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When we don’t know any more what we are supposed to do
It’s time when we can do something true
When we don’t know any more where we are supposed to go
It’s the start when the true travel has just begun
Nazim Hikmet
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General Introduction
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The work described here lies in the interface of three different fields: membrane traffic, stress and signaling.
In particular I will present the results I gathered on the behavior of the early secretory pathway under nutrient
stress, a link with the translation stress regulation and the involvement of Tor signaling in heat stress response. The recurring theme is stress, and I will demonstrate that stressful conditions can reveal unexpected
functional links between processes and pathways that under normal conditions appear rather unrelated.
In this general introduction I will present aspects of the knowledge we have on each of this processes,
namely the early secretory pathway and aspects of its regulation; the formation of stress assemblies with
focus on stress granules, and the Tor signaling pathway.

The secretory pathway
The process of protein transport through the secretory pathway has been the focus of studies for over three
decades and it is one of the major founding chapters of the field of cell biology. The advances in our understanding of cellular life stemming from elucidating the secretory pathway as well as the implications of these
findings have fuelled many fields in life sciences. Technological advances, such as in electron microscopy
have been instrumental in this progress as illustrated by George Palade, winner of the Nobel Prize in physiology and medicine 1975). He is one of the key founders of the field as he discovered the ribosomes on
the endoplasmic reticulum (ER). Further discoveries have elucidated key mechanisms of protein transport
through the secretory pathway at the molecular level. These discoveries have been rewarded the Nobel Prize
in physiology and medicine in 2013.
The secretory pathway (Figure 1) comprises a series of discrete membrane bound compartments that
are defined both morphologically and functionally. It is used to deliver proteins to the plasma membrane,
the extracellular medium and all the other membrane compartments in the cell except for mitochondria. It
is divided in the early secretory pathway comprising the ER, a single lumen large organelle where newly
synthesized proteins that use the secretory pathway are synthesized, the ER exit sites where these proteins
exit the ER in COPII coated vesicles; and the Golgi apparatus where cargo proteins are further processed
and sorted.
The late secretory pathway comprises the TGN (Trans-Golgi Network) where proteins are dispatched in
post Golgi carriers to the plasma membrane and the endosomal system.

Figure 1: The secretory pathway
Proteins that use the secretory pathway to reach their final destination, are translated by
ER-bound ribosomes, enter the ER lumen or are anchored at the ER membrane. They exit
at the ER exit sites in COPII coated vesicles. They reach and cross the Golgi apparatus to
be delivered to the TGN. COPI coated vesicles mediate retrograde transport of cycling proteins (such as ER SNAREs) back to the ER. The newly synthesized proteins exit the TGN
in post-Golgi carriers that are dispatched to the plasma membrane, or to the endosomal
system for further sorting.

10

I ntroduction
Translation at the ER
As described in any cell biology textbook, the initial steps of protein transport through the secretory pathway
are coupled to translation at the rough endoplasmic reticulum. Ribosomes translating mRNAs that encode for
proteins with the ER signal sequence (Blobel and Dobberstein, 1975) are docked to the rough ER via the interaction of the signal sequence of the nascent peptide and the Signal Recognition Particle (SRP), a complex
that shuttles between the ER and the cytoplasm (Keenan et al., 2001; Walter et al., 1981). As the ribosome
elongates the nascent peptide, the SRP-receptor, a transmembrane ER-residing protein, recognizes the
ER signal sequence-bound SRP and delivers the assembly to the translocon (Sec61), the ER channel that
mediates the translocation of the protein into the ER lumen co-translationally. The hydrophobic, membranespanning signal sequence can either be cleaved off by an ER resident peptidase, to give rise to a soluble
protein or it can be maintained as a transmembrane segment of the newly synthesized protein.
More recently, it has become evident that proteins can be inserted in the ER membrane also via SRPindependent mechanisms, such as C-tail anchoring via the GET (Guided Entry of tail-anchored proteins)
system (Borgese and Fasana, 2011). Furthermore, it has been observed that not all the proteins synthesized
by ER-bound ribosomes will be further translocated in the ER (Diehn et al., 2000; Lerner et al., 2003; Pyhtila
et al., 2008). Instead, these ribosomes are involved in the synthesis of cytoplasmic proteins, just as the
cytoplasmic polysomes, underlining both that the ER signal sequence is not a requirement for translation by
ER-bound ribosomes and that soluble proteins can be translated at the rough ER.

ER exit
The newly synthesized proteins that are not destined to be ER resident, exit the ER in COPII coated vesicles
at specialized, ribosome-free, cup-shaped ER domains referred to as ER Exit Sites (ERES) or transitional
ER (t-ER).
Genetic screening for secretion (Sec) mutants in yeast has identified the protein components that mediate ER exit (d’Enfert et al., 1991; Kaiser and Schekman, 1990; Nakano and Muramatsu, 1989; Novick et al.,
1980; Novick and Schekman, 1983) and six of them are the components of the COPII coat (Barlowe et al.,
1994).
The process of coat formation (Figure 2) is initiated by the transmembrane, ER resident GEF, Sec12,
which catalyzes the loading of the soluble small GTPase Sar1 with GTP (d’Enfert et al., 1991). GTP-loading
induces the exposure of an amphipathic α-helix and Sar1 can then be inserted in the ER membrane, initiating
vesicle formation by inducing local membrane curvature (Lee et al., 2005a). Sar1-GTP then recruits the inner
COPII layer that consists of the heterodimer Sec23/Sec24 to the ER membrane. Sec23 directly interacts
both with Sar1 [displaying GAP activity towards it (Antonny et al., 2001)] and with the outer coat (see below).
It therefore plays a central role in the assembly and organization of the coat (Bi et al., 2007; Fromme et al.,
2008; Lord et al., 2011). Sec23 is furthermore reported to be involved in downstream steps of the anterograde
transport by tethering the COPII vesicles to other membranes (Cai et al., 2007).
Coat formation is coupled to cargo loading that is mostly mediated by Sec24, the binding partner of
Sec23 (Barlowe, 2003a, b). Sec24 binds specific motifs, such as di-acidic or di-basic motifs (Barlowe, 2003b)
that are found on the cytoplasmic part of transmembrane cargo proteins. For soluble proteins, cargo loading
is facilitated by cargo receptors, such as the Erv proteins (Belden and Barlowe, 1996; Bue et al., 2006;
Powers and Barlowe, 1998), or the cargo receptor TANGO1 that has been shown to mediate the loading of
collagen fibers in COPII vesicles (Saito et al., 2009). However, some transmembrane proteins have also been
shown to require a cargo receptor, such as such as Axl2 and Erv14 (Powers and Barlowe, 1998), Gurken
and Cornichon in the Drosophila oocyte (Bokel et al., 2006) and more generally in metazoan cells (Castro et
al., 2007), or Wnt and Evi (Yu et al., 2014). Therefore, Sec24 binds both cargo proteins and cargo adaptors
(Miller et al., 2002; Wendeler et al., 2007). Interestingly, many species harbor more than one Sec24 genes.
For instance, Drosophila encodes for two proteins and humans, for four that are thought to have different
specificity towards motifs and sort different cargos. For instance, serotonin transporter is a client for Sec24C
(Sucic et al., 2011) whereas the planar polarity component Vangl2 interacts with Sec24B (Wansleeben et al.,
2010). Of note, some proteins without transmembrane domains seem to exit the ER with the so-called “bulk
flow” and require no cargo receptors yet they are efficiently transported (Thor et al., 2009).
The outer coat is recruited by Sec23. The dimer Sec13/31 that self-assembles in cage like structures via
intramolecular interactions of Sec31 molecules and it can adapt different geometries to bend the membrane
so that the forming vesicle can accommodate cargos of different sizes (Stagg et al., 2006; Stagg et al., 2008).
Sec13 confers additional membrane curvature and is required for vesicle budding in cases that the cargo
induces opposite curvature (Copic et al., 2012). Furthermore it contributes to the GAP activity of Sec23,
thereby facilitating vesicle scission (Antonny et al., 2001). The two roles for Sec13, one structural and one
catalytic might explain why a Sec13 hypomorphic mutant can continue to secrete small cargos (such as
11
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VSVG) but not large ones such as collagen (Townley et al., 2008).
The scission of the budding vesicles is generally considered to require GTP hydrolysis and removal
of the Sar1 amphipathic α-helix from the membrane (Bielli et al., 2005; Lee et al., 2005a), even though this
requirement has been challenged and GTP hydrolysis-independent scission has been reported (Adolf et al.,
2013).
The requirement for the COPII coat for ER exit is well established but there are also clear cases of nonCOPII mediated ER exit, suggesting that some components might be dispensable as in the case of Sec13 for
VSVG exit (Townley et al., 2008) but also Sar1 and Sec24 [reviewed in (Grieve and Rabouille, 2011)].
Last, even though the initial experiments were done more than 20 years ago, ER exit remains a field
of intensive study for cell biologists, as it is coupled to the ER homeostasis and details of its regulation are
emerging (see below).

Figure 2: COPII assembly
The transmembrane GEF, Sec12 mediates the GTP loading of Sar1, which in the GTP-bound form inserts an amphipathic
helix in the ER-membrane and initiates vesicle formation. The inner coat (Sec23/24) is assembled, binds cargo proteins and
recruits the outer coat (Sec13/31) coats. This coat assembly/polymerization mediates the budding of the COPII coated vesicle
(details in the main text). Sec16 interacts with all the COPII components and it acts as an ERES organizer (the illustration is
inspired by Scheckman lab web page)

Sec16
Sec16 role at the ERES
The original secretion screens (Novick et al., 1980) have identified another factor necessary for ER exit, the
large, hydrophilic protein Sec16 (Kaiser and Schekman, 1990). Sec16 is not a COPII coat component, yet it is
required for COPII vesicle formation as loss of function by mutation or deletion results in a strong impairment
in protein ER exit and further transport in the secretory pathway. However, having no enzymatic activity, its
function had remained enigmatic for many years, while aspects of its role are still elusive.
It is peripherally bound to the transitional ER (Gimeno et al., 1996; Supek et al., 2002) and its localization
is independent of the COPII coat components (Hughes et al., 2009; Ivan et al., 2008), even though it interacts
with almost all of them (Espenshade et al., 1995; Gimeno et al., 1996; Whittle and Schwartz, 2010) as well
as with the ER resident Sec12 (Montegna et al., 2012) and Sar1-GTP (Ivan et al., 2008). It has been shown
to define and organize the ERES in budding yeast and Pichia pastoris (Connerly et al., 2005; Yorimitsu and
Sato, 2012) as well as in mammalian and Drosophila cells (Hughes et al., 2009; Ivan et al., 2008; Watson et
al., 2006).
This suggests that it acts as a t-ER organizer and a scaffold for the assembly of the COPII coated
vesicles. In addition to its interaction with the COPII subunits, this claim is reinforced by two additional
observations. First, Sec16 has been shown to oligomerize (Ivan et al., 2008; Yorimitsu and Sato, 2012) and
self-assemble on the plane of the ER membrane and second, Sec16 targeting to ERES is independent of the
presence of any COPII subunits including Sar1. Instead, Sec16 is required for Sar1-GTP concentration to
ERES, at least in Drosophila (Ivan et al., 2008). This places Sec16 upstream of Sar1-GTP in the COPII coat
assembly and is in line with its proposed function.
The role of Sec16 as a platform for the organization of ERES in Pichia pastoris has, however, been
recently revisited and challenged (Bharucha et al., 2013). This is based on the observation that removal of
COPII components from the ER membrane impairs Sec16 localization at the ERES. Conversely, removal of
Sec16 did not seem to affect Sar1 localization. However, functional assays or EM were not done in this set
12

I ntroduction
of experiments leaving open the possibility that the pattern observed after Sec16 removal does not represent
functional ERES.
Next to its role in ERES organization, Sec16 has been shown to attenuate the ability of Sec31 to stimulate
the GAP activity of Sec23, thereby preventing Sar1 GTP hydrolysis and premature vesicle scission (Yorimitsu
and Sato, 2012).
Sec16 domains and interactions
Sec16 homologues exist across eukaryotes and its function at the ERES appears to be conserved. However,
the sequence of Sec16 from different species is not conserved. The N-terminal half of the protein displays no
homology across species. Only the central domain and a small domain at the C-terminus exhibit a significant
degree of conservation.
In many species, there are more than one Sec16 proteins or isoforms. For instance, mammals have two
genes encoding Sec16 with overlapping but not redundant functions (Bhattacharyya and Glick, 2007; Budnik
et al., 2011; Watson et al., 2006) and Drosophila express at least two Sec16 isoforms (Ivan et al., 2008)
whose distinct functions if any, are not yet understood.
Sec16 is a very large protein (over 2000 amino-acids) and comprises functional domains, although they
remain ill defined. Some domains are structured and mediate the COPII interactions, while the rest of the
protein is considered to be unstructured (Whittle and Schwartz, 2010). The genetic interactions of Sec16 with
the COPII were identified in the initial experiments but the first functional interactions between Sec16 and
the COPII components were described in 1996 (Gimeno et al., 1996). In budding yeast Sec23 and Sec24
bind to adjacent regions on Sec16; Sec23 at the C-terminal and Sec24 at the central domain (Gimeno et al.,
1996). A year later the interaction between Sec31 and Sec16 was reported but it was not mapped on Sec16
sequence (Shaywitz et al., 1997). Yeast Sar1-GTP was also proposed to bind Sec16 (Supek et al., 2002) and
the interaction was demonstrated in Drosophila S2 cells (Ivan et al., 2008).
The interaction with Sec12 has also been mapped at the C-treminus of Sec16 in P.pastoris (Montegna et
al., 2012). Furthermore the crystal structure of Sec13 binding to the N-terminal part of the central conserved
domain of Sec16 has been reported (Whittle and Schwartz, 2010), underlining that it is the conserved regions
of Sec16 that mediate the interactions with the coat components.
The ER localization domain has also been mapped on Drosophila Sec16 on an arginine-rich region
upstream of the central conserved domain. The central domain is nevertheless necessary to mediate the
specificity for ER (Ivan et al., 2008). The same region also mediates human Sec16 targeting to ERES (Hughes
et al., 2009).
Last, as mentioned above, Sec 16 oligomerizes and the domain mediating the oligomerization has also
been mapped (Ivan et al., 2008; Yorimitsu and Sato, 2012).
Taken together, Sec16 role in the formation of ERES and the regulation of COPII vesicle budding is the
subject of intense work. Given its large size, this also includes the elucidation of its binding partners and the
precise definition and role of its multiple domains and posttranslational modifications.

Protein transport through the Golgi
Uncoating of the COPII vesicles is thought to take place after they are already tethered to the target compartment and the coat is maintained after fission-inducing GTP-hydrolysis via interactions with the cargo proteins
(Sato and Nakano, 2005).
The COPII vesicles are then delivered to the ER to Golgi Intermediate compartment (ERGIC) and from
there the cargo is transported to the Golgi system. Although, the consensus on the mechanism of ER exit
and COPII formation is rather strong, there are different perspectives on the dynamics of protein transport
through the ERGIC and the Golgi. The ERGIC is thought to either form from COPII vesicles that fuse together
to generate larger transient cargo carriers to the cis-Golgi, referred to as transport complexes (Stephens and
Pepperkok, 2001) or to be a stable compartment where COPII vesicles are delivered and the cargo is then
loaded in anterograde post-ERGIC carriers (Klumperman et al., 1998). In any case, the ERGIC is a feature
of mammalian cells while in other model organisms that have been used to study protein transport, such as
yeast, the ER-derived COPII vesicles are directly delivered to the Golgi. Similarly to yeast, in Drosophila cells
there is no morphologically distinct compartment between the ERES and the Golgi.
After the ERGIC, the newly synthesized proteins reach the Golgi system. This organelle comprises
stacks of discrete flattened membrane bound compartments, the Golgi cisternae, organized in a cis to trans
fashion, cis being the closest to the ERGIC and the trans the furthest. Transport to and through the Golgi
is also a subject of intense discussion. The two models that concentrate most degree of consensus are
discussed here. One model suggests that cisternae of the cis-Golgi form de novo from fusing carriers derived
from the ERGIC and mature into medial- and trans-Golgi by progressively changing the composition of their
13
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residing enzymes. In this model COPI vesicles mediate the retrograde transport back to the ER. The other
model views the cisternae as static structures with defined enzyme composition and protein transport through
the stack is mediated by COPI vesicles (Emr et al., 2009).
Irrespective of its dynamics, the Golgi is a central station in the secretory pathway where a variety of
protein modifications such as cleavage and oligosaccharide modifications, take place. Retrograde transport
between the cisternae and from the Golgi back to the ER is mediated by vesicles with a different coat, namely
COPI and the small GTPase that catalyzes their formation is Arf1 [recently reviewed in (Jackson, 2014)].
The modified cargo proteins are then sorted in different types of carriers at the Trans-Golgi Network (TGN),
a tubular structure that emerges from the two trans-most Golgi cisternae (De Matteis and Luini, 2008), and
targeted to their final destination, the plasma membrane, the extracellular medium, or the endosomal system
and the membranes of the compartments comprising the secretory pathway itself.

Vesicle targeting – Tethers, SNAREs and Rabs
Membrane traffic in general and in the secretory pathway specifically is based on the generation of small
vesicular carriers budding from donor compartments and fusing with target ones. The directionality of vesicular transport through the different compartments of the secretory pathway is regulated at the level of vesicle
tethering. Random fusion of vesicles from different origins is prevented by means of specific protein tethers
that only allow and facilitate specific fusion between vesicles and membrane compartments [reviewed in (Yu
and Hughson, 2010)]. Vesicle tethering is facilitated by a family of small GTPases, called Rabs. Recently,
Sec23 has been shown to participate to vesicle tethering by interacting with TRAPP1 thus ensuring the
correct transport direction (Lord et al., 2011). Rabs display compartment specific distribution and ensure
the specificity of vesicular docking by recruiting specific sets of tethering proteins that mediate membrane
recognition.
Vesicle tethering is followed by membrane fusion that is mediated by the SNAREs, type II transmembrane proteins mostly residing in the cytoplasm. They are found both on vesicles (v-SNAREs) and on the
target compartments (t-SNAREs). The interaction of one v-SNARE with three t-SNARES allows vesicle
docking, followed by the wrapping of the helical domains of the SNAREs around one another which brings
the two membranes in close proximity and allows fusion. The disassembly of the tethered SNAREs after
membrane fusion is mediated by SNAP and NSF, a key regulatory ATPase, shuttling between membranes
and cytoplasm; this allows the recycling of the SNAREs and their priming for another round of fusion (Malsam
et al., 2008; Rothman, 1994)

The early secretory pathway in mammalian and Drosophila cells
The basic organization of the early secretory pathway is generally conserved across eukaryotes, with mammalian systems being more complex, exhibiting some unique features and a large genetic redundancy
between components. Drosophila, on the other hand, the model used in this work, is a simpler yet similar
system that has allowed furthering our understanding of the process of protein transport through the secretory pathway by providing a model of intermediate complexity between yeast, where the components of the
secretory pathway were initially identified, and the mammalian cells (Kondylis and Rabouille, 2009).
Comparing the early secretory pathway between mammals and the fruitfly one would notice that the
basic features are similar, yet there are a few discrepancies. First, the ERES are more numerous in mammalian cells and dispersed throughout the cell with many of them concentrating close to the Golgi system.
In Drosophila S2 cells they are fewer, larger and always juxtaposed to Golgi stacks forming the tER-Golgi
units (Kondylis and Rabouille, 2009). Second, the Golgi stacks in mammalian cells are linked by the Golgi
ribbon, while in Drosophila S2 cells and other tissues they are paired (Kondylis et al., 2007) so forming the
smallest possible ribbon. Third, in mammalian cells the Golgi is a single copy organelle and often resides on
one side of the nucleus, while in Drosophila the tER-Golgi units are scattered around the nucleus (Kondylis
and Rabouille, 2009). Finally, another difference with functional implications is that mammalian cells have
been shown to accommodate increased cargo load by modifying aspects of the early secretory pathway such
as the number and size of ERES (Farhan et al., 2008; Guo and Linstedt, 2006), while in Drosophila no such
adaptations have been observed.
Despite these differences, the functional aspects of the early secretory pathway are largely conserved.
Furthermore, the fact that observations in Drosophila cell lines can easily be tested in the animal, next to
the efficiency of procedures like RNAi in Drosophila cells, make Drosophila an important tool to study the
mechanistic aspects of the secretory pathway.
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Regulation of the secretory pathway
The regulation of secretion of specific cargo proteins has been studied for many years and there are several
reports about for instance, the adjustments required so that cells can secrete large cargos like collagen fibers
(Malhotra and Erlmann, 2011) or how cargo destined for the apical or the basolateral domain of the plasma
membrane of epithelial cells are sorted in different types of carriers to regulate their correct localization
(Stoops and Caplan, 2014).
Recently, it is becoming increasingly clear that the compartments of the secretory pathway are a platform
that elicites, generates and transduces signaling (Farhan and Rabouille, 2011).
The most studied signaling event at the level of the secretory pathway is the unfolded protein response
that is generated by increased cargo load in the ER that is not manageable by the cell. In a nutshell, increased
cargo load often leads to accumulation of misfolded proteins at the ER which activates the unfolded protein
response (UPR) (Ron and Walter, 2007). The UPR attenuates bulk translation of new proteins, increases the
abundance of ER chaperones and stimulates ER associated degradation (ERAD) to rid the cell of misfolded
proteins prone to aggregation (Travers et al., 2000). Furthermore, the UPR generally increases the secretory
capacity of the cell by upregulating amino-acid transporters, t-RNA charging enzymes (Murray et al., 2004),
but also ERES components (Farhan et al., 2008), next to the ER chaperones, thus preparing the cell to cope
with increased secretory input. This is one of the best-documented examples of signaling generated and
elicited by the secretory pathway itself.
A second autonomous signaling event is at the level of ER exit. Transport vesicles that leave the ER
for the Golgi complex carry signal molecules that can be sensed by a receptor at the cis-Golgi. The receptor is the KDEL receptor (KDELR), a proposed new G-protein-coupled receptor and upon binding to a
KDEL-containing ligand (a chaperone), the KDELR activates an Src based signaling cascade that regulates
anterograde intra-Golgi trafficking (Giannotta et al., 2012).
Another interesting link between protein folding in the ER and signaling was found when one of the ER
chaperones, calnexin was identified as a substrate of Erk1 in response to a misfolding reagent. The phosphorylation led to the retention of a calnexin substrate at the ER thereby increasing its chances to properly
fold and linking stress-related MAPK activation to the ER function (Cameron et al., 2009).
In addition to calnexin, many structural components of the early secretory pathway have been found
phosphorylated (Farhan and Rabouille, 2011) and there is accumulating evidence that protein transport
through the secretory pathway is subject to regulation by signaling cascades, such as the MAP kinases. This
is thought to be relaying environmental stimuli on many levels and more specifically to protein translation at
the ER and ER exit. However many of these posttranslational modifications are not linked to specific stimuli.
Several kinases have been found to regulate ER exit and COPII assembly; H89 kinase inhibitor was shown
to block ER exit (Aridor and Balch, 2000) and PCTAIRE-1 was found to regulate ERES number and COPII
formation (Palmer et al., 2005). Furthermore, it is known for over a decade that treatment with phosphatase
inhibitors induces arrest in COPII formation (Pryde et al., 1998) and that alkaline phosphatase exposure
reduces Sec31 activity (Salama et al., 1997). However, as mentioned above, the context of these events and
under what conditions the relevant kinases or phosphatases are activated is not explored.
More recently, it was found that Sec24 is phosphorylated by Akt to increase its binding to Sec23, showing
that COPII components are targeted by PI3K(phospho-inositol 3 kinase)/TOR signaling as the phosphorylation was enhanced after stimulation with insulin growth factor (Sharpe et al., 2011). Moreover, a kinase
screen revealed that Erk2 phosphorylates mammalian Sec16 on Serine 415 in response to serum stimulation
and thereby, increase its recruitment to ERES (Farhan et al., 2010). Furthermore, an interesting implication of
the regulation of the secretory pathway was revealed when in human cancers, the Sec16 interacting protein
TFG-1 (TRK-fused gene-1) was found fused to tyrosine receptor kinases, misdirecting them to the ERES
where they relayed oncogenic signaling (Witte et al., 2011).
The Golgi function and organization has been known for a long time to be regulated during mitosis when
it is fragmented so to allow G2/M cell cycle progression, acting as the so-called Golgi checkpoint (Rabouille
and Kondylis, 2007). AMPK (AMP activated kinase) also was shown to phosphorylate and attenuate the
activity of GBF1, a Golgi resident Arf1 GEF, before entry to mitosis (Mao et al., 2013) but also in response to
low energy levels (Miyamoto et al., 2008).
It is now more and more evident that even though many mechanistic details of the process of intracellular
protein transport are well described through the identification of dozens of components and their interactions,
many aspects of the regulation of the secretory pathway and its response to changing environmental conditions are yet to be understood.
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Under normal conditions cells compartmentalize specific biochemical processes in distinct membrane bound
compartments. As discussed above transport, between these compartments is mediated by vesicles derived
from the secretory/endocytic pathway.
However, another type of transient intracellular compartmentalization has been gaining more and more
attention the recent years, the compartmentalization via mesoscale protein assemblies (O’Connell et al.,
2012; Wilson and Gitai, 2013). The somewhat surprising and novel feature of this type of structures is that
they are not are not surrounded by a limiting membrane. Based on their physical properties they can be categorized into two classes, the more ordered and static crystalline assemblies, which form by polymerization
of proteins in sheets or filaments, and the ones that are a result of phase separation, also referred to as liquid
droplets (Brangwynne et al., 2009). Regarding their size, they are considered to fall in the mesoscale order,
between the nanoscale of single proteins and protein complexes and the microscale where the cells reside
(Wilson and Gitai, 2013). The broad definition of these structures also includes the cytoskeleton, comprising
of reversibly polymerizing subunits that give rise to larger structures.
These assemblies are described both in eukaryotes and bacteria, playing multiple roles in organizing
metabolic processes and transducing signals. Recent studies suggest that both crystal-like and liquid-like
assemblies form in eukaryotic cells as a result of metabolic changes and in particular nutrient depletion as a
way for the cell to adapt to conditions where energy becomes limiting. Compartmentalization of biochemical
processes into such structures allows the cell to locally increase the concentration of key reagents required
for reactions necessary for coping with a challenging environment. Indeed, several metabolic enzymes have
been found to organize in filamentous or crystal-like cytoplasmic assemblies such as the CTP synthase
assemblies which form in yeast and Drosophila under distinct environmental conditions such as glucose
starvation (Noree et al., 2010), glutamine synthase filaments in yeast under starvation (Narayanaswamy et
al., 2009; Petrovska et al., 2014), proteasome storage granules (PSGs) which concentrate 26S proteasomes
also in yeast under starvation and quiescence (Laporte et al., 2008; Peters et al., 2013) or the purinosome,
which concentrates all the enzymes of the purine biosynthetic pathway in Hela cells under nutrient limiting
conditions (An et al., 2008). Even though for the latter two it is not sorted whether they are crystalline or liquid
assemblies they are all reversible and do not represent terminal aggregates.

