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Résumé

La signalisation cellulaire est un processus fondamental par lequel les organismes
multicellulaires assurent un développement normal et maintiennent leur homéostasie.
La communication entre les divers organites joue un role crucial en ce sens. Les sites
de contact membranaires (SCM), régions de proche apposition entre deux organites
(environ 20 nm), sont importants dans le maintien de la communication inter-
organite. Une étude minutieuse de cette communication est indispensable pour
comprendre certains fascinants mystéres de la nature. Récemment, les protéines
apparentées aux synaptotagmines (ESyt) ont été identifiées comme étant des
protéines résidentes au niveau du Réticulum Endoplasmique (RE) et impliquées dans
le maintien des sites de contact entre le RE et la Membrane Plasmique (RE-PM).
Trois protéines appartiennent a cette famille, dénommées ESytl-3. Celles-ci sont
¢galement impliquées dans la reconnaissance des récepteurs conduisant a

I’endocytose du récepteur et la signalisation en aval.

Dans ce manuscrit, nous présentons I’interaction des ESyt avec FGFR1-4, EGFR
ainsi que le récepteur MET et proposons que les ESyt interagissent avec de nombreux
récepteurs tyrosine-kinases (RTK). Nous avons montré que les membres de la famille
ESyt (ESytl, ESyt2a et ESyt2b (variant d’épissage) et ESyt3) sont capables d'homo-
et hétéro-diméris¢ via leurs séquences proximales a, ou chevauchantes leur domaine
transmembranaire (TM) (a.a. 88 a 138). De plus, il a ét¢ montré que l'interaction de
ESyt2 avec FGFRI est dépendante de 1'état actif du récepteur. Cependant,
l'autophosphorylation du récepteur ou son activation catalytique per se ne sont pas
requises. Le site de liaison a ESyt2 sur FGFR1 est proche du site de liaison a I'ATP
au sein du lobe supérieur du domaine catalytique du récepteur. Il devient accessible
lorsque la boucle d'activation est déplacée dans sa conformation active. Le site
d'interaction sur ESyt2 se situe dans la méme région que la séquence nécessaire a la
dimérisation de ESyt (a.a 88 a 138) et ne requiere pas le domaine SMP adjacent.

Finalement, nous montrons que la perte de ESyt2 et Esyt3 n’affecte ni le
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développement ni la viabilité chez la souris, malgré que la migration cellulaire et la

survie sont affectées suite a des stress in vitro.
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Abstract

Cellular signaling is one of the fundamental process by which multicellular
organisms maintain their normal development and homeostasis. Inter-organelle
communication plays a crucial role in governing such processes. Membrane contact
sites (MCS), a region where two organelles come in close proximity (within =20nm),
helps in maintaining the inter-organelle communication. A thorough study of inter-
organelle communication is required to understand some of the wonderful mysteries
of nature. Recently Extended Synaptotagmin-like proteins (ESyts) have been found to
be Endoplasmic Reticulum (ER) resident proteins that have been attributed the
function of maintaining the ER-Plasma Membrane (ER-PM) contact sites. Three
proteins belong to this family, namely ESytl to 3. Further, ESyts have been

implicated in receptor recognition, receptor endocytosis and downstream signaling.

Here I present the interaction of ESyts with FGFR1-4, EGFR and the MET receptor
and propose that ESyts interact with a broad range of receptor tyrosine kinases
(RTKs). The members of ESyt family (ESytl, ESyt2a and ESyt2b (spliced variants),
and ESyt3) are shown to homo- and heterodimerize via sequences proximal or
overlapping their transmembrane domains (TM) (a.a. 88 to 138). It is shown that the
interaction of ESyt2 with FGFRI is dependent on the active state of the receptor. In
contrast, neither receptor autophosphorylation nor catalytic activation per se is
required. Rather, the interaction depends upon the active conformation of the receptor
catalytic domain. The ESyt2 binding site on FGFR1 lies close to its ATP binding fold
within the upper lobe of the receptor catalytic domain and is revealed when the
receptor activation loop is displaced into the active conformation. The interaction site
on ESyt2 lies within the same sequences that are required for ESyt dimerization (a.a.
88 to 138) and does not require the adjacent SMP homology domain. Finally, it is
shown that the loss of ESyt2 and ESyt3 does not affect mouse development or

viability. However, in vitro cell migration and survival under stress are affected.
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Foreword

The work presented in this thesis is the outcome of my four and half years of PhD
work. I have divided this thesis into four chapters. The first chapter- Introduction is
further divided into six sections. In the first section, section 1.1, I present an overview
of the Extended Synaptotagmins (ESyts). The ESyts contain only two types of known
structural domain, the C2 domain and the SMP domain, discussed in sections 1.2 and
1.3. The functional aspects of ESyt point towards their action at membrane contact
sites (MCS) and in receptor tyrosine kinase (RTK) signaling. Section 1.4 describes an
overview of MCS while section 1.5 covers RTKs signaling in detail. Finally, the
majority of my work is related to the fibroblast growth factor receptor (FGFR) and
it’s signaling, hence in section 1.6 I describe cell signaling via this receptor. The
second chapter describes the major interaction and localization of the ESyts
(submitted article). In the third chapter I describe the deleterious effects of ESyt 2/3
gene inactivation in mouse embryonic fibroblasts (MEFs) on survival under stringent
culture conditions or oxidative stress. The data presented in chapter 3 is already
published as part of an article that I have attached to this thesis as an annex. The final

chapter, chapter 4 provides a general discussion and the conclusion of this thesis.
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Chapter 1: Introduction



1.1) The Extended Synaptotagmin Proteins

Extended Synaptotagmin Proteins (or ESyts) are C2 Domain containing proteins that
are similar to the Synaptotagmins, a C2 domain containing family of proteins
involved in calcium mediated secretion. So far, three proteins have been discovered
that belong to this class, namely ESytl, ESyt2 and ESyt3. ESytl was discovered by
Morris et al in 1999, in the vesicles prepared from rat adipocytes and termed it as
vpl15 for vesicular protein that migrates at 115kDa in SDS gel electrophoresis
(Morris et al., 1999). Already in 2004, our laboratory presented data at the 10"
International Xenopus Meeting, (Marine Biology Laboratory, Woods Hole,
Massachusetts) identifying the interaction of a conserved Synaptotagmin-like protein,
at the time named N126 but later to be called ESyt2, with the cytoskeletal and
signaling kinase PAKI1. The data suggested a role in FGF signaling during
embryogenesis, a finding later confirmed (Jean et al., 2010 and 2012). However, in
2007, Min et al described the structure and subcellular localisation of three related
human proteins and coined the term ESyt, for extended synaptotagmin-like, due to
their similarity to the synaptotagmins. Since then, a variety of studies have been
published on the structural, physical and biological properties of the ESyts. Min et al
in 2007, presented data on the architectural domain organisation and intracellular
localization of the three ESyts. Our laboratory then showed that Xenopus and human
ESyt2 functioned as adapter proteins required for endocytosis of the FGF receptor,
for functional signaling via the ERK MAP-kinase pathway and was involved in
regulating cytoskeletal dynamics in conjunction with PAK1 (Jean et al. 2010 and
2012). Most recently ESyts were shown to be endoplasmic reticulum (ER) resident
proteins that help in the formation of ER to Plasma Membrane contact sites or bridges
(Giordano et al., 2013; Chang et al., 2013). The structurally related yeast Tricalbins
had been shown to play a similar role the year before (Manford et al., 2012).



Given the relevance of the most recent published data from laboratories other than
our own, I have integrated this data into the following sections without respect to the
time-line of discovery. However, I wish to remind the reader that at the start of my
PhD very little was understood of the ESyt proteins beyond the publications and
unpublished data from our laboratory. Only 5 manuscripts had been published. One
solely describes the isolation and sequencing of a cDNA, two concern the structures
of C2 domains of ESyt2, one describes the primary structures of the three human
ESyt proteins and provides data on their subcellular localization, data that was later
found to be at least in part incorrect, and one manuscript indirectly suggesting a
possible role in the insulin response via CDKS kinase. Our laboratory published
significant data in 2010 and again in 2012, but it was not until 2013 and 2014 that the
subcellular localization of the ESyts was mostly resolved. Thus, while reading the
following sections I wish the reader to bear in mind that no relevant data from
laboratories other than our own was available to guide my PhD studies until mid

2013.

1.1.1) The discovery of Xenopus ESyt2 and its role in FGF signaling.

During the first year of my PhD studies, our laboratory published a key manuscript
(Jean et al., 2010) showing that the Xenopus ESyt2 (xESyt2) was required for FGF-
dependent cellular signaling in early Xenopus embryos. Depletion of ESyt2 was
shown to inhibit the induction of the early mesodermal marker Xbra by FGF. This
was shown to be due to a delay in endocytosis of the activated FGF receptor (FGFR)
that inhibited activation of the ERK MAP-kinase pathway. The data showed that
ESyt2 interacts selectively with activated form of FGFR and with Adaptin-2, required
for Clathrin-dependent endocytosis and in this way acts as an endocytic adapter.
Depletion of ESyt2 then appeared likely to change the subcellular targeting of FGFR
and hence the activation of the ERK/ MAP-Kinase cascade. The results had also

shown that both Xenopus and human ESyt2 selectively interact with all four activated
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FGF receptors (FGFR1-4). It was proposed that ESyt2 functioned as an endocytic
adapter for the FGFRs endocytosis via clathrin-coated pit and downstream signaling

(Figure 1).

Recruitment to
existing pit

Assembly of

- pit around activated
receptors &b .
E-Syt2 recruitment to oio E-Syte =8 Clathrin
activated FGFR1 3 o
= CQJ- %:;b" dh AP-2 gFGFFH

Figure 1. ESyt2 as an endocytic adapter (Jean et al., 2010).

Two possible modes of ESyt2 action in which either ESyt2 hands over the activated
receptor to an existing clathrin pit or recruit the activated receptor and other proteins
to assemble new pit.

Another study published from our lab (Jean et al., 2012) had shown that ESyt is also
an interaction partner for the p21-GTPase Activated kinase PAK1. The PAK family
of protein kinases has been shown to play crucial roles in cytoskeletal regulation and
phosphorylates important cytoskeletal regulators such as LIM kinase, MLCK and
MLC (Bokoch, 2003; Edwards et al., 1999; Sander et al., 1999; Bisson et al., 2003).
In addition, PAK also plays a non-catalytic role in driving actin depolarization by
locally sequestering the active GTPases Cdc42 (GTP bound) and Rac (Bisson et al.,
2007). Jean et al (2012) showed that the C2C domain of ESyt2 binds to a CRB/GBD
adjacent site within the regulatory N-terminal domain of PAK1, and they proposed a
hypothetical model for the role of ESyt2 in FGF receptor endocytosis by locally
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regulating actin cytoskeleton to permit endocytosis (Figure 2). PAK1 binds to the
ESyt2 and then both are recruited to the FGF receptor upon its activation. ESyt2
binding supresses actin polymerization and inhibits the activation of PAK1 by the
GTPases Cdc42 and Rac. Inhibition of wound healing in Xenopus by ESyt2, a
processes dependent upon F-actin polymerization, supports the idea that the ESyt
binding supresses the activation of PAK1. The hypothetical model presented by Jean
et al (2012) proposes that the recruitment of PAK1 to the ESyt2 could cause the local
cortical actin depolymerisation or displacement and open the way for the assembly of

a clathrin-coated pits for the receptor endocytosis and signaling.

Actin Clathrin-coated
reorganization pit formation

b AP-2 p—y-3
ﬁE-Sy@ o A2, Y FGFR1 0 PAKI F-Actin

Figure 2. A hypothetical model of the chain of events occurring at the plasma
membrane during FGF receptor activation (Jean et al., 2012).

1.1.2) The ESyts are ER proteins.

The data presented by Min et al in 2007 had argued that ESyt2 and ESyt3 are inserted
in the plasma membrane, since they were detectable on the cell surface without
permeabilizing the transfected cells in immunolabelling experiments. However, data
from our lab (Chapter 2) and other labs (Chang et al., 2013; Giordano et al., 2013)
suggest that this is not the case. As described in Chapter 2, the N-terminally tagged
ESyt2b was not detected before cell permeabilization in immunolabelling

experiments, but could be detected after extended fixation that also revealed other
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cytoplasmic factors (unpublished data of F. Guillou). Yet, when the N-terminal trans-
membrane domain (TMD) of ESyt2b was replaced by the N-terminal TMD of Sytl,
the fusion protein obtained can be detected on the cell surface. Data from our lab
(Chapter 2) are consistent with the fact that ESyts are ER resident proteins that have a
non-penetrating mode of membrane association, as was proposed recently (Chang et
al., 2013; Giordano et al., 2013). The immunofluorescence data presented by
Giordano et al (2013) showed that the ESyts localize to the ER and that their
overexpression in cell lines induces cortical localization. Further, using immunogold
electronmicroscopy they found that the ESyt2 and ESyt3 localize at the ER-PM
contact sites. Chang et al in 2013 used a genetically encoded marker, ‘MAPPER’
(for membrane attached peripheral ER) to show that the connection between ER and
PM was dynamically regulated by the Ca*" signaling. They showed that the elevation
of cytosolic Ca*" levels triggers the translocation of ESytl to the ER-PM junction in
order to enhance the ER-to-PM connection that facilitates the recruitment of Nir2, a
phosphatidylinositol transfer protein (PITP) to ER-PM junction following receptor
stimulation. Nir2 then helps in the replenishment of plasma membrane levels of PIP2

(see Figure 6)

1.1.3) ESyt domain structure.

The domain architecture of ESyts comprises a short N-terminal domain preceding a
putative transmembrane domain, an SMP domain and C-terminally to this, multiple
C2 domains (Figure 1). ESyt2 and ESyt3 have three C2 domains (C2A, C2B and
C2C) while ESytl has five C2 domains (C2A to C2E domain). The sequences of the
individual C2 domains in ESyt 2 and 3 show good homology. In the case of ESytl, its
C2E domain closely resembles the C2C domains of ESyt2 and 3, suggesting that it is
related to the other ESyts by internal C2 domain insertion/deletions (Figure 3, 28 and
37)



ESyt2a
SMP ESyt2b
ESyt3

[a's
w

\_U SMP ESyt1

Figure 3. The domain architecture of ESyts.

The SMP (Synaptotagmin-like Mitochondrial lipid-Binding Protein) domains are
conserved from yeast to humans (Lee and Hong, 2006). They are believed to be
involved in lipid exchange and targeting to membrane contact sites, (MCSs) (Creutz
et al., 2004; Toulmay and Prinz, 2012; Kopec et al., 2010). Recently, Schauder et al
(2014) presented the crystal structure of ESyt2 SMP domain with the two adjacent C2
domains (C2A-C2B). They reported the presence of glycerophospholipids in a
channel formed within the SMP domain, thereby suggesting a direct role of ESyts in
lipid transport, and proposed models for the tethering of ER-PM by ESyt2 to transfer
lipids between them. Figure 4a shows the representation of a cell with ER-PM contact
site. Figure 4b shows the ‘Tunnel’ model of ESyt2 where ESyt2 bridges the ER and
PM to transfer the lipids between them. Figure 4c shows a second model, the
‘Shuttle model where ESyt2 SMP shuttles between ER and PM in order to transfer
lipid. A third model is also presented where SMP transfers lipids between the ER and
PM with the help of some possible partner protein labeled as question mark in Figure

4c



a b c Shuttle model

'H!!!!ilnln!
llllhli{!‘iﬁi

Y
H
! .
‘ :
:
: i
L e 1 .
;
\ J
‘
\ .
o0 A 631-756 1 f ! 631-756
1 \
! oswe ., |
' \
b ]

:WW}!?i'i'i'i'i’i’x’iﬁ'i?~:::uffi*iii’i'i’i’i’i’i’i’i’iwnuui"i’i’i’i‘"‘ﬁg‘]i’,_f,’,

(i

)

Nucleus
[ 1

i il‘i‘lh lj‘jl“.ii'n'

Figure 4. ER—PM contact site and a model of ESyt2 (Schauder et al., 2014).

(a) Representation of a cell with ER-PM contact site. (b) The ‘Tunnel’ model of
ESyt2 where ESyt2 bridges the ER and PM to transfer the lipids between them. (c)
The ‘Shuttle’ model where ESyt2 SMP domain shuttles between ER and PM in order
to transfer lipid.

In addition to the lipid transfer role, ESyt2 C2A domain has been shown to bind up to
4 Ca* ions, which suggests that ESyt2 and ESyt3 may have Ca”>" dependent functions
that still remain unknown (Xu et al., 2014). On the other hand, the ESyt2 C2B
domain does not binds Ca®" ions. The function of ESyt C2B domain is yet to be
discovered, although a direct role in interaction with other proteins cannot be ruled
out. The C2C domain of ESyt2 and ESyt3 is responsible for its plasma membrane
localization (Min et al., 2007) (and F. Guillou unpublished). Moreover the formation
of ER-PM contacts requires the C2C domain of ESyt2 and ESyt3 and this function is
dependent on a Ca’" -independent interaction with phosphatidylinositol 4,5-

bisphosphate.

Figure 5 shows a proposed model of ESyt function incorporating a Ca>" -dependent
function of the C2A domain (taken from Xu et al., 2014). The model shows that in
addition of promoting the ER-PM contact via C2C domain (Ca*" independent), the
C2A domain of ESyt2 and ESyt3 may have a Ca*'-dependent function. It was
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suggested that the C2A domain might bind to the plasma membrane in a Ca®’ -
dependent manner and thus bring the SMP domain close to the plasma membrane.
Moreover, the C2B domain could bind unknown protein targets (denoted as X) on the

plasma membrane.

Plasma membrane

Figure 5. Model of ESyt function incorporating a Ca>" -dependent function of the
C2A domain (Xu et al., 2014)

At the resting unstimulated cellular Ca®" levels, ESyt2 and ESyt3 strongly bind to the
plasma membrane, whereas the Ca®" dependent plasma membrane localization and
tethering has been attributed only to ESytl (Giordano et al., 2013; Chang et al.,
2013). Chang et al recently presented another interesting model in 2013. These
authors proposed a feedback mechanism for receptor-induced Ca®" signaling (Figure
6). Cell surface receptor activation upon stimulation leads to the activation of PLC
which then hydrolyzes PIP2 at the plasma membrane to produce IP3. The IP3 then
binds to the IP3 receptor inducing a release of Ca®" into the cytosol. ESytl binds Ca*"
in response to the elevation of cytosolic Ca*" and translocates to the ER-PM junction
thereby forming new ER-PM junctions and decreasing the gap between the ER and
plasma membranes. This enhanced ER-PM connection induced by ESyt1 then results
in Nir2 recruitment (a phosphatidylinositol transfer protein (PITP)) to ER-PM
junction and PI transfer from the ER to PM. The PI transferred to the PM is then
converted back to PIP2 by PM-associated PI kinases to support further receptor



induced Ca®" signaling. It is also possible that Nir2 replenishes PIP2 on the PM by

enhancing PI metabolism or by stimulating PI kinases.

Receptor Stimulation

i}‘ PLC o
PR TI'PS L]
e
Ca™

£3F @r‘l Py

Receptor-induced Elevation of Enhanced ER-to-PM
PIP; Hydrolysis Cytosolic Ca™ Connection by E-Syt1

Enhanced Pl Transfer Nir2 Recruitment
and PIP, Replenishment to ER-PM Junctions

Figure 6. Model of a feedback mechanism for receptor-induced Ca®" signaling
(Chang et al., 2013).
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1.2) C2 Domain containing proteins

The C2 domain was first identified in Ca*" dependent protein kinase C PKC
(Nishizuka, 1988; Kikkawa, 1989), which contains two conserved regulatory sites
(C1 and C2 domains). Thereafter, many proteins have been found that contain C2
domains. C2 domain containing proteins can function in both Ca** -dependent and -
independent pathways, and the number of C2 domains in a single protein can vary
from one to six. Figure 7 shows the domain architecture of multiple C2-domain
containing proteins. These proteins may or may not contain a transmembrane domain.
Four classes of multiple C2-domain containing transmembrane region are coded in
mammalian genome: synaptotagmins (Sytl-16), extended synaptotagmins (ESyt1-3),
multiple C2-domain and transmembrane proteins (MCTP1-2), and ferlins. Sytl7 is
not shown as it lacks a transmembrane region and is anchored to the membrane via

palmitoylated cysteine residues.
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Figure 7. Multiple C2-domain containing proteins (taken from Pang Z. P. and Sudhof
T. C., 2010).
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1.2.1) The C2 domain

The crystallographic structure of C2A domain of Synaptotagmin 1 (Sytl) was
reported in 1995 (Sutton et al., 1995). Later, analysis of other C2 domains revealed a
common overall structure having a compact eight-stranded B-sandwich, in which the
B- strands are connected by loops that in some instances contain insertions (Chapman,
2002). Based upon simple change in the connection patterns of the B- strands, C2
domains exists in two topologies, Type I and Type II. The connections of the B-strand
can be in such a way that the amino and carboxyl termini exit the domain either at the
‘top’ (towards the Ca®" binding sites) or towards the ‘bottom’ (away from the Ca*"
binding sites) of the C2 domain. Many proteins contain more than one C2 domain
and in some cases the structure of the second C2 (C2B) domain has been determined.
C2B domain differs from C2A domain in that it has one or two short a-helices at the
‘bottom’ of the domain. Figure 8 (taken from Fernandez et al., 2001) shows the
ribbon diagrams of the C2A and C2B domains of Sytl. The C2A domain of Sytl can

bind up to three Ca** ions whereas C2B domain can bind only two Ca®" ions.

Figure 8. Ribbon Diagrams of the C2A- and C2B-Domains of Synaptotagmin 1
(Fernandez et al., 2001).
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1.2.2) Membrane Associated C2 domain proteins:

There are four classes of membrane-associated proteins containing C2 domains:

Synaptotagmins

ESyts (ESytl, ESyt2 and ESyt3), and Tricalbins

Ferlins (dysferlin, otoferlin and myoferlin), and

Multiple C2 Domain and Transmembrane Region Proteins (MCTPs, MCTP1 and
MCTP2).

