identifie un nouveau variant de la protéine CD98hc. Ce variant est transcrit a partir d’'un
site d’initiation de la transcription qui se situe en amont du site d’initiation de la
transcription canonique. Cette thése démontre également la capacité promotrice de la
région génomique d’environ 1000bp en amont du codon d’initiation alternatif identifié.
La combinaison d’analyse de séquence et d’études fonctionnels de la région promotrice
alternative, fournit un apercu des potentiels éléments cis-régulateurs gouvernant
I’expression du variant alternatif de CD98hc. Cela suggere fortement que la régulation
de son expression est différente de celle de la forme canonicale. Comprendre cette
différence aidera a expliquer la complexité de la régulation des taux d'expression de
CD98hc ainsi que la capacité des cellules a moduler ces taux d’expression en fonction de
leurs besoins et des signaux fournit, a la fois dans un contexte homéostatique et
pathologique. De plus, I'analyse de séquence du variant alternatif de CD98hc ouvre la

voie pour la future caractérisation fonctionnelle de cette protéine.

C'est la premiere fois que le variant protéique alternatif de CD98hc est identifiée,
venant ainsi enrichir les connaissances acquises pour une meilleure compréhension des
travaux existants et a venir sur CD98hc. L’ensemble de ces travaux contribue donc a la
compréhension de cette régulation complexe de |'expression de CD98hc, ainsi que son
effet sur la prolifération cellulaire via la signalisation outside-in des intégrines et le

transport des acides aminés chez les mammiferes.
Mots clés

CD98hc, prolifération, intégrine, transporteur des acides aminés, régulation de la

transcription, promoteur



Abstract

CD98hc (SLC3A2, 4F2hc) is a ubiquitous protein present in vertebrates and
implicated in a wide range of processes such as tissue homeostasis, development or
stress protection. It constitutes the heavy chain of a family of amino acid transporters
(SLC7) and an integrin co-receptor. By regulating integrin adhesive signaling and amino
acid transport, CD98hc level of expression controls cell proliferation and has a crucial
role in lymphocyte clonal expansion, epithelium renewal, and tumorigenesis. The work
in this thesis identifies a novel, alternative CD98hc protein variant conserved in the
mammalian CD98hc locus. The transcription of this variant initiates from an alternative
transcription start site located upstream of the canonical start site. We also
demonstrate the promoter capacity of the =1000bp 5’ flanking genomic region. The
combination of sequence analysis and promoter functional assays provides a wide view
of the potential cis-regulatory elements governing CD98hc alternative variant and
strongly suggests a different expression regulation as compared to the canonical variant.
Understanding this difference will help to explain the complexity of the regulation of
CD98hc expression levels and the cellular capacity to modulate them according to
cellular needs and signals, both in homeostasis and disease. Additionally, sequence
analysis of CD98hc alternative protein variant opens the door to a future protein
functional characterization. This is the first time CD98hc alternative protein variant is
identified, and it enriches the framework for the interpretation of existent and future
work on CD98hc. Altogether, it contributes to understanding the complex regulation of
CD98hc expression, and its effect upon cell proliferation through integrin outside-in

signaling and amino acid transport in mammals.
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promoter
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Foreword

Foreword

The present thesis report is written to fulfill the graduation requirements of the degree
of PhD in Sciences, with mention in molecular and cellular interactions, at the Université Cote
d’Azur (Nice, France). In it, | describe my research on understanding the regulation of cell
growth and other related cellular processes, through the study of the regulation of the

integrin- and amino acid-regulator protein CD98hc.

In the introduction, | summarize the current state of the knowledge regarding the two
main CD98hc-regulated processes affecting cell proliferation: integrin-mediated adhesive
signaling and intracellular amino acid availability. Then, | expose the available knowledge in
regard to CD98hc protein, functions and regulation. Finally, | expose the timely organization
of the experimental work along the PhD fellowship. Section 2 exposes the problem statement,
scope and aims of the study, while in section 3 | present and discuss the findings of the main
research project (currently in preparation for publication) on CD98hc’s transcription
regulation of an alternative novel protein variant. Section 4 presents two additional,
unfinished projects about the possible function of the new CD98hc alternative variant in
comparison with the canonical variant and CD98hc’s role in integrin-mediated
mechanotransduction. | present both positive and negative results and discuss the reasons
why these projects were interrupted, the conclusions and possible alternatives. Finally,
section 5 includes a general discussion of all the research presented in this report in relation

with previous findings and potential future investigations.

The experimental work presented here was performed in the Laboratory of Epithelial
Homeostasis and Tumorigenesis at the IRCAN (Nice, France) under the supervision of Dr. Chloé
Féral. The approaches we applied to answer the scientific questions did not always vyield
consistent answers, but my supervisor’s and the team’s expertise was consequential in
effectively directing the research effort to drive the relevant conclusions presented in this

report for the research community.
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Section 1: Introduction

From unicellular prokaryotes to human beings, cells need to proliferate to sustain life;
when and how a cell divides are defined by intracellular and extracellular signals that affect
the cell cycle. The precise regulation of this process includes factors like resource availability,
environmental conditions, cellular integrity, and, in multicellular organisms, tissue and organ
formation, development and homeostasis. The most prominent proliferation regulators are
secreted growth factors (GFs) that bind to their correspondent growth factor receptors (GFRs)
at the plasma membrane to trigger mitotic signaling cascades. However, they are not alone:
proliferation signals are heterogeneous and imbricate in a network of downstream pathways.
Cell cycle regulation has a significant complexity, conserved in eukaryotes and probably
already present in their common ancestor (Harashima et al., 2013). This fact supports the idea
of cells requiring a complex signaling network that seems to increase together with organismal

complexity in order to achieve a proper cell cycle regulation.

CD98hc is a ubiquitous signaling integrator protein that promotes cell proliferation both
in homeostatic and pathological conditions (Boulter et al., 2013; Cantor and Ginsberg, 2012;
Cantor et al., 2009; De La Ballina et al., 2016). Although systems partially analogous are
present in other metazoa, CD98hc and its implication in cell proliferation are exclusive to
vertebrates (Gabrisko and Janecek, 2009; Uinuk-Ool et al., 2002), consistent with a more
complex cell cycle regulation in complex organisms. CD98hc regulates integrin adhesive
signaling (Feral et al., 2005) and amino acid transport across the plasma membrane (Fotiadis
et al.,, 2013), affecting two major cell cycle regulation systems: (1) cell adhesion to the
extracellular matrix (ECM), including integrins as fundamental cell adhesion molecules (CAM)
(Kim et al., 2011); (2) and nutrient and energy availability, with particular importance on
amino acid regulation of mammalian target of rapamycin (mTOR) (Cargnello et al., 2015). The
expression level of CD98hc is susceptible to a number of intracellular and extracellular signals

and is closely related to the cell proliferative state.

In this section, | present a revision of the literature about cell proliferation control by
the two main processes regulated by CD98hc: integrin adhesive signaling and amino acid
availability. Finally, | summarize the state of the art regarding CD98hc, its function, protein

partners and expression regulation.

11
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1.1.Generalities about cell growth and CD98hc

Each step of the cell cycle (Fig 1) is strictly regulated by the activity of unique complexes
of cyclins and cyclin-dependent kinases (CDKs). Cyclin proteins have a cyclic expression
pattern (Fig 2): they are produced and degraded as the cycle progresses. They bind to their
partner CDKs and activate their kinase activity, ultimately allowing the progression through

the cell cycle.

M

N Mitogenic
Signals
G :%S G
2 6 1
4?) lnl‘erp\’\ar’e’
o Synthesis

S

Figure 1. Cell cycle. The cell cycle includes two phases, namely interphase, and mitosis (M). Interphase
is, in turn, composed of the gap 1 (G1), the synthesis phase (S) and the gap 2 (G2). Cells are responsive
to mitogenic signals only during a part of G1. In their absence or in the presence of quiescence signals,
cells can exit the cell cycle to rest in GO until they are signaled otherwise.

The cell cycle includes two distinct phases, namely interphase and mitotic (M) phase.
During the interphase’s Gap 1 (G1) the cell grows in size and accumulates the necessary
resources for living and proliferating. Only during a window in the early G1 phase are cells
responsive to mitogenic environmental signaling (e.g., GF, adhesion). Mitogenic signaling
cascades promote the assembly of cyclin D-CDK4 or CDK6 complexes (D-CDK4/6)—depending
on the tissue—(Anders et al., 2011; Malumbres and Barbacid, 2009), inducing CDK4/6 kinase
activity. Phosphorylation of D-CDK4/6 targets will ultimately liberate transcription factors
(TFs) to induce expression of a plethora of genes involved in cell cycle progression, as well as
disinhibit Cyclin E-CDK2 complexes (Sherr and Roberts, 2004). After that, the cell enters the
synthesis (S) phase to replicate its genetic content (Ma et al., 2000; Okuda et al., 2000). From

here on, the cell is no longer sensitive to mitogens and will continue the cell cycle unless it

12



Section 1: Introduction

encounters an internal problem (Orren et al., 1997). E-CDK2 complexes are replaced by A-
CDK2 (Koepp et al., 2001; Strohmaier et al., 2001) along the S phase and lead the cell to enter
into Gap 2 (G2), the final stage of the interphase. By the end of G2, A-CDK1 will become the
major complex. At early mitosis phase, Cyclin A is substituted by Cyclin B (forming B-CDK1
complexes), and finally, degradation of all cyclins (Gavet and Pines, 2010) allows the end of
mitosis, chromatid separation, and cytokinesis with the final result of two daughter cells.
Along the cycle there are several points to check the correctness of DNA replication and, if
necessary, enable correction mechanisms or target the cell for apoptosis if non-reparable

genetic damage is found (Orren et al., 1997).

Cyclin Expression Cycle

'Cyclin A Cyclin D

C : l
§e) . ‘
E Cyclin D X
C '
5 :
&}
c
o}
&)
=
©
>
)

G1 S G2 Mitosis

Cell Cycle Phase

Figure 2. Cyclin expression cycle. Cyclins are expressed cyclically along the cell cycle.

In most tissues, a significant number of cells exit the cell cycle in G1 phase to remain in
a quiescent state called GO (Fig 1), in response to either negative growth signals (growth
inhibiting factors, cell-cell contact...) or the absence of the appropriate mitotic signals (growth
factors, ECM adhesion...). While in GO state, cells keep a 2n DNA content—DNA is not
replicated—, adapt their metabolism, and their morphology—for instance, they stop growing
and reduce their total size (Coller, 2007; Coller et al., 2006; Lemons et al., 2010). Quiescence
or GO state is a reversible state and is therefore different from terminal differentiation or
senescence, scenarios that imply irreversible growth arrest (Lea et al., 2003; Sachidanandan

et al., 2002).

13
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Cell cycle dysregulation can lead to developmental defects (Bolkan et al., 2007; Zhang
et al., 2017), immune problems (Balomenos and Martinez-A, 2000; Liao et al., 2016) or,
notably, uncontrolled proliferation and tumor formation (Malumbres and Barbacid, 2009).
Indeed, cell cycle regulatory proteins are considered attractive targets for cancer therapy and

clinical trials are evaluating different approaches to target them (Otto and Sicinski, 2017).

14
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1.2.Adhesive signaling regulates cell proliferation

Cell adhesion to its microenvironment plays, in collaboration with GF signaling, a critical
role in regulating cell proliferation. Most non-transformed metazoan cells require ECM
adhesion for G1/S phase cell cycle progression, a characteristic known as anchorage-
dependent growth. Integrins, as transmembrane receptors for ECM components, trigger
signaling cascades necessary for cell cycle progression, ultimately affecting cyclin D
expression. Research shows that normal cells, in the absence of ECM attachment or lacking
the expression of integrins, undergo cell cycle arrest independently of GF availability (Jeanes
et al., 2012; Nikolopoulos et al., 2005; Streuli and Akhtar, 2009; Walker and Assoian, 2005).
Adhesive signaling cooperates with GF-activated pathways during the mitogen-sensitivity
window in G1 phase. In particular, integrin outside-in signaling after cell-ECM adhesion, a
process requiring CD98hc as integrin co-receptor, is necessary for cellular growth in most non-
transformed cells, even though it cannot trigger proliferation alone (Moreno-Layseca and
Streuli, 2014). On the other hand, anchorage-independent growth is often related to cell

transformation and tumor progression (Shin et al., 1975; Stoker et al., 1968).

1.2.1. The cellular microenvironment: the extracellular matrix

Each tissue has a unique ECM composition with different physical and chemical
properties but, in general, ECM consists of water and a mesh of molecules secreted by
resident cells, including proteoglycans, non-protein-linked glycosaminoglycans (GAGs), and
proteins (Jarveldinen et al., 2009; Schaefer and Schaefer, 2010). ECM constitutes the cell
microenvironment and provides many of the physical properties of tissues and organs.
However, ECM has further functions than being the tissue scaffold, including stem cell niche
maintenance (Discher et al., 2009; Gattazzo et al., 2014; Pera and Tam, 2010), development
(Rozario and DeSimone, 2010) or cancer (Bonnans et al., 2014; Buchheit et al., 2014). Both
physical and chemical properties of the ECM act as extracellular cues to trigger specific cell
signaling pathways. Hence, ECM affects certain cell behaviors and responses. In turn, cells can
remodel the ECM, change its composition and structure, making it a dynamic environment
shaped according to cell necessities, rather than a static scaffold (Fig 3). Abnormalities in ECM
components give rise to a wide range of disorders, highlighting the importance of the non-

cellular component of tissues (lozzo et al., 2009; Jarvelainen et al., 2009).
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Figure 3. ECM-cell interaction. The extracellular matrix (ECM) is composed of a variety of proteins and
carbohydrates including proteoglycans, glycosaminoglycans (GAGs) and proteins such as fibronectin
and collagen. Resident cells adhere through cell adhesion receptors such as integrins to connect their
cytoskeleton with the ECM transmitting biomechanical and biochemical cues. These signals will trigger
a cell response via transcription factors, resulting in ECM remodeling and processes such as
differentiation, proliferation, and migration. (Adapted from Thannickal et al., 2014).

1.2.1.1.  Composition and structure

ECM components form an interlocking mesh with a variety of macromolecules playing
different roles. Proteoglycans—GAG chains covalently linked to a specific protein core, except
for hyaluronic acid—fill most of the intercellular space. The vast amount of carbohydrates
gives them a net negative charge, able to attract cations (Na+) to, in turn, retain water
molecules. As a result, proteoglycans confer unique properties to the ECM including buffering,
hydration, and force-resistance. Additionally, these macromolecules can trap GFs, serving as
storage and releasing them under chemical or physical stimuli (lozzo and Schaefer, 2015;

Schaefer and Schaefer, 2010).

Collagen constitutes the primary structural protein of the ECM and the most abundant
protein in animals—up to 30% of the total protein mass. Different collagen types are present
in ECM of different tissues, but they are all assembled in fibrillar structures with shared
fundamental structural properties (Hulmes, 2002). Collagen provides structural support for

other ECM components, increases tensile strength, is implicated in tissue development and
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harbors cell adhesion (Rozario and DeSimone, 2010). Elastin is the other major ECM structural
protein in association with collagen (Kielty et al., 2002). It provides elastic properties to tissues
undergoing repeated stretch. Notably, this capacity is limited by elastin’s close interaction

with collagen proteins (Wise and Weiss, 2009).

Fibronectin (FN) is the principal protein responsible for cell-ECM adhesion and signal
transmission, aside from its involvement in directing the organization of the interstitial ECM.
It forms a dimer and is usually found binding other proteoglycans or collagen as well as cellular
receptors (integrins), thus creating a protein-binding platform (Pankov and Yamada, 2002). FN
also allows integrin-mediated translation of mechanical forces into biochemical signals
(mechanotransduction) (Fincham et al., 2000; Guilluy et al., 2011; Schiller and Fassler, 2013).
It can be stretched by traction forces several times over its resting length, unfolding and
exposing cryptic binding sites and producing changes in cellular behavior (Smith et al., 2007).
For instance, FN unfolding regulates adhesion and assembly of asPi integrins thanks to the
exposure of its synergy site, connecting ECM and cytoskeleton mechanics to adhesion-
dependent signaling pathways (Friedland et al., 2009). Likewise, other ECM proteins like
vitronectin or tenascin can produce pleiotropic effects on cell behavior, regulating processes
such as migration or development (Preissner and Seiffert, 1998; Trebaul et al., 2007; Tucker

and Chiquet-Ehrismann, 2009).

1.2.1. Integrin-mediated cell adhesion

Cells adhesion to the ECM and the surrounding cells is mediated by a number of
transmembrane cell adhesion molecules (CAM) such as integrins, selectins or cadherins.
Integrins are the principal ECM adhesion receptors and mediate signal transmission through
the plasma membrane. They represent a major family of proteins widely expressed in all
metazoans (Giancotti and Ruoslahti, 1999) and are implicated in regulating cell proliferation

among other processes.

Integrins are heterodimers composed of an a and a B subunit, linked through non-
covalent interactions. Each subunit is a type 1, single-pass transmembrane protein with a
short intracellular tail, a transmembrane stretch and a long extracellular domain. 18 a
subunits and 8 B subunits can heterodimerize, giving rise to 24 possible integrin complexes

with different binding specificities (Humphries, 2006; Hynes, 2002) to ECM macromolecules
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or, less commonly, to counter-receptors on adjacent cell surfaces (Fig 4). Among the main
ECM integrin ligands, we can cite FN (RGD binding), laminin or collagen, although the total
integrin ligand array is much more complex and probably not complete to date (Humphries,

2006; Ruoslahti, 1996).
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Figure 4. Integrin heterodimer combinations. Integrins are heterodimeric cell adhesion molecules
with an aand a § subunit. 18 a and 8  subunits can be combined in a total of 24 possible heterodimers
with different binding capacities. (Adapted from Hynes, 2002).

Integrins represent a two-way signaling street; they can react to cues both intra and
extracellularly and produce a change on the opposite side of the plasma membrane to
transmit a signal. They play an important role in a wide range of cellular processes such as
adhesion, migration, tissues homeostasis and repair, development or host defense (Giancotti
and Ruoslahti, 1999; Harburger and Calderwood, 2009). To do that, they bind to ECM
components through their extracellular domain and recruit a large number of intracellular

proteins. This forms a vast multiprotein complex around their intracellular tail with more than

150 components called the ‘adhesome’ (Zaidel-Bar et al., 2007).
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1.2.2. Integrin signaling and cell cycle progression

Cell cycle progression from G1 to S phase is highly dependent on integrin signaling.
Integrin adhesion to the ECM recruits multiprotein complexes to their intracellular tails
including adaptor proteins such as talin and paxillin, and enzymes with different activities like
small GTPases or the focal adhesion kinase (FAK). These effector proteins trigger downstream
signaling cascades that ultimately regulate the level of cyclins, cyclin kinase inhibitors and
proliferation-related TF like E2F and c-Jun (Walker and Assoian, 2005). Additionally, integrins
are also necessary for spindle alignment during mitosis (LaFlamme et al., 2008; Streuli and
Akhtar, 2009). In short, integrin-mediated cell-ECM adhesion is a necessary—although not

sufficient—component for cell proliferation in most non-transformed animal cells.

1.2.2.1. Inside-out: activation

Integrin inside-out signaling happens when intracellular stimuli cause extracellular
changes. The best example of this signaling type is integrin activation. Although integrin
activation is a widespread process regulating, for instance, integrin signaling in platelets and
leukocytes in the context of extravasation (Calderwood, 2004; Ginsberg, 2014), it is not clear
whether it occurs during homeostasis of static cells in tissues such as the epithelial, neuronal

or mesenchymal (Streuli and Akhtar, 2009).

Integrins can be at the plasma membrane in an inactive conformation; this is, in a folded
state that drastically limits their ECM-binding ability. Integrin-independent signaling events
can, then, occur to trigger integrin activation by recruiting proteins to the integrin intracellular
tails. Examples of these signals are selectin adhesion on neutrophils (Green et al., 2004), T-cell
receptor activation (Burbach et al., 2007) or platelet binding to exposed collagen (Varga-Szabo

et al., 2008) (Fig 5).

Within this process, talin rises as the central required protein for integrin activation
(Tadokoro et al., 2003). Aside from regulating integrin affinity, talin provides a physical link
between the actin cytoskeleton and integrins. Talin includes a 50-kDa N-terminal FERM
domain with a site for integrin B tail high-affinity binding, and a rod domain of 220-kDa that
contains multiple binding sites for actin and vinculin (Calderwood et al., 2002; Calderwood et
al., 2003; Critchley, 2009). By binding to both integrin B tails and negatively charged
phospholipids, (Anthis et al., 2009; Goult et al., 2010; Wegener et al., 2007) talin changes the
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tilt angle of B integrin transmembrane domain (Kim et al., 2012a), changing a and B integrin
relative positioning. This reorientation results in a conformation with higher exposure of the
ligand binding site and therefore higher ligand affinity (Luo et al., 2007; Xia et al., 2004). Talin
is required for the regulation of integrin-ligand affinity as documented in cell (Calderwood et
al., 1999; Calderwood et al., 2002; Han et al., 2006; Lee et al., 2009; Simonson et al., 2006)
and animal models (Haling et al., 2011; Nieswandt et al., 2007; Petrich et al., 2007a; Petrich
et al.,, 2007b). Changes produced by talin and other proteins in the integrin intracellular
domains are the key to the activation process. Indeed, removal of integrin intracellular and
transmembrane regions results in constitutively active integrins (Mehta et al.,, 1998),
indicating that the missing regions normally limit the activation state of integrins unless bound

to intracellular protein complexes.
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Figure 5. General integrin bidirectional signaling. Intracellular signals (signal A) can trigger a
conformational change in integrin heterodimers through talin activation (inside-out signaling). The
new conformation provides the receptors with a higher ligand affinity; they start establishing
adhesions with the extracellular matrix (ECM) and recruiting adhesome proteins connected to the actin
cytoskeleton. This primary adhesion can eventually develop into larger focal adhesions increasing
integrin avidity. Once assembled, adhesion complexes will send signals to the cell in a CD98hc-
dependent manner, alone or in cooperation with growth factor receptors (GFR) (Outside-in signaling).
(Adapted from Hamidi et al., 2016).

Aside from the increase in individual integrin affinity, activation encompasses an avidity
increase due to integrin clustering (Ginsberg, 2014; Shattil and Newman, 2004; Shattil et al.,

2010), with kindlins recently emerging as major players in the process (Ma et al., 2008a;
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Montanez et al., 2008; Moser et al., 2008; Ye et al., 2013). First, ECM-bound integrins cluster
into unstable nascent adhesions (Choi et al., 2008) that can, then, mature into dot-like focal
complexes. These can in turn progress to larger focal adhesions (FAs), to finally reach the state
of streak-like fibrillar adhesions (Geiger et al., 2001). Once integrins are in this high-affinity
and high-avidity state, they become efficient at transmitting the large array of intracellular

signals collectively known as “outside-in”’ signaling (Fig 5).

1.2.2.2.  Outside-in: intracellular signaling pathways

Extracellular stimuli in the form of integrin binding to ECM components are transmitted
through the plasma membrane to cause intracellular changes; this process is known as the
integrin “outside-in” signaling. Integrins detect the composition and mechanical properties of
their environment and translate this information intracellularly into changes in the
cytoskeleton and signaling cascades that affect cell behavior, including cell proliferation.
CD98hc acts as a necessary integrin co-receptor for this process (see section 1.4.3.2). Integrin
intracellular portion lacks any enzymatic activity, but it is able to recruit a vast number of
proteins, including effector proteins and cytoskeletal components, known as the adhesome
or adhesion complex (Fig 5) (Legate et al., 2009; Streuli and Akhtar, 2009; Zaidel-Bar et al.,
2007).

Integrin-dependent adhesive signaling controls cell cycle progression at the G1/S
transition by stabilizing cyclin D and increasing its level, in cooperation with GFR signaling (Le
Gall et al., 1998; Radeva et al., 1997; Roovers et al., 1999). This regulation of cyclin D level is
the result of the integration of several signaling pathways. Two major pathways contributing
to adhesion-dependent cyclin D induction via different complementary mechanisms are AKT
and ERK. AKT controls targets such as Forkhead box O3A (FOXO3A) (Zhang et al., 2013), ELK1
(Mut et al.,, 2012), or mTORC2 (Shanmugasundaram et al.,, 2013) to allow cell cycle
progression, whereas ERK has a partially overlapping list of targets among which we can cite
again FOXO3A (Yang et al., 2008) and ELK1 (Mut et al., 2012). The transcription of cyclin-
dependent kinase inhibitors (CKIs) p27 or p21 is normally induced by FOXO3A, but this TF is
translocated to the cytosol after phosphorylation (Blaess et al., 2004; Li et al.,, 2005).
Additionally, mMTORC2 pathway leads to FOXO3A and p27 degradation via the Skp2 component

of E3 ubiquitin ligase complex (Shanmugasundaram et al., 2013). Together, both AKT and ERK
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activation by phosphorylation are required for cell growth induction after mitogen stimulation

(Fig 6) (Dellinger and Brekken, 2011; Fournier et al., 2012; Zhang et al., 2013).

Integrins can trigger AKT activation in an adhesion-dependent manner in many cell types
through FAK and its binding to the p85 subunit of phosphatidylinositol-3-kinase (P13K), or via
a Src—vinculin complex (Gera et al., 2004; Gille and Downward, 1999). GFs transiently activate
ERK through different effectors, but integrin-dependent adhesion sustains ERK activation
during the required period to induce cyclin D expression (Fig 6). Several seemingly redundant
integrin-dependent mechanisms for ERK activation exist, involving FAK and Src (Schlaepfer et
al., 1994), FAK and p130Cas (Schlaepfer and Hunter, 1997; Schlaepfer et al., 1997), FAK, Ras-
proximate-1 (Rap1) and B-Raf (Barberis et al., 2000), Fyn and Shc (Wary et al., 1996; Wary et
al., 1998) or p21-activated kinase (Howe and Juliano, 2000; Slack-Davis et al., 2003).
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Figure 6. Integrin adhesive signaling contributes to cell cycle progression. Integrin adhesive signaling
cooperates with growth factor receptor (GFR) signaling to induce cell cycle progression through several
pathways, notably ERK and AKT, by inducing and stabilizing cyclin D. (Adapted from Moreno-Layseca
and Streuli, 2014).

Interestingly, the three principal Rho GTPases Racl, RhoA, and Cell division control

protein 42 homolog (Cdc42) are implicated in adhesion-dependent cell cycle regulation (Mack
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et al., 2011; Welsh, 2004). Integrins recruit Racl to the adhesion macromolecular complexes
via the FAK-Src-p130Cas tandem. Once activated, Src phosphorylates p130Cas, which recruits
Racl to focal adhesions for its activation. Although adhesome proteins such as FAK are

involved in linking integrins with AKT and ERK, the detailed mechanisms are not fully resolved.

Integrin adhesive signaling also collaborates in ERK nuclear translocation after
phosphorylation (Fig 6) (Nikolopoulos et al., 2005; Streuli and Akhtar, 2009). Since ERK does
not contain any classical nuclear localization sequence, it relies on anchoring proteins to
regulate nuclear translocation. A study on mouse-derived fibroblasts containing a deletion in
the B1 integrin cytoplasmic tail reported a failure in Racl activation and ERK nuclear
translocation, although ERK activation was not affected, therefore implicating the small
GTPase Racl in the process (Hirsch et al.,, 2002). However, the molecular mechanism of

integrin-dependent ERK nuclear translocation remains elusive.

Another Rho GTPase pathway, the RhoA-ROCK (Rho Associated Coiled-Coil Containing
Protein Kinase), is involved in stress fiber formation (Leung et al., 1996; Watanabe et al., 1997)
and cyclin D expression in mammary epithelial cells and hepatocytes (Hansen and Albrecht,
1999; Liberto et al., 2002). Additionally, ECM’s intrinsic physical properties and external forces
transmitted through it, deeply affect actin polymerization and adhesion complex assembly
through RhoA-mediated mechanosensing, having an impact in cell cycle progression (Dufort

et al., 2011; Eyckmans et al., 2011; Guilluy et al., 2011; Walker and Assoian, 2005).

1.2.3. Growth factors and integrin co-regulation

Integrin signaling acts synergistically with GFRs in regulating cell cycle progression (Alam
et al., 2007). Signaling triggered by GFRs is partially controlled by integrin-mediated ECM
adhesion. Examples of GFRs with signaling activities modulated by integrins include IR (insulin
receptor) (Schneller et al., 1997), IGF-1R (type 1 insulin-like growth factor receptor) (Zhang
and Yee, 2000); VEGFR (vascular endothelial growth factor receptor) (Ruoslahti, 2002), TGF-B
receptor (transforming growth factor beta receptor) (Scaffidi et al., 2004), PDGFR (platelet-
derived growth factor-b receptor) (Schneller et al., 1997) and EGFR (epidermal growth factor
receptor) (Bill et al., 2004). One mechanism for activating GFRs is through integrin clustering;
under this circumstance, dense integrin—GFR complexes can activate GFR in the absence of

the corresponding GF (Miyamoto et al., 1996; Moro, 1998). Integrins can also drive GFRs to

23



These de Doctorat

lipid microdomains facilitating their activation (Ffrench-Constant and Colognato, 2004), such
as asP1 does with PDGFR in oligodendrocytes and aesBas with EGFR in keratinocytes (Baron et
al., 2003; Gagnoux-Palacios et al., 2003). Indeed, some studies have found a physical
association of several integrins with GFRs (Borges et al., 2000; Eliceiri, 2001; Falcioni et al.,
1997; Lee and Juliano, 2000; Miyamoto et al., 1996). Since GFRs require the presence of
specific integrin subunits for proper signaling and different cell types present different integrin
profiles, this ‘cellular context’ could constitute a cell type-specific determination of the

outcome of the GF signals (Alam et al., 2007).