Liquid droplets
Among the mesoscale assemblies mentioned above, some are liquid droplets. These structures were first described when the P-granule, a ribonucleoprotein (RNP) particle in the C. elegans germline cells was found to
have very prominent liquid-like properties such as “dripping” and “wetting” the nuclear envelope (Brangwynne
et al., 2009). This is clearly different from the crystal-like structures that are more rigid and static. Since then,
several other RNP have been shown to also behave like liquid droplets in the nucleus, namely the nucleoli
(Brangwynne et al., 2011) and the Cajal bodies, which are thought to organize transcription, in the nucleus as
well as stress granules and p-bodies in the cytoplasm.
The common morphological features of liquid droplets are that they are generally spherical and dynamic. They form via phase separation of their components from the cytoplasm like a drop of oil in water.
Furthermore they display different rates of diffusion within each of the phases, that is inside the assembly and
in the surrounding cytoplasm (Hyman and Brangwynne, 2011).
Shuttling in and out of the liquid droplet is also a frequently appearing feature. This shuttling is of biological
importance as it allows sampling of the cytoplasm and it possibly facilitates the reversibility of the assembly.
Liquid droplets form via transient and weak protein-protein and as they are RNPs, protein-RNA interactions.
This is mediated by low amino-acid diversity stretches (low complexity sequences, LCS) and RNA binding
domains. LCS are unstructured protein sequences, prone to engage in such interactions. Interestingly, LCS
stretches appear to be not randomly distributed and are rather more biased towards the termini of the proteins
a position associated with GO terms such as stress response, translation and transport, whereas internal
LCS are more associated with transcription and transcription regulation (Coletta et al., 2010).
Recently, a chemical compound, b-isox, has been used to induce the formation of liquid droplets, in this
case also referred to as hydrogels, in a cell-fee system (Kato et al., 2012). Even though the exact mechanism
of b-isox hydrogel formation is not known thes experiments showed that the LCS domains of RNA-binding
proteins were sufficient to drive the proteins into the hydrogels.
Next to the LCS, the liquid demixing that takes place during droplet assembly is also mediated by the
RNA binding domains of the proteins that undergo phase transitions. These domains display low binding
affinities and promiscuity as they interact with several mRNAs weakly and rather unspecifically, yet they are
repeated in the protein sequence (Castello et al., 2012) thereby increasing its vallency (Lunde et al., 2007).
16

I ntroduction
One difference between crystal-like and liquid droplet-like assemblies might be that liquid droplets allow
a more broad composition since their assembly is mediated by the promiscuous LCS domains, whereas
crystal-like structures require electrostatic interactions and polymerization of smaller units. This explains why
crystal-like structures described so far comprise one or few enzymes of the same biosynthetic pathway while
more than 50 components of stress granules or p-bodies, which behave like liquids, have been identified.
The assembly and disassembly of RNPs is also of physiological importance as several neurodegenerative diseases have been associated hyperstable irreversible granules that become toxic for the cell. For
instance TDP-43 a stress granule protein, is associated with ALS (see below) and some of the causative
mutations are mapped is the LCS (Johnson et al., 2009).

RNPs in stress-induced translational control - Stress granules
As mentioned above, all the assemblies so far described as liquid droplets, are RNPs. Characteristic RNPs
are those identified in the germline of several species such as the already mentioned P-granules in C.
elegans, the polar bodies in Drosophila or the germinal granules in Xenopus laevis. The germline RNP
granules play specific roles in development regulating both in space and time the storage, translation (or
translational repression) and turnover of maternally inherited mRNAs (Voronina et al., 2011).
Another class of cytoplasmic RNPs with liquid droplet properties involved in posttranslational regulation
of gene expression comprises the processing bodies (p-bodies) and the stress granules. Both assemblies
share components and they dynamically exchange material, however they have different roles. The p-bodies
are the sites where mRNA degradation takes place. Next to mRNAs, they contain, RNA-binding proteins
and components of the 5’-3’ mRNA decay machinery, the nonsense-mediated decay pathway, decapping
enzymes and the RNA silencing complex (Anderson and Kedersha, 2006). P-bodies are visible as small
cytoplasmic foci even under normal growth conditions, reflecting their function as the general steady state
mRNA processing sites. However, upon stress when cells start synthesizing stress specific proteins in order
to cope with it, p-bodies increase both in size and number possibly to accommodate the changes in gene
expression.
Stress granules form during stress-induced translational arrest
On the other hand, stress granules are more transient and as their name implies, they form as a result of
stress while they are not observed in cells growing in favorable conditions. They are associated with stress
that inhibits protein translation and induces a different gene expression program, such as heat and oxidative
stress and nutrient starvation.
These changes in the
transcriptional program are
accompanied by a decrease
in the translation of the
housekeeping and steady
state mRNAs. Translation
inhibition results in polysomes disassembly and
accumulation of untranslated
mRNAs in translation preinitiation complexes, which
are assembled into the stress
granules together with RNA
binding proteins that are
further recruited. The stress
granules are considered the
sites of RNA triage (Anderson
and Kedersha, 2008), where
the mRNAs from the stalled
polysomes are transported to
Figure 3: Stress granules assembly and function
be sorted and subsequently
eIF2α phosphorylation that occurs in response to stress, inhibits translation initiation (see
targeted for degradation at
Box 1) and this leads to polysomes disassembly and accumulation of stalled mRNAs.
These mRNAs along with 40S ribosomal subunits recruit RNA binding proteins to form the the p-bodies, or for timely
stress granules where the mRNAs are sorted in time and space, either for degradation in re-entry to the polysomes
the p-bodies, which contain the mRNA decay machinery, or to back to the polysomes to be during stress or after stress
translated.
relief when normal transla17
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tion resumes.
The current view of the stress granules, based on measuring fluorescence recovery after photobleaching GFP-tagged stress granule components, proposes that the stress granules exist in equilibrium with
polysomes and that the mRNAs, escorted by mRNA binding proteins shuttle in and out of these dynamic
assemblies (Kedersha et al., 1999). Furthermore, live imaging of stress granules and p-bodies revealed
that the mammalian stress granules are relatively static and transiently colocalize with the p-bodies, which
constantly scan the cytoplasm. Presumably, this “docking” of p-bodies on the stress granules allows mRNAs
to be sorted for degradation and transferred to p-bodies where the relevant machinery resides (Figure 3).
Stress granules comprise mRNAs, RNA binding proteins and translation initiation factors
Stress granules, similarly to p-bodies, contain mRNAs and RNA binding proteins like FMR1 (Fragile X mental
retardation related 1) (Mazroui et al., 2002), TIA (T-cell internal antigen), TIA-R (Kedersha et al., 1999),
TDP-43 (Transactive response DNA-binding protein 43) (Colombrita et al., 2009) or PABP1 (Poly-A binding
protein) involved in RNA silencing and translational repression as well as components of mRNA processing
machineries. Importantly, as stress granules form in response to protein translation inhibition, they contain
several translation initiation factors, such as eIF3, eIF4A,B,E,G some of which, like eIF4E and 4G can also
be found in p-bodies, and small ribosomal subunits. These initiation factors are thought to be recruited to
stress granules directly from the disassembling stalled polysomes as pre-initiation complexes (Kedersha et
al., 2002). An interesting feature of stress granules is the absence of large ribosomal subunits. It has been
suggested that this might be due to competition between the stress granule resident RNA binding proteins
and the large ribosomal subunits for the initiation complexes (Anderson and Kedersha, 2008).
Even though the list of stress granule components is long, only few of them have been identified as
essential for stress granule assembly. Namely TIA, is under normal conditions nuclear but it relocalizes at
the cytoplasm during stress to bind free initiation complexes and mediate the nucleation of stress granules
(Kedersha et al., 1999) as it contains LCS that are instrumental in seeding the assembly. Moreover overexpression of a dominant negative form of the endoribonuclease G3BP, another stress granule nucleating
factor, also prevented their assembly (Tourriere et al., 2003).

Box 1: Translation initiation control by eIF2 and 4EBPs
For the translation to initiate, eIF4E, the 5’-cap binding subunit of the eIF4F complex (that also comprises
4A and 4B) binds the 5’cap. This is under the control of the 4EBP that interacts eIF4E and impairs its
recruitment to the 5’-cap. Under favorable conditions, 4EBP is hyper-phosphorylated by TORC1 and it
releases eIF4E.
The translation initiation factor elF2 comprises 3 subunits, α, β and γ. elF2B catalyzes the GTP-loading of
eIF2. eIF2-GTP interacts with Met-tRNA forming the ternary complex. The mRNA binds the ternary complex that recruits in turn the 40S ribosomal subunit. This forms the 48S pre-initiation complex that can then
recruit the 60S ribosomal subunit.
Phosphorylation of the α subunit of eIF2, in response to stress, increases the affinity of eIF2 for eIF2B,
thereby making the GEF activity of eIF2B limiting and preventing the loading of more eIF2 with GTP. As a
result, translation initiation is inhibited.
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Drugs that prevent polysomes disassembly like cycloheximide, impair stress granule formation while
drugs that induce premature termination, like puromycin, promote it (Kedersha et al., 2005). On the other
hand, overexpression of several stress granule components, presumably with nucleating activity, such as
FMR1 (Mazroui et al., 2002) and Caprin that binds FMR1 (Solomon et al., 2007) induces stress granules
assembly underlining the role of protein-protein and protein-mRNA interactions in the formation of these
structures.
Signaling upstream of stress granule formation- eIF2α and eIF2α kinases
Stress granules form in response to protein translation inhibition and polysomes disassembly. The translation
initiation factor eIF2 is involved at the first steps of translation initiation, as the GTP-bound form interacts
with the Met-tRNA forming the ternary complex. eIF2B catalyzes the GDP for GTP exchange for eIF2.
Phosphorylation of the α subunit of eIF2 at Serine 51 prevents the eIF2B mediated nucleotide exchange
by decreasing the dissociation constant of eIF2B form eIF2. This titrates down the eIF2B available for the
reaction, thereby inhibiting translation at the initiation step (Gebauer and Hentze, 2004) (Box 1).
In mammalian cells stress granule formation is associated with the phosphorylation of the translation
initiation factor eIF2α (Kedersha et al., 1999) and it has been shown that impairing this phosphorylation event
inhibits stress granule assembly. Yet, recently it has been shown that inhibition of steps downstream of translation initiation can also induce stress granules in mammalian cells (Dang et al., 2006; Mazroui et al., 2006;
Mokas et al., 2009). Indeed, pharmacological inhibition of translation at the elongation step also led to stress
granule assembly. This shows that stress granule formation is more complex that originally thought.
In metazoan systems other than mammalian, such as Drosophila S2 cells, the requirement for eIF2α
phosphorylation as a driving event for stress granule formation is dependent on the type of stress (Farny et
al., 2009). In particular arsenate (NaAsO4) treatment, the “textbook” stress granule inducer, indeed requires
phosphorylation eIF2α for stress granule assembly, while this is not the case for heat stress when stress
granules assemble independently of the phosphorylation status of eIF2α. Furthermore, stress-induced pbody increase in number and size is not dependent on eIF2α (Kedersha et al., 2005).
Several kinases are found to catalyze eIF2α phosphorylation under different types of stress. PKR (protein kinase R) is activated upon viral infection, heat or UV iradiation by double stranded RNA (Srivastava et
al., 1998), PErk (PKR-like ER resident kinase, or PEK in Drosophila) phosphorylates eIF2α in response to ER
stress, as a branch of the unfolded protein response (see above) (Harding et al., 2000), HRI (heme-regulated
initiation factor 2α kinase) mediates the oxidative stress (arsenate) induced phosphorylation and last, GCN2
(general control nonderepressible 2) catalyzes the phosphorylation of eIF2α in response to amino-acid starvation (Wek et al., 1995). GCN2 senses amino-acid deprivation via its histidyl-tRNA synthetases homologous
region, which displays affinity for uncharged tRNAs and the interaction with uncharged tRNAs activates the
catalytic kinase domain.
Interestingly (yet rather puzzling), not all stressors that result in eIF2α phosphorylation induce stress
granules. Of importance, ER stress for example is a rather weak stress granule inducer. Common stress
granules-inducing conditions are oxidative (via arsenate treatment or mitochondrial uncoupling) (McEwen
et al., 2005) and heat stress (Kedersha et al., 1999), viral infection (McInerney et al., 2005) or starvation
(Brengues and Parker, 2007).
Stress granules and other stress pathways-Implications
Stress granule assembly was shown to be an anti-apoptotic mechanism by competing with Stress Activated
Protein Kinase (SAPK) signaling. SAPKs is a family of kinases including p38, Erk and several other members
of the MAPK superfamily that are activated under specific stress conditions and their prolonged activation
is associated with induction of cell death by apoptosis. Interestingly, the types of stress that activate SAPK
signaling (irradiation, genotoxic drugs and in general, stress induced by DNA damage) do not overlap with
those inducing stress granule assembly (heat stress, arsenate treatment, starvation). It was suggested that
stress granules suppress apoptosis by recruiting components that activate the SAPKs and sequestering
them from the cytoplasm (Arimoto et al., 2008). Furthermore it has been shown that stress granules inhibit
apoptosis by reducing ROS production (Takahashi et al., 2013).
Cytoplasmic RNPs and stress granules in particular have been gaining more and more attention the
recent years since they have implicated in several human diseases. Amyotrophic lateral sclerosis (ALS) has
been associated with the stress granule components TDP-43 and FUS (Arai et al., 2006; Neumann et al.,
2006) that are found to induce irreversible assemblies that become toxic for the cells. Other RNP inclusions
are also related to other degenerative diseases like frontotemporal lobar degeneration (FTLD) and multisystem proteinopathy [reviewed in (Ramaswami et al., 2013)].
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Another major signaling pathway that regulates protein translation is the Tor pathway. Tor is the kinase that
plays the central role in the control of growth and metabolism. Since its discovery in a screen for rapamycin
suppressor mutants, it has been extensively studied as it is linked to almost all aspects of nutrient signaling,
cell proliferation and growth as well as cancer.
Tor, or mTor as mechanistic target of rapamycin was identified in the early nineties in yeast (Heitman
et al., 1991) as mutant resistant to the immunosuppressive drug rapamycin and later on its homologue
was identified in mammalian cells (Sabatini et al., 1994). Tor is an atypical Serine/Threonine kinase of the
PI3K-related family although it has no lipid kinase activity. It exists in two functionally and structurally distinct
complexes TORC1 and TORC2. Here, we will use the mammalian nomenclature for the TORC components,
noting however that it was yeast genetics that pioneered the discoveries on Tor signaling.
For the purpose of this thesis, I will shortly introduce the extensively studied and reviewed TORC1
(Laplante and Sabatini, 2012; Loewith and Hall, 2011) and summarize some important aspects of its regulation and function and I will discuss the second complex, TORC2, which still remains largely mysterious and
rather controversial.

TORC1
Rapamycin inhibits the kinase activity of TORC1 by forming a complex with FKBP12 (12kd- FK506 binding
protein), which can then bind Tor as FKBP12 under normal conditions does not interact with it. However, the
details of the mechanism of rapamycin-mediated inhibition are still elusive.
Tor in the context of TORC1 interacts with Raptor (regulatory-associated partner of Tor) (Kim et al.,
2002), PRAS40 (proline-rich Akt substrate 40 kd) (Sancak et al., 2007), Lst8 (lethal with sec13-8) (Loewith et
al., 2002) and DEPTOR (DEP-domain containing interacting protein of Tor) (Peterson et al., 2009). The latter
two are also in subunits of TORC2.
TORC1 is an upstream regulator of growth by promoting protein synthesis and ribosome biogenesis and
inhibiting the degradative pathway of autophagy, [reviewed in (Ma and Blenis, 2009)]. Regarding its role in
protein translation, the direct and well-described targets of TORC1 are S6K (S6 kinase) and 4EBP (eIF4E
binding proteins). Hyper-phosphorylation of the 4EBPs prevents their binding to the translation initiation
factor eIF4E, allowing it to interact with the other subunits of eIF4F complex after its recruitment to the 5’-cap
of the mRNA, thereby directly promoting cap-dependent translation (Box 1). On the other hand, phosphorylation of S6K leads to its activation, which promotes translation at the initiation and elongation steps via its
downstream targets, such as eIF4B. Furthermore, TORC1 triggers ribosome biogenesis via its targets TIF1A
(Mayer et al., 2004) and Maf1 (Kantidakis et al., 2010), which promote ribosomal RNA production.
Box 2: TORC1 regulation by amino-acids
and
insulin/growth
factors
In the presence of amino-acids, TORC1 is recruited to the lysosome
by the Rag GTPases,
which also interact with
Ragulator. At the lysosome, TORC1 can be
activated by Rheb-GTP
that is under the control
of the TSC1/TSC2 complex. Phosphorylation
of TSC1/TSC2 complex
in response to insulin
and growth factors inhibits its GAP activity
towards Rheb allowing
Rheb-GTP to activate
TORC1. Phosphorylation of TSC2 by AMPK
upon nutrient depletion
activates TSC1/TSC2,
which impairs TORC1
activation.
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Regarding its role in autophagy, another important TORC1 target is the kinase ULK1, also referred
to as Atg13, which functions in the initial steps of the autophagy pathway. The phosphorylation by TORC1
suppresses ULK1 thereby inhibiting autophagy (Ganley et al., 2009; Hosokawa et al., 2009).
The upstream cues that induce TORC1 activation have also been studied in detail. Here we will only
discuss few of the best-characterized TORC1 activating mechanisms. Being the central sensor of nutrient
abundance TORC1 is directly and indirectly regulated by nutrients [reviewed in (Laplante and Sabatini,
2012). Most of the upstream activating signals, such as the presence of insulin and growth factors, are
relayed to TORC1 via the GTPase Rheb (Ras homologue enriched in the brain), which in its GTP-bound
form interacts with and activates TORC1. Rheb is under the control of the TSC1/TSC2 (tuberous sclerosis 1
and 2) complex, which acts as GAP and stimulates the conversion of Rheb from the GTP- to the GDP-bound
form. TSC1/TSC2 is phosphorylated and inactivated as a response to insulin and insulin-like growth factor
stimulation via the PI3K and Ras pathways, thereby allowing the interaction between TORC1 and Rheb-GTP.
Furthermore, AMPK (AMP activated kinase) phosphorylates TSC2 and increases its GAP activity towards
Rheb, resulting in TORC1 inactivation, in response to low energy levels (Inoki et al., 2003).
Next to being a target of the insulin and growth factors signaling pathways TORC1 is also regulated by
amino-acids. Amino-acids act a direct upstream regulator of TORC1 activity via a mechanism independent
of TSC1/TSC2 (Smith et al., 2005). In a nutshell, in the presence of amino-acids the Rag GTPases are
activated and interact with Raptor (Kim et al., 2008; Sancak et al., 2008), the essential regulatory subunit of
TORC1 to dock the complex on the surface of the lysosome via an interaction with the complex Ragulator
(Sancak et al., 2010). The lysosome is possibly where TORC1 is activated by Rheb. It has been reported
that initial sensing of amino-acid abundance is mediated by the transmembrane lysosomal v-ATPase, the
enzyme responsible for the acidification of the lysosomal lumen, which interacts with Ragulator (Zoncu et al.,
2011) thus promoting TORC1 recruitment at the surface of this organelle (Box 2).
The fact that amino-acid sensing is by TORC1 is independent of TSC1/TSC2 is interesting because,
in the absence of amino-acids, stimulation of the other TSC1/TSC2-dependent TORC1 activating pathways
does not result in TORC1 activation. Hence, amino-acids function as the limiting factor in TORC1 signaling
and act as a safety switch to ensure that the anabolic processes stimulated by TORC1 will not be triggered
in the absence of the essential resources. However the lack of a role for TSC1/TSC2 in amino-acid sensing
by TORC1 has been recently challenged, since it was shown that TSC2 mutant cells could not completely
inactivate TORC1 in response to
amino-acid starvation (Demetriades
et al., 2014).
Intriguingly, two links have been
reported between Tor signaling and
the eIF2α pathway of translation
regulation (see above). TORC1
directly or indirectly mediates the
inactivating phosphorylation of
GCN2 in the presence of nutrients
reducing its basal activity and the
levels of p-eIF2α (Cherkasova and
Hinnebusch, 2003). Moreover,
TORC1 has been found residing
at stress granules during oxidative
and heat stress and this sequestration prevented its downstream signaling (Takahara and Maeda, 2012;
Wippich et al., 2013). These observations suggest that TORC1 might
Figure 4: TORC1 and TORC2 composition, upstream regulators and subhave additional roles in translational
strates (details in the text)
control next to the many already
described.

TORC2
Although the rapamycin sensitive branch of Tor signaling is studied since the early nineties, it was a decade
later that the second, rapamycin-resistant branch of the pathway was identified (Loewith et al., 2002). In this
pathway Tor functions in another complex, TORC2, interacting with Rictor (Rapamycin insensitive companion of Tor) (Sarbassov et al., 2004), Sin1 (Stress activated protein kinase interacting 1) (Jacinto et al., 2006;
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Yang et al., 2006), Protor-1 and 2 (protein observed with Rictor 1 and 2) (Woo et al., 2007) and the TORC1
components Lst8 and DEPTOR. Rictor, Lst8 and Sin1 are essential subunits of the complex, while Protor and
DEPTOR appear to be dispensable (Figure 4).
As already mentioned, several aspects of TORC2 are controversial including its sensitivity to rapamycin,
as it has been shown in some cell lines that prolonged exposure to rapamycin eventually inhibits TORC2 as
well (Phung et al., 2006; Sarbassov et al., 2006).
Regarding the processes regulated by TORC2, two studies implicate it in the control of the cytoskeleton
(Jacinto et al., 2004; Sarbassov et al., 2004). Indications that TORC2 would regulate actin organization first
came into light before the discovery of the two Tor complexes when it was observed in yeast that the tor2 mutants failed to regulate the cell-cycle dependent polarization of the actin cytoskeleton (Schmidt et al., 1996).
The results from mammalian systems support these initial observations; yet contribute to the TORC2 related
discrepancies as they found TORC2 required for the assembly of actin fibers in one (Jacinto et al., 2004)
while in the other loss of TORC2 function promoted actin fiber assembly (Sarbassov et al., 2004). These
discrepancies might be related to the use of different cell lines, or the different approaches to induce TORC2
loss of function, however they underline our limited understanding of TORC2 and possibly the complexity
of its function. Interestingly, Rictor and Sin1 knockout mice are embryonic lethal but Rictor knockout mouse
embryonic fibroblasts display no significant changes in the morphology of the actin cytoskeleton suggesting
that TORC2 plays an important role in mammalian development, possibly different to its role in the regulation
of the cytoskeleton (Guertin et al., 2009; Shiota et al., 2006).
In 2004 the first direct TORC2 substrate was identified as the AGC kinase Akt, also referred to as PKB
(protein kinase B). TORC2 phosphorylates Akt at the hydrophobic motif (Serine 473 in mammals and 505
in Drosophila) (Sarbassov et al., 2005). This phosphorylation confers full activation to Akt and possibly it
regulates its substrate specificity (Jacinto et al., 2006). Importantly, Akt is also phosphorylated by PDK1 on
the turn motif (Serine 308).
The significance of the TORC2 mediated Akt phosphorylation is not very well understood in vivo since
Akt activity as measured by the phosphorylation of its substrates, GSK3 and TSC2, is largely retained when
TORC2 function is inhibited (Guertin et al., 2006). This might be a result of redundancy between kinase targets or it could suggest that phosphorylation of the turn motif of Akt by PDK1 is sufficient for its activity under
normal conditions. Interestingly, studies in Drosophila suggested that the TORC2 mediated phosphorylation
of Akt is required to transduce increased signaling from the PI3K pathway in response to insulin and growth
factors (Hietakangas and Cohen, 2007).
This link between TORC2 and growth (via Akt) is strengthened by the fact that SGK1 (serum and glucocorticoid induced kinase 1) is also phosphorylated by TORC2 on its hydrophobic motif in response to
stimulation by insulin and growth factors (Facchinetti et al., 2008). SGK1 as a TORC2 substrate was shown
to regulate fat storage, size and lifespan in C. elegans (Jones et al., 2009; Soukas et al., 2009). Of note,
PKC is also thought to be a TORC2 substrate (Facchinetti et al., 2008). But it is also challenged by the fact
that Akt is also activated by stressful conditions, such as heat exposure or oxidative stress(Bang et al.,
2000; Konishi et al., 1999; Matsuzaki et al., 2004; Shaw et al., 1998). Whether, it is TORC2 the activating
kinase in these conditions remains to be elucidated. A particularly interesting report very recently showed
that TORC2 is activated during starvation and it facilitates the activation of GCN2 via Ypk1 (Vlahakis et al.,
2014) (the closest yeast SGK1 homologue). It further demonstrated that TORC2 activity was required to
induce autophagy. These observations are in agreement with results In Dictyostelium, where TORC2 has
been shown to regulate chemotaxis during starvation (Lee et al., 2005b). One hypothesis regarding the Akt
activation upon insulin and growth factors signaling is that it is mediated by the PI3K pathway. Akt, which
is phosphorylated at the turn motif by PDK1 downstream of PI3K is consequently recruited to the plasma
membrane where it is further activated by a constantly active TORC2.
An interesting twist came a few years ago when TORC2 was found localized to the ribosome. There, it
was shown to phosphorylate the Serine 308 of the turn motif of Akt in a co-translational manner (Facchinetti
et al., 2008; Ikenoue et al., 2008). This is, however, quite surprising as, the turn motif is known to be phosphorylated by PDK1 (Cybulski and Hall, 2009), as mentioned above. Regardless, the activation of TORC2
by interaction with the ribosome has been also observed in human cancer cells possibly underlining the
physiological importance of this interaction (Zinzalla et al., 2011).
Growth versus stress, hydrophobic versus turn motif, this would be sorted out more simply by the development of specific TORC2 inhibitors. However, these have not yet been identified, making the study of this
complex more complicated and significantly less elaborate as compared to the “famous” TORC1. It is evident
that the search for both substrates and upstream regulators of TORC2 is far from over. Studying TORC2
signaling in stressful conditions might provide insight on its regulation, as we will demonstrate in Chapter 6.
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Scope of the thesis
As mentioned earlier in the introduction, many reports show that formation of COPII coated vesicles and ER
exit are regulated by kinases and that more generally, many components of the secretory pathway have been
found phosphorylated. However the conditions under which these events occur are so far poorly understood.
As the main aim of this thesis, I took the reverse approach and asked how the function and organization
of the early secretory pathway respond to nutrient stress. In particular, I examine the behavior the components of the early secretory pathway under nutrient restriction, their contribution to other processes that are
also regulated by the same stress (such as protein translation arrest and stress granule formation), and the
nature of the signaling events regulating these responses.
In Chapter 2, I first introduce the advantages of the main system that I use, the Drosophila S2 cell line,
and describe some of the methods I use to study the early secretory pathway, namely immuno-fluorescence
and electron microscopy and live cell imaging, combined to transport assays and standard cell culture
approaches.
In Chapter 3 we follow up on the results of a kinase screen designed to identify regulators of the early
secretory pathway. We found that the extracellularly regulated kinase 7 (Erk7, also known as MAPK15) mediates the response of the ERES to serum starvation. These findings establish that the early secretory pathway
is sensitive to nutrient signals, that pathways sensing nutrient abundance regulate its functional organization
and that the key ERES component, Sec16 is the platform that integrates these signals.
These results fuelled the experiments described in Chapter 4, where we examine the behavior of the
ERES components upon amino-acid starvation. We find that this response is even more dramatic than the
one we observed with serum deprivation. Indeed the ERES are remodeled into the Sec bodies, a novel,
non-membrane bound, reversible structure that does not support protein transport and acts as a reservoir
for ERES components. We find that the formation of Sec bodies is critical to cell survival and re-adaptation
to normal growth conditions after the stress is relieved. Our quest to understand the nature of this novel
structure reveals that it behaves like a liquid droplet, linking it to the cytoplasmic reorganization that occurs
during stress, a well-documented manifestation of which is the assembly of stress granules.
The similarities we observed between the Sec bodies and the stress granules prompted us to investigate
the hypothesis that the formation of two structures is somehow linked. The results of those experiments are
described in Chapter 5, where we find that even though Sec bodies and stress granules are distinct both
morphologically and functionally the specific ERES components that are required for Sec body assembly are
also necessary for stress granule formation. These observations reveal a so far unexplored link between ER
exit and mRNA sorting and turnover.
In Chapter 6 our focus moves towards the stress granule assembly under a different type of stress, heat
exposure, which does not affect the early secretory pathway. In this Chapter we describe another aspect of
the regulation of stress granules and we find that TORC2 signaling is required for their formation. Having
characterized the heat sensitivity phenotype of Rictor mutant flies (original experiments done by our collaborators), we set out to understand the molecular mechanisms of this phenotype. Using S2 cells initially
and then confirming our observations in Drosophila tissues we show that during heat stress TORC2 mediates
the assembly of stress granules, possibly via its effector, Akt.
Finally, in Chapter 7 we discuss our findings, provide possible links between inhibition of protein translation and membrane traffic and suggest further research directions.
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In the past, Drosophila has been used for molecular and developmental biology studies that have
led to many important conceptual advances. In the last decade, this model organism has also been
utilized to address cell biology issues, in particular those related to membrane traffic through the
secretory pathway. This has confirmed that the functional organization of the secretory pathway is
conserved and it allowed further integrating secretion to signaling and development. Furthermore,
Drosophila tissue culture S2 cells have been the basis of many RNAi screens, some addressing
aspects of the functional organization of the secretory pathway and others identifying proteins of the
secretory pathway in seemingly unrelated processes.
Taken together, studying protein trafficking and the organization of the secretory pathway both in
S2 cells and in tissues has become important. Here, we review light and electron microscopy techniques applied to Drosophila that allow gaining insight into the secretory pathway, and can easily be
extended to other cell biology related fields.