1.2.3) Synaptotagmins

The Synaptotagmins represent a large family of C2 domain containing proteins that
are characterized by having a single trans-membrane region (TMR), two C2 domains
and variable inter-domain linkers. Of the 17 Synaptotagmins (Craxton M, 2007),
functions are known for only few of them. Sytl is the first Synaptotagmin to be
discovered and has been widely studied. It is the most abundant Ca*" -sensing protein
on the surface of synaptic vesicles, SV (~ 7% of the total vesicle protein) and
functions in rapid neurotransmitter release and SV recycling (Chapman, 2002). Sytl
seems to bind a total of five Ca® ions (three with C2A domain and two with C2B
domain) and these domains can also bind to membrane phospholipids. The fusion of
SV with the pre-synaptic membrane requires the formation of the SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptor) complex that is
composed of vesicle protein Synaptobrevine (or VAMP, vesicle-associated
membrane protein) and the plasma-membrane proteins Syntaxin and SNAP-25
(synaptosome associated protein of 25kDa). The complex formed carries out the
exocytosis process either by the “kiss-and-run” mode in which vesicle fusion with the
PM is for a very short period, or by “kiss-and-stay” in which the fusion is much
longer lived. Synaptic transmission requires a rapid release of neurotransmitter and
for that it requires a rapid fusion of SV with the synaptic membrane. This rapid

vesicle fusion is dependent upon the pre-synaptic rise in Ca®" concentration. Gene
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disruption studies of Sytl presented by Geppert et al in 1994 reported a loss of rapid
exocytosis, which did not depend upon the reduction in the total releasable vesicles.
This and other data suggests that Syt acts as a Ca>" sensor and regulates the vesicle
fusion and hence neurotransmitter release. Further studies have reported that the loss
of Sytl leads to a defect in SV recycling. Sytl has been reported to interact with the
adapter protein complex AP-2, which in turn mediates the assembly of clathrin coat
onto the fused vesicle membrane and helps in endocytosis. Thus a loss of Sytl clearly

affects the recycling of SVs.

1.2.4) Tricalbins, the probable yeast ESyt orthologs

Tricalbins constitute another class of proteins that contain C2 domains, having
domain organisation highly similar to the ESyts. Tricalbins contain a probable
transmembrane domain in the N-terminal region, an SMP domain and three C2
domains in case of Tricalbinl and 2 (Tcbl and Tcb2), and five C2 domains in case of
Tricalbin3 (Tcb3) (Figure 9 taken from Manford et al., 2012). The name Tricalbin
was suggested for Tri (three) CA (calcium) L (lipid) BIN (binding) and the
corresponding genes are Tcbl, Tcb2, and Tcb3 (Creutz et al., 2004). The Tricalbins
were suggested to play a role in membrane trafficking and may interact with each

other to form heteromeric complexes in performing their functions in yeast cell.
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Figure 9. Tricalbin domain architecture (Manford et al., 2012).
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In 2012, Manford et al published a report on three families of ER-PM tethering
proteins in yeast, namely: Ist2 (related to mammalian TMEM16 ion channels), the
tricalbins (Tcb1/2/3, orthologs of the extended synaptotagmins), and Scs2 and Scs22
(vesicle-associated membrane protein-associated proteins). They showed that the loss
of all the six proteins results in the separation of the yeast ER from the PM and the
accumulation of the cytoplasmic ER. They also showed that the phosphoinositide

signaling at the PM was misregulated by the loss of these proteins.

1.2.5) Ferlins

Ferlins belong to a family of multiple C2 domain containing proteins. In mammals,
there are six genes (Ferl-L1 to -L6) that encode multiple C2 domain containing
transmembrane proteins with possible roles in vesicle trafficking and fusion (Angela
Lek et al., 2011). The C. elegans ferlin Fer-/ was the first to be discovered and was
found to be a fertilization factor required for fusion of membrane vesicles with the

plasma membrane during spermatogenesis (Achanzar et al., 1997).

Ferlins are large proteins (around 200-240 kDa) that undergo alternate splicing to
generate multiple paralogues. Based upon the presence or absence of the DysF
(Dysferlin) domain, they are divided into two sub-groups, Type I and Type II (Figure
10 taken from Angela Lek et al., 2011).
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Figure 10. Classification, domain topology and interacting partners of ferlins (Angela
Lek et al., 2011).

In general, invertebrates possess only two ferlins, one with DysF domain and one
without it, whereas most of the vertebrates possess six ferlins, Fer/LI, L3 and L5
with DysF domain and Fer/L2, L4 and L6 without DysF domain (Angela Lek et al.,
2011). Figure 10 (taken from Angela Lek et al., 2011), shows classification, domain

topology and interacting partners of ferlins.

Apart from multiple C2 domains, ferlins have other FER domains: Ferl, FerA and

FerB. They are small (60-70 residues) consensus motifs with no known function.

The importance of ferlins in normal cellular signaling comes from the fact that they
have been associated with muscular dystrophy (dysferlin) and deafness (otoferlin) in

humans, and infertility in C. elegans (Fer-1) and Drosophila (misfire)
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1.2.6) MCTPs

MCTPs are Multiple C2 Domain and Transmembrane Region (TMR) Proteins, as at
least some of the splice variants of these proteins contain multiple trans-membrane
domains or TMRs in addition to the C2 domains. The importance of MCTPs is
highlighted by the RNA interference experiments in C. elegans performed by Maeda
et al in 2001. These revealed the C. elegans MCTP homolog (1H206) is an essential
gene, the ablation of which leads to early embryonic lethality. The domain structure
of MCTPs consists of a variable N-terminal sequence, three C2 domains, two
transmembrane regions, and a short C-terminal sequence. Only one MCTP gene is
expressed in the case of the invertebrate organisms C. elegans and Drosophila
melanogaster, whereas vertebrates express two MCTP genes (MCTPI and MCTP2)
(Shin et al., 2004). The MCTPs contain two TMRs that can be alternatively spliced
resulting in a single TMR that is sufficient for anchoring the protein to the plasma
membrane. MCTPs have a very strong affinity for binding to the Ca** but they do not
bind to phospholipids (Shin et al., 2004).

Figure 11 summarises the four classes of C2 domain containing proteins (taken from

Shin et al., 2004).
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Figure 11. C2 domain containing proteins (Shin et al., 2004).
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1.3) The SMP Domain containing proteins

Inter-organelle communication plays a crucial role in maintaining homeostasis in
cells. Compartmentalization in eukaryotic cells has promoted the development of
mechanisms of inter-organelle communication in which membranes of two organelles
are brought in close proximity, within ~20nm (Toulmey and Prinz, 2011;
Lebiedzinska, 2009; Levine and Loewen, 2006). These regions are called Membrane
contact sites (MCSs) and play a role in functions such as lipid exchange (Voelker,

2009) and exchange of calcium (Lewis, 2007).

In yeast Saccharomyces cerevisiae very extensive MCSs occur between the ER and
plasma membrane (PM), the ER and mitochondria, and the nucleus and vacuoles
(nucleus-vacuole junction, NVJ) (Toulmey and Prinz, 2011). One complex that
facilitates the contact between ER and mitochondria, named ER-mitochondrion
encounter structure (ERMES) (Kornmann et al., 2009), consists of four proteins:
Mdm10p and Mdm34p in the mitochondrial outer membrane, Mdmlp in the ER and
the soluble protein Mdm12p. Out of these four ERMES proteins, three contains a
domain of unknown function that has been termed as synaptotagmin-like
mitochondrial-lipid binding protein (SMP) domain (Lee and Hong, 2006). The SMP
domains are predicted to belong to a superfamily of lipid/ hydrophobic ligand-
binding domains of known structure that have been called TULIP for tubular lipid-
binding proteins, and has been proposed to play a role in phospholipid traffic (Kopec
et al., 2010).

Several proteins have been identified that contains SMP domain. The SMP domain is
a stretch of amino acids ~300 amino acids (Lee and Hong, 2006). The SMP domain
containing proteins may additionally have one or more transmembrane domains
(TMDs), and/ or other domains. Based upon the organization of the domains, the
SMP-containing proteins are classified into four major families: C2 domain
containing synaptotagmin like proteins, pleckstrin homology (PH) domain containing
proteins, mitochondrial family of proteins and proteins with C1 and PDZ domains.
Figure 12 (taken from Lee and Hong, 2006) shows domain architecture of some of
the SMP-domain containing proteins.
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Figure 12. Domain architecture of the SMP-domain containing proteins (Lee and
Hong, 2006).

1.4) Membrane Contact Sites (MCSs)

Through the evolutionary process, eukaryotic cells have compartmentalized the
specific microenvironments for incompatible biochemical processes. These individual
membrane bound compartments or cell organelles play individual roles in
maintaining the normal cellular activity and homeostasis. Even though this
compartmentalization has numerous advantages, it hinders free diffusion and
trafficking of important metabolites or signaling molecules. In order to regulate such
processes, these organelles form several contacts with each other. The membrane
contact sites or MCSs bring two membrane bound structures close enough for
exchange of macromolecules. In general MCSs serve in Ca® and protein trafficking,
and in lipid exchange. The various contact sites formed are: ER- PM contact sites,
ER- Mitochondria contacts, ER- Nuclear contact sites, ER- Golgi, ER- Vacuoles, ER-
Lipid Droplets and ER- Late Endosomes.
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Figure 13 shows a network formed by the ER with other organelles to facilitate
diffusion of material (taken from Holthuis and Levine, 2005). Figure 13a shows a
lipid transport network based on the ER, where lipids are selectively transported by
lipid-transfer proteins (LTPs) across various MCSs (red in Figure 13a). Lipids can
use the ER as a superhighway for their transport by crossing one MCS into the ER,
diffusing through the ER and then crossing another MCS. As an example,
phosphatidylethanolamine (PE) is synthesized in the mitochondrial matrix and moved
to the plasma membrane potentially crossing two MCSs on route, i.e. a
mitochondrion—ER and an ER—plasma membrane MCS. (Figure 13b and 13c shows
the shuttling of LTP across MCS).

Membrane
receptors

Briciging
compartment complax

Figure 13. The endoplasmic reticulum (ER) network (Holthuis and Levine, 2005).

(a) A lipid-transport network based on the ER. (b) An LTP shuttling across an MCS.
(c) An LTP that bridges an MCS.
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1.5) Receptor Tyrosine Kinase

1.5.1) RTKs Family

Receptor tyrosine kinases (RTKs) constitute a large family of cell-surface proteins
that act as key regulators of critical cellular processes such as proliferation,
differentiation, cell survival, metabolism, cell migration, and cell-cycle control.
Depending upon their structural characteristics, they can be divided into 20
subfamilies (Figure 14), which share a homologous domain that specifies the catalytic
tyrosine kinase function (van der Geer et al., 1994; Zwick et al., 2001; Lemmon and
Schlessinger, 2010). All RTKs have similar molecular plan having extracellular
ligand binding domains, a single transmembrane helix, and a cytoplasmic region
containing a tyrosine kinase (TK) domain plus additional carboxy (C-) terminal and
juxta-membrane regulatory regions. The binding of ligand generally activates the
RTKs by inducing receptor dimerization, leading to internalization. This leads to the

activation of the kinase domain and autophosphorylation of the RTK on Tyr residues

Although all RTKs induce a specific cellular response, they signal via mostly three
major pathways and this remains still a question, how different receptors can induce
different cellular responses? In large part the answer involves the ability of RTKs to
direct their signals to different subcellular compartments via distinct endocytic
pathways. Previously endocytosis was thought to be a means to diminish the receptor
signaling and hence permitting an appropriate response to sequential signaling events.
However, active signaling may continue well after RTK internalization (Baass et al.,
1995) and the choice of endocytic pathway can often determine the response to
growth factors (Miaczynska et al., 2004). Thus, the exact manner in which RTKs are
internalized will more often determine the outcome of growth factor signaling.
Despite the wide-ranging biological importance of FGF signaling, the role of receptor
endocytosis in determining its physiological outcome is still very poorly understood.

(Wiedlocha et al., 2004). It is known that both the catalytic activity and intracellular
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domains of the FGFRs are necessary for receptor endocytosis (Sorokin et al., 1994;
Citores et al., 2001). Recent work has suggested that targeting activated RTKSs to the
clathrin-dependent endocytic pathway rather than to non-clathrin pathways is
necessary if signaling is to be sustained (Sigismund et al., 2008). But, it is still far
from clear how activated RTKs in general, and the FGFRs in particular, are
selectively recognized and targeted to any endocytic pathway. Yet, a further
complication in understanding FGF signaling is that, depending upon cell type, it
activates to different degrees three distinct downstream pathways, each having
specific function in regulating cell adhesion, growth and gene expression.
Understanding the mechanisms that are used to decide which of these pathways are
activated is of key importance to being able to specifically inhibit those effects of
FGF signaling that enhance tumour formation and progression while stimulating
those that limit tumour growth. Hence, it is very important that we understand how an

RTK activated on the plasma membrane decides which endocytic pathway to take.
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1.5.2) Major Signaling Pathways

1.5.2.1) MAP Kinase pathway

Mitogen-activated protein kinases (MAPKSs) are protein Ser/Thr kinases that are
highly conserved proteins involved in regulating a variety of key cellular processes
such as cellular proliferation, differentiation, cell motility, stress response, apoptosis
and cell survival. These MAPKs have been divided into conventional and non-
convention (atypical) categories (Cargnello M and Roux PP, 2011). The 14 know
mammalian proteins have been characterized into seven groups shown in Figure 15.
The conventional MAPKs include extracellular signal-regulated kinases 1/2

(ERK1/2), c-Jun amino (N)-terminal kinases 1/2/3 (JNK1/2/3), p38 isoforms («, 3,
T, 0) and ERKS, whereas the lesser known atypical MAPKs includes ERK3/4,
ERK7/8 and Nemo-like kinase (NLK)
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Atypical MAPKs

Figure 15. Schematic representation of the conventional and atypical MAPKs
(Cargnello M and Roux PP, 2011).
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Signaling via the conventional MAP kinasess involves an evolutionary conserved
three-tiered kinase cascades, consisting of a MAP-kinase (MAPK), a MAP kinase
kinase (MAPKK, MAP2K), and a MAP kinase kinase kinase (MAPKKK, MAP3K).
In response to extracellular stimuli, the Ser/Thr kinase MAP3Ks become activated
through phosphorylation mediated by their association with a small GTP-binding
protein of the Ras/Rho family. The activation of MAP3K leads to the
phosphorylation and activation of MAP2k, which in turn phosphorylates and
activates the MAPK. The conventional MAPKs contain a Thr-X-Tyr motif in the
activation loop of the kinase domain, and the phosphorylation of these residues is
essential for their enzyme activity. The MAPKs respond to a broad range of
extracellular stimuli such as growth factors, cytokines, mitogens, cellular stress such

as heat shock and UV-radiation etc.

The activation mechanism for the atypical MAPKSs is lesser known. In many aspects,
they differ from the conventional MAPKs. For example, most of them lack the Thr-
X-Tyr motif and they don’t get organised as the classical three-tiered kinase cascade

modules.

Upon activation these MAPKSs phosphorylate their substrates at Ser-Pro or Thr-Pro
motifs. Specificity towards their substrates is further provided by the recognition of
specific interaction domains termed docking sites. Scaffolding proteins that bind
several components of a cascade together also provide signaling specificity by

organizing the cascades coponents into specific modules.

The target substrate of MAPKSs varies broadly. They include members of a family of
proteins called MAPK activated protein kinases (MAPKAPK) that comprises the p90
ribosomal S6 kinases (RSKs), mitogen- and stress-activated kinases (MSKs), MAPK-
interacting kinases (MNKs), MAPK-activated protein kinase 2/3 (MK2/3), and MKS5.
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Figure 16 summarizes the signaling cascade by MAPKs. The MAPKAPK further
amplifies the signal from the MAPKSs and increases the target range of biological

functions of MAPKSs.
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Figure 16. Signaling cascades involving MAPKs (Cargnello M and Roux PP, 2011).

1.5.2.2) Phospholipases and PLC gamma pathway

The importance of phospholipids are becoming much more evident through recent
research focusing on their functional roles. Apart from being a major component of
cell membrane (Phospholipids such as phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, phosphatidylglycerol and
phosphatidylinositol), they can be hydrolyzed into bioactive lipid mediators by
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phospholipases. These bioactive lipids participate in intercellular and intracellular
signaling and regulate a wide range of cellular processes such as cell migration,

proliferation, survival, vesicular trafficking, tumorigenesis and inflammation.

Based upon the type of reaction catalyzed, phospholipases are categorized in three
sub categories i.e. Phospholipase A (PLA1 and PLA2), PLC and PLD. As shown in
Figure 17 adapted from Park et al 2012, PLA1 and PLA2 target the sn-1 and sn-2
positions of the glycerol moieties of the phospholipids, yielding free fatty acids and
2-acyl lysophospholipid or 1-acyl lysophospholipid, respectively.

Hydrolysis of Phosphatidylinositol by PLC results in the cleavage of the bond
between the glycerol and phosphate moieties. This reaction generates the
phosphorylated base inositol-1,4,5-triphosphate (or IP3) and diacylglycerol (DAG).
PLD acts upon Phosphatidylcholine and hydrolyses the phosphodiester bond between
glycerol phosphate and the substituent resulting in the generation of a free base

(choline) and phosphatidic acid.

Phospholipases subcategorized can further exist in many isotypes that can
functionally vary and have different domains and regulatory mechanisms.

The calcium-binding C2 domain containing proteins, cytosolic PLA2 (cPLA2) and
PLCd1, require the binding of calcium for their activation. In the case of PLCd1, it
can exist as a ternary complex composed of the enzyme, phosphatidylserine and
calcium. The C2 domains of PLCB1 and PLCB2 do not bind membrane lipids as
PLC31 does, but instead in the presence of calcium, PLCB1 and PLCPB2 associates
with the GTP-bound Gag, resulting in their activation.

The pleckstrin homology (PH) domain is yet another important domain present in
PLC (except PLC() and PLD. The PH domains are important for binding various
lipids and proteins, and that the PH domain of each phospholipases can bind to
different molecules. In the case of PLCP2, the heterotrimeric G protein subunit Gy
binds with the PH domain and activates the catalytic core of PLCB2. The PH domain
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of PLCy1 binds to the phosphatidylinositol-3, 4, 5-trisphosphate (PtdIns (3,4,5)P3) in
a PI3K-dependent manner. On the other hand, the PH domain of PLD1 is important
for its intracellular localization by binding with
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) and thus regulating PLD
activity. PLDI1 contains another domain, the phox homology (PX) domain that has
been reported to bind to PtdIns (3,4,5)P3, as well as to phosphatidylinositol-
5-phosphate (PtdIns5P). The PLD PX domain may serve as a GTPase-activating
protein (GAP) for dynamin, and a guanine nucleotide exchange factor (GEF) for

RHOA, while the PLD PH domain acts as a GEF for RAC2.
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Figure 17. Overview of phospholipases (Park et al., 2012).

(a) Phospholipases are classified into three major types, PLA1/2, PLC and PLD. (b)
Thirteen mammalian PLC isotypes are subdivided into six groups. (c) In mammals,
PLDI and PLD2 hydrolyse phosphatidyl-choline (PC). (d) The three major types of
PLA2 include secretory PLA2 (sPLA2), cytosolic PLA2 (cPLA2) and calcium -
independent PLA2 (iPLA2).

The PLC Family:

The PLC protein family contains 13 isozymes that have been divided into six sub

types. The X and Y domains form the catalytic domain of PLC isozymes and are
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higly conserved. The regulatory domains include C2 domain, PH domain (except
PLC{), and the EF-hand motif. PLC isozymes hydrolyses the
phosphatidylinositol-4,5-bisphosphate (PIP2) to produce inositol-1,4,5-triphosphate
(or IP3) and diacylglycerol (DAG). IP3 binds to its receptor and opens the
intracellular calcium store, whereas DAG activates protein kinase C (PKC). The
mobilization of the intracellular calcium ions and activation of PKC, are involved in a

wide variety of cellular signaling processes.

The PLCy:

The PLCyl and PLCy2 are the two PLCy isozymes that have been discovered in
maamals so far. The basic structure of the isozymes is shown in the Figure 18
(adapted from Carpenter and Ji, 1999). The X and Y domain constitutes the catalytic
domains, that hydrolyses PIP2. In addition, they contain two SH2 domains and one
SH3 domain residing between the X and Y domains (Katan, 1998). The SH2 domain
serves as the binding site of phosphotyrosine residue of target proteins, whereas the
SH3 domain interacts with proline rich sequence (PXXP motifs) containing proteins
(Pawson and Gish, 1992; Pawson and Nash, 2000). The N-terminal SH2 domain is
believed to play a major role that mediates the interaction with several growth factor
receptors while the C-terminal SH2 domain is considered to play a minor role (Larose
et al., 1993; Chattopadhyay et al., 1999). The SH3 domain of PLCy binds to the
SOSI, c-Cbl, dynamin, and SLP76 (Yang et al., 2011; Seedorf et al., 1994; Graham
et al., 1998; Kim et al., 2000a; Yablonski et al., 2001; Tvorogov and Carpenter, 2002)
and can function as a guanine nucleotide exchange factor (GEF) for dynamin-1 in the

regulation of EGF receptors endocytosis (Choi et al., 2004).
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Figure 18. Organization of domains in PLC-y isozymes (Carpenter and Ji, 1999).

(A) The linear arrangements of catalytic domains (X and Y) and regulatory domains
(SH2, SH3, PH, and C2) for PLC-y 1 and PLC-y 2. (B) A model for the inactive or
basal state and the activated state of the enzyme.

The central region PLCy containing SH domain, are also believed to have a role in
regulating the enzyme activity of PLCy (Figure 18). The proposed model is that the
catalytic domains of the PLCy must fold together to create the catalytic site and in the
inactive state of PLCy, the SH domain region may act as a cap or lid to block the
catalytic site (Kamat and Carpenter, 1997). Upon tyrosine phosphorylation and/or
protein binding to the SH domain, the PLCy acquires an active state where the SH

domain region no longer blocks the catalytic site of the enzyme.
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1.5.2.3) PI3 Kinase pathway

Since the discovery of PI3 kinase by Cantley's group in the late 1980's, it has been the
subject of a very interesting field of research. The PI3K's have been shown to be
involved in a wide varity of cellular processes, including cell cycle progression, cell
growth, survival and migration, and intracellular vesicular transport (Bart
Vanhaesebroeck et al., 2010). The PI3Ks phophorylate PtdIns, PtdIns-4-phosphate
(PtdIns4P) and PtdIns-4,5-bisphosphate (PtdIns (4,5)P2), the three species of
phosphatidylinositol (PtdIns) , at the 3-hydroxyl group of the inositol ring (Figure
19). These three species coordinates the localization and functions of multiple
effector proteins by binding through specific lipid-binding domains such as the PH
domain, the PX domain and the FYVE domain (Figure 19).
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Figure 19. The 3-phosphoinositide lipid network (Bart Vanhaesebroeck et al., 2010).