1.2.4. Integrin proliferative signaling and tumor development

Maintaining proliferative signals, becoming anchorage-independent and resisting cell
death are all hallmarks of cancer (Hanahan and Weinberg, 2011). Cancer cells acquire the
ability for anchorage-independent growth (leading to metastasis in vivo systems) and become
resistant to anoikis, an apoptosis type triggered by lack of integrin-mediated adhesion. These
two features implicate integrin signaling in invasive cancers (Desgrosellier and Cheresh, 2010;
Harburger and Calderwood, 2009; Huck et al., 2010; Lahlou et al., 2007). Additionally, integrin
mechanosensing regulates proliferation stimulation by increased ECM stiffness, inducing

tumor progression via FAK and PI3K (Levental et al., 2009).

Integrin-mediated cell adhesion can influence tumor-associated cell growth, cell cycle,
and survival by increasing the expression of the antiapoptotic TF NF-kB (Weaver et al., 2002;
Zahir et al., 2003), by supporting AKT signaling via PI3K (Chung et al., 2002), by impeding
proapoptotic factor production mediated by p53 (Bachelder et al., 1999a; Bachelder et al.,
1999b), or by promoting sustained ERK signaling (Gilcrease, 2007; Sun et al., 2014a) among
other mechanisms. In short, the dysregulation of integrin-mediated cell cycle and survival
control plays a critical role in tumor progression and metastasis, making integrin adhesive
signaling an attractive target for anticancer therapy (Desgrosellier and Cheresh, 2010; Raab-

Westphal et al., 2017)

1.2.5. Conclusion

The cellular microenvironment provides necessary cues for cell cycle progression by
regulating G1/S phase transition via integrin adhesive signaling. The overall process includes

a large set of partially overlapping pathways utilized in alternative ways depending on the
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cellular ECM microenvironment and the set of proteins (particularly integrin receptors)
expressed by each cell type. These differences constitute a proliferation checkpoint, for only
the correct combination of ECM conditions and cell adhesion receptors will promote cell cycle
progression in response to GF. Signaling pathways implicated in adhesive-mediated cell cycle
progression have been extensively studied, including PI3K/AKT cascade, ERK sustained
activation and nuclear translocation or RhoA-mediated actin cytoskeleton reorganization.
Under many circumstances, these pathways require the integrin co-receptor CD98hc to be
activated after integrin-ECM adhesion. Conversely, the composition and functioning of
adhesive protein complexes structured around integrin intracellular tails still possess
challenges that, once resolved, will deepen our understanding of the process. Increased
comprehension of integrin signaling role in cellular proliferation brings attractive

opportunities to identify novel therapeutic targets in the treatment of related diseases.

25



These de Doctorat

1.3.Resource availability and metabolism during proliferation

Cell growth requires a supply of nutrients and energy to support a metabolic shift
towards anabolic processes. Therefore, cell metabolism needs to be coordinated with
resource availability during proliferation. This required metabolic change takes place only
when nutrient supplies can sustain cell proliferation, it is mediated by mechanisms evolved to
sense nutrient availability and it requires mitogenic signaling by GFs and cell adhesion.
Extensive research has exposed the 5' AMP-activated protein kinase (AMPK) as a master
energy sensor to regulate cellular metabolism based on intracellular energy levels.
Furthermore, the target of rapamycin (TOR) integrates amino acid levels and GF signaling to
support anabolism during cell proliferation. Thus, metabolic resources are actively implicated

in the regulation of cell cycle progression through a variety of mechanisms (Fig 7).

1.3.1. Cellular metabolism in proliferation

Highly proliferative cells increase glucose uptake and inhibit tricarboxylic acid (TCA)
cycle carbon circulation, resulting in the production and excretion of high amounts of lactate.
This phenomenon, known as the Warburg effect and initially observed in cancer cells
(Warburg, 1956), is also found in highly proliferative healthy cells, that switch their
metabolism from oxidative phosphorylation to aerobic glycolysis independently of the oxygen
availability. This has been observed in multiple cell types such as mouse fibroblasts (Munyon
and Merchant, 1959), human and mouse lymphocytes (Hedeskov, 1968; Wang et al., 1976),
or chicken embryo cells (Steck et al., 1968), suggesting aerobic glycolysis is a common
phenomenon in rapidly dividing cells (Lunt and Vander Heiden, 2011). Rather than
constituting a strategy to deal with impaired respiratory capacity or hypoxia, research
suggests that aerobic glycolysis provides advantages for proliferation, even though it is a less
efficient process in generating ATP—2 ATPs per glucose molecule, as compared to a maximum
of 36 for oxidative phosphorylation (Nelson and Cox, 2017). Although the full scope of this

reason is not clear yet, a considerable amount of research has suggested several explanations.

Proliferating cells have different metabolic requirements than quiescent cells. A cell
needs to duplicate all its components prior to mitosis, which poses a high requirement of
nutrients, not only as energy but also as building blocks. Aerobic glycolysis provides metabolic

intermediates that can be diverted to fuel other anabolic pathways to support the synthesis
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of glycerol, ribose or non-essential amino acids, supporting the complex anabolic network in

charge of synthesizing all their macromolecular components.
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Figure 7. Metabolic shift in cellular proliferation. (A) Under resting conditions, there is a balance
between anabolic and catabolic processes to convert nutrients and energy into macromolecules and
vice versa. (B) Mitogenic signals trigger a rewiring of metabolites towards anabolic processes via the
main metabolic regulator mTORC1, to synthesize the necessary macromolecules for proliferation.
(Adapted from Ben-Sahra and Manning, 2017).

Although less efficient, aerobic glycolytic metabolism can produce enough energy to
sustain cell proliferation. Inefficient ATP production might be only a problem when nutrients
are scarce, and this is not the case for most proliferative cells in multicellular organisms;

(Christofk et al., 2008; DeBerardinis et al., 2008). Moreover, proliferation isimpeded upon low
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energy conditions: if the ATP/ADP ratio is not adequate, sensor systems in the cell will
promote cell cycle arrest (Lum et al., 2005; Shaw et al., 2004). Additionally, a portion of the
cell’s glucose still enters the TCA and undergoes oxidative phosphorylation with high efficiency
in ATP production. In fact, data on multiple cell types and tissues show that glycolysis
contributes in average only 17% of total ATP production (Zu and Guppy, 2004), although there

is a high variation depending on tissues and conditions (0.31%—64%).

1.3.2. Intracellular energy sensing

Cell growth requires a considerable amount of energy to sustain anabolic processes.
Although nutrient access is not generally a limiting factor for mammal cells in homeostatic
conditions, mechanisms have evolved to detect and ensure proper intracellular energy levels
before triggering proliferation. The main chemical readouts to assess intracellular energy
levels are the ratios ATP/ADP, ATP/AMP and NAD*/NADH (nicotinamide adenine
dinucleotide). Cells have developed sensor systems for the constant monitoring of these
ratios, allowing them to adapt their metabolism to the growth necessities. AMPK is the
principal sensing system in all eukaryotes. It is activated upon energy deficiency conditions—
e.g., increased AMP or ADP—to favor catabolic processes over anabolic ones in an effort to
recover the energy balance (Hardie et al., 2012). AMPK includes 3 subunits, one catalytic (a)
and two regulatory (B and y), that localize to the plasma membrane thanks to a myristoylation
(Mihaylova and Shaw, 2011). AMP, ADP or ATP can directly bind to AMPK through the y
subunit via its adenine nucleotide-binding sites. If the bound nucleotide is AMP or ADP, AMPK
undergoes a conformational change leading to enzyme activation via the phosphorylation of
a conserved threonine residue in the activation loop by upstream kinases (Hardie, 2011;
Oakhill et al., 2011; Xiao et al.,, 2011). Notably, AMPK activation inhibits mammalian TOR
complex 1 (mTORC1) by direct phosphorylation of tuberous sclerosis complex 2 (TSC2) (Inoki

et al., 2006) and Raptor (Gwinn et al., 2008) (Fig. 8) (see next section).

In parallel, silent information regulator 1 (SIRT1) acts as a sensor for NAD*/NADH to
monitor reducing power (Chang and Guarente, 2014). An increase in NAD* levels activates
SIRT1. It cooperates with AMPK signaling to switch cell metabolism, inhibiting anabolic
processes and favoring catabolic pathways to re-balance the energy status. AMPK and SIRT1

can act synergistically and are able to regulate each other (Ruderman et al., 2010).
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Figure 8. AMPK-mediated energy sensing. When AMP and ADP levels are higher than ATP, AMPK is
activated by phosphorylation and it phosphorylates, in turn, TSC2 and Raptor. Phosphorylated TSC2
induces Rheb inactivation by favoring its binding to GDP and therefore the inhibition of mTORC1.
Phosphorylation Raptor directly inhibits mTORC1 activity as part of the complex.

1.3.3. Intracellular nutrient sensing

Growing cells need nutrients as building blocks to duplicate all their structures, including
membranes (lipids), genetic material (nucleotides) and proteins (amino acids). Among them,
amino acids have the most developed sensing machinery; amino acid availability tightly
regulates TOR and its downstream signaling in all eukaryotes. Originally identified in yeast
and, shortly after, in mammals, the TOR protein is a serine/threonine kinase of around 250
kDa and is inhibited by the drug rapamycin (Koltin et al., 1991; Sabatini et al., 1994). In
mammals, it is present in two different complexes: mTORC1 and mTORC2. These two variants
differ in the presence of the unique accessory proteins Raptor and Rictor respectively, and
develop different functions (Bhaskar and Hay, 2007). The role of mTOR has been deeply
studied since its discovery; importantly, it controls cell growth, notably by regulating key
proteins for the ribosome biogenesis (Hannan et al., 2003), synthesis of proteins, lipids and

nucleotides (Howell et al., 2013) as well as autophagy (Meijer and Codogno, 2004).

mMTORC1 is the most studied complex and the only one with a well-characterized amino
acid-dependent regulation. Amino acids are necessary (although not sufficient) for mTORC1
activation; a deficiency in amino acids abrogates mTORC1 activation even in the presence of
GFs, the primary mTOR pathway activators. Particularly, depletion in essential amino acids
leucine and arginine is as efficient as full amino acid deprivation inhibiting mTORC1 (Avruch
et al.,, 2009; Hara et al., 1998). Glutamine metabolism has been implicated in mTORC1
regulation as well (Duran et al., 2012; Van Der Vos and Coffer, 2012) and extracellular leucine
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requires glutamine to activate mTORC1 (Nicklin et al., 2009). However, the molecular
mechanism underlying this regulation is highly complex and further investigation is still

needed to complete our understanding.

The four mammalian Rag proteins A, B, C, and D form functional heterodimers, namely
RagA/B-RagC/D (Schiirmann et al., 1995; Sekiguchi et al., 2001) and are essential pieces in the
amino acid-dependent mTORC1 regulation (Kim et al., 2008a; Sancak et al., 2008). Amino acid
presence favors the active form of Rag heterodimers—RagA/B bound to GTP and RagC/D
bound to GDP—, that interacts with the mTORC1 subunit Raptor, recruiting the complex to
the lysosome membrane, where the Rheb protein can then activate mTOR kinase activity (Fig
9)(Sancak et al., 2008). Rheb is a small GTPase localized at the lysosomal membrane and
activated by GF signals via TSC1/TSC2, explaining why amino acid availability is necessary but
not sufficient to activate mTORC1; amino acids regulate mTORC1 subcellular localization,

influencing Rheb’s accessibility to the complex.

Ragulator is another lysosome membrane-associated protein and is responsible for Rag
heterodimer activation. Ragulator is, in turn, regulated by intralysosomal amino acid levels via
the H* adenosine triphosphatase (v-ATPase) (Zoncu et al.,, 2011). Other mechanisms
implicated in the amino acid-dependent regulation of Rag GTPases are the leucyl-tRNA
synthetase, implicated in amino acid sensing (Bonfils et al., 2012; Han et al., 2012), the SH3
domain-binding protein 4 (SH3BP4), that inhibits Rag complex formation under nutrient stress
conditions (Kim et al., 2012b), or the Gatorl/Gator2 complex, an inhibitor of Rab that is
inhibited in a leucine-dependent manner via Sestrin2 (Fig 9) (Kim et al., 2015; Wolfson et al.,

2016).

Amino acid transporters have a role to play as well. Recent data describe SLC38A9 as a
necessary amino acid transporter at the lysosomal membrane for arginine-dependent
mTORC1 activation (Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015) and CASTOR1
as cytoplasmic arginine sensor required for arginine depletion to inhibit mTORC1
(Chantranupong et al., 2016). Another amino acid transporter recently related to mTORC1 and
cell growth regulation at the lysosome is the heterodimer CD98hc/LAT1 (Milkereit et al.,
2015). It transports essential amino acids such as leucine, and it can interact with the
lysosomal protein LAPTM4b (lysosomal-associated transmembrane protein 4b), increasing

lysosomal leucine intake and therefore mTORC1 activation. Additionally, CD98hc/LAT1 plays
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an indirect role mediating large neutral amino acid intake at the plasma membrane, its main

localization (Fig 9) (Elorza et al., 2012; Hansen et al., 2015).
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Figure 9. Amino acid-dependent mTORC1 regulation. mTORC1 activators are depicted in green

whereas inhibitors are represented in red. Intracellular amino acids promote the activation of Rag
heterodimers by several means including leucyl-tRNA synthetase (LRS), CASTOR1 and Sestrin2 (SESN2).
Conversely, SH3BP4 inhibits Rag heterodimers upon nutrient stress. Active Rag heterodimers traffic
mMTORC1 to the lysosomal membrane where Rheb activates it if the proper growth factor receptor
(GFR) pathways are activated. Intralysosomal amino acid levels control Rab heterodimer activity as
well through the Ragulator protein.
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Besides, general control nonderepressible-2 (GCN2) kinase is activated by excess
uncharged aminoacyl-tRNA upon amino acid deficiency (Hinnebusch, 2005). GCN2 decreases
general translation initiation by phosphorylating eukaryotic translation initiation factor 2-A
(elF2A) and indirectly induces expression of stress-response genes through TFs such as ATF4
(Wek et al., 2006). In short, amino acid deprivation activates GCN2 and inhibits mTORC1 to
reduce general protein synthesis. Some data suggest a cross-regulation between these two

mechanisms (Novoa et al., 2001; Watanabe et al., 2007).

Finally, as a major metabolic regulator, mTORC1 is also indirectly regulated by AMPK
signaling, integrating the cellular nutrient and energy status. Indeed, AMPK represses mTORC1

via TSC2 phosphorylation (Inoki et al., 2003) and Raptor phosphorylation (Gwinn et al., 2008).

1.3.4. mTOR and AMPK as links between nutrient sensing and cellular metabolism

Nutrient sensors mTOR and, to a lower extent, AMPK, maintain cellular homeostasis by
acting as major regulators of downstream metabolic pathways. They integrate GF signals and
nutrient availability state to regulate metabolic processes such as protein, lipid and nucleic
acid synthesis, TCA cycle, glycolysis or oxidative phosphorylation (Dibble and Manning, 2013;
Howell et al., 2013). At a glance, AMPK activation switches on catabolic pathways to produce
energy while inhibiting ATP-consuming anabolic processes. Conversely, mTORC1 acts under
sufficient nutrient availability to promote anabolic pathways through a variety of
transcriptional, translational, and post-translational mechanisms, synthesizing the required
components for cellular proliferation. The ability of mTORC1 to integrate mitogenic signals
with the cell’s nutritional and energy status makes it a master metabolic regulator (Dibble and

Manning, 2013).

1.3.4.1.  Glucose metabolism and energy status

Under mitotic signaling and nutrient availability conditions, mTORC1 promotes the
translation of HIF1la and c-Myc, even in normoxia. As a result, it induces glycolytic enzymes
favoring aerobic glycolysis and diverting the glucose-derived carbon flux from the TCA cycle
to anabolic pathways to synthesize the necessary building blocks for cell proliferation (Diivel

et al., 2010; West et al., 1998).

On the other hand, AMPK and SIRT1 activation under energy restriction conditions

promotes ATP production and inhibits anabolism, restricting cell proliferation. Both AMPK and
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SIRT1 promote glucose uptake (Xi et al., 2001) and induce glucose oxidative products to enter
the TCA cycle by repressing HIF1aq, finally increasing mitochondrial oxidative phosphorylation,
while AMPK also promotes mitochondrial biogenesis (Gomes et al., 2013; Hardie, 2011; Lim

et al,, 2010).

1.3.4.2.  Protein synthesis

In the presence of mitogenic signals and GFs, mTORC1 promotes energy-consuming
anabolic processes necessary to support cell proliferation; in general, it induces ribosome
biogenesis and mRNA translation (Holz et al., 2005; Tcherkezian et al., 2014). mTORC1
phosphorylates the eukaryotic translation initiation factor 4E (elF4E)-binding proteins (4E-BP1
and 2), promoting elF4E activity and translation initiation. This can influence global protein
synthesis, but mTORC1 specifically controls the translation of a group of mRNAs containing 5’-
terminal oligopyrimidine tracts (Jefferies et al., 1994), that encode ribosomal components and
other translation-related proteins. Additionally, protein S6 kinase 1 (S6K1) and S6K2 are direct
targets of mTORCL1 controlling helicase activity (Dorrello et al., 2006; Shahbazian et al., 2006),
enhancing translation elongation (Faller et al., 2015; Wang et al., 2001) and regulating some

components of the splicing machinery (Ma et al., 2008b).

1.3.4.3.  Nucleic acid synthesis

Cell growth demands an increased amount of nucleotides both for the replication of the
genetic material and for ribosome biogenesis, given that around 55% of the ribosome is
composed of rRNA. Therefore, in proliferating cells, de novo nucleotide synthesis pathways
are highly upregulated. mTORC1 induces de novo pyrimidine synthesis via S6K1 and the
phosphorylation of the carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and
dihydroorotase (CAD), an enzyme implicated in the first steps of the synthesis process (Ben-
Sahra et al., 2013; Robitaille et al., 2013). Activated mTORC1 also enhances de novo purine
synthesis via transcriptional induction of several enzymes implicated in the purine synthesis
pathway such as glycine and serine synthesis, the mitochondrial tetrahydrofolate (mTHF)
pathway or the pentose phosphate pathway (PPP) (Ben-Sahra et al., 2016). Notably, the PPP
is the only source of glucose-derived ribose in a cell, and therefore fundamental to the
process. Among the two possible PPP branches, mTORC1 enhances the oxidative arm by

increasing the glucose-6-phosphate dehydrogenase, a rate-limiting enzyme (Diivel et al.,
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2010). This enhances not only ribose production but also NADPH, thus gathering the necessary

reducing power for anabolic process.

1.3.4.4.  Lipid metabolism

Cell proliferation requires an increase in membrane production both for organelle
biogenesis and plasma membrane extension (Menendez and Lupu, 2007). mTORC1 signaling
promotes the biogenesis of fatty acids and sterols via increasing the sterol regulatory element
binding protein (SREBP) activity, a family of TFs regulating genes involved in lipogenesis
(Horton et al., 2002). A number of members of the mTORC1 pathway are involved in this
process through different mechanisms, including S6K1 (Li et al., 2011; Owen et al., 2012),
lipinl (Peterson et al., 2011) and CREB regulated transcription coactivator 2 (CRTC2) (Han et
al., 2015).

Conversely, AMPK induces fatty acid oxidation via peroxisome proliferator-activated
receptor alpha (PPARa) (Lee et al.,, 2006) and by inactivating the acetyl-coenzyme A
carboxylase (ACC)-2, promoting fatty acid uptake into the mitochondria and favoring
mitochondrial metabolism towards fatty acid oxidation (Hardie and Pan, 2002). All this
increases B-oxidation and the downstream mitochondrial oxidative phosphorylation, resulting

in a high ATP production.

1.3.5. Nutrient availability signaling during tumor development

Evading growth suppressors and deregulating cellular energetics are two well-described
hallmarks of cancer (Hanahan and Weinberg, 2011). During cancer-associated dysregulation
of cell proliferation, cells acquire the capacity of importing extracellular nutrients
independently of GFs and other signaling. Moreover, tumors often accumulate mutations that
uncouple the normal regulatory mechanisms upstream of mTORC1 from its downstream
metabolic program (Menon and Manning, 2008). This results in an aberrant constitutive
mTORC1 signaling, normally mediated by mutations of oncogenes in the AKT and the ERK
pathways (Roberts and Der, 2007; Shaw and Cantley, 2006). As a result, mTORC1-mediated
proliferative signaling is refractory to suppressor signals, and the metabolic effects described
in previous sections divert the cell towards a pro-growth metabolic state. This makes the
mMTORC1 pathway an attractive target for therapy. Researchers and clinicians are investigating

the possibilities of blocking mTOR kinase activity (Feldman et al., 2009; Thoreen et al., 2009;
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Yu et al.,, 2009) or combining mTOR and PI3K kinase activity inhibition (Vilar et al., 2011;

Zaytseva et al., 2012) with promising results.

1.3.6. Conclusion

Intracellular metabolite concentrations join GFs and adhesive signaling as part of the
signaling network regulating cell cycle progression. This area of research includes many
metabolites identified as regulators of signaling cascades, thus participating in the
preservation of biosynthetic and energetic balances, with amino acids in a prominent place.
The investigation of these signaling cascades and their capacity to modulate the balance
between metabolic pathways has been a focus for the scientific community during the last
years, although more research is needed to understand these processes fully. mTORC1 rises
as the major node for signal integration and pathway cross-regulation, linking growth-
promoting signals with the necessary anabolic processes to support cell growth. To fully
understand mTORC1 regulation of cell proliferation it is necessary to understand the
regulation of intracellular amino acid dynamics, their transport across membranes and its

coordination with GF signaling.
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1.4.CD98hc: a signaling integrator

Cluster of Differentiation 98 heavy chain (CD98hc, SLC3A2, 4F2hc, FRP-1) is a ubiquitous
signaling integrator protein. Its numerous protein-protein interactions—importantly with
SLC7 amino acid transporter family and B-integrins—place CD98hc at a molecular hub in the
cell signaling network. As a result, it plays a determinant role in a number of cellular processes
such as activated T and B cell clonal expansion (Cantor and Ginsberg, 2012; Cantor et al.,
2009), inflammation (Yan et al., 2007b), cell survival and migration (Feral et al., 2005),
mechanotransduction (Estrach et al., 2014), or angiogenesis (Liao and Cantor, 2016). Most of
them rely on the influence of CD98hc on cell proliferation (Boulter et al., 2013; Cantor et al.,
2009; De La Ballina et al.,, 2016). Indeed, highly proliferative cells present an increased
expression of CD98hc in physiological (Boulter et al., 2013) and pathological conditions,
including cancer (Cantor and Ginsberg, 2012; Henderson et al., 2004; McCracken and Edinger,
2013).

CD98hc was originally discovered as the surface antigen of monoclonal antibody 4F2 in
activated lymphocytes (Haynes et al.,, 1981a). It belongs to the group of heavy chain
heteromeric amino acid transporters (hcHATs) together with rBAT (SLC3A1), the other SLC3
family member. Its cDNA, cloned and identified by three groups in the same year (Lumadue
et al., 1987; Quackenbush et al., 1987; Teixeira et al., 1987), encodes a 529-amino acid type Il
transmembrane glycoprotein of 80-85 kDa. It includes an 83-amino acid N-terminal
cytoplasmic tail, a 21-amino acid single-pass transmembrane domain (TMD), and a bulky 425-
amino acid extracellular domain (CD98hc-ED). Human CD98hc-ED contains 4 glycosylated
asparagine residues (positions 264, 280, 323, and 405) (Chen et al., 2009; Jia et al., 2009; Liu
et al.,, 2005; Wollscheid et al., 2009; Zhang et al., 2003); equivalent positions are also
glycosylated in the mouse ortholog (Luscher et al., 1985). The mouse (Parmacek et al., 1989),
hamster (Fenczik et al., 1997), and rat (Broer et al., 1997) orthologs have also been cloned and

present a high sequence identity with the human CD98hc.

It was initially named 4F2hc, and it was later assigned a CD designation number at the
Fifth International Workshop and Conference on Human Leukocyte Differentiation Antigens
(Lanza et al., 1994). Other used names include Fusion Regulatory Protein 1 (FRP-1) (Ohgimoto
et al., 1995) and SLC3A2 (solute carrier family 3 member 2).
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1.4.1. Processes tuned by CD98hc

The first proof of CD98hc’s importance in vivo was the embryonic lethality of its full-
body knockout (E3.5-E9.5), partly due to placentation defect (Tsumura et al., 2003). Later
studies used different mouse lines to obtain spatiotemporal CD98hc deletion or
overexpression, providing information about the in vivo role of CD98hc in the immune system
or epithelial homeostasis (explained below). Although CD98hc is a multifunctional protein,
most of its physiological implications rely on its effect on cell proliferation. Highly proliferative
cells have an increased CD98hc expression both in physiological (Boulter et al., 2013) and
pathological conditions (McCracken and Edinger, 2013). Whereas playing a necessary role in
tissue homeostasis, this signal integrator molecule also favors tumor progression and is, in
some cases, associated with poor prognosis (Cantor and Ginsberg, 2012; Ip and Sethi, 2016).
Altogether, the information present below highlights the pivotal role of CD98hc for correct

and efficient cell behavior.

1.4.1.1. Immune response

After its discovery in immune cells, CD98hc was used as an activation early marker for
both B and T cells during normal and pathological states (Hafler et al., 1985; Kehrl et al., 1984;
Konttinen et al., 1985; Moretta et al., 1981; Patterson et al., 1984). A series of studies showed
how CD98hc is required for lymphocyte proliferation during clonal expansion after antigen
recognition in an integrin-dependent manner, by using CD98hc conditional KO mouse models.
In the case of B cells, clonal expansion and plasma cell formation are impaired upon CD98hc
lost in vivo, without perturbing B cell steady-state functions (e.g., B cell basal number, ability
to become activated and function as antigen-presenting cell) (Cantor et al., 2009). Regarding
T cells, lack of CD98hc drastically reduces clonal expansion, thus impairing a proper immune
response. Nevertheless, intrinsic T cell effector functions are not affected (Fig 10) (Cantor et
al., 2011). See (Cantor and Ginsberg, 2012) for a detailed review. These characteristics make
CD98hc a potential target for autoimmune diseases such as multiple sclerosis (Cantor, 2014)
or type 1 diabetes (Lian et al., 2012) as well as allograft acceptance (Liu et al., 2012; Nishio et
al., 2016). Increasing evidence relates CD98hc not only to T cell clonal expansion but also Th
lymphocyte differentiation. CD98hc deletion increases Treg cell production, that, in turn,

inhibits Th1 and CTL (cytotoxic T lymphocyte) proliferation and differentiation (Liu et al., 2012;
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Nishio et al., 2016). The molecular mechanism used by CD98hc to control lymphocyte clonal

expansion remains yet to be fully elucidated.
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Figure 10. CD98hc implication in vertebrate adaptive immune response. After immune challenge,
antigen presenter cells (APC) activate antigen-specific naive T cells specific for the corresponding
antigen (in blue). Clonal expansion starts to generate effector CD4+ ‘helper’ cells—secrete cytokines—
and CD8+ cytotoxic ‘killer’ T cells. When the immune reaction is finished, a few T cells remain and
generate ‘memory’, priming the system for a secondary expansion after re-exposure to the antigen.
CD98hc is required for the primary clonal expansion phase but is expendable for antigen recognition,
activation and effector functions. The role of CD98hc during a secondary expansion remains unclear.
(Cantor and Ginsberg, 2012).

Increasing studies are characterizing the role of CD98hc in inflammation. CD98hc
overexpression in intestinal epithelial cells aggravates intestinal inflammation in a colitis
mouse model, induces barrier dysfunction, increases cell proliferation and production of pro-
inflammatory mediators (Nguyen et al., 2011). On the other hand, CD98hc knockdown or
blockage is being evaluated as a possible therapy for chronic inflammatory diseases. In colonic
epithelial cells and macrophages, CD98hc reduction results in a lower pro-inflammatory

cytokine production both in vivo and in vitro, reducing the severity of colitis (Laroui et al.,

2014; Xiao et al., 2014; Xiao et al., 2016).
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1.4.1.2.  Epithelial homeostasis

Epithelia, including skin and intestine, display a high CD98hc expression in basal layer
cells—e.g., proliferative cells—consistently with the high renewal rate required for
homeostasis of this type of tissue (Patterson et al., 1984). The role of CD98hc in skin

il murine line (Féral et al., 2007) combined

homeostasis was studied in vivo using CD98hc
with a mouse line displaying inducible Cre recombinase expression under the K14 (keratin 14)
promoter, to obtain conditional inducible CD98hc KO mice. Induction of Cre activity in this
model results in CD98hc deletion in basal keratinocytes, the proliferative layer of the
epithelium. KO animals present impaired skin homeostasis as evidenced by large defects in
hair growth and wound healing with substantial proliferation impairment (Boulter et al.,

2013). Absence or decrease of CD98hc, either exogenous (KO) or endogenous (aging), results

in reduced cell renewal ability.

Molecularly, CD98hc participates in integrin-mediated outside-in adhesive signaling.
Interestingly, in homeostatic conditions, neither integrins’ affinity nor binding to their ligands
are CD98hc dependent (Boulter et al., 2013; Feral et al., 2005). Nevertheless, integrin-
mediated cell spreading, as tested in embryonic stem (ES) cells, ES-derived fibroblasts and
mouse embryonic fibroblast (MEF) cells on both FN and laminin in vitro requires CD98hc-
integrin interaction (Feral et al., 2005; Prager et al., 2007). Cell migration and motility studies
yield similar results, presenting CD98hc as a crucial modulator of integrin-dependent
haptotaxis in vitro (Feral et al., 2005; Kabir-Salmani et al., 2008) and in accordance with the in
vivo results previously mentioned (Boulter et al.,, 2013). Loss of epidermal CD98hc also
impacts ECM structure resulting in a more compliant skin, associated with a decrease in cell
proliferation rate. Fibronectin and collagen organization are impacted in vivo through
reduction of RhoA/ROCK signaling and YAP/TAZ-regulated genes (Estrach et al., 2014). In vitro
results support this study confirming CD98hc’s requirement for integrin-mediated cellular
contractility and ECM assembly (Féral et al., 2007). Noteworthily, the sustained in vivo
activation of RhoA upon CD98hc KO is a result of both RhoGEF (guanine exchange factor)
regulation, probably via CD98hc-dependent integrin signaling, and intracellular accumulation
of reactive oxygen species (ROS) produced by an impaired amino acid transport (Boulter et

al.,, 2013).