Introduction and rationale
One third of the genome encodes proteins, which rely on the secretory pathway to reach their final destination
(Almen et al., 2009; Stevens and Arkin, 2000). This pathway comprises the endoplasmic reticulum (ER), the
ER exit sites (ERES) or transitional ER, the intermediate compartment, the Golgi complex, the trans-Golgi
network and post-Golgi carriers. The function of the secretory pathway is to allow the synthesis, folding,
transport, modification, sorting and dispatching of proteins and lipids to their final destinations, such as the
plasma membrane, the extracellular medium and the endosomal/lysosomal compartments as well as the
compartments of the secretory pathway itself.
In the context of celebrating the 110th anniversary of the discovery of the Golgi complex, we claimed
and demonstrated that Drosophila is a suitable organism for studying the organization of the early secretory
pathway (Kondylis and Rabouille, 2009). Indeed, the secretory pathway in flies has the same basic features
as in mammalian cells. It comprises a single lumen endoplasmic reticulum pervading the entire cell, ER exit
sites (ERES) characterized by the accumulation of COPII coated vesicles, and a Golgi complex organized
in stacked polarized cisternae. Yet, this organization also displays characteristic differences as compared to
mammalian cells: the ERES appear larger, the Golgi is not a single copy organelle as the stacks are not linked
together and remain discreet but next to the ERES, thus forming tER-Golgi units (Kondylis and Rabouille,
2009). However, despite the differences, most of the key players identified in mammalian cells have similar
or overlapping roles in Drosophila, thus making this organism an excellent alternative, not only to mammalian
cells but also to yeast, that, so far, has been the genetic model of choice.
Drosophila S2 cells also allow very effective protein knockdown by RNAi and this makes them a very
popular system for genome wide screens (Boutros et al., 2004; Goshima et al., 2007; Kondylis et al., 2011;
Philips et al., 2005; Zacharogianni et al., 2011; Zhang et al., 2006). Furthermore, high transfection efficiencies
can be achieved allowing the production of recombinant eukaryotic proteins (Chyb et al., 1999; Park et al.,
2001).
There are at least two good reasons why it is important to study trafficking through the secretory pathway
in fly; one is the link to development: Despite the widely spread view that proteins functioning in the secretory
pathway are ubiquitously expressed, genetic experiments have revealed specific roles in development as
well as alternative functions outside the protein complexes where they were studied in mammalian cells
(Kondylis and Rabouille, 2003). Second, screens for one given process seemingly unrelated to membrane
traffic -either forward genetic screens in Drosophila or genome wide RNAi screens in Drosophila S2 cells,
sometimes identify candidates that function in the secretory pathway, thus tools and methods need to be
available to understand their biology. This has recently been the case of the role for COPI in lipid droplet biogenesis (Beller et al., 2008; Guo et al., 2008) as well as Rab10 in the shape of the Drosophila egg chamber
(Lerner et al., 2013).
Here, we outline protocols to visualize the early compartments of the secretory pathway in Drosophila
cell lines and tissues and we describe functional secretion assays to study trafficking.

Materials
Stock solutions
• Schneider’s medium (Sigma, Cat. No. S0146)
• Fetal Bovine Serum (FBS) heat inactivated, insect tested (Sigma, Cat. No. F4135)
• Phosphate Buffer (PB) 0.2 M pH 7.4
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• PBS
• Paraformaldehyde (PFA), 16% in H2O: Fully dissolve 16 g of FPA in 70 ml of water preheated to 70°C
under constant stirring for a maximum of 10 minutes. Adjust the final volume to 100 ml, filter using Whatman paper and store aliquotes at -20°C.
• Glutaraldehyde (GA) grade I, 8% in H2O, specially purified for use as an electron microscopy fixative or
other sophisticated use (Sigma-Aldrich, G5882)
• Formaldehyde 37% in 10% methanol (Sigma Cat. No. F8775).
• Methanol 100% (-20°C)
• Triton-X 100 1% in PBS
• CuSO4(5 h2O) 100 mM stock solution in water
• Primary antibodies. For tagged proteins we often use mouse monoclonal anti-V5 (Life technologies Cat.
No. R960) but GFP or HA (Covance, Cat. No. MMS-101P) are also an option. GFP can of course be
visualized by fluorescence microscopy, but it is also possible to boost the signal after fixation by using
anti GFP antibody (Cat. No. GFP-12E6, DSHB, University Iowa).
• Secondary antibodies coupled to fluorophores (Life technologies, Alexa series)
• Ringer solution: 7.2 g NaCl, 0.17 g CaCl2, 0.37 g KCl in 1L water, pH 7.4. Sterilize by passing through a
0.22 μm filter
• T7 Megascript kit (Ambion Cat. No. AM1334)
• Effectene transfection reagent (Qiagen Cat. No. 301425)
• Prolong-DAPI (Life technologies Cat. No. P-36931) or vectashield (vector labs, Cat. No. H-1200).

Working solutions
•
•
•
•
•
•

4% PFA in PBS for light microscopy
4% PFA in 0.1 M p-bodypH 7.4 for immuno-electron microscopy (IEM)
2% GA in 0.1M p-bodyfor EM.
Mixture of 2% PFA and 0.2% GA in p-bodyfor IEM microscopy
8% Formaldehyde-methanol in PBS.
Blocking solution: 1% Fish skin gelatin in PBS (Sigma Cat. No G7765)

Methods
A. Drosophila cultured S2 cells
A.1: Protein localization in the early secretory pathway (endogenous or overexpressed)
S2 cells are cultured in Schneider’s medium supplemented with FBS at final concentration 10%. They are
split every 5 days, 1:10, when cell density is approximately 107 cells/ml. It is important to pass some of the
medium that the cells have been growing in (conditioned medium) every time the cells are split.
To visualize the different compartments of the secretory pathway, specific antibodies to different endogenous markers along the secretory pathway are available, such as Sec16 and Sec23 for the ERES (Ivan
et al., 2008; Kondylis and Rabouille, 2003), dGRASP and dGMAP for the Golgi (Friggi-Grelin et al., 2006;
Kondylis et al., 2005) and GRIP for the Trans-Golgi network (Sinka et al., 2008).
An excellent alternative is to moderately overexpress tagged proteins under the control of a metallothionin promoter. In our experience, V5 tagging gives very good result but other epitopes, such as HA or GFP can
also be used. We recommend transient transfections for 48 hours using Effectene (Qiagen) that can lead up
to 50% transfection (although some constructs will only be expressed in 10-15% of the cells). Stable S2 cell
lines can also be generated, but in our experience, the metallothionin promoter starts to leak after a number
of passages, leading to a basal expression even in the absence of CuSO4 (that is used to induce protein
expression).
We also recommend “pulsing” the expression of the chosen tagged protein by adding 1 mM CuSO4 for
2-4 hours (or even shorter when possible) before removing it and chasing for at least one additional hour,
so that the protein reaches its final destination. Cycloheximide can be added during this chase, leading to a
tighter pulse of expression. This is particularly important for resident proteins of the Golgi (such as FringeGFP) that are synthesized in the ER. The lack of chase might lead to misinterpretation of their localization
due to signal from the newly synthesized peptide, which has not reached its final destination yet (Kondylis et
al., 2007). This treatment has to be implemented when the localization of an unknown protein is assessed by
this technique.
Last, primary antibodies fail to reveal a clear pattern sometimes due to the low expression of the antigen.
Mild overexpression of the untagged protein can solve this issue as in the case of SMSr (Vacaru et al., 2009).
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A.1.1: Transient transfection protocol
Transfection is done using Effectene transfection reagent (Qiagen) according to the following protocol. The
kit comprises the solutions used here.
• Seed 1-2x106 S2 cells.
• Use a clear, plastic tube to make the transfection mix and add 1 μg of DNA to EC buffer up to a total
volume of 150 μl.
• Add 8 μl of enhancer, vortex 1 sec, incubate 5 minutes at RT.
• Add 10 μl effectene, vortex for 15 sec, incubate 5 minutes at RT.
• Add 1 ml of the medium the cells are growing in and transfer the mix back to the cells, drop by drop.
• After 48 h, induce the expression of the tagged protein by adding 1 mM CuSO4 in the cell medium for
2-4 hours at 26oC.
• Remove CuSO4 by aspirating the medium and replacing it with new and incubate the cells for 2 hours
(with or without cycloheximide to block further protein synthesis) before fixing for immunofluorescence
or immuno-electron microscopy.
On average, 25% transfection efficiency was achieved but for some constructs, we don’t get more than 1015%. Note that S2 cells only mildly adhere to the coverslips, so the washes and changes of medium have
to be performed very gently.

2

A.1.2: Stable transfection protocol
Generation of stable cell lines is also possible with the effectene transfection system.
• Co-transfect the desired construct with the pCoHygro, which confers hygromycin B resistance, keeping
a ratio 10 μg desired construct :1 μg pCoHygro.
• Culture transfected cells in antibiotic free medium for 2 days.
• After 2 days start the selection with hygromycin B (150 μg/ml). Split the culture every 4 days (1:4). Stable
clones should start appearing approximately 1-2 weeks later.

A.1.3: Fixation for light microscopy
We use either paraformaldehyde (PFA) or cold methanol.
• Plate S2 cells (WT or overexpressing tagged proteins) on coverslips.
• Make 4% PFA in PBS as described above and warm it up to room temperature (cold fixative will lead to
microtubule depolymerisation).
• Remove culture medium.
• Gently add 2 ml (if the experiment is done in a 3.5 cm dish) 4% PFA for 15-20 minutes or cold 100%
methanol for 6 minutes.
• Rinse 3X with PBS.

A.1.4: Immuno-labelling protocol for S2 cells (Figure 1A-B)
• If the cells are fixed with PFA, place the coverslips in the wells of a 12-well plate containing 1 ml of 50
mM NH4Cl in PBS and incubate for 5 minutes.
• Add 110 µl Triton-X100 1% in PBS, mix gently and incubate for another 5 minutes to permeabilize the
plasma membrane.
• Wash 3X with PBS. These three steps can be omitted if the cells are fixed with methanol.
• Add 1 ml 1% Fish Skin Gelatin (blocking buffer). Aspirate and add another 1 ml 1% FSG. Incubate for
20 minutes.
• Dilute the primary antibodies in 1% Fstress granule and place them in 20 µl drops on parafilm.
• Wipe gently the coverslips from the blocking buffer, place them on the drops and incubate for 25 minutes.
• Transfer the coverslips back in the 12-well plate and wash 3X with 1% FSG.
• Dilute the secondary antibodies in blocking buffer and place them in 20 µl drops on parafilm.
• Wipe gently the coverslips from the blocking buffer, load them on the drops and incubate for 20 minutes.
• Add dH2O in a Petri dish and wash the coverslips by dipping them 10 times.
• Wipe them dry and mount on Prolong-DAPI or vectashield.

A.1.5: GFP fluorescence (Figure 1A-B)
Fixation described above does not quench the GFP fluorescence, so GFP tagged proteins can be visualized
in the context of labeling other antigens. The signal can also be boosted by using anti GFP antibodies. Note
that GFP folds slowly in the lumen of organelles and low level of expression as well as time to localize are
critical to achieve proper localization. GFP fluorescence also allows for live cell imaging (See A.4).

A.1.6: Confocal microscopy
The details of the early secretory pathway in S2 cells can be best visualized by confocal microscopy with
at least 63X magnification. To visualize the whole cell, we normally project 15-18 confocal planes with an
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interval of 0.4 μm (Figure 1).

A1.7: EM and IEM (Figure 1C-D)
S2 cells are grown in the same way as above. The fixation is then carried out by adding either 3 ml 4% PFA
in 0.1 M p-body(not PBS) at pH 7.4 for 3h at RT followed by 16 hours at 4°C , or 3 ml of 2% PFA, 0.2% GA
in 0.1 M p-bodyfor 3h. Both materials can be stored in 1% PFA (in PBS) at 4°C for months. Fixed cells are
then pelleted and processed for EM and IEM as described in (Ivan et al., 2008; Kondylis and Rabouille,
2003; Slot and Geuze, 2007).

A

Sec16
Fringe-GFP
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B

Sec16
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G

*

N

*

Figure 1: Visualization of the early secretory pathway of Drosophila S2 cells by light and electron
microscopy
A: Visualization by immuno-fluorescence of endogenous Sec16 (red) and Fringe-GFP marking the ER
exit sites and the Golgi, respectively, B: Visualization of the COPII subunit Sec23-GFP and endogenous
Sec16 at ERES, C-D: Visualization of the early secretory pathway (ERES and Golgi stacks) on ultrathin
plastic section by conventional electron microscopy (EM) (C) and immuno-EM on ultrathin frozen section
double labeled for Sec23 (10 nm gold) and dGRASP (15 nm gold) (D). N indicates the nucleus, * indicates
the ERES characterized by accumulation of COPII vesicles and G the Golgi. (C) and (D) are adapted from
(Ivan et al., 2008) and (Kondylis et al., 2005)
Scale bars: 8 μm in A-B, 500 nm in C-D

A.2: RNAi in S2 cells
RNAi is very easy to perform in S2 cells and this has been exploited in multiple screens scoring the regulation of secretion and the organization of the secretory pathway (Bard et al., 2006; Kondylis et al., 2011;
Zacharogianni et al., 2011).The dsRNA used for RNAi in S2 cells is usually 500-800 bp long. The primers
for generating the targeting dsRNAs are designed using E-RNAi webservice (http://www.dkfz.de/signaling/ernai3/). A number of dsRNA libraries are available (http://e-rnai.dkfz.de, http://www.flyrnai.org)
• dsRNA is synthesized using the Megascript T7 kit from Ambion as described by the manufacturer.
• Centrifuge cells for 4 minutes at 1000 rpm.
• Remove medium and resuspend the cells in serum-free Schneider’s at the density of 7x105 cells/ml.
• Plate 1ml (7x105 cells) in a 3.5 cm dish, add dsRNA at final concentration 0.1 μM and incubate for 1 hour
at 26 °C .
• Add 2 ml Schneider’s supplemented with FBS 10%.
• Incubate at 26°C for 5 days while monitoring cell proliferation daily to assess the effect of the depletion.
If the knockdown is lethal the RNAi period can be adjusted.
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Note that depletion by RNAi is compatible with transient transfection, which is performed on day 3 of the
RNAi. This can be useful to investigate the fate of an organelle (marked by a tagged marker) upon RNAi. For
large RNAi screens, we recommend to use stable cell lines expressing a given marker.
A.3: Transport/secretion assays in S2 cells

2

To monitor plasma membrane delivery, we use a stable cell line expressing the plasma membrane protein
Delta under the control of the metallothionin promoter.
• Induce the expression of Delta with 1 mM CuSO4 for 2 hours at 26oC.
• Change the medium into CuSO4 free medium and chase in the presence of cycloheximide to allow the
protein to reach its destination at the PM. This is important to prevent further Delta synthesis and detection in the ER.
• Fix in 4% PFA and process for IF using Delta specific antibodies C594.9B (DSHB)
• If transport is impaired, Delta will be retained intracellularly (Figure 2). The efficiency of Delta delivery
at the plasma membrane can be assessed either by imaging as described in (Kondylis and Rabouille,
2003) or by flow cytometry (Cherry et al., 2006).
Anterograde transport has also been assessed using the secreted proteins ss-HRP (Bard et al., 2006)
and recombinant luciferase (Wendler et al., 2010). In these approaches the secreted protein is detected in
the medium.
A.4: Live cell imaging
Live cell imaging is used to visualize changes in the morphology of the early secretory pathway under different conditions (Kondylis et al., 2007; Zacharogianni et al., 2011). Cells transiently or stably transfected with
GFP tagged components of the early secretory pathway (Sec23 for COPII, Fringe for the Golgi Sec16-DNC1
for the ER exit sites) are plated on glass and induced to produce the fluorescent protein for 2 hours. The
protein is allowed to localize for 2 hours by chasing in CuSO4 free medium with or without cycloheximide. The
cells are visualized using a confocal microscope equipped for live imaging or a spinning disc microscope.
Fluorescent microscopes can also be used. To reduce the movement of the cells they can be plated on
concanavalin A coated coverslips.

A

Delta
dGMAP

B

section

+BFA Delta
dGMAP

z projection

Figure 2: The Delta anterograde transport assay in the secretory pathway of S2 cells
A: Visualization of Delta with immuno-fluorescence (red) and dGMAP (green, marking the Golgi) of stably
transfected S2 cells after induction of its expression for 2 hours by CuSO4 followed by a chase of 2 hours in
the presence of cycloheximide. Equatorial single confocal section. Note that Delta is decorating the plasma
membrane and endosomes.
B: Same visualization as above in cells treated with brefeldin A (BFA, inhibiting the ER to Golgi transport)
prior to induction. Projection of 15 confocal sections. Note that Delta is trapped intracellularly.
Scale bars: 8 μm

B. Protein localization in Drosophila tissues
B.1: Immuno-fluorescence localization of proteins of the early secretory pathway in whole mount
tissues

B.1.1: Ovaries (Figure 3C-F) (Vanzo et al., 2007; Weil et al., 2010)
• Sort virgin females and place them on vials with yeast paste for 4 days at 18°C (or 2 days 25°C) to allow
the ovaries to develop.
• Dissect the ovaries in Ringer’s solution and fix them immediately according to either of the protocols: a)
In 8% formaldehyde-methanol in PBS for 15. This is followed by incubation of the ovaries 3X5 minutes
in dehydrating methanol gradient (from 25-100% methanol in PBS). The ovaries can be stored at -20°C
in 100% methanol. Pass the ovaries through the reverse methanol gradient to bring them at 100% PBS
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before proceeding to the immuno-labeling steps. b) In 4% PFA in PBS for 15 minutes. If the antibody
does not tolerate methanol, PFA can be used that is directly followed by immuno-staining.
The choice of the fixative depends on the antibody therefore pilot experiments might be required to determine the optimal fixative. For instance phalloidin staining of actin does not tolerate methanol.
Manipulating the tissue is a lot easier if you keep the ovaries as a whole and not separate ovarioles and
egg chambers until the final step.
• Block with 2% BSA in PBS for 1 hour at RT.
• Incubate the ovaries with the primary antibodies in blocking buffer, overnight, rotating at 4°C.
• Wash for 30 minutes in PBS (at least 3 washes).
• Incubate with the secondary antibodies for 1 hour at RT.
• Wash for 30 minutes in PBS (at least 3 washes).
• After the final washing step break the ovaries to separate ovarioles and single egg chambers by pipetting
them up and down with a yellow tip with the tip chopped off.
• Allow the egg chambers to get to the bottom of the tube and remove as much PBS as possible.
• Add 20 μl prolong-DAPI, transfer on glass and cover with coverslip.
If there is high background staining you can perform the washing steps in PBS-Tween-20 0.1%.

B.1.2: Salivary glands (Friggi-Grelin et al., 2006) (Figure 3A-B)
• Pick wandering 3rd instar larvae. The protocol is the same for earlier stages however the glands will be
smaller.
• Dissect the glands in Ringer’s solution by pulling the mouthparts and fix them in 4% PFA or 8% FA in
methanol (see above B1.1).
• Keep the glands attached to the mouthparts, as it is easier to see them this way.
• Continue as with ovaries (no need for the methanol gradient unless you want to store the tissue).
• Place the glands on a drop of prolong DAPI on glass and cover with coverslip

B.1.3: Imaginal discs (Dunne et al., 2002)
•
•
•
•

Use 3rd instar larvae as above.
Cut the larvae in two in Ringer’s solution and flip them so that the discs are still attached to the carcass.
Fix as above (B.1.1) and continue as with the ovaries.
The discs are separated from the carcass before mounting them on prolong.

B.1.4: Visualization of overexpressed proteins
As for S2 cells expressing tagged markers of the secretory pathway using transfected cDNA under the
control of a metallothionin promotor, flies can also express similar markers by using the UAS-GAL4 system
(Brand and Perrimon, 1993). The cDNA of a protein of interest (such as dGRASP, for instance) is tagged
with GFP in a pUAS vector compatible with transgenesis (Schotman et al., 2008). The transgenic flies stably expressing this tagged marker can be crossed to GAL4 drivers either under the control of a tissue specific promoter (such as 3750 for follicle cells, or engrailed for wing imaginal disc) or a heat shock promotor.
The tissue is then processed as above.
There are many GFP trapped (http://flystocks.bio.indiana.edu/Browse/in/protein-trap-GFP.htm) or
transgenic lines available to mark the secretory pathway, such as Boca-GFP (ER), dGRASP-GFP (Golgi)
and others.
B.2: Immunofluorescence on thick sections
It is often the case that the penetration of antibodies in the tissue is limited (for instance in the oocyte, especially
after stage 11 when the vitellin membrane makes it impermeable to fixation and incubation). Overexpression
of GFP-tagged proteins may circumvent the issue. However, for endogenous proteins, labeling 250-500 nm
frozen sections of aldehyde fixed tissues is the solution (Sommer et al., 2005).
• 250-500 nm thick sections are cut at -80°C on an ultra-cryomicrotome, collected with a loop of methyl
cellulose/ sucrose and deposited on a Silan coated glass slides. The areas of deposition are circled with
wax pen. These slidescans be stored at 4°C .
• The sections (adhering to the glass slide) are washed thoroughly with PBS at 37°C followed by one at
RT and incubated 5 minutes with freshly prepared sodium borohydride (1 mg/ml in PBS) followed by
PBS washes.
• The rest of the procedure is identical to the gold labeling for IEM (see below) except that the primary
antibody is incubated for 1 hour and the secondary coupled to the fluorophore for 45 minutes in the dark.
• The following washes are also performed in the dark
• The sections are finally rinsed with dH2O. A drop of prolong-DAPI is added and a coverslip is placed on
top of the sample.
• Sections can be viewed under a confocal microscope at 40X and 63X.
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Figure 3: Visualization of Sec16 in Drosophila tissues
A: Visualization of Sec16 (green) and α-spectrin (red, outlining the plasma membrane) in a salivary gland fixed in
8% formaldehyde in methanol by immuno-fluorescence. DAPI (blue) marks the nucleus. Note that the Sec16 pattern is consistent with its localization to ERES.
B: IEM of salivary gland fixed in 2% PFA-0.2% GA and labeled for the COPII subunit Sec23 (15nm gold) and
dGRASP (10nm gold). Adapted from (Kondylis et al., 2005).
C-F: Visualization of Sec16 (green) and α-spectrin (red) in the Drosophila egg chamber fixed in 8% formaldehyde
and 2% methanol at different stages of development. Note that regarding the germ cells, till stage 4, Sec16 is localized around the nuclear envelope of nurse cells and oocyte (C-D). At stage 6, Sec16 is enriched in the oocyte
nuclear envelope as well as faint punctate pattern consistent with ERES (E and inset). At later stages, Sec16 is no
longer visible.
Scale bars: 8 μm in A, C-F, 500 nm in B
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B.3: EM and IEM of Drosophila tissues (Figure 3)
The same tissues as for IF are fixed for IEM in either 2% PFA + 0.2% GA in p-body0.1 M pH 7.4 or 4% PFA
and can be stored in 1% PFA as for S2 cells. In the last step, a small drop of Triton blue is added that will
accumulate around the tissues, making it much easier to visualize in the subsequent steps (especially the
embedding).
For the egg chambers, the stage of interest is selected and a single egg chamber is embedded in a small
block of 10% gelatin (Delanoue et al., 2007; Sommer et al., 2005; Vanzo et al., 2007). These blocks are then
infiltrated in 2.3 M sucrose and ultrathin frozen sections are cut on an ultra-cryomicrotome at -120oC. The rest
of the procedure is identical as for cells except that the entire tissue is cut.

Conclusions/perspectives
The protocols described above provide a solid framework to study secretion and the functional organization
of the compartments of the secretory pathway, which still have a lot to reveal. A rising field that has been
gaining attention is the regulation of the secretory pathway by environmental signals. Recently, light and
electron microscopy on fixed Drosophila cells as well as live cell imaging allowed us to observe a dramatic
morphological change of the organization of the tER-Golgi units during nutrient stress (Zacharogianni et al.,
2011). Combination of the light and electron microscopy techniques described above can help elucidate the
details of the organization and behavior of the membranous compartments of the secretory route and add to
our understanding of the regulation of secretion.
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RNAi screening for kinases regulating the functional organization of the early secretory pathway in
Drosophila S2 cells has identified the atypical MAPK Erk7 as a new modulator. We found that Erk7
negatively regulates secretion in response to serum and amino-acid starvation, both in Drosophila
and human cells. Under these conditions, Erk7 turnover through the proteasome is inhibited, and the
resulting higher levels of this kinase lead to a modification in a site within the C-terminus of Sec16,
a key ER exit site component. This posttranslational modification elicits the cytoplasmic dispersion
of Sec16 and the consequent disassembly of the ER exit sites, which in turn results in protein secretion inhibition. We found that the ER exit site disassembly upon starvation is TORC1 independent,
showing that under nutrient stress conditions, cell growth is not only inhibited at the transcriptional
and translational levels, but also independently at the level of secretion by inhibiting the membrane
flow through the early secretory pathway. These results reveal the existence of new signaling circuits
participating to the complex regulation of cell growth.