PI3Ks when activated, generates phosphatidylinositol-3,4,5-trisphosphate (PtdIns
(3,4,5) P3), PtdIns-3,4-bisphosphate (PtdIns (3,4) P2) and PtdIns-3-phosphate
(PtdIns3P) from their lipid substrates. The fourth 3-phosphoinositide species found in

31



cells, Ptdlns (3,5) P2, is generated by 5-phosphorylation of PtdIns3P by FYVE
finger-containing phosphoinositide kinase. PtdIns (3,5) P2 interacts with the
PROPPIN (B-propeller that bind phosphoinositide species) domain that is found in
the four mammalian WD40 repeat protein interacting with phosphoinositides (WIPI)
proteins that are related to yeast autophagy related 18 (Atgl8).
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Figure 20. Classification and domain structure of mammalian PI3Ks (Bart

Vanhaesebroeck et al., 2010).

Based upon the structural and biochemical features, PI3Ks are divided into three
classes: Class I, Class II and Class III (Figure 20) (Bart Vanhaesebroeck et al., 2010).
The basic structure of all PI3K catalytic subunits has a PI3K core structure consisting
of a C2 domain, a helical domain and a catalytic domain. Class I PI3Ks (Figure 20a),
use phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) as their substrate and exist
in complex with a regulatory subunit, either a p85 isoform (for pl110a, p110B and
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p1103) or p101 or p87 (for p110y). All p85 isoforms have two SH2 domains whereas
p101 and p87 do not contain any SH2 domains. In addition, p101 and p87 have no
identifiable domains and do not show any homology to other proteins. Class II PI3Ks
(Figure 20b) use PtdIns and PtdIns-4-phosphate (PtdIns4P) as a substrate. Although
they lack regulatory subunits, they do have amino- and carboxy-terminal extensions
to the PI3K core structure that might be involved in mediating protein—protein
interactions. Class III PI3Ks (Figure 20c), consists of one catalytic member, vacuolar
protein sorting 34 or vps34 (PIK3C3 in mammals), which uses PtdIns as a substrate
and binds Vpsl5 (PIK3R4 in mammals). Vpsl5 consists of an inactive catalytic
domain, HEAT domains (involved in mediating protein—protein interactions) and WD

repeats that are structurally and functionally similar to a Gf subunit.

The activation of PI3K pathway can occur in three independent pathways. All three
pathways involve the dimerization, autophosphorylation and activation of RTKs,
which then recruit SH2 domain-containing molecules. In the first pathway (left side
of Figure 21, taken from Cully et al., 2006), the 85 kDa regulatory subunit of PI3K
(p85) binds directly to phospho-YXXM motifs (where X can be any amino-acid) on
the RTK (Cully et al., 2006; Domchek et al., 1992) resulting in the activation of
PI3Ks 110 kDa catalytic subunit (p110). The second pathway (the middle pathway in
Figure 21) involves the adapter protein GRB2 (growth factor receptor-bound protein
2) protein that binds to the scaffolding protein GAB (GRB2-associated binding
protein), which in turn can bind to p85. GRB2 binds preferentially to phospho-YXN
motifs of the RTKs (Cully et al., 2006; Pawson et al., 2004).
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Figure 21. Mechanisms of PI3K activation (Cully et al., 2006).

Finally, GRB2 can also activate Ras via the activation of SOS, and in turn Ras can
activate p110 independently of p85. In the third way (right side of Figure 21), GRB2
exists in a large complex that contains SOS, Ras and GAB or other scaffolding

proteins that can interact with p110 PI3K (Cully et al., 2006; Ong, S. H. et al., 2001).

1.6) Fibroblast Growth Factor Receptor (FGFR) Family

The fibroblast growth factors (FGFs) are a family of growth factors with a wide
variety of effects and are considered as powerful mitogens. Disregulation of FGFs
has been associated with multiple forms of cancers (Eswarakumar et al., 2005), and
with cell transformation (Dvorak et al., 2006), angiogenesis (Murakami and Simons,
2008) and metastasis (Chaffer et al., 2007). The signaling of FGF occurs via one of
the four RTKSs, the FGF receptor 1 to 4 (FGFR1-4), which transduce the FGF signal
to the ERK- MAP Kinase (Umbhauer et al., 1995)/ PI3K/AKT and PLCy (Sivak et

al., 2005) pathways.
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1.6.1) FGFs and FGFRs

Fibroblast growth factor belongs to a large family of polypeptide growth factors that
are found throughout the species ranging from nematode to human, although it hasn’t
been yet identified in unicellular organisms (Itoh and Ornitz, 2004). Till date a large
number of genes have been found in vertebrates: 22 genes in human (FGF1-14, 16—
23), 22 genes in mouse (FGF1-18,20-23), 6 in Xenopus (FGF2—4, 8-10), 13 in
chicken (FGF1-4,8-10, 12,13, 16,18-20), 10FGFsin zebrafish (FGF2—
4,6,8,10, 17a, 17b, 18, 24) (Itoh and Ornitz, 2004; Bottcher and Niehrs, 2005;
Thisse and Thisse, 2005).

In vertebrates the molecular weights of FGFs range from 17-34 kDa. Some of the
FGFs are subjected to alternate splicing which can alter their affinity towards the
receptor (Olsen, S. K. et al., 2006). Most of the FGFs are secreted constitutively and
have classical N-terminal signal peptides whereas others that lack an obvious signal
peptide (particularly FGF9, FGF16 and FGF20) are efficiently secreted. Some of the
FGFs (FGF11-14) localizes to the nucleus of the cell rather than being secreted and
thus are not involved in the activation of the receptor (Goldfarb, M, 2005; Ivor
Mason, 2007). Certain FGFs (FGF2 and FGF3) can work in both secretory as well as
nuclear pathways (Ornitz and Itoh, 2001)

In vertebrates, there are four Fgfir genes (Fgfrl-4) that code for the FGFR 1-4
proteins. But multiple spliced variants do exist that generate the diversity. An FGFRS5
(also know as FGFR like protein 1 or FGFRL1) has been reported that lacks the C-
terminal tyrosine kinase domain and thus serves as the negative regulator of FGFR
signaling pathway (Sleeman et al., 2001). This protein is encoded by FGFRLI gene

and also exists in multiple spliced variant forms.
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The structural features of FGFs and FGFRs are shown in Figure 22 (taken from
Bottcher R T and Niehrs C, 2005). Briefly, the FGFs contain a signal peptide
sequence that precedes the N-terminal region, a central core region that binds to
FGFR and heparin sulfate proteoglycans (HSPG) (Figure 22A). The basic structure of
FGFRs (Figure 22B) comprises an N-terminal signal peptide sequence, followed by
three Ig domains (Ig I-III). In between the Igl and Igll, there is an acidic box, a
heparin-binding domain and CAM-homology domain (CHD). The middle region
contains a single transmembrane domain followed by a juxtamembrane domain.
Finally, the C-terminal region contains a split tyrosine kinase domain. The FGF
binding is required for the receptor dimerization and activation. HSPG mediates the
effective binding and activation of FGFR by FGF (Lin, 2004). HSPG binds to the
core region of FGF and interacts with the FGFRs via its heparin-binding domain and
forms a ternary complex involving FGFR-FGF-HSPG/Heparin in 2:2:1 ratio.
Although, IgIl and IgIll domain of FGFR is sufficient for the binding and specificity
of the ligand, but it has been shown that the Igl domain alters the specificity of the
ligand binding (Wang et al., 1995). The Igl and the acidic box are also involved in the
autoinhibitory function of the receptor (Olsen et al., 2004).
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Figure 22. The structural features of FGFs and FGFRs (Bottcher and Niehrs, 2005).

(A) Structure of a generic FGF protein. (B) The main structural features of FGFRs.

1.6.2) FGFR signaling pathway

The binding of FGF results in dimerization and autophosphorylation events, that lead
to the activation of the receptor. Upon activation, FGFR follows one of the three
major pathways (Figure 23 taken from Bottcher R T and Niehrs C, 2005), the MAPK
pathway, the PLC pathway and the PI3K/ Akt pathway. These major pathways are
already described in section 1.5.2. Briefly, the MAPK signaling cascade is the main
pathway activated by FGF. The FGF Receptor substrate 2 (FRS2) is the constitutively
binding partner of the FGFR. FRS2 serves as the docking protein for multiple RTKs
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such as FGFR (Xu et al., 1998), Insulin receptor (Delahaye et al., 2000), NGF
receptor (Ong et al., 2000; Zeng and Meakin, 2002; Dhalluin et al., 2000), and RET
receptor (Kurokawa et al., 2001). FRS2 is a lipid-anchored protein, that binds to the
FGFR juxtamembrane region via its protein tyrosine binding (PTB) domain. The
activated receptor phosphorylates multiple tyrosine residues of FRS2, which is
recognized by SH2 domains of the small adapter protein Grb2 that exists in a
complex with the nucleotide exchange factor Son of Sevenless (SOS). The
recruitment of SOS results in the activation of the membrane bound GTPase Ras,
which further activates Raf. Thus the three tiered MAPK cascade Raf/MEK/ERK
becomes activated (Sternberg and Alberola-Ila, 1998). The resulting activated ERK
then translocate to the nucleus and phosphorylates the Ets domain containing

transcription factors Erm and Pea3 (Wasylyk et al., 1998).
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Figure 23. FGF Receptor signaling pathway (Bottcher and Niehrs, 2005).
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The second major pathway, the PLCy/ Ca®" pathway is activated upon binding of the
SH2 domain of PLCy to phosphorylated Tyr766 of FGFR (Mohammadi et al., 1992;
Peters et al., 1992). The activated phosphorylated PLCy hydrolyzes PIP2 to IP3 and
DAG. IP3 initiates Ca’" release from the intracellular stores, whereas DAG activates
PKC. PKC can stimulate Raf in a Ras-independent manner, thus connecting the two

major pathways of FGF signaling (Ueda et al., 1996).

The PI3K/Akt pathway can be activated downstream of FGFR in one of the three
following ways: (i) the p85 subunit of PI3K can bind to a phosphotyrosine of the
activated FGFR; or (ii) it can be activated by Gabl, which is activated in turn by
indirectly interacting with FRS2 via Grb2; or (iii) the p110 subunit of PI3K can be
activated by Ras (Bottcher and Niehrs, 2005).

1.6.3) Modulators of FGFR signaling

Negative modulators of FGFR function: Proteins such as SEF, SPROUTY/SPRED,
and FLRT belong to this class. These proteins either inhibit the receptor signaling or
check signaling strength and thus maintain normal homeostasis (Figure 24 taken from
Mason I, 2007). “Similar Expression to FGF” or SEF is a member of the FGF
Synexpression group. Genes that are expressed in a similar spatiotemporal pattern
comprise a Synexpression group whose members are co-regulated and may hence
function in a common pathway (Niehrs and Meinhardt, 2002). SEF was originally
discovered in zebrafish and since then, chick, mouse and human orthologues have
been found (Harduf et al., 2005; Kawakami et al., 2003; Kovalenko et al., 2003; Lin
et al., 2002; Preger et al., 2004; Xiong et al., 2003; Yang et al., 2003). SEF acts as a
negative feedback inhibitor of FGF-induced MAPK signaling. There are 2 known

isoforms: a long isoform and a short isoform. The site of action of SEF remains
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controversial as some groups have reported it to act at the receptor level (Preger et al.
2004; Yang et al., 2003), while others have reported it to act within the ERK cascade
at the level of MEK (Torii et al., 2004). Both SEF isoforms have been shown to
directly interact (co-localisation and immunoprecipitate) with the FGFR across
different species and cell type and have the ability to inhibit the FGFR and FRS
phosphorylation (Tsang et al., 2002; Ren et al., 2007; Ziv et al., 2006; Ren et al.,
2008). SEFs have been shown to inhibit FGF induction of the PI-3 kinase pathway
(Kovalenko et al., 2003; Harduf et al., 2005) but they may also inhibit NGF and EGF
dependent signaling (Xiong et al., 2003; Torii et al., 2004; Ziv et al., 2006). SEFs
have been also reported to interact and co-localise with the EGFR (Ren et al., 2008)
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Figure 24. Signaling through fibroblast growth factor receptors (FGFRs) (Mason I,
2007).
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1.6.4) FGFR1 Autophosphorylation

The tyrosine autophosphorylation of RTKs represent one of the critical step in
regulating the kinase activity of the receptor and further recruitment and activation of
intracellular pathways (Bae et al., 2010). The autophosphorylation of FGFRI is a
sequential and precisely ordered intermolecular reaction that occurs in three phases.
The trans-phosphorylation of the tyrosine residue Y653, located in the activation loop
marks the first phase that results in 50-100 fold stimulation of the kinase activity
(Furdui et al., 2006). Next phase involves the phosphorylation of Y583 and Y585 in
the kinase domain, Y463 in the juxtamembrane region, and the Y766 residue in the
C-terminal tail of the FGFR1. The tyrosine residues involved in the second phase
serve as the docking sites for the signaling proteins. In the final phase, the second
tyrosine residue Y654 within the activation loop is phosphorylated. This step further
increases the kinase activity by 10-fold. The order of trans-phosphorylation sites of
FGFR1 was shown as: Y653, Y583, Y463, Y766, Y585, and Y654 as shown in
Figure 25 (adapted from Bae et al., 2010). These sequentially autophosphorylated
tyrosine residues are not adjacent to each other, being separated by distances of 35-50

Angstrom.

41



7 / i .
7 af ’ ) Path Distance (A)

\ 73
- = @’ Y653 (1) - Y583 (2) 50
\_F o 6 Y583 (2) - Y463 (3) 50
~ B , ;,—l""fq-\\ Y463 (3) - Y766 (4) 45
> 1 ”” - ™ ,_,_;'
*‘;' B4 " 1 Y766 (4) - Y585 (5)

\ \

27 --——;:" ~ =

VIR !IIIIIIIIIIIIIlﬂﬂlmHﬂiﬂllﬂlllllllﬂﬂllll

Figure 25. A model of FGFR1 sequential autophosphorylation (Bae et al., 2010).

In 2010, Bae et al had shown that the tyrosine autophosphorylation of FGFR in living
cells requires the asymmetric receptor contact. Upon re-examination of the crystal
structure of FGFR1 kinase domain (PDB code 3GQI) (Bae etal, 2009), they found
that there is a substantial crystallographic interface between the N-lobe of the kinase
molecule, which serves as an active enzyme, and specific docking sites on the C-lobe

of the second kinase molecule of an FGFR1 dimer, which serves as a substrate.

1.6.5) The R577E FGFR1 Mutant:

The crystallographic studies performed by Bae et al in 2010 had shown that arginine
577 (R577) is involved in creating, in vivo, an asymmetric FGFR1 dimer that allows
transphosphorylation of Y583 and probably other tyrosine autophosphorylation sites
in FGF-stimulated cells. A single point mutation of R577 to glutamic acid residue
was predicted to prevent asymmetric dimerization, and this mutation, R577E, was
found to drastically reduce autophosphorylation in live cells. But, interestingly

R577E hFGFR1 retains full kinase activity in vitro.
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Figure 26. Autophosphorylation of FGFR1 in vitro and in vivo.

(a) The R577E mutant of FGFR1 (FGFR1-RE) is able to phosphorylate a fragment of
PLCy in vitro, but (b) its ability to autophosphorylation is severely compromised in
vivo.

In Figure 26, the in vivo kinase activity of FGFR1-RE can be seen to be significantly
reduced or lost. Compared to wt FGFR1, FGFR1-RE does not respond to dose
dependent activation by FGF and fails to autophosphorylate. However, the same
immunoprecipitated mutant receptor is fully active in phosphorylating an FGFR1

substrate in vitro.

Surprisingly, the FGFR1 R577E mutant (FGFR1-RE) was shown to lock the kinase
domain activation loop in its open “active” conformation, explaining why it was
catalytically active in vitro. Bae et al. (2010) concluded that the asymmetric
dimerization of the FGFR1 catalytic domains is essential for receptor activation in
vivo, and this is sterically prevented in the R577E mutant due to the restraints

imposed by its manner of insertion in plasma membrane.
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Figure 27. The structures of kinase domains of (A) wt-FGFR1, (B) FGFRI-RE
mutant, and (C) activated FGFR1 (FGFR1-3P) shown as both cartoon and ribbon
diagrams. The activation loop is shown in green and the catalytic loop in yellow.
Figure taken from (Bae et al., 2010).
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1.7 Objectives

The main objectives of my studies are:
* To study the interaction patterns of the different ESyts with RTKSs in general,
and with FGFRI1 in particular, in order to better understand the role and

importance of the ESyts in RTK signaling and receptor endocytosis.

* To study the effects of loss of ESyt 2/3 in mouse embryonic fibroblasts
(MEFs).
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Foreword

After joining the lab I started working on ESyts. This chapter is based on my major
work in the lab. I was involved mostly in checking the interactions of ESyts with
different receptors, ESyt dimerization and mapping of the ESyt binding domain in
FGFR1. Apart from working with FGFR1 mutants and construction of FGFR1
R577E and FGFR1 deletion mutants, I have contributed to work presented in Figure
29, Figure 31 (B and C) Figure 34 (B) and Figure 35 of this chapter.
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Résumé

Nous avons précédemment démontré que ESyt2 interagit spécifiquement avec le
récepteur de FGF activé et est nécessaire pour une rapide internalisation du récepteur
et la signalisation fonctionnelle via la voie ERK dans les premiers stades
embryonaires de Xenopus. ESyt2 fait partie d’une famille de trois membres des
Extended synaptotagmines pour laquelle il a été récemment démontré qu’elle est
impliquée dans la formation de la jonction entre le réticulum endoplasmique (RE) et
la membrane plasmique (PM) ainsi que dans la régulation dépendente du Ca™" de ces
jonctions. Ici, nous démontrons que ESyt2 est dirigée vers le RE par son domaine
transmembranaire putatif, que les ESyts hétéro- et homodimerisées, ainsi que
I’homodimérisation in vivo de ESyt2 nécessitent une séquence transmembrane (TM)
adjacente, mais pas le domaine SMP. ESyt2 et ESyt3, mais pas ESytl, interagissent
de manicre sélective avec FGFR1 activé. Dans le cas de ESyt2, cette interaction
nécessite une courte séquence adjacente auTM et est indépendante de
l'autophosphorylation du récepteur, mais dépendante de la conformation du récepteur.
Les données montrent que ESyt2 reconnait un site dans le lobe supérieur de la kinase
de FGFR1 qui est révélé par le déplacement de la boucle d'activation du domaine

kinase au cours de 'activation du récepteur.
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Abstract

We previously demonstrated that ESyt2 interacts specifically with the activated FGF
receptor and is required for a rapid phase of receptor internalization and for
functional signaling via the ERK pathway in early Xenopus embryos. ESyt2 is one of
the three-member family of Extended Synaptotagmins that were recently shown to be
implicated in the formation of endoplasmic reticulum (ER)-plasma membrane (PM)
junctions and in the Ca®" dependent regulation of these junctions. Here we show that
ESyt2 is directed to the ER by its putative transmembrane domain, that the ESyts
hetero- and homodimerize, and that ESyt2 homodimerization in vivo requires a TM
adjacent sequence but not the SMP domain. ESyt2 and ESyt3, but not ESytl,
selectively interact in vivo with activated FGFR1. In the case of ESyt2, this
interaction requires a short TM adjacent sequence and is independent of receptor
autophosphorylation, but dependent on receptor conformation. The data show that
ESyt2 recognizes a site in the upper kinase lobe of FGFR1 that is revealed by

displacement of the kinase domain activation loop during receptor activation.
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2.1) Introduction

The Extended Synaptotagmin-like Proteins (ESyts) are similar in general structure to
the Synaptotagmins, a C2 domain containing family of proteins involved in calcium
mediated secretion and endocytosis (Moghadam and Jackson, 2013). So far, three
proteins have been discovered that belong to the Extended Synaptotagmin family,
ESytl, ESyt2 and ESyt3. ESytl was originally discovered in vesicle preparations
from rat adipocytes and named vpl15 for 115kDa vesicular protein (Morris et al.,
1999). However, it was not until 2007 that all three family members were initially
studied and the name Extended Synaptotagmin first coined (Min et al., 2007). The
domain architecture of the human ESyts revealed a putative N-terminal
transmembrane domain (TM), an SMP (Synaptotagmin-like Mitochondrial lipid-
Binding Protein) domain (Lee and Hong, 2006) followed C-terminally by multiple C2
domains. Human ESyt2 and ESyt3 each contain three C2 domains (C2A, C2B and
C2C) while ESytl has five (C2A to C2E) (Figures 28A and 37), and this organisation
is conserved in mouse (Herdman et al., 2014), Xenopus (Jean et al., 2010) and to a

surprising extent in the yeast Tricalbins (Creutz et al., 2004).

Jean et al provided the first potential function for ESyt2 when they showed that it
acted as an endocytic adapter specific for the activated FGF receptor and was
required for functional signaling via the ERK MAP-kinase pathway during early
Xenopus development (Jean et al., 2010). Xenopus ESyt2 was also later shown to
recruit the p21-GTPase Activated Kinase PAK1 and to regulate the dynamics of the
actin cytoskeleton (Jean et al., 2012). More recently the yeast Tricalbins were shown
to be endoplasmic reticulum (ER) resident proteins that aid in the formation of ER to
Plasma Membrane junction sites or bridges (Manford et al., 2012), and the human
ESyts were shown to play a similar role (Chang et al., 2013; Giordano et al., 2013).
The ESyts were also shown to associate with the ER membrane, probably via a TM
hairpin, and to help tether the ER to the PM. Further, ESytl was shown to respond to

cytosolic Ca®" by translocating to the sites of ER-PM junctioning and to promote the
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replenishment of PM associated phosphatidylinositol 4,5-bisphosphate (PIP2) (Chang
etal., 2013).