39



These de Doctorat

Merlin’s group studied the implications of CD98hc in intestinal epithelium using a
combination of gain and loss of function in vivo models. CD98hc overexpression in intestinal
epithelial cells stimulated cell proliferation and produced barrier dysfunction, as well as
increased production of pro-inflammatory cytokines (Nguyen et al., 2011). Although the

mechanism is not clear yet, the authors hypothesize it is integrin-mediated.

In summary, CD98hc control of cell proliferation through integrin signaling and nutrient
availability seems to be crucial for homeostasis maintenance in fastly renewed tissues such as
epithelia. Changes in CD98hc expression are necessary for proper stress response, such as
wound healing, but dysregulation can lead to dangerous dysfunctionalities and disease

development, particularly tumorigenesis (see section CD98hc and cancer).

1.4.1.1.  Stress protection

In addition to cell proliferation regulation, CD98hc also impacts cell number by
promoting cell survival by providing stress protection. Firstly, CD98hc protects cells from
oxidative stress thanks to its role in cystine uptake via the xCT light chain (De La Ballina et al.,
2016). The xc¢ system is also required in vivo for oxidative stress protection (Sato et al., 2005).
The transported cystine is converted into L-cysteine, a rate-limiting amino acid in the synthesis
of glutathione (GSH), and therefore crucial to control ROS-caused stress (Conrad and Sato,
2012). CD98hc also supports the balance of intracellular amino acid content by governing
amino acid transporters expression at the plasma membrane, specially LAT1 and y*LAT2. As a
result, CD98hc functions as an integrative node in the cell between ROS handling and low

amino acid availability, conferring protection against oxidative and nutritional stresses.

Additionally, CD98hc protects from lack of ECM attachment and anoikis (Feral et al.,
2005), and provides the ability to sense and, thus, respond to mechanical stress (Estrach et

al., 2014).

1.4.1.2. Host-pathogen interaction

CD98hc plays a notable role in several host-pathogen interaction processes aside from
its impact on the vertebrate immune system and inflammatory response. CD98hc was also
identified as the Fusion Regulatory Protein 1 (FRP-1) (Ohgimoto et al., 1995) and induces cell
fusion in homeostatic processes like monocyte multinucleated giant cell formation (Ohgimoto

et al., 1995) or osteoclastogenesis (Mori et al., 2001). This mechanism seems to be hijacked
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for virus-induced cell fusion, a common process after viral infection. CD98hc-binding
antibodies are capable of regulating human immunodeficiency virus (HIV) gp160-mediated
cell fusion or paramyxovirus-induced syncytium cell formation in a B1 integrin-dependent
fashion (Ohgimoto et al., 1996; Ohta et al., 1994; Okamoto et al., 1997; Tsurudome and lIto,
2000). However, stronger evidence and a mechanism to explain CD98hc implication in virus-

induced syncytia formation are still to be investigated.

1.4.1.3.  Extraembryonic structure formation

The endometrial tissue expresses CD98hc during the implantation window. It is
restricted to the cell apical surface and included in tetraspanin-enriched microdomains, and
its presence is determinant for endometrial receptivity during the implantation window of the
blastocyst (Dominguez et al., 2010). CD98hc is highly expressed in different vertebrate
extraembryonic structures as well, including human placenta, and it is implicated in placental
cell fusion and syncytiotrophoblast formation (Dalton et al., 2007; Kudo and Boyd, 2000).
Additionally, it enhances a3 integrin signaling necessary for extravillous trophoblasts to
invade the maternal endovascular system (Kabir-Salmani et al., 2008). In zebrafish, CD98hc
controls yolk syncytial layer formation an extraembryonic structure of the zebrafish embryo
(Takesono et al., 2012). In short, CD98hc is required for proper extraembryonic structure

formation.

1.4.2. CD98hc and cancer

CD98hc is highly expressed in many tumor cell types (Bellone et al., 1989; Dixon et al.,
1990), as well as some of its associated light chains (McCracken and Edinger, 2013). Increased
CD98hc expression correlates with the development, progression, and metastatic potential of
tumors (Esteban et al., 1990; Garber et al., 2001; Yoon et al., 2003). In humans, CD98hc

expression levels correlate with bad prognosis in many cancers (Cantor and Ginsberg, 2012).

Pioneering in vivo studies identified a role of CD98hc in tumor development. Injection
of CD98hc overexpressing fibroblasts produced fibrosarcoma formation (Hara et al., 1999),
while CD98hc null mouse ES cells showed a lower teratoma formation capacity than control
cells when introduced in athymic and syngeneic mice (Feral et al., 2005). Other mouse models
were later used to deepen our knowledge of CD98hc-related tumorigenesis. In vivo data from
conditional CD98hc KO mice show that CD98hc increases the stiffness of tumor
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microenvironment and amplifies the capacity of cells to respond to matrix rigidity by
potentiating integrin role in ECM assembly. ECM stiffening is a common process during
tumorigenesis and a positive proliferation signal. Conversely, CD98hc deficiency in vivo
reduces Ras-induced skin tumorigenesis, and its loss causes tumor regression (Estrach et al.,
2014). A mouse model of colitis-associated cancer also provided evidence of CD98hc’s role in
inducing inflammation-associated tumorigenesis by promoting cell proliferation and
enhancing the inflammatory response, possibly through integrin signaling (Nguyen et al.,

2011)

Additionally, CD98hc capacity to regulate amino acid transport—and especially light
subunits LAT1 and xCT—influences cell proliferation activation (Bulus et al., 2012; Nicklin et
al., 2009) and tumorigenesis. CD98hc-dependent amino acid transport is required for cell
proliferation regardless of the surrounding environment (De La Ballina et al., 2016). To this
respect, the presence and correct functioning of LAT1 is crucial for cancer cell line proliferation
(Cormerais et al., 2016). Therefore, both integrin signaling and amino acid transport are

partially responsible for CD98hc tumorigenic potential.

Moreover, a recent study demonstrates the capacity of CD98hc to support angiogenesis
through VEGFR activation (phosphorylation) in endothelial cells (Liao and Cantor, 2016),

opening CD98hc implication in tumorigenesis from a different perspective.

Many studies have tested anti-cancer strategies either inhibiting CD98hc-associated
amino acid transport or integrin signaling (Balza et al., 2013; Kim et al., 2008b; Millard et al.,

2011; Oda et al., 2010). These strategies have so far yielded promising but limited results.

With the current state of the art, some attempts have already been reported, such as
the use of a humanized monoclonal antibody anti-CD98hc for the treatment of acute
myelogenous leukemia (AML) in several studies (Bajaj et al., 2016; Bixby et al., 2015; Hayes et
al., 2015). CD98hc drives engagement of leukemia cells with their microenvironment,
promoting AML propagation and lethality. This antibody has several combined mechanisms
of action including antibody-dependent cell death, caspase-dependent apoptosis, lysosomal
membrane permeability increase, and amino acid transport decrease. Importantly, authors
reported that restoration of the amino acid transport, as well as integrin signaling functions,
were needed to obtain a complete rescue of CD98hc null defects in AML development. The

study addresses CD98hc dual role in tumorigenesis and tumor progression both through
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amino acid transport and integrin signaling regulation, suggesting that targeting CD98hc may
be more potent than solely targeting amino acid transporters or upstream adhesive signals.
CD98hc constitutes a novel and attractive treatment option that allows targeting at once
integrin signaling and nutrient availability. Developing drugs to target such a pivotal signal
integrator molecule requires, however, a full understanding of CD98hc action and regulation

mechanism.

1.4.3. Protein interactions

CD98hc’s importance in the described physiological processes, mainly though the
regulation of cell proliferation, is a result of its interaction with different protein partners. No
enzymatic or ligand-binding capacity have been reported for CD98hc. Researchers in the field
first found and have since focused on studying two CD98hc-interacting proteins, namely -
integrins and SLC7 amino acid transporter family. We now know the key importance of
CD98hc in the regulation of integrin outside-in signaling and SLC7-dependent amino acid
transport. However, over the years, several studies have highlighted interactions of CD98hc
with some additional partners like galectin 3, CD9, CD147, ICAM-1 or hCASK (see section
below). This extended interaction network (Fig 11) raises the possibility of CD98hc-containing
macromolecular complexes at the plasma membrane being the functional unit to regulate
CD98hc-dependent signaling. Although the precise nature of many of these interactions is
unknown and functional implications remain, in most of the cases, still to be characterized,
we can now picture CD98hc as a hub for a number of cellular signaling pathways, and the link

of a potential cross-regulation between them.

1.4.3.1.  SLC7:light chain

As mentioned before, CD98hc is one of the hcHATSs, together with rBAT (SLC3A1). HATs
are one of the eleven families involved in amino acid transport across cell membranes in
mammals (Broer and Wagner, 2002) and are composed of a heavy chain acting as a chaperone
to trafficthe complex to the plasma membrane, and a light chain or catalytic subunit harboring
the amino acid transport activity. CD98hc is covalently linked with a light chain through a
disulfide bridge at Cys109 (Hemler and Strominger, 1982; Pfeiffer et al., 1998; Torrents et al.,
1998), located at the extracellular domain, just four residues away from the transmembrane

segment. Each of the six SLC7 light subunits (LAT1, LAT2, y+LAT1, y+LAT2, ascl and xCT) has
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amino acid transport activity and confers substrate specificity to the heterodimer (Fotiadis et
al., 2013; Kanai et al., 1998; Mastroberardino et al., 1998; Nakamura et al., 1999; Pineda et
al., 1999; Torrents et al., 1998). Four amino acid transport systems result from the association
of CD98hc and a light chain, covering a broad substrate range including all essential amino

acids (Table 1).
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Figure 11. CD98hc interaction network. CD98hc has a wide range of protein-protein interactions
described to date. Some of them might give rise to proteins complexes as functional units, as depicted
in light blue circular background. Amino acid residues WALLL are crucial for the interaction with -
integrins. (Adapted from de la Ballina, de Garay et al., 2018).

CD98hc-associated light chains are non-glycosylated proteins with a 12-TMD topology
with intracellular N- and C-termini (Fotiadis et al., 2013). The conserved cysteine residue
establishing the di-sulfide bridge with CD98hc at Cys109 is located between TMD3 and TMD4
(Gasol et al., 2004). 3D structure of HATs light chains can be approximated by comparison to
those of remote bacterial amino acid/polyamine/organocation (APC) transporters (~20%
amino acid sequence identities) (Bartoccioni et al., 2010; Jiménez-Vidal et al., 2004). The
functional unit of CD98hc-associated transporters is probably single heterodimers (Fernandez
et al., 2006). A modeled heterodimer structure predicts the relative positioning of CD98hc-ED
and the light chain of the amino acid transporter. 3D reconstruction from negatively stained

complexes, docking analysis, and cross-linking experiments rendered the structure of human
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CD98hc/LAT2 complex at a 21 A resolution. CD98hc-ED would be located just above the light

chain and interact with its extracellular loops, stabilizing it (Rosell et al., 2014).

Gene Protein Transport Predominant Tissue, cellular and Link to
name name system substrates subcellular distribution disease
SLC7A5  LAT1 System L Large neutral L- Brain, ovary, testis, Overexpressed
Antiporter AA, thyroid placenta, s.pleen,.colon, in c.ancer,
hormones T3 and  blood-brain barrier, autism
T4, L-DOPA, BCH fetal liver, activated spectrum
lymphocytes, tumor disorder
cells
SLC7A6  y*LAT2 Systemy'L Na*-independent: Brain, small intestine,
. L-cationic AA testis, parotids, heart,
Antiporter Kid |
Na*-dependent: 'aney, fung, .
thymus/basolateral in
large neutral L-AA . ;
epithelial cells
SLC7A7  y*'LAT1 Systemy’L Na*-independent: Small intestine, kidney,  Lysinuric
Antiporter L-cationic AA spleen, leucocytes, !:)roteln
. placenta, intolerance
Na*-dependent: lung/basolateral i
large neutral L-AA urTg ?So ateratin
epithelial cells
SLC7A8 LAT2 System L Neutral L-AA, Small intestine, kidney,
Antiporter thyroid hormones I.ung, hea.rt, spleen,
T3 and T4, L- liver, brain, placenta,
DOPA, BCH prostate, ovary, fetal
liver, testis, skeletal
muscle/basolateral in
epithelial cells
SLC7A10 Ascl System asc Small neutral L- Brain, CNS, lung, small
. AA, D-serine intestine, heart,
Preferentially
. placenta, skeletal
antiporter .
muscle and kidney
SLC7A11 xCT System x¢ L-cystine (anionic  Macrophages, brain, Overexpressed
Antiporter form), L- retinal pigment cells, in cancer,

glutamate

liver,
kidney/basolateral in
epithelial cells

KSHYV infection

Table 1: CD98hc-associated amino acid transporters. Adapted from (De La Ballina et al., 2016;

Fotiadis et al., 2013)

CD98hc-associated transport systems are involved in several human pathologies. xCT is
essential for the Kaposi’s sarcoma-associated herpesvirus (KSHV) infection (Veettil et al.,
2008). Mutations in LAT1 cause autism spectrum disorders (Tarlungeanu et al., 2016).
Mutations in y*LAT1 trigger the aminoaciduria of lysinuric protein intolerance (LPI) (Borsani et

al., 1999; Torrents et al.,, 1999). Finally, both CD98hc and its associated light chains are
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implicated in tumorigenesis and considered as a poor prognosis sign in several tumor types

(view section CD98hc and cancer).

1.4.3.2. Integrins

The first evidence indicating CD98hc’s capacity to regulate integrin-mediated signaling
was its ability to complement isolated B1 integrin cytoplasmic domain dominant suppression
(Fenczik et al., 1997). This phenomenon occurs in vitro when exogenous overexpression of
integrin B1 cytoplasmic domain blocks integrin activation. Since then, several studies reported
subcellular co-localization and co-immunoprecipitation, strongly suggesting a physical
interaction between both proteins (Henderson et al., 2004; Kabir-Salmani et al., 2008;

Kolesnikova et al., 2001; Merlin et al., 2001; Miyamoto et al., 2003; Rintoul et al., 2002).

Overall, a number of studies have clearly demonstrated that CD98hc cytoplasmic and
transmembrane domains (104 aa) regulate integrin signaling (Cai et al., 2005; Fenczik et al.,
2001; Feral et al., 2005; Kabir-Salmani et al., 2008), whereas CD98hc-ED (425 aa) is necessary
for amino acid transport (De La Ballina et al., 2016; Fenczik et al., 2001). The fundamental
approach for locating the CD98hc regions responsible of  integrin and amino acid transporter
interaction was based on the use of different chimeras, swapping domains of CD98hc and
CD69—another type Il transmembrane protein. However, a recent study established a
functional link between CD98hc and CD69. In T cells, CD69 associates with the amino acid
transporter complex CD98hc/LAT1 regulating its surface expression and the uptake of L-
tryptophan (Cibrian et al., 2016). For this reason, although results based on the use of these
chimeras were central, a complementary approach will be needed in future studies.

Importantly, amino acid residues 82—-86 (WALLL), at the beginning of CD98hc TMD,
seem fundamental for CD98hc-B1 integrin interaction, integrin signaling enhancement, and
oncogenic potential (Cai et al., 2005; Henderson et al., 2004). On the integrin side, it is the
cytoplasmic domain of B1a and B3 integrins (but not of Bip or B7) which interacts with CD98hc
(Zent et al., 2000). More recently, Ba integrins were also shown to bind CD98hc in human

keratinocytes (Lemaitre et al., 2011).
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1.4.3.1. Galectin 3

Galectins are carbohydrate-binding proteins with a high affinity for B galactosides. As
the sole chimera-type galectin, Galectin-3 can oligomerize or establish other protein-protein
interactions, both intracellularly or in its secreted form. It participates in a wide range of
functions in physiological and pathological conditions, including immunity against pathogens,
and both acute and chronic inflammation (Diaz-Alvarez and Ortega, 2017; Henderson and
Sethi, 2009; Ruvolo, 2016). Secreted galectin-3 binds CD98hc-ED via its glycosylations, at least
in immune cells (Dong and Hughes, 1996; Dong and Hughes, 1997). Various functional
implications of CD98hc-ED-Galectin-3 interaction have been proposed, including macrophage
activation and syncytium formation during placenta development (Dalton et al., 2007), but

their mechanism remains to be investigated.

1.4.3.2.  Basigin (CD147)

Basigin is a multifunctional type 1 transmembrane glycoprotein that belongs to the
immunoglobulin superfamily. It acts as membrane receptor and traffics monocarboxylate
transporters (MCTs) to the plasma membrane. It is important in spermatogenesis, vision and
other physiological phenomena, and has a significant function in the pathogenesis of
numerous diseases, including cancer (Muramatsu, 2016; Xin et al., 2016). Basigin forms a
macromolecular complex with CD98hc. It also associates MCTs and integrins to promote the
production of matrix metalloproteinases and hyaluronan. This supercomplex is probably
playing a critical role in energy metabolism by coordinating the transport of amino acids and
lactate (Xu and Hemler, 2005). More recently, basigin was implicated in CD98hc subcellular
localization control and protein recycling, thus regulating integrin/CD98hc downstream

behaviors (Wu et al., 2015).

1.4.3.3. CD9 (Tetraspanin)

Tetraspanin family proteins contain four transmembrane domains and are involved in
many aspects of cell biology and physiology. They interact with other proteins and with other
tetraspanins, developing a role in cell membrane compartmentalization (Charrin et al., 2014).
CD98hc localizes to tetraspanin-enriched microdomains in the plasma membrane of primary
endometrial epithelial cells. There, it interacts with tetraspanin CD9 and possibly other

tetraspanins, significantly enhancing mouse endometrial blastocyst adhesion. Thus, CD98hc
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seems to be a significant determinant of endometrial receptivity during blastocyst

implantation window (Dominguez et al., 2010).

143.4. ICAM-1

Intercellular Adhesion Molecule 1 (ICAM-1) is the ligand of the lymphocyte function-
associated antigen 1 LFA-1, a leukocyte adhesion protein, and it is involved in leukocyte
adhesion and transmigration (Long, 2011). It co-immunoprecipitates with CD98hc in epithelial
cells. Antibody-mediated cross-linking of both proteins reduces the affinity and increases the
capacity of leucine uptake by LAT2 (Liu et al., 2003) Authors suggest that the transport activity
changes are the result of direct or indirect phosphorylation of LAT-2. However, further
functional studies are needed to elucidate this regulatory process fully. ICAM-1, in turn, can
associate with tetraspanin CD9, suggesting the idea of a bigger protein complex (Barreiro et

al., 2005).

1.4.3.5. hCASK
CD98hc contains a C-terminal class Il PDZ-binding domain (GLLLRFPYAA, amino acids
520-529). In the extracellular space of the intestine’s epithelium basolateral domain, it
interacts with human calcium/calmodulin-dependent serine kinase (hCASK) (Yan et al.,
2007a), a multidomain scaffolding protein with a role in synaptic transmembrane protein
anchoring and ion channel trafficking. Implications of this interaction are yet to be elucidated.
However, the fact that this domain has been demonstrated to be functional opens the door

to explore interactions with other PDZ-binding domain-containing proteins.

1.4.4. Protein three-dimensional structure

CD98hc-ED structure was solved by Palacin’s lab after achieving protein crystallization
(2.1 A resolution, PDB: 2DH2). This study provides, to date, the only available three-
dimensional atomic structure of an hcHAT (Fort et al.,, 2007). As expected by sequence
similarity and phylogenetic studies (Gabrisko and Janecek, 2009; Wells and Hediger, 1992)
(see section CD98hc along evolution), CD98hc-ED structure resembles that of bacterial a-
amylases, including a triose phosphate isomerase (TIM) barrel (o/B)s (A-domain) and eight
antiparallel B-strands (C-domain). However, CD98hc-ED shows two essential differences with

a-amylases. First, CD98hc-ED lacks the B-domain, a region containing calcium-binding sites,

48



Section 1: Introduction

otherwise inserted between the third B-strand and the third o-helix of domain A. Second,
CD98hc-ED lacks the three conserved catalytic residues—catalytic triad—of a-amylases,
therefore, lacking a-glycosidase activity (Fort et al., 2007).

The available crystallographic 3D structure has the N-terminal position at Cys109, the
amino acid residue responsible of the disulfide bridge formation with the amino acid
transporter light subunit (SLC7 family), and just four residues apart from the TMD. There is no

available information regarding the structure or the relative positioning of the TMD and the

intracellular tail. A schematic representation is depicted in figure 12.

CD98hc
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Figure 12. Three-dimensional structure of CD98hc. Schematic representation of CD98hc (4F2hc, in
purple) covalently bond to an SLC7 light subunit by a disulfide bond at Cys 109. (Adapted from Fort et
al., 2007).

1.4.5. CD98hc along evolution

The SLC3 family of heavy chain heteromeric amino acid transporters (hcHATSs) includes
CD98hc (SLC3A2) and rBAT (SLC3A1). The C-terminal extracellular domain of hcHATs shares
sequence homology with the a-amylase family of proteins (Janecek et al., 1997; MacGregor
etal., 2001; Wells and Hediger, 1992). An extensive phylogenetic study (Gabrisko and Janecek,
2009) compared 92 hcHAT proteins in different species (representing known rBATs and 4F2hc
proteins as well as their putative homologs) and 42 GH13 enzymes (including four GH13-like
sequences), the most prominent family of a-amylases. All CD98hcs in the study form their

own cluster and respect the taxonomy within it, as do all rBATSs.
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Authors present two possible alternatives for hcHATs evolutionary appearance: i) one
single branching event could have originated an hcHAT ancestor in basal Metazoa,
subsequently split into CD98hc and rBAT in chordates; or ii) two independent branching
events could have given rise to CD98hc and rBAT independently in basal Metazoa. With the
available information, it is impossible to draw the evolutionary picture unequivocally

(Gabrisko and Janecek, 2009).

The study concludes that hcHATSs probably appeared in basal Metazoa. Indeed, hcHATs
are present in both bilateral and radial animals. Some invertebrates have an amino acid
transporter system analogous to mammalian HAT, like Drosophila melanogaster (Reynolds et
al., 2009), Aedes aegypti (Jin et al., 2003) or schistosomes (Krautz-Peterson et al., 2007).
However, functions other than amino acid transport, such as integrin signaling enhancement,
have only been found in vertebrates, starting with jawless fish (lampreys) (Uinuk-Ool et al.,

2002).

We are only recently starting to understand that adaptive immunity is not restricted to
vertebrates. There are examples in other clades, like new mechanisms for the diversification
of molecules involved in internal defense in mollusks (Zhang et al., 2004) and echinoderms
(Ghosh et al., 2010), or the CRISPR (clustered regularly interspaced short palindromic repeats)
system in bacteria and archaea (Mojica et al., 2005). However, it is the feature of clonal
expansion that remains unique to vertebrates’ adaptive immunity strategy (Boehm and
Swann, 2014; Mdller et al., 2018). All vertebrates rely on clonal expansion of lymphocytes or
lymphocyte-like cells to mount adaptive immune responses, and CD98hc is required for it
(Cantor et al., 2009; Cantor et al., 2011). Consistently, well-conserved CD98hc orthologues
exist both in jawed and jawless vertebrates and, unlike in invertebrates or other clades, they
display a wide array of functions not restricted to amino acid transport (Prager et al., 2007;

Uinuk-Ool et al., 2002).

1.4.6. Gene structure

The gene encoding CD98hc human protein (SLC3A2) maps to the long arm of
chromosome 11 (Francke et al., 1983; Quackenbush et al., 1987). Early studies characterized

CD98hc’s cDNA as originated from a transcript of 9 exons spanning approximately 8 kb in the
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genome (Lumadue et al., 1987; Quackenbush et al., 1987; Teixeira et al., 1987), as confirmed

by a later report (Yan et al., 2007b).

Technological developments since the late 1990s have made transcriptomics a
widespread discipline (Lowe et al., 2017); over the last years, high throughput sequencing
projects worldwide have drastically increased the publicly available genetic information.
When querying Ensembl database for CD98hc transcripts, four CCDS (Consensus Coding DNA
Sequence project) tracks appear along the human genome. 31590.1 is a 9-exon transcript
corresponding to the canonical CD98hc variant previously reported, the only one identified at
a protein level. On the other hand, 31588.1, 31589.1 and 8039.2 start at an upstream
alternative transcription start site (TSS) and present alternative splicing of four ~100bp exons
located 5’ to the region common with the canonical variant (Fig 13). The equivalent is present
in the mouse genome except there is only one non-canonical longer transcript with one
additional exon instead of four. These potential CD98hc alternative transcripts have never
been validated by alternative techniques or studied individually, and their biological relevance
is unknown. To know whether or not they are translated into a protein and with what

functional implications will require further investigation.

Human CD98hc (SLC3A2) transcripts

Putative protein codin
alternative G - 4 e
variants . o

Canonical
Transcription variant
_

Mouse CD98hc (s/c3a2) transcripts
— - : Putative alternative

variant

Canonical

variant Transcription

Figure 13. CCDS CD98hc transcripts. Image extracted from ENSEMBL genome browser utility showing
all CCDS transcripts annotated as CD98hc. Both human and mouse loci include CD98hc canonical
variant and a putative (never detected at a protein level) alternative variant(s).
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1.4.7. Regulation of gene expression

CD98hc was firstly identified in immune cells, but it is widely expressed in other tissues.
RNA-seq data from the Genotype-Tissue Expression (GTEx) portal show a ubiquitous
expression pattern in human tissues (Fig 14). Published reports show CD98hc expression in
most established human cell lines and tumor cells (Cantor and Ginsberg, 2012; Devés and
Boyd, 2000; Nakamura et al., 1999; Parmacek et al., 1989), making it the only member of SLC3
family showing a ubiquitous distribution. Despite being a ubiquitous protein, CD98hc
expression level is highly variable between cell types and conditions. CD98hc is generally
upregulated in proliferative cells and profoundly inhibited in quiescent cells. Several studies
report upregulation of CD98hc upon stimuli such as inflammation or nutrient deprivation or
in pathological conditions such as tumorigenesis. On the other hand, expression decreases
with age both in vitro and in vivo (Azzarone et al., 1985; Boulter et al., 2013). Importantly,
CD98hc expression regulation during development remains elusive. A study (Parmacek et al.,
1989) designed to identify the pattern of CD98hc gene expression in neonatal and adult mouse
tissues, did not yield a consistent result, i.e., while CD98hc expression was increased in
neonatal liver as compared to adult liver, the opposite was true for lung. This study suggests
a tissue-dependent CD98hc regulation, in agreement with the different needs of each tissue
along development. CD98hc expression has a direct impact on cellular homeostasis, for
instance controlling proliferation, and thus requires tight regulation. Despite transcriptional
regulation being the first layer of protein expression regulation, there are only a handful of
studies assessing it from a mechanistic and molecular point of view, providing a useful but
limited understanding of the topic. Here is a summary of the different molecular mechanisms

described to regulate CD98hc gene expression to date (Fig 15).

CD98hc 5’-flanking sequence (approximately 800bp, depending on the study) displays
house-keeping promoter features together with potential inducible promoter elements. The
sequence lacks both TATA and CAT boxes. It contains =60% of G+C, highly hypomethylated in
peripheral blood lymphocyte DNA (Gottesdiener et al., 1988). In silico analysis highlighted the
presence of four GC islands, a consensus sequence for binding of a number of ubiquitous TFs.
Indeed, two of the identified islands contains functional SP1 binding sites directly impacting
CD98hc gene expression, as proven through electrophoretic mobility shift assay (EMSA) and

gene reporter assay in intestinal Caco2BBe cells (Yan et al., 2007b). Another transcription

52



Section 1: Introduction

factor binding site (TFBS) was described and proved functional, namely NF-xB. As SP1
functional sites, deletion of NF-kB binding site decreased promoter activity in a reporter gene

assay in intestinal Caco2BBe cells.

Several studies have shown that pro-inflammatory cytokines upregulate CD98hc
expression in intestinal epithelial cells in vivo (Fais and Pallone, 1989; Nguyen et al., 2010; Yan
etal., 2007b). Therefore, SP1 and NF-kB sites were tested in the context of interferon y (IFNy)-
mediated inflammation in vitro in Caco2BBe cells, again using a reporter gene assay (dual
luciferase system). Results highlight the importance of these TFs not only for CD98hc
expression in basal conditions but also for CD98hc transcription upregulation in an
inflammatory context (Yan et al., 2007b). As an additional mechanism, microRNA-7 has been
suggested to regulate CD98hc expression by directly targeting the 3’-untranslated region
(UTR) in Caco2BBe cells in vitro during intestinal differentiation and inflammatory response
(Nguyen et al., 2010).
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Figure 14. CD98hc is a ubiquitous protein. CD98hc (SLC3A2) expression data extracted from the GTEx
portal in human tissues and cells. Expression values are shown in transcripts per million (TPM) and
include all gene isoforms. Box plots are shown as median and 25" and 75" percentile; points are
displayed as outliers if they are above or below 1.5 times the interquartile range.
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Investigators also studied CD98hc expression along lymphocyte activation. They
observed a distinctly low level of CD98hc on the surface of resting lymphocytes, markedly
increased after growth stimulation by phytohemagglutinin (PHA), a combination of 4 beta-
phorbol 12-myristate 13-acetate (PMA) and ionomycin, or anti-CD3 antibodies (Cotner et al.,
1983; Gottesdiener et al., 1988; Haynes et al., 1981b; Lindsten et al., 1988). The increase in
CD98 expression levels in activated T cells compared with quiescent T cells was mediated at
the mRNA level, as analyzed by Northern blotting (Nii et al., 2001). Several mechanisms were

proposed in this context:

PHA is known to induce the translocation and activation of protein kinase C (PKC) and
an increase in intracellular Ca** levels. Indeed, co-stimulation with a PKC activator (PMA) and
a calcium ionophore (A23187), resulted in a substantial induction of CD98hc in rat and human
lymphocytes (Tanaka et al., 1988). Specifically, PMA removes a block to transcription
elongation in the region between exon 1 and intron 1 through an unknown mechanism that
requires de novo protein synthesis. Authors suggest that PMA, through PKC activation, would
induce expression of a third protein capable of removing this block to transcription, therefore
increasing CD98hc mRNA without increasing transcription initiation rate (Fig 15) (Lindsten et
al., 1988; Nii et al., 2001). lonomycin, another calcium ionophore, acts synergistically with
PMA increasing transcription initiation from the same promoter, to produce up to a 60-fold
increase in CD98hc lymphocyte expression. However, the effects of ionomycin alone are

limited.