Introduction
Secretion takes place through the membrane of the secretory pathway that comprises the rough ER, ER
exit sites (ERES or tER sites) where newly synthesized proteins are packaged into budding COPII vesicles,
ER-Golgi intermediate compartment, Golgi apparatus and post-Golgi carriers. In Drosophila, the tER sites
are closely associated to individual pairs of Golgi stacks forming what we, and others have called tER-Golgi
units that represent the early secretory pathway (Kondylis and Rabouille, 2009). One key protein required for
tER site organization and COPII vesicle budding is the large hydrophilic protein Sec16 that localizes to the
ER cup overlaying the clusters of COPII vesicles. Upon its functional disruption by depletion or mutation, tER
site biogenesis is impaired and secretion is drastically inhibited (Bhattacharyya and Glick, 2007, Connerly et
al., 2005, Hughes et al., 2009, Ivan et al., 2008, Watson et al., 2005).
Despite the identification of many components underlying the functional organization of the secretory
pathway (Bonifacino and Glick, 2004, Spang, 2009), two recent genome-wide RNAi screens (Bard et al.,
2006, Wendler et al., 2010) have led to the discovery of novel proteins required for constitutive secretion,
including Tango1 (Bard et al., 2006, Saito et al., 2009), as well as Grysum and Kish (Wendler et al., 2010).
However, how secretion is regulated qualitatively and quantitatively in response to changes imposed by
cell growth, nutrient availability, stress and differentiation is not completely understood; In particular, the
molecular mechanisms through which exogenous stimuli are sensed and relayed to the secretory machinery
remain largely unknown.
The relationship between signaling and secretion has only recently started to emerge. Kinases have
been recently demonstrated to reside on membrane compartments of the early secretory pathway and activate signaling cascades that modify its functional organization [for reviews see (Farhan and Rabouille,
2011, Omerovic and Prior, 2009, Quatela and Philips, 2006, Sallese et al., 2009)]. For instance, the budding
of COPII-coated vesicles is blocked by the kinase inhibitor H89 (Aridor and Balch, 2000), ER export is
inhibited by the phosphatase inhibitor okadaic acid (Pryde et al., 1998) and Akt has recently been shown to
phosphorylate Sec24 (Sharpe et al., 2010). Furthermore, a siRNA screen depleting 916 human kinases and
phosphatases was performed to uncover regulators of the secretory pathway.
The Mitotic-Associated Protein Kinase (MAPK) Extracellularly regulated kinase (Erk) 2, which is activated
by epidermal growth factor (EGF) through Ras, was shown to directly phosphorylate Sec16 on Threonine
415. This phosphorylation event led to an increase in the ERES number and secretion (Farhan et al., 2010).
This reinforced the notion that the early secretory pathway is regulated by environmental conditions and that
components of the secretory pathway are direct targets of signaling. Interestingly, the secretory pathway also
responds to intracellular stimuli, such as increased cargo load (Farhan et al., 2008, Guo and Linstedt, 2006,
Pulvirenti et al., 2008)
In order to define conserved kinases regulating the functional organization of the early secretory
pathway and identify new ones, we performed a microscopy-based primary RNAi screen in Drosophila S2
cells (Kondylis et al., 2011), which show a high depletion efficiency by RNAi. Furthermore, in comparison to
mammalian genomes, the Drosophila genome has less genetic redundancy, facilitating the identification of
candidates that might have been missed in human cells.

Results
Primary screen and candidate validation
In the primary screen, we depleted 245 kinases in duplicate (Boutros et al., 2004), in addition to the posi44
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tive and negative controls (depletion of apoptotic inhibitor DIAP1, Sec16, Abi and Scar) and we scored for
the organization of the early secretory pathway marked by
Golgi protein Fringe-GFP [as described in (Kondylis et al.
Primary screen (HFA)
2011) and in Suppl. information] (Figure 1). Depletion of 43
245 kinases
scored by widefield microscopy
kinases significantly altered the Golgi organization in one or
both plates, and the most common phenotype observed was
an increase in the number of Fringe-GFP fluorescent spots
(Suppl. Table S1). Depletion of 49 proteins exhibited a phe43
112
notype discrepancy between the two plates tested, while no
Candidates
data were obtained for another 50 proteins. These kinases
Normal Golgi
together with those whose depletion did not seemingly afDiscrepancy
Not Determined
fect the Golgi organization were not further examined (see
49
Suppl. Materials and Methods).
50
Out of these 43 candidate regulators of the early secretory pathway organization, we selected 30 that were
validated using a different dsRNA after analysis by confocal
Validation screen (HD2)
microscopy (Suppl. Table S1). 26 out of the 30 genes tested
for 30 out 43 hits
were confirmed, illustrating the robustness of our approach
scored by confocal microscopy
(Suppl. Tables S1-S2). In line with the primary screen, most
of the depletions increased the number of tER-Golgi units
in a significant percentage of cells (Figure 2A), a phenotype
thereafter referred to as MG for “more and smaller Golgi
26 hits
spots” (Table 1). Depending on the penetrance of the phenotype, the candidates were grouped as very strong (MG++++;
cdc2), strong (MG+++, for instance CG10738 and CG10177),
moderate (MG++, CG32703) and weak (MG+) (Figure 2A,
Characterisation of 11
Suppl. Table S2). A decrease in the number of Fringe-GFP
Localisation and overexpression of 8
dots was more rarely observed (LS for “less Golgi spots”),
likely due to aggregation of tER-Golgi units (Suppl. Table S1
and S2). This was the case for Wallenda (Wnd, Figure 2A)
and CG4041 (Table 1). The RNAi depletion efficiency in the
ERK7
secondary screen was tested for 4 hits using cells transfected with V5-tagged versions of these analysed proteins
Figure 1: Overview of the microscopy based RNAi
(see below), and was found to be very efficient (Suppl. Fig.
kinase screen
S1A).
The primary screen was performed in 384-well plates
In addition to the MG phenotype, the depletion of sev(in duplicate) using Fringe-GFP S2 cells and dsRNAs
transcribed from the HFA library targeting 254 genes
eral proteins resulted in increased cell size [larger cell diam(245 kinases). The cells were immuno-labelled with
eter (Table 1), as described in (Kondylis et al., 2011)]. Cdc2
anti-GFP and anti a-Tubulin antibodies as well as
depletion gave the strongest phenotype (Figure 2A), as exHoechst and were viewed by wide-field microscopy.
43 candidates (scored in the two plates or only in one)
pected considering its role in G2/M transition (de Vries et al.,
were identified, whereas 112 depletions did not lead
2005). This phenotype was similar to that of Cdc25/string
to a Golgi phenotype. 50 depletions led to an unclear
phenotype because of a phenotypic discrepancy bephosphatase depletion that blocks S2 cells in G2 phase and
tween the two plates examined (a Golgi phenotype
leads to a doubling in tER-Golgi number (Kondylis et al.,
was observed “in one plate only”). The phenotype of
2007). The depletion of 3 other transcripts encoding the
49 depletions was “not determined” because the data
were not recorded properly (out of focus or lack of
actin and cytokinesis regulators Sticky/Citron (Figure 2A),
cells).
Rok/Rho kinase and Strn-Mlck that contains a myosin-light
The validation screen was performed using different
chain kinase domain (Suppl. Fig. S1B) (Echard et al., 2004,
dsRNAs transcribed from a second generation RNAi
library library (HD2) to target 30 out of 43 candidates.
Eggert et al., 2004) also led to a MG+++ phenotype with a
It was performed in Fringe-GFP S2 cells seeded in
larger cell diameter and/or abnormal DNA staining indica24-well plates that were immuno-labelled with Sec16
/ PDI / Dapi and wiewed by confocal microscopy. 26
tive of cytokinesis defects (Suppl. Table S1). This is to be
out 30 candidates were validated.
anticipated for cells that fail to divide their cytoplasm after
The depletion phenotype of 11 candidates was charhaving duplicated the Golgi stacks in G2, fragmented them
acterized (using a third set of independent dsRNAs)
and 8 were cloned, localized and overexpressed
in prophase/metaphase and reassembled them in telophase
leading to the identification of Erk7.
(Kondylis et al., 2007, Rabouille and Kondylis, 2007).

Characterization of candidates: Cell cycle and anterograde transport

As mentioned above, the number of tER-Golgi units increases in G2 phase in Drosophila S2 cells (Kondylis
et al., 2007). To assess whether the MG phenotype was due to a G2 arrest or a block in cytokinesis, we
examined cell proliferation (Figure 2B) and cell cycle distribution (Figure 2C, D) of 11 hits using a third dsRNA
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MG++
MG++
MG++

MG++
MG++
LS; Aggr
LS; Aggr
MG++++
MG+++/++++
tER-Golgi haze

CG32703
CG7097
ire-1

PKC98E
rhoGAP1A
CG4041
wallenda
cdc25
myb
Metaphase
ND

Cell proliferation

S/G2/M#
S/G2/M#
ND

G1#

Cell cycle

in some cases
ND
ND

mostly OK
mostly OK

Delta transport

103.4±1.6
105.7±4.6*
99.9±2.3
99.4±3.1
121.6±6.3**
112.1±3.6**
132.1±1.7**

107.1±1.7**
103.2±3.3
103.4±2.1

100
99.9±0.2
110.6±4.2**
104.8±0.9**
110.8±3.4**
104.9±0.9**

Average cell diameter

492±174
1159±643
593±282
490±210

Cell volume (10 µm3)

Lipid droplets: Arrows indicate statistically significant decrease or increase in lipid droplet number compared with mock-treated cells. Arrows with
statistical significance (0.05<P<0.15) (not shown).
TOR activation: ‘No' indicates that there was no increase of S6K-P upon depletion (not shown).

Nd
Nd

Lipid droplets

No

No

No

No

TOR
activatio
n
No
No
No
No
No
No

Number of Fringe-GFP
spotsa/10 µm3
0.43±0.15
0.36±0.08
0.58±0.26
0.40±0.19

indicate a decrease in lipid droplet number but below

The Fringe-GFP spots represent the Golgi (Kondylis et al, 2007).
± represents standard deviation.
The hits highlighted in bold are further analyzed (Supplementary Table S5).
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Figure 2: Examples of different phenotypic groups from the confirmation/validation screen
A: Visualization of tER-Golgi units (Sec16 and Fringe-GFP, respectively) upon different RNAi depletions by confocal microscopy. Typical pattern of tER-Golgi units in mock treated cells (-dsRNA). The very strong (+ds cdc2), strong (+ds sticky; +ds
CG10177) and moderate (+ dsCG32703) MG phenotype (more and smaller Golgi spots) are presented as well as the LS
phenotype (less spots, +ds wallenda/wnd). The pictures represent 2D projections of confocal sections. Scale bar: 5 μm
B: The number of S2 cells after a 5-day incubation with the indicated dsRNAs expressed as percentage relative to the number of mock-treated cells. Red and blue columns indicate genes whose depletion led to a significant decrease or increase
in cell proliferation, respectively. Error bars represent SD from at least 3 independent experiments. Conditions with p<0.01,
0.01<p<0.05 and 0.05<p<0.10 are indicated with triple, double and single asterisk, respectively.
C-D: Cell cycle distribution of live S2 cells after 5-day incubation with the indicated dsRNAs determined by staining their DNA
content. The population of G1 (M1), S/G2/M (M2) or sub-G1 (M3) cells in each condition was quantified by FACS analysis.
Percentage of gated cells in S/G2/M phase (4N) (normalized to the respective value of mock-treated cells, which was considered as 100%) of one representative experiment (C). Red and blue columns indicate genes whose depletion leads to a
significant decrease or increase in the percentage of cells in S/G2/M phase, respectively. cdc25 and myb depletions (n=3)
leads to an average of 152.61%±7.85 (p-value of 0.010) and 144.62%±12.41 (p-value of 0.036), respectively. For CG10738
(#1 and #2) depletion (n=3), the average is 71.60%±7.12 with a p-value of 0.014. Representative examples are shown in D.
Note the increase in G1 population upon depletion of CG10738 kinase.
E: Efficiency of anterograde transport of Delta S2 cells incubated for 5 days with the indicated dsRNAs, followed by 1 hour
induction of Delta with CuSO4 and 75 minutes chase to allow its transport to plasma membrane. Fixed cells were labeled for
Delta and dGMAP (cis-Golgi marker).
Scale bars: 5 μm
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targeting the respective transcripts (Suppl. Tables S2, S3). Cell proliferation was not significantly affected for
most hits, with the exception of PKC98E that led to a small but significant increase in cell proliferation, and
CG10738 kinase, the homologue of human single membrane-spanning atrial natriuretic peptide receptor B
involved in cardiovascular and kidney homeostasis, lipid metabolism, cell proliferation and apoptosis (Martel
et al., 2010). CG10738 depletion reduces cell proliferation to a similar extent as Cdc25, and Myb RNAi (Table
1 and Figure 2B).
Cell cycle distribution was also assessed in depleted living cells. As previously described (Edgar and
O’Farrell, 1990, Katzen et al., 1998), Cdc25- and Myb-depletions cells reduce cell proliferation by arresting the cells in G2 (Figure 2C, D). However, cell cycle profiles for most protein depletions were similar to
non- or mock-depleted cells, in line with the cell proliferation results. The cell growth inhibition observed
upon CG10738 depletion appears to be due to a G1 arrest/delay, as suggested by the increase in G1 cell
population (Figure 2C, D).
Last, to test whether inhibition of anterograde transport causes the disorganization of the early secretory
pathway (Kondylis et al., 2011), we monitored the deposition of the transmembrane protein reporter Delta to
the plasma membrane (Kondylis and Rabouille, 2003, Kondylis et al., 2005, Kondylis et al., 2007). In most
cases, however, anterograde transport was unaffected (Table 1, Figure 2E). Interestingly, Cdc25-depleted
cells sometimes exhibited a higher amount of Delta at the plasma membrane (Figure 2E), suggesting that
increased number of tER-Golgi units may perhaps support a cellular need for higher rate of transport in G2
phase.
Overall, the disorganization of the early secretory pathway observed upon kinase depletions did not correlate with changes in secretory capacity, as we have shown for the depletion of ER proteins (Kondylis et al.,
2011). Furthermore, as mentioned above, in some cases, the depletions were accompanied by an increase
in cell size that did not correspond to an increase in lipid droplet or activation of the TORC1 pathway (Table
1 and not shown). Of note, the ratio of Golgi number per volume of cytoplasm was relatively constant (Table
1), suggesting that each tER-Golgi unit is probably associated to a defined volume of cytoplasm (Kondylis et
al., 2011).

Erk7 regulates Sec16 association to tER sites
The identified kinases affecting tER-Golgi unit organization could either be directly localized to these compartments, or modify substrates that reside in this pathway independently of their own localization. To test
this, V5-tagged versions of 8 kinases were expressed (Suppl. Table S4) to assess their localization and the
effect of their overexpression on the secretory pathway (see detailed description for 7 of them, including
Wallenda, in Suppl. Table S5 and Suppl. Fig. S2-S4).
We focused on CG32703, a moderate MG hit that has significant homology to mammalian Erk7, one of
the atypical MAP kinases, also called MAPK15 or Erk8 (Abe et al., 1999, Abe et al., 2001, Abe et al., 2002,
Coulombe and Meloche, 2007). CG32703 has two isoforms, one of 916 amino-acid long (isoform A) and one
of 451 (isoform B) (Suppl. Fig. S5A). Both isoforms share a common N-terminus (aa 1-355) that contains the
kinase domain and is conserved (46% identity and 68% similarity by EMBOSS Pairwise analysis; http://www.
ebi.ac.uk/Tools/emboss/align/) when compared to the equivalent region of rat Erk7 and human Erk8/MAPK15
(aa 1-340). Lysine 43 at the catalytic site of rat MAPK15 corresponds to lysine 54 in Drosophila CG32703
and the kinase activation loop resides at the position 190-192 (TDY motif) whereas in the rat homologue it
is located at position 175-177 (TEY motif). The C-terminal part of Drosophila Erk7 shows significantly lower
similarity as compared to the rat homologue, although it was reported to be required for full kinase activation
in rat Erk7 (Abe et al., 1999). In the isoform A, this C-terminal part is also much longer (561 vs. 224 aminoacids in rat Erk7) and does not seem to contain the nuclear localization signal described for its mammalian
homologue. The dsRNA used for depletion targeted both isoforms and the long form of Erk7 (referred to
thereafter as Erk7 in agreement with Flybase) was used for localization and expression in S2 cells.
Erk7 was found to be predominantly cytoplasmic, sometimes in small aggregates (arrow in Figure 3E),
whether tagged at the C- (Figure 3A) or N-terminus (not shown). It was also found associated to a small
extent with the nuclear envelope and ER membrane (not shown). Strikingly, when strongly overexpressed,
tER sites were of smaller size and Sec16 was found significantly dispersed (Figure 3A, C). When analysed
by immuno-electron microscopy, Sec23 was also dispersed and the tER-Golgi units appeared disorganized
(compare Figure 3D with 3E). Profiles similar to those observed in Sec16, Sar1 and Sec23 depletions were
observed in Erk7 transfected cells (Arrowheads in Figure 3E), strengthening the notion of a tER site disorganization. This effect is specific because out of all the overexpressed kinases tested Erk7 is the only one that
dispersed Sec16. Furthermore, Sec16 dispersion is due to Erk7 kinase activity, because overexpression of
two kinase-dead variants (K54R, and T190A/Y192F) (Abe et al., 1999) did not lead to the disassembly of tER
sites (Figure 3B, C).
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Figure 3: Erk7 overexpression induces Sec16 dispersion and disassembly of tER sites
A: IF localization of Erk7-V5 (green) and effect of its overexpression on Sec16 (red). Note that Erk7 is largely cytosolic but that
its expression leads to Sec16 dispersion.
B: Overexpression of kinase-dead Erk7-V5K54R and Erk7-V5TDY>ADF (green) does not lead to Sec16 dispersion (red). 2D projections of confocal sections are presented in A and B.
C: Quantification of Sec16 dispersion upon expression of WT Erk7-V5 and Erk7K54R-V5.
D-E: Localization of Sec23 by Immuno electron microscopy (IEM) in untransfected cells (D) and Erk7-V5 expressing cells (E).
Note that the tER-Golgi units in D (between brackets) are largely absent in E (arrowheads), Sec23 is dispersed and largely absent from the remnants of tER-Golgi units (red circles), and Erk7 is sometimes present in small aggregates (arrows).
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Figure 4: Serum and amino-acid starvation induces tER site disassembly
A: IF localization of Sec16 in WT S2 cells grown in full medium and in serum-free medium for 7 hours (A). Arrows indicate cells
in which Sec16 pattern is significantly affected. Effects are quantified in Figure 6C using similar criteria as in Figure 3C.
B: Western blot of homogenates of S2 cells cultured in full medium (+ serum) and in the absence of serum (-) using anti Sec16
and anti a-tubulin (Tub) antibodies. Note that the level of Sec16 remains similar after starvation.
C: IF localization of Sec16 in WT S2 cells starved of amino-acids and serum. Note the haze and the large aggregates that are
found in almost all of the cells. Effects are quantified in Figure 6C.
D: Time lapse of tER sites disassembly using Sec23-GFP and Sec16-GFP transfected S2 cells incubated in the absence of
amino-acids at t=0. Projections of the cells were made every 9 (D) or 12 (D’) minutes. Note that in cells where expression is low
(two upper cells in D’), the GFP punctae disappear in 30-40 minutes of starvation and are replaced by a haze. In cells expressing higher level (D and D’, asterisks), the tER sites also disappear but are replaced by aggregates, a situation that recapitulates
what is observed with endogenous Sec16.
E: Localization of endogenous Sec16 and Sec23 by IEM in S2 cells incubated in full medium, in the absence of serum and in
the absence of amino-acids and serum. The arrowhead indicates the remnant of Golgi that can be found in few serum starved
cells whereas most of them exhibit no identifiable tER-Golgi units. In amino-acid starved cells, the asterisks indicate the Sec16
and Sec23 membrane-free aggregates that often associated with a cloud of small electron luscent vesicles. Note that this is very
different from the tER-Golgi unit morphology observed in S2 cells grown in full medium.
Scale bars: 5 μm (A-D) and 200 nm (E).
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B: IF visualization of Sec16 (green) in S2 cells grown in full medium supplemented with rapamycin (Rap) for 1.5 hours. Note that
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In contrast to well-studied MAPK members, such as Erk1/2, p38s and JNKs that are activated by growth
factors and MAPKKs, the regulation of Erk7 activity and its physiological functions is much less explored.
In particular, rat Erk7 seems to be autoactivated (Abe et al., 1999, Abe et al., 2001, Klevernic et al., 2006).
Furthermore, rat Erk7 has relatively high, constitutive kinase activity, which is not further stimulated by the
addition of serum or EGF and not inhibited by classical MEK inhibitors, such as U0126, PD98059 and YOPJ
(Abe et al., 2001). A similar behavior to growth factor signaling has also been reported for the human homologue of rat Erk7 (hErk8) in HEK-293 cells (Erster et al., 2010, Klevernic et al., 2006), although this does not
seem to be the case in COS cells (Abe et al., 2002).
To investigate whether serum components influence the effect of Erk7 on tER sites in S2 cells, Erk7
was overexpressed in cells that were serum starved resulting in a Sec16 dispersion as strong as in fed
cells (Figure 6C). However, we noticed that serum starvation alone affected the tER site organization and
Sec16 distribution. Strikingly, removing the serum from the culture medium for 5-7 hours resulted in the large
displacement of Sec16 from tER sites (Figure 4A), but not its degradation (Figure 4B), resulting in the disorganization of the tER-Golgi units (Figure 4E, arrowhead), phenocopying Erk7 overexpression. In agreement
with tER site disassembly and loss of Sec16 (Ivan et al., 2008), serum deprivation was accompanied by an
inhibition of secretion as the delivery of the plasma membrane protein Delta was strongly impaired (Suppl.
Fig. S6A). The tER site disassembly (as well as the Golgi, not shown) was reversible, albeit quite slowly after
re-addition of serum for 5-9 hours (Suppl. Fig. S6B).
To test whether the tER site disassembly was also observed during amino-acid starvation, we incubated
the cells in amino-acid-free medium for 2-6 hours. Amino-acid starvation resulted in the rapid and efficient
dispersion of Sec16 (Figure 4C, D) and Sec23 (Figure 4D’), accompanied by their aggregation (Figure 4E,
asterisks), leading to the disassembly of tER sites (Figure 4E). This pattern was similar to, but stronger than
the effects observed upon serum starvation and Erk7 overexpression (Figure 3A, 4A). The Sec16 dispersion/
aggregation triggered by amino-acid starvation was also quickly reversible (2 h, Suppl. Fig. S6C). Because
the presence of serum did not change the cell’s response to amino-acid starvation with respect to tER site
disorganization, this suggests that serum starvation might inactivate amino-acid transporters leading to a
mild amino-acid starvation.

tER site disassembly by serum and amino-acid starvation is independent of TORC1
Amino-acid starvation is typically known to inhibit the activity of TORC1 (TOR complex 1), which constitutes
one of the major pathways involved in growth factor and nutrient regulated cell growth (see review (Schmelzle
and Hall, 2000, Sengupta et al., 2010). TORC1 activation stimulates protein synthesis, glucose uptake and
glycolysis, lipid and sterol biosynthesis (Duvel et al., 2010). Consequently, TORC1 inhibition leads to cessation of cell growth as well as the stimulation of degradative processes, such as autophagy (Cutler et al., 1999,
Noda and Ohsumi, 1998).
Secretion is a major factor also contributing to cell growth and we tested whether cessation of secretion through tER sites disassembly under serum and amino-acid starvation conditions is also mediated by
TORC1. To do so, S2 cells were incubated in serum-free medium supplemented with insulin, a strong activator of TORC1 (as shown by the phosphorylation of S6K, a substrate of TORC1, Figure 5C), but this did not
prevent the Sec16 dispersion observed upon starvation (Figure 5A, F). Insulin was also unable to revert the
serum (Figure 5A’) and amino-acid starvation phenotype (Figure 5F).
To test TORC1 involvement further, cells were incubated in full medium in the presence of rapamycin, a
specific TORC1 inhibitor (Loewith et al., 2002). In S2 cells, rapamycin completely inhibits the insulin-induced
S6K phosphorylation (Figure 5C). This, however, did not induce the dispersion of Sec16 whose pattern was
undistinguishable from non-treated fed cells (Figure 5B, D, F), strengthening the notion that TORC1 inhibition
is not what mediates tER site disassembly upon starvation. However, since rapamycin can, in some cases,
inhibit TORC1 activity only toward a subset of substrates (Thoreen et al., 2009), we also depleted fed cells
of Raptor by RNAi. Raptor is a subunit of the TORC1 complex critical for its activity (Hara et al., 2002, Kim
et al., 2002). Although the cell number after 5 days of depletion was markedly decreased (about 40%), the
tER site organization was unaffected (Figure 5E, F). The starvation effect on Sec16 was also identical in the
Raptor-depleted as in non-depleted cells (not shown). Altogether, these data strongly indicate that TORC1 is
not involved in the tER site disassembly observed upon starvation.