Here we have investigated the molecular basis for the specificity of the ESyt-FGFR
interaction. We have characterized the homologous and heterologous interactions
between the human ESyts, the interactions of each with FGFRI1, defined the
homologous interaction and ER targeting domains of ESyt2 and used extensive
deletion and point mutations to investigate the molecular specificity of the ESyt2-
FGFR1 interaction. The data surprisingly reveal a mode of interaction that is
independent of receptor autophosphorylation, or indeed catalytic activity, and is
solely dependent on the active receptor conformation. The data show that ESyt2
recognizes a site in the upper kinase lobe of FGFRI1 that is revealed when the

activation loop is displaced into the active configuration.

2.2) Results

Given the general structural similarity to the Synaptotagmins, the ESyts were
originally assumed to be plasma membrane (PM) proteins (Figure 28A and 37) (Jean
et al., 2010; Min et al., 2007). However, at the time we were unable to detect these
proteins on the PM via N-terminal FLAG epitope-tags (Figure 28B and 38), or HA-
tags (data not shown) despite the same tags being fully available after cell
permeabilization. A SNAP-tag™ fused to the N-terminus of ESyt2b was also not
available before cell permeabilization, despite an N-terminal SNAP-tag fused to the
Adrenergic Receptor 2 (ADRP2) being easily detected with both the cell-
impermeable SNAP-surface and cell permeable SNAP-Cell ligands (NEB) (Figure
28C). Recently it was found that rather than being inserted into the PM the ESyts are
probably inserted into the membrane of the endoplasmic reticulum (ER) (Chang et
al., 2013; Giordano et al., 2013). These data exclude the possibility that the ESyts
traverse the PM and are consistent with an association with the ER, but also with a
non-penetrating mode of membrane association such as recently proposed (Chang et

al., 2013; Giordano et al., 2013).
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2.2.1) ESyt2b is misdirected to the PM by fusion to the Sytl transmembrane
(TM) domain.

Exactly what directs the ESyts to insert exclusively into the ER membrane rather than
into the PM, as does Sytl, is presently not known. To resolve this question we created
a fusion between Sytl and ESyt2b, such that the potential transmembrane/membrane-
insertion (TM) domain and N-terminal sequences of ESyt2b were replaced by those
of Sytl. This resulted in an ESyt that associated with and penetrated the PM much as
did Sytl (Figure 28D). Given that the ESyts and their splice variants display little if
any homology preceding the potential membrane-associated domain, (Figure 37), this
strongly suggests that the determinants for association with the ER membrane lie
within the membrane-associated domain or the approximately 20 amino acids

preceding it.

2.2.2) The ESyts homo- and hetero-dimerize.

Given their localization in the ER and to better understand the function of the ESyts
in FGF signaling, we first wished to establish if they function as monomers or as
hetero- or homodimers. Recent data demonstrated that the ESyts can probably
heterodimerize and homodimerize (Giordano et al., 2013; Jean et al., 2010).
Consistent with this, when differentially tagged versions of the three ESyts were
expressed in homologous and heterologous pairs, it was evident that not only did all
three heterodimerize, but also homodimerize (Figure 29). While ESytl interacted
with itself and with ESyt3 relatively weakly, it appeared to interact strongly with the
two N-terminal splice forms of ESyt2, (2a and 2b (Jean et al., 2010)), (Figure 29A).
ESyt2a interacted both with itself and its N-terminal splice variant ESyt2b, as well as
with ESytl and 3 (Figure 29B), and conversely ESyt3 interacted with both ESyt2a
and 2b (Figure 29C). Since none of the three ESyts interacted with Sytl, clearly these

interactions were highly specific.
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2.2.3) ESyt2 dimerization maps to its N-terminal sequences and does not require

the SMP domain.

We further investigated the domain of ESyt2 responsible for its dimerization. The N-
terminal regions preceding the membrane domain of ESyt2a and 2b bear little
homology, suggesting that these regions were probably not involved. However, when
increasingly extensive C-terminal deletion mutants of FLAG-tagged ESyt2b were co-
expressed with full length HA-tagged ESyt2b, interactions were observed with
deletions mutants a.a.1 to 785, lacking C2C domain, a.a.1 to 510 lacking C2B and
C2C, a.a. 1 to 359 lacking all three C2 domains, and even a.a. 1 to 139, lacking the
SMP domain (Figure 30). Thus, the minimal homo-dimerization/oligomerization
domain mapped between a.a. 1 and 139. This was somewhat surprising in the context
of the recent crystal structure of two SMP domains that showed B-barrel structures
contacting end-to-end to form a dimer (Schauder et al., 2014). The data then suggest
that either ESyt2 contains two or more redundant dimerization domains or that it
predominantly dimerizes via sequences close to or within its putative transmembrane

domain that were not present in the ESyt2 structure determination.

2.2.4) ESyt2 and 3, but not ESytl interact selectively with the activated FGF

Receptor.

We had previously shown that both Xenopus and human ESyt2 interact in a highly
selective manner with the activated forms of the FGF receptor family (FGFR1-4)
(Jean et al., 2010). Extending these observations we found that this was a common
property of the shorter two ESyts, the splice variants ESyt2a and -b and ESyt3 all
displaying a strong selectivity for FGFR1 after bFGF stimulation and little or no
interaction when the receptor was specifically inhibited using SU5402 (Figure 31A-
C). By contrast, ESytl repeatedly displayed little or no interaction with FGFRI in co-
transfection assays as compared with ESyt2a (Figure 31D) or indeed ESyt2b or -3
(data not shown). At first sight this suggests a functional difference to the shorter
ESyts. However, ESytl is predominantly associated with the cytosolic ER membrane

and not with ER-PM junctions (Figure 28B) (Chang et al., 2013; Giordano et al.,
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2013). Hence, the lack of interaction with FGFR may in part be a function of its

different subcellular distribution.

2.2.5) ESyt2 is not internalized during endocytosis of activated FGFR.

The lack of an interaction of ESytl with the FGF receptor suggested that the
interactions of the ESyts were at least in part determined by their subcellular
distribution. We had previously shown that ESyt2 was implicated in determining
receptor endocytosis and that it associate with Adaptin2 (AP-2) (Jean et al., 2010).
This suggested that, consistent with its PM proximal distribution, its interaction with
the activated FGF receptor initially occurs on the PM during the formation of
clathrin-coated pits. We therefore asked if ESyt2b was internalized along with
activated FGFR or if its interaction was limited to the PM-associated receptor
fraction. When cells expressing N-terminally FLAG-tagged FGFR1 were subjected to
FGF stimulation, as expected a significant level of initially PM-associated FGFR1
was observed to move into endocytic vesicles (Figure 31D and 39). In contrast, the
distribution of ESyt2b remained unchanged and predominantly proximal to the PM.
Thus, consistent with its presence in ER-PM junctions, ESyt2b interacts with the

activated fraction of the PM-associated FGFR1.

2.2.6) Interaction of ESyt2b with FGFRI1 is mediated by a TM adjacent domain.

To determine the structural determinants of the ESyt-FGFR interaction we used
ESyt2b as a canonical model and investigated the interaction of truncation mutants
with FGFR1. Co-transfection of FGFR1 with the series of ESyt2b C-terminal deletion
mutants showed that loss of one, two or all of the C2 domains (AC2ABC) had no
inhibitory effect on the interaction with FGFR1 (Figure 32A and B). However,
deletion of the N-terminal, TM and adjacent sequences to a.a.136 (ATM) very
strongly suppressed or eliminated the interaction (Figure 32B and C). Given that the
sequences N-terminal of the TM show little or no homology between ESyt2a, 2b and
3 of (Figure 37), it was not surprising that their deletion from ESyt2b (a.a.l to 87,
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ANterm) did not eliminate the interaction with FGFR1. This interaction was clearly
much weaker than for the WT, though significantly greater than for the ATM
mutation at least in part because this mutant repeatedly expressed poorly (Figure
32B). Specific deletion of the SMP domain had no discernable effect on the
interaction with FGFR1, and the interaction was suppressed by receptor inactivation
(Figure 32C). Thus, the data show that the C2 and SMP domains of ESyt2b are not
required for the interaction of ESyt2b with FGFR1. By contrast, this interaction does
require the TM and sequences immediately flanking it (a.a. 88 to 138), though
probably not the unconserved sequences further N-terminal, (Figure 32D). Hence, the
domain required for ESyt2 dimerization (Figure 30) and its interaction with FGFR1

in greater part overlap.

2.2.7) Interaction of ESyt2 with activated FGFR1 is independent of receptor
phosphorylation.

Interactions of signaling modules with activated tyrosine kinase receptors are often
mediated by receptor autophosphorylation (Seet et al., 2006). To determine if this
was the case for the ESyt-FGFR interaction we generated mutations of all seven
phosphotyrosine sites on FGFR1 and determined if these affected the interaction with
ESyt2b. Mutation of each site singly had no significant effect on the interaction
(Figure 40), however as expected combined mutation of Y653 and 654, two
activation loop phosphorylation sites essential for kinase activity, suppressed the
interaction with ESyt2b (and ESyt3, data not shown) as strongly as did the kinase
dead (KD) ATP-binding site mutation K514A (Figure 33A and B).

As expected, a combination of the five remaining non-catalytic phosphotyrosine site
mutations (Y463,583,584,730,766F) very strongly reduced overall receptor
phosphorylation and somewhat reduced interaction with ESyt2b, though to a much
smaller extent than the activation loop mutations (Y653,654F) (Figure 33B). Thus,
interaction of ESyt2b with FGFR1 was not mediated by any single phosphotyrosine

and even combined elimination of 5 of the 7 sites had only moderate inhibitory
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effects on the interaction. This left the possibility that a specific interaction with the
activation loop phosphotyrosines might be involved. Thus, we replaced both the
activation loop phospho-sites of FGFR1 by phosphomimics (Y653,654E). The
resulting mutant interacted with Esyt2b only a little less efficiently than did the WT
and certainly far better than the corresponding the Y653,654F mutant (Figure 33D).
Further, the interactions of these three forms of FGFR1 with ESyt2b were roughly in
proportion with their relative autophosphorylation levels (Figure 33D). This
suggested that either ESyt2b was able to recognize the combined autophosphorylation
state of all seven sites on FGFRI1, or that it recognized a specific receptor

conformation related to the receptor autophosphorylation state.

2.2.8) ESyt2 interaction depends on active receptor conformation but not

catalytic activity.

The data from the FGFR1 phospho-site mutants suggested that phosphorylation did
not play a direct role in the specificity of ESyt2 for the activated receptor, but that
receptor activation did. This suggested that ESyt2 might recognize a specific change
in receptor conformation occurring on activation. FGFR1 activation is brought about
by a displacement of the activation loop that allows access to the active site of the
kinase domain (Bae et al., 2009). Further, FGFR1 autophosphorylation was shown to
occur via an asymmetric interaction between the kinase domains of adjacent
receptors, one acting as enzyme and the other as substrate. Mutation of arginine a.a.
577 to glutamic acid (R577E) within the FGFR1 kinase domain was shown to prevent
this asymmetric interaction and to lock the activation loop in the open ‘“active”
conformation while at the same time preventing catalytic activation of the receptor
(Bae and Schlessinger, 2010) (Figure 34A). We therefore asked if ESyt2b would
interact with FGFR1 carrying this mutation. ESyt2b did indeed interact with the
FGFR1-R577E mutant, despite this mutant being clearly unable to autophosphorylate
(Figure 34B) and also unable to recruit phospho-PLCy (pY-PLCy), as was the control
Y766F mutant that eliminates the phospho-site bound by PLCy (Mohammadi et al.,
1992; Peters et al., 1992). FRS2 is constitutively recruited to the receptor and hence
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for this reason was unlikely to be implicated in the ESyt2 interaction (Ong et al.,
2000). However, to directly test this we also mutated the essential leucine 422
(L422A) within the FRS2 binding site on FGFR1, but found it had no effect on the
ESyt2b interaction (Figure 34B).

We further investigated the interaction of ESyt2b with the FGFR1-R577E mutant in
comparison with the inhibited and activated states of the wild type receptor and the
kinase dead ATP binding site mutant K514A (Bellot et al., 1991). Both the wild type
FGFRI1 and the R577E inactive mutant interacted strongly with ESyt2b, while as
should be expected, the K514A (KD) mutant did not (Figure 34C). Interestingly, the
inhibitor SU5402 strongly suppressed the interaction of ESyt2b with wild type
FGFR1, but had no effect on the interaction of ESyt2b with the R577E mutant. This
is consistent with structural data suggesting that this mutant may also have a low
affinity for ATP (Bae et al., 2010). Together these data show that ESyt2 specifically
recognizes the open active conformation of FGFR1 independently of either catalytic

activity or receptor autophosphorylation.

2.2.9) FGFR truncation reveals an interaction with ESyt2b independent of

catalytic activity.

Since the data to this point indicated an ESyt2-FGFR1 interaction based solely on the
recognition of the open receptor conformation, this suggested that displacement of the
activation loop revealed an ESyt2 binding site that was otherwise hidden in the
inactive receptor. Thus, we decided to ask if this surface would also be revealed in C-
terminal receptor deletion mutants (Figure 35A). Deletion of the C-terminal tail,
leaving the kinase domain intact, as expected, had no effect on the ESyt2b
interaction, as did mutation of the transmembrane domain proximal Nedd4-1
ubiquitinylation site (A6) shown to be required for receptor internalization (Persaud et
al., 2011) (Figure 35B). Surprisingly, deletion of the lower C-terminal kinase lobe
and the activation loop also had no effect on the ESyt2b interaction, but deletion to

a.a. 475, to remove most of the N-terminal kinase lobe, eliminated the interaction.
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This supported the idea that ESyt2b recognized a binding site on FGFR1 contained
within the N-terminal or upper C-terminal kinase lobes that was revealed on

displacement of the activation loop during receptor activation.

To further delineate the ESyt2b binding site, we created three more C-terminal
deletion mutants of FGFR1. Partial deletion of the upper part of the C-terminal kinase
lobe to a.a. 600, or indeed its full deletion to a.a. 550, had no effect on the interaction
of ESyt2b with the receptor. However, deletion to a.a. 500, also removing half the N-
terminal kinase lobe, did eliminate the ESyt2b binding site. Together the data
strongly suggest that the selectivity of ESyt2b for the active FGFR1 receptor depends
on a binding site within the N-terminal kinase lobe of the receptor that is revealed
when the activation loop is displaced to its position in the active receptor
conformation. The probable structure of the N-terminal kinase lobe in the a.a. 550
deletion mutant can be seen in Figure 36A. Since we can fully delete the activation
loop without affecting the ESyt2b-FGFR1 interaction, contact with the loop itself is
clearly unnecessary for the interaction. However, within the context of the wild type
FGFR1 the activation loop would prevent ESyt2 access to the underside of the N-
terminal kinase lobe in its inactive configuration, but allow access in its active
configuration (Figure 37B). This, in turn, suggests that the site of the ESyt2

interaction lies proximal to or corresponds with the ATP binding pocket.

2.3) Discussion

The interaction of ESyt2 with FGFR1 was previously shown to be dependent on
receptor activation and to be required for a rapid phase of receptor internalization
necessary for functional signaling via the ERK pathway during early Xenopus
development and shown to be conserved in human (Jean et al., 2010). Here we have
used the human system to investigate the molecular parameters of the ESyt-FGFR1
interaction in order to better understand its underlying specificity. However, ESyt2 is
just one of the three member family of human Extended Synaptotagmins. These

proteins were recently shown to be implicated in the formation of endoplasmic
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reticulum (ER)-plasma membrane (PM) junctions and in the Ca’ dependent
regulation of these junctions (Chang et al., 2013; Giordano et al., 2013; Manford et
al., 2012). Here we provide evidence supporting the observations (Chang et al., 2013;
Giordano et al., 2013) that the ESyts are not integral PM proteins, but rather are
inserted into the ER membrane. We also show that in the case of ESyt2, this function
is an intimate property of the putative transmembrane domain, since its replacement
by the transmembrane domain of Sytl redirects ESyt2 to the PM. We further show
that all three ESyts hetero- and homodimerize to some degree, though ESytl displays
a preference to heterodimerize with ESyt2 rather than to heterodimerize with ESyt3
or to homodimerize. Analysis of ESyt2b deletion mutants showed that neither the C2
domains nor the SMP domain are essential for its homodimerization in vivo. This
suggests that the dimerization via the SMP domain observed in the ESyt2b crystal

structure is not essential for its dimerization in vivo (Schauder et al., 2014).

We show that ESyt2 (both a and b splice variants) and ESyt3, but not ESytl,
selectively interact in vivo with the activated form of FGFR1. Interaction of ESyt2b
with FGFR1 depends strongly, if not exclusively, on the TM and immediately
adjacent sequences of ESyt2 (a.a. 88 to 138). This region is common to ESyt2a and
2b and shows 45% identity/ 71% similarity with the equivalent region of ESyt3 and
41% identity/ 61% similarity with the equivalent of ESytl. Thus, the lack of an
interaction of ESytl with FGFR may in part be due to the lower homology with
ESyt2/3 or to its predominant localization to cytoplasmic ER membranes (Chang et

al., 2013; Giordano et al., 2013), or both.

We further investigated the factors that determine the selective interaction of ESyt2b
with activated FGFR1. We find that while receptor activation is a prerequisite for the
interaction, none of the receptor autophosphorylation events are required. Indeed,
even the activation loop phospho-sites Y653 and Y654 of FGFR1 can be replaced by
phospho-mimics (Y653/654E) without affecting either the interaction with ESyt2 or
its specificity. Most interestingly, we found that a R577E mutant FGFR1 was

recognized by ESyt2. This mutant receptor has its activation loop locked in the open,
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active position, but is catalytically inactive in vivo (Figure 34A) (Bae and
Schlessinger, 2010). The ability of ESyt2 to interact with this mutant receptor, despite
its catalytic inactivity strongly suggested that the interaction was based solely on
receptor conformation and not activity. This finding was consistent with our data
showing that the ESyt2-FGFR1 interaction was independent of receptor
autophosphorylation, and suggested that ESyt2 recognized a surface of the FGFR1
catalytic domain revealed by displacement of the activation loop. Receptor deletion
mapping confirmed this was the case and showed that the interaction site between
ESyt2b and FGFR1 lay within the N-terminal kinase lobe of the receptor, probably
close to the ATP binding fold. Together, the data strongly suggest that the
conformation of the receptor activation loop defines access of ESyt2 to the lower
surface of the N-terminal FGFR1 kinase lobe including the ATP binding pocket
(Figure 36). This then explains the high degree of selectivity of ESyt2 and probably
ESyt3 for the active form of the FGF receptor.

Our previous data showed that ESyt2 was required in very early Xenopus embryos
for functional FGF signaling via the ERK but not the PI3-kinase pathways. The data
further demonstrated a function of ESyt2 in a rapid phase of receptor endocytosis in
these embryos. Recent data showing that ESyt2 and 3 localize to ER-PM junctions
and may act in concert with other junctioning proteins (Manford et al., 2012) suggests
that this function may be only one part of a more complex pathway regulating FGF
signaling that involves the regulation of Ca®" and phosphatidylinositol 4,5-
bisphosphate (PIP2) levels (Chang et al., 2013). FGF signaling directly activates
PLCy, e.g. see Figure 34B, and hence stimulates the cleavage of PIP2 and the release
of Ca®" into the cytosol (Thisse and Thisse, 2005). This release of Ca®" was shown to
stimulate ESytl recruitment to, or the tightening of, ER-PM junctions and the
replenishment of PIP2 on the PM (Chang et al., 2013). Such a feedback mechanism
would effectively prolong or enhance signaling via PLCy pathway and hence have an
important modulating influence on intracellular signaling. Consistent with this,
parallel mass spectrometric studies have shown that the interaction of ESyt2 with

ESytl is dependent on FGFR activation (F. Guillou, unpublished data). Ca*" has also
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been shown in other systems to modulate clathrin-dependent endocytosis (Andersen
and Moestrup, 2014; Yamashita, 2012). Thus, the response of the ESyts to Ca®’
release may explain their observed ability to modulate growth factor signaling in
Xenopus by controlling the rate of endocytosis (Jean et al., 2010). Hence, further
studies of the ESyts will certainly generate insight into the mechanisms underlying

the cell-specific outcomes of growth factor signaling.

2.4) Materials and Methods

2.4.1) Plasmid constructs

Full-length human ESytl, ESyt3 and Sytl cDNAs were amplified from total MCF-7
cDNA and corresponded in coding sequence to FAM62A (NM_015292), FAM2C
(NM_031913) and SYT1 (NM_005639). Construction of the human ESyt2b splice
variant cDNA was previously described (Jean et al., 2010) and was equivalent in
reading frame sequence to FAM62B (NM_020728). The open reading frame for the
human ESyt2a splice variant was created from the ESyt2b cDNA by replacing the
sequences 5' of the unique Sacll site with a synthetic custom gene fragment
(Integrated DNA Technologies, IDT) corresponding to the equivalent region of
sequence DQ993201. All the ESyt mutants and epitope tagged constructs were
created in these original cDNAs, subcloned in PCDNA3 and the full coding sequence
of each was determined. The human FGFR1 was obtained from J. Wesche and E. M.
Haugsten and was subcloned along with a FLAG N- or HA C-terminal epitope tag in
the pCS*" vector. FGFR1 mutants were created directly in this construct using the
QuickChange strategy (Agilent Technologies) or by direct PCR amplification and the

full coding sequence of each final mutant was determined.

2.4.2) Cell culture and transfections

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (Wisent). 1.25 x 10° 293T cells were seeded on poly-L-

lysine (Img/ml) (Sigma) treated 60mm petri dishes 24h prior to transfection.
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Transfections were performed by polyethylenimine (PEI). Briefly, DNA was diluted
in 400ul of Opti-MEM media (Invitrogen) followed by addition of 10ul PEI at
2mg/ml. After a 10sec vortex, the mixture is added dropwise to the cells. Where
indicated, cells were treated with 25 mM SU-5402 (Symansis Cell Signaling Science)
or with bFGF (Sigma), 20ng/ml, and Heparin (Sigma), Spg/ml.