Additionally, CD98hc intron 1 contains a transcriptional enhancer element, active in
vitro in a variety of human and mouse cell lines, including lymphocytes. This enhancer element
consists of a consensus binding site for the inducible TF AP-1, flanked by binding sites for two
unidentified nuclear proteins NF-4FA and NF-4FB (Fig 15). All three motifs, conserved along
evolution, are necessary for full enhancer activity in lymphocytes as shown by deletion

analysis (Karpinski et al., 1989; Leiden et al., 1989).

CD98hc upregulation upon lymphocyte activation might be kept under control by
ubiquitylation by membrane-associated RING-CH (MARCH) ubiquitin ligases, to be able to
reduce CD98hc surface level, thus limiting T cell proliferation and clonal expansion (Ablack et

al., 2015; Eyster et al., 2011).
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Figure 15. Transcription regulation at the CD98hc locus. Transcription factor binding sites at the
promoter region (NF-kB and SP1) induce transcription initiation along with the enhancer present in
intron 1. PKC activation starts a cascade that lifts the block to transcription between exonl and intron
1 by a process requiring de novo protein synthesis. CD98hc mRNA can be targeted by miRNA 7. All
these mechanisms have been described in different experimental models and they might or might not
happen simultaneously.

Some attempts have been made to relate the expression of CD98hc and light chain
amino acid transporters. For instance, LAT1 also seems to present a transcriptional block
downstream of the starting codon; however, it is not reactive to PMA or ionomycin (Nii et al.,
2001). Overall, CD98hc expression is upregulated whenever the expression of any of the light
chains is upregulated as well, consistently with its necessity for light chain trafficking to the

plasma membrane. However, results are not homogeneous across experimental systems

(Matsuyama et al., 2012; Nii et al., 2001; Padbury et al., 2004; Pineda et al., 1999). Finally,
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different light chains have a different tissue and stress-dependent regulation, and CD98hc
needs to integrate all of them (Fotiadis et al., 2013). Altogether, these data suggest a more

complex regulation for CD98hc than for the individual light chains.

1.4.8. Conclusion

Research since CD98hc’s discovery has highlighted its crucial functionality in signaling
integration for cell proliferation and other processes from a molecular and a physiological
point of view. The interaction with SLC7 amino acid transporter family and B integrins have
been extensively studied and are the two major effector mechanisms of CD98hc; however,
other partners might also play important roles in CD98hc functionality and will require further
investigation. Importantly, cell expression level of CD98hc is highly variable and depends on
extracellular and intracellular signals. Conditions such as nutrient stress, mechanical stress or
proliferation signals trigger CD98hc’s upregulation, but the molecular mechanisms of CD98hc

expression regulation remain unknown.
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1.5.Time allocation

The current section provides an overview of the time allocation to each different project
during the 3.5-years (15 of September 2014 — 14t of March 2018) fellowship | obtained from

the Labex Signalife international PhD program. It can be divided in the following parts:

e Rotations: From September to December 2014 | performed three 1-month rotations
in three laboratories of the program (laboratories of Dr. Gerard Lambeau, Dr. Chloé
Féral and Dr. Bruno Antonny), as well as the required initial trainings.

e (CD98hc and mechanosensing research project: | started working as a PhD candidate in
Dr. Féral’s laboratory in January 2015. This research, described in section 4.2, was
discontinued in December 2015 after a mutual agreement between Dr. Féral and |, due
to lack of biologically relevant conclusions.

e (CD98hc alternative variant and promoter research project: On January 2016 | started
this project described in section 3.

e (CD98hc alternative protein function research project: This project, complementary to

the previous one, was started on July 2016 and is described in section 4.1.

2014 2015 2016 2017 2018

Labex SignalLife Fellowship
Sep Mar

Rotations

Mechanosensing

Alternative CD98hc variant and promoter

Alternative CD98hc function
>

Figure 16. Time allocation. A graphic representation of the time allocation to the different projects
during the PhD fellowship time.

Experimental work of the last two projects was stopped on December 2017. At
suggestion of the Human Resources department and with the agreement of the Institute’s
Direction and the Doctoral School, after December 2017 | no longer worked under the

supervision of Dr. Féral, even though | remained administratively attached to her group.
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The last period, between December 2017 and the 14" of March 2018, was devoted to
fulfilling an external evaluation required by the Doctoral School, resulting into the decision of
allowing me to enter the regular defense process, write a thesis manuscript and organize the

acquired data for a potential scientific publication.
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Problem statement

CD98hc represents a node for integrin outside-in signaling and amino acid availability,
two key factors to regulate cell growth. The literature clearly shows how cell proliferation
depends on CD98hc expression levels in many systems. Although CD98hc functions are widely
characterized, the molecular mechanisms governing its level of expression under different
conditions have not been extensively studied. A clear understanding of CD98hc expression
regulation is necessary to comprehend cell growth regulation as well as other CD98hc-

mediated cellular processes.
Scope

RNA expression data deposited in public databases suggest the presence of CD98hc
alternative transcripts in human and mouse samples. Further evidence is needed to verify the
existence of this novel variant, and no study has been conducted yet to assess it at a protein
level. Interestingly, if the existence of CD98hc alternative variant is proved, it would imply the
existence of an alternative promoter from which transcription of CD98hc alternative variant
would initiate—and be regulated. The TSS of CD98hc canonical and putative alternative
variants are approximately 25 kb away. Thus, cis-regulatory elements would be most likely
different, as it would be the way to integrate transcription regulatory inputs to launch
transcription initiation. Therefore, CD98hc canonical and putative alternative variants could
have a different transcription regulation, increasing the complexity and versatility of control
of its signaling network, including integrin adhesive signaling and amino acid availability. Such
an additional regulatory mechanism could have emerged in highly complex organisms such as

mammals, helping to fine-tune cell proliferation control.
Aims
In this context, the aims of this thesis are:

1. To identify potential human CD98hc novel variants at both mRNA and protein
level.

a. To verify the existence of CD98hc alternative transcript(s). RNA-seq data
suggesting CD98hc alternative transcripts requires confirmation by
different techniques.

b. To detect the possible CD98hc alternative protein variant(s). More

importantly, the translation of those potential alternative mRNAs has
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never been addressed, and therefore the existence of CD98hc alternative
variant protein is uncertain.
2. Toinvestigate a potential CD98hc alternative promoter.

a. To assess the transcription initiation capacity of the 5’-flanking DNA
region of CD98hc alternative variant. The existence of CD98hc alternative
transcripts as deduced from the RNA-seq data would necessarily imply
the presence of an alternative promoter to initiate transcription around
25 kb upstream of the canonical TSS.

b. To explore the general regulatory features of CD98hc potential
alternative promoter. The long distance between both promoters might
imply an independent transcriptional regulation for both CD98hc
canonical and alternative promoters. A first overview of the possible
general regulatory features and an understanding of the promoter
structure in comparison with the canonical promoter will provide a
deeper insight into this possibility and widen the path to understand the

complexity of CD98hc regulation better.
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Section 3: CD98hc alternative promoter regulation
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The results in this section will be the subject of an original research article currently in

preparation, to be published in a peer-reviewed journal.

3.1.CD98hc has several alternative variants

3.1.1. Introduction

The study of the proteome becomes an even more complex task when taking into
account the abundance of different forms of the same protein called protein isoforms or
variants (Stastna and Van Eyk, 2012). Protein variants may be present due to alternative
splicing, alternative transcription initiation or termination sites, polymorphisms, post-
translational modifications or even from separate genes, such as actin isoforms (Perrin and
Ervasti, 2010). Protein variants can have alternative functions, can be implicated in diseases,
provide additional functional, transcriptional or post-transcriptional regulation or several of
these options at the same time (Busca et al., 2016; Sgberg et al., 2017; Steinberg, 2008; Vieler
et al.,, 2018).

A preliminary analysis of high throughput sequencing information deposited in public
databases suggests the existence of an upstream CD98hc alternative promoter, governing the
expression of a novel protein variant in the human genome. If true, this raises the possibility
of a different transcriptional regulation for CD98hc novel variant, adding unexpected
complexity and versatility to CD98hc expression regulation in mammals, as well as a potential
change in protein function in the novel protein. However, this potential novel variant has
never been detected at a protein level. In this chapter, we validated the RNAseq data obtained
from public databases to confirm the existence of CD98hc alternative transcripts and assessed

the existence of CD98hc alternative protein variant(s) in human and mouse models.

3.1.2. Results

3.1.2.1.  High throughput sequencing studies suggest the existence of a novel

longer CD98hc isoform

We analyzed transcripts from the Consensus Coding DNA Sequence (CCDS) project, a

collaborative effort to identify a core set of human and mouse protein coding regions that are
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Fig. 17. Novel CD98hc long variant is detectable at mRNA and protein level. (A) Human and mouse
CD98hc transcripts extracted from Ensembl genome browser. All Consensus Coding DNA Sequence
(CCDS) project available tracks are shown. Thick regions correspond to exons while lines represent
introns. Orientation is indicated by the arrowhead next to each transcript code; note that CD98hc has
an opposite orientation in the mouse and human loci. (B) Scheme of human and mouse CD98hc loci
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with PCR primers depicted by black arrows. Thick regions correspond to exons, thin regions to 5’UTR
and lines represent introns. (C)PCR band detection of CD98hc transcript variants. RNA was extracted
from the indicated human or mouse cells grown in vitro, then retro-transcribed into cDNA. PCR was
performed using the indicated primers and subjected to electrophoresis in agarose gel. Human
alternative variant bands were extracted, purified and subjected to Sanger sequencing. (D) Western
blot performed on cell lysates of different human or mouse cell lines after PNGase F enzymatic
deglycosylation reaction. Bands corresponding to long alternative CD98hc variants are marked with
arrowheads. Lanes 1 and 2 of the right image correspond to in vitro transcribed and translated CD98hc
alternative or canonical protein.

consistently annotated across databases and of high quality. We queried Ensembl genome
browser utility for CD98hc and found four CCDS tracks along the human genome (Fig 17A).
31590.1 is a 9-exon transcript encoding the well-studied canonical CD98hc variant, the only
one identified at a protein level. On the other hand, 31588.1, 31589.1 and 8039.2 start at a
putative alternative TSS and appear to be the result of alternative splicing of four ~100bp
exons located 5’ to the region common with the canonical variant. A similar Ensembl query in
the mouse genome yields one putative alternative transcript (CCDS50381.1) with an
alternative TSS and including only one additional exon. Although genome positioning and exon
length indicate this mouse transcript is an ortholog of human alternative transcripts, sequence
identity is only significant (43.2%) for the encoded amino acid sequence and not for the DNA
sequence. Low identity suggests sequence of exon 1b is not implicated in the selective
advantage provided by CD98hc alternative variant. For a more detailed analysis on sequence
homology see section 3.2.2.2. In conclusion, a putative CD98hc alternative variant could exist,

including one additional exon (1b) in mouse and four (1b, 1c, 1d and 1e) in human.

3.1.2.2. CD98hc alternative longer variant is detectable at both RNA and protein

level

To validate CD98hc alternative transcript(s) existence, we performed PCR on cDNA
samples from a number of human and mouse carcinoma and fibroblast cell lines previously
tested in the lab for canonical CD98hc protein expression, as well as cultures established from
primary cells. Primers were designed to specifically detect cDNAs originated from only
canonical or alternative CD98hc mature transcript(s) (Fig 17B). CD98hc alternative variant(s)
are present in all tested samples, with a difference in splicing variants among human-origin
samples (Fig 17C). To further confirm the identity of the different alternative bands present in

human samples, we purified and sequenced the electrophoretically separated DNA. Human
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fibroblasts and Hela cell bands correspond to splicing variants containing exons 1b, 1c and 1d
(CCDS8039.2) and 1b, 1c, 1d and 1e (not present as a CCDS entry). SCC12 bands correspond
to splicing variants containing exons 1b and 1d (not present as a CCDS entry) and 1b, 1d and
le (CCDS31588.1) (data not shown). Interestingly, as indicated by the location of the splicing
acceptor site and confirmed by the sequencing of the electrophoretically separated bands, all
alternative transcripts include in their mature forms 5 bp of exon 1 immediately 3’ to the
canonical start codon. The last positions of all upstream exons 1b, 1c, 1d and 1e is a guanine,
completing the two last codons (ggc acc) prior the canonical start codon invariably of the
possible alternative splicing. The mouse splicing acceptor at the 5 of exon 1b is in an
equivalent position, 5 bp upstream of the canonical start codon. All variants remain in frame

independently of the combination of alternative splicing of exons 1c, 1d and 1e.

Numerous RNA transcripts are not translated into a full, mature protein. Hence, we
wanted to assess CD98hc alternative variant at a protein level to verify its existence. CD98hc
presents four described N-glycosylation sites (Uniprot). Given protein glycosylation
heterogenic nature, CD98hc does not migrate as a clearly-defined band when subjected to
PAGE electrophoresis. Different predicted CD98hc variants—58, 62, 65, 68 and 71 kDa in
size—are thus only distinguishable upon deglycosylation. Using PNGase F enzymatic protein
deglycosylation, we were able to detect by Western blot four electrophoretic bands
compatible with at least four different CD98hc alternative variants in HelLa, BEAS-2B and A549
human cell line protein extracts (Fig 17D left panel, arrowheads). This finding is consistent
with the presence of alternative splicing to generate several human CD98hc alternative
variant transcripts. As expected, only one electrophoretic band was detected for CD98hc
alternative variant on mouse protein samples obtained from immortalized mouse dermal
fibroblasts. To confirm the identity of each band, mouse canonical and alternative CD98hc
variants were transcribed and translated in vitro, using T7 transcriptase and rabbit
reticulocyte extract; their electrophoretic mobility corresponded to that of the previously
described bands (Fig 17D). Null dermal fibroblasts under the same conditions yielded no
detectable band, confirming the antibody specificity. Taken together, these results strongly
support the existence of a novel CD98hc protein variant with an alternative TSS upstream of

the canonical TSS.
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3.1.2.3.  CD98hc novel variant’s transcript has a ubiquitous (and minority)

expression pattern under basal conditions

To assess the CD98hc novel variant presence in human tissues and organs and to analyze
its expression pattern, we extracted expression data from the Genotype-Tissue Expression
(GTEx) project portal (https://www.gtexportal.org). Transcript-level quantifications of both
canonical (ENSTO0000338663.7) and alternative (ENST00000535296.1, ENST00000377892.1,
ENST00000377891.2, ENST00000377889.2, and ENSTO0000377890.2) transcripts show a low
but consistent presence of CD98hc alternative variant in the available human tissues and
organs (Fig 18). This finding supports the presence of CD98hc alternative transcript not only
in in vitro-cultured cells but also in human tissue samples. Expression of both variants
fluctuate between organs as it is known for total CD98hc level, highly dependent on cell type,
proliferative state and cellular stress. But analyzing the proportion of CD98hc alternative and
canonical transcript variants, the former is always lower and represents 3-17% of the total
CD98hc. The only exception is the cerebellum, where alternative CD98hc accounts for up to
27% of total CD98hc. From this analysis, we can conclude that CD98hc alternative variant has
a ubiquitous distribution under basal conditions, always in minority when compared to the

canonical variant.

In our cell transcript analysis (Fig 17C), we detected different splicing variants depending
on the cell line. Therefore, we wondered whether there was a preferential alternative splicing
of intermediate exons 1c, 1d and 1le related to tissue or organ. Analysis of the five most
expressed alternative transcripts in relation to total alternative variant expression from the
GTEX-extracted data shows how the variant including only intermediate exon 1d is the most
common in all datasets (Fig 19). There is no clear differential alternative splicing defined by

tissue or organ.
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Fig. 18. CD98hc alternative variant mRNA shows a ubiquitous expression pattern in GTEx data. Data
were extracted from GTEx database. RNA-seq data for CD98hc is displayed in Transcripts Per Million
(TPM). Percentage of CD98hc alternative variant over total CD98hc is indicated. CD98hc canonical
variant (in grey) corresponds to transcript code ENST00000338663.7 whereas alternative variants (in
black)  correspond to  transcript  codes ENST00000535296.1, ENST00000377892.1,
ENST00000377891.2, ENST00000377889.2, and ENSTO0000377890.2. Expression of all alternative
splicing variants was added together.
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Fig. 19. CD98hc alternative variant mRNAs relative expression. Data were extracted from GTEx
database. RNA-seq data for each CD98hc long variant is displayed as a ratio of the total expression of
alternative variants. Each data point represents the value in one tissue or organ. Middle line represents
the mean and whiskers indicate the SD.
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3.1.3. Discussion

From the data presented in this chapter, it becomes apparent that several CD98hc
protein variants coexist. To our knowledge, it is the first time this is shown. The small size
difference and the heterogeneous glycosylation might account for CD98hc alternative variant

remaining undetected until now.

CD98hc alternative protein variant was detected (WB) in mouse and human cultured
cells, both in well-known cell lines and in-house immortalized primary cells. Furthermore, the
consistent presence of CD98hc alternative transcripts in all tissues included in the GTEx portal
confirms the presence of this variant in human tissues. The particularities of the
deglycosylation treatment followed by WB immunodetection used here substantially
increased the amount of biological material required, which limited the application of this
approach to tissue samples. In the future, the development of variant-specific antibodies will
be a valuable asset, allowing direct variant detection in WB and tissue immunolabelling
techniques. Nevertheless, all these data combined strongly suggest that CD98hc alternative

variant can be expressed in humans independently of the tissue type.

Our analysis of GTEx expression data reveals a constant expression proportion of
canonical and alternative CD98hc variants across human tissues. Only the cerebellum presents
a smallincrease in the proportion of alternative variant. This novel protein isoform could have,
therefore, a significant role in this organ and could be the focus of a study in the future by

experts in the field. CD98hc has been observed to play a role in the central nervous system
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via amino acid transport across the brain blood barrier (Duelli et al., 2000; Kageyama et al.,
2000) and in glia cells and glioma development (Ogunrinu and Sontheimer, 2010; Polewski et
al., 2016), but nothing has been reported with respect to CD98hc and cerebellar cells. CD98hc
can transport glutamate, the most important excitatory neurotransmitter in the cerebellum,
through the X system in exchange of cystine. Glutamate uptake plays a crucial role in the
maintenance of low extracellular glutamate concentrations, to protect neurons from
excitotoxicity. However, cerebellar cells use other channels for glutamate transport like

GLAST, GLT-1 (Bergmann glia), EAAT4 and EAAC1 (Purkinje cells) (Takayasu et al., 2009).

The GTEx Dataset has the advantage of being of human origin, homogeneous,
comparable and deep enough in its sequencing to differentiate transcript variants of the same
gene. Unfortunately, it provides only a static picture of CD98hc levels, indifferent to the
possible variation along the time axis. The expression of CD98hc alternative variant(s) during

dynamic processes such as development, aging or disease will require further investigation.

CD98hc is a multifunctional protein, crucial for many tissues and processes and with a
complex regulation. This, together with the small difference in alternative CD98hc proportion
in the analyzed tissues and the fact that it is the first time that this variant is detected, set the
focus of the following work on the analysis of the general implications of this discovery rather
than confining it to a specific tissue or condition. In this context, it becomes important to
understand through what mechanism alternative CD98hc provides a fitness increase that

justifies its evolutionary selection.
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3.2.Alternative CD98hc emerged in mammals with a conserved alternative

promoter

3.2.1. Introduction

Proteins with alternative isoforms or variants can increase the species fitness for a
number of reasons. In some cases, they have a functional importance, including a new active
or binding site or modifying an existing one. As a result, the implicated exons, residues or
motifs tend to be highly conserved, as it happens for PKA C subunit isoforms (Sgberg et al.,
2017). On the other hand, some protein variants failed to prove a functional difference, as
demonstrated in the case of ERK1 alternative splicing of intron 7 in mammals (Busca et al.,
2016). These sequences with no functional relevance evolve neutrally and show a lower
conservation. Nevertheless, their presence has been favored by natural selection; therefore,
other reasons should explain their emergence such as regulatory implications by the inclusion
or change of regulatory features. In particular, recent studies prove the use of alternative TSS
as a mechanism present in the majority of human genes, including alternative promoters in
about one half of protein-coding genes (Consortium, 2012; Davuluri et al., 2008). On the
transcriptional level, alternative TSS and promoters could affect the amplitude of gene
expression, result in tissue-specific expression or temporally regulated expression, aside of

differences in other regulatory features such as 5’UTR or translation initiation site.
In this chapter, | address the question of CD98hc alternative isoform emergence, its
conservation and potential 3D structure to assess the possibilities of it playing a relevant role

from the protein functionality or regulatory perspective.

3.2.2. Results

3.2.2.1.  CD98hc alternative variant emerged in mammals

To identify the clades including CD98hc alternative variant, we used the tblastn tool to
compare the human amino acid sequence of exon 1b (the exon we previously found in human
and mouse genomes) with the “nucleotide collection” database. We identified homologous
transcripts restricted to the Mammalia class (mammals) (Fig 20), strongly suggesting the

emergence of CD98hc alternative variant in the mammalian common ancestor. A similar
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analysis using the human amino acid sequence of exons 1c, 1d and 1e allowed us to identify
homologous transcripts restricted to the Simiiformes infraorder (simians, including New
World monkeys, Old World monkeys and Apes, where humans are classified). Thus, CD98hc

alternative variant probably emerged in mammals with a further exon addition in simians.
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Fig. 20. CD98hc alternative variant emerged in mammals. The scheme shows the presence of hcHAT
proteins in different clades. hcHATs emerged in metazoan and CD98hc canonical variant emerged in
Vertebrata (Gabrisko and Janecek, 2009). We found orthologs of human CD98hc alternative variant
exon 1b in the Mammalia class and of exons 1c, 1d and 1e in the Simiiformes infraorder.

3.2.2.2.  The N-terminal fragment of CD98hc alternative variant is less conserved

than the canonical variant and probably unstructured

The N-terminal fragment of CD98hc alternative variant could contain a functional
domain not present in the canonical variant. To explore this possibility, we next wondered
about its conservation and 3D structure, with special interest in exon 1b and 1c, 1d, le if
present. First, we compared the sequences of 250 orthologs of CD98hc alternative variant and
scored each residue for conservation using the ConSurf algorithm (minimum score being 0
and maximum 9) (Fig 21). The primary structure of exons 1b, 1c, 1d and 1e is significantly less
conserved than the rest of the protein domains. This difference is especially remarkable in the

simian-exclusive exons, even though species of this group are less distant.

Then, we analyzed CD98hc alternative variant in terms of 3D structure and possible
binding to other molecules. No structural or functional motifs were found in exons 1b, 1c, 1d
and le when comparing alternative CD98hc variant to Pfam and Prosite databases.
Additionally, analysis for secondary structure and disorder with Phyre? web portal predicts a

high disorder degree in the N-terminal region. Finally, we found a consistent high proline
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content (between 10% and 25% depending on the species, as compared to an average content
of 5-6.3%) (Fig 21) without a conserved proline location. This amino acid residue is highly
restrictive in terms of three-dimensional structure. Altogether, this supports the idea of exon
1b (and 1c, 1d, 1e if present) as part of an intracellular tail with no intrinsic three-dimensional

structure and it does not suggest any particular function.
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Fig. 21. CD98hc alternative protein variant conservation, potential disorder and interactions. The
presented table summarizes key information about human CD98hc alternative protein variant.
Conservation scores were calculated using the ConSurf method with a multiple sequence alignment of
mammalian CD98hc ortholog predicted proteins on a scale from 0 to 9. The percentage of predicted
disordered amino acid residues was calculated using the Phyre? server.

3.2.2.3.  The 5-flanking region of CD98hc alternative variant contains three well-

conserved regions and may include a bidirectional promoter

To assess the potential importance of the predicted promoter region of CD98hc
alternative variant, we assessed its conservation and the characteristics of the surrounding
sequence. Regulatory non-coding regions tend to accumulate more mutations due to their
intrinsic characteristics. Thus, we applied a phylogenetic footprinting analysis using the tool
VISTA to assess sequence conservation by comparing sequential overlapping fragments (see
materials and methods for a detailed explanation). When comparing the human and mouse
sequences up to 1kb 5’ to the start codon, three highly conserved regions were detected (Fig
22); one lies in the vicinity of the TSS and the other two further upstream. Interestingly, the
5’UTR is not conserved, reducing the probability of important regulatory mechanisms in this
region. Similar results were obtained when comparing the human sequence to rat, cow and
dog genomes (data not shown).
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Remarkably, the first conserved region is also in the vicinity of the TSS of SNHG1, a long
non-coding RNA that lies in the opposite orientation. In this context, it is possible for the
CD98hc alternative variant 5’ region to contain a bidirectional promoter, linking the origin of
both genes. As CD98hc, SNHG1 is ubiquitously expressed in the GTEx dataset. Moreover,
although SNHG1 is only annotated in the human and mouse genomes, a BLAST analysis of the
human SNHG1 sequence yielded a number of homologous predicted transcripts in different
species restricted to the mammalian group, supporting the idea of SHNG1 and alternative

CD98hc emerging at once in a mammalian common ancestor.
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Figure 22. Phylogenetic footprinting analysis of human CD98hc (SLC3A2) alternative variant 5’
flanking region. Regions with more than 70% homology—when compared to mouse sequence—are
marked in cyan blue (UTRs, due to the overlap with long non-coding RNA SNHG1), pink (non-coding
regions) and dark blue (exons). Boundaries of regions 1-5 are indicated for a better comprehension of
section 3.3.

3.2.3. Discussion

The small N-terminal cytosolic region that differentiates canonical and alternative
CD98hc variants (encoded in exons 1b, 1c, 1d and 1e) has no clear associated functionality yet
found. CD98hc’s functionality as described in the literature is mostly the result of protein-
protein interaction through CD98hc’s extracellular domain. The only exception is B-integrin
interaction: the interphase of CD98hc’s transmembrane and cytosolic domains is crucial for it.
The intracellular location of CD98hc alternative variant N-terminal region makes it improbable

for it to participate in any of the known protein-protein interactions. Even in the case of
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CD98hc-integrin interaction, the novel fragment’s distal location does not suggest a crucial
role. Additionally, the poor conservation as compared with the rest of the protein, the lack of
intrinsic three-dimensional structure and conserved binding or active domains do not suggest
novel interactions or functions. However, we cannot discard a new functionality via a different
mechanism such as steric effects. Additionally, although one can expect all canonical CD98hc
protein-protein interactions to be reproduced in the alternative variant, this will have to be

experimentally proved in the future.

On the other hand, the potential CD98hc alternative promoter has three well-conserved
regions that could indicate the importance of transcriptional regulation in this novel variant.
Moreover, even though the evolutionary origin of CD98hc alternative variant is uncertain, one
cannot neglect the presence of the long non-coding RNA SNHG1 TSS at the 3’ end of one of
those conserved regions. As a result, the putative promoters of both genes have a common
region, sharing proximal cis-regulatory elements. The existence of neighboring genes with
opposite orientation that share a bidirectional promoter is relatively usual in mammals,
accounting for approximately 10% of human protein-coding genes (Collins et al., 2007;
Trinklein et al.,, 2003). Interestingly, the characteristic enrichment of closely located
bidirectional pairs of genes in the mammalian genome is less distinct in less complex
vertebrates (Franck et al., 2008; Koyanagi et al., 2005). If CD98hc alternative promoter is a
bidirectional promoter, its evolutionary origin would be linked to SNHG1. The probable
emergence of both genes in the same ancestral group, as shown by our data, further supports
this possibility. From a functional perspective, recent research relates SNHG1 to tumor
progression and cell proliferation in different cancer types (Sahu et al., 2016; Zhang et al.,
2016a; Zhang et al., 2016b). However, the first report on SNHG1 is dated in 2014 and, although
publications are growing in the last two years, the lack of information about SNHG1 regulation
and function limits our possible understanding of its role in CD98hc alternative variant origin

and regulation.

Complex organisms, like mammals, often rely on a very similar proteome as less complex
organisms but increase the complexity of protein expression regulation (Levine and Tjian,
2003; Pray, 2008). In this light, the added fitness value of CD98hc alternative variant seems to
be related to an alternative way of expression regulation via its alternative promoter, adding

complexity and versatility to the system.
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3.3.The 5'-flanking region of alternative CD98hc contains an alternative

promoter with a different regulation

3.3.1. Introduction

CD98hc is a multifunctional protein crucial for many cellular processes, as described in
Section 1. The ensemble of these processes is dependent on CD98hc level and requires a
tightly regulated, variable expression kinetic. Changes in CD98hc expression occur in
heterogeneous time scales (from B and T cell clonal expansion to aging) and cover a wide
range of levels from no expression (quiescent cells) to very high levels (highly proliferative
cells, tumor cells). Environment adaptation requires CD98hc regulation to have high
responsiveness to diverse stimuli while homeostasis maintenance compels a tight control to

avoid dangerous dysregulations.

Despite the above, CD98hc transcription regulation mechanisms have not been
extensively studied, limiting our understanding of CD98hc gene expression. CD98hc cDNA
contains 9 exons and originates from a single-copy gene in the long arm of chromosome 11,
highly conserved during mammalian evolution (Francke et al., 1983; Quackenbush et al.,
1987). Several studies in the late 80s characterized CD98hc increase upon PKC activation and
intracellular Ca** increase (Lindstein et al., 1989; Tanaka et al., 1988) as well as an enhancer
region in intron 1 (Karpinski et al., 1989; Leiden et al., 1989). Finally, 2 independent studies
cloned the canonical CD98hc’s 5’-flanking DNA region and identified functional sites for SP1

and NF-kB (Gottesdiener et al., 1988; Yan et al., 2007b), as detailed in Section 1.