Erk7 mediates tER site disassembly upon starvation
The phenotypic similarity between Erk7 overexpression, serum deprivation and amino-acid starvation with
respect to tER site disassembly prompted us to test whether Erk7 was required for the cellular response
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to serum and amino-acid starvation. To this end, S2 cells were serum deprived after either Erk7 depletion
by RNAi (Figure 6A), or overexpression of a kinase-dead version of Erk7 (Figure 6B). In both cases, the
serum deprivation phenotype was partially prevented (Figure 6C). It should be noted that Erk7 depletion
prevented Sec16 dispersion but the cells exhibited the MG phenotype reported above (see Figure 2, Table 1).
Conversely, WT Erk7 expression in serum-starved cells accentuated Sec16 dispersion (Figure 6C). Aminoacid starvation phenotype was also partially rescued by Erk7 kinase-dead overexpression (Figure 6C). These
results show that Erk7 is involved in the signaling pathway sensing/relaying the amino-acid starvation, which
leads to tER disassembly and inhibiton of secretion.
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Figure 6: The disassembly of the ER exit sites is rescued by loss of Erk7
A: IF localization of Sec16 in mock-treated (-dsRNA) or Erk7-depleted S2 cells (+dsErk7) in the absence of serum.
B: IF localization of Sec16 (green) in S2 cells overexpressing Erk7K54R-V5 in the absence of serum. Transfected cells are marked
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C: Quantitation of Sec16 dispersion upon serum starvation in non-transfected, WT Erk7-V5 and Erk7K54R-V5 transfected cells and
in cells depleted of Erk7, and upon amino-acid starvation in WT cells and cells expressing Erk7K54R-V5. Note that removing Erk7
activity partially rescues the loss of ER exit sites upon starvation.
D: IF visualization of the ER exit site marker Sec31 upon serum and amino-acid starvation in mock- and MAKP15-depleted HeLa
cells.
E: Quantitation of the number of ER exit sites in the conditions indicated in (C) using Sec31 and Sec16 as ER exit sites markers.
Note that knockdown of MAPK15 totally rescues the loss of ER exit sites upon starvation.
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Error bars in C and D represent SD from 3 and 5 independent experiments, respectively.
Scale bars: 5 μm (A-B) and 25 μm (D).
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We then tested whether amino-acid starvation has the same effect on ER exit sites of mammalian (HeLa)
cells and whether this was also mediated by Erk7. In the absence of amino-acid and serum for 3 hours, the
number of ER exit sites per cell was consistently reduced by 20-30% and this was almost completely rescued
by depleting the Erk7 human homologue MAPK15 (Figure 6D, E), underlying the conservation of the cellular
response mechanism to serum and amino-acid starvation via this atypical MAP kinase.
These results show that cessation of secretion upon amino-acid starvation is an active process, requiring, at least in part, Erk7. In this respect, a recent study has identified human Erk2 as a regulator of tER sites
biogenesis in response to EGF via Ras signaling (Farhan et al., 2010). Erk2 directly phosphorylates human
Sec16 on Threonine 415 that is situated in the NC1 domain, Suppl. Figure S5B), that in turn increases its
recruitment to ER exit sites. Conversely, removing growth factors (or depleting Erk2) decreases Sec16 recruitment to ER exit sites and reduces anterograde transport (Farhan et al., 2010) (Suppl. Fig. S8). Therefore,
in mammalian cells, serum starvation decreases secretory capacity via Erk2 inhibition, whereas amino-acid
starvation inhibits secretion via Erk7 activation both leading to ER exit sites functional disorganization.
We therefore tested whether tER site organization in Drosophila is also regulated by the classical MAPK/
Erk. As mentioned above, the Erk2 site is situated in NC1 of the human Sec16 (Suppl. Fig. S5B) and NetPhos
predicted putative Erk sites in the equivalent domain of Drosophila Sec16. To test whether NC1 has a role
in the cell’s response to starvation, we truncated it in the Drosophila Sec16, and showed that this truncation
behaved as endogenous Sec16 upon serum starvation, suggesting that this domain is not involved in the
serum starvation response (Suppl. Fig. S7A). To test further whether Erk1/2 signaling is involved, S2 cells
were incubated in full medium supplemented by the MEK inhibitors PD98059 and UO126 (at concentrations
known to inhibit Erk1/2 phosphorylation, see Material and Methods) (Suppl. Fig. S7B), but this did not lead
to Sec16 dispersion, suggesting that the classical Erk pathway is not involved, at least in a measurable level,
using our approach. In S2 cells, therefore, tER site organization does not seem regulated by classical Erks
whereas it does involve Erk7.

Erk7 is stabilized by amino-acid starvation.
We next investigated what are the effects of serum and amino-acid starvation on Erk7. In mammalian cells,
Erk7 has been shown to be unstable and degraded extremely quickly through the proteasome after its ubiquitination by the E3 ligase Cullin (Kuo et al., 2004). We therefore hypothesized that amino-acid starvation
stabilizes Erk7. To test this, we monitored the stability of Erk7-V5 in cells incubated in the presence and
absence of amino-acids. We found that Erk7-V5 was rapidly degraded in cells grown in full medium in a
proteasome-dependent fashion, as addition of the proteasome inhibitor MG132 to the medium, stabilized
Erk7-V5. Incubation of cells in the absence of amino-acid stabilized Erk7-V5 to a similar level as incubation
with MG132 (Figure 6F). This suggests that endogenous Erk7 stabilization by amino-acid starvation could be
one of the players leading to Sec16 dispersion and tER site disassembly.

The “serum/amino-acid starvation responsive domain” of Sec16 is in its C-terminus
The starvation-induced Sec16 release from tER sites is likely due to post-translational modifications, for instance phosphorylation, either on Sec16 or on its ER receptor (yet to be identified). To test this, we expressed
the region of Sec16 (V5-tagged) that is necessary and sufficient to localize to tER sites [mini-Sec16, aa
690-1535 that we have called NC2.3.4-CCD in (Ivan et al., 2008)] and examined its behavior upon serum and
amino-acid starvation. As we have previously shown mini-Sec16 localized to tER sites but this localization
was not affected by starvation (Figure 7A-C), eliminating the hypothesis of the putative receptor modification.
In contrast, Sec16-V5 did disperse (Figure 7A-C) under serum starvation, recapitulating the behavior of endogenous Sec16. To narrow down the potential domains involved in the starvation induced Sec16 dispersion/
aggregation, we showed N-ter (Sec16 lacking the C-terminus) behaved in a similar fashion to mini-Sec16
(Figure 7A-C) upon serum starvation, suggesting that NC1 (aa 1-690) is not involved. Accordingly, Sec16
lacking NC1 (DNC1-Sec16) behaved like the endogenous Sec16 (Suppl. Fig. S7A). Altogether, these results
reveal that the 410 C-terminal amino-acids (1535 and 1945) comprising the NC5 and C-ter domains are
required for the starvation-induced Sec16 dispersion.
To further pin-point the starvation responsive domain, a Sec16 truncated mutant lacking the NC1 and
the C-ter (DNC1-DC-ter) was expressed but did not disperse in the absence of serum (Figure 7A, B), suggesting that the C-ter is critical for the response to starvation. This domain is predicted to contain numerous
PKC phosphorylation sites (mostly clustered between amino-acids 1881 and 1945, using NetPHos). To test
whether these sites were targets of PKC phosphorylation (that could act as a downstream Erk7 effector), we
checked whether the PKC inhibitor Go6983 inhibits the serum starvation induced Sec16 dispersion. But it
was not the case (not shown), suggesting that PKC activation is not involved in Sec16 dispersion. We also
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expressed a mutant version of Sec16 lacking these last 64 amino-acids (DNC1-D64, thus removing the clusters of potential PKC phosphorylation sites), and monitor its dispersion/aggregation upon serum starvation.
This behaved as the endogenous Sec16 (Figure 7A, B).
As a result of these observations, we analysed the 141 amino-acids situated between 1741 and 1880
forming the “serum and amino-acid starvation Sec16 responsive domain” that contains 14 putative phosphorylation sites (Suppl. Fig. S5). Analysis by NetPhos identified 2 potential casein kinase (CK) sites (CK1,
S1782 and CK2, S1859, the latest conserved in most Drosophila and insect species, in red in Suppl. Fig. S5). We
therefore tested whether Sec16 dispersion/aggregation observed upon serum and amino-acid starvation, as
well as Erk7 overexpression, was inhibited by the CK2 inhibitor, TBB (Sarno et al., 2001), but this was not the
case (not shown). This suggests that Sec16 is a not a CK2 substrate, at least in this pathway. CK1 inhibitor
also did not have any effect. Given that Sec16 dispersion cannot be inhibited by any of the drugs used in this
study, we suggest that the “starvation responsive domain” could be either directly modified by Erk7 and/or act
as a landing platform for Erk7 that would phosphorylate other sites in the Sec16 molecule, for instance those
in the localization domain (see discussion).
Taken together, we have identified Erk7 as a key kinase transducing signals elicited by serum and
amino-acid starvation, independently of TORC1, which leads to the downregulation of secretion by targeting
of a major regulator of the organization of the tER sites, Sec16, both in Drosophila and mammalian cells.
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Figure 7: Response of Sec16 truncations to starvation
A: A schematic representation of the V5-tagged Sec16 truncations [Sec16 (1-1945); N-ter; MiniSec16, minimum region of Sec16
necessary for its localization to tER sites (aa 690-1535) as described in Ivan et al., 2008]; DNC1-Sec16; NC1-DCter; and DNC1D64) with regards to their ability to localize to tER sites and to disperse/aggregate upon serum and amino-acid starvation.
B: IF visualization of V5-tagged Sec16 truncations (using an anti-V5 antibody) in transfected cells in full medium, serum-free medium (-Serum) for 7 h, and serum and amino-acid-free medium (-AA -Serum) for 4 hours.
C ;Quantitation of dispersion/aggregation of V5-tagged Sec16 truncations upon serum and amino-acid starvation.
Error bars represent SD from 3 independent experiments.
Scale bars: 5 μm
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Over the past three decades genetic, biochemical and morphological analyses have advanced our understanding of the molecular machineries mediating the functional organization of the early secretory pathway.
Key factors have been identified to play a role in the ER to Golgi trafficking and the architecture of this
pathway. In particular, Sec16 has been identified as a large hydrophilic protein that is tightly associated to the
cup-shaped ER structures that characterize the ER exit sites, where it sustains its function in the recruitment
of COPII components to increase vesicular budding and transport (Bhattacharyya and Glick, 2007, Connerly
et al., 2005, Hughes et al., 2009, Ivan et al., 2008). To gain insight on how signaling molecules regulate the
organization of the early secretory pathway, 245 Drosophila kinases were depleted by RNAi and their effect
on tER-Golgi units was assessed by a microscopy-based screen (Kondylis et al., 2011).
About 10% of the depleted kinases (26 out of 245) were confirmed to alter the organization of tER-Golgi
units. Most of the depletions led to an increase in their number (that we refer to as MG phenotype). We
sometimes observed a clustering of the tER-Golgi units but not their complete disassembly, similar to the
results obtained in the screen for ER proteins (Kondylis et al., 2011). In addition, for a number of kinases, we
also observed an increase in the cell size (Kondylis et al., 2011) that remains unexplained by the parameters
we tested (cell cycle inhibition, anterograde transport, TORC1 activation and lipid droplet biogenesis).
Several kinases were identified both in our screen and a recently published similar screen performed
in human cells (Farhan et al., 2010). The overlap between the two screens is small (see Suppl. Table S6).
Although technical differences in the screening methods, cell type specificity and genetic redundancy could
explain this paucity, this might also suggest that despite the fact that the functional organization of the early
secretory pathway mediated by a relatively conserved set of factors [see Discussion in (Wendler et al.,
2010)], its regulation by signaling molecules may vary from organism to organism.
Erk7: A novel kinase mediating the amino-acid starvation induced disorganisaion of the early secretory
pathway
Our screen identified Erk7 that encodes a protein homologous to mammalian Erk7/8 also known as MAPK15
(Abe et al., 1999, Abe et al., 2001, Abe et al., 2002, Klevernic et al., 2006, Saelzler et al., 2006). Interestingly,
the screen in HeLa cells did not pick up MAPK15 because the phenotype is only obvious upon starvation,
not in normal growth conditions. When depleted from S2 cells, Erk7 led to an MG phenotype and when
overexpressed, it down-regulated secretion. As secretion is a key factor in cell growth, it suggests that Erk7
has an inhibitory role on cell growth. In support of this, Erk7 expression is very low (and even downregulated)
during larval stages that are characterized by massive growth (www.flybase.org). Growth inhibition by Erk7
has also been observed for mammalian Erk7/8. For instance, overexpression of MAPK15 has been found to
negatively regulate hippocampal neurite growth (Suppl. Table 1 in (Buchser et al., 2010). As neurite growth
is linked to ER to Golgi trafficking in Drosophila (Ye et al., 2007) and in mammals (Aridor and Fish, 2009)),
the neurite growth phenotype could be linked to disassembly of ER exit sites. In addition, a decreased
expression of Erk8 has been reported in breast cancer cell lines indicating that this kinase could function as
tumor suppressor by reducing cell growth (Henrich et al., 2003). Overexpressing Erk7 and Erk8 also inhibits
DNA synthesis in COS cells (Abe et al., 1999) and HEK cell proliferation (Erster et al., 2010), although
the mechanism underlying growth inhibition is clearly different. Drosophila Erk7 has not been genetically
characterized during development, but it has been identified in screens searching for regulators of cell cycle
(Bettencourt-Dias et al., 2004, Bjorklund et al., 2006) and calcium signaling (Vig et al., 2006). Interestingly,
the screen in HeLa cells (Farhan et al., 2010) did not identify MAPK15 because there is no measurable ER
exit site phenotype under normal growth conditions.
Strikingly, Erk7 overexpression has a very similar effect on Sec16 (and Sec23) to that of serum and
amino-acid starvation. Furthermore, lowering Erk7 activity partially rescues the tER site disassembly phenotype induced by serum and amino-acid starvation, both in S2 and HeLa cells, underlying the central role of
Erk7 in this event. Moreover, we have shown that Erk7 is stabilized upon amino-acid deprivation, which protects it from degradation through the proteasome. Interestingly, Erk7 harbours two bTRCP phospho-degrons.
bTRCP is known to interact with SCF and the E3 ligase Cullin, to promote the phosphorylation-dependant
ubiquitination and proteasomal degradation of its targets (Winston et al., 1999). As the mammalian Erk7
is one of the targets (Kuo et al., 2004), we hypothesize that amino-acid starvation could stabilize Erk7 by
preventing its targeting by the SCFbTRCP. This will need to be investigated further.
However, inhibiting endogenous Erk7 degradation by treating S2 cells cultured in full medium with MG132
did not lead to Sec16 dispersion (not shown). This could be due to a number of reasons. One is that MG132
inhibits the proteasome without preventing the ubiquitination of the targets, and Erk7 ubiquitination could
possibly compromise its kinase activity. The second is that starvation could also result in the upregulation of
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a factor needed for Erk7 localization to ER exit sites so that it can modify Sec16. Third, amino-acid starvation
might not only lead to Erk7 stabilization, but also to its activation. All this, of course, could be overridden
by Erk7 overexpression, as it leads to the dispersion of Sec16 even in the presence of nutrient and growth
factors. Last, amino-acid starvation is likely to activate parallel pathways and this would explain why lowering
Erk7 only partially rescues the induced Sec16 dispersion/aggregation phenotype. In this regard, it should be
noted that serum and amino-acid starvation of HeLa cells results in a milder ER exit site disassembly but is
completely rescued by MAPK15 depletion.
TORC1 independence
Serum starvation induced tER site disassembly is not inhibited by MEK inhibitors, nor is it by PKC and p38
inhibitors; neither does it involve pre-translational events, as blocking translation with cycloheximide addition while serum staving the cells exacerbates the starvation effect. More surprisingly, although amino-acid
starvation is well known to inhibit TORC1 in many organisms, resulting in growth inhibition through decreased
protein synthesis and increased protein degradation (through stimulation of autophagy) (Sengupta et al.,
2010, Yang and Xu, 2011), TORC1 does not seem to be involved in the cessation of secretion through the
tER disassembly, as shown by the lack of effect of rapamycin, and Raptor depletion or the addition of insulin.
We therefore argue that although secretion is clearly a mechanism controlling cell growth in response to
nutrients, the cell uses a signaling pathway involving Erk7, but distinct from TORC1, to down regulate protein
transport upon starvation. Taken together, it means that nutrient starvation controls cell growth not only
through translation inhibition and downregulation of biosynthetic pathway as documented by others, but also
through secretion inhibition by using a novel signaling pathway that we have started to identify in this study.
Interestingly, the secretion rate has also been shown to be inhibited by 50% in yeast upon amino-acid starvation (Geng et al., 2009) and yeast could prove a useful model organism to dissect the signaling cascade
involved in transducing nutrient restriction.
Sec16 is a MAP kinase signaling integrating platform for the ER exit site organization and the control of
secretion
Erk7 exerts its inhibitory role on secretion through the Sec16 release from tER sites, in a kinase-dependent
manner, leading to their disassembly. Since the possibility that Erk7 modifies the putative Sec16 receptor at
the tER sites is ruled out, Sec16 itself is likely the target of the Erk7 signaling pathway. It could be indirect
with other kinases downstream of Erk7, such as CK2 but this has been ruled out. Furthermore, despite the
large battery of inhibitors we used (see Materials and Methods), none have inhibited serum starvation triggered Sec16 dispersion downstream of Erk7. This therefore opens the possibility that Sec16 is a direct Erk7
substrate. One serine/threonine residue situated in the “starvation responsive domain” (aa 1740-1880) could
be phosphorylated by Erk7. Alternatively, this domain could act as a landing platform for Erk7 that could in
turn phosphorylate residues situated in other domains of Sec16. A more extensive proteomics and mutation
analysis will be required to fully elucidate this issue.
In the same vein, the Sec16 responsive domain may act as a landing platform for a phosphatase.
Drosophila Sec16 harbours many phosphorylation sites (Bodenmiller et al., 2007, Zhai et al., 2008) that are
mostly located in the minimal domain for tER site localization (our analysis). This putative phosphatase could
specifically dephosphorylate specific residues of the localization domain, resulting in the Sec16 release.
However, incubation with the broad-spectrum protein phosphatase inhibitors (sodium orthovanadate, inhibitor of protein phospho-tyrosine and alkaline phosphatises and okadaic acid, inhibitors of phospho-serine/
threonine protein phosphatase 1 and 2) did not protect against the tER disassembly induced by serum
starvation (not shown).
Although this work points to Sec16 as an Erk7 target (direct or not) and to tER site maintenance as a way
to control secretion, other key proteins of the secretory pathway might also be targets, leading to an inhibition
of secretion at multiple levels within the secretory pathway. This will need further research.
Erk2 versus Erk7 in the regulation of secretion
The results presented here also strengthen the relationship between the secretory pathway and signaling
(Farhan and Rabouille, 2011), and in particular the role of Erks on ER exit sites. In HeLa cells, Erk2 was
identified to directly phosphorylate human Sec16 on Threonine 415 (T415) both in vivo and in vitro followed
by its recruitment to ERES, increased ERES number and anterograde ER to Golgi trafficking (Farhan et al.,
2010). Although Erk2 is clearly important in human cells, our results show that it does not seem to play a role
in S2 cells. This suggests that in S2 cells, inhibiting secretion when serum and/or amino-acids are missing is
not only a passive mechanism of not stimulating Erk2, but an active mechanism involving Erk7. Furthermore,
HeLa cells also exhibit this active mechanism (our results).
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In short, Erk2 has an opposite effect on Sec16 from our proposed function for Erk7/MAPK15 (Suppl. Fig.
S8): 1) Growth factors stimulate Ras and Erk2 that directly phosphorylates Sec16 on T415. 2) This results
in an increased mobility of Sec16 (Sec16 recruitment to ERES is increased, either from the cytosol or the
general ER membrane). 3) The number of ERES as well as the secretory capacity increase (Farhan et al.,
2010). Conversely, 1’) Amino-acid starvation stabilizes Erk7 in a TORC1 independent pathway. This possibly
induces Sec16 phosphorylation in a “starvation responsive domain” dependent manner. 2’) This results in
Sec16 release from the tER sites leading to 3’) tER site disassembly and ER-plasma membrane transport
inhibition, thus negatively regulating cell growth.
Taken together, our results point towards Erk7 as a novel mediator of nutrient availability in the control
of secretion and provide a framework for a better mechanistic understanding of the regulation of protein
secretion and cell growth as a response to environmental stimuli.

3

Materials and Methods
Cell lines and culture conditions, primary and validation screen, antibodies, imaging data analysis and quantitation
of cell proliferation, cell cycle distribution by flow cytometry and statistical analysis:The reagents, cell lines and RNAi
screen design, data acquisition and analysis are described in detail in Supplementary informations and in (Kondylis et
al., 2011).
dsRNA designing for the characterization of selected hits: The dsRNAs used for the characterization of selected screen
hits were independently designed and each probe was evaluated for its efficiency and potential off-target effects on
the website http://e-rnai.dkfz.de. Only probes with 100% specificity for the targeted gene were used. The primers and
dsRNA sizes of each targeted gene are mentioned in Suppl. Table S3.
Cloning/Sec16 truncations: To test the subcellular localization of selected hits, the full-length coding sequences were
amplified by PCR and cloned into pMT/V5-HisA,B,C vectors (Invitrogen). The expressed proteins were C-terminally
tagged. The primers and restriction sites used to clone each gene are mentioned in Suppl. Table S4. Wallenda K188A,
CG32703/Erk7 K54R and T195A/Y197F mutants were created using the QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) and confirmed by sequencing (Suppl. Table S4). For expression in HeLa cells, Drosophila
Wallenda-V5 was subcloned into pcDNA3.1 vector (Invitrogen). The Sec16 truncations were cloned in pMT/V5-HiSec
body or pRmeGFP (Farkas et al. 2004) using the primers and restriction sites mentioned in Suppl. Table S4.
Transient transfections: S2 cells were transiently transfected for 2 days in 35 mm dish as previously described (Kondylis
et al., 2005). The expression of each tagged protein was induced for 2 hours with CuSO4 followed by a 2 hours chase,
sometimes in the presence of cycloheximide. HeLa cells were transfected with Effectene (Qiagen) for 24 hours as described by the manufacturer and then fixed in 4% PFA for immunofluorescence.
Immuno-electron microscopy: S2 cells were fixed and processed for immuno-electron microscopy as described in (Kondylis and Rabouille, 2003).
Serum and amino-acid starvation of S2 cells and incubations: 2x106 cells were plated on coverslips in 35 mm plastic
dishes in full Schneider’s medium (including 10% fetal bovine serum) for 16-24 hours. The medium was replaced by
serum free medium for 4-7 hours at 26°C (-serum) or 2-4 hours in Ringer’s buffer supplemented by 2 g/l glucose
(-amino-acid -serum). In one experiment, 10% serum has been added to Ringer’s/glucose. When starvation follows
transfections, protein expression was first induced with CuSO4 in full medium for 2 hours. The medium was replaced
with serum free or ringer/glucose medium. In this set of experiments, cyclohexamide was not added. To test recovery
after starvation, the cells were serum or amino-acid starved as described above followed by incubation with serum for
1-9 hours or amino-acid for 2-4 h, respectively, before being fixed and processed for IF. To test whether insulin would
rescue serum starvation, cells were plated with full medium overnight followed by incubation in serum-free medium
supplemented or not with 3 mg/ml insulin for 5 h, (Miron et al., 2003). To test whether insulin could protect against serum
starvation, cells were incubated with a medium in which serum was replaced by 3 mg/ml insulin for 5-7 hours before
being fixed and processed for IF. Rapamycin was used at 10 μg/ml for 1.5 and 16 hours at in serum-rich medium. The
potency of insulin and apamycin as TORC1 activator and inhibitor were tested using the detection of pS6k as described
in (Kondylis et al., 2011).
Quantification of Erk7 and starvation effects on Sec16 (Figure 3): Coverslips of immunolabeled cells were examined under a confocal microscope (Zeiss 5.10 and Leica SPE). Stacks of confocal sections of about 50 cells per conditions were
collected, and the Sec16 pattern was assessed and ranked according to three categories: A typical wildtype pattern of
tER sites as described in (Ivan et al., 2008, Kondylis and Rabouille, 2003) (typical tER sites, red bars), an intermediate
pattern where Sec16 was clearly dispersed but some tER sites, often smaller, were also visible (tER sites/Haze, blue
bars), a dispersed pattern where no or almost no tER sites are visible with sometimes (especially in the amino-acid
starvation) degrees of aggregation characterized by very round and bright dots (haze/aggregation, black bars). Each
category is expressed as a percentage of the total number of cells examined.
Anterograde protein transport assay: Anterograde transport of Delta was assessed as previously described (Kondylis
and Rabouille, 2003). To test it upon serum deprivation conditions, Delta S2 cells were serum starved for 4 hours as
described above. 1 mM CuSO4 was added to the serum free medium to induce the synthesis of Delta for 1 hour after
which the medium was replaced with fresh serum free medium for 1.5 hours without addition of cycloheximide. Cells
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were then processed for IF and labeled for Delta as described before (Kondylis and Rabouille, 2003).
Time lapse of Sec23-GFP dispersion/aggregation upon amino-acid starvation: The expression of Sec23-GFP or DNC1Sec16-GFP was induced by addition of 1 mM CuSO4 in full medium for 1 and 2 h, respectively, to transfected S2 cells.
The medium was then replaced by Ringer/glucose and projections of the cells were collected immediately (t=0) and
every 9 or 12 minutes with a Leica AF7000 microscope.
MAPK15 depletion and starvation of HeLa cells: HeLa cells were transfected with 10 nM of MAPK15 siRNA as described
in (Farhan et al., 2010). After 72 h, cells were treated as indicated (cultured in full medium and in PBS supplemented
with 4 g/l glucose for 3 hours), fixed with 4% PFA for 20 minutes at room temperature and processed for immunofluorescence using the mouse monoclonal anti Sec31 antibody (BD, 1:1000) and the rabbit polyclonal anti Sec16 antibody from
(Bethyl, 1:400). Images were acquired using a Leica-SP5 confocal microscope and the number of ERES was evaluated
using ImageJ.
Incubation with inhibitors: S2 cells were incubated with full medium or serum starved for 7 hours in the presence and
absence of MEK inhibitors UO126 (10 mM, Kim et al., 2004) and PD98059 (50 mM, Bond and Foley, 2009); the p38
inhibitor SD202190 (20 mM, Chen et al., 2006), the PKC inhibitor Go1983 (100 nM, Baek et al., 2010); the CKI inhibitor
D4476 (100 mM, Bryja et al., 2007) and CKII inhibitor TBB (10 mM, Stark et al., 2011). The inhibitor of protein phosphotyrosine and alkaline phosphatases, sodium orthovanadate was used at 1 mM, and the inhibitor of phospho-serine/
threonine protein phosphatase 1 and 2, okadaic acid was used at 100 nM.
Cell homogenization: 40 x106 cells were grown in 2x10 cm diameter plastic dishes for 16 hours. After being washed once
with PBS, the cells were further incubated in complete medium and in serum-free medium for 7 hours and cells were
homogenized by 3 freeze-thaw cycles in 600 ml homogenization buffer as described in (Ivan et al., 2008). Cell debris
and nuclei were removed by spinning at 800 g for 15 minutes. The starved culture contains 30% less cells than the fed
one and the protein content of the supernatant was equalized. 10 ml of clear homogenates were loaded in SDS-PAGE
before immuno-blotting on nitrocellulose membrane following incubation with anti-Sec16 and anti-actin antibodies. Immunoblots were developed using ECL and quantified by the gel analyzer software in ImageJ.
Erk7-V5 stabilisation assay: 1.5x106 S2 cells were transiently transfected with Erk7-V5 and induced for 4 hours with
CuSO4, followed by a chase of 2 hours in the presence of cycloheximide in full medium, supplemented with 10 mM
MG132 and in the absence of amino-acid and serum. Cells were lysed in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%
Triton-X100, 50 mM NaF, 1 mM Na3VO4, 25 mM Na2-beta-glycerophosphate supplemented with a protease inhibitors
(Roche) and proteins were separated on SDS-PAGE followed by Western blot using anti -V5 and anti-tubulin monoclonal antibodies and detection by ECL.
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Suppl. Fig. S1: Efficiency of depletion and cytokinesis defects upon Strn-Mlck depletion
A: The efficiency of depletion was assessed by expressing the tagged version of the protein at the same time as depleting it by
RNAi by immunofluorescence and quantification as well as Western blot (first panel for CG32703) of the overexpressed V5-tagged
protein. Note that it runs as two bands, one around 115kd as expected form the Mw (916aa) and one at 60kd (marked by an asterisk) that corresponds to a degradation product since it disappears after incubation with MG132 (see Figure 6F).
B: Visualization of Golgi (Fringe-GFP), microtubule network (a-Tubulin) and DNA (Hoechst) upon RNAi depletion of StretchinMyosin light chain kinase (Strn-Mlck) by wide-field microscopy. Note that many cells with increased number of Fringe-GFP spots
exhibit 2 nuclei (arrowheads) indicative of failure in cytokinesis.
Scale bars: 5 μm