2.4.3) Coimmunoprecipitation

HEK293T cells were processed for co-immunoprecipitation as previously described
(Jean et al., 2010). Briefly, 20ug of anti-HA (12CAS5) and 20ul of a slurry of Protein
A-Sepharose (GE Healthcare), or 20ul of anti-FLAG Agarose beads (Sigma),
prepared following manufacturer instructions was added to the lysates and incubated
at 4°C for 2h. Bound proteins were eluted with 2 x SDS-PAGE loading buffer,
fractionated on Tris-glycine SDS-PAGE gels, transferred to Nitrocellulose membrane
(Bio-Rad) and probed with the appropriate antibody. For Western blotting, antibodies
were used at 1/1000 (anti-HA, Abcam), 1/1000 (anti-Myc, Cell Signaling), 1/400
(anti-FLAG, Sigma), 1/1000 (anti-Phospho-Tyr783-PLCy, Cell Signaling), 1/1000
(anti-PLCy, Abcam), and 1/5000 (anti-Phospho-Tyr (PY99), Santa-Cruz).

2.4.4) Immunofluorescence imaging

Cells were washed with PBS, fixed in 4% PFA for 15 minutes and permeabilized
with 0.5 % Triton in PBS for 5 minutes. Incubation with the appropriate primary
antibodies was performed for 1h in PBS, 5% BSA or goat serum and cells were then
stained with AlexaFluor 488, 568 or 647 conjugated anti-rabbit or -mouse secondary
antibodies (Molecular Probes) and counterstained with DAPI. After mounting in 50%
glycerol, 50% glycine buffer (0.2 M Na-glycine, 0.3 M NaCl), 3D epifluorescent
image stacks were acquired using a Leica SP5 II confocal microscope, equipped with

a 63x immersion objective, running in standard scanning.

For FGFRI1 uptake assays the above protocol was modified as follows; cells

expressing N-terminally FLAG-tagged FGFR1 and HA-tagged ESyt2b were rinsed in
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Opti-MEM (Invitrogen) and then incubated for 1h at 4 deg. C with rabbit anti-FLAG
antibody diluted 1/500 in Opti-MEM. Subsequently cells were rinsed twice in Opti-
MEM at 4 deg. C, incubated for 20 min. in Opti-MEM containing bFGF (Sigma),
20ng/ml, and Heparin (Sigma), 5pg/ml at either 37 deg. C or 4 deg. C (control),
rinsed twice, and stained "live" with AlexaFluor 568 conjugated anti-rabbit antibody
diluted 1/250 in Opti-MEM for lh at 4 deg. C. Cells were then fixed and
permeabilized before incubation with mouse anti-HA antibody (12CAS) and staining
with AlexaFluor 488 conjugated anti-rabbit and AlexaFluor 647 conjugated anti-

mouse antibodies, and counterstaining with DAPI.

The use of SNAP-tags (New England Bioloabs) followed the manufacturers
recommendations. Briefly, cells were incubated for 30 min. in cell impermeable
SNAP-Surface AlexaFluor 488 in culture medium. After 3 rinses in culture medium,
cells were further incubated for 30 min. in cell permeable SNAP-Cell TMR-Star in
culture medium. Cells were rinsed 3 times over 30 min. to permit unreacted SNAP-

Cell ligand to diffuse out of cells, then fixed and observed as above.
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2.8) Figure Legends

Figure 28. ESytl, 2 and 3 do not penetrate the plasma membrane. A) Diagrammatic
structure of the human ESyt family members, including the two studied splice
variants of ESyt2, in comparison with human Sytl. B) Sequential anti-FLAG
immunofluorescence (IF) labeling of N-terminally FLAG-tagged Sytl, ESytl, 2 and
3 and the human FGFR1 receptor. The tagged proteins were transiently expressed in
HEK293T cells and then labeled before (green) and after (red) membrane
permeabilisation. C) N-terminally SNAP™-tagged human and Xenopus ESyt2, and
the Adrenergic Receptor 32 (ADR2) were expressed in HEK293T and labeled using
the SNAP-Surface and SNAP-Cell ligands following the manufacturers instructions
(New England Biolabs). D) N-terminally HA-tagged Sytl, ESyt2b and Syt1/ESyt2b
fusion proteins were expressed and subjected to anti-HA IF labeling before (green)
and after (red) cell permeabilisation as in B). The scale bar in A) to C) indicates

6mm.

Figure 29. All three ESyt proteins and splice variants homo- and hetero-dimerize in
vivo. A) N-terminally FLAG-tagged human ESytl was co-expressed in HEK293T
cells with each of the other N-terminally HA-tagged human ESyt forms and human
Sytl. Subsequently, co-immunoprecipitation of FLAG-tagged ESytl was determined
by Western blot. B) and C) The same analysis was performed respectively for N-
terminally FLAG-tagged ESyt2a and ESyt3.

Figure 30. Neither the C2 domains nor the SMP domain are essential for ESyt2b
dimerization in vivo. A) Diagrammatic structure of ESyt2b and corresponding
deletion mutants. B) and C) Analysis of co-immunoprecipitation of N-terminally HA-
tagged full length ESyt2b with the corresponding N-terminally FLAG-tagged

deletion mutants co-expressed in HEK293T cells.

Figure 31. Both ESyt2 and 3, but not ESytl, interact selectively with activated
FGFR1. A) to C) co-immunoprecitation of N-terminally FLAG-tagged FGFR1
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respectively with N-terminally HA-tagged ESyt2b and 3, ESyt2a and ESytl co-
expressed in HEK293T cells after receptor activation with bFGF or inhibition with
SU5402. FGFR1 activation was monitored by tyrosine auto-phosphorylation (pY). D)
ESyt2b is not internalized with FGFR1 on stimulation with FGF. FLAG-FGFR1 and
HA-ESyt2b were coexpressed in HEK293T cells and PM associated FGFR1 was
labeled in live cell with a primary anti-FLAG. After FGF stimulation (20min.) cells
were labeled before fixation and permeabilisation with an Alexa568 conjugated
secondary (FGFR1 PM associated, red) then after fixation and permeabilisation with
an Alexa488 conjugated secondary (FGFRI1 Total, green) and with an HA primary,
Alexa693 secondary to display HA-ESyt2b (magenta). The merged panels show
overlap of ESyt2b and FGFRI1 (indicated by white) is limited to the PM (white

arrows) and does not occur after FGFR1 internalization (yellow arrows)

Figure 32. ESyt2b interacts with FGFRI1 via TM adjacent sequences. A)
Diagrammatic structure of ESyt2b and corresponding deletion mutants. B) and C)
Analysis of co-immunoprecipitation of C-terminally HA-tagged FGFR1 with N-
terminally FLAG-tagged full-length ESyt2b and corresponding deletion mutants co-
expressed in HEK293T cells. D) Diagrammatic summary of the ESyt2b dimerization

and FGFR1 interaction domain.

Figure 33. The ESyt2b interaction with FGFR1 depends on receptor activation but
not its autophosphorylation. A) Diagrammatic structure of the cytoplasmic region of
FGFR1 showing the trans-membrane sequence (TM), the N-terminal and upper and
lower C-terminal lobes of the kinase domain, and the autophosphorylation sites. B)
Co-immunoprecipitation of C-terminally Myc-tagged ESyt2b with N-terminally
FLAG-tagged wild type (WT), kinase dead (KD) and activation loop mutant (Y653
and/or 654F) FGFR1 forms co-expressed in HEK293T cells. In the cases of wild type
and kinase dead forms of FGFR1, receptor inhibition with SU5402 demonstrates the
high degree of selectivity of ESyt2b for the active form of the receptor. C) Co-
immunoprecpitation of ESyt2b with FGFR1 auto-phosphorylation site mutants as in
B). D) Co-immunoprecipitation of N-terminally HA-tagged ESyt2b with N-
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terminally FLAG tagged wild type FGFR1 (WT) and constitutively active
Y653,654E and inactive Y653,654F activation loop mutants as in B), but after
receptor activation with bFGF or inhibition with SU5402. In B) to D) receptor

activation was monitored by its level of autophosphorylation (pY).

Figure 34. ESyt2b recognizes the activated conformation of FGFR1 independently
of catalytic activity. A) Path of the activation loops, respectively from left to right,
top to bottom, for the inactive (white) (Mohammadi et al., 1996) (PDB code: 3KY2),
activated (Y653/654-phosphorylated, green) (Bae et al., 2009) (PDB code: 3QGI),
R577E mutant (blue) (Bae et al., 2010) (PDB code: 3KXX) and overlayed “active”
and R577E mutant FGFR1 configurations. The dot surface of the active site aspartic
acid (D623) is indicated, as are tyrosine 653 and 654 (Y653/654) side chains and the
position of the AMP-PCP non-hydrolysable ATP analog within the inactive
configuration. B) Co-immunoprecipitation of N-terminally HA-tagged ESyt2b and N-
terminally FLAG tagged wild type FGFR1 (WT), or the corresponding R577E,
L422A and Y766F receptor mutants after co-expression of ESyt2b and receptors in
HEK293T cells and receptor activation with bFGF. Endogenous PLCg and phospho-
PLCg (pY-PLCg) were monitored using specific antibodies. C) Co-
immunoprecipitation of N-terminally HA-tagged ESyt2b with N-terminally FLAG
tagged wild type FGFR1 (WT), or the corresponding kinase dead K514A (KD) and
R577E receptor mutants as in B), but after receptor activation with bFGF or
inhibition with SU5402. In B) and C) receptor activation levels were monitored by

the level of receptor tyrosine auto-phosphorylation (pY).

Figure 35. C-terminal deletions of FGFRI reveal that ESyt2b interacts with the N-
terminal lobe of the receptor kinase domain. A) Extent of deletion mutants of FGFR1
as compared to the organization of the cytoplasmic domain of the receptor. B) and C)
Co-immunoprecipitation of N-terminally HA-tagged ESyt2b with N-terminally
FLAG-tagged full length (WT) FGFRI1 and corresponding receptor deletion mutants.
The Nedd4-1 ubiquitinylation site mutant (FGFR1 A6) (Persaud et al., 2011),

independently generated in our laboratory, was included in B) and showed that this
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modification did not play a part in the ESyt2b interaction. Despite this, other analyses

confirmed the role of the Nedd4-1 site in receptor internalization (data not shown).

Figure 36. The conformation of the activation loop may control access to the ESyt2b
binding site. A) Left panel: the structure of the activated FGFR1 kinase domain with
the ATP analog AMP-PCP bound, the N-terminal kinase lobe is shown boxed. Right
panels: the probable structure of a.a. 464 to 550 in the corresponding C-terminal
FGFR1 deletion mutant a.a. 1-550, in the presence and absence of the ATP analog. B)
Probable structure of the N-terminal kinase lobe in the C-terminal FGFR1 deletion
mutant a.a. 1-550 superimposed on the left with the active and on the right the
inactive conformations of the activation loop. The N-terminal lobes in A) and B) are
taken from the activated catalytic domain FGFR1 structure (Bae et al., 2009) (PDB
code: 3QGI), while the superimposed activation loop structures in B) are taken from
the activated (red) (Bae et al., 2009) (PDB code: 3QGI) and inactive (white)
(Mohammadi et al., 1996) (PDB ID: 3KY2) catalytic domain structures. Images were
generated using Swiss-PdbViewer http://www.expasy.org/spdbv/ (Guex and Peitsch,
1997)
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2.9) Supplementary Figure Legends

Figure 37. Alignment of the predicted amino acid sequences of the human ESyts 1,
2a, 2b and 3 (Acc. No. NP_056107, ABJ97706.1, NP_065779.1 and NP_114119.2.
The putative transmembrane domains are shown in red, the SMP domain in green and

the C2 domains in yellow, cyan, magenta, orange and blue.

Figure 38. Anti-FLAG immunofluorescence (IF) labeling of N-terminally FLAG-
tagged Sytl, ESytl, 2 and 3 and the human FGFR1 receptor. The tagged proteins
were transiently expressed in HEK293T cells and then labeled before (green,
External) and after (red, Total) cell permeabilisation and counter-stained with DAPI.

The scale bar in the XY plane indicates 6mm and in the Z plane Smm.

Figure 39. ESyt2b is not internalized with FGFR1 on stimulation with FGF. FLAG-
FGFR1 and HA-ESyt2b were coexpressed in HEK293T cells and PM associated
FGFR1 was labeled at 4°C in live cell with a primary anti-FLAG antibody. Cells
were then either held at 4°C or subjected to FGF stimulation at 37°C (20min.), and
subsequently labeled before fixation and permeabilisation with an Alexa568
conjugated secondary (FGFR1 PM associated, red), then after fixation and
permeabilisation with an Alexa488 conjugated secondary (FGFR1 Total, green) and
with an HA primary, Alexa693 secondary to display HA-ESyt2b (magenta). The
merged panels show overlap of ESyt2b and FGFR1 (indicated by white) is limited to
the PM (white arrows) and does not occur after FGFR1 internalization (yellow

arrows).
Figure 40. Co-immunoprecipitation of N-terminally HA-tagged ESyt2b with N-

terminally FLAG-tagged wild type (WT) and point mutant phospho-site FGFR1
forms after co-expressed in HEK293T cells.
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Figure 28. ESytl, 2 and 3 do not penetrate the plasma membrane.
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Figure 29. All three ESyt proteins and splice variants homo- and hetero-dimerize in

Vivo.
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Figure 30. Neither the C2 domains nor the SMP domain are essential for ESyt2b

dimerization in vivo.
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Figure 31. Both ESyt2 and 3, but not ESytl, interact selectively with activated
FGFRI1.
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Figure 32. ESyt2b interacts with FGFR1 via TM adjacent sequences.
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Figure 33. The ESyt2b interaction with FGFRI
not its autophosphorylation.
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Figure 34. ESyt2b recognizes the activated conformation of FGFR1 independently of

catalytic activity.
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Figure 35. C-terminal deletions

of FGFRI reveal that ESyt2b interacts with the N-

terminal lobe of the receptor kinase domain.
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Figure 36. The conformation of the activation loop may control access to the ESyt2b

binding site.
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Figure 37 (Supplementary). Alignment of the predicted amino acid sequences of the
human ESyts 1, 2a, 2b and 3 (Acc. No. NP_056107, ABJ97706.1, NP_065779.1 and
NP 114119.2.
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Figure 38 (Supplementary). Anti-FLAG immunofluorescence (IF) labeling of N-
terminally FLAG-tagged Sytl, ESytl, 2 and 3 and the human FGFR1 receptor.
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Figure 39 (Supplementary). ESyt2b is
with FGF.
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Figure 40 (Supplementary). Co-immunoprecipitation of N-terminally HA-tagged
ESyt2b with N-terminally FLAG-tagged wild type (WT) and point mutant phospho-
site FGFR1 forms after co-expressed in HEK293T cells.
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Chapter 3

ESyt 2/3 loss affects the viability of the Mouse

Embryonic Fibroblast cells under stress.

Prakash K. Mishra and Tom Moss
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Foreword

The study presented in this chapter was undertaken to compare the growth
characteristics of cells lacking ESyt2 and ESyt3. As such, it formed part of the larger
laboratory study of the effects of ESyt2/3 loss in mouse. Part of the work presented in
this chapter was included in the publication “Loss of Extended Synaptotagmins
ESyt2 and ESyt3 does not affect mouse development or viability, but in vitro cell

migration and survival under stress are affected.” (Herdman et al., 2014).
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Résumé

La famille des « Extended Synaptotagmins » est connue pour son implication dans de
multiples fonctions cellulaires, cependant le role de ces protéines in vivo demeure
largement inconnu. Elles ont été impliquées dans plusieurs fonctions tissulaires et
cellulaires chez les mammiféres incluant la signalisation récepteur dépendante,
'endocytose, la formation des jonctions entre le reticulum endoplasmique et la
membrane plasmique (RE-MP), la sensibilit¢ au calcium. Ils ont été impliqués
¢galement dans l'induction de la formation du mésoderme et I'embriogénése chez
Xenopus ainsi que chez C.elegans. Etonnamment, 1'élimination de 2 des 3 membres
de cette famille protéique, ESyt2 et ESyt3, n'affecte pas le développement des souris,
leur viabilité et n'induit aucun changement phénotypique particulier. Cependant,
l'analyse des fibroblastes embryonnaire de souris (FESs) en culture cellulaire montre
des défauts de migration ainsi qu'une sensibilité accrue a des conditions de culture
stringentes ou aux stress oxydatif. La perte de ESyt2 ou celle de Esyt2 et 3 dans des
FESs immortalisées par l'antigéne T du virus SV40 réduit leur viabilité dans un
milieu sans sérum comparé a des FESs de type sauvage possédant le méme contexte
génétique. De plus, la perte de ESyt2/3 rend les FESs plus sensibles aux stress
oxydatifs. Et donc, malgré 1'absence de phénotype dans les études sur l'animal, la
perte de ESyt2 et 3 affecte certaines réponses cellulaires résultants probablement de

défauts dans la transduction du signal en général.
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Abstract

Extended Synaptotagmins have been reported to be involved in multiple cellular
functions, but the in vivo requirements for these proteins remains largely unknown.
They have been implicated in several cell and tissue functions in mammals including
receptor signaling, endocytosis, endoplasmic reticulum-plasma membrane (ER-PM)
junction formation, calcium sensing, as well as mesoderm induction and
embryogenesis in Xenopus and C. elegans. It was therefore surprising to find that the
elimination of two of the three members of this family of proteins, i.e. ESyt 2 and
ESyt3, did not affect mouse development or viability, nor did it induce any detected
change in phenotype. This said, by analysing mouse embryonic fibroblast (MEFs) in
culture both defects in migration and susceptibilities to stringent culture conditions
and oxidative stress were observed. Loss of ESyt 2 or loss of ESyt2 and 3 in SV40 T-
antigen immortalized MEFs reduce their viability in serum free media as compared to
wild type MEFs from the same genetic background. Further, ESyt2/3 loss renders the
MEFs prone to oxidative stress. Thus, despite a lack of phenotype in whole animal
studies, loss of ESyt2 and 3 does indeed affect certain cellular responses that are

probably the result of defects in signal transduction.
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3.1) Introduction

The Extended Synaptotagmins (ESyts) have been implicated in receptor signaling,
and receptor endocytosis, as well as being required for mesoderm induction in
Xenopus and cell division in C. elegans. The recent discovery that the ESyts are ER-
resident protein and help in the formation of ER-PM contact site has yet further
increased the possible number of roles they play (Giordano et al., 2013). But even
after more than a decade of research we still do not know the in vivo requirements for
the ESyts in mammals. The importance of membrane contact sites (MCS) in
maintaining normal homeostasis in cells is well known (Voelker, 2009; Lewis, 2007).
The C2 domains of the ESyts may play a direct role in calcium signaling, while the
SMP domain could be responsible for lipid transport and either domain could also be
an interaction site for protein partners. Xenopus ESyt2 has been shown to serve as an
endocytic adapter that determines the timing of ERK activation in blastula embryos
by binding both Fibroblast Growth Factor Receptor (FGFR) and Adaptin 2 (AP-2) to
catalyze rapid receptor endocytosis via the Clathrin pathway (Jean et al., 2010). Also,
ESyt2 recruits the cytoskeleton regulator p21-Activated-Kinase-1 (PAKI1) to
modulate the cortical actin de-polymerization logically required for endocytosis (Jean
et al.,, 2012; McMahon et al., 2011). ESyt2 and ESyt3 are present in the ER-PM
junction and strongly bind to the plasma membrane. In comparison, ESytl only

localizes to ER-PM junctions in in response to enhanced Ca*".

However, we have failed to observe any significant phenotype in ESyt2”/3” double
knock out mice (see Annexe) (Herdman et al., 2014). Hence, we undertook several
lines of study to determine whether a phenotype could be identified under defined

conditions in cell culture.

In this chapter I present the growth response of Mouse Embryonic Fibroblasts
(MEFs) isolated from ESyt2/3'/ " mice to various stringencies of in vitro culture and to
the oxidative stress. Part of this work was included in our published studies of

ESyt2/3 loss (Herdman et al., 2014).
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3.2) Results

In order to study the difference in growth pattern and in viability of cells lacking
ESyt2 and 3, we generated MEFs from E14.5 ESyt 2/3 null and from ESyt2/3""
mouse embryos (Giroux et al., 1999; Bisson et al., 2008). These cells were then
immortalized by transfection with pBSV0.3T/t, which expresses both SV40 large T
and small t antigens (SvT?).

3.2.1) ESyt 2/3 deficient MEFs are more susceptible to serum withdrawal than

their wild type counterparts.

Initially the immortalized MEFs were cultured for 7.5 days in serum-free and
antibiotic-free medium (SFM) with or without fetal bovine serum (FBS) or fibroblast
growth factor (FGF). As shown in Figure 41 A and B the ESyt 2/3”" (DKO) MEFs
grew in media containing FBS similarly to the ESyt2/3"* (WT) MEFs. Both DKO
and WT MEFs also grew in SFM supplemented with FGF, however, their
proliferation was somewhat reduced as compared with MEFs grown in FBS
supplemented SFM. WT MEFs also continued to proliferate in SFM lacking both
FBS and FGF albeit more slowly than in the presence of FBS or FGF (Figure 41A).
In contrast, the DKO MEFs grown in the absence of both FBS and FGF underwent
extensive cell death (Figure 41B).

3.2.2) Serum withdrawal differentially affects immortalized MEFs.

Before immortalization, primary MEFs grow relatively slowly and after a certain
number of cell divisions become quiescent, and when subjected to serum free
conditions show a similar behavior. Figure 42 shows a comparison of the effects of
serum withdrawal over 2 weeks on WT and DKO primary and immortalized MEFs.

As observed in Figure 41, immortalized WT MEFs continue to proliferate in the
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serum free media while the immortalized DKO MEFs die. On the other hand, though
WT and DKO primary MEFs arrest division, they survive and their cell bodies appear
to grow in size. This suggests that enhanced cell division driven by oncogenic

immortalization renders the DKO cells differentially sensitive to serum withdrawal.

3.2.3) Inhibition of FGF signaling affects the initial phase of growth of WT and
DKO MEFs equally.