The 5’ flanking region of CD98hc alternative variant seems to contain an alternative
promoter. If it is functional, it could be regulated in a different fashion than the canonical
promoter, providing an increase in versatility and complexity to the system. Indeed,
approximately 50% of human and mouse genes contain alternative TSS and promoters
(Davuluri et al., 2008; Forrest et al., 2014; Sun et al., 2014b). Though in some cases alternative
TSS usage results in novel proteins, often they generate identical or highly similar open
reading frames. However, different TSS have different promoters and therefore different sets
of TFs, chromatin states, and epigenetic modifications to regulate protein expression patterns

(Mikkelsen et al., 2007; Pal et al., 2011; Rach et al., 2011). In this chapter, | identify for the first
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time an alternative promoter in the 5 region of CD98hc locus and explore its general

regulatory features.

3.3.2. Results

3.3.2.1.  Canonical and alternative CD98hc have different promoter regions with

a different putative transcription factor binding site footprint

We detected several marks associated with active promoters in data from the ENCODE
project in the proximity of CD98hc’s alternative TSS. These include DNasel hypersensitivity
clusters, histone modifications (H3K4me3, H3K9ac and H3K27ac), predicted active promoter
regions by chromatin state segmentation and RNA Polymerase Il ChipSeq peaks (Fig 23A). This
suggests the presence of a CD98hc alternative promoter approximately 25 kb upstream of the
canonical promoter in the human genome. Given the considerable distance between both
promoters in the genomic sequence, transcriptional proximal regulatory elements are highly
unlikely to overlap. A sequence alignment of a 1 kb region upstream from either start codon,
a sequence length commonly used as standard for promoter studies and previously used in
the study of CD98hc canonical promoter, yields no significant result when using
PromoterWise, the EMBL alignment algorithm optimized for promoter sequences (data not
shown). The only common features between canonical and alternative variant promoters are
the absence of TATA box and the presence of one GC box with an SP1 putative binding site

(two in the canonical promoter).

However, non-coding regions and TFBS are often poorly conserved due to a higher
mutation tolerance. With the purpose of evaluating the functional similarity between
canonical and alternative CD98hc promoters, we characterized the putative TFBS of CD98hc
promoters applying a combined strategy: three different curation methods to minimize the
otherwise high false positive rate of TFBS prediction. These methods were based on combining
plain TFBS prediction with either additional lines of evidence or interspecies sequence
alignment (see materials and methods for a precise description). Our analysis shows that out
of the 60 TFBS identified, only 15 are shared between CD98hc canonical and alternative
promoters (Fig 23B). The only similar region was the aforementioned GC box, a very common
motif containing one SP1 binding site known to be functional in CD98hc canonical promoter.

The full analyzed sequences with all TFBS identified are presented in figures 24 and 25.
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Altogether, these results point in the direction of a different TF-mediated promoter

regulation for canonical and alternative CD98hc promoters, aside from basic ubiquitous TFs.
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Fig. 23. CD98hc has two active promoters with putative differences in TFBS fingerprint. (A) Display of
the UCSC genome browser utility. Several features related to active promoters are detected in the
proximity of CD98hc canonical (orange arrow) and alternative (green arrow) TSS: DNasel
hypersensitivity clusters, “active promoter” chromatin state regions (red bars, as learned by
computationally integrating ChIP-seq data for nine factors using a Hidden Markov Model within the
ENCODE project), several histone marks associated to active transcription initiation regions and RNA
Polymerase Il ChipSeq peaks. (B) Venn diagram representing TFBS found through curated in silico
sequence analysis in CD98hc canonical (orange) and alternative (green) promoters. Circle size is
proportional to the number of TFBS identified. Overlapping region represents TFBS common to both
promoters.
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Fig. 24. Sequence of the CD98hc alternative variant 5’ flanking region used in the transcription factor
binding site analysis. Putative TFBS found along the in silico analysis are depicted in orange
(Matlnspector), green (MetaAlignment, Transfac) and purple (MetaAlignment, Jaspar). Boundaries of
regions 1-5 are indicated. SNP rs1959292, long non-coding RNA SNHG1 transcriptional start site
(minus strand), and alternative CD98hc start codon (plus strand) are indicated as well. GC box is
depicted in a black rectangle.
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Fig. 25. Sequence of the CD98hc canonical variant 5’ flanking region used in the transcription factor
binding site analysis. Putative TFBS found along the in silico analysis are depicted in orange
(MatInspector), dark purple (DiAlign), green (MetaAlignment, Transfac) and light purple
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(MetaAlignment, Jaspar). CD98hc start codon is indicated in red. GC boxes are depicted in black
rectangles.

3.3.2.2.  CD98hc alternative variant 5’-flanking region presents promoter activity

To assess potential important regions of CD98hc alternative promoter, we combined our
TFBS analysis with the phylogenetic footprinting study presented in section 3.2. Interestingly,
the previously mentioned GC box in CD98hc alternative promoter lies on a well-conserved
region in the vicinity of the TSS. This together with the fact that the TFBS it contains are general
and also found in CD98hc canonical promoter suggest this region could harbor necessary basic

transcriptional elements.

To test CD98hc alternative promoter activity in vitro, we subcloned a 1 kb region
upstream of the alternative start codon into pGL3 (Promega), allowing firefly luciferase
expression under its control. A plasmid containing renilla luciferase coding sequence under
herpes simplex virus thymidine kinase (TK) promoter (pRL-TK) was used for normalization.
Luciferase activity was measured 48 h post transfection as a read-out of promoter activity in
Hela cells. We first wondered whether the alternative CD98hc 1kb 5’-flaking region
(alternative CD98hc promoter) had promoter activity. In this experimental system, alternative
human CD98hc promoter presented the same activity level as the canonical promoter. To
confirm these results, we also tested the mouse alternative and canonical promoter regions.
Proximal cis-regulatory elements and their interactions with the transcription preinitiation
complex are highly conserved between mouse and human (Vierstra et al., 2014; Wilson et al.,
2008). In the same system, canonical and alternative mouse CD98hc promoters did not
present significant differences in activity (Fig 26 A). Transfection efficiency was monitored
after protocol optimization by analyzing fluorescence of cells in a control well transfected in
parallel with the GFP-mammalian expression plasmid pCDNA3.1(-)/GFP by flow cytometry 48h

post transfection. Efficiency was stable and high across experiments (Fig 26 B).

To continue the study of the alternative CD98hc promoter region, we divided it into 5
regions according to conservation peaks (from the phylogenetic footprinting, Fig 22) and TFBS
clusters (from the in silico TBFS analysis, Fig 23). We performed systematic deletions of the of
the 5 regions for a more detailed functional assay, in an approach similar to that previously

used to study CD98hc canonical promoter (Gottesdiener et al., 1988; Yan et al., 2007b).
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Deletion of regions 1, 2 or 3 of alternative promoter produced a 2-fold increase in
promoter activity. This effect was accumulative, reaching an increase of 3-fold for deletion 1-
2 and 4.5-fold for deletion 1-3. Deletion of region 4, the most conserved one, had an important
impact on promoter activity only when activity prior to deletion was high, as seen by the
decrease in luciferase activity from deletion 1-3 to deletion 1-4. Finally, region 5 alone was

enough to trigger transcription initiation (Fig 26 C).
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Fig. 26. CD98hc alternative variant 5’ flanking region supports transcription initiation. Hela cells were
co-transfected with pRL-TK as transfection control and pGL3 including the canonical, alternative or
alternative deleted CD98hc promoter from human or mouse, as well as pcDNA3.1(-)/GFP. After 48h,
cells were harvested, and luciferase activity assessed following Dual Luciferase Assay kit instructions
(Promega). (A) Graph shows firefly/renilla luciferase activity ratio. (B) Percentage of GFP-positive cells
was evaluated by flow cytometry. (C) Graph shows firefly/renilla luciferase activity ratio normalized to
full-length alternative CD98hc promoter value. All results are presented as mean +SEM of at least 4
independent experiments performed in quadruplicate. *p < 0.05, **P < 0.01, and ****P < 0.0001 vs.
full-length alternative promoter after one-way ANOVA test followed by Dunnett’s multiple comparison
test.

We can conclude that CD98hc alternative variant 5’ region has promoter activity in vitro.

Regions 1-3 display repressor activity that will have to be further characterized for full
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validation. Region 4’s conserved common elements are probably important for high-level

transcript expression. Finally, region 5 contains the minimal promoter.

3.3.1. Discussion

The complexity of mammalian gene structure is something we are only starting to
understand. Evidence now suggests that 20-50% of human genes have alternative promoters
as a regulatory mechanism (Davuluri et al., 2008). Although some have been well known for
years, the majority of them are yet uncharacterized and contain important clues to

transcription regulation.

CD98hc plays a key role in a high diversity of signaling responses. Its expression level is
of particular importance; for instance, CD98hc increase will lead to cell proliferation activation
in physiological and pathological conditions (Boulter et al., 2013; Cantor and Ginsberg, 2012;
McCracken and Edinger, 2013). Thus, one can imagine the relevance of CD98hc transcriptional
regulation, of which CD98hc promoter constitutes the first layer. Here, we demonstrate the
existence and functionality of a CD98hc alternative promoter, 25 kb upstream of CD98hc

canonical promoter in the human genome.

Such a dual regulatory system could increase CD98hc locus versatility to respond to
heterogeneous stimuli while maintaining a tight control to avoid homeostasis dysregulation.
Increased responsiveness can translate into a fitness advantage, fixing the additional

feature—an alternative promoter—in the mammalian evolutionary line.

From our luciferase assay results on CD98hc alternative promoter, we identified
fragment 5 as the one containing the minimal promoter. Additionally, there is evidence to
suggest important activator elements in fragment 4 and a promoter repressor activity in
regions 1-3 in Hela cells. Interestingly, when two similar studies—on Caco2-BBE colorectal
adenocarcinoma cells and Jurkat T cells—were performed on CD98hc canonical promoter,
progressive promoter truncation did not affect reporter gene level as long as the 330 bp
fragment 5’ of the start codon was kept (Gottesdiener et al., 1988; Yan et al., 2007b). 1-3
region potential repressor effect, together with differences in TFBS curated prediction,

strongly suggests a different regulation of the two CD98hc promoters.

Further work is required to confirm and characterize CD98hc alternative promoter

features. There are several plausible explanations for region 1-3 putative repressor effect.
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One possibility is a TF-mediated mechanism. To test it, the TFBS in silico curated analysis
presented in this report can be of great value. Some candidates in 1-3 region known to have
repressor effects are YY1, involved in differentiation and proliferation (Gordon et al., 2006);
MZF1, repressor in non-hematopoietic cells (Hromas et al. 1996); ATF3, related to stress
response (Thompson et al., 2009); or KLF4, normally repressor in competition with activator
KLF5, involved in the transition between quiescence and proliferation (Dang et al., 2000;
Ghaleb et al., 2005). Of those, the first three lie in one of the conserved regions identified by
phylogenetic foot printing and ENCODE data includes ChipSeq peaks at least for YY1 in that

genomic region.

However, orientation and position effects affecting our luciferase assay results cannot
be discarded. It would be interesting to know whether region 1-3 acts as a promoter repressor
independently of sequence environment and orientation (e.g., reversed or in the context of a
different promoter); we cannot discard a silencer effect of the overall sequence rather than
specific sites. Moreover, the potential role of the promoter upstream region (farther than 1
kb upstream from the start codon) is unclear, not to mention all the possible distal regulatory
elements present in the genome environment. These factors could be responsible of the
difference observed in relative promoter activity —where canonical and alternative promoters
have equivalent in vitro activities— as compared to relative mRNA or protein expression —
where the canonical variant is always majority. Future studies on the endogenous promoter

will shed light on this question.

Finally, it is noteworthy how the 3’ end of promoter region 3 coincides with the TSS of
the long non-coding RNA SNHG1, as described in section 3.2. As a result, region 1-3 spans the
5" end of SNHG1. It is not an unusual mechanism for long non-coding RNAs to anneal to their
coding sequence in the genome, regulating transcription of neighboring genes (Wang et al.,

2008).

On the other hand, several features are potentially common for CD98hc canonical and
alternative promoters. Firstly, they are both TATA-less and include at least one GC island with
one SP1 binding site—three functional SP1 sites in the case of the canonical promoter (Yan et
al., 2007b). A transcriptional block in the exon 1-intron 1 region was described as a regulatory
mechanism for canonical CD98hc transcription (Lindsten et al., 1988). This block would be

released upon PMA cellular stimulation and PKC activation, leading to a rapid increase in
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CD98hc transcript level. The described mechanism is located in a region common to canonical
and alternative CD98hc transcripts, thus being a potential co-regulator. These facts could
represent a basic common set of activation features, necessary for the expression of all
CD98hc transcripts. It would allow for a mechanism to inhibit all CD98hc transcription when

needed, avoiding homeostasis disruption due to CD98hc overexpression.

The expression analysis, putative TFBS identification, and general promoter regulation
study presented here strongly suggest a different transcriptional regulation for CD98hc
canonical and alternative promoters. This study opens the door to a future specific
characterization of this promoter in CD98hc-dependent cellular processes, and it will help to

decipher the complex regulation of this multifunctional protein.
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3.4.Materials and methods

3.4.1. Cells

Hela (human epithelial cervical cancer cells, ATCC number CCL-2TM), NIH3T3 (mouse
embryonic fibroblasts, ATCC number CRL-1658) and primary human dermal fibroblasts
(foreskin origin, experiments performed at passages 3-10) cells were grown in Dulbecco’s
modified Eagle’s medium (21969-035, Gibco) supplemented with 10% (v/v) fetal bovine serum
(FBS) (10270106, Gibco) and 2 mM L-glutamine (25030-024, Gibco). Mouse dermal fibroblasts
and mouse squamous cell carcinoma (SCC) cells were grown in DMEM supplemented with
10% v/v FBS, 20 mM Hepes, pH 7.3 (15630-056, Gibco), 100 uM non-essential amino acids
(11140-035, Gibco), 2 mM L-glutamine and 100 uM 2-mercapto-ethanol (M6250, Sigma).
SCC12 cells were cultured in FAD medium (21765, Gibco), supplemented with 10% FBS, 2 mM
glutamine, insulin-transferrin-selenium (41400-045, Gibco) and 0.5 pg/mL hydrocortisone (H-
0135, Sigma). A549 (lung carcinoma cells, ATCC number CCL-185) cells were grown in F-12K
medium (30-2004, ATCC) supplemented with 10% FBS. BEAS-2B (bronchial epithelial cells,
ATCC number CRL-9609) cells were grown in Bronchial Epithelial Cell Growth Medium (BEGM),
(CC-3170, Lonza/Clonetics Corporation). All cells were grown at 37°C in a humidified

atmosphere containing 5% CO.

3.4.2. RNA reverse transcription and polymerase chain reaction

RNA was extracted using RNeasy Mini Kit (74104, Qiagen) following manufacturer’s
indications. Reverse transcription was performed with 1 pg of total RNA as template using
Supercript Il reverse transcriptase (18064, Invitrogen) and anchored oligo (dT)20 (12577011,
Invitrogen) following manufacturer’s indications. Reverse transcription product was used as
template for PCR reaction with tag DNA polymerase mix (M7505, Promega) under
manufacturer’s recommendations for 35 cycles. Primers A, B or C (table 1) were used as
indicated. Samples were finally subjected to electrophoresis in 2% agarose gels at 100V for 1

h, stained with ethidium bromide (E1510, Sigma) and visualized under UV light.

3.4.3. Invitro transcription and translation

1 pg of pcDNA3.1(-)/mCD98hcCanon or pcDNA3.1(-)/mCD98hcAlt plasmid DNA was

used to set up in vitro transcription and translation reactions with TNT T7 coupled reticulocyte
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lysate system (L4610, Promega) according to manufacturer’s instructions. Briefly, DNA was
mixed with T7 RNA polymerase and rabbit reticulocyte lysate and incubated for 90 minutes at

30°C before Western blot analysis.

3.4.4. Plasmid construction

Human genomic DNA was extracted from buccal swabs using DNeasy blood and tissue
kit (69504, Qiagen) following manufacturer’s instructions. Inserts were obtained by PCR using
the following oligonucleotides as primers: hPromLongFMIul and hPromLongRBglll for pGL3-
Basic/hCD98hcPromAlt, hPromShortFMIul.2 and  hPromShortRBglll.2 for pGL3-
Basic/hCD98hcPromCanon, hPromLongRBglll and hPromLongDellRSMIul for pGL3-
Basic/hCD98hcPromAltDell, hPromLongDel2RS and hPromLongRBglll for pGL3-
Basic/hCD98hcPromAltDel1-2, hPromLongDel3RS and hPromLongRBglll for pGL3-
Basic/hCD98hcPromAltDel1-3, hPromLongDel4RS and hPromLongRBglll for pGL3-
Basic/hCD98hcPromAltDel1-4, hPromLongFMIul and hPromLongDel5LASBglll for pGL3-
Basic/hCD98hcPromAltDel5. Mouse genomic DNA was extracted from fibroblasts as before.
Inserts were obtained by PCR using the following oligonucleotides as primers:
mPromLongFMIul  and mPromLongRBglll  for pGL3-Basic/mCD98hcPromAlt, and
mPromShortFMIul and mPromShortRBglll for pGL3-Basic/mCD98hcPromCan. Inserts were
digested with (when indicated in the primer name) Mlul (R0198, New England Biolabs), Bglll
(R0144, New England Biolabs) and (when nothing indicated in the primer name) Smal (R0141,
New England Biolabs) and subsequently subcloned into pGl3-basic vector (E1751, Promega).
pGL3-Basic/hCD98hcPromAltDel2, pGL3-Basic/hCD98hcPromAltDel3 and pGL3-
Basic/hCD98hcPromAltDel4 were generated subcloning into pGL3-
Basic/hCD98hcPromAltDel1-2, pGL3-Basic/hCD98hcPromAltDel1-3 and pGL3-
Basic/hCD98hcPromAltDel1-4 inserts obtained by PCR with primers hPromLongFMIul and
hPromLongDel2LAS, hPromLongFMIul and hPromLongDel3LAS, and hPromLongFMIul and
hPromLongDel4LAS respectively. Restriction enzymes Mlul (R0198, New England Biolabs) and
Smal (R0141, New England Biolabs) were used. Human or mause genomic DNA was used as
template in all cases.

pcDNA3.1(-)/mCD98hcCanon and pcDNA3.1(-)/mCD98hcAlt were generated by
subcloning PCR-obtained inserts from mouse fibroblast cDNA (extracted as before) after
digestion with restriction enzymes Nhel (R0131, New England Biolabs) and EcoRI (R0101, New
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England Biolabs). Primers used were mCD98hc_short_S 5UTR and mCD98hc_AS_polyAsignal

or mCD98hc_long_S_5UTR and mCD98hc_AS_polyAsignal respectively.

All plasmids were sequenced to control for potential mutations. Sanger sequencing was
performed by GATC, Eurofins. Primer sequences can be consulted in table 2. All plasmid DNA
used in experiments was purified from Escherichia coli TOP10 (C40403, Invitrogen, for
pcDNA3.1(-)-derived constructs) or JM109 (L2005, Promega, for pGL3-basic-derived
constructs) strains using Plasmid Maxi Kit (12163, Qiagen) following manufacturer

instructions.

3.4.5. PNGase F deglycosylation reaction

Pre-confluent cell monolayers were scraped in 10 mM HEPES pH 7.4, 150 mM NacCl, 1%
NP-40 0.5% deoxycholate, 0.1 % SDS with EDTA-free protease inhibitors (88666, Thermo
Scientific) and put in suspension at approximately 107 cells/ml. Cell suspensions were
sonicated (3 pulses of 10 seconds) and cleared by centrifugation. After bicinchoninic acid
(BCA)-based protein quantification (SK3021, BIO BASICINC.), 20 pg (for human-origin samples)
or 40 pg (for mouse-origin samples) of total protein were subjected to PNGase F (P0704, New
England Biolabs) enzymatic deglycosylation reaction at 37°C for 1 h following supplier’s

instructions.

3.4.6. SDS-PAGE and Western blotting

Protein samples were mixed with reduced Laemmli’s sample buffer and heated at 95°C
for 5 min. Electrophoresis separation was then performed in 7.5% SDS-PAGE gels. For Western
blot analysis, after electrophoresis, proteins were electroblotted onto polyvinylidene
difluoride membranes and blocked by incubation with 5% non-fat dry milk in PBS for 30
minutes at RT. Membranes were then probed with primary antibodies (rabbit anti-CD98hc
H300 1:1000, Santa Cruz Biotechnology, for human samples, or goat anti-CD98hc N-20 1:200,
Santa Cruz Biotechnology, for mouse samples) diluted in blocking solution for 16 h at 4°C.
Then, membranes were thoroughly washed with PBS, incubated with goat anti-rabbit 1gG
horseradish peroxidase conjugate (W4011, Promega) or donkey anti-goat IgG horseradish
peroxidase conjugate (PI-9500, Vector Laboratories) diluted 1:10,000 in blocking solution.
Immunoreactive bands were detected by ECL Immobilon Western (WBKLS0500, Merck)

according to the provided protocol.
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3.4.7. Expression data analysis

Expression data were obtained from Genotype-Tissue Expression (GTEx) project portal
(https://www.gtexportal.org). Transcript-level quantifications for all available human tissues
were extracted for transcript numbers ENST00000338663.7 (canonical CD98hc),
ENST00000535296.1, ENST00000377892.1, ENST00000377891.2, ENST00000377889.2 and
ENST00000377890.2 (alternative CD98hc, different splicing variants).

3.4.8. Phylogenetic footprinting analysis

Sequence  comparisons were performed with the Vista platform
(http://genome.lbl.gov/vista/index.shtml) (Frazer et al., 2004). Mouse and human sequences

were compared using a window size of 100 bp and a conservation criterion of 70%.

3.4.9. Protein conservation analysis

Protein conservation scores were obtained using the ConSurf server (Ashkenazy et al.,
2010; Ashkenazy et al., 2016; Celniker et al., 2013). The algorithm was provided with a multiple
sequence alignment (MSA) for analysis. MSA was performed with COBALT (Papadopoulos and
Agarwala, 2007) on 250 CD98hc orthologs obtained after a BLASTP (Johnson et al., 2008)
analysis of CD98hc alternative human protein sequence including exons 1b, 1c, 1d and 1le.
Each position of the query sequence was assigned a conservation value ranging from 1 (not
conserved) to 9 (very well conserved). Presented scores are the average of all positions

belonging to each protein domain.

3.4.10. Protein disorder prediction
Protein disorder prediction was performed on the Phyre2 platform
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (Kelley et al., 2015) using the

alternative human CD98hc amino acid sequence and the normal modeling mode.

3.4.11. Transcription factor binding site search
Input sequence consisted of 1,000 base pairs 5’ to the adenine nucleotide of CD98hc
(canonical or alternative) start codon. Three different methods were used to identify
potentially functional transcription factor binding sites (TFBS). 1) Matlnspector

(https://www.genomatix.de/matinspector) (Cartharius et al., 2005): human CD98hc promoter
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sequence was used as input. Results with a matrix simulation score higher than 0.7 and at
least 2 additional lines of evidence were considered as positive. Additional lines of evidence
include: overlapping with an evolutionarily constrained element, correlating with a ChiP-Seq
peak, cocitation of gene and TF within the same sentence of a PubMed abstract and being
part of a known promoter module. 2) DiAlign TF
(https://www.genomatix.de/online_help/help_dialign/dialign_TF.html): mouse and human
promoter sequences were aligned with DiAlign TF package and TFBS were identified within
the aligned regions. Threshold T value was set to 0. 3) MetaAlignment
(http://genome.crg.es/software/meta/index.html) (Blanco et al.,, 2006): briefly, Meta
algorithm was loaded with both mouse and human CD98hc promoter nucleotide sequences
to be transformed into TFBS sequences so-called Transcription Factor maps (TF-maps). Finally,
TF-maps were aligned and TF within the aligned regions were considered positive. Matrix
collections Jaspar or Transfac were used. Mapping threshold quality was set to T=0.75.

Alignment configuration parameters were set as follows: a=0.5, A=0.1 and u=0.1.

3.4.12. Dual luciferase assay

Hela cells (25,000 cells/well) were cultured in 24-well plates for 24 h. Then, transfection
solution was prepared in Opti-MEM (11058-021, Gibco) in a 25 pul final volume with 300 ng of
total DNA (20:1 relevant pGL3:pRL-TK ratio) and 0.9 ul of FuGene HD (E2311, Promega) (1:3
DNA:Fugene HD ratio), and added in the wells with fresh complete medium. After 48 h, cells
were harvested and luciferase activity assessed using the Dual-Luciferase Reporter Assay
System (E1910, Promega) as indicated by the supplier on a Centro XS LB960 luminometer
(Berthold). Each condition was performed in quadruplicates and at least four independent
experiments were done. Values showed in the figure correspond to firefly/renilla activity ratio
normalized to full-length CD98hc alternative promoter value. The statistical analysis was
carried out using the GraphPad Prism software 6.0 package (GraphPad Software Inc.). A one-
way ANOVA test was performed followed by Dunnett’s multiple comparisons test between
relative luciferase activity of cell lysates transfected with CD98hc full-length alternative
promoter construct (pGL3-Basic/hCD98hcPromAlt) and all other conditions. GFP transfection

efficacy was evaluated on a flow cytometer (Calibur, BD) with the CellQuestPro software (BD).
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Name

Sequence

hPromLongFMIul
hPromLongRBglll
hPromShortFMlul.2
hPromShortRBglll.2
hPromLongDel1RSMIul
hPromLongDel2RS
hPromLongDel3RS
hPromLongDel4RS
hPromLongDel2LAS
hPromLongDel3LAS
hPromLongDel4LAS
hPromLongDel5LASBgllI
mPromLongFMIul
mPromLongRBglll
mPromShortFMIul
mPromShortRBglll
mCD98hc_short_S S5UTR
mCD98hc_long S 5UTR
mCD98hc_AS_polyAsignal
A human

B human

C human

CGGGCACGCGTGTGTTCATCATGGAGTGGTTATCTAC

CGTGAGATCTGGAGGCGGATCCTGCACAC

TTAATACGCGTACCCTGTGGAGGGAATTCTAG

ATATTAGATCTGGTGCCTGCAGAACCG

GGGCACGCGTGCAAGAGGCTTGCAGGGC

GGGGTCCTTCACAAAGCCCCACTG

GGGCGAATCTCCCCGGGGAG

GGGGTTGACCGCATGCGACC

GGGGCTTAGCCGTCTGTTCAG

GGGGACAAAATGGCGATGGC

GGGCGTTCTCATTTTTCTACTGCTC

CGTGAGATCTGTCGCATGCGGTCAAC

CGATCACGCGTCTGAAAAGAGAGCGTACACCCATCC

GCACAGATCTAGAGATGGATCAACACGCGGC

CGTACACGCGTGCAAGGTGGTTAAGAGTTAGAACAGGG

GCACAGATCTGGTGCCTGCAGAAACGGTGACACG

CTTAGCTAGCGCCGTGTCGTGTCACCGTTTC

CTTAGCTAGCTCCATACGTTGAGGCGATTTC

GAGGCAGGGGTGATGTTTTTATTTG

CTTGCCCACACACCCCAAAC

GAGCCACCATCTGACCGCAAG

GGTAATCGAGACGCCCCTTCAG
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A mouse

B mouse

C mouse

CTAAGCCGCGTGTTGATCCATCTC

GGATTAGAGCTGCCTCACTGACTACAGG

CAAGTACTCCAGATGGCTCTTCAGACC

Table 2 Oligonucleotides.
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During my PhD fellowship, | developed two additional research projects investigating
different aspects of CD98hc. As specified in section 1.5, one of these projects focuses on the
comparative function of alternative and canonical CD98hc variants. It is complementary to the
main research presented in section 3; however, its state of development is too premature to
draw any biological conclusion. The other project addresses CD98hc’s role in integrin-

mediated mechanosensing and it was suspended due to the lack of conclusive results.
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4.1.CD98hc canonical and alternative variant functional study

4.1.1. Introduction

The results presented in section 3 open a complementary line of research concerning
the functionality of CD98hc new variants in comparison to the previously studied canonical
variant. Some ideas can be drawn from the protein sequence analysis presented previously:
the differential N-terminal fragment of alternative CD98hc variant probably lacks intrinsic 3D
structure and is unlikely to affect substantially the known CD98hc functions (see Fig 21).
CD98hc alternative variant will probably maintain its ED conformation, and therefore the
interactions with partners mediated by that domain—all except integrins—will not
substantially change. It might not be the same case for CD98hc-integrin interaction; the
necessary amino acid residues for this interaction are in the interphase between the TMD and
the intracellular tail (positions 82—86 in the canonical variant, WALLL), but the distal part of
that intracellular tail might play a role in stabilizing or destabilizing the interaction. CD98hc
alternative variant could display a different affinity or a preference for some integrin types, or
even a steric impediment for the binding. Finally, all published studies addressing CD98hc
binding of partners have been performed on CD98hc canonical variant. The additional

fragment of alternative variant could provide ground for the interaction with new partners.

CD98hc exerts its biological functions thanks to its protein partners. Potential new
partners or changes in the binding affinity or stability with existing ones could affect CD98hc
role in its related cellular processes, such as cell proliferation and survival, spreading or ECM

assembly.

The project presented here, complementary to that of section 3, aims at determining
whether the N-terminal difference between alternative and canonical variant affects CD98hc
partner binding capacity and, as a consequence, its functionality. The results, although
necessary for the project progress, are preliminary and do not allow us to fully answer the

guestion posed. This work will be further developed by future lab members.

4.1.2. Results

Being the first study to investigate CD98hc alternative variant function, we decided to

use the mouse CD98hc variants for the lower mouse CD98hc locus complexity, thanks to the
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absence of intermediate exons 1c, 1d and 1e. We developed two complementary lines of
research addressing (i) the search of CD98hc variant-specific protein partners and (ii) the study

of cellular functions impacted by CD98hc variants.