62

E rk 7 R egulates S ec 16 A ssociation
A

CG10177-V5

aTubulin

CG10177-V5

aTubulin

Cad96Ca-V5

dGMAP

to the

ER

during

S tarvation

Dapi

Interphase

B

Metaphase

C

D

dGMAP

CG7097-V5

A

Src64B-V5

B

Btk29ALong-V5

C

Btk29AShort-V5

3
Suppl. Fig. S2: Localization/overexpression of
three candidates
A-B: IF localization of CG10177-V5 (green) on microtubules (marked by an a-tubulin antibody, red)
both in interphase (A) and mitotic (B) Drosophila
S2 cells.
C-D: IF localization of Cad96Ca-V5 (C) and
CG7097-V5 (happyhour, D) with respect to the
Golgi (dGMAP, red).
Representative confocal sections are shown.
Scale bars: 5 μm

Phalloidin-TRITC
dGMAP

Suppl. Fig. S3: Localization/overexpression of Src64B and Btk29A
IF localization of V5-tagged Src64B
(A), long/type2 (B) and short/type1
Btk29A isoform (C) with respect to the
actin cytoskeleton (phalloidin-TRITC,
red) and the Golgi (dGMAP, blue).
Note the partial co-localization of
Src64B and the short Btk29A isoform
(but not the long) with the Golgi.
Scale bars: 5 μm
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Suppl. Fig. S4: Localization/
overexpression of Wallenda
A-B: IF localization of WallendaV5 (Wnd-V5) with respect to the
Golgi (A, dGMAP) and the tER
sites (B, Sec16). Note the aggregation of Wnd-V5 in a juxtanuclear location, as well as the
increase in number and decrease
in size of tER-Golgi units.
C: IF localization of Wnd-V5 in S2
cells co-expressing the ER marker PEMT-GFP. Note the extensive
overlapping between the two fluorescent channels.
D: Wnd-V5 localization to the ER
membrane by immuno-electron
microscopy. Note that tER sites
(marked by Sec23, 10nm gold)
and Golgi stacks (G) are largely
devoid of Wnd (15nm gold).
E: Overexpression of kinase-dead
WndK188A -V5 does not lead to ER
aggregation in S2 cells. (F) IF localization of Drosophila Wnd-V5
in HeLa cells. Note its colocalization with the Golgi marker Gos28.
Actin cytoskeleton is stained with
Phalloidin-TRITC.
Scale bars: 5 μm (A-C, E-F);
200nm (D)
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Suppl. Fig. S5: Alignment of Drosophila and mammalian Erk7 and Sec16
A: The amino-acid sequences of rat Erk7/MAPK15 (AAD12719/NP_775453), human Erk8 (NP_620590) and Drosophila CG32703 were aligned using EMBOSS pairwise alignment tool (http://www.ebi.ac.uk/Tools/emboss/align). The
conserved lysine (K43/K54) of the catalytic site and the TEY/TDY motif in the activation loop are marked in blue. In bold
are the two predicted bTRCP phospho-degrons. The identity-similarity between CG32703 and rat Erk7 is 48% -68%,
between CG32703 and human Erk8 is 45% - 68% and between rat Erk7 and human Erk8 is 79% - 86%.
B: The amino-acid sequences of Drosophila Sec16 (dSec16, CG32654 isoform E, NP_001096963.1) and the long
human isoform of Sec16 (Sec16A, O15027.3) were aligned using EMBOSS pairwise alignment tool (http://www.ebi.
ac.uk/Tools/emboss/align) domain per domain based on the domain identification of the Drosophila sequence (Ivan et
al, 2008).
In blue in NC1 is the Threonine 415 in human Sec16 that is phosphorylated by Erk2. In red in C-ter are the predicted
CK1 and CK2 sites. The region in bold in NC2-4 represents the stretch of arginine that is required for localization (Ivan
et al, 2008). The region in bold in C-ter represents the 141 amino-acids that are necessary to elicit the Sec16 dispersion upon starvation.
Identical and equivalent amino-acids between the two proteins are shaded in yellow and grey, respectively. In violet are
non-aligned similar sequences. Each line contains 100 characters.
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Suppl. Fig. S6: Starvation inhibits anterograde protein transport and is reversible
A: IF visualization of Delta (red) in S2 cells
grown in full medium and in the absence of
serum. The tER sites are marked by Sec16
(green).
B: IF visualization of Sec16 in S2 cells grown
in the absence of serum for 7 hours (B) followed by addition of serum for 9 hours.
C: IF visualization of Sec16 (green) in S2
cells grown in Ringer/glucose for 4 hours
followed by addition of medium (without serum) for 2 hours.
Scale bars: 5 μm

Sec16

C

- AA 4h

A

to the

- AA 4h + AA 2h
ΔNC1-Sec16-V5

ΔNC1-Sec16-V5

tER site
localisation
in full
medium

Full medium

B

Full medium
+UO126

Dispersion
upon serum
starvation

ΔNC1-Sec16-V5

Yes

Yes

End Sec16+ PD98059
End Sec16+ UO126

Yes
Yes

Yes
Yes

- Serum

Sec16

Sec16

Sec16

Full medium
+PD98059

- Serum

Sec16

- Serum
+PD98059

Suppl. Fig. S7: The Erk1/2 pathway
has no effect on Sec16 in Drosophila
cells
A: IF visualization of DNC1-Sec16-V5
(using an anti V5 antibody) in transfected
cells induced for 2 hours in full medium
followed by incubation in full medium
and in serum free (-Serum) medium
for 7 hours. Note that the truncation behaves as the WT Sec16.
B: Effect of the MEK inhibitors PD98059
and UO126 on fed and serum starved
cells. Note that Sec16 does not disperse
when MEKs are inhibited.
Scale bars: 5 μm
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Suppl. Fig. S8: Sec16 is a
MAPK integrating signaling
platform for the modulation
of secretion in response to
growth factors and nutrients
Model of Sec16 modifications
upon growth factors activation (Farhan et al, 2010) and
serum/amino-acid starvation.
(1/1’) indicates the stimulated
Erk pathway modifying Sec16
(2/2’) with the resulting effects
on Sec16 localization to ERES/
tER sites and (3/3’) indicates
the effect on secretion.

Suppl Table S2: Positive hit classification from validation screen based on the tER-Golgi phenotype
Gene ID
CG5363

Gene symbol
Cdc2

Function/C-ter signal

CG10522

Sticky

CG10177

Doublecortin-like (STK35)

kinase

CG18582

mbt

CG10738

CG10738

CG10244

Cad96Ca

CG10261

a-PKC

CG14026

tkv

CG14163/CG34356

CG34356

CG14492

Ack

CG17256

Nek2

CG17960

RhoGAP1A

CG1954

PKC98E

CG32134

btl

CG32703

ERK7/MAPK15

CG4583

Ire-1

CG5483

LRRK1

CG7097

happyhour (MAP4K3,5)

CG7524

Src64B

CG9774

rok

CG11533

Asator/Tau Tubulin K1/2

CG14030

Bub1

CG2899

ksr

CG8049

Btk29A/TEC

CG4041

TBCKL

CG8789

wallenda (MAP3K12)

kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
GAP activity
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase
kinase

RNAi probe
BKN22805

tER-Golgi phenotype

BKN22215

MG +++

BKN23913

MG ++++

Additional effects/remarks
Very big cells, AD
CD

Designed probed
BKN33301
BKN23623

MG ++

BKN20970
BKN22385
BKN27004
BKN20164
BKN20592
Designed probed
BKN27658
BKN20427
BKN22775
BKN22172
BKN21012
BKN21511
BKN27269
BKN27802
BKN21104

CD
MG +

BKN26893
BKN27788
BKN20182
BKN21916
BKN20617

LS; tER-Golgi aggregation

The different phenotypic groups are separated with thick black lines
MG phenotype: More Fringe-GFP spots
MG++++: Increased number of tER-Golgi spots in nearly all cells; Spots smaller in size; Very big-sized cells
MG+++: Increased number of tER-Golgi spots in >75% the cells (even in small/normal-sized cells); Spots smaller in size; Many big-sized cells
MG++: Increased number of tER-Golgi spots in >50% the cells (mostly in big cells); Spots smaller in size; Several big-sized cells unless otherwise stated
MG+: Increased number of tER-Golgi spots in >25% the cells (almost exclucively in big cells); Spots smaller in size; Slight increase in big-sized cells compared to mock-treated cells
LS: Less Fringe-GFP spots
CD: Cytokinesis defects
AD: Abnormal DNA
Hits highlighted in PURPLE and RED were further characterised for their role in cell proliferation, cell cycle progression, anterograde protein transport, cell size, lipid droplet formation and TOR
activation (Table1)
Hits highlighted in PURPLE are tested for localisation and overexpression (Suppl Table S4 and text)
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Gene targeted
CG10177
CG10738 #1
CG10738 #2
mbt
PKC98E
ire-1
CG4041
CG32703
wnd
Cad96Ca
CG7097
RhoGAP1A
cdc25
dMyb
GFP

dsRNA size
508
650
417
431
595
244
368
474
501
586
492
487
656
529
800

Forward primer
T7-ATCTCTCGAGCCCACTTCAA
T7-CTGCTAGATAGGCTGGGTGG
T7-CCGTTGCAGGTGGTAGATTT
T7-GTGGCGATCAGAACCAAAAT
T7-GCTCCTTGCTGGACTTCAAC
T7-CCTCCTATAGTAGCAGAACA
T7-CCCTGGTAATGGTGGAGCTA
T7-AGTTATATTCCTGCGGGCCT
T7-GGGCAACAACTCTCTCAAGC
T7-CACCATCACAACCACGAAAG
T7-CAATATGCTCAGCTCGGACA
T7-ACGACGATCAAACCACAACA
see Kondylis et al., 2007
T7-CCGCAAGCAGCGTTAAAG
see Vacaru et al., 2009

Gene targeted
CG10177
CG10738 #1
CG10738 #2
mbt
PKC98E
ire-1
CG4041
CG32703
wnd
Cad96Ca
CG7097
RhoGAP1A
cdc25
dMyb
GFP

dsRNA size
508
650
417
431
595
244
368
474
501
586
492
487
656
529
800

Reverse primer
T7-TATAGGTATCTCCGCGGTCG
T7-TGCCTCGTCACTGTGATAGC
T7-GCAATGAATCTTCAGGGGAA
T7-CTCGTTGAATAGCAGCTCCC
T7-CCGTACTCCTGCTCCTTGAG
T7-AGGTGTCGCTCTTTTTCCCT
T7-CAGCGGTAAATGTTCGGTTT
T7-ATTCCCTTGGTGTAGTTGCG
T7-CGATTGGGTTTGTAGCCACT
T7-GCGATATATTGTGCACCACG
T7-CCGTACTCCGTCAACAGGAT
T7-GGGTTATTGGCACTGCACTT

3

T7-CGGATTGAGGACTTTGG

Suppl Table S4: Cloning of selected candidates and Sec16 truncations
Gene targeted

Tagging

Restriction sites

Forward primer

CG10177

V5 (C-ter)

EcoRI-NotI

ACGTGAATTCAAAACATGTCAGAGCAATCAACTTC

PKC98E-RB

V5 (C-ter)

EcoRI-NotI

ACGTGAATTCAAAACATGGGCACAAGTTCATGGCC

CG32703

V5 (C-ter)

KpnI-EcoRI

ACGTGGTACCAAAACATGGCCAACTATCAAACTGC

wnd

V5 (C-ter)

SpeI-XhoI

ACGTACTAGTCAAAACATGCAACCGTTCAGCGACAG

Cad96Ca

V5 (C-ter)

XbaI-NotI

ACGTTCTAGACAAAACATGGTTTATCACCATCACAAC

CG7097-RB

V5 (C-ter)

EcoRV-NotI

ACGTGATATCAAAACATGGCCGCCGCCCACAGTCAC

Btk29A Long isoform

V5 (C-ter)

XhoI

ACGTCTCGAGCAAGATGATGGGCACTAAG

Btk29A Short isoform

V5 (C-ter)

XhoI

ACGTCTCGAGCAAATGATTCCCTGCGTGAG

Src64B

V5 (C-ter)

EcoRI-XhoI

ACGTGAATTCATGGGCAACAAATGCTGC

ΔNC1-Sec16

V5 (C-ter)

XhoI

CTCGAGATAAATCATGCATTCAACCACTCAGCAGGAG

ΔNC1-Δcter-Sec16

V5 (C-ter)

KpnI-NotI

TAGCGGTACCATGCAACATTC

ΔNC1-Δ64-Sec16

V5 (C-ter)

XhoI-SacII

CTCGAGATAAATCATGCATTCAACCACTCAGCAGGAG

ΔNC1-Sec16-GFP

GFP (C-ter)

SacII-XhoI

GATCGAGCTCATGCAACATTCAACCACTCAGCAG

Gene targeted

Tagging

Restriction sites

Reverse primer

CG10177

V5 (C-ter)

EcoRI-NotI

ACGTGCGGCCGCGCTAGGGCCAAGAACTGGAAC

PKC98E-RB

V5 (C-ter)

EcoRI-NotI

ACGTGCGGCCGCGCGTAGACTTTGCGCTCCGGTC

CG32703

V5 (C-ter)

KpnI-EcoRI

ACGTGAATTCGTTGCTCTCCGGCAAGGAGTC

wnd

V5 (C-ter)

SpeI-XhoI

ACGTCTCGAGGCGACCATATTGACGGCGCCATC

Cad96Ca

V5 (C-ter)

XbaI-NotI

ACGTGCGGCCGCCAACTTTTCACCACTAAGACTAA

CG7097-RB

V5 (C-ter)

EcoRV-NotI

ACGTGCGGCCGCGTAGCTAGCCTCGTGCCCGGCCAG

Btk29A Long isoform

V5 (C-ter)

XhoI

ACGTCTCGAGGCGTCGGTTAGCGTTTGGGCCA

Btk29A Short isoform

V5 (C-ter)

XhoI

ACGTCTCGAGGCGTCGGTTAGCGTTTGGGCCA

Src64B

V5 (C-ter)

EcoRI-XhoI

ACGTCTCGAGGCGTCTTGCACCTCTCGATAC

ΔNC1-Sec16

V5 (C-ter)

XhoI

CTCGAGGCCTGCTGGGGTACAAAGTAACC

ΔNC1-Δcter-Sec16

V5 (C-ter)

KpnI-NotI

TAGCGCGGCCGCGGGCGCGT

ΔNC1-Δ64-Sec16

V5 (C-ter)

XhoI-SacII

TTCGAACCGCGGGGCATTACCGATTGGCGCAGCG

ΔNC1-Sec16-GFP

GFP (C-ter)

SacII-XhoI

GATCCTCGAGCCAGATGACGGGACAGAAAGTGG
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The only Drosophila protein tyrosine kinase of the Tec
family (compared to 5 existing in mammals (Smith et al,
2001).
It encodes 2 isoforms (603 and 786 aa):
The long isoform has the typical domain organisation of
Tec kinases
The short Drosophila isoform lacks the N-terminal PH
domain
It encodes 2 isoforms (947 and 1218 aa) of the
MAP4K/Germinal Center Kinase (GCK)-like Kinase
homologue, S/T kinase
It encodes 2 isoforms (950 and 977 aa)
DLK/ZPK/MAP3K12 homologue, S/T kinase
It encodes the 916 aa-containing MAP kinase ERK7 (see
text)

It encodes a 773 aa receptor tyrosine kinase, an atypical
member of the Drosophila Cadherin protein family with one
extracellular Cadherin repeat, a single TMD and a
cytoplasmic protein tyrosine kinase domain (Hill et al,
2001)
Protein tyrosine kinase of 552 aa

It encodes a 411 aa protein containing an N-terminal
doublecortin-like domain and a C-terminal S/T kinase
domain resembling the mammalian doublecortin-like
kinases (DCLKs), which are known to bind microtubules
(Reiner et al, 2006, Coquette et al, 2006)
2+
Ca -dependent protein kinase consisting of 554 aa

Protein functional domains

Cytosol (Figure 3)

ER and cytosol (Suppl Fig. S4)

Nucleus, cytosol and PM (in few cells) (Suppl Fig.
S2).

Long isoform: Strictly localized to the PM, as its
mammalian counterpart, through its PH domain
(Varnai et al, 1999, Lu et al, 2004).
Short isoform: Similar to Src64B, it is localized to PM,
Golgi and endosomes, suggesting that it may activate
signaling cascades in exocytic and endocytic
membrane compartments (Suppl Fig. S3).

PM, Golgi and endosomes (Suppl Fig. S3).

PM and the entire secretory pathway, including the ER
(Suppl Fig. S2).

Cytosol

Microtubules (both during interphase and mitosis) with
a minor cytoplasmic pool (Suppl Fig. S2).

Localisation

See text

See text

No effect

No effect on tER-Golgi unit
organisation.
Lamellipodia/Filopodia in some
cells.
No effect on tER-Golgi unit
organisation.
Lamellipodia/Filopodia in some
cells.

No effect on tER-Golgi unit
organisation

Effect of overexpression

1: In the absence of any detectable overexpression phenotype on the early secretory pathway, the depletion phenotype of CG10177 and PKC98E cannot currently be explained.
2: Conversely, 3 candidates partly localize to the membrane of the secretory pathway, in addition to the plasma membrane and other cellular compartments. These comprise the atypical member of the
Cadherin protein family, Cad96Ca (Suppl Fig.S2C), and two receptor tyrosine kinases, Src64B and Btk29A (Suppl Fig.S3), which are involved in the same signaling cascade. Interestingly, out of the two
Btk29A isoforms, only the short one that does not contain the PH domain partially localized on tER-Golgi units (Suppl Fig.S3). These data suggest that these kinases may initiate signaling events from
compartments of the early secretory pathway, thereby affecting its organisation.
3: CG7097/happyhour is a moderate MG hit and is the single Drosophila homologue to mammalian MAP4Ks that are related to Ste20 germinal centre kinase 1 (GCK1). The shorter isoform has nuclear and
cytosolic localization (Suppl Fig.S2D) and its overexpression does not affect tER-Golgi organisation, suggesting that its effect upon depletion is perhaps indirect.
4: Wallenda (Wnd) is a LS hit and it is the Drosophila homologue of the mammalian mixed-lineage kinase DLK/ZPK/MAP3K12 (Suppl Table S5 and discussion). When overexpressed in S2 cells, it localised
to the cytoplasm and often appeared concentrated in multiple small fluorescent punctae, which do not significantly colocalised with tER-Golgi units, and sometimes aggregated into large structures, (Suppl Fig.
S4A,B). These small and large punctae were shown to correspond to proliferated/aggregated ER membrane both by co-localisation with an ER resident PEMT-GFP (Suppl Fig. S4C; Vacaru et al, 2009) as
well as by immune-EM (Suppl Fig. S4D). This effect on ER required the kinase activity, since expression of a kinase-dead mutant (K188A) (Holzman et al, 1994) did not lead to the same phenotype (Suppl Fig.
S4E). In cells overexpressing Wnd, tER-Golgi units appeared more numerous and smaller (Suppl Fig. S4A,B), although the EM analysis suggested that their basic organization was intact (Suppl Fig. S4D,
arrow).
Although we found Wnd localizing on the ER, the mammalian DLK/ZPK/MAP3K12 has been reported to be on the Golgi apparatus in NIH3T3 cells (Douziech et al, 1999). To address the reason for
this discrepancy, we expressed Wnd in HeLa cells, and similar to its mammalian homologue, it localized to the Golgi apparatus (marked with the Golgi marker Gos28; Suppl Fig. S4F) and also to the ER, albeit
faintly. This indicates that this kinase localizes to different compartment of the early secretory pathway in a species/tissue-specific fashion but independent of its mammalian or Drosophila origin. Taken together,
although its role in the organisation of tER-Golgi units remains to be shown at the molecular level (in particular the identification of its substrate), these results suggest that Wnd could have a conserved function
in regulating membrane homeostasis of the early secretory pathway .

CG32703

CG8789/Wallenda

CG7097/happyhour

Btk29A (long type 2)
2
Btk29A (Short type 1)

Src64B

Cad96ca

PKC98E
1
(Short isoform )

1

tER-Golgi
phenotype
MG+++

3

CG10177

Gene

Suppl Table S5: Localisation/overexpression of 8 selected candidates
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Suppl Table S6: Hit overlap between the HeLa and Drosophila S2 cells RNAi screens
searching for kinases involved in the functional organization of the early secretory
pathway.
Drosophila Hit
(Zacharogianni et al, 2011)
Sticky CG10522

Human hit
(Farhan et al, 2010)
Citron (gene ID 11113)

Rok
STK35: double cortin
CG10177

ROCK2 (gene ID 7786)
DCLK2: Doublecortin and
CaM kinase-like 2

LRRK CG5483

LRRK1: leucine-rich repeat
kinase (gene ID 79705)
TTBK1/2: Tau/tubulin
kinase 1/2 (gene ID146057)

Asator/Tau Tubulin K1/2

Comments
This data confirms the clear role of
Citron/Sticky in the Golgi organization
(Camera et al, 2003; 2008).
Despite the presence of a double cortin
domain, this human kinase is however not
related to STK35.

3

Doublecortin(-like) kinases localise to
microtubules (our results and Reiner et al,
2006), and the TTBK1/2 phosphorylates
Tau (Kitano-Takahashi et al, 2007),
suggesting that the microtubule network is
somehow involved in the functional
organisation of the secretory pathway in S2
cells,
even
though
microtubules
depolymerisation has no effect (Kondylis et
al, 2007).

RabGAP/TBCKL CG4041

TBCK (gene ID 93627)

MAP4K: Happy hour
CG7097
GCK of the Ste family

MST4 (gene ID 51765)

MST4 and related YSK1 (Preisinger et al,
2004) have been shown to be recruited to
the Golgi apparatus by GM130 and their
knockdown also fragments the mammalian
Golgi.

MAP3K12 Wallenda:
DLK, a serine/threonine
mixed lineage dual leucine
zipper kinase), a core kinase
in JNK signaling pathway
(Holzman et al, 1994).

MAK3K12 (gene ID 7786)

ERK7 CG32703

ERK2 (gene ID 5594)

When Wallenda was depleted from S2
cells, the number of tER-Golgi units
decreased (and possibly aggregated), a
phenotype comparable to the depletion of
from HeLa cells where the ERES number
was diminished (although the Golgi was
unchanged) (ER class hits). Furthermore,
Wallenda was found associated to the ER
and leads to its proliferation in a kinasedependent manner. Conversely, the
mammalian DLK was shown to localize to
Golgi apparatus in NIH3T3 cell (Douziech
et al, 1999) and Wallenda adopts similar
localisation when transfected in HeLa cells
(our data).
The two screens identified two members of
the ERK subfamily. However, while the
screen in HeLa cells identified ERK2, we
identified the atypical MAPK ERK7 that has
opposite effects on secretion (see text)
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Abstract
Nutritional restriction leads to protein translation attenuation, which in turn results in storage and
degradation of free mRNAs in cytoplasmic assemblies. Here, we show that amino-acid starvation
also leads to the inhibition of another major anabolic pathway, protein transport through the secretory pathway, and to the formation of a novel reversible non-membrane bound stress assembly, the
Sec body that incorporates components of the ER exit sites. Sec body formation does not depend on
membrane traffic in the early secretory pathway, yet it requires both Sec23 and Sec24AB. Sec bodies
have liquid droplet-like properties and they act as a reservoir for ERES components mobilized to
rebuild a functional secretory pathway after re-addition of amino-acids, acting as a part of a survival
mechanism. Taken together, we propose that the formation of these structures is a novel stress
response, protective mechanism implemented during nutrient stress.