Since Xenopus ESyt2 has been implicated in FGF signaling (Jean et al., 2010), I first
determined the effect of short-term treatment of both WT and DKO immortalized
MEFs with the FGFR1 specific inhibitor SU5402 on their initial rate of growth
(Figure 43). When MEFs were cultured for 2 days in serum-free medium to which
SU5402 was added, both WT and DKO MEFs suffered roughly equal levels of cell
death, while the addition of FGF improved survival of both cell types. These
observations were consistent with short-term assays of MAP-kinase (ERK) activation

by FGF, which was unaffected by deletion of ESyt2 and 3 (Herdman et al., 2014).

3.2.4) Long-term SU5402 treatment causes cell death in both immortalized DKO
and WT MEFs.

Figure 44A and B show comparisons of DKO and WT immortalized MEFs grown
under different conditions over a period of 5 days. Both cell types respond similarly
in most of the conditions studied, except those in which only serum free media
available. The DKO MEFs show extensive cell death both in SFM and in SFM plus
SU5402, while the WT MEFs clearly continue to grow in SFM but rapidly die when
grown in SFM plus SU5402. Thus, autocrine signaling through the FGF receptor
appears to be sufficient to maintain viability and proliferation of the WT MEFs but

not of the DKO MEFs. The data therefore suggest that the DKO MEFs are partially
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defective in FGF signaling and that this effect can be overcome by addition of

exogenous FGF to the medium.

In order to better quantify these data, I also performed cell proliferation/viability
assays on WT and DKO MEFs cultured under the different conditions. Cells were
plated at a fixed density and then allowed to grow in different medium condition for 4
days before determining relative viable cell counts using Resazurin, a nonfluorescent
substrate which is converted to fluorescent resofurin in viable cells. These data
(Figure 44C) quantitatively confirm that both WT and DKO MEFs respond similarly
to serum, FGF and FGF receptor inhibition (SU), but differently to serum withdrawal.
It is clear from the data that a residual autocrine signal passing via the FGF receptor
is sufficient to maintain WT MEFs viable and that inhibition with SU5402 block this
signal, reducing their proliferation/survival to that of the DKO MEFs. Consistent with
this, SU5402 has no negative effect on the proliferation/survival of DKO MEFs

beyond that of serum withdrawal.

3.2.5) Esyt 2/3 deficient MEFs are highly prone to oxidative stress.

DKO MEFs were found to be highly prone to the oxidative stress. DKO and WT
MEFs were treated overnight (ON) with 0.2 mM or 0.4mM H,0; in SFM with or
without addition of FGF, then transferred to SFM plus 10% FBS and cultured
overnight. Only around 10% of the DKO cells survived this treatment (Figure 45A).
In contrast, more than 50% of the WT MEFs survived the same treatment. The
addition of FGF to the medium did not visibly confer much protection to DKO
MEFs, whereas it obviously confered some protection to WT MEFs (Figure 45B).
These effects were also quantified using the Resazurin cell viability assay as in
section 3.2.4. For the cell viability assay, MEFs were treated for only 2h with 0.2 mM
or 0.4mM H,0,in SFM. As can be seen from Figure 45C, the DKO MEFs were far

more sensitive to H,O, than the WT, but in both cases survival was quantitatively
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improved by FGF. Thus, here again the DKO MEFs did appear to respond to FGF,

but were clearly exceptionally sensitive to oxidative stress.

3.3) Discussion

During our studies of ESyt “knockout” mice, we found that loss of both ESyt2 and
ESyt3 had no detectable effect on mouse development, viability or fertility (Herdman
et al., 2014). This was very surprising given that our lab had shown experimentally
that ESyt2 was necessary for mesoderm induction during early Xenopus
embryogenesis (Jean et al., 2010). In Xenopus, ESyt2 was found to be required for
FGF signaling, a function that was correlated with a direct interaction with the
activated FGF receptor, and in the absence of ESyt2 with a delay in endocytosis of
the receptor that prevented normal activation of the ERK MAP-kinase pathway. A
subsequent manuscript from our group showed that ESyt2 recruited PAKI1 to
suppress cortical actin polymerization, possibly explaining how ESyt2 facilitates

receptor endocytosis (Jean et al., 2012).

However, by studying MEFs from mice lacking both ESyt2 and 3 I was able to show
that indeed loss of these proteins causes a defect in FGF signaling. Comparison of
immortalized ESyt2/3” (DKO) MEFs with their wild type (WT) counterparts showed
that both cell types grew equivalently in standard medium containing fetal serum
(FBS). The WT MEFs continued to grow and showed good survival even when
serum was withdrawn. However, specific inhibition of the FGF receptor in the
absence of serum caused the WT MEFs to arrest growth and to rapidly succumb to
cell death. In contrast, the DKO MEFs already grew extremely poorly in serum-free
medium and inbition of the FGF receptor had little or no further effect. This strongly
suggested that a level of autocrine signaling via the FGF receptor was sufficient for
growth and survival of the WT MEFs and that this FGF pathway was either defective
or the autocrine signal was lacking in the DKO MEFs. Thus, the data strongly suggest
that loss of ESyt2 and 3 indeed causes a defect in FGF signaling, at least in
immortalized MEFs. Thus said, both WT and DKO MEFs responded similarly to
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FGF when grown in serum-free medium. This tends to suggest that the DKO MEFs
retain a functional FGF signaling pathway, but lack the residual endocrine signal that
enables the WT MEFs to survive. Further sudies will be necessary to discern which
scenario is correct, that is the DKO MEFs either suffer from a partial defect in FGF
signaling or the lack of an autocrine FGF signal. This may explain the observation

that ESyt2/3 loss affects in vitro FGF stimulated cell migation (Herdman et al., 2014).

The enhanced sensitivity of the DKO MEFs might also be related to a partial deficit
in cell signal transduction. Wang et al. (2001) reported that PLCyl null MEFs are
also more susceptible to the H,O, treatment than WT MEFs and that ectopic
expression of PLCyl restored the WT level of resistance. One major target of FGF
signaling is of course PLCy activation. The sensitivity of the DKO MEFs to oxidative
stress may also reveal a partial deficit in signaling through the FGF receptor. Figure

46 shows an overview of the possible Esyt functions and the known effects of Esyt

2/3 loss.

3.4) Materials and Methods

3.4.1) Reagents and chemicals.

Dulbecco’s Modified Eagle Medium (DMEM), Penicillin/Streptomycin/Antimycotic
(Anti-Anti), heparin and basic FGF (bFGF) were from Invitrogen. SU5402 was from
EMD/Merck and resazurin from Sigma-Aldrich.

3.4.2) Cell culture.

Mouse embryo fibroblasts (MEFs) from E14.5 embryos were prepared as described
and routinely cultured in Dulbecco’s modified Eagle medium (DMEM) — high
glucose (Invitrogen), supplemented with 10% fetal bovine serum (FBS, Wisent) and

Penicillin/Streptomycin/Antimycotic (Anti-Anti, Invitrogen).
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3.4.3) Cell viability asays.

On day 0, cells were seeded at a density of 75,000/well in 6-well plates. On day 1,
cells were rinsed twice with serum-free and antibiotic-free medium (SFM) and then
cultured for 6h in the same medium. Culture medium was replaced with SFM alone
or supplemented by either 10% FBS, by bFGF (5 pg/ml heparin, 20ng/ml bFGF
(Invitrogen)), by 25 mM SU5402 (EMD/Merck), or by bFGF plus SU5402. On day 3
cells were briefly rinsed twice in SFM and cultured until day 5 in fresh aliquots of the

respective media.

To determine cell viability, media were replaced with PBS containing 0.001%
Resazurin (Sigma-Aldrich) and incubated for a further 2h before estimating the viable
cell count using the relative fluorescence units (RFU) of resofurin in the cell
supernatant (ex. 544nm, em. 590nm, Fluoroskan Ascent, Thermo Biolabs) (Ahmed et
al., 1994). The effects of oxidative stress on viability were measured in a similar way,
except that on day 1, cells were treated for 2h with the indicated concentrations of
H,0; or H,O; plus bFGF in SFM. Cells were then briefly rinsed twice in SFM before
addition of medium containing 10% FBS. At day 3, cells were then subjected to the

resazurin assay as above.

3.4.4) Isolation and culture of mouse embryonic fibroblast (MEFs):

Preparation and culturing of MEFs were done based on standard procedures, as
described in Herdman et al., 2014 (Annexe).

3.4.5) Serum starvation and oxidative stress assay:

The method for serum starvation and oxidative stress is described in Herdman et al.,

2014 (Annexe).

3.4.6) Cell imaging and resazurin cell viability assay:
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Images were taken by widefield flurorescense microscope. The protocol for resazurin

cell viability assay was done as recommended by the manufacturer, described in

Herdman et al., 2014 (Annexe).
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3.6) Figure legends

Figure 41: Effect of serum withdrawal on ESyt 2/3 deficient and wild type mouse
embryonic fibroblasts (MEFS). MEFs were cultured for 7.5 days in serum-free and
antibiotic-free medium (SFM) with or without addition of fetal bovine serum (FBS)
or fibroblast growth factor (FGF). Images were taken using wide-field fluorescence
microscope at the respective time point as indicated in the figure. The withdrawal of
both FBS and FGF resulted in limited proliferation and extensive cell death in the
double knock out (DKO) MEFs (Figure 41B) as compared to the wild type (WT)
MEFs (Figure 41A).

Figure 42: Comparison of immortalized vs. primary WT and ESyt 2/3 DKO
MEFs. MEFs were cultured for a period of 2 weeks in serum-free and antibiotic-free

medium before taking the images using wide-field fluorescence microscope.

Figure 43: Effect of inhibition of FGF signaling on the ESyt 2/3 DKO and WT
MEFs. MEFs were cultured for 2 days in serum-free and antibiotic-free medium with
or without FBS /FGF/ or FGFR1 specific inhibitor SU5402 either alone or in
combination with FGF. Images were taken using wide-field fluorescence microscope

at the respective time point as indicated in the figure.

Figure 44: Effect of serum withdrawal or inhibition of FGF signaling in ESyt 2/3
DKO and WT MEFs. Cells were cultured for 5 days in serum-free and antibiotic-
free medium (SFM) containing FBS, FGF, SU5402 (SU), SU5402 plus FGF or no
addition. Figure 44A shows the effect in DKO MEFs while Figure 44B shows the
effect in WT MEFs. Figure 44C: Cell viability assay. Cell viability assay was done
via enzymatic reduction of resazurin to resorufin. Results are given in arbitrary
relative fluorescence units (RFU). The control condition (with FBS) was assumed as

100% and the graph was plotted as relative % change.
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Figure 45: Response of ESyt 2/3 DKO and WT MEFs when subjected to the
oxidative stress. Cells were subjected to the overnight (ON) treatment with the
indicated concentrations of H,O, in serum free medium in the presence (Figure 45A)
or absence of bFGF (Figure 45B). Subsequently cells were grown in FBS
supplemented serum for another day before taking the images using wide-field
fluorescence microscope. Figure 45C: A graphical representation of number of viable
cells remained after 2Hrs of H,O, treatment. Cells were treated for 2 h with the
indicated concentrations of H,O, in serum free medium in the presence or absence of
bFGF. Subsequently cells were grown in FBS supplemented serum for 2 days before
determining viable cells via resazurin conversion. Results are given in arbitrary
relative fluorescence units (RFU). The graph represents the percentage change

compared to the control conditions (with serum) assuming it to be 100%.

Figure 46: Overview of ESyt function.
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3.7) Figures

DAY 2

DAY 6

DAY 7

DAY 7.5

Figure 41A. Effect of serum withdrawal on ESyt 2/3 WT MEFs.
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FBS FGF SFM

Figure 41B. Effect of serum withdrawal on ESyt 2/3 DKO MEFs.
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Wild Type non-immortalized MEFs DKO non-immortalized MEFs

Figure 42. Comparison of immortalized vs. non-immortalized WT and ESyt 2/3 DKO
MEFs after 2 weeks in culture.
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Figure 43. Effect of inhibition of FGF signaling on the WT and DKO MEFs.
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DAY 5

Figure 44A. Effect of serum withdrawal or inhibition of FGF signaling in DKO
MEFs.
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Figure 44B. Effect of serum withdrawal or inhibition of FGF signaling in WT MEFs.

107



WT
6= L
L B DKO
2 _
-
& 4
3 - =
@
827 -
>
i . T
n

FBS FGF SU SU+FGF SFM

Figure 44C. Cell viability assay.
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Figure 45A. Response of ESyt 2/3 DKO and WT MEFs subjected to an overnight
(ON) oxidative stress (H20O;) in the absence of serum or FGF.
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Figure 45B. Response of ESyt 2/3 DKO and WT MEFs subjected to an overnight
(ON) oxidative stress (H20;) in the absence of serum but presence 20ng/ml FGF.
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Figure 45C. Cell viability assay.
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Figure 46. Overview of ESyt function.
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Chapter 4: Discussion and Conclusion
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4.1) Discussion

Cellular signaling plays an important role in the normal development and
maintainance of homeostasis in multicellular organisms. Specialized inter- and intra-
cellular signaling networks govern such functions. While a single signaling event
may diverge to activate multiple pathways and generate complexity in signaling
network, multiple pathways may also converge to activate a single cellular event. The
sum of all the positive and negative stimuli may then result in a single cellular
outcome. But how these multiple signaling transduction routes work as a whole and

how they are regulated in a spatio-temporal way, still remains to be fully understood.

I started my PhD by studying the timing of onset of ERK activation upon FGF
stimulation of Xenopus embryo Animal Caps (AC) dissected from blastula embryos
injected at the 4 cell stage with FGFR1 mRNAs and/or antisense Morpholino™
against XESyt2. A previous study published from our lab. (Jean et al., 2010) had
shown that the antisense Morpholino™ depletion of Xenopus Extended
Synaptotagmin 2 (ESyt2) blocked FGF-dependent induction of the early mesodermal
marker Xbra in Xenopus, and that the loss of xESyt2 prevented a rapid phase of
FGFRI1 internalization that occurred within 5 min. of FGF treatment and was
essential for significant activation of the ERK MAP-kinase pathway and for
subsequent Xbra induction. Previously it had been shown that FGF receptor
activation was necessary for both the onset and maintenance of Xbra expression
(Fletcher and Harland 2008). However, the onset of Xbra expression occurs at least
40 min. after activation of the ERK cascade. Thus, the requirement for a rapid phase
of ERK activation suggested that Xbra activation depended on the prior establishment
of an unknown factor. Based upon these results, I attempted to use this system to
understand the precise relationship between the rapid phase of receptor
internalization, ERK activation and Xbra induction. This required a highly
reproducible depletion of ESyt2, followed by the demanding task of AC isolation,
treatment and biochemical analysis. Unforthunately, despite a concerted effort I failed

to obtain the sufficiently consistent results required for the planned detailed study
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(data not shown). Although there are few reports of transient activation of ERK due
to injury or cell stress during Animal Cap dissection (Christen and Slack, 1999;
Kuroda et al., 2005; LaBonne and Whitman, 1997), that may last >40 minutes, it was
difficult to infer any relative change in the amount of ERK activation in
mRNA/morpholino injected embryos versus control morpholino injected embryos.
Thereafter I shifted my focus to the functional properties of ESyts in RTK signaling

in mouse and human cells.

Inter-organelle communication plays a crucial role in maintaining homeostasis in
cells. Membrane contact sites (MCS), a region where two organelles come in close
proximity, within =20nm (Toulmay and Prinz, 2012) plays a role in functions such as
lipid exchange (Volker, 2009) and exchange of calcium (Lewis, 2007). Thus, the
recent discovery that the Extended Synaptotagmins (ESyts) are endoplasmic
reticulum (ER) - resident proteins that help in the formation of endoplasmic reticulum
— plasma membrane (ER-PM) junctions has further increased the possible number of
functions played by ESyts. The Ca*'- dependent functions of the C2 domains and the
recent data that ESytl is actively recruited to ER-PM jnctions suggest roles in
calcium signaling, while the SMP domain present in each ESyt may be responsible

for lipid transport and/or interaction with other proteins.
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4.1.1) Localization and Oligomerization of ESyts

4.1.1.1) Localization of ESyts

The ESyts, due to their structural resemblance to Synaptotagmins were assumed to be
plasma membrane (PM) proteins (Figure 28 Chapter 2) (Jean et al., 2010; Min et al.,
2007). However, studies from our lab failed to detect these proteins on the PM
without permeabilizing the cells (Figure 28 and 38 Chapter 2). Further a SNAP-tag™
fused to the N-terminus of ESyt2b was also not detected before cell permeabilization,
whereas an N-terminal SNAP-tag fused to the Adrenergic Receptor 2 (ADRp2) was
easily detected with both the cell-impermeable SNAP-surface and cell-permeable
SNAP-Cell ligands (NEB) (Figure 28 Chapter 2). These results strongly support the
recent findings that rather than being inserted into the PM, the ESyts are probably
inserted into the membrane of the endoplasmic reticulum (ER) (Chang et al., 2013;
Giordano et al., 2013). Data from our lab clearly exclude the possibility that the
ESyts traverse the PM. Additional studies from our lab show that the ESyt2b is
misdirected to the PM by fusion to the Sytl transmembrane (TM) domain (Figure 28
Chapter 2). A fusion protein between Sytl and ESyt2b, in which the potential
transmembrane/ membrane-insertion (TM) domain and the N-terminal sequences of
ESyt2b were replaced by those of Sytl, resulted in a ESyt that associated with and
penetrated the PM similar to Sytl (Figure 28 Chapter 2). As ESyts and their splice
variants show very little homology preceding the potential membrane-associated
domain (Figure 37 Chapter 2), suggest that the membrane-domain and/or at best 20

amino acids preceding it determine association with the ER rather than the PM.

4.1.1.2) Homo and Hetero-dimerization of ESyts.

In order to study the function of ESyts in RTK signaling, we tried to establish
whether the ESyts function as monomers or form homo- or hetero-dimers. When I
started the work, preliminary dimerization data for ESyt2a, ESyt2b (spliced variant
forms of ESyt2) and ESyt3 had been obtained and ESytl was thought not to interact
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with any other ESyt or the FGF receptor. We found out that ESytl does indeed
interact with ESyt2 and ESyt3 (Figure 29 Chapter 2). However, the interaction of
ESytl is slightly weaker with ESyt3 than with ESyt2a or ESyt2b, and it forms also
homo-dimers poorly. ESyt2a, ESyt2b and ESyt3, form homo-dimers as well as
hetero-dimers. Our results are also consistent with a recent report (Giordano et al.,
2013). It remains unclear why ESyt2 and ESyt3 form strong homo-dimers whereas

ESyt1 does not.

Recently, the SMP domain of ESyt2 has been shown to form end-to-end dimers when
crystallized (Schauder et al., 2014), suggesting that this might explain the ability of
the ESyts to dimerize in vivo. This idea was further supported when we showed that
Sytl, which is structurally similar to ESyt2 but lacks SMP domain, does not interact
with any of the ESyts (Figure 29 Chapter 2). These data strongly suggested that the
SMP domain might be involved in the oligomerization of ESyts. However, our recent
results show that deletion of the SMP does not affect dimerization of ESyt2 and that
the minimal homo-dimerization/oligomerization domain lies between a.a. 1 and 139
(Figure 30 Chapter 2), and hence lies N-terminal to the SMP domain. Although,
structural data presented by Schauder et al. (2014) showed B-barrel structures of two
SMP domains contacting end-to-end, this may turn-out to be an interaction induced

by crystallization.

The exact function of ESyt is still poorly understood. Nevertheless, there are few
studies that indicate some of the possible function of ESyts. A study published in
2009 by Laliot et al. had reported that the Cdk5 phosphorylates ESytl, which then
associates with the GLUT4 and modulates glucose transport in 3T3-L1 adipocytes.
Yet, another study published in 2012 by Jun et al., highlights the role of ESytl
phosphorylation in a novel invasiveness pathway activated by the Oncogenic Lung
Cancer Fusion Kinase CD74-ROS. Other reports have also suggested the role of
ESytl phosphorylation in various cancers (see, Jun et al., 2012).
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4.1.2) ESyt and Receptor Tyrosine Kinase.

4.1.2.1) ESyt as an interacting partner with a broader range of RTKs?

A previous report published from our lab had shown that the ESyt2 selectively
interacts with FGFR1 (Jean et al., 2010). However, my results show that the ESyts
may interact with a broader range of RTKs, possibly expanding the overall possible

functional role of ESyts in RTKs signaling.

Interaction of ESyt2 with the MET receptor was compared with that with FGFRI.
HEK293T cells were transfected with MET wild type receptor (MET wt) or MET
kinase dead (MET kd) mutant and ESyt2b, and the results compared with a parallel
analysis of the interaction of ESyt2b with wild type and kinase dead FGFR1 (FGFR1-
wt and FGFR1-kd). As shown in Figure 47A, in this experiment interaction with
FGFR1-kd there was only slightly less than with FGFR1-wt. (In our hands the
interaction of ESyt2b with FGFR1-kd is variable, sometimes showing a slight
decrease and other times a complete loss. The interaction studies done by co-
immunoprecipitation from transient transfection depends upon several factors such as
the type of cells used, the passage number and the batch of cells used, cells condition,
density, transfection method used, amount of transfection reagent used, transfection
time etc.) Despite this proviso, Figure 47A indicates that ESyt2b does interact with
the MET receptor, though no difference in the interaction was observed between

MET-wt and MET-kd forms.
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Figure 47. A.) Interaction of hESyt2b with hFGFR1 and MET recceptor. B.)
Interaction of hESyt2a with hFGFR1 and hEGFR upon activation or inhibition. C.)
Interaction of hESyt2b with different concentration of hEGFR with activation by
EGF or inhibition by TYRAG1478.

I also verified the interaction between ESyt2 and EGF Receptor. As shown in Figure
47B, I used the wild type FLAG-tagged human FGFR1 (FLAG-hFGFR1), FLAG-
tagged human EGFR (FLAG-hEGFR) and HA-hESyt2b to transfect HEK293T cells.
Cells transfected with FLAG-FGFR1 were either stimulated by FGF or inhibited by
FGFR specific inhibitor SU5402. Similarly, cells transfected with FLAG-hEGFR
were stimulated by EGF or inhibited by EGFR specific inhibitor Tyrphostin AG1478.
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As can be seen in Figure 47B, FGFR1 shows the expected result with a gain of
interaction upon FGF stimulation and loss of interaction upon overnight inhibition
with SU5402. On the other hand, the interaction of ESyt2b with EGFR is unaffected
by the EGF receptor specific (TYR) AG1478. The active state of the receptor was
determined via its phospho-tyrosine levels as shown in Figure 47B. Considering the
possibility that overexpression of either ESyt2b or EGFR may lead to artifactual
results, I also used different amounts of hEGFR plasmid in co-transfections with

Esyt2b, but as shown in the Figure 47C, the result was the same.