4.1.2.1. CD98hc alternative variant interactome

To comparatively assess the binding partners of CD98hc canonical and alternative
variants, we decided to perform a pull-down assay on mammalian cell protein extracts using
CD98hc variants as bait. Given the lack of variant-specific antibodies, we evaluated different

protein production and tagging strategies to generate a suitable bait protein.

First, we assessed the production of alternative or canonical intracellular CD98hc tails in
Escherichia coli, fused in their C-terminus to either GST or poly-histidine (6xHis) tags for
subsequent purification (Fig 27 A), in an IPTG-inducible system. Full bacterial lysates were
analyzed after incubations of 3 h at 37° Cor 16 h at 23° C post IPTG induction. Immunoblotting
after SDS-PAGE reveals the presence of at least 3 of the 4 exogenous fusion proteins (Fig 27
B). Conversely, CD98hc canonical 6xHis was not expressed in a sufficient amount for this
detection system; being the smallest of the fusion proteins (8.3 kDa), it was probably too small
for proper bacterial production and most likely targeted for degradation. Results were the
same when analyzing separately the soluble and insoluble fraction of the lysates (data not

shown).

The initial amount of bait protein required for a tag-based purification, subsequent pull-
down on mammalian protein extracts and final determination of target proteins by mass
spectrometry is highly dependent on the biochemistry of the protein itself and its interactions,
but it generally ranges the 104-10° g (micrograms) order of magnitude. Unfortunately, when
analyzing bacterial protein extracts by Coomassie blue after SDS-PAGE separation, a technique
with a sensitivity of approximately 50-100 ng per band, we were unable to differentiate highly
expressed bands compatible with the molecular weights of exogenous fusion proteins, as
opposed to the control protein GFP-GST (Fig 27 C). GST-based purification did not succeed in
enriching the samples in exogenous protein to the required levels and detection remained
only possible by Western blotting. Further optimization could have slightly improved the yield,
but it was very unlikely to reach the required levels. With these results, we concluded that the

tested strategy was not efficient enough to produce the required exogenous protein quantity.
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Fig 27. CD98hc cytosolic tail fusion proteins are not expressed at the required level in Escherichia
coli. (A) Schematic representation of the fusion or tagged proteins. CD98hc’s exon 1b is represented
in green while the fragment of the intracellular tail common to all variants is represented in orange.
Tags are marked grey. (B) Rosetta (BL21 derivatives) E. coli cells transformed with expression plasmids
of the indicated tagged protein were incubated for the indicated period and temperature after IPTG
protein expression induction. Cells were then lysed and subjected to SDS-PAGE and immunodetection
with an anti-CD98hc antibody. (C) Samples were obtained as before and subjected to Coomassie blue
staining after SDS-PAGE. GFP-GST fusion protein is indicated by an arrowhead.

Although efficient exogenous protein expression is a highly complex process, one of the
possible reasons affecting CD98hc fusion protein’s expression is the lack of the proper

biochemical microenvironment. CD98hc’s intracellular tail alone is short, disordered and lacks
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the TM domain for stabilization. Therefore, we shifted to a protein expression system in
mammalian cells to allow expression of the full protein in the proper membranous
environment. In addition, to minimize potential contaminants among CD98hc binding
partners, we selected a pull-down strategy based on tandem affinity purification (TAP), a two-
step sequential purification process based on two different tags: calmodulin binding peptide

(CBP) and protein A domain (Fig 28 A).

Hela cells were transfected with the corresponding constructs and the exogenous
protein expression was confirmed by flow cytometry (Fig 28 B) without cell permeabilization
treatment, confirming also the subcellular localization at the plasma membrane. Cells were
then lysed to perform TAP on the protein extracts (Fig 28 C). The fusion proteins show the
expected electrophoretic mobility and are immunoreactive to antibodies against CD98hc and
CBP. Unfortunately, the cleavage by Tobacco Etch Virus (TEV) protease was not efficient
enough, leaving the majority of the tagged protein attached to the IgG beads (Fig 28 D, lanes
D and F) and unavailable for the second purification step. TEV low efficiency is a rare but
known, unpredictable TAP’s potential complication, due to protein three-dimensional
structure and cleavage site availability. The only effective solution recommended is an
increase in protease concentration. Unfortunately, a 5-fold increase in TEV concentration —up
to 150 U of TEV, an amount able to cleave 3 mg of target protein in optimal conditions— did

not improve cleavage efficiency significantly (Fig 28 E).

The TAP system is designed as a two-step purification to reduce the unspecific proteins
in the final product. However, most pull-down approaches include only a single-step
purification. Therefore, we wanted to test the product of the first purification step for
potential CD98hc binding partners. An SDS-PAGE separation of the purification product and
subsequent staining with Coomassie blue (Fig 28 F) yielded a band compatible with the tagged
versions of canonical and alternative CD98hc variants respectively, but we found no further
differential bands that could account for variant-specific partners. As control, we performed
an immunodetection of CDD98hc partners previously described in the literature, such as p1
and B3 integrins (Fig 28 G). Although antibodies targeting f1 and B3 integrins yield specific
bands when analyzing the full cell lysate, after purification, the bands detected by the a-f1
and a-B3 antibodies fully overlap with that of TAP-tagged CD98hc, now enriched in the

sample. Conversely, we did not observe any overlapping with the endogenous human CD98hc
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Fig 28. Expression and purification of TAP-tagged CD98hc variants in mammalian cells. (A) Schematic
representation of the tagged proteins. CD98hc’s exon 1b is represented in green while the fragment
of the intracellular tail common to all variants is represented in orange. TAPtag contains Calmodulin
Binding Peptide (CBP), Tobacco Etch Virus (TEV) protease cleavage site and protein A domain. (B) Cell
cytometry analysis of cell surface expression of mouse CD98hc on Hela cells. Cells were transfected
with expression plasmids of only the TAPtag (green, control), CD98hc alternative (pink) or canonical
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(blue) variant. Orange shows a staining with irrelevant IgGs. (C) Schematic representation of the
tandem affinity purification process. (D and E) Fractions from the tandem affinity purification were
subjected to SDS-PAGE and immunodetection of CD98hc or CBP with 1x or 5x TEV concentration.
Results shown correspond to the purification of CD98hc alternative variant tagged protein. (F)
Fractions D from the tandem affinity purification were subjected to SDS-PAGE and Coomassie staining.
Arrowhead indicates the bands corresponding to CD98hc tagged proteins. Hela cells expressing only
the tag or untransfected were used as control. Last lane contains 100 ng of bovine serum albumin
(BSA). (G) Total cell lysates or fractions D from the tandem affinity purification were subjected to SDS-
PAGE and immunodetection of CD98hc, B1 or B3 integrins. All immunodetection reactions were
performed sequentially on the same membrane, applying a stripping protocol after each one. (H) Total
cell lysates of mouse or human cells were subjected to CD98hc immunodetection after SDS-PAGE.

(lower band) only present in the total lysate and detectable due to the cross-species reactivity
of the a-CD98hc antibody (Fig 28 H). This is most likely due to the capacity of the uncleaved
protein A domain to bind antibodies nonspecifically during the immunodetection process. As
a result, we cannot conclude whether CD98hc alternative variant binds to 1 and B3 as the

canonical variant does.

Even if the impossibility to cleave the Protein A tag prevented us of using this approach
to identify variant-specific CD98hc partners, bait protein expression in Hela cells was
significantly more efficient than in the previous bacterial setup. Thus, we decided to maintain
this experimental system while changing the TAP by a single-step pull-down strategy based on
the FLAG tag (Fig 29 A). First, we evaluated the expression of both canonical or alternative
CD98hc variants fused to three repetitions of the FLAG tag at the C-terminus. 48 h post
transfection, Hela cells presented exogenous mouse CD98hc expression at the plasma
membrane, as judged by flow cytometry in non-permeabilizing conditions (Fig 29 B).
Additionally, FLAG immunodetection after SDS-PAGE vyielded bands with the expected
electrophoretic mobility, more clearly after deglycosylation of the protein extracts (Fig 29 C).
In conclusion, FLAG-tagged CD98hc variants are correctly expressed in Hela cells at the plasma
membrane, at a higher level than previously tested tagged proteins, and do not show

significant degradation.

Performing a pulldown assay of FLAG-tagged CD98hc variants in mammalian cells is a
future interest of our laboratory to investigate the respective protein partners. The pull-down
products could be analyzed by mass spectrometry to identify partners and spot differences
between the two CD98hc variants. These results could, then, be confirmed by alternative

immunoprecipitations and be further investigated from a functional point of view.
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Fig 29. Expression of FLAG-tagged CD98hc variants in mammalian cells. (A) Schematic representation
of the tagged proteins. CD98hc’s exon 1b is represented in green while the fragment of the intracellular
tail common to all variants is represented in orange. 3 copies of the FLAG tag sequence are fused at
the C-terminus. (B) Cell cytometry analysis of cell surface expression of mouse CD98hc on Hela cells.
Cells were transfected with expression plasmid empty (green, control), or containing CD98hc
alternative (pink) or canonical (blue) variant. Orange shows a staining with irrelevant IgGs. (C) Total
cell lysates of transfected Hela cells were subjected to FLAG immunodetection after SDS-PAGE and,
when indicated, PNGaseF deglycosylation treatment.

4.1.2.2. CD98hc alternative variant functional study

To fully understand the implications of CD98hc alternative variant discovery, it is
necessary to determine whether canonical and alternative CD98hc variants are implicated in

the same cellular functions, in parallel to identifying and comparing their binding partners.

We had previously observed that transfected Hela cells are able to express exogenous
mouse CD98hc with a variety of tags. This is also the case for the untagged protein (Fig 30 A).
To perform cellular functional analysis, we introduced alternative or canonical CD98hc
variants in mouse dermal fibroblasts isolated and SV-40-immortalized from CD98hc dermal
conditional Fsp1-Cre, CD98hc/f KO mice (further referred to as KO or CD98hc-null fibroblasts),
and control CD98hc/ littermates (referred to as WT fibroblasts) (Tissot et al., 2018). First,
CD98hc-null fibroblasts were stably transfected with pBabe puro/mCanCD98hc or
pBabe_puro/mAItCD98hc and CD98hc expression was detected by Western blot (Fig 30 B) and
flow cytometry at the plasma membrane (Fig 30 C). Unfortunately, five weeks after
transfection, the fibroblasts showed decreased CD98hc expression even when kept under

antibiotic selection (puromycin) (Fig 30 D), probably due to antibiotic resistance acquired
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Fig 30. Expression of exogenous CD98hc in CD98hc-null mouse dermal fibroblasts. (A) Cell cytometry
analysis of cell surface expression of mouse CD98hc on Hela cells. Cells were untransfected (solid dark
blue, control), or transfected with plasmid containing CD98hc alternative (pink) or canonical (light
blue) variant. Orange shows a staining with irrelevant IgGs. (B) Western blot performed on cell lysates
of mouse dermal fibroblasts after PNGase F enzymatic deglycosylation reaction. Lanes 1 and 2
correspond to in vitro transcribed and translated CD98hc alternative or canonical protein. (C, D and E)
Cell cytometry analysis of cell surface expression of mouse CD98hc on CD98hc-null mouse dermal
fibroblasts. Cells were stably transfected (immediately after selection or five weeks after transfection)
or transduced with CD98hc alternative (pink) or canonical (light blue) variant. WT fibroblasts were used
as control (solid dark blue). Orange shows a staining with irrelevant IgGs.

independently of exogenous CD98hc expression and plasmid lose. To overcome this
limitation, we applied virus-mediated genome integration of the CD98hc-expression cassette.
CD98hc null dermal fibroblasts were transduced with retroviral vectors and, after antibiotic-
selection and amplification of positive cells, CD98hc expression was observed at levels

equivalent to the WT cells (Fig 30 E). After this, CD98hc protein expression was monitored

frequently to ensure a stable level in the population used for functional experiments. The

102



Section 4: Additional projects

same strategy was used to generate WT dermal fibroblasts overexpressing exogenous
alternative or canonical CD98hc (data not shown) to evaluate the possibility of a dominant

negative effect of one variant over the other.

CD98hc affects both cell proliferation and cell survival. Its ablation results in a dramatic
decrease of overall cell growth both in vivo and in vitro (Boulter et al., 2013; Cantor et al.,
2009; De La Ballina et al., 2016; Feral et al., 2005). Therefore, we analyzed cell growth in WT,
CD98hc-null and reconstituted fibroblasts with canonical or alternative CD98hc.
Unexpectedly, there was no significant difference in the growth of all fibroblast populations
tested, including CD98hc null (Fig 31 A). These results are in conflict with previous publications
(De La Ballina et al., 2016). More importantly, when allowing cells to stay in culture after
confluency, all CD98hc-null lines continued growing as opposed to the growth arrest saw in
WT cells as an expected result of cell-cell contact inhibition (Fig 31 B). We concluded that
CD98hc-null cells have bypassed CD98hc role in cell growth and become refractory to cell-cell

contact growth inhibition, probably prior to exogenous CD98hc genome integration.

CD98hc ablation produces a dramatic decrease in cell spreading. On the other hand, it
has no effect on integrin affinity for their ligands or on cell static adhesion to Fn and Ln (Feral
et al.,, 2005). In parallel to the previous cell growth test, we analyzed cell adhesion and
spreading on integrin substrates. We analyzed cell surface of WT and CD98hc-null fibroblasts
expressing exogenous canonical or alternative CD98hc during 5 hours after plating on Fn-
coated plates. CD98hc-null cells show a minor spreading defect rescued by both CD98hc
variants (Fig 31 C). However, this defect is much less important than that described before for

mouse ES cells and ES-derived fibroblasts (Fig 31 C, lower panel).

We also wanted to assess cell static adhesion to Fn to confirm that neither of CD98hc
variants could affect cell static adhesion. The adaptation of the protocol (Feral et al., 2005) to
the experimental system and the available laboratory equipment required the developing of
an automated quantification method by direct cell count through the generation of a pipeline
with the image analysis software CellProfiler (Fig 31 D, lower panel). Prior to analyzing all the
CD98hc-expressing fibroblast populations, we performed a Fn dose-response using WT and
CD98hc-null fibroblasts to replicate previously published experiments and compare the Fn
saturating concentration (Fig 31 D, upper panel). Cells reached the maximum static adhesion

at a Fn concentration of 2.5 pg/ml, as previously described for ES-derived fibroblasts.
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Fig 31. Functional study of CD98hc variants in mouse dermal fibroblasts. WT and CD98hc-null
expressing canonical or alternative CD98hc variants when indicated were proliferation were
maintained in culture to monitor cell growth compared. The experiment was stopped at pre-
confluency (A) or continued for three days after confluency (B). (C, upper panel) Cells were plated on
Fn-coated plates and spreading was quantified by cell surface area measurement at the indicated
times. (C, lower panel) Comparison of the cell morphology of WT and CD98hc-null cells from Feral et
al, 2005, and mouse dermal fibroblasts used in this study. (D, upper panel) Cells were allowed to
adhere to Fn-coated plates for 60 minutes at the indicated concentrations. Non-adherent cells were
washed off and adherent cells quantified by cell count. (D, lower panel) A representative pictures of
the input and output images of the CellProfiler quantification pipeline. Cells are automatically
individualized and marked in different colors. Results of all panels are presented as the mean and SD
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of at least three independent experiments. *p < 0.05 and **P < 0.01, after one-way ANOVA test
followed by Dunnett’s multiple comparison test (A, B, C) or Student’s t-test (D).

The results described above regarding cell growth and spreading were obtained before
further adhesion analysis were performed. They clearly show that our CD98hc null fibroblasts
do not reproduce the phenotypic deficiencies previously described after CD98hc ablation in
different models —including fibroblasts— and they have been able to override CD98hc
deficiency. The possible reasons for this are analyzed in the discussion. For this reason, we

decided not to further pursue any functional analysis with these cell lines.

KO mouse dermal fibroblasts used in previous experiments underwent CD98hc
abrogation in vivo and were then isolated, immortalized and amplified prior to their
experimental use. We hypothesized that they adapted to CD98hc absence and overrode its
effect during this process. To allow cells to adapt to in vitro culturing conditions before CD98hc
ablation, we used the WT (or WT expressing exogenous canonical or alternative CD98hc)
CD98hcf mouse dermal fibroblasts. After isolation, immortalization, amplification and, when
indicated, integration of exogenous alternative or canonical CD98hc expression cassette, we
subjected these cells to endogenous CD98hc ablation through Cre recombinase protein. For
that, cells were transduced with Cre-coding adenoviral vectors. Unfortunately, removal of
endogenous CD98hc did not reach the necessary efficiency. After protein deglycosylation
treatment, we could still detect endogenous CD98hc in the Cre recombinase-treated cells (Fig
32, arrowhead) at least for the canonical variant. Additionally, when abrogating CD98hc in
cells without any exogenous CD98hc expression, CD98hc was still detectable at levels close to
normal. The impossibility to eliminate endogenous CD98hc could be explained by an increased
CD98hc protein stability, insufficient efficiency of Cre recombinase treatment or a

combination of both.

Given the fact that CD98hc KO ES cells and ES-derived fibroblasts consistently present a
growth and spreading defect in the literature, we considered the observed effects specific of
the population used in this study. Thus, we isolated a new fibroblast population from different

individuals of the same mouse model.

CD98hc is not required for integrin expression and its abrogation does not affect integrin
expression profile of ES cells or ES-derived fibroblasts. The fibroblast populations used in the

previous experiments had been used in the lab for approximately 5 years and had already
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been tested to confirm a constant integrin expression profile (data not shown). To confirm the
integrin expression pattern of the newly isolated fibroblasts populations, we performed an
integrin analysis expression by flow cytometry (Fig 33 B) as well as CD98hc expression (Fig 33
A). Integrin expression remains constant in comparison with WT fibroblasts except for a
reduction of integrin a6 in CD98hc-null or null-derived cells. This change is not altered by the

expression of exogenous CD98hc canonical or alternative variant.

’ ;‘ WT+Cre WTAIt+Cre WTCan+Cre
PNGase F - - - - - + - +
100 kDa
- =
70 kDa=— A .
— — < ’

Fig 32. Endogenous CD98hc is still detectable after Cre recombinase treatment in CD98hc/" mouse

dermal fibroblasts. Western blot performed on cell lysates of mouse dermal fibroblasts after PNGase
F enzymatic deglycosylation reaction. Lanes 1 and 2 correspond to in vitro transcribed and translated
CD98hc alternative or canonical protein. Lanes 3-8 correspond to CD98hc™f fibroblasts isolated from
the mouse prior to CD98hc ablation (WT), then transduced with canonical or alternative CD98hc and
subjected to AdenoCre recombinase treatment.

Finally, to analyze in parallel the spreading and cell growth capacity of the new fibroblast
populations, we subjected the cells to impedance-based real time monitoring of cell
population surface. In this setup, impedance measurement is proportional to well surface
occupied by cells; its increase can be ascribed to adhesion and mainly spreading during the
first 8-10 hours, and to cell growth for the remaining period until confluency. As shown in Fig
33 C, CD98hc-null fibroblasts show a small defect in the adhesion and spreading phase —

probably due to a spreading defect— but have a growth rate equivalent to that of WT or

rescued populations as measured by the function’s slope between 10 and 30 hours.

Although these results should be confirmed by individual cell growth and spreading
experiments as performed with the previous fibroblast populations, they suggest an
equivalent phenotype in terms of cell growth and spreading for the two batches of fibroblast

populations.
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Fig 33. Exogenous CD98hc expression does not change the integrin expression profile of mouse
dermal fibroblasts. (A) Cell cytometry analysis of cell surface expression of mouse CD98hc (A) or the
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indicated integrin subunit (B) on CD98hc-null mouse dermal fibroblasts. Cells were transduced with
CD98hc alternative (pink) or canonical (light blue) variant or not transduced (green). WT fibroblasts
were used as control (solid dark blue). Orange shows a staining with irrelevant 1gGs. (C) Cells were
plated on well with surface electrodes, allowing to record impedance as a readout of surface
occupancy along time. CD98hc-null cells (green) were transduced with alternative (blue) or canonical
(pink) CD98hc. WT cells were used as control (red). The average slope of the function between 10 and
30 h is displayed in the bar graph.

4.1.3. Discussion

As already mentioned, this is an unfinished project and, as such, does not provide full
answers to the original scientific questions. The presented results, however, are relevant for

the future development of the research.

The presented CD98hc fusion proteins with FLAG tag have the highest expression in
mammalian cells of all the tested options. Also, they allow a one-step, simple pull-down assay
with a high-affinity a-FLAG antibody extensively tested in the literature (Gerace and Moazed,
2015). Hence, we can expect that identification of variant-specific CD98hc partners by mass
spectrometry could be soon performed using this tool. Conversely, the prior approaches
tested to the same end were not suitable and had to be abandoned due to lack of bacterial
protein production or inefficient TEV cleavage. The efficiency of these two processes is
extremely difficult to predict because they rely on a variety of factors, importantly three-
dimensional structure of the fusion proteins and biochemical parameters that change

depending on the microenvironment.

Regarding CD98hc variant-specific functionality, we can conclude that our cellular model
in its current state is not suitable for the proposed approach. Our results suggest that our in
vitro CD98hc KO fibroblast model can consistently override CD98hc deficiency to show normal
cell growth and absent cell-cell contact inhibition. Cell spreading is partially impeded but to a
lower extent than previously described cellular models (Cantor et al., 2009; De La Ballina et

al., 2016; Feral et al., 2005). Possible factors contributing to this are discussed below.

Conditions for the maintenance of CD98hc KO cells in culture imply necessary
compromises. CD98hc-deficient ES cells or ES-derived fibroblasts generated previously did not
survive under standard culture conditions. CD98hc requirement for cell survival is detailed in
section 1.4. Importantly, while CD98hc-mediated amino acid transport can be partially
compensated via CD98hc-independent transporters, CD98hc is necessary for cystine uptake

via the x¢ system, protecting the cells from ferroptosis. Cystine, a cysteine dimer, is the only
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form in which cells can import cysteine in standard culture medium. Cysteine is necessary for
protein synthesis and a precursor of GSH, crucial for the maintenance of the redox balance
and the protection against ROS. CD98hc-deficient cells require addition of B-Mercaptoethanol
to the medium to reduce cystine into cysteine, then imported through CD98hc independent
transporters (De La Ballina et al., 2016; Feral et al., 2005). Additionally, cells are immortalized
through the expression of SV-40 large antigen and are maintained on stiff plastic plates, a
powerful proliferative signal —plastic has around 10° kPa as compared to an approximate
stiffness of the dermis of 4-8 kPa. As a result, cell immortalization and other proliferative
signals, cysteine availability and compensation by CD98hc-independent amino acid

transporters partially bypass CD98hc functions and reduce CD98hc-null defective phenotypes.

The presented model is in use in our laboratory in different projects, notably in the
deciphering of CD98hc-mediated crosstalk between dermis and epidermis. For this reason, we
were interested in characterizing the variant-specific CD98hc functionality in the presented in
vitro model to potentiate synergy among different laboratory research lines. However, for the
future development of this project and in the light of the results presented in this report, we
suggest applying the functional study described here to CD98hc-deficient ES cells or ES-

derived fibroblasts characterized in previous publications.

A considerable limitation of the proposed approach lies on the heterogeneity of cell
types and conditions upon which CD98hc is expressed and the variety of process for which it
is relevant. If CD98hc alternative variant has a differential function, it might only be relevant
to a specific subset of those conditions and processes. In our expression analysis of GTEx data
(Fig 18), only the cerebellum has a higher (2-3 fold) expression of the alternative CD98hc,

suggesting a possible role of this variant in that organ, maybe through amino acid transport.

Unfortunately, we lack expression data under different stimuli or stress conditions; two
lines of future research could shed some light in this direction. Firstly, the study of the
comparative transcriptional regulation of the two CD98hc variants could identify
transcriptional regulators associated with specific cell types or processes. Secondly,
comparative investigation of the CD98hc interactome will identify potential differential
CD98hc partners for each variant. Altogether, the different lines of research will be

complementary in determining the conditions or stimuli upon which CD98hc alternative and
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canonical variants perform different tasks and the full versatility of CD98hc as a signal

integrator molecule.

CD98hc alternative variant is present only in mammals and includes one additional exon.
Furthermore, a subset of mammals, the simians, present not only one but four additional
exons with the possibility of alternative splicing (exons 1c, 1d and 1e). Although less
conserved, these exons could have a functional meaning as well, increasing the complexity of
future studies due to the potential number of different alternative splicing variants. The work
presented here has focused on CD98hc alternative variant including only exon 1b due to its
conservation along the mammalian clade. The relevance of the multiple alternative variants

present in simians will have to be assessed in the future.

The in vitro approaches used and proposed here provide advantages such as high
capacity to standardize experimental conditions, simplicity of the experimental system and
the availability of accessible genetic modification and exogenous protein expression
techniques. Nevertheless, in vivo studies will eventually be needed to complete our
understanding of CD98hc canonical and alternative variants. Variant-specific knockout cell
and, eventually, mouse models can be a useful tool for this purpose, but the overlapping of
the two variants in the genome poses some difficulties. To disrupt the alternative variant, both
exon 1b as well as the start codon and the alternative promoter region, can be targeted for
deletion. However, it is highly complicated to individually target the canonical variant in the
genome; the only possibility of doing it without disrupting the alternative variant would be by
targeting the 5’UTR and the TSS, but this does not guarantee a successful removal of the

canonical variant and could affect alternative variant transcription or splicing.

Overall, the work presented in this section highlights important aspects of CD98hc’s role
in cellular processes, generates research tools, explores the limitations of the proposed
approach and paves the way for the future development of a full research project to

understand the potential functional differences between CD98hc variants in mammals.
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4.2.CD98hc in integrin-mediated mechanosensing

4.2.1. Introduction

The response of individual cells to mechanical forces is of extensive interest in biology,
as it affects many characteristics of cell behaviour (Hoffman and Crocker, 2009). The cell’s
ability to convert an applied physical force into a biochemical signal that induces a cellular
response is known as mechanotransduction. It has been identified as a key process for
development, cell migration, ECM homeostasis or tumor development among others
(Iskratsch et al., 2014; Paluch et al., 2015). Particularly, cells can assess the deformability of its
environment using the cytoskeleton contractility to pull on it through adhesion molecules
such as integrins. If the ECM generates a force opposing its deformation, it will trigger a
cellular signalling cascade. Force application on integrin receptors triggers cytoskeletal
rearrangements and adhesion complex growth (Choquet et al., 1997; Matthews et al., 2006;
Wang et al., 1993) in a process dependent on RhoA activation (Guilluy et al., 2011). This

mechanotransduction process is known as stiffness sensing.

CD98hc has recently been shown to be necessary for integrin-mediated stiffness sensing
thoughr RhoA/ROCK signaling in skin both in vivo and in vitro. Its loss compromises ECM
stiffness sensing, leads to a marked decrease of matrix rigidity and reduces tumor
development. Moreover, CD98hc participates in sensing and generating a stiffer environment,

a strong proliferative signal (Estrach et al., 2014).

CD98hc ED three-dimensional structure suggests a high movement capability for helices
aA5 and aA6 as shown by their high b-factor. The cysteine residue at the position 330 (C330),
placed behind these two helices and normally not exposed, might become accessible upon
force application, thus allowing a protein-protein interaction (Fig 34 A). Preliminary results
from our laboratory suggest that C330 plays a crucial role in stiffness sensing: a mutant in
which C330 has been substituted by a serine is not able to rescue RhoA activation after 5
minutes of magnetic force application on integrins in mouse dermal fibroblasts, an established
readout to assess stiffness sensing (Fig 34 B). We hypothesized that CD98hc might be a
mechanosensor itself through a mechanism implicating the exposure of C330 upon force

application.
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Fig 34. CD98hc ED 3D structure and preliminary results suggest that C330S could have a role in
integrin-mediated mechanosensing. (A) CD98hc 3D structure of the ED domain (Fort et al., 2007) from
apical (left) and lateral (right) view. Color code represents the b-factor (flexibility). Cysteine 330 is
marked in red. Helixes aA5 and aA6 are indicated. (B) Immunodetection of GTP-bound RhoA (active)
or total RhoA in cell protein extracts after magnetic mechanical force application on integrin receptors.
Mouse dermal fibroblasts are WT or CD98hc-null expressing, when indicated, exogenous CD98hc-CD69
quimera protein lacking all CD98hc’s ED domain or CD98hc mutants lacking cysteine 109, 330 or both.

Hence, the aims of this project were (i) to understand the molecular mechanism behind the
necessity of the C330 for integrin-mediated stiffness sensing and (ii) to assess the CD98hc

C330 importance in skin mechanotransduction-related processes.

4.2.2. Results

The information shown in Fig 34 B is the result of a single experiment. Hence, we first
wanted to confirm the importance of C330 in integrin-mediated stiffness sensing. Using the

previously described in vitro model of CD98hc-deficient mouse dermal fibroblasts, we
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introduced human CD98hc cysteine to serine substitution mutants for one or the two existing
cysteines (C109S, C330S or Cysless), via retroviral vector-mediated genome integration. All the
populations expressed homogenous levels of the corresponding human CD98hc mutant at the
plasma membrane as judged by non-permeabilizing flow cytometry (Fig 35 A). General
characterization of cell spreading and growth by impedance-based real time monitoring of cell
population surface shows how the defect in both the spreading and the growth phase of
CD98hc defective cells is partially rescued by genome integration of WT human CD98hc but
not by the C330S mutant, in agreement with the participation of stiffness sensing in these two

cellular processes (Fig 35 B).

Before any further functional characterization, we wanted to confirm the preliminary
experiment presented in the introduction. For that, we used a previously described setup: we
applied mechanical forces on integrin receptors using FN-coated paramagnetic beads and
monitored RhoA activation. Unfortunately, results under this setup upon expression of the
different CD98hc mutants were inconsistent. Firstly, the expected RhoA activation in WT cells
and its absence in CD98hc-deficient cells was not present in all the performed experimental
replicates (Fig 36 A, B). Also, expression of CD98hc mutant proteins produced inconsistent
rescue of RhoA activation across experimental replicates (Fig 36 B). We then analyzed ERK
phosphorylation, a pathway component upstream of RhoA activation. Again, results of ERK
phosphorylation were inconsistent across experimental replicates. Also, ERK activation did not
necessarily correspond with RhoA activation (Fig 36 A, B), although this could be due to
insufficient technical robustness or to ERK being upstream of the mechanosensing defect in

CD98hc-null cells.