Introduction

4

Cell response to nutritional restriction includes stimulation of degradation pathways, such as autophagy as
well as attenuating anabolic pathways, like protein translation (Castilho et al., 2014).
Another key anabolic pathway is protein transport through the secretory pathway. In mammals, one third
of the proteome encounters this pathway (Almen et al., 2009; Stevens and Arkin, 2000), such as the proteins
delivered to the extracellular medium, the plasma membrane or to other cellular membrane compartments
with the exception of mitochondria and the nucleus. After their synthesis at the endoplasmic reticulum, proteins exit the ER at specialized ER exit sites (ERES) defined by a cup-shaped ER overlaying COPII coated
vesicles in which newly synthesized proteins are packaged. They then reach the Golgi apparatus where
they are further modified, sorted and dispatched to their correct final localization. The COPII coat assembly
requires 6 proteins, including the transmembrane protein Sec12 that acts as a GEF for the small GTPase
Sar1. GTP-bound Sar1 recruits Sec23/Sec24, the inner COPII coat that in turn recruits Sec13/31, the outer
coat (Bard et al., 2006; d’Enfert et al., 1991; Oka et al., 1991; Rothman and Wieland, 1996; Schekman and
Orci, 1996). In addition, the large hydrophilic protein Sec16 has been found to play a major role in the COPII
assembly and regulation (Hughes et al., 2009; Ivan et al., 2008) (Bharucha et al., 2013; Connerly et al., 2005;
Kung et al., 2012) and Sec16 loss of function leads to a severe impairment of trafficking through the secretory
pathway.
Stress strongly affects the functional organization of the secretory pathway. For instance, energy deprivation and osmotic shock also block secretion at the level of ER exit and the cis Golgi, a response mostly
triggered by impaired dynamics of the COPI coat, which mediates retrograde transport (Cluett et al., 1993;
Jamieson and Palade, 1968; Lee and Linstedt, 1999). Interestingly, GBF1, the GEF of Arf, the small GTPase
required for COPI assembly, is phosphorylated and consequently inactivated by AMPK under conditions of
nutrient starvation and energy depletion, leading to a block in secretion (Miyamoto et al., 2008). Furthermore,
biosynthesis of PI4P in yeast that was shown to play a key role in coordinating trafficking from the Golgi with
cell growth seems to also be sensitive to nutrient conditions (Piao et al., 2012). Last, ER stress that elicits the
so-called “unfolded protein response” (Shamu et al., 1994) directly impedes on the functional organization
of ERES in Drosophila S2 cells (Kondylis et al., 2011) and reduces COPII subunits assembly in human cells
(Amodio et al., 2009). Furthermore, we have recently reported that serum starvation of Drosophila S2 cells
also results in a distinct change in the ERES organization, namely Sec16 cytoplasmic dispersion away from
ERES, in a conserved Erk7 dependent mechanism (Zacharogianni et al., 2011) that leads to protein secretion
inhibition.
Here, we focus on amino-acid starvation that leads to the formation of a novel, non-membrane bound
cytoplasmic stress assembly that contains ERES components and that we call Sec body (Figure 1A and
(Zacharogianni et al., 2011)). Sec bodies do not represent terminal aggregates. They are reversible, act as a
reservoir for ERES components to reconstruct a functional secretory pathway upon re-feeding and are critical
for cell viability during stress and upon stress relief. Furtermore, they display properties similar to those of
stress granules, which place them in the rapidly growing class of cytoplasmic mesocale assemblies and more
specifically in the category of liquid droplets

Results
Amino-acid starvation of Drosophila S2 cells induces the remodeling of ERES components
into Sec bodies
Amino-acid starvation of Drosophila S2 cells [i.e cell incubation in Krebs Ringers Bicarbonate buffer, KRB,
(Gaccioli et al., 2006)] leads to inhibition of protein transport through the secretory pathway, as shown by
74

ERES

are

R emodeled

Schneider’s

into

S ec B odies

in

R esponse

KRB 4h

Sec16
GFP-Sec23

Sec23

C

A mino -A cid S tarvation
KRB 4h

Sec16
Fringe-GFP

dGRASP
Sec24CD-GFP

D

4

Sec16
GRIP

Delta
Sec16
Sec31

C

to

Schneider’s

A

B

Chapter 4 Figure 1

E

Sec bodies
Intermediate
ERES

100
80

% of cells with

Sec16
mCherrySec24AB

D

60
40
20
0

0.5 1

2

3

4

5

6

hours in KRB (h)

Sec16
Sar1-GFP

Sec16
GFP-Sec24CD

0

Figure 1: Amino-acid starvation induces the formation of a novel stress assembly in Drosophila S2 cells
A: Immunofluoresence (IF) visualization of Delta-myc (using an anti-Delta antibody) in S2 cells in Schneider’s or incubated in KRB
for 4 hours (amino-acid starvation). Note that in Schneider’s, Delta reaches the plasma membrane whereas it is retained intracellularly in starved cells.
B: Immunofluorescence (IF) visualization of endogenous Sec16 in Drosophila S2 cells grown in Schneider’s and incubated in KRB
for 4 hours. Note the formation of Sec bodies (arrows).
C: IF visualization of Sec31, Sec23 and co-visualization of GFP-Sec23, mCherry-Sec24AB, Sec24CD-GFP, Sar1-GFP with Sec16
in S2 cells in Schneider’s and KRB for 4 hours.
D: IF co-visualization of dGRASP/Sec24CD-GFP, GRIP/Sec16 and Fringe-GFP/Sec16 in S2 cells grown in Schneider’s and incubated in KRB for 4 hours.
E: Kinetics of Sec body formation in S2 cells incubated in KRB over indicated time (up to 6 hours) expressed as the percentage
of cells exhibiting ERES, intermediates (see materials and methods) and Sec bodies.
Scale bars: 10 μm (A-D)
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monitoring the plasma membrane localization of the transmembrane reporter Delta (Kondylis et Rabouille,
2003). In cells grown in full medium (Schneider’s), Delta reaches the plasma membrane whereas in KRB,
it is retained intracellularly (Figure 1A). Amino-acid starvation also results in the formation of novel Sec16
positive spherical structures (Figure 1B). In addition to Sec16, these structures also contain COPII subunits
Sec23, the two Sec24 orthologs Sec24AB (CG1472, Hau) (Norum et al., 2010) and Sec24CD (CG10882,
Sten) (Forster et al., 2010) and Sec31, and we therefore name them “Sec bodies”. Conversely, Sec bodies
do not contain Sar1 (Figure 1C), COPI components and clathrin (not shown). They also do not contain
dGRASP (that amino-acid starvation drives to complete dispersion in the cytoplasm), GRIP and the Golgi
integral membrane protein, Fringe-GFP (Figure 1D), although these two latter proteins are often found in
close proximity to Sec bodies. The morphology of the ER, on the other hand, does not seem affected by
amino-acid starvation (not shown).
Quantitation of this starvation phenotype reveals that although Sec bodies are present in 20% of cells
after 1 hour of amino-acid starvation, it takes between 4 and 6 hours to get 90% of the cells displaying the
typical Sec body pattern (Figure 1E), that is 7±3 Sec bodies/cell, including 1 to 5 with a diameter comprised
between 0.5 and 0.8 μm. Interestingly. 4-6 hours corresponds to the end of the autophagy peak, the degradative pathway stimulated by starvation (Klionsky et al., 2012) (Suppl. Fig. S1A’, A’) as assessed by appearance
of Atg5 punctae (Suppl. Fig. S1A). In this regard, pharmacological inhibition of autophagy (by wortmanin or
bafilomycin) results in an earlier formation of Sec bodies (Suppl. Fig. S1B, B’), consistent with the notion that
Sec bodies form in response to a reduced level of intracellular amino-acid concentration.
Given the Sec body content in COPII subunits, we used immuno-electron microscopy (IEM) to test
whether they are not simply a collection of COPII vesicles. Sec bodies are electron dense structures and
non-membrane bound, although small membrane profile can occasionally be observed in their core, and
often ER is found in close proximity (Figure 2A, arrows). Sec body formation is associated with the loss of
the typical early secretory pathway morphology (Kondylis and Rabouille, 2009). ERES and Golgi stacks are
no longer visible.
Sec body formation is specific for amino-acid starvation as heat shock, ER stress (tunicamycin and DTT
treatment), glucose starvation, oxidative stress (arsenate treatment), hypoxia (1% O2 for 19 hours) and respiration uncoupling (CCCP for 4 hours) does not lead to this response (not shown). Furthermore, to assess
whether Sec bodies form in response to the withdrawal of specific amino-acids, cells were incubated in KRB
in the presence of individual amino-acids. Histidine, aspartate and asparagine (at 15 mM) strongly prevent
Sec body formation but others also do so, albeit more mildly (Suppl. Fig. S1D), suggesting that the signaling
pathway is complex. Last, Sec bodies seemingly also form in vivo, for instance in Drosophila ovaries starved
either ex vivo or dissected from starved female flies (Suppl. Fig. S1E, E’).
Taken together, we demonstrate that amino-acid starvation leads to the remodeling of ERES components into Sec bodies.

Sec bodies are a novel stress assembly
The IEM analysis shows that Sec bodies are not endosomes or lipid droplets, as their ultrastructure is very
different from these organelles [see (Teixeira et al., 2003) for lipid droplet ultrastructure in Drosophila]. This
is confirmed by the fact that Sec bodies are negative for neutral lipids stained by oil-red-O (Figure 2B) that
stains lipid droplet content.
As mentioned above, amino-acid starvation is known to induce autophagy, but we demonstrate that Sec
bodies are not autophagosomes, as they do not co-localize with Atg5 or Atg8 (Figure 2C). Furthermore, as
Sec bodies do not contain dGRASP, they are clearly different from the recently described yeast “compartment
for unconventional protein secretion” (CUPS) (Bruns et al., 2011).
Amino-acid starvation also results in protein translation inhibition/stalling that leads to the accumulation
of untranslated mRNAs. These are stored in stress granules (Anderson and Kedersha, 2008; Kedersha et
al., 1999), or degraded in processing bodies (p-bodies), both cytoplasmic ribonucleoprotein particles (RNPs)
comprising mRNAs, RNA binding proteins, RNA processing machineries (p-bodies), and translation initiation
factors (stress granules). We therefore tested whether Sec bodies are related to these structures. We visualized stress granules using endogenous FMR1 (Fragile X mental retardation protein 1), an RNA binding protein
and eIF4E, a translation initiation factor known to reside at stress granules during stress, and p-bodies using
Tral (Trailer Hitch), a like-SM protein. In normal growth conditions, FMR1, eIF4E and Tral are largely diffuse in
the cytoplasm and Tral is also found in small punctae representing steady state p-bodies (Figure 3A) (Eulalio
et al., 2007). Upon amino-acid starvation, as expected, stress granules form and p-bodies enlarge (Figure
3A) (Shimada et al., 2011) in agreement with reported phenotypes in many cell types, (Buchan et al., 2008;
Stoecklin and Kedersha, 2013). In S2 cells, they form a single dual structure, stress granule/p-body (SG/PB),
in which FMR1 and eIF4E strictly co-localize with Tral (Figure 3A).
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Sec bodies and SG/PBs form under the same conditions and in the same time frame, and although
they have a spatial relationship and are often found adjacent to each other, Sec bodies are clearly distinct
from SG/PBs (Figure 3B). To confirm that they are indeed different structures, we also performed IEM of
FMR1 and Tral in starved cells (Figure 3C) and compared them to Sec bodies (Figure 2A). The FMR1/Tral
positive structures are less electron dense, round and regular, and they appear to be often surrounded by
mitochondria, which is not the case for Sec bodies.
4 Figure
2
Taken together, these results show that Sec bodiesChapter
are a novel
stress assembly
triggered by amino-acid
starvation that is distinct from compartments and structures that are also formed upon this condition.
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Figure 2: Sec bodies are nonmembrane bound structures
A: Immuno-electron microscopy
(IEM) visualization of Sec16 (10
nm colloidal gold) in Sec bodies
in ultrathin sections of S2 cells
incubated in KRB for 4 hours. Arrows point to membrane in close
proximity of Sec bodies.
B: Visualization of Sec bodies
(Sec16, green) and lipid droplets
(marked by oil-red-O, red). Note
that 95% of Sec bodies do not
co-localise with lipid droplets.
C-C’: Visualization of Sec bodies (Sec16, red) and Atg5-GFP
punctae (C) and GFP-Atg8 (C’)
after 4 hours starvation. 82% of
Sec bodies do not co-localize
with Atg5 or Atg8 punctae.
Scale bars: 500 nm (A); 10 μm
(B, C)

Sec bodies form at ERES
We then asked how Sec bodies form. Time-lapse imaging of live cells using GFP-Sec23 reveals that once
the cells sense amino-acid depletion, a pool of ERES rapidly disappears by releasing their components in
the cytoplasm, and the remaining ones are rapidly transformed into smaller round structures. These small
KRB 4h
structures
do not seem to efficiently fuse with one another. Instead, they seem to act as a seed and increase
in size by recruiting ERES components from the cytoplasm where they were released to reach the typical Sec
body size (Figure 4A and movies 1-2).
To assess, as suggested by the time-lapse, whether Sec bodies form at ERES, we used a truncated
version of Sec16, miniSec16, which comprises the minimal Sec16 sequence required for ERES localization
(Ivan et al., 2008) (Figure 4B) but is not incorporated into Sec bodies upon amino-acid starvation (Figure 4B’).
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Figure 3: Sec bodies are distinct from stress granules and p-bodies
A: IF visualization of endogenous FMR1 or eIF4E (green) and endogenous Tral (red) in cells growing in Schneider’s and incubated
in KRB for 4 hours. Note upon starvation, stress granules (FMR1, eIF4E) form and p-bodies (Tral) grow to co-localize in SG/PBs.
B: IF visualization of Sec16 (Sec bodies) and FMR1 (SG/PBs) in cells incubated in KRB for 4 hours. Sec bodies and SG/PBs are
distinct structures but have a spatial relationship.
C: IEM visualization of FRM1 and Tral in ultrathin sections of S2 cell incubated with KRB for 4 hours. Note that the Tral and FMR1
positive SG/PBs (asterisk) are clearly different from Sec bodies (Figure 2A).
Scale bars: 10 μm (A, B); 500 nm (C, C’).

Instead, miniSec16 remains associated to the cup-shaped ER of the ERES and seems to cradle the forming
Sec bodies (marked by endogenous Sec16; Figure 4B’). This indicates that Sec bodies form where ERES
were present, in line with their observed association to ER membrane (arrows in Figure 2A).
The time-lapse also suggested that the Sec body enlargement is mediated by recruitment of ERES
components that have been dispersed in the cytoplasm. To test this further, we used a Sec16 deletion mutant
(DNC2-3) that does not localize to ERES and is mostly cytoplasmic (Figure 4B) because it lacks the region
that mediates its recruitment to ERES (NC2-3) (Ivan et al., 2008). We found that it is efficiently recruited
to Sec bodies, showing that Sec16 can be recruited from the cytoplasm and contributes to Sec body size
(Figure 4B”). Furthermore, this result indicates that the localization to ERES prior to starvation is not necessary for incorporation to Sec bodies. Importantly, the recruitment of this cytoplasmic mutant is not due to its
interaction with the endogenous Sec16 as the NC2-3 also contains the Sec16 oligomerization domain (Ivan
et al., 2008). This suggests that a distinct Sec16 domain responds to amino-acid starvation.
Taken together, these results show that Sec bodies form (at least initially) where ERES were located and
increase in size from recruiting ERES components dispersed in the cytosol.
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Figure 4: Sec bodies form at ERES but independently of COPII and COPI coated vesicle formation
A: Stills of a GFP-Sec23 time-lapse movie (movie 1,2) of a cell incubated in KRB (t=0) for 1 hour showing Sec body formation.
B-B’’: IF visualization of miniSec16-V5 (B, B’) and ΔNC2-3-Sec16-V5 (B, B”) in S2 cells incubated in Schneider (B) and KRB for 4
hours. Endogenous Sec16 is in red. Note that the cup shaped ER forms a cradle for Sec bodies (B’, insert).
C: IF visualization of Sec16 and GFP-Sec23 in mock and Sar1 depleted S2 cells grown in Schneider’s and incubated in KRB for 4
hours. Note that the ERES are enlarged in Sar1 depleted cells (arrows) and Sec bodies form in both conditions to the same extent.
D: IF visualizations of Sec16 and Delta-myc in S2 cells incubated with brefeldin A in Schneider’s and KRB for 3 hours. Note that
Delta transport is inhibited in both cases as Delta is retained intracellularly.
E: IF visualization of Sec16 in S2 cells incubated in KRB for 4 hours in the presence or absence of brefeldin A. Note that preincubation with the drug does not affect Sec body formation during starvation.
Scale bars: 10 μm.
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Figure 5: Sec23 and Sec24AB are
key factors for Sec body formation
A-D: IF visualization of Sec16 in
mock- (A), Sec24AB- (B), Sec23- (C)
and Sec24CD- (D) depleted S2 cells
incubated in KRB for 4 hours. Note
that Sec body formation is inhibited
upon Sec24AB- and Sec23-, but not
upon Sec24CD-depletion. Boxed areas are shown at higher magnification.
E: Distribution of Sec body size
(shown as frequency of observed
Sec body diameter) in mock, Sec24AB, Sec24CD and Sec23 depleted starved cells (as in A) (ds GFP:
45 cells, 341 Sec bodies; dsSec24AB: 43 cells, 585 Sec bodies; dsSec24CD: 35 cells, 245 Sec bodies;
dsSec23: 36 cells, 504 Sec bodies).
Note that the Sec body’s mean diameter decreases by 1.8 fold upon Sec24AB and Sec23 depletion and that
Sec bodies are twice as many.
Scale bars: 10 μm

Sec body assembly does not require active transport through the early secretory pathway
but depends on specific ERES components
We then ask whether membrane traffic through the early secretory pathway is required for Sec body formation. To test whether COPII vesicle formation is required, we depleted Sar1 by RNAi before starvation. Sar1
depletion is evidenced by a strong reduction (40±5%) in cell proliferation and ERES enlargement (Ivan et
al., 2008) (Figure 4C, arrows). However, Sec body formation was found to be as efficient as in control (mock
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Figure 6: Sec bodies act as a reservoir for ERES components during starvation
A-A’: Schematic representation of the Low Complexity Sequences (blue bars) in Sec16, Sec24AB, Sec24CD and Sec23 (A). The
red bars mark the boundaries of the Sec16 domains. Genome wide analysis of Low Complexity Sequence (LCS) in the Drosophila
proteome, in proteins related to the secretory pathway and proteins related to stress granules/p-bodies (A’).
B-B’: Percentage of fluorescence recovery after photobleaching (FRAP) over time of individual Sec bodies (marked by GFPSec23 or ΔNC1-Sec16-sfGFP) in S2 cells incubated in KRB for 4 hours. The triangles in B show the FRAP of Sec bodies that
have been entirely bleached (n=3, arrowheads in B’). The circles show the FRAP of Sec bodies (n=3, arrows in B’) that have been
partially bleached. The dashed circles in B’ indicate the Sec bodies that have been bleached and assessed in stills taken from
movies 3 and 4.
C-C’: Percentage of fluorescence recovery after photobleaching (FRAP) over time of individual stress granules (marked by FMR1sfGFP) in S2 cells incubated in KRB for 4 hours. The triangles in C show the FRAP of stress granules that have been entirely
bleached (n=3, arrowheads in C’). The circles show the FRAP of stress granules (n=3, arrows in B’) that have been partially
bleached. The dashed circles in B’ indicate the stress granules that have been bleached and assessed in stills taken from movie
5 and 6.
Scale bars: 10 μm

depleted) cells (Figure 4C). Second, we pharmacologically inhibited protein trafficking with brefeldin A (Figure
4D) and found that this treatment before and during starvation does not affect Sec body formation (Figure
4E). This demonstrates that transport in the early secretory pathway via COPI and COPII vesicle formation is
not required for the formation of Sec bodies.
Given the Sec body content in ERES components (Figure 1), we then tested using RNAi whether they
are necessary for Sec body formation. Depleting Sec16 did not yield satisfactory conclusions as we have
shown that Sec16 is critical for the organization of ERES in Drosophila S2 cells (Ivan et., al, 2008) and
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Sec16 depletion led to the aggregation of most of the COPII components even in cells grown in full medium.
However, in the few depleted cells where an observation could be made, Sec bodies did not form (not shown).
We then depleted the two Sec24 gene products that are both are expressed in S2 cells (see DRSC,
Drosophila RNAi screening center, http://www.flyrnai.org/) and that we can efficiently deplete (see materials
and methods). When Sec24AB depleted cells are starved, the normal Sec body formation (marked by Sec16,
Figure 5A) is impaired (Figure 5B). Distribution of diameters of the resulting structures shows that they are
2 fold smaller and twice as many, when compared to Sec bodies formed in control conditions (Figure 5E). In
agreement with Sec24 forming a complex with Sec23, Sec23 depletion results in the same phenotype (Figure
5C, E). Interestingly, Sec24CD depletion (Figure 5D, E) does not lead to the same phenotype as Sec24AB
depletion and Sec bodies form normally, showing specificity for one Sec24 homologue.
These data indicate a key and novel role for Sec23, Sec24AB and Sec16 in Sec body formation, which
is distinct from their classical role in ER exit via COPII vesicle formation that is not required (Figure 4C-E).

Sec bodies display liquid droplet-like properties.

4

Given that the Sec bodies are non-membrane bound, we then asked how their components are prevented
from freely diffusing in the cytoplasm. One class of stress related cytoplasmic structures are liquid droplets
that are described to result from phase separation-induced liquid demixing in the cytoplasm (Brangwynne et
al., 2009; Brangwynne et al., 2011; Hyman and Simons, 2012). They are defined as non-membrane bound,
spherical, reversible structures, the components of which diffuse easily within the droplet but are in slower
exchange with the cytoplasm. Furthermore, liquid droplets are known to contain proteins that are prone to
engage in weak protein-RNA or protein-protein interactions as their components display a high level of low
complexity sequences (LCS, defined as regions of low amino-acid diversity) (Kato et al., 2012) (Suppl. Table
S1A). P-granules in C. elegans, nucleoli, but also stress granules and p-bodies have been shown to have
liquid droplet properties (Brangwynne et al., 2009; Brangwynne et al., 2011; Hyman and Simons, 2012). We
therefore set out to assess whether Sec bodies are also liquid droplets.
We first used SEG, a program determining LCS on proteins contained within Sec bodies. Interestingly,
we found that Sec16 and the two Sec24 gene products, Sec24AB, Sec24CD (Figure 6A, Suppl. Table S1B)
display a significantly higher LCS content when compared to other proteins related to the early secretory
pathway and to the entire Drosophila proteome (our analysis, see Materials and Methods, Figure 6A’; Suppl.
Table S1B). Sec16 LCS are situated throughout its sequence with the notable exception of its conserved central domain (CCD, aa 1090-1590) (Figure 6A). On the other hand, Sec24AB and Sec24CD LCS are mostly
situated at the N-terminus of the protein sequence in a manner that is mostly conserved throughout species
(Suppl. Fig. S2A, B). Furthermore, as recently suggested (Das et al., 2014), LCS corresponds to a high level
of unstructured sequences and we show that it is indeed the case for Sec24AB, Sec24CD and Sec16 (using
HHpred, http://toolkit.tuebingen.mpg.de/hhpred/), Suppl. Fig. S2C and not shown).
Remarkably, two of the LCS enriched proteins Sec24AB and Sec16 are also required for Sec body
assembly, suggesting that this feature might be necessary. However, not all ERES residing and LCS rich
proteins are necessary for Sec body formation as Sec24CD that contains the same amount of LCS is not.
Second, we assessed whether the FRAP properties of Sec bodies are compatible with liquid droplets,
that is, assemblies made through phase separation. When a fraction of such an assembly (GFP marked) is
photobleached, the recovery is quick as the molecules within mix instantaneously. However, when entirely
photobleached, the recovery is slower as the exchange with the surrounding cytoplasm is not as efficient. We
used Sec16-superfolderGFP and GFP-Sec23 that efficiently incorporate to Sec bodies. When Sec bodies
are partially bleached, the recovery is very fast for both GFP-Sec23 and Sec16-sfGFP and the maximum
intensity is approximately 50% of the original one. After complete photobleaching, however, Sec bodies
recover more slowly and only to 10% of the initial fluorescence intensity, showing an inefficient exchange
with the surrounding cytoplasm (Figure 6B, B’; movies 3,4). This is comparable to FRAP properties of stress
granules that are well-documented liquid droplets. When entirely bleached, stress granules recover more that
Sec bodies and when partially bleached, they recover slightly less (Figure 6C, C’; movies 5,6). This indicates
that the Sec23 and Sec16 diffuse more quickly within Sec bodies than FMR1 in stress granules, but that their
phase transition barrier is higher.
Taken together, the spherical morphology, specific FRAP properties and the presence of LCS are features compatible with Sec bodies being liquid droplets.

Sec bodies are necessary for cell viability during amino-acid starvation and recovery after
stress relief
A key feature of liquid droplets is their reversibility and we tested it using cells that were starved for 4 hours
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A: Stills of a GFP-Sec23 time-lapse movie (movie 7) of two cells recovering in Schneider’s after 4 hours in KRB (t=0, up to 60 min).
Note that Sec bodies are reversed into ERES.
B-B’: IF visualization of Sec16 in cells starved in KRB supplemented or not with cycloheximide (CHX, B), and in starved cells further incubated in Schneider’s supplemented or not with CHX (C’). Note that neither Sec body formation nor reversal is affected by
the presence of CHX.
C: Quantification of the Sec body reversion as described in B’ expressed as the percentage of cells exhibiting Sec bodies.
D: Graph of cell viability (expressed as percentage of cells alive). The number of starting cells at t=0, either non- (control, dark blue
lines), mock- (dsGFP, light blue lines), Sec24AB- (green lines), Sec24CD- (violet lines) and double Sec24AB- and CD- (orange
lines) depleted, is set at 100%. These cells are incubated in Schneider’s (dashed lines) and KRB (solid lines) for 4 hours and further incubated in Schneider’s up to 16 hours.
Note that the mock-depletion (dsGFP, light blue dashed lines) is slightly detrimental to cell survival upon amino-acid starvation
when compared to non-depleted (control, dark blue dashed line).
Error bars represent standard deviations (see materials and methods). Scale bars: 10 μm
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and further incubated in Schneider’s medium. This results in the full recovery of their typical ERES pattern in
less than 2 hours (Figure 7A; movie 6; Figure 7B, C). This shows that Sec bodies are not terminal aggregates.
Furthermore, these ERES are functional as they support transport in the secretory pathway to allow proliferation (Figure 7D, solid dark blue line). Remarkably, addition of protein translation inhibitor cycloheximide during
the reversal does not affect the ERES rebuildinging (Figure 7B’, C). This shows that they act as a reservoir for
ERES components allowing their re-mobilization upon stress relief to rebuild a functional secretory pathway.
Of note, cycloheximide addition during starvation also does not affect Sec body formation (Figure 7B).
Taken together, although we have not been able to determine with certainty whether Sec bodies contain
RNA species as all liquid droplets so far characterized do, we propose that amino-acid starvation leads to
the formation of a novel stress assembly with liquid droplet features, the Sec bodies. We show here that Sec
bodies act as a reservoir for ERES components to rebuild a functional secretory pathway upon stress relief.
In this context, we investigated the relevance of Sec body formation in cell survival upon starvation and
fitness upon stress relief. To do so, we exploited the fact that only one of the two Sec24 proteins is required
for Sec body formation. Indeed, Sec bodies do not form in starved Sec24AB depleted cells, whereas they
do in Sec24CD depleted cells (see Figure 5). As mentioned above, depletion of either of the Sec24 isoforms
is effective but does not affect proliferation very much when cells are grown in normal medium (Figure 7D,
dashed lines and see Materials and methods). However, upon amino-acid starvation, the Sec24AB depleted
cells die twice as much as the mock- (ds GFP) and Sec24CD- depleted cells (Figure 7D, compare solid green
to light blue, violet lines). As expected, the double depleted Sec24AB and CD cells also die more quickly
(Figure 7D, solid orange line). When reverted to full medium, control and Sec24CD depleted cells started to
proliferate again, whereas cells in which Sec24AB is depleted continue to die (Figure 7D).
Taken together, these results show that Sec bodies are instrumental for cell survival during amino-acid
starvation and upon stress relief.