Based upon these observations, it can be concluded that the ESyt2, and probably by
analogy ESyt3, does bind other RTKs and that the receptor activation may or may not
be required for the interaction. As we argue in Chapter 2, in the case of FGFR1
interaction with ESyt2b depends on a conformational change in the receptor, but this
could clearly be a highly receptor-specific effect. The role of ESyt2 interaction with
RTKs other than FGFR therefore needs further investigation.

4.1.2.2) Interaction of ESyt’s and FGFRs

ESyt2 was previously shown to interact highly selectively with the active form of the
FGF receptors. All the ESyts interact to varying degrees with all four FGF receptors
FGFR1-4, although as was the case for ESyt oligomerization, ESytl appeared to
interact poorly as compared to ESyt2 and ESyt3. This said, it is easily possible to
observe an interaction between ESytl and all four FGF receptors (Figure 48). A
possible explanation for the weaker interaction of ESytl could be that it alone
displays a Ca*"-dependent PM recruitment (Giordano et al., 2013). While ESyt2 and
ESyt3 bind strongly to the PM at basal cellular levels of Ca>*, ESytl is localized to
the PM only upon an increase in intracellular Ca®" levels. Thus, the cellular
localization of ESyt]l might play a role in the observation of a weaker interaction with

other ESyts or RTKSs.
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It was previously shown from our lab that ESyt2 was implicated in determining
receptor endocytosis and that it associates with Adaptin2 (AP-2) (Jean et al., 2010),
suggesting that the interaction of ESyt2 with the activated FGFR initially occurs
during the formation of clathrin-coated pits. So, we further asked if ESyt2b was
internalized along with activated FGFR or if its interaction was limited to the PM-
associated receptor fraction. The data strongly suggested that ESyt2 is not
internalized during endocytosis of activated FGFR (Figure 39, Chapter 2). Further,
we investigated the interaction of truncation mutants of ESyt2b with FGFR1 in order
to determine the structural determinants of the ESyt-FGFR interaction using ESyt2b
as a canonical model (Figure 32, Chapter 2). Our data clearly show that the C2 and
SMP domains of ESyt2b are not required for the interaction between ESyt2b and
FGFRI1. Instead, the interaction requires the TM and/or sequences immediately
flanking it (a.a. 88 to 138), suggesting that the domain required for ESyt2
dimerization (Figure 30 Chapter 2) and its interaction with FGFR1 in greater part

overlaps.

HA-hESyt1 + + + + + -
FLAG-hFGFR1 - + - - - -
FLAG-hFGFR2 - - + - - -
FLAG-hFGFR3 - - - + - -
FLAG-hFGFR4 - - - - + -
e —— HA
IP: FLAG
s el o | FLAG
Lysate - - —— HA

Figure 48. Interaction of hESytl with FGFR1, FGFR2, FGFR3 and FGFR4.
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4.1.2.3) ESyt2-FGFRI interaction is independent of receptor activation and
phosphorylation.

Since the activation or inhibition does not have any impact on the interaction of
ESyt2 with MET and EGF receptors while the interaction is lost in the case of
FGFR1 when inhibited overnight, it became important to ask when during receptor
inhibition the bulk interaction is lost. I, therefore, performed a time course study of
receptor inhibition (Figure 49). As can be seen, the interaction of ESyt2b and FGFR1
is very strong with or without activation of the receptor. There is no difference in the
interaction with or without exogenous FGF, presumably due to activation of the
receptor by the endogenous FGF secretion by HEK293T cells, compare p-Tyr tracks
in Figure 49. Treatment of cells with SU5402 for 1hour strongly inactivated FGFR1
(as seen by p-Tyr status), but did not affect the bulk interaction with ESyt2b.
However, after 3 hours of receptor inhibition we clearly see that the interaction of
ESyt2b is almost completely eliminated while after 15 hours of inhibition there is a
complete loss of interaction. Thus the shorter duration of inhibitor use confirms that
the interaction is not simply due to receptor activation, and is potentially consistent

with an interaction dependent on receptor conformation.

A B
x :‘|:"'l E ~——— 5U5402 Treatment time ¥ %:‘: E ~———5U5402 Treatment time
HA-hFGFR1 + + + |+ + 1+ - - -
FLAG-hESyt2b S B FLAG-hFGFR1 TR
FLAG-hFGFR1 . . - - -]+ - HA-hESyt2b -+ [+ -
SU5402 A U HA-hFGFR1 ST R N IR S
bFGF (15min) [ I e SU5402 SRR P N PR
bFGF (15min) S =
| - - 1B: HA A — 1B: FLAG
1 I T T 1
, — i -
I FLAG - — - - — REEG IP:HA [ —— B:HA
] I I | 11 I |
== . | == ‘
[ 1 I N N -
Lysate ‘.“- e J 1B: HA Lysate ‘_ - e — ‘IB:FLAG
T ———

Figure 49. SU5402 inhibitor time course study for the interaction of hESyt2b with the
hFGFRI.
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To further evaluate the role of receptor phosphorylation in the interaction of FGFR1
with ESyt2, we mutated all the 7 Tyrosine residues important for receptor activation
and autophosphorylation. While the single site mutation had no effect (Figure 33
Chapter 2), the combined mutation of Y653 and Y654 (two activation loop
phosphorylation sites essential for kinase activity) strongly suppressed the interaction
with ESyt2b. The kinase dead (KD) ATP-binding site mutation had similar effect
(Figure 33 Chapter 2). The combined mutation of the five remaining non-catalytic
phosphotyrosine  sites (Y463,583,584,730,766F) strongly reduced receptor
autophosphorylation and did somewhat suppress interaction with ESyt2b but to a
much smaller extent than F-mutation at Y653 and Y654, which essentially eliminates
catalytic activation. We, thus, concluded that the 5 non-catalytic phosphotyrosine
sites were not required for the interaction with ESyt2b. We further replaced the
activation loop phosphosite of FGFR1 by phosphomimics (Y653/654 to E), and this
mutant interacted with the ESyt2b significantly, when compared to wild type (Figure
33 Chapter 2). Thus, either the ESyt2b recognizes the combined autophosphorylation
state of all the seven sites on FGFR1 or it recognizes a specific receptor conformation

related to the receptor autophosphorylation state.
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4.1.2.4) The curious case of FGFRI-R577E Mutant!

The FGFR1-R577E mutant (explained on page no. 64 Section 1.6.5) gave us a better
picture of the interaction of ESyt2 with the FGFR1. This mutation is very unusual
since it prevents the receptor activation and autophosphorylation in vivo, but
incongruously forces the catalytic domain activation loop into the activated
conformation. Thus, while the receptor is inactive in vivo, in vitro it is perfectly able
to phosphorylate a normal substrate in trans (Bae et al., 2010). I verified whether the
FGFR1-R577E mutant receptor interacts with ESyt2b or not (Figure 34 Chapter 2).
Surprisingly, even though the receptor was unable to autophosphorylate (confirmed
by p-Tyr levels), it still interacted with ESyt2b. In addition, to the p-Tyr levels,
further confirmation of the receptor being inactive in vivo came from the fact that it
failed to recruit and phosphorylate PLC-y, as was the case for FGFR1-Y766F mutant
(FGFR1 PLC-y binding site mutation). These data strongly indicated that the
interaction of ESyt with FGFR1 depends upon the conformational state of the

receptor rather than on its catalytic activity.

In another study done in our lab, we investigated the interaction of ESyt2b with FGF
activated and SU5402 inhibited FGFR1-R577E mutant and compared with the wild
type receptor and the kinase dead ATP binding site mutant K514A. In the FGF
stimulated condition, both the wild type FGFR1 and the R577E mutant interacted
strongly with ESyt2b while the K514A mutant did not (Figure 34 Chapter 2). The
interesting observation was that the inhibitor SU5402 strongly suppressed the
interaction of ESyt2b with the wild type FGFR1 but had no effect on the interaction
of the ESyt2b with the R577E mutant. This observation is in accordance with the
structural data by Bae et al in 2010, suggesting that this mutant may have low affinity
for ATP. This further confirmed that ESyt2b specifically recognizes the open active
conformation of FGFRI1 independently of either catalytic activity or receptor

autophosphorylation.
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4.1.2.5) FGFR truncation reveals an interaction with ESyt2b independent of

catalytic activity.

The results obtained from the FGFRI1 inhibitor studies, phosphotyrosine mutants and
the FGFR1 R577E mutant suggested the ESyt2-FGFR1 interaction is solely based on
the recognition of the open receptor conformation and that the displacement of the
activation loop is required in order for ESyt2 to gain access to a binding site that is
hidden in the inactive receptor. Based upon this, we decided to ask whether this
binding site could be revealed in C-terminal deletion mutants of the receptor. The
previous results from our lab had suggested that a deletion of the C-terminal form of
the receptor extending up to amino acid 475 eliminates the ESyt2 interaction. So, |
reconfirmed the interaction of FGFR1 1-475, and determined if C-terminal deletions
1-615 and 1-752 would or would not interact with ESyt2b (Figure 34 B Chapter 2).
The deletion of just the C-terminal tail (aa. 715 to end), but leaving the kinase domain
intact, had no effect on the ESyt2b interaction. Complete deletion of the C-terminal
kinase lobe including the activation loop also had no effect on the ESyt2b interaction,
but the deletion extending up to amino acid 475, to remove a large part of the N-
terminal kinase lobe, eliminated the interaction. This supported the idea that ESyt2b
recognized a binding site on FGFR1 contained within its N-terminal kinase lobe. In
passing, mutation of the transmembrane domain proximal Nedd4-1 binding site (A6
mutation) shown to be required for receptor internalization (Persaud et al., 2011), also

had no effect on the interaction of ESyt2b with FGFR1.

To further localize the ESyt2 binding site, I created three additional FGFR1 C-
terminal mutants i.e. FGFR1 1-500, FGFR1 1-550, and FGFR1 1-600 (Figure 34 C
Chapter 2). The partial deletion to amino acid 600 of the C-terminal kinase lobe, or
its full deletion to amino acid 550 had no effect on the interaction of ESyt2b with the
receptor. However, deletion to amino acid 500, removing the first part of the N-
terminal kinase lobe, eliminated ESyt2b binding. Together these data strongly
supporting the proposition that selectivity of ESyt2b for the active FGFR1 receptor
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depends on access to a binding site within the N-terminal kinase lobe of the receptor

that is afforded when the receptor takes up its active conformation.

4.1.4) Loss of Extended Synaptotagmins ESyt2 and ESyt3 does not affect mouse
development or viability, but in vitro cell migration and survival under stress

are affected (Herdman et al., 2014, Annexe)

Since ESyt2 or ESyt3 are present at the ER-PM junction and that they strongly bind
to the plasma membrane in comparison of ESytl that localizes to the ER-PM junction
in a Ca*" dependent manner, a lack of any significant phenotype in ESyt2/3” double
knockout mice was really surprising and totally unexpected (chapter 2). Why very
early Xenopus development was found to be sensitive to ESyt2 depletion (Jean et al.
2010) while mouse is not, remains unclear. The expression profiles of the Xenopus
ESyts suggest that ESytl, 2 and 3 mRNAs are present maternally (Bowes et al.,
2010), however whether or not they are all translated at this stage is still unknown.
Cultured ESyt2”" and ESyt2”” ESyt3” mouse embryonic cells (MEFs) showed defects
in FGF-stimulated migration and were found to be more susceptible to the stringent
culture conditions and to the oxidative stress as compared to the wild type MEFs. At
least in part these defects appear to be related to an inability to respond to an
autocrine FGF signal, though the response of the ERK pathway to exogenous FGF
was found to be normal. Possibly, some effects may be attributed to the fact that
PAKI1 recruitment to ESyt2 would be affected, potentially affecting cytoskeletal
dynamics. Yet another possibility is suggested by data from PLCy1 null MEFs, which
display high sensitivity to H,O, treatment (Wang et al., 2001). Potentially ESyt2/3
loss could affect signaling through PLCy and thus Ca*" signaling.
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4.2) Conclusion and perspectives.

Given the surprising result that ESytl/2 inactivation in mouse displayed no
phenotype, it is imperative to inactivate the third ESyt and determine whether loss of
all three ESyts will affect mouse viability. The lab has already shown that ESyt1-null

mice are viable and fertile, and we await the generation of ESyt1/2/3-null mice.

Signaling events occurring at membrane contact sites (MCS) represent a complex
mechanism of regulation of cellular homeostasis that has increased the curiosity of
researchers in recent times. The discovery that the ESyts are ER resident proteins has
also greatly increased the possible number of ESyt function. Yet, there are many
unanswered questions and some of them can be explained based upon the recent
findings. Our result shows that among all ESyts, ESytl poorly dimerizes with itself
and with other ESyts and also that the ESytl-FGFR1 interaction is poor when
compared to ESyt2 and ESyt3. A possible explanation for that observation might be
the cellular localization and Ca®" dependent functions of ESytl. ESyt2 and ESyt3
localize at the ER-PM contact site and bind strongly to the PM at basal cellular Ca**
levels. On the other hand, ESytl mostly resides in ER away from the PM and only
upon increase in intracellular Ca®" levels does it localize to ER-PM contact sites and
binds the PM. Also, data presented by Schauder et al (2014) showed B-barrel
structures of two SMP domains contacting end-to-end to form dimers. But our results
suggests that neither C2 domain and nor SMP domain is essential for homo- and
heterodimerization of ESyts and its interaction with the receptor. This is quite
possible that there might be more than one binding site and/ or the SMP domain
might be somehow stabilizing the dimerization of ESyts or interaction with the

receptor.

Based upon our studies and recent reports on ESyts (explained in Section 1.1), a

hypothetical model of ESyt function is shown in the Figure 50.
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(A) Hypothetical model for ESyt function

Interaction with RTKs
Plasma Membrane

@ PIP2 Replenishment Localization of ESyt1 at the ER-PM junction
' ! ©, @

=l
o
@ |:| Recruitment of Nir2 at the ER-PM junction

Endoplasmic Reticulum

B) Hypothetical model for ESyt dimerization

Plasma Membrane

FGFR1 ESyt2/3 ESyt1 PLC Gamma PIP2 IP3 Receptor IP3

Endoplasmic Reticulum L l}j % ? " D,

Figure 50. A hypothetical model of ESyt function

(A) Hypothetical model of ESyt function. ESyt2 and ESyt3 bind to the plasma
membrane via its C2C domain. Further, C2A domain might bind to the phospholipids
on the plasma membrane in a Ca®" dependent manner and thereby bringing SMP
domain close to plasma membrane. ESyt2 and ESyt3 then interact with RTK’s (with
active conformation of FGFR1 as shown in Figure 50A step 1) via the
transmembrane region (TM) and sequences immediately flanking it (a.a. 88 to 138) of
the ESyt2. The SMP domain then may (or may not) stabilize this interaction. Upon
stimulation the receptor becomes autophosphorylated and activated and this results in
the phosphorylation and activation of PLC (step 2). The activated PLC then
hydrolyzes the PIP2 and converts it into IP3 and DAG (step 3). The IP3 thus formed
binds to the IP3 receptor (step 4) and triggers the release of Ca*" into cytosol (step 5).
The elevation of cytosolic Ca*" level results in the binding of Ca** to the C2C domain
of ESytl (step 6). Upon Ca*" binding ESyt1 then relocalizes to the ER-PM junction
(step 7). The newly formed ER-PM junction helps to reduce the gap distance between
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ER and plasma membrane and recruits Nir2 protein at the ER-PM junction (step 8).
Nir2 protein then helps in the transfer of IP to the plasma membrane where it is
converted back to PIP2 (step 9), which then further helps in the receptor induced Ca*"
signaling. The ESytl localized to ER-PM junction can also interact with other RTKs,
thereby resulting in the regulation of further cellular functions (step 10). (B)
Hypothetical model of ESyt2 and ESyt3 dimerization. ESyt2 and ESyt3 bind to
the plasma membrane via its C2C domain and forms homo- and hetrodimers via the
transmembrane region (TM) and sequences immediately flanking it (a.a. 88 to 138)
and SMP domain then can (or can not) stabilize this interaction. Further the C2A
domain can bind to phospholipids on the plasma membrane in Ca*" dependent
manner, thereby bringing the SMP domain closer to the plasma membrane for the
transfer of lipids and to stimulate cellular signaling.

This model is fully consistent with our ESyt2b C-terminal deletion experiments, C-
terminal FGFR1 deletion mutants and lower preference of ESytl to form homo- and

heterodimers and to interact with FGFR1.

Given the mild phenotypes our studies disclosed in cultured MEFs lacking ESyt2 and
3, the lab initiated a collaboration with the group of Dr Jen Liou (UT Southwestern
Medical Center). This has already revealed that loss of ESyt2 and 3 significantly
reduces the number or ER-PM junction sites in these cells and regeneration of PIP2 is
also significantly slowed. Further, ESytl-null MEFs do not display the normal
junction tightening in response to Store-Operated Calcium Entry (SOCE). These
studies will be taken further using mutant ESyts and if possible the ESyt1/2/3-null
MEFs and should provide an alternative approach to understanding how and in which

pathways these proteins function.

Since ESyt1 is localized to the ER-PM junction in a Ca>* dependent manner and both
ESyt2 and ESyt3 binds to Ca*" via its C2A domain, it will be interesting to see
whether a transient increase or decrease of Ca*" levels in the cytosol has any effect on
the interaction of ESytl (or ESyt2 and ESyt3) with the FGFR1 and whether it
somehow affects the dimerization and localization of ESyts in a spatio-temporal way?
Phosphorylation of ESyt has been observed in some diseases (Jun et al., 2012), so, it
will be really important to check whether the phosphorylation of ESyts has any role
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in binding to the RTKs or forming dimers. This will require the mapping of
phosphorylation sites and the generation of phospho-specific antibodies. Also, does
the phosphophorylation event some how controls the binding of Ca*" ions or
phopholipids? The collaboration with the group of Dr Jen Liou should provide the

techniques necessary to pursue these questions.
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Abstract

The Extended Synaptotagmins (Esyts) are a family of multi-C2 domain membrane
proteins with orthologs in organisms from yeast to human. Three Esyt genes exist in
mouse and human and they have most recently been implicated in the formation of
junctions between endoplasmic reticulum and plasma membrane, and the Ca®' -
dependent replenishment of membrane phospholipids. The data are consistent with a
function in extracellular signal transduction and cell adhesion, and indeed Esyt2 was
previously implicated in both these functions in Xenopus. Despite this, little is known
of the function of the Esyts in vivo. We have generated mouse lines carrying
homozygous deletions in one or both of the genes encoding the highly homologous
Esyt2 and Esyt3 proteins. Surprisingly, esyz2”/esyt3”" mice develop normally and are
both viable and fertile. In contrast, esyt2”/esyt3”" mouse embryonic fibroblasts
display a reduced ability to migrate in standard in vitro assays, and are less resistant
to stringent culture conditions and to oxidative stress than equivalent wild type

fibroblasts.
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Introduction

The Extended Synaptotagmins (Esyts) are multiple C2 domain containing membrane
proteins. The first member of this family of proteins was isolated from preparations
of plasma membranes and high density microsome fractions of rat adipocytes '
However, the Esyts were not further considered until 2007, when the primary
structures of the three human Esytsl to 3 were determined and their membrane
associations investigated >. Human Esytl was shown to contain five C2 domain
homologies, while human Esyts 2 and 3 each contain three. The C2 domains are
preceded by a ~300a.a. N-terminal region containing one or two putative membrane
spanning domains and a predicted SMP domain >~ (Figure 1A). Solution studies of
the C2 domains of Esyt2 have confirmed their structural identity and shown that,
when linked, they exhibit calcium-dependent multimerization, while the domains
display different abilities to coordinate Ca*" ®®. The C2C domains of Esyt2 and 3
interact with phospholipids driving the recruitment of these Esyts to phospholipids
within the plasma membrane *°. In previous studies, we identified Xenopus ESyt2 as
an endocytic adapter that determines the timing of ERK activation in blastula
embryos by binding both Fibroblast Growth Factor Receptor (FGFR) and Adaptin 2
(AP-2) to catalyze rapid receptor endocytosis via the Clathrin pathway °. We further
showed that ESyt2 recruits the cytoskeleton regulator p21-Activated-Kinase-1
(PAK1) to modulate local actin polymerization ', a function required during
endocytosis ''. Most recently it was shown that the ESyts and the related yeast
Tricalbins are in fact found inserted into the endoplasmic reticulum (ER) at sites of

contact with the Plasma Membrane (ER-PM junctions) >

. This has given rise to the
model of the ESyts as two-pass ER membrane proteins that link the ER to the PM via
a C2C-domain-PI(4,5)P, (PIP2) interaction. Most recently, ESytl was shown to
stimulate the formation of ER-PM junctions in a Ca' -dependent manner, and in this
way to promote recruitment of the phosphatidylinositol transfer protein (PITP) Nir2

and phospholipid incorporation into the PM ',
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To date the demonstration that Esyt2 is required for mesoderm formation in early
Xenopus embryos remains the only demonstrated biological requirement for any of
the Esyt proteins. The mouse and human genomes encode three Esyt proteins, one of
which represents the obvious ortholog of Xenopus Esyt2. In order to relate our
studies in Xenopus to the apparently more complex mouse and human situation we
have studied the requirements for ESyt2 and 3 in mouse and in cultured mouse cells.
Unexpectedly, we find that inactivation of either or both the genes for the highly
similar ESyts -2 and -3 has no discernible effect on mouse development, viability,
reproduction or longevity. However, esyt2” and esyt2” /esyt3”" embryonic fibroblasts
(MEFs) display defects in both migration and resistance to culture stresses consistent
with the previously proposed functions in growth factor response and the

cytoskeleton regulation.

Results

Targeted disruption of the mouse ESyt2 and ESyt3 genes.