In parallel, to test whether CD98hc C330S mutant had a dominant negative effect on
RhoA activation, we overexpressed CD98hc C330S fused to an HA tag in Hela cells via
transfection. Yet again, results were not reproducible. C330S overexpression prevented RhoA
activation in some cases while the contrary was also true in different replicates (Fig 36 C).
Moreover, general RhoA immunodetection remained suboptimal and ERK or SRC —another
upstream pathway component— phosphorylation were not consistently increased upon force

application to substitute RhoA activation as experimental readout (Fig 36 D).
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Fig 35. Expression of CD98hc, but not CD98hc C330S, in CD98hc-null fibroblasts partially rescues cell
spreading and growth. (A) Cell cytometry analysis of cell surface expression of mouse or human
CD98hc on CD98hc-null mouse dermal fibroblasts. Cells were transduced with CD98hc (pink) CD98hc
C330S (blue), CD98hc C109S (yellow) or CD98hc cysless (light blue), or not transduced (green). WT
fibroblasts were used as control (solid dark blue). (B) Fibroblasts were plated on well with surface
electrodes, allowing to record impedance as a readout of surface occupancy along time. CD98hc-null
cells (green) were transduced with CD98hc (blue) or CD98hc C330S (pink). WT cells were used as
control (red).
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Fig 36. Preliminary data cannot be confirmed because of inconsistent results. Imnmunodetection upon
SDS-PAGE the indicated proteins in fibroblast (A and B) or Hela cells (C and D) protein extracts after
magnetic mechanical force application on integrin receptors. Cells transiently (Hela) or stably
(fibroblasts) expressed the indicated CD98hc mutants. A, B and C present two independent replicates
of the same experiment with different results.

4.2.3. Discussion

Despite the promising preliminary data, the inconsistent results obtained repeatedly
across experimental replicates did not allow us to conclude in respect to our initial hypothesis.
Analysing different pathway components and using different cellular models did not improve
the described problems. Unfortunately, alternative techniques for force application at a

molecular level in living cells are still limited, although the field is rapidly expanding.

Result inconsistency could be explained by several factors. The experimental model or
experimental setup used could be leaving uncontrolled important parameters. CD98hc is

implicated in integrin-mediated mechanostransduction (Estrach et al., 2014), but our current
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understanding of the process is limited and further exhaustive characterization of the process
will help in further understanding the reason behind the limitation of this experimental
system. Additionally, there is an agreement in the research community about the high
technical complexity of small GTP-bound protein pull-down assays. Given that this research
was performed during the first year of my PhD fellowship, my inexperience as researcher

probably contributed to result inconsistency.

As a result, GTP-RhoA pull-down assay as the central technique of this research was not
robust enough in the applied conditions, compromising the arguments that motivated the
initial hypothesis. Therefore, we decided to focus our efforts in other research projects with

more consistent evidence supporting their research interest.

Interestingly, the research line led by Dr. Etienne Boulter in our team, originally aimed
at identifying what force-based cellular processes required CD98hc, recently discovered the
importance of lipid metabolism in integrin-mediated rigidity sensing. This new discovery led
them to re-assess the C330 residue under a different hypothesis (Boulter et al., 2018). As
opposed to our initial hypothesis, we now know that CD98hc is not a mechanosensor itself,
although it is necessary for integrin-mediated mechanosensing and signalling to RhoA.
Unexpectedly, CD98hc’s C330 residue is required for proper sphingolipid and cholesterol
synthesis, acting as a chaperon for the proper folding of the delta-4-desaturase DES2 enzyme.
Absence of CD98hc produces disruption of membrane micro-domains or lipid rafts due to
lower availability of sphingolipids and cholesterol, resulting in inappropriate spatiotemporal
regulation of RhoA GEFs (guanine exchange factors) and defective RhoA activation upon

mechanical stimulation.
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4.3. Materials and methods

4.3.1. Plasmid construction

pQE60-expression plasmids were generated by subcloning PCR-obtained inserts from
mouse fibroblast (extracted as in section 3.4.4) using the indicated primers: primers
mCD98hcCytoTailShortF and mCD98hcCytoTailR for plasmids pQE60His/mCytoTailCan and
pQE60GST/mCytoTailCan, and primers mCD98hcCytoTailLongF and mCD98hcCytoTailR for
plasmids pQE60His/mCytoTailAlt and pQE60GST/mCytoTailAlt, inserted into pQE60His or
pQE60GST using Ncol (R0193, New England Biolabs) and BamHI (R0136, New England Biolabs).
pQE60His and pQE60GST were a kind gift of Dr. Simona Saccani and Dr. Dominic Van Essen.

To obtain pcDNA3.1(-)/mCanCD98hcTAPtag and pcDNA3.1(-)/mAIltCD98hcTAPtag,
versions of pcDNA3.1(-)/mCanCD98hc, pcDNA3.1(-)/mAItCD98hc were generated as
described in section 3.4.4 but without stop codons. Then, TAPtag sequence was extracted
from pBS/479, (a kind gift from Dr Lawrence Goldfinger) using BamHI (R0136, New England
Biolabs) and Hindlll (R0104, New England Biolabs), and subcloned into pcDNA3.1(-
)/mCanCD98hc, pcDNA3.1(-)/mAItCD98hc or pcDNA3.1(-). pcDNA3.1(-)/mCanCD98hc3xFLAG
and pcDNA3.1(-)/mAItCD98hc3xFLAG were obtained by inserting 3xFLAG sequence in
pcDNA3.1(-)/mCanCD98hc, pcDNA3.1(-)/mAItCD98hc or pcDNA3.1(-) using BamHI (R0136,
New England Biolabs) and Hindlll (R0104, New England Biolabs). The insert was obtained by
hybridizing oligos 3xFLAGF and 3xFLAGR at a concentration of 50 uM for 5 minutes at 95° C

and posterior slow return to room temperature.

pBabe_puro/mCanCD98hc and pBabe_puro/mAItCD98hc were obtained by inserting
into pBabe_puro PCR-obtained DNA fragments as described in section 3.4.4 for pcDNA3.1(-
)/mCD98hcCanon and pcDNA3.1(-)/mCD98hcAlt.

Sequences encoding for CD98hc cysteine-mutated versions (C109S, C330S or both
together for Cysless), previously described (Boulter et al., 2018), were inserted into pBabe-
puro using Sall (R0138, New England Biolabs) and EcoRI (R0101, New England Biolabs) to
obtain pBabe_puro/hCD98hc, pBabe_puro/hCD98hcC109S, pBabe_puro/hCD98hcC330S or
pBabe_puro/hCD98hcCysless.

All plasmids were sequenced to control for potential mutations. Sanger sequencing was

performed by GATC, Eurofins. Oligonucleotide sequences can be consulted in table 3. All
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plasmid DNA used in experiments was purified from Escherichia coli TOP10 (C40403,

Invitrogen) strain using Plasmid Maxi Kit (12163, Qiagen) following manufacturer instructions.

Name Sequence

mCD98hcCytoTailShortF AGCCAGGACACCGAAGTGG
mCD98hcCytoTailLongF GATCCTGAACCTACTGAACACTCC
mCD98hcCytoTailR GTCTGGATCCTACCTTCAGTAGCTCCTCCTTGG

3xFLAGF GATCCGACTACAAAGACCATGACGGTGATTATAAAGATC
ATGACATCGATTACAAGGATGACGATGACAAGTGA

3xFLAGR AGCTTCACTTGTCATCGTCATCCTTGTAATCGATGTCATGATCTT
TATAATCACCGTCATGGTCTTTGTAGTCG

Table 3 Oligonucleotides.

43.2. Cells

Hela (human epithelial cervical cancer cells, ATCC number CCL-2TM) and 293 Phoenix
cells (ATCC number CRL-3213) cells were grown in Dulbecco’s modified Eagle’s medium
(21969-035, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) (10270106, Gibco)
and 2 mM L-glutamine (25030-024, Gibco). Primary mouse dermal fibroblasts were isolated
from Fsp1-Cre-CD98hcf adult skin using enzymatic digestion and immortalized by using
pBRSV (ATCC) encoding for the SV40-large T antigen as previously described (Tissot et al.,
2018). They were grown in DMEM supplemented with 10% v/v FBS (HyClone), 20 mM Hepes,
pH 7.3 (15630-056, Gibco), 100 uM non-essential amino acids (11140-035, Gibco), 2 mM L-
glutamine and 100 pM 2-mercapto-ethanol (M6250, Sigma). Stable expression of CD98hc
mutants was achieved by transfection of cells with pBabe_puro/mCanCD98hc,
pBabe_puro/mAItCD98hc, pBabe_puro/hCD98hc, pBabe_puro/hCD98hcC109S,
pBabe_puro/hCD98hcC330S or pBabe_puro/hCD98hcCysless, or by transduction with
retroviral vectors produced from the same plasmids in 293 Phoenix packaging cells as

described before (Pear et al., 1993) and puromycin (2 ugml). All cells were grown at 37°Cin a

humidified atmosphere containing 5% CO..
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4.3.3. Protein expression in bacteria

CD98hc-GST or 6xHis proteins were produced in BL21 derivative Rosetta E. coli. Bacterial
cultures were kept in the exponential grow phase until OD was 0.6 in LB medium with
ampicillin (100pug/ml) and chloramphenicol (25ug/ml), then exogenous protein production
was induced with IPTG 1 mM. Cells were then kept for either 2 h at 37° C or overnight at 23°
C as indicated. Culture samples were then taken, cells isolated by centrifugation and

resuspended in Laemli’s buffer for SDS-PAGE analysis.

For GST-based purification, cells were disrupted by sonication and incubated with
Glutation Sepharose 4B (GE Healthcare, 17-0756-01) beads as indicated by the manufacturer
(forlhat4C).

4.3.4. Protein expression in mammalian cells

Cells were transfected with plasmids pcDNA3.1(-)/mCanCD98hcTAPtag, pcDNA3.1(-
)/mAItCD98hcTAPtag, pcDNA3.1(-)/mCanCD98hc3xFLAG or pcDNA3.1(-)/mAItCD98hc3xFLAG
as described in section 3.4.12. 48 h post transfection, TAPtag-based purification was
performed as described before (Holowaty et al., 2003). Briefly, a cell extract of 4x107 cells was
incubated with 50ul of 1gG-Sepharose 6 beads (Amersham Biosciences) for 2 h at 4° C, and
bound TAP-tagged protein was released by incubation overnight 4° C with 120 units of tobacco
etch virus (TEV) protease (Invitrogen). Eluted protein was further purified by incubation with

calmodulin-Sepharose 4B for 2 h at 4° C.

4.3.5. SDS-PAGE and Western blotting

Protein samples were mixed with reduced Laemmli’s sample buffer and heated at 95°C
for 5 min. Electrophoresis separation was then performed in SDS-PAGE gels. For total protein
staining, gels were stained with Coomassie R-250 Imperial Protein Stain (24615, Thermo
Scientific) as indicated by the manufacturer. For Western blot analysis, after electrophoresis,
proteins were electroblotted onto polyvinylidene difluoride membranes and blocked by
incubation with 5% non-fat dry milk in PBS for 30 minutes at RT. Membranes were then
probed with primary antibodies (goat anti-CD98hc N-20 1:200, Santa Cruz Biotechnology,
rabbit anti-calmoduline binding protein epitope tag 1:5000, #07-482 Millipore, rabbit anti- 1
integrin, 1:1000 #AB1952 Millipore, mouse anti- 3 integrin, 1:1000 #611140 BD Biosciences,
mouse anti-FLAG M2, 1:2000 #F3165 Sigma-Aldrich) diluted in blocking solution for 16 h at
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4°C. Then, membranes were thoroughly washed with PBS, incubated with goat anti-rabbit IgG
horseradish peroxidase conjugate (W4011, Promega), goat anti-mouse IgG horseradish
peroxidase conjugate (W4021, Promega) or donkey anti-goat 1gG horseradish peroxidase
conjugate (PI-9500, Vector Laboratories) diluted 1:10,000 in blocking solution.
Immunoreactive bands were detected by ECL Immobilon Western (WBKLS0500, Merck)

according to the provided protocol.

4.3.6. Flow cytometry analysis

Immonulabelled cells were analysed on a flow cytometer (Calibur, BD) with the
CellQuestPro software (BD). Cells were incubated with the primary antibody 1:100 in PBS 0.1%
BSA for 1h at 4° C. Cells were then thoroughly washed and, when necessary, incubated with
the secondary antibody 1:250 in PBS 0.1% BSA for 1h at 4° C. Primary antibodies used were,
Biolegend, hamster anti-al integrin, #555001 BD Biosciences, hamster anti-a5 integrin,
#553350 BD Biosciences, rat anti-a6 integrin, #563707 BD Biosciences, rat anti-B1 integrin,
#MAB1997, and hamster-anti3 integrin, #553344 BD Biosciences, rat anti-mouseCD98hc
RL388 coupled with Alexa 647, and hybridoma C13 specific for human CD9hc. Secondary
antibodies were Alexa 647-coupled goat anti-hamster (#AB173004 Abcam) and Alexa 647-
coupled goat anti-rat (#AB150159 Abcam).

4.3.7. Cell growth

For cell growth assays, cells were seeded at 5x10* cells per well in 6-well tissues culture
plates with complete DMEM (see above). Cells were counted in triplicates every 24 h using a

phase-contrast microscope.

For impedance-based real-time monitoring of cell population surface we used the
XxCELLigence system. Briefly, the xCELLigence system monitores electrical impedance of
culture cells across interdigitated microelectrodes integrated on the bottom of specially
designed culture plates. The impedance measurement is proportional the electrode surface
occupied by adhering cells. Electrode impedance changes displayed as Cell Index (arbitrary
units) were used to adhesion and growth. 5,000 cells were seeded per well at time 0 in E-16
plates (5469830001, Acea Biosciences) and readings were collected every 1 minute for 10
hours and every 5 minutes for the rest of the time. Results are reported as normalized Cell

Index (CI).
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4.3.8. Adhesion assays

96-well tissue culture plates were coated with Fn (F1141 Sigma) at 0.5, 1, 2.5, 5, 10 or
25 pg/ml overnight at 4°C, then blocked with 2% heat-inactivated BSA (A7906 Sigma). 5x103
cells were plated in each well and were allowed to adhere for 60 min at 37°C in triplicates.
Nonadherent cells were washed off, adherent cells were fixed and stained with crystal violet.
Adherent cells were quantified in bright-field microscopy images with a CellProfiler (Carpenter

et al., 2006) customized pipeline.

4.3.9. Spreading assay

24-well tissue culture plates were coated with Fn (F1141 Sigma) at 10 pug/ml overnight
at 4°C, then blocked with 2% heat-inactivated BSA (A7906 Sigma). 5x10* cells were plated in
each well and were imaged with a phase-contrast microscope at 0.5, 1, 2, 3.5 and 5 h in

triplicates. Cell surface was then quantified using ImageJ software.

4.3.10. PNGaseF deglycosylation reaction

The reaction was performed as explained in section 3.4.5

4.3.11. Magnetic mechanostimulation and RhoA pulldown

Dynabeads (14203, Invitrogen)s were coated with Fn (F1141Sigma) following
manufacturer’s protocol. Cells were grown on 10 cm tissue culture dishes for 24 h. Dynabeads
were individualized by passing through a 27 G needle and were incubated with the cells for
20 min. Magnetic field was generated by applying a permanent Neodymium magnet on top
of the cell monolayer for 5 minutes as previously described (Guilluy et al., 2011) to apply a

force of 10 pN per bead.

RhoA activation was tested using a GST-RBD pull-down, as detailed previously (Arthur
and Burridge, 2001). Briefly, cells were lysed for 10 min in 25 mM HEPES pH 7.3, 150 mM NaCl,
5 mM MgCl2, 0.5% Triton X-100, 0.1% SDS, 10mM NaF, 5 mM dithiothreitol (DTT), and
protease inhibitors at 4 °C. Triton-X-100-insoluble material was removed by centrifugation for
10 min at 9500g and the lysates were incubated for 40 min with 50 pug of immobilized GST—
RBD at 4 °C. Resulting samples were immunoblotted for RhoA (RhoA-GTP) as well as control

whole lysates (total RhoA).
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4.3.12. Statistical analysis.

All experiments were performed at least three times. Group comparison was performed
using two-tailed unpaired Student’s t test. Multiple groups comparison was performed by
one-way ANOVA followed by Tukey’s multiple comparisons test. All tests were performed

using the GrahPad Prism software.
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Mammals are highly complex organisms with a wide range of cell types subjected to a
myriad of complex processes such as development, homeostasis or adaptation to external
conditions. All the cells in the organism need to be coordinated to perform different and
complementary functions at a given time in a tightly controlled manner. For instance, the
proliferation and apoptosis rates are crucial all throughout an individual’s life. These cell
processes are highly reactive to intracellular and extracellular signaling, but their
dysregulation can lead to diseases, notably cancer. Yet, all the cell types with different
coordinated functional regulations in an organism originate from a single cell and contain

identical genetic information.

The estimate of protein-coding gene number in human (20,000-25,000) is lower than
the mouse estimate (30,000), similar to Arabidopsis thaliana (25,000), not very far from
Drosophila melanogaster (14,000) and four times Saccharomyces cerevisiae (6,000). There is
a noteworthy lack of correspondence between genome size and organism phenotypic
complexity in the eukaryotic evolutionary line. Thus, other factors account for the increase in
organismal complexity, such as a more complex gene expression regulation. In fact, systems
governing gene expression, from the transcriptional to the translational level, become more

elaborate with the increment in organism complexity (Levine and Tjian, 2003; Pray, 2008).

This context supports the emergence of an alternative CD98hc promoter—and
therefore an alternative transcription regulatory system—in mammals, as compared to less
complex vertebrates. CD98hc is a widely expressed protein with the ability to regulate cellular
processes such as proliferation through integrin adhesive signaling and amino acid transport.
Hence, it requires a very controlled and cell type-specific regulation to maintain tissue
homeostasis without inducing aberrant proliferation. Also, as opposed to its homologs in
other clades that are exclusively implicated in amino acid transport, CD98hc has acquired
more complex functions in vertebrates. A way to achieve a proper CD98hc expression in
complex organisms such as mammals, with a wide variety of cell types and processes, is by
increasing the complexity of CD98hc expression regulation. A locus with multiple promoters
has different sets of proximal and distal regulatory elements (5’ to the core promoter) and
can, therefore, be responsive to a wider range of signals. These regulatory elements normally
function not only as direct activators or inhibitors but also as tethering systems to establish

contact with enhancers or silencers and the regulatory protein complexes bound to them,
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which increases the combinatorial possibilities of gene expression regulators acting in the
locus. The emergence of alternative promoters is not a process restricted to CD98hc.
Alternative promoter usage to generate a complex transcriptional regulation in vertebrates
has been identified in numerous loci (Hoppler and Kavanagh, 2007; Landry et al., 2003;
Murray-Zmijewski et al., 2006). In this case, our data suggest a common origin of CD98hc
alternative variant and the long non-coding RNA SNHGI1. Coregulation or functional

interaction between these two genes will have to be further investigated.

This is the first time CD98hc is clearly described as a 2-variant protein with two
alternative promoters. As such, it opens the way for validation and further characterization of
CD98hc alternative promoter, transcript(s), and protein variant(s). Of particular interest is the
comparative study of CD98hc multiple variants to evaluate their implication on different cell-
environment signaling or stress responses. Interpretation of previous CD98hc-related results
in this new context has some limitations that will have to be taken into account for the design
of future studies. Until this date, all CD98hc variants have been studied together without
awareness. Oligonucleotides used as probe or primer to detect CD98hc so far, as well as KO
or knockdown techniques (siRNAs, genomic KO, etc.) and antibodies with CD98hc binding
capacity are targeted to the common region of both variants, making it impossible to
differentiate among them. Thus, a development of variant-specific tools is now required for a
more comprehensive future research. Nevertheless, there are some exceptions where the
difference can be made between both variants, like RNA sequencing studies with the
necessary depth for transcript variant differentiation, studies based on expression of

exogenous CD98hc or genome-wide analysis.

The distinction between CD98hc alternative and canonical variant and their
corresponding promoters presented in this study will help to clarify the terminology and some
existent data. There is currently an ambiguity when referring to CD98hc: while the CD98hc
research community normally refers implicitly to the canonical variant, databases such as
Uniprot include both canonical and alternative (predicted from RNA-seq studies) variants.
These databases are usually the first source of information for researchers not familiar with
the CD98hc community. Lack of proper labeling and implicit information lead to confusion

when talking about CD98hc amino acid residue positions or protein domains across studies.
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Some confusion arises regarding CD98hc promoters as well. Studies focusing on CD98hc
transcriptional regulation have focused on the canonical promoter. On the other hand, some
transcriptional screenings analyzing genome-wide features have described hits in CD98hc
alternative promoter region, annotated as CD98hc predicted promoter in databases and
genome browsers. As an example, a recent study found fascin to have a TF role in the nucleus,
activating transcription in a number of loci, CD98hc among them (Saad et al., 2016). However,
the ChlP-seq fascin peak the authors identified does not correspond with CD98hc promoter
as described in the literature. The result can now be better interpreted knowing that fascin
ChlIP-seq peak spans CD98hc alternative promoter. Another study from 2015 identified the
SNP rs1059292 as associated with bad prognosis in non-small cell lung cancer. The researchers
ascribed this SNP to a region labeled as “CD98hc promoter” and performed promoter
functional assays in vitro, to find an increased promoter activity for the variant associated with
bad prognosis (Guo et al., 2015). Some confusion arises again in the labeling: rs1059292
locates to CD98hc alternative variant promoter and is, therefore, unlikely to affect the
canonical promoter activity. The information presented here will help in untangling the
nomenclature confusion and will enrich the framework for design and interpretation of future

studies in the field.

When analyzing mRNA and protein expression data of both CD98hc variants, the
translation process has to be considered. Mature alternative and canonical mRNAs only differ
in the presence or absence of exons 1b, 1c, 1d and 1e. Being ~100 bp each, the maximum
difference is ~400 bp, and is only ~100 bp when just exon 1lb exists. Moreover, CD98hc
alternative variant Kozak sequence is not a strong consensus (gccUccAUGG, as compared to
the consensus gccRccAUGG, where R can be either A or G and lower-case letters can vary). It
is, therefore, possible for the ribosome to skip the first start codon and continue scanning until
the canonical start codon, a process known as leaky scanning. Hence, the canonical CD98hc
protein could be translated from CD98hc alternative mRNA. However, this is only probable for
transcripts excluding exons 1c, 1d and 1e, because these exons include additional AUG codons

in different frames.

As discussed in section 3.3, CD98hc alternative promoter region 5 contains the minimal
promoter, region 4 includes a number of core regulatory elements and regions 1, 2 and 3 seem

to exert a repressive function. The potential repressive activity of regions 1, 2 and 3 has the
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peculiarity of differentiating CD98hc canonical and alternative promoters: a similar pattern
has never been identified in CD98hc canonical promoter when similar studies were performed
(Gottesdiener et al., 1988; Yan et al., 2007b). The curated TFBS analysis reported here also
suggests a differential regulation between both promoters. These differences are the key to
bringing the increase in regulation complexity, and therefore the increased versatility of

CD98hc expression regulation in complex organisms.

The possible mechanisms to explain this apparent repression could be SNHGI-
dependent regulation, TFs or DNA structure and are further discussed in section 3.3. A deeper,
mechanistic characterization of CD98hc alternative promoter regulation will be the focus of
future research. Among a number of possible additional questions to continue this line of
research, one rises rapidly: is this repression, that seems constitutive, lifted under particular
stimuli or circumstances? Removal or inhibition of a constitutive repressor activity in a
promoter could represent a mechanism of relatively rapid protein increase under a specific
need because all the transcriptional machinery could be already assembled and waiting for
blockage removal. Hence, CD98hc alternative promoter activity will have to be tested under
different cell stimuli or stress conditions. In particular, due to CD98hc known expression
pattern and function, one could imagine testing promoter activity under the stimulus of

different GF or in the presence of different integrin substrates.

In conclusion, this work led to the discovery of a new CD98hc protein variant in
mammals with multiple splicing variants in simians. Moreover, it identified an alternative
promoter governing this novel variant expression. The study of this alternative promoter by
functional assays and potential cis-regulatory elements yielded results different than those
available for CD98hc canonical variant, strongly suggesting a different transcriptional
regulation. CD98hc alternative variant has a ubiquitous expression pattern and its differential
N-terminal portion has no predicted intrinsic 3D structure. Future studies should focus on
protein functional analysis and the importance of CD98hc alternative variant under the wide

variety of CD98hc-relevant cell types and stimuli.
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Annex 1: Review article “SLC3A2”
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The following review article was published as part of the Encyclopedia of Signaling
Molecules (Springer, 2018). LB and MP wrote the amino acid transport and structural parts
while CF and | wrote the integrin and other partners sections. All authors reviewed the final

manuscript.
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4F2hc; 4F2 heavy chain; CD98hc; CD98 heavy
chain; FRP-1; Solute carrier family 3 (activators
of dibasic and neutral amino acid transport),
member 2

Historical Background

The ability of cells to sense, respond, and adapt to
their environment is essential for multicellular
life. SLC3A2 protein provides cells with the
capacity of adjusting to their surroundings by
mediating two fundamental molecular functions:
amino acid transport and integrin signaling.
SLC3A2 is involved in many cellular pro-
cesses, such as early activation of T and B cells
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(Cantor et al. 2009, 2012), cell fusion (Deves
et al. 2000; Takesono et al. 2012), cell survival
and migration (Feral et al. 2005), cell proliferation
(Cantor et al. 2009; Boulter et al. 2013; de la
Ballina et al. 2016), mechanotransduction
(Estrach et al. 2014), and angiogenesis ( Liao
et al. 2016). Thus, SLC3A2 is crucial for
responding to different cellular stresses (i.e., oxi-
dative or nutritional stress (de la Ballina
et al. 2016), lack of proper cel/ECM attachment
(Feral et al. 2005), mechanical stress (Estrach
et al. 2014)). Also, SLC3A2 interacts with part-
ners other than amino acid transporters or
integrins, forming part of macromolecular com-
plexes (Liu et al. 2003; Xu et al. 2005; Yan
et al. 2008) (detailed later). The genetic defect of
SLC3A2 results in embryo lethality (Tsumura
et al. 2003), and no SLC3A2 mutations have
been described so far. Altogether these data high-
light the pivotal role of SLC3A2 for a correct and
efficient cell behavior.

SLC3A2 constitutes the ancillary protein of
six human amino acid transporters (SLC7AS,
SLC7A6, SLC7A7, SLC7AS8, SLC7A10, and
SLC7A11; Fotiadis et al. 2013); it also functions
as a coreceptor of B-integrins, amplifying their
downstream  outside-in  signaling  (Feral
et al. 2005). Interestingly, different domains of
SLC3A2 regulate each function, namely,
SLC3A2 cytoplasmic and transmembrane
domains (105 aa) are responsible for integrin sig-
naling, whereas SLC3A2 ectodomain (SLC3A2-
ED, 425 aa) is implicated in amino acid transport
(de la Ballina et al. 2016) without affecting
integrin signaling (Feral et al. 2005).

Highly  proliferative  cells  overexpress
SLC3A2 both in physiological (Boulter et al.
2013) and pathological conditions (McCracken
et al. 2013). Thus, whereas playing an important
role in keeping homeostasis of healthy tissues,
this signal integrator molecule also favors pro-
gression of disease, like in cancer, where
SLC3A2 expression has been associated with
poor prognosis (Cantor et al. 2012; Ip et al. 2016).

SLC3A2 constitutes an attractive therapeutic
target for anticancer treatments (Bajaj
et al. 2016; Ip et al. 2016). In order to develop
drugs that affect SLC3A2-facilitated processes, it
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is crucial to understand the mechanisms by which
this protein and its multiple partners function.

SLC3A2: Heavy Subunit of Heteromeric
Amino Acid Transporters (HATSs)

SLC3A2 is part of the heteromeric amino acid
transporters (HATs), one of eleven families
involved in amino acid transport across cell
plasma membrane in mammals (Broer
et al. 2002). HATs constitute the only known
example of solute carriers composed by two sub-
units: i) a heavy subunit (from solute carrier fam-
ily SLC3) and ii) a light subunit (from solute
carrier family SLC7), which are covalently linked
together through a disulfide bridge. Human
SLC3AZ2 heterodimerizes with one of six catalytic
subunits, which are the actual transporters and
confer substrate specificity to the heterodimeric
complex (Reig et al. 2002). SLC3A2 traffics the
whole transporter to the plasma membrane, where
it mediates the corresponding amino acid trans-
port activity. Combinations between SLC3A2 and
each of the catalytic subunits render multiple
amino acid transport systems, which cover a
broad substrate range including all essential
amino acids.

SLC3A2 is the only member of the SLC3
family exhibiting a ubiquitous distribution; how-
ever, in epithelial cells SLC3A2 is exclusively
localized at the basolateral membrane. Such dis-
tinct distribution might determine the surface
localization of its respective light chains allowing
a vectorial amino acid transport in polarized cells.
This is particularly relevant in membranes of epi-
thelial cells of the kidney and intestine, where
HATs are in charge of the reabsorption and
absorption of amino acids filtered from the blood
before their excretion and from digested proteins,
respectively (Fig.1) (Fotiadis et al. 2013).