ES cells carrying insertions in the esyt2 gene (#CA0077 and ANO0678, International
Gene Trap Consortium (IGTC)) (Figure 1B to D), and “Knockout First” ES cells
carrying a potentially conditional insertion in esyt3 (EPD0458 5 A10, European
Conditional Mouse Mutagenesis Program (EUCOMM)) (Figure 1E to G) were used
to generate chimeric mice. Southern blotting and targeted PCR analysis showed that

transmission of the mutant alleles was obtained in each case.

ESyt2, -3 and 2/3 null mice are viable.

We found that not only were the esyz2”” and esyz3” mice viable, but the frequency of
wild-type, heterozygous and homozygous null genotypes followed a Mendelian
pattern of inheritance (Table 1A). Moreover, we found that the esyz2” and esyr3™
mice were fertile, produced litters of normal size and did not show any overt
morphological defects compared to their heterozygous and wild-type littermates.

When esyt2”" and esyt3”" mice were crossed they also generated viable esyr2”/esyt3™"
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offspring at near Mendelian ratios (Table 1B). The ratios did however show some
skewing towards esyt2"/esyt3” double heterozygotes at the expense of

Jesyt3™ and esyt2/esyt3”, suggesting minor effects on viability during

esyt2
development. As expected, the esyr2”/esyt3” mice expressed no detectable level of
the corresponding mRNAs, but continued to express ESytl mRNA at wildtype levels
(Figure 2). Esyt2”", esyt3”, and esyt2”/esyt3”" mice also displayed a normal life span,
several being kept for 18 months with no premature signs of senescence. Thus, the

esyt? and esyt3 genes are not essential for mouse development, viability, survival or

reproduction.

Expression pattern of the ESyts in mouse adult tissues.

Expression of the esy#2 and particularly of esyt3 genes were found to be highly tissue
specific in adults. ESyt2 mRNA was predominantly detected in lung, spleen, testis
and stomach, and at much lower levels in all the other tissues tested (Figure 2). The
same tissue specific expression pattern was reflected for ESytl mRNA with the sole
exception of testis, which showed low levels of ESytl mRNA. In contrast, ESyt3
mRNA was only expressed strongly in lung and testis, and was present at low levels
only in stomach and possibly brain. The strongly overlapping expression profiles may
provide some explanation for the lack of an ESyt2/3-null phenotype if ESytl can
functionally replace the other two ESyts.

Expression of ESyt2 and 3 in mouse embryos.

It was possible that the lack of a developmental phenotype simply correlated with a
lack of expression of esyt2 and/or -3. However, using hetero- and homozygous
embryos expressing f-galactosidase from the respective endogenous gene promoters
we found that the esyr2 gene was expressed throughout the 10.5 to 12.5dpc embryo
with little regional specificity. Expression was, however, highest in the neural tube
and later in the dorsal root ganglia (Figure 3). In complete contrast, at 10.5dpc the
esyt3 gene was expressed only at the midbrain-hindbrain border (mhb), at the level of

the rhombomeres (r2-r6) possibly within the cranial ganglia, and at the apical
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ectodermal ridge (aer) of the forelimb bud (fb) and probably the hindlimb bud. The
apical ectodermal ridge is a well-documented site of FGF signaling, FGF from this
region is required to maintain cell proliferation in the underlying mesenchyme '°. The
specific expression of ESyt3 in this region, therefore, provides a tentative link with
the demonstrated function of ESyt-family members in FGF signaling during early
Xenopus development °. The broad and strong embryonic expression of ESyt2 could
explain why ESyt3 inactivation causes no obvious phenotype, but similar studies of
ESytl will be necessary to determine if its embryonic expression is sufficiently broad

to compensate for loss of both ESyt2 and 3.

Esyt2 and Esyt3 deficiency does not impair organ development.

It was possible that the ESyt2/3 null mice harboured minor organ defects that did not
affect their viability. Hence, we studied the structure of a range of organs from adult
mice. However, we failed to detect anything unusual in the histology of lung, testis or
spleen, in which ESyt2 and 3 are strongly expressed, or kidney, in which ESytl and 2
are expressed only weakly and ESyt3 was not detected (Figure 4). Similarly, cursory

inspection of brain and muscle histology detected no abnormalities (data not shown).

ESyt2 loss does not affect FGF activation of ERK in MEFs.

Given that previous data had implicated Xenopus ESyt2 in FGF signaling in early
Xenopus embryos °, we generated embryonic fibroblasts from both ESyt2 and
ESyt2/3 null mice and studied their response to FGF and other stimulations. As
shown in Figure 2, MEFs do not contain ESyt3 mRNA, hence we first determined
whether or not activation of signaling pathways were affected in esyr2”” MEFs. After
overnight serum withdrawal, FGF, EGF and serum (FBS) induced robust and similar

levels of activation of ERK and AKT in both wt and esyt2'/ " MEFs (Figure 5).
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ESyt2/3 loss does affect migration of MEFs and their viability under stress.

Despite the lack of effect on signal transduction, “scratch-test” assays to determine
the ability of cells to migrate when stimulated by FGF revealed that both esyr2” esyt3”
“ MEFs (Figure 6A) and the esyt2'/ " MEFs (not shown) tended to migrate in a far less
coordinated fashion and maintained little cell-cell contact during their migration as
compared to wt (esyt'” esyt3"") MEFs. The esyt2” and esyt2”esyt3”" MEFs also
migrated far less rapidly (Figure 6A & B). As would be expected given the lack of
esyt3 expression in MEFs (Figure 2), esyr2”esyt3” MEFs displayed the same
migration defect as the esyr2”” MEFs (Figure 6B).

The esytZ'/ ‘esytj"/’ MEFs were also significantly less resistant to serum withdrawal or
oxidative stress as compared to the w¢ ones. Withdrawal of serum over 4 days of
incubation caused a 75% reduction in viability in w¢ MEFs, while less than 3% of
esyt2” esyt3”” MEFs survived this treatment (Figure 6C). Despite this, FGF afforded a
similar level of protection in both cell types, consistent with its ability to activate
signaling pathways in both. The esyt2”esyt3” MEFs were also extremely sensitive to
oxidative damage as compared to the wt, and again here FGF provided some degree
of protection in both cases. These data show that inactivation of the esytZ'/' and esyt2”
“esyt3”" genes does indeed affect aspects of cell migration and viability. These defects

must, however, be compensated for in the in vivo context of the mouse.

Discussion

Given the apparent importance of Esyt2 during Xenopus development and the recent
demonstrations of the role of the Esyts in ER-PM junction formation and
phospholipid generation, the lack of phenotypic effects due to the loss of Esyt2 and 3
in mouse was fully unexpected. It is, however, not without precedent. Yeast contains
three Tricalbin (Tcb) proteins that are structurally closely related to the mammalian
Esyts "°. Deletion studies in yeast of the Tricalbin family show that they are highly
functionally redundant and in concert with other membrane tethering proteins they

13,20, 21

promote ER-PM junction formation . Indeed, deletion of all three Tcbs was not
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in itself sufficient to eliminate ER-PM tethering and this required deletion of three
other proteins, Ist2 (a TMEMI16 ion channel family member) and the vesicle-
associated membrane protein-associated protein (VAP) orthologs Scs2 and Scs22.
We previously demonstrated a requirement for Xenopus Esyt2 in FGF signal

transduction, receptor endocytosis and mesoderm induction * '°

. Why very early
Xenopus development was sensitive to Esyt2 depletion, while mouse is clearly not, is
still unclear. This said, the expression profiles of the Xenopus Esyts suggest that only
Esyt2 mRNA is present maternally (NCBI Unigene EST Profiler, Xenbase **). Thus,

Esyt2 may be the only family member present during early cleavage divisions.

Despite the apparent lack of a requirement for Esyt2 and -3 in mouse, MEFs carrying
homozygous deletion of one or both genes display clear migration deficits in “scratch
test” assays and are significantly more susceptible to stringent culture conditions and
to oxidative stress than otherwise isogenic wt MEFs. Given the connection with the
PAKI1 function, it is tempting to suggest that this is due to defects in cytoskeletal
dynamics. We note that mRNA levels of Esyt1, the only remaining Esyt in the esyt2”
and esyt2”esyt3”” MEFs, are low. Possibly then this level of Esytl is insufficient to
compensate. Clearly, these issues will only be resolved by the generation of Esytl-

null and possibly Esyt1/2/3 null mice.

Materials And Methods

Genotype analysis of targeted ES cells and mice. esyr2” (gene trapped clones

E SytzGt(AN0678)Wtsi

and E SytzGt(CAOO77)Wtsi)

and  esyr3""  (targeted  clone

Esyt3 tm1a(EUCOMM)Wisi

) embryonic stem (ES) cells were generated respectively by
SIGTR and EUCOMM from Wellcome Trust Sanger Institute with the targeting
vectors shown in Figure 1. These clones were each used to generate two independent
mouse lines. Southern blot analysis was used to determine the genotype of single
esyt2 or esyt3 mutant ES cell lines and mice. For the Esyt2 clone AN0678, genomic
DNA was restricted with BamHI and probed with a **P-labeled 400bp probe isolated

from a region located between exons 9 and 10. For the Esyt2 clone CA0077, genomic

152



DNA was restricted with BamHI and probed with a **P-labeled 510bp probe isolated
from a region located immediately after exon 13. For the ESys3 locus, BamHI-
restricted genomic DNA was analysed using a **P-labeled 380 bp 3’ probe subcloned
from a region immediately after exon 10 (Figure 1), and EcoRV restricted DNA was
analysed using a 350bp 5’ probe from intron 2 (data not shown). Subsequently,
genotypes of animals born from crosses of esyz2”” and esyr3”" mice were determined
by PCR amplification of genomic DNA. For clone AN0678, primers AN-A (5’-
CCAATCAGCAGTCTTACCAT), AN-B (5’-CGTCTCAAGGGAAGGAAATAA)
and AN-C (5’-CGCCATACAGTCCTCTTCAC) were used. Primers AN-A and AN-
B amplified a fragment of 803 bp from the wild type allele whereas primers AN-A
and AN-C amplified a fragment of 541 bp from the targeted allele. Primers CA-D
(5’-GTTCACTCTGGACGAGGTT), CA-E (5’-CAGCTCTGATGTCTGCCAGCA)
and CA-F (5'-GTAAGGAGAAAATACCGCATC) were used for the CA0077 clone.
A 513 bp fragment from the wild type allele was amplified with oligonucleotides CA-
D and CD-E whereas primers CA-E and CA-F amplified a fragment of 383 bp from
the targeted allele. For esyt3, primers A (5’- CTGAAGCCTCCCAGTAGGTG), B
(5’-CCATCACCCCTAGTTGTTGC), C (5’- CCACAACGGGTTCTTCTGTT), D
(5'-GAGGCTCCAGGCCTTAGTTT), E (5'- CAAAAGGCAACCTCAAGGAG) and
F (5'- CGGTCGCTACCATTACCAGT) were used. Primers A and B amplified a
fragment of 275 bp from the wild type allele, primers A and C amplified a fragment
of 367 bp from the targeted allele, primers A and D amplified a fragment of 400 bp
from the delta (A) allele, the primers E and D amplified a fragment of 200 bp and 180
bp from the wild type and the targeted allele and the primers F and D amplified a
fragment of 446 bp from the B-gal allele. The mice were housed and manipulated
according to the guidelines of the Canadian Council on Animal Care and experiments

were approved by the institutional animal care committee.

Gene expression analysis by RT-PCR. Total RNA was extracted from mouse
tissues using Trizol (Invitrogen) and quantified by absorbance at 260nm. 2 ug of total
RNA was reverse transcribed using random primers (GE Healthcare) and mMLV

reverse transcriptase (Invitrogen). PCR was performed using the primers designed
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with Primer3 (Untergasser et al. 2007) and the number of PCR cycles was optimized

to be within the linear range of amplification. The primers used were:

mESytl.FOR (5'-TGGGATCCTGGTATCTCAGC),
mESytl.REV (§'-CTGGGAGATCACGTCCATTT),
mESyt2.FOR (5'- CGAATCACCGTTCCTCTTGT),
mESyt2.REV (§'- GCTCTGGAAGATTTGGTTGC),
mESyt3.FOR (5'- CAAGCCCTTCATAGGAGCTG),
mESyt3.REV (§'- AGCAAATGGACTCGGATCACQC),
mGAPDH.FOR (5'- AACTTTGGCATTGTGGAAGG),
mGAPDH.REV (§5' ACACATTGGGGGTAGGAACA).

Amplicons were of the expected sizes of 296 bp for ESytl, 192 bp for ESyt2, 246 bp
for ESyt3 and 223 bp for GAPDH. Products were sub-cloned and sequenced to

confirm their specificity.

X-gal Staining. Mouse embryos were isolated at E10.5 to E12.5 and fixed for 30
minutes in 1% Formaldehyde, 0.2% Gluteraldehyde, 0.02% NP-40 in 1 x PBS,
washed three times 20 min. each in Wash Solution (2mM MgCI2, 0.02% NP40, 1 x
PBS). Embryos were protected from light and incubated overnight at R/T in the
Staining buffer solution (SmM potassium ferricyanide, SmM potassium ferrocyanide
and 1 mg/ml X-gal in Wash Solution). Embryos were rinsed three times, 20 min.
each, in 1 x PBS. Clarification was performed with “Scale” solution as described

. 15
previously .

Histopathology. Organs were dissected from 11-month old adult mice and fixed for
more than 24 hours in 4% paraformaldehyde in PBS. Samples were progressively
dehydrated and embedded in paraffin. Cross sections of 5 to 20 microns were cut and

stained with hematoxylin and eosin.

Cell culture and migration assay. Primary mouse embryo fibroblasts (MEFs) from
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d ''7 and cultured in Dulbecco’s modified

E14.5 embryos were prepared as describe
Eagle medium (DMEM) — high glucose (Invitrogen), supplemented with 10% fetal
bovine serum (FBS, Wisent) and Penicillin/Streptomycin/Antimycotic (Anti-Anti,
Invitrogen). The effects of ESyt2 and ESyt3 loss on MEF's migration were
determined in a wound-healing assay (Scratch Test) '®. Cells were seeded in a multi-6
well plate, 12h later serum was withdrawn and cells incubated for a further 16h
before the assay. After scratching with a 2ul pipette tip, cells were incubated for the
indicated times in the presence or absence of 20ng/ml bFGF (Sigma-Aldrich) and 5
pg/ml heparin (Sigma-Aldrich). Images were taken using a Nikon TE2000 inverted

microscope.

Cell viability was also determined after serum withdrawal, inhibition of FGF
signaling and oxidative stress. On day 0, cells were seeded at a density of 75,000/well
in 6-well plates. On day 1, cells were rinsed twice with serum-free and antibiotic-free
medium (SFM) and then cultured for 6h in the same medium. Culture medium was
replaced with SFM alone or supplemented by 10% FBS, bFGF (5 pg/ml heparin,
20ng/ml bFGF (Invitrogen)), 25 mM SU5402 (EMD/Merck), or bFGF plus SU5402.
On day 3 cells were briefly rinsed twice in SFM and cultured until day 5 in fresh
aliquots of the respective media. Finally, media were replaced with PBS containing
0.001% resazurin (Sigma-Aldrich) and incubated for a further 2h before estimating
the viable cell count using the relative fluorescence units (RFU) of resofurin in the
cell supernatant (ex. 544nm, em. 590nm, Fluoroskan Ascent, Thermo Biolabs). The
effects of oxidative stress were measured in a similar way, except that on day 1, cells
were treated for 2h with the indicated concentrations of H,O, or H,O; plus bFGF in
SFM. Cells were then briefly rinsed twice in SFM before addition of medium
containing 10% FBS. At day 3, cells were then subjected to the resazurin assay as

above.

Signal transduction assays. Serum was withdrawn from cultures of Esyz2"" and
MEFs for 16h prior to stimulation with bFGF (20ng/ml)/heparin (5 pg/ml), EGF (100
ng/ml) or FBS (10%). Whole cell extracts were prepared using Triton lysis buffer (50
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mM Tris [pH 7.5], 1% Triton X-100, 10% glycerol, 150 mM NaCl, 1 mM EDTA, 1
mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 1 pg/ml of
aprotinin, leupeptin and pepstatin), and cleared by centrifugation (20min., 20,000g,
4deg.C). Activation of ERK and AKT was examined by Western Blotting using 20ug
of protein extract and the antibodies to phospho-ERK1/2 (Sigma), phospho-AKT
(Cell Signaling) and ERK2 (J. Grose). Immune complexes were detected using HRP-
conjugated secondary antibodies and ECL+ (GE HealthCare).
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Figure Legends

Figure 1. Targeted disruptions of the esys2 and esyt3 genes in mouse. A) Domain
structures of the mouse Esyt proteins. The C2 domains and the putative membrane
spanning domains (TM) and “‘synaptotagmin-like, mitochondrial and lipid binding
protein (SMP) domains are indicated. B) and E) Maps of the partial esyt2 and esyt3
genomic loci and the positions the gene trap BGal-Neo insertions (AN0678 and
CA0077), the EUCOMM Knockout First (Targeted) insertion and the deletion and
bGal insertional recombination products. Positions of genotyping PCR primers (thick
arrows) and hybridization probes are also indicated. C) & F) and D) & Q)
Respectively, Southern analyses of BamH1 digests and PCR genotyping analyses of

esyt2 and esyt3 mutant mice.

Figure 2. Expression of Esytl, -2 and -3 mRNA in adult mouse tissues and MEFs.

+/+

RT-PCR analyses are shown for tissues from both wild type esyr2™"/esyt3"" and

esyt2” esyt3” mice as compared with GAPDH.

Figure 3. Expression pattern of the esyr2 and -3 genes in early mouse embryos.
Expression was determined by conversion of X-Gal (blue-green) by B-galactosidase
produced from the gene inserted into the esyz2 and esyt3 gene loci. Enlarged panels

on the right show a limb-bud and the hindbrain region of esyr3 ™/

embryos. “aer”
apical ectodermal ridge, “mhb” midbrain-hindbrain boundary, “fb” forelimb bud,
“hb” hindlimb bud, “url” and “Ir” upper and lower rhombomere lips, “r2-6

rhombomeres, “ov” otic vesicle, “nt” neural tube, “drg” dorsal root ganglion.

Figure 4. Representative Haematoxylin-Eosin staining of sections obtained from two

+/+ +/+

11 month old esyt2”esyt3” sibling males and two 11 month old esyr2™ esyt3
sibling males. Organs displayed were those that showed a strong or differential
expression of ESytl, 2 and 3, see Figure 2. A) The renal cortex of WT and DKO mice

are essentially indistinguishable. Renal tubules (RT) and renal corpuscles (RC) with
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glomeruli (G) and Bowman’s space (BS) are indicated. Scale bars 100um. B) Top
panels: Lung sections with pleura (P), bronchioles (B) and alveoli (A) indicated, scale
bars 200pm. Bottom: higher magnification of alveoli, scale bars 100pm. C) Testis
morphology also appears normal, seminiferous tubules (T) and the surrounding
Leydig cells (L) are indicated, scale bars 100um. D) White pulp (WP- encircled) with
central arteries (CA) and red pulp (RP) of spleen samples are indicated, scale bars

100pm.

Figure 5. Response of ERK and AKT to extracellular stimulation in esyt2” MEFs.
Esyt2”" and esyt2” MEFs were treated at 0 min. with FGF, EGF and FBS and
activation of ERK and AKT followed at the indicated times using phospho-specific
antibodies (pERK (-1 and -2) and pAKT). ERK2 was detected using a specific

antibody and was used as loading control.

Figure 6. Migration and viability assays of esyr2”esyt3” and esyt2™ esyt3""" MEFs.
A) Examples of time-course from single image fields after addition of FGF during a
standard Scratch Test assay. B) Quantitation of cells migrating into the “Scratch”.
Data for esyt2”” was obtained from the mean of 3 image fields and for esyt2” esyt3”
from 10 image fields. C) Serum withdrawal/replacement assays. Cells were grown 4
days in medium either containing FBS, bFGF, SU5402 (SU), SU plus SU or without
serum (SFM), before assaying cultures for viable cells via enzymatic reduction of
resazurin to resorufin. Results are given in arbitrary relative fluorescence units
(RFU). D) Cells were treated for 2h with the indicated concentrations of H202 in
serum free medium in the presence or absence of bFGF. Subsequently cells were
grown in FBS supplemented serum for 2 days before determining viable cells via
resazurin conversion as in C. In B) to D) Error bars indicate the standard deviation,

see Materials and Methods for assays.
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TABLE 1
Genotype analysis of the progeny born A) from esyz2"/esyt2™" (alleles CA0077 and
AN0678) and esyt3"/esyt3"" crosses, and B) from esyt2"/esyt3”" crosses as

compared with the expected Mendelian frequencies.
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Figure 1. Targeted disruptions of the esy?2 and esyt3 genes in mouse.
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Figure 2. Expression of Esytl, -2 and -3 mRNA in adult mouse tissues and MEFs.
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Figure 3. Expression pattern of the esyt2 and -3 genes in early mouse embryos.
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Figure 4. Representative Haematoxylin-Eosin staining of sections obtained from two

+/+

11 month old esyt2”esyt3” sibling males and two 11 month old esyr2™ esyt3

sibling males.
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Figure 5. Response of ERK and AKT to extracellular stimulation in esyz2”~ MEFs.
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Figure 6. Migration and viability assays of esyr2”esyt3” and esyt2™"esyt3""" MEFs.
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Table 1. Genotype analysis of the progeny born A) from esyr2"/esyt2""

A)
Number of
Gene pups WT/WT +/- -/-
ESyt2 (CA0077) 171 41 (24%) 86 (50%) 44 (26%)
ESyt2 (AN0678) 180 53 (29%) 87 (48%) 40 (22%)
ESyt3 143 18 (23%) 43 (55%) 17 (22%)
% Expected 25% 50% 25%
B) ESyt2/ESyt3
Number ++ ++ ++ - - -/- /- -
pups +/+ +/- /- +/+ +- +[- - --  +[+ -[- +- |-
10
17(11.  9(6.3 10(7. 45(31. 15(10. 12(8. 18(12. 7(4.9
143 (7.0%
) 9%) %) 0%) 5%) 5%) 4%) 6%) %)
1250 6.25 1250 2500 1250 6.25 1250 6.25
% Expected 6.25%
) % % % % % % %
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