SLC3A2 and associated transporters are
involved in several human pathologies.
SLC3A2, SLC7AS5 and SLC7AI11 present an
increased expression in tumors (being the amino
acid transporters overexpressed in most cancer
types) (McCracken et al. 2013). Moreover,
SLC3A2 expression levels correlate with poor
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SLC3A2, Fig. 1 Amino acid transport mediated by
HAT:. (a) Interplay between HATs and other transporters
allows vectorial transport of amino acids across epithelia,
such as in the small intestine and kidney proximal tubule.
Cystine (CSSC) and dibasic amino acids (447) fluxed
through epithelial cells are ensured by the presence of
distinct transport systems at the apical and basolateral
membranes. The apical transport system b%" (catalyzed
by SLC3A1/SLC7A9) mediates influx of AA" and CSSC
in exchange of neutral amino acids (44°), which are accu-
mulated in the cell by the Na'-dependent transporter
SLC6A19. AA™ exit the basolateral membrane through
system y'L (catalyzed by SLC3A2/SLC7A7) in exchange
of AA® and Na'; this is favored by the Na" gradient
generated by the basolateral Na*, K ATPase. The apical
small intestine transporter SLC15A1 contributes to the

amino acid pool of the cell by mediating the uptake of di-
and tripeptides. Transporters SLC16A10 (aka TATI, for
aromatic amino acids) and SLC43A2 (aka LAT4, for
branched-chained amino acids, phenylalanine, and methi-
onine) are candidates for mediating the basolateral efflux
of intracellular AA° (black circle with question mark). The
involvement of SLC3A2/SLC7AS in this process has also
been proposed. (b) In non-epithelial cells HATs SLC3A2/
SLC7AS, SLC3A2/SLC7A6, and SLC3A2/SLC7AL11 pro-
vide cells with a balanced AA content, which allows them
to counterbalance oxidative stress (via SLC3A2/SLC7A11
transport, import of CSSC, and its rapid conversion to
cysteine (L-Cys), which constitutes a rate determining
step in the glutathione (GSH) synthesis) and to fuel protein
synthesis and concomitant cell proliferation
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SLC3A2, Table 1 SLC3A2-associated SLC7 L-type amino acid transporters
Gene Protein | Transport Link to
name name system Substrates Transport type disease
SLC7A5 LAT1 System L Large neutral L-amino Antiporter. Similar intra-and | Overexpressed
acids, thyroid hormones | extracellular selectivity, in cancer
T3 and T4, L-DOPA, lower intracellular apparent
BCH affinity.
SLC7A6 y'LAT2 |Systemy'L | Na'-independent: Antiporter. Preferentially
L-cationic AA intracellular cationic AA
Na*-dependent: large against extracellular neutral
neutral L-AA AA/Na"
SLC7A7 |y'LAT1 |Systemy'L | Na'-independent: Antiporter. Preferentially LPI
L-cationic AA intracellular cationic AA
Na" -dependent: large against extracellular neutral
neutral L-AA AA/Na"
SLC7AS8 LAT2 System L Neutral L-amino acids, Antiporter. Similar intra-and
thyroide hormone T3, extracellular selectivity,
L-DOPA, BCH lower intracellular apparent
affinity
SLC7A10 | Ascl System asc Small neutral L.-AA and | Preferentially antiporter
D-serine
SLC7A1l1 | xCT System X, L-cystine (anionic form) | Antiporter. Preferentially Overexpressed
/L-glutamate extracellular cysteine against | in cancer/
intracellular glutamate KSHV
infection

AA amino acid
Adapted from Fotiadis et al. (2013)

prognosis in several tumor types. SLC7AS and
SLC7AL11 are both considered to be good targets
for antitumor therapies, and several inhibitors
against these transporters have been designed
and tested for reducing tumor proliferation and
progression (Ip et al. 2016). Besides their role in
cancer, SLC3A2-associated light subunits are also
involved in other diseases. Whereas mutations in
SLC7AS5 cause autism spectrum disorders
(Tarlungeanu et al. 2016), SLC7A11 is essential
for the Kaposi’s sarcoma-associated herpesvirus
(KSHV) infection (Veettil et al. 2008). Finally,
mutations in SLC7A7 cause lysinuric protein
intolerance (LPI) (MIM 222700), a rare aminoac-
iduria (Torrents et al. 1999; Borsani et al. 1999).

SLC3A2-Associated Amino Acid
Transport

Six different catalytic subunits (SLC7AS,
SLC7A6, SLC7A7, SLC7AS8, SLC7A10, and
SLC7AT11) require the ancillary protein SLC3A2
to be trafficked to the plasma membrane, where

they yield four different transport activities
(L, y+L, asc, and x. ). SLC3A2-associated trans-
porters function as Na'-independent mainly
obligatory antiporters (SLC7A10 can also func-
tion as uniporter), meaning that they mediate the
translocation of one amino acid across the mem-
brane in exchange to another amino acid being
transported in the opposite direction (1:1 stoichi-
ometry). For a detailed review on HATs, see
Fotiadis et al. (2013); here, an outline of
SLC3A2-associated light subunits and the amino
acid transport systems they mediate is presented
(Table 1).

System L: SLC7A5 (LAT1) and SLC7A8 (LAT2)

System L is responsible for Na'-independent
transport of large branched-chain and aromatic
neutral amino acids in almost all types of cells.
There are four isoforms of system L; two of
them, SLC7A5 (LAT1) and SLC7A8 (LAT2),
are SLC3A2-associated transporters, whereas
the other two, SLC43A1 (LAT3) and
SLC43A2 (LAT4), are SLC3A2-independent
isoforms.
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SLC3A2/SLC7AS5 is an obligatory exchanger.
The uptake selectivity range of this transporter is
relatively broad (large neutral L-amino acids, thy-
roid hormones T; and T4 1-3,4-dihydroxy-
phenylalanine (L-DOPA), and 2-aminobicyclo-
[2,2,1]-heptane-2-carboxylic ~ acid  (BCH)).
Because the apparent affinity for extracellular
amino acids (in the micromolar range) is
100-fold higher than for intracellular ones, the
concentration of intracellular amino acids controls
the transport rate. SLC3A2/SLC7AS5 does not
mediate net uptake of amino acids; instead, this
transporter is designed for equilibrating the rela-
tive concentrations of different amino acids across
a membrane (Fotiadis et al. 2013). Its essential
role in the uptake of branched-chain and aromatic
amino acids has been recently demonstrated;
SLC3A2/SLC7A5 function cannot be compen-
sated for alternative transporters (de la Ballina
et al. 2016). SLC3A2/SLC7AS is also key in
mTOR regulation (Nicklin et al. 2009; Cormerais
et al. 2016) by providing neutral-branched amino
acids to activate mTOR. Recent data show that
SLC3A2/SLC7AS is recruited to the lysosome
membrane and mediates Leu uptake into the lyso-
some, being thus essential for mTOR activation,
cell growth, and proliferation (Milkereit
et al. 2015). SLC7AS is expressed in most tested
tumors and tumor cell lines.

SLC3A2/SLC7A8 exchanges all neutral
amino acids, with the exception of proline, across
the membrane in a Na'-independent manner and
thereby equilibrates their relative concentration.
This transporter presents a wider selectivity of
neutral amino acids than SLC3A2/SLC7AS,
transporting also small ones. Similar to
SLC7AS, SLC7AS8 also displays a much lower
apparent affinity for intracellular amino acids
than for extracellular ones (exception for glycine).
SLC3A2/SLC7AS is mainly expressed, but not
only, at the basolateral membrane of the proximal
kidney tubule and small intestine (Fotiadis
et al. 2013).

System y*L: SLC7A7 (y*LAT1) and SLC7A6
(y*LAT2)

System y 'L mediates the efflux of dibasic amino
acids in exchange for, preferably, large neutral
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amino acids and Na'. The affinity of this system
depends on the type of neutral amino acid and the
cation concentration present in the medium.
SLC7A7 (y'LAT1) and SLC7A6 (y LAT2) are
the two isoforms responsible for this transport
system.

SLC3A2/SLC7AT7 catalyzes the transport of
dibasic amino acids in the absence of Na" and
the uptake of neutral amino acids together with
Na“, which (as well as protons) increases the
affinity for neutral amino acids without altering
the maximal velocity of the transporter. Na® is
cotransported in a 1:1 stoichiometry with neutral
amino acids (Fotiadis et al. 2013). SLC3A2/
SLC7AT7 presents a basolateral distribution in kid-
ney and small intestine. It participates in the renal
reabsorption and intestinal absorption of basic
amino acids (lysine, arginine, and ornithine).
This transporter is defective in the autosomal
recessive disease lysinuric protein intolerance
(LPI) characterized by the urinary hyperexcretion
and intestinal malabsorption of cationic amino
acids (arginine, lysine, and ornithine) (Torrents
et al. 1999; Borsani et al. 1999).

SLC3A2/SLC7AG6 transport characteristics are
very similar to those of SLC3A2/SLC7A7. It also
mediates the Na*-independent transport of dibasic
amino acids and the Na'-dependent uptake of
neutral amino acids, but it preferentially catalyzes
L-arginine efflux in exchange of L-glutamine plus
Na' (Bréer et al. 2002). In contrast to SLC7A7,
SLC7A6 is widely expressed in epithelial and
non-epithelial tissues.

System Asc: SLC7A10 (Asc1)

System asc (alanine-serine-cysteine) is composed
by two isoforms: SLC3A2-associated SLC7A10
and SLC7A12, which is associated to a yet
unknown heavy subunit. SLC7A12 is present in
rodent (e.g., mouse and rat) but not in the human
genome.

SLC3A2/SLC7A10 mediates the Na'-
independent transport of small neutral amino
acids such as L-glycine, L-alanine, L-serine,
L-threonine, L-cysteine, a-aminoisobutyric acid,
and B-alanine. SLC7A10 mRNA is strongly
expressed in the human kidney and brain; lower
expression appears in the human placenta, heart,
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skeletal muscle, lung, liver, and pancreas. Con-
trary to other members of HATs, SLC3A2/
SLC7A10 functions as a preferential (but not
obligatory) exchanger, being able to also mediate
uniport. SLC7A10 also accepts with a high-
affinity p-isomers of small neutral amino acids,
in particular p-serine. D-serine plays an important
role in the central nervous system where it is
required for the activation of the glutamate
N-methyl-p-aspartate (NMDA) receptor. Because
of this high affinity for p-serine, together with the
high levels of expression in brain, SLC7A10 is
proposed to play a significant role in D-serine
mobilization in the brain (Fotiadis et al. 2013).
Moreover, SLC7A10 ablation in mice shows
that this transporter controls glycine levels in the
central nervous system and is required for
glycinergic inhibitory transmission, making it a
candidate for hyperekplexia disorders (Safory
et al. 2015).

System x. : xCT (SLC7A11)
SLC3A2/SLC7A11 heterodimer is the only iso-
form of system x. .

This heterodimer catalyzes the Na'-
independent electroneutral exchange of extracel-
lular anionic cystine for glutamate (1:1 stoichiom-
etry). Because of the low cystine content inside
the cells (as it is rapidly reduced to cysteine), the
physiological direction of this exchange consists
of an exit of glutamate that favors the entrance of
cystine. Cystine uptake and reduction are rate
limiting for glutathione (GSH) synthesis.
SLC7A11 transport directly controls intracellular
GSH levels and, therefore, modulates the
buffering of reactive oxygen species (ROS).
SLC3A2/SLC7A11 activity invalidation leads
to ferroptosis, an iron-dependent oxidative
(non-apoptotic) death (Dixon et al. 2012).
SLC7AT11 expression is elevated in cells requiring
high GSH synthesis, as native brain and activated
macrophages, as well as in most cell culture lines,
where oxygen tension is higher than physiological
levels. In the brain, SLC3A2/SLC7AI11 plays a
role in the homeostasis of glutamate levels
(Danbolt 2001). SLC7AT11 has also been identi-
fied as a fusion-entry receptor for Kaposi’s
sarcoma-associated herpesvirus (KSHV) and
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may mediate KSHV entry either in isolation or
as part of a complex with other receptors for the
virus (Veettil et al. 2008). As SLC7AS, SLC7A11
is also overexpressed in tumors (McCracken
etal. 2013).

Structure of SLC3A2 and Heteromeric
Amino Acid Transporters

HATs are formed by members of family SLC3
(type 1I N-glycoproteins with a transmembrane
domain and a bulky ectodomain) and family
SLC7 (non-glycosylated proteins with 12 trans-
membrane domains). Heterodimers are bound
together by a disulfide bridge. In this section the
current structural knowledge of HATs is depicted.
A more detailed review on this topic has recently
been published (Palacin et al. 2016).

HAT Heavy Subunits

The structure of SLC3A2 ectodomain (SLC3A2-
ED; at 2.1 A resolution, PDB: 2DH2) (Fort
et al. 2007) constitutes the only available atomic
structure of HATs (Fig. 2).

The SLC3A2-ED structure resembles that of
bacterial a-amylases, showing a triose phosphate
isomerase (TIM) barrel (o/B)s (A-domain) and
eight antiparallel  B-strands  (C-domain).
a-Amylases present, inserted between the third
B-strand and the third o-helix of domain A, an
additional long loop region containing calcium-
binding sites (B-domain) (Fort et al. 2007).
Despite the sequence identity (25% for
A-domain) and structural similarities between
SLC3A2 and  Dbacterial o-amylases, the
a-glycosidase activity is lost in SLC3A2 (Fort
et al. 2007). The N-terminal position of
SLC3A2-ED structure corresponds to Cys109,
which forms a disulfide bridge with the light
subunit and is just four residues away from
the putative transmembrane segment. The struc-
ture of SLC3A2-ED suggests that the location of
the N-terminus imposes strong structural
restraints with respect to both the docking of
SLC3A2-ED onto the membrane and the interac-
tions with the light subunit in the heterodimer
(Fort et al. 2007).
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domain A
(f¥/cx), TIM barrel

SLC3A2, Fig. 2 Structure of SLC3A2. (a) The
SLC3A2-ED structure (PDB: 2DH2; 2.1 A resolution)
can be described in terms of topology and multidomain
organization of o-amylases: the so-called A-domain of
a-amylases is here a (B/a)g TIM barrel. The C-domain
with eight antiparallel B-strands is also present. SLC3A2
lacks a B-domain, present in many a-amylases. (b) Struc-
tural model of the heteromeric complex SLC3A2/
SLC7AS, generated by combining negative-stained trans-
mission electron microscopy images, docking analysis,

HAT Catalytic Subunits

Together with their prokaryotic homologous,
HAT light subunits form the L-amino acid trans-
porter (LAT) family within the large amino acids,
polyamines, and organic cations (APC) superfam-
ily of transporters. The structure of three bacterial
APC (non-LAT) transporters has been solved:
AdiC (an arginine/agmatine exchanger), ApcT
(an H'-dependent amino acid transporter), and
GadC (a glutamate/GABA antiporter). These bac-
terial APC transporters, despite presenting low
amino acid sequence identity with catalytic sub-
units of human HATs (~14-20%), constitute their
present structural models (Palacin et al. 2016).
Despite not having relevant amino acid sequence
identity (~10%), all APC-solved structures share
the 5 + 5 inverted symmetry motif fold first
described for LeuT (a Na'-dependent and Cl™ -
dependent neurotransmitter transporter). The
5+ 5 inverted repeat fold (or LeuT fold) consists
of two-membrane topology repeats of five

domain C
8 antiparallel f-sheets

SLC3A2

SLC7A8

and cross-linking experiments. The long intracellular
N-terminus of SLC3A2 is not shown, and the position of
the transmembrane domain (shown as a transparent purple
cylinder) is a supposition based on compatibility with the
establishment of a disulfide bond between SLC3A2 and
SLC7AS8. Both in a and b, the atomic structure of SLC3A2-
ED is represented as a cartoon with a-helices (in purple)
and B-sheets (in gray). The structural model of SLC7AS8 is
a cartoon in dark gray

transmembrane (TM) domains each related by a
pseudo two-fold symmetry axis located in the
membrane plane. The two interior pairs of sym-
metry related helices (TM1/TM6 domains, which
are discontinuous and consist of two short
a-helixes connected by a highly conserved
unstructured segment, and TM3/TM8 domains)
largely define the central translocation pathway
that contains the binding sites for substrate and
ions in transporters sharing the 5 + 5 inverted
repeat fold. Atomic models of functionally dispa-
rate yet structurally related transporter families
have provided insight into the principles of an
alternating access mechanism in which the trans-
porter undergoes several conformational states
required to translocate the substrate across the
membrane. During this transition, the transporter
keeps the substrate accessible to only one side of
the membrane (substrate-binding pocket accessi-
ble to extracellular solution “open to out” or to the
cytoplasm “open to in”) at a given time by
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opening and closing different gates. Upon sub-
strate binding to the open-to-out apo state, the
substrate-bound state evolves to an occluded
state, where two gates (thick and thin) prevent
the diffusion of the substrate to either side of the
membrane. Transition to the inward-facing states
requires a transient fully occluded symmetrical
intermediate. AdiC, ApcT, and GadC have been
solved in “open-to-out,” closed intermediate step
and “open-to-in” states, respectively. In anti-
porters, the return to the outward-facing states
requires the binding and translocation of a new
intracellular substrate that will move the trans-
porter back through all the states but in the oppo-
site direction (Palacin et al. 2016).

As previously mentioned, several SLC3A2-
associated transporters (SLC7AS, SLC7A11) are
promising targets for the treatment of cancer.
Solving the structure of human LATs would be a
breakthrough that would allow the design of spe-
cific drugs relevant for clinics.

SLC3A2-Mediated Heterodimer Structure
SLC3A2-associated transporters work as single
heterodimers (Palacin et al. 2016). Whereas
SLC3A2 cytoplasmic and transmembrane
domains are important for interactions with
B-integrins (Feral et al. 2005), it has been
recently demonstrated the importance of the
SLC3A2-ED for the function of all SLC3A2-
associated transporters expressed in cultured
cells (SLC7A5, SLC7A6, and SLC7All)
(Fig. 1) (de la Ballina et al. 2016). This experi-
mental evidence gives support to what was pre-
viously predicted from a modeled structure of
SLC3A2-containing heterodimers. The structure
of human SLC3A2/SLC7AS8 was obtained by 3D
reconstruction from negatively stained com-
plexes at 21 A. Such 3D reconstruction, along
with docking analysis and cross-linking experi-
ments, showed the relative positioning of heavy
and light subunits. Thus, SLC3A2-ED would be
located just on top of the catalytic subunit and
interact with the extracellular loops of the
corresponding associated transporter, stabilizing
it (Rosell et al. 2014). In this model, the position
of the transmembrane domain of SLC3A2 is not
yet known (Fig. 2).
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SLC3A2 and Integrins

SLC3A2 was first found to regulate integrin signal-
ing by its ability to complement isolated B; cyto-
plasmic domain dominant suppression (Fenczik
et al. 1997), a phenomenon that occurs when over-
expression of [; cytoplasmic domain blocks
integrin activation. Co-immunoprecipitation and
subcellular co-localization were also reported,
strongly suggesting a physical interaction between
SLC3A2 and integrins (Fenczik et al. 1997). Alto-
gether, multiple studies have clearly shown that
SLC3A2 cytoplasmic and transmembrane domains
(105 aa) are responsible for integrin signaling,
whereas SLC3A2 ectodomain (SLC3A2-ED,
425 aa) is implicated in amino acid transport.
Each function depends on SLC3A2 contacts with
either beta-integrins or amino acid transporter cata-
lytic subunits. One can also raise the possibility that
SLC3A2 physical interactions, both with integrins
and SLC7 transporter family, could modulate each
other. Determining the specific role of each domain
of SLC3A2 was based on the use of swapped
domain chimeras between SLC3A2 and
CD69 — being both type II transmembrane glyco-
proteins. Although results obtained using this
approach were central, Cibrian and coworkers
recently established a functional link between
these two transmembrane proteins. In T cells,
CD69 associates with the amino acid transporter
complex SCL3A2/SLC7AS regulating its surface
expression and the uptake of L-tryptophan (Cibrian
et al. 2016). Single-point mutants could provide an
alternative for analyzing the dual function of
SLC3A2. Importantly, amino acid residues 82—-86
(WALLL), at the beginning of the transmembrane
domain, seem key for SLC3A2 oncogenic activity
via its effect downstream of integrins. On the
integrin side, it is the cytoplasmic domain of ;5
and B3 integrins (not 3,p or B7) which interacts with
SLC3A2 (Zent et al. 2000). More recently, B4
integrin was also reported to bind SLC3A2 in
human keratinocytes (Lemaitre et al. 2011).

Processes Tuned by SCL3A2

The dual interaction of SLC3A2, with integrins
and transporters, places this protein at the cross-
road of a network, providing the context for a
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complex cross regulation. SLC3A2 was discov-
ered as a lymphocyte-activating antigen, namely,
4F2, and was reported widely expressed in hema-
topoietic and lymphoid cells, as well as in all
established human tissue culture cells and in
most malignant human cells (reviewed in Deves
et al. 2000). The first line of evidence of
SLC3A2’s role in vivo resides in the embryonic
lethality of its full body knockout (E3.5-E9.5),
partly due to placentation defect (Tsumura
etal. 2003). SLC3A2 is also a crucial determinant
of human endometrial receptivity during the
implantation ~window of the blastocyst
(Dominguez et al. 2010). In order to study
SLC3A2 function in vivo, Feral et al. generated
a SLC3A2"" murine line (Féral et al. 2007),
which was then combined with multiple Cre
recombinase-expressing mouse lines. Specifi-
cally, given the SLC3A2 expression pattern, lym-
phocyte targeting (CD19 promoter) was
performed in vivo. Ginsberg’s lab established
that SLC3A2 is a key player in adaptive immu-
nity, via its integrin-signaling portion (Cantor
et al. 2009). While it is not a requisite for T- or
B-cell compartmentalization, initial activation, or
steady-state, SLC3A2 is crucial for clonal expan-
sion after antigen recognition (Cantor et al. 2009,
2012) making it a compelling target for autoim-
mune diseases.

SLC3A2 is also strongly expressed in epithelia
such as the skin and intestine. Spatiotemporal
SLC3A2 deletion in mouse basal keratinocytes
(K14 promoter) impaired skin homeostasis with
major defect in hair growth and wound healing
(Boulter et al. 2013). Importantly, this study
strongly suggests a key role for SLC3A2 during
skin aging. Collagen and fibronectin organization
are impacted upon loss of epidermal SLC3A2
in vivo, resulting in a more compliant skin
through a reduction in RhoA/ROCK signaling
and YAP/TAZ target gene expression (Estrach
et al. 2014). Concomitantly, integrin-SLC3A2
interaction is also necessary in vitro for cellular
contractility to exert the necessary force on the
matrix to mediate this mechanical assembly pro-
cess (Féral et al. 2007). SLC3A2 binding to
integrins is necessary for proper integrin outside-
in signaling (Feral et al. 2005), thus influencing
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cellular behavior downstream of integrins
(spreading, migration, anoikis). Consequently,
SLC3A2 overexpression, such as in transformed
or tumor cells, and SLC3A2-activating antibodies
enhance integrin signaling (Deves et al. 2000).
D. Merlin’s laboratory, by generating gain- and
loss-of-function genetic mouse models specifi-
cally in intestinal epithelial cells (villin promoter),
elegantly showed that SLC3A2 expression con-
trols homeostatic and innate immune responses in
the gut (Nguyen et al. 2011). SLC3A2 over-
expression induced barrier dysfunction and stim-
ulated cell proliferation, as well as production of
pro-inflammatory mediators. The authors raise a
possible mechanism in which SLC3A2 over-
expression would affect integrin signaling in
intestinal epithelial cells, disrupting the homeo-
static regulation of cell proliferation and survival,
which would result in abnormal basal intestinal
phenotype and contribute to increased intestinal
permeability.

In humans, SLC3A2 overexpression is a
marker of bad prognosis for many cancers. Early
in vivo studies consisting of injecting either over-
expressing cells or SLC3A2 null cells in nude
mice pointed out a role for this protein in tumor
development. Mouse models, either genetic or
chemical, completed our understanding by show-
ing that both integrin signaling and amino acid
transport are involved in tumorigenesis in vivo. In
the aforementioned intestine model, the ultimate
effect downstream of SLC3A2 overexpression is
the induction of tumorigenesis. As mentioned
previously, this relates to increased inflammation,
which could be integrin dependent (Nguyen
et al. 2011). In a Ras-driven skin cancer model,
SLC3A2 increased the stiffness of the tumor
microenvironment (Estrach et al. 2014). It also
amplified the capacity of cells to respond to matrix
rigidity, an essential factor in tumor development.
Thus, by potentiating integrins role in ECM
assembly in vivo, SLC3A2 supports tumor pro-
gression. A recent study also reported a role for
SLC3A2/integrin in  angiogenesis through
VEGFR activation in endothelial cells (Liao
et al. 2016), bringing a novel viewpoint. Notably,
SLC3A2 capacity to regulate amino acid trans-
port, and more specifically SLC7A5 and
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SLC7A11, participates in proliferation activation
and tumorigenic potential (Nicklin et al. 2009; de
la Ballina et al. 2016).

A humanized monoclonal antibody anti-
SLC3A2 was recently generated and tested from
a therapeutic point of view for acute myelogenous
leukemia (AML) (Bajaj et al. 2016). SLC3A2
specifically promotes AML propagation and
lethality by driving engagement of leukemia
cells with their microenvironment. This antibody
has several combined mechanisms of action
including  antibody-dependent cell death,
caspase-dependent apoptosis, lysosomal mem-
brane permeability increase, and amino acid trans-
port decrease. Importantly, although the integrin-
binding function is critical for the observed effect
of SLC3A2 on AML growth, authors reported that
more complete rescue of SLC3A2 null defects is
only observed following restoration of the amino
acid transport as well as integrin signaling func-
tions. This work nails the previously suspected
dual role of SLC3A2 in tumorigenesis via integrin
and amino acid transporter binding, suggesting
that targeting SCL3A2 may be more powerful
than solely targeting upstream adhesive signals.

Galectin-3

Extracellular space
i SRS
Cytosol

Cell migration

Cell spreading

Tissue homeostasis

SLC3A2, Fig. 3 SLC3A2 partners. All SLC3A2 known
partners (limited to SLC7AS for amino acid transporters)
are depicted. Suggested multiprotein complexes are shaded
in blue; nevertheless, data to support one SLC3A2

Anpikis
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SLC3A2 and Other Partners

In addition to amino acid transporters and
B-integrins, several other proteins have been
found to interact directly or indirectly with
SLC3A2. Specific functions and mechanisms of
these interactions remain somewhat elusive.
Nonetheless, they could participate in the regula-
tion of SLC3A2-dependent functions, potentially
placing SLC3A2 in a complex protein network
that requires further functional investigations
(Fig. 3).

As such, one of the first partners described was
secreted galectin-3, which binds SLC3A2 via its
ED glycosylation. Even though this interaction
seems implicated in functions as distinct as pla-
cental cell fusion and kidney tubulogenesis, its
role and mechanisms have not yet been fully
revealed. Xu et al. also described the formation
of a complex including SLC3A2 and the cell
surface protein CD147 (basigin), which promotes
production of matrix metalloproteinases and
hyaluronan and associates with monocarboxylate
transporters (MCTs) and integrins. The formation
of'this supercomplex was thought to play a critical

Cell proliferation

ECM assembly

Tumerigenesis

molecule gathering several partners simultaneously is still
missing. Described cellular processes downstream of
SLC3A2/partners’ interaction are also indicated
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role in energy metabolism (Xu et al. 2005). More
recently, CD147 was implicated in SLC3A2 redis-
tribution, thus regulating integrin/SLC3A2 down-
stream behaviors (Yan et al. 2008). Similarly,
intercellular adhesion molecule-1 (ICAM-1)
co-immunoprecipitates with SLC3A2, and
antibody-mediated cross-linking of both proteins
conversely affects leucine transport by SLC7A8
(Liu et al. 2003). More specifically, in primary
endometrial epithelial cells, SLC3A2 interacts
with tetraspanin CD9, within the tetraspanin-
enriched microdomains at the plasma membrane,
which greatly enhanced mouse blastocyst adhe-
sion (Dominguez et al. 2010). ICAM-1 can also,
in turn, associate with CD9, suggesting the idea of
macroprotein complex. Finally, thanks to its
C-terminal class II PDZ-binding domain
(GLLLRFPYAA, amino acids 520-529) protrud-
ing into the basolateral extracellular space of the
intestine, SLC3A2 was proposed to interact with
membrane-associated guanylate kinase hCASK
(Yan et al. 2008); the implications of such inter-
action are yet to be fully elucidated. As mentioned
earlier, a macromolecular complex could repre-
sent a functional entity capable of controlling
SLC3A2-dependent processes, such as amino
acid transport activity and/or cell/extracellular
matrix adhesion via B1 integrin.

The interesting and extended SLC3A2 interac-
tion network places this protein at the crossroad
of many cellular processes. Thus, although no
enzymatic or ligand-binding capacity has been
reported for SLC3A2, one can imagine that it
is involved in tuning of a considerable number
of cellular processes that may become
interdependent.

Summary

SLC3A2 dual function as amino acid transporter
and integrin signaling enhancer, make this protein
a pivotal signal integrator. Besides, its multiple
interactions with partners involved in central cel-
lular processes only reinforce the potential impact
of SLC3A2 on the regulation of numerous cell
behaviors. For this reason, SLC3A2 constitutes an
attractive therapeutic target for the development
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of new treatments for diseases such as cancer.
However, in order to design specific drugs, infor-
mation regarding the molecular mechanisms by
which SLC3A2 regulates each cellular function
and how/whether the different processes mediated
by SLC3A2 are regulated and modulate each
other is required. Affecting SLC3A2-mediated
functions would have a greater effect than sepa-
rately targeting each of the functions in which it is
involved.
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Historical Background

All living cells are critically dependent on homeo-
static mechanisms that regulate intracellular pH,
Na' content, and, as a result, cell volume. Corre-
spondingly, Na" and H" are among the most prev-
alent ions in living cells and are essential in cell
bioenergetics. In 1974, West and Mitchell discov-
ered sodium proton antiport activity in bacterial
cells and suggested that Na'/H" antiporter pro-
teins have primary roles in the homeostasis of
these cations (West and Mitchell 1974). Since
then, sodium proton antiporters have been identi-
fied in the cytoplasmic and organelle membranes
of almost all cells, including those of plants, ani-
mals and microorganisms. Furthermore, increas-
ing numbers of these antiporters are being
identified as human drug targets.

The SLC9 gene family encodes Na'/H®
exchangers (NHEs) in many species from pro-
karyotes to eukaryotes. In humans, these proteins
are associated with the pathophysiology of vari-
ous diseases. Yet, the most extensively studied
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