Discussion
Sec bodies: A novel stress assembly linked to secretion inhibition.
Here, we describe a novel cellular reversible and non-membrane bound structure, the Sec body that forms in
response to nutrient stress. Sec bodies comprise proteins that in normal growth conditions function as ERES
components, including subunits of the COPII coat, namely Sec23, Sec24AB, Sec24CD, and Sec31 as well as
Sec16, the upstream ERES organizer. A noticeable exception is the small GTPase Sar1. One of the reason
could be that is devoid of LCS and this is currently under further investigation.
Interestingly, the components of the other coats were seemingly not incorporated into Sec bodies but
also did not form other structures, suggesting that remodeling of the ERES is sufficient to ensure inhibition of
protein transport through the secretory pathway. In this regard, Sec body formation constitutes also a novel
mechanism for attenuation/inhibition of protein transport through the secretory pathway. Cells can disperse
ERES and Golgi components into the cytoplasm, as reported during mitosis the Golgi is fragmented ((Farhan
et al., 2010; Lucocq and Warren, 1987; Zacharogianni et al., 2011). Furthermore, cells can fine tune secretion
by regulating the catalytic activity of Arf.
The dramatic remodeling of the ERES that we describe here appears to be specific for amino-acid starvation, possibly underlining the acute and severe nature of this particular stress. It is also different from the
response to serum starvation that requires Erk7 (Zacharogianni et al., 2011). Erk7 appears to be involved to
a small extent in the amino-acid starvation response, possibly facilitating the initial dispersion of a fraction of
the ERES into the cytoplasm as when depleted, it prevents Sec bodies formation upon amino-acid starvation
by about 20% (Zacharogianni et al., 2011).
Interestingly, one of Sec body components is Sec16, a protein with a localization that is also modulated
upon serum starvation. Furthermore, Sec16 is also phosphorylated in response to EGF signaling in human
cells (Farhan et al., 2010). It could therefore be emerging as one of platform integrating nutrient and growth
factors availability.
Sec bodies are novel stress structures and we have shown that they are not autophagosomes (or
substrates of autophagy), not lipid droplets and not CUPS as they are devoid of dGRASP that is found
quantitatively re-distributed in the cytoplasm upon amino-acid starvation, suggesting a modification involving
its lipid anchor or modification of its N-terminus. Sec bodies are also different from large reversible structures
containing COPII components that have been described in yeast in a number of specific COPII mutants
Sec12-4 and Sec16-2 (Shindiapina and Barlowe, 2010). These structures are thought to result from an imbalance between cargo incorporation in COPII coated vesicles and the coat formation, and lowering the cargo
load by inhibiting protein translation prevented their appearance. Sec body formation is, however, insensitive
to translation inhibition by cycloheximide and are therefore different from these yeast structures. Last, we
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also show that Sec bodies are distinct from stress granules and p-bodies that also form upon amino-acid
starvation. Therefore Sec bodies are novel structures.
Stress induces the formation of stress assembly
Formation mesoscale protein assemblies like stress granules, p-bodies or now Sec bodies is emerging as
a general response to stress and especially nutrient stress, and is gaining increasing attention (Hyman
and Brangwynne, 2011; Wilson and Gitai, 2013). For instance, in yeast under nutrient limiting conditions,
metabolic enzymes and stress response proteins form reversible foci (Narayanaswamy et al., 2009), such
as purinosomes containing enzymes of purine biosynthetic pathway (An et al., 2008; O’Connell et al., 2012),
proteasome storage granules upon glucose restriction (Laporte et al., 2008; Peters et al., 2013), or, as
recently described, glutamine synthetase filaments (Petrovska et al., 2014).
In challenging conditions, areas of localized biochemistry in the cytoplasm can be advantageous, as
reagents and possibly energy can be focused to these specific areas. The reorganization of the cytoplasm
through non-membrane bound protein assemblies could confer this rapid and spatio-temporally defined compartmentalization. In this regard, we have found that both Sec bodies confer a fitness advantage to the cells
under starvation (see below). However, some stress assemblies (especially cytoplasmic RNP granules) can
form dysfunctional RNA-protein assemblies that become irreversible and toxic for the cell. For instance, stress
granule components have a strong relationship with degenerative diseases, such as ALS and laminopathies
(Ramaswami et al., 2013). Whether Sec body components could also form such deleterious aggregates
remains to be established.
Some stress assemblies have liquid droplet properties.
Some of these mesoscale assemblies have liquid-like properties. These so-called liquid droplets are generally spherical and dynamic and form via phase separation (liquid demixing) of their components from the
cytoplasm like a drop of oil in water. Their components display different rates of diffusion within the assembly and in the surrounding cytoplasm (Hyman and Brangwynne, 2011). They form via transient and weak
protein-protein and protein-RNA interactions mediated by low amino-acid diversity stretches (low complexity
sequences, LCS), prone to engage in such interactions. Stress granules and p-bodies have been shown to
be liquid droplets and we show here that Sec bodies exhibit clear liquid droplet features as underlined by their
spherical morphology, their reversibility, FRAP properties and LCS content.
In this regard, the presence of LCSs both in Sec16 and Sec24 is intriguing considering their role in cells
under growing conditions where they act in sequence with many others to form the COPII coat. How the LCSs
are shielded to make proteins competent for their function in COPII coat formation remains to be investigated
but the interaction with both cargo and Sec23 might be instrumental to their functioning as a coat subunit.
Both Drosophila Sec24AB and CD have a high LCS content at the N-terminus. Both proteins localize to
ERES and are incorporated to Sec bodies, yet only Sec24AB is required for Sec body assembly, suggesting
that they carry different functions in this process. Their sequence similarity is restricted to the non-LCS part of
the proteins and is only of 50%, and the fact that they are not redundant is underlined by the observations that
although both are required for normal epidermis development and cuticle deposition (Norum et al., 2010),
only Sec24CD seems to have a role in trachea formation in the embryo (Forster et al., 2010). In the same
line different Sec24 proteins have been shown to interact with different substrates at the ERES (Wendeler et
al., 2007).
As mentioned above, the structures that fall in the liquid droplet category have been described to form
through weak protein-RNA interactions. Although Sec bodies do not appear to contain RNAs, we propose
that they are nonetheless liquid droplets. The absence of RNA might account for the very low and slow
recovery we observed after complete photobleaching of whole Sec bodies when compared to stress granules
that recovers to a higher degree. Shuttling of mRNA in and out of stress granules could drive more exchange
between the structure and the surrounding cytoplasm, and this probably does not occur in Sec bodies.
However, instead of protein-RNA interactions, Sec body components could establish weak protein-protein
interactions helped by molecular modifications that could trigger conformational changes and perhaps exposure of their LCS.
Sec bodies and cell survival
Importantly, one of the key features of a liquid droplet is to be efficiently reversible and we show that Sec
bodies are rapidly and completely reversible upon amino-acid addition. This shows that they act as a reservoir of the ERES components that can be quickly remobilized to rebuilding a functional organelle, so that
protein transport through the secretory pathway can resume once stress is relieved in order to support cell
proliferation. Sec body formation can also have a role in protecting ERES components from degradation
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during starvation and our preliminary results suggest that this is the case. That is in line with the fact that Sec
bodies are neither autophagosomes nor a substrate of autophagy, unlike stress granules, which are reported
to be cleared by autophagy (Buchan et al., 2013). Last, we show that their formation is critical for cell viability
during amino-acid starvation. It suggests a pro-survival mechanism, perhaps through the recruitment and
inactivation of pro-apoptotic factors. This remains to be investigated.
Taken together, amino-acid starvation inhibits both protein translation and protein transport through the
secretory pathway, and similarly for both processes, results in the concomitant formation of cytoplasmic
stress assemblies where key components necessary for cell survival are stored, untranslated mRNAs in
stress granules, and ERES components in Sec bodies.

Materials and methods

4

Cell culture, amino-acid starvation, RNAi, transfection and drug treatments: Drosophila S2 cells were cultured in Schneider’s medium supplemented with 10% insect tested fetal bovine serum (referred to as Schneider’s) at 26°C as previously described (Kondylis and Rabouille, 2003; Kondylis et al., 2007). Amino-acid starvation was carried out by incubating the cells for 4 hours (or otherwise stated) in Krebs Ringers’ Bicarbonate buffer (KRB, 10 mM glucose, 0.5 mM
magnesium chloride, 4.53 mM potassium chloride, 120.7 mM sodium chloride, 0.7 mM dibasic sodium phosphate, 1.5
mM monobasic sodium phosphate, 15 mM sodium bicarbonate, 5.4 mM calcium chloride) at pH 7.4. We verified that
simply adding 10% FBS to the buffer did not prevent the Sec body/stress granule formation. Single amino-acids were
added at 15 mM (unless otherwise indicated) to KRB followed by 4 hours incubation at 26°C.
Wild-type S2 cells or stably transfected with Sec23-GFP or Fringe-GFP were depleted by RNAi, as previously described
(Kondylis and Rabouille, 2003; Kondylis et al., 2007). Cells were analyzed after incubation with dsRNAs for 5 days (or
4 days in the case of Sar1 depletion). Transient transfections were performed using the Effectene transfection reagent
(Qiagen, 301425) according to the manufacturer’s instructions. When cells were transfected with pMT constructs, expression was induced 48 hours after transfection with 1 mM CuSO4 for 1.5 hours. The newly synthesized proteins were
allowed to localize for 1 hour after CuSO4 washout. When cells were transfected with the pUAS constructs transfection
was done 48 hours prior to the experiment.
Drugs were used at the following concentrations: cycloheximide (10 μM), wortmanin (1 μM), bafilomycin (100 nM), rapamycin (2 µM) and brefeldin A (50 µM). When a drug treatment was followed by starvation, the cells were pretreated
for 30 minutes in Schneider’s following starvation in the presence of the drug.
Antibodies: The following antibodies have been used in these experiments: rabbit polyclonal anti-Sec16 ((Ivan et al.,
2008), 1:800 IF, 1:2000 WB); rabbit polyclonal anti-Sec23 (Pierce PA1-069A, 1:200 IF, 1:1000 WB); rabbit polyclonal
anti-Sec31 ((Bentley et al., 2010)1:200 IF); mouse monoclonal anti-V5 (life technologies R960, 1:500 IF); mouse monoclonal anti-FMR1 (DSHB supernanant clone 5A11, 1:10 IF); rabbit polyclonal anti-Tral ((Wilhelm et al., 2005), 1:200 IF);
rabbit anti-dGRASP (1:500 IF, with methanol fixation); mouse monoclonal anti-α-spectrin (DSHB supernatant clone 3A9,
1:20 IF) rat polyclonal anti-eIF4E 1:200 IF (with methanol fixation); mouse monoclonal anti-Delta 1:500 IF (DHSB clone
C594.9B).
DNA constructs and RNAi: The pRmeGFP-Sec23, pRmSar1-eGFP, pMTmini-Sec16 (NC2.3-CCD)-V5, pMTΔNC2.3-V5
constructs were described in (Ivan et al., 2008). The pMTΔNC1-ΔCter-Sec16-V5 and the pMTΔNC1-Δ64-Sec16-V5
were described in (Zacharogianni et al., 2011). The pMT-Atg5-V5 is a gift from Fulvio Reggiori. The pUAS-GFPSec24CD (Sten) and the pUAS-mCherry-Sec24AB were a kind gift from Stefan Luschnig. The Fringe-GFP construct
is described in (Kondylis et al., 2007).To generate ΔNC1Sec16-sfGFP, superfoder-GFP (sfGFP) was amplified using
the ggccgcggatggtgagcaagggcgagga (Forward) and gggtttaaacttacttgtacagctcgtccatg (Reverse) primers and cloned
into PMTV5-B-ΔNC1Sec16 (Zacharogianni et al., 2011) using SacII and PmeI. To generate FMR1-sfGFP, sfGFP was
first amplified using the catgttcgaaatggtgagcaagggcgag (Forward) and catgaccggtcttgtacagctcgtccatgc (Reverse) primers containing the restriction sites for BstBI and AgeI, respectively and cloned into PMT-V5-His to replace the V5 tag.
FMR1 cDNA was then amplified from the total cDNA of S2-cells using the catgggtacccaccatggaagatctcctcgtgga (Forward) and catggaattcaaggacgtgccattgaccag (Reverse) primers and inserted in pMT-sfGFP-His using KpnI and EcoRI.
The following primers were used to amplify cDNA templates used for RNAi: Sec24AB taatacgactcactataggggccaaccggtttcaatcag/ aatacgactcactatagggaggaggtagctggggttgac, sec24CD taatacgactcactatagggccctagagtgctccggctat/ taatacgactcactatagggcgctctccttcgctgttc, sec16 ttaatacgactcactatagggagagccagaggatcagcatc/ taatacgactcactatagggagagcgatcccacagcagtc, sec23 ttaatacgactcactataggggtgcaggatatgctcggaat/ ttaatacgactcactataggggtggagctgggattcaatgt,
sar1 taatacgactcactatagggatgttcacttgggactggttc/ ttaatacgactcactatagggagaatctctcgagcccacttcaa.The DNA fragments
were used for in vitro transcription using the T7 Megascript kit (AMBION) to generate the dsRNAs used for RNAi. The
efficiency of Sec24AB and CD depletion was estimated by transfecting mCherry-Sec24AB to Sec24AB depleted cells
and Sec24CD-GFP to Sec24CD depleted cells and comparing the level of transfection (number of cells expressing the
fluorescent protein) to this of non-depleted cells. In a typical experiment, 24.1±2.0% non-depleted cells were transfected
with mCherry-Sec24AB versus 2.5±1% in Sec24AB depleted cells, and 27.3±2.4% non-depleted cells were transfected
with GFP-Sec24CD versus 2.6±0.7% in Sec24CD depleted cells, showing that the 90% of the cells are depleted. The
depletion of Sec23 and Sec16 were also 90% (as measured by WB).
Immunofluorescence (IF) and Immuno Electron Microscopy (IEM): S2 cells were plated on glass coverslips, treated,
fixed in 4% PFA in PBS for 20 minutes and processed for Immunofluorescence as previously described (Kondylis and
Rabouille, 2003). Alternatively (as indicated for specific antibodies and dyes), the cells were fixed in ice-cold methanol
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for 5 minutes washed with PBS and processed for IF as above. Samples were viewed under a Leica SPE confocal
microscope using a 63X lens and 1.5-3x zoom. 17-22 confocal planes are projected to image the whole cells. IEM was
performed as described previously (Kondylis and Rabouille, 2003; van Donselaar et al., 2007)
Autophagy: S2 cells transiently expressing Drosophila Atg5-V5 and mouse GFP-Atg8 were incubated for increasing
length of time in Schneider’s supplemented or not with rapamycin and in KRB supplemented or not with wortmannin and
bafilomycin. The percentage of cells showing Atg5-V5 punctae was determined. Experiments were done in triplicate.
Time-lapse and FRAP: Time lapse of Sec body formation and disassembly was performed on S2 cells stably expressing GFP-Sec23. For Sec body formation, cells were incubated in KRB (t=0) at 26°C. For Sec body disassembly, cells
were starved for 4 hours and further incubated in Schneider’s (t=0) at 26°C. Cells were viewed with a Leica AF7000
Fluorescence microscope. 10 z planes with a z step of 0.7 μm of were recorded every 3 minutes. The FRAP experiments
were performed on cells expressing either GFP-Sec23, ΔNC1-Sec16-sfGFP and FMR1-sfGFP for 1.5 hours (expression
induced with CuSO4) followed by incubation in Schneider’s for 1 hour and starvation in KRB for 4 hours. Sec bodies and
stress granules were entirely or partially photobleached using a 488 nm laser at 100% laser power for 750 msec. FRAP
was recorded using a PerkinElmer Ultraview VoX spinning disk microscope with the volocity software. Fluorescence
recovery was recorded every 10 msec for the first 14 seconds after bleaching, and thereafter every 10 seconds for 2
minutes.
Low complexity sequence analysis: The amount of LCS was determined for each protein and isoform annotated in FlyBase release FB2014_02 using SEG (ftp://ftp.ncbi.nih.gov/pub/seg/) (Wootton and Federhen, 1996).The LCS content
of each protein was tested for enrichment by a hypergeometric test against the whole proteome. For the proteins that
have multiple isoforms the longest isoform was chosen for comparison.
Cell survival and fitness upon and after amino-acid starvation: 0.75 million cells were non, mock- (dsGFP), Sec24AB-,
Sec24CD- and Sec24AB- and CD- depleted for 5 days in a 6-well plates. They proliferated to reach 2.5, 1.9, 1.8, 1,85
and 1.9 million, respectively and this was set at 100% (t=0). These cells were then either starved in KRB for 4 hours
or further incubated in Schneider’s, their number monitored and expressed as a percentage of t=0. The medium was
changed to Schneider’s and their proliferation monitored further up to 16 hours. Experiments were performed in triplicates.
Quantification and statistics: Three independent experiments were performed for quantification of the Sec body phenotype as scored by immunofluorescence. At least 3 fields were analyzed comprising at least 100 cells per condition.
Averages and standard deviations reflect variation throughout the experiments. For Sec bodies we considered cells with
at least one large, round (>0.5 μm) structure as exhibiting Sec bodies. Cells with smaller round structures and/or haze
were considered intermediate. For all measurements p-values were calculated with Excel.
Sec body diameter: Sec body diameter was measured using the Leica LAS software. At least 35 cells were analyzed per
condition, in each of which all fluorescent foci (at least 500) were measured. Distribution curves were made with Excel.
Flies: Oregon R+ virgin females were fattened on standard food supplemented with yeast for 3 days. They were subsequently either dissected to harvest the ovaries for the ex vivo treatments (incubation in Schneider’s or KRB for 4 hours)
or transferred to humidified empty vials for 36 hours before dissection. IF was performed as described in (Giuliani et al.,
2014).
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Suppl. Fig. S1: Sec body formation and autophagy
A-A’: Quantification of Atg5 punctae formation in S2 cells incubated with rapamycin (A) and incubated with KRB with or without
wortmannin (A’) for indicated time points. Note that as expected autophagy (marked by Atg5) is stimulated by rapamycin and starvation (KRB) and inhibited by wortmannin.
B-B’: Quantification of Sec body formation (marked with Sec16) in cells incubated in KRB with and without wortmannin (B), and
with and without bafilomycin (B’).
D: Quantification of the prevention of Sec body formation by specific amino-acids upon cell incubation in KRB for 4 hours. This is
expressed as the percentage of cells exhibiting the normal Sec16 localization at ERES. All amino-acids are added at 15 mM except
for 3 (gray bars) that were also tested at their concentration in Schneider’s medium. Note that at 15 mM, histidine, aspartate and
asparagine significantly prevent Sec body formation.
E-E’: Projection of 4 equatorial confocal planes of Sec16 and Spectrin (D) in the follicular epithelium covering an egg-chamber from
an ovary dissected from a virgin fly fattened for 3 days and incubated ex-vivo in KRB for 4 hours (E) and from an ovary dissected
from a 36 hours starved female fly (E’). Note that in both cases, Sec16 is found in large punctae reminiscent of Sec bodies.
Scale bars: 10 μm
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Suppl. Fig. S2: Conservation of Sec24 LCS and secondary structure.
A: A restricted phylogenic tree of the Sec24 sequences analysed in B
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Abstract
Several types of stress induce protein translation inhibition leading to the accumulation of mRNAs,
translation initiation factors and RNA binding proteins into stress granules. Amino-acid starvation
also leads to the formation of a novel non-membrane bound reversible stress assembly, the Sec
body that incorporates components of the ER exit sites, a central compartment of the biosyntheticsecretory pathway. Surprisingly, amino-acid starvation driven stress granule formation also depends
on ERES components as they facilitate, stress related signaling events such as GCN2 dependent
eif2α phosphorylation. These events drive both stress granule and Sec body formation, thus linking
the stress response of two major anabolic pathways.

Introduction

5

Cell response to nutritional restriction includes stimulation of degradation pathways, like autophagy as well
as attenuating anabolic pathways, such as protein translation (Castilho et al., 2014). Both are achieved by
inhibition of TORC1, the central regulator of cell growth, which when inactive allows the dephosphorylation
of its targets. One target is Ulk (Atg1), which when dephosphorylated it stimulates autophagy (Kamada et
al., 2000). Another target is the 4E-Binding Protein (4EBP), which in the dephosphorylated form can bind
eIF4E and inhibit translation initiation. Conversely, the dephosphorylation of another TORC1 substrate, the
S6 kinase, impairs both translation initiation and elongation [reviewed in (Ma and Blenis, 2009)].
Concomitantly, protein translation is also inhibited by a TORC1 independent pathway. This is achieved
by reducing the rate of translation initiation events through the phosphorylation of eIF2α, which prevents
the formation of the ternary complex between eIF2, methionyl-tRNA and GTP. This results in the release
of mRNAs from the stalled ribosomes and their incorporation in forming stress granules (Anderson and
Kedersha, 2008; Kedersha et al., 1999). The untranslated mRNAs either stay at the stress granules to be
released back to polysomes after stress relief or they are transferred to the p-bodies, another RNP assembly
comprising the RNA decay machinery, for degradation (Anderson and Kedersha, 2008). Stress granule assembly therefore, does not depend only on protein translation inhibition, as TORC1 inactivation alone does
not lead to their formation. Moreover, other mechanisms that result in stress granule assembly have been
described that do not depend on eIF2α phosphorylation and rather target the elongation step of translation
(Mazroui et al., 2006; Mokas et al., 2009).
Next to translation, another key anabolic and energy demanding process is protein transport through
the secretory pathway. In mammals, one third of the proteome encounters this pathway (Almen et al., 2009;
Stevens and Arkin, 2000), such as the proteins delivered to the extracellular medium, the plasma membrane
or to other membrane-bound compartments with the exception of mitochondria and the nucleus. After their
synthesis at the endoplasmic reticulum, proteins exit the ER at specialized ER exit sites (ERES) defined by
a cup-shaped ER overlaying COPII coated vesicles in which newly synthesized proteins are packaged. They
then reach the Golgi system where they are further modified, sorted and dispatched to their correct, final
destination. The COPII coat assembly requires six proteins, including the transmembrane protein Sec12 that
acts as a GEF for the small GTPase Sar1. GTP-bound Sar1 recruits Sec23/Sec24, the inner COPII coat that
in turn recruits Sec13/31, the outer coat (Bard et al., 2006; d’Enfert et al., 1991; Oka et al., 1991; Rothman
and Wieland, 1996; Schekman and Orci, 1996). In addition, the large hydrophilic protein Sec16 has been
found to play a major role in the COPII assembly (Bharucha et al., 2013; Connerly et al., 2005; Hughes et al.,
2009; Ivan et al., 2008; Kung et al., 2012) while Sec16 mutation or depletion leads to a severe impairment in
ER exit and compromises trafficking through the secretory pathway.
Similarly to translation, protein transport through the secretory pathway is also inhibited upon nutrient
stress and the compartments of the pathway are dramatically remodeled inducing the striking appearance
of the Sec body, a non-membrane bound structure that contains ERES components and acts as a reservoir
for this compartment during starvation, promoting cell survival upon stress relief (Chapter 4, under revision).
Sec bodies form close to the cup-shaped transitional ER predominantly by recruiting dispersed ERES components from the cytoplasm in the few nucleated Sec body seeds.
Formation of cytoplasmic assemblies emerges as a general feature of the stress response. Under normal growth conditions cells compartmentalize different processes in distinct membrane-bound organelles.
However, there is accumulating evidence that nutrient stress induces cytoplasmic rearrangements that lead
to membrane independent compartmentalization into either liquid droplet or crystal-like assemblies (An et al.,
2008; Hyman and Brangwynne, 2011; Laporte et al., 2008; Narayanaswamy et al., 2009; O’Connell et al.,
2012; Peters et al., 2013; Petrovska et al., 2014; Wilson and Gitai, 2013).
Liquid droplets are shown to result from phase separation induced liquid demixing in the cytoplasm
(Brangwynne et al., 2009; Brangwynne et al., 2011; Hyman and Simons, 2012). They are non-membrane
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bound, spherical, reversible assemblies, the components of which diffuse easily within the droplet but are in
slower exchange with the cytoplasm. Liquid droplets are known to contain proteins that are prone to engage
in weak protein-RNA or protein-protein interactions as their components display a high level of low complexity
sequences (LCS, defined as regions of low amino-acid diversity) (Kato et al., 2012). Interestingly, stress
granules and p-bodies have been shown to be liquid droplets (Brangwynne et al., 2009; Brangwynne et al.,
2011; Hyman and Simons, 2012) and we have recently demonstrated that Sec bodies also display liquid
droplet-like properties.
We report here that stress granules and Sec bodies share at least one component, the ERES organizer
Sec16. We also show that the components of Sec bodies, which interact with stress granule and p-body
factors under both normal growth and starvation conditions, are functionally linked to the formation the other
stress assembly, the stress granule possibly by facilitating signaling events upstream of stress granule formation. Indeed, COPII components depletion reduces starvation-induced eIF2α phosphorylation a key event in
the stress-induced translational attenuation. This provides a link between translation control and the secretory function of the cells, as well as an unexpected link between the response of the secretory pathway and
the translation/mRNA turnover.

Results
Amino-acid starvation induces the formation of both stress granules/p-bodies and Sec bodies in the same time frame
Amino-acid starvation of Drosophila S2 cells (4 hours incubation in Krebs-Ringers-Bicarbonate buffer, KRB)
leads to protein translation inhibition (Figure 1A) that in turn induces assembly of stress granules (marked
by FMR1 and elF4E) and enlargement of another cytoplasmic RNP, the p-body (marked by Tral) (Figure 1B,
C). In agreement with reports in other organisms, stress granules and p-bodies are in close proximity and
often overlap (Buchan et al., 2008; Kedersha et al., 2005). In S2 cells, all stress granule markers examined
completely co-localize with the p-body markers, in a dual structure, the SG/PB (Figure 1A-B), in about 4-5
hours of starvation (Figure 1D), a condition and a time frame that also leads to Sec bodies formation, albeit
Sec bodies form slightly earlier (Chapter 4). Sec bodies and SG/PBs are, clearly distinct structures (Figure
1E), but they show a spatial relationship. Indeed, 50% of Sec bodies are adjacent to 28% of SG/PBs (Figure
1E, F).
To further investigate this spatial relationship, we used IEM to visualize Sec bodies with Sec16 and SG/
PBs with FMR1 and Tral in starved S2 cells. As expected, Sec16 is mostly present in Sec bodies (Figure
2A), but we also found that it is often present in SG/PBs (Figure 2B, B’, red circles). However, we found no
evidence that SG/PB components are present in Sec bodies (Figure 2B”). This suggests that Sec bodies
components are shared with SG/PBs, perhaps indicating an interaction.
To test this, we immuno-precipitated Sec16 from extract of cells incubated in Schneider’s or incubated in
KRB and examined whether FRM1 and Tral were associated to it. Both in fed and starved conditions, Sec16
interacts with FMR1 (Figure 2C). This is corroborated by our preliminary Sec16 immuno-precipitation followed by mass-spectrometry data that has identified FMR1, several other mRNA binding proteins as well as
translation initiation factors as interacting partners of Sec16 in both normal growth and starvation conditions
(Suppl. Table 1).
Taken together, these results shows that a key protein of the ERES formation and function, Sec16,
interacts with RNA binding proteins, possibly outlining a new role.

Sec16 and Sec23/Sec24 are novel factors required for SG/PB formation upon amino-acid
starvation
As mentioned in the introduction, stress granules and p-bodies have been shown to be liquid droplets. As
such, they share this property with Sec bodies. Given the spatial relationship between Sec bodies and SG/
PBs, their sharing of Sec16 and the fact that Sec bodies form slightly earlier than SG/PBs, we asked whether
SG/PB assembly requires the same factors as Sec bodies, that is Sec16 and Sec23/24AB (Chapter 4).
To test this, we knocked down Sec16 with RNAi, starved and monitored FMR1. We found that the FMR1
cytoplasmic distribution in normal growth conditions remains unaffected and that stress granules do not form
as opposed to mock (GFP) depleted cells (Figure 3A-B). Sec23 and Sec24AB depletions (Figure 3C-D), but
not Sec24CD (not shown), have an effect very similar to Sec16. Tral and elF4E in starved Sec16 depleted
cells (Figure 3E-F) also dispaly a pattern similar to normal growth condition, indicating that Sec16 and Sec23/
Sec24AB are novel factors required for SG/PB formation under amino-acid starvation, as they are for Sec
body formation.
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Figure 1: Stress granules and p-bodies in S2 cells upon amino-acid starvation
A: Polysome profiles of S2 cells in Schneider’s or 4 hours in KRB.
B-C: Immuno-fluorescence visualization of endogenous FMR1, eIF4E and Tral in cells in Schneider’s (B) and in KRB for 4 hours
(C). Note upon starvation, stress granules (FMR1, eIF4E) form and p-bodies (Tral) grow to co-localize in SG/PBs (arrows).
D: Kinetics of SG/PB formation in S2 cells incubated in KRB over indicated time (up to 6 hours) expressed as the percentage of
cells exhibiting haze, intermediate and SG/PBs (see materials and methods).
E-F IF visualization of Sec16 (Sec body) and FMR1 (SG/PB) in cells in Schneider’s and KRB for 4 hours and co-localization displayed with heat map (E), high magnification of spatial relationship between Sec bodies and SG/PBs (F).
Scale bars: 10 μm (B, C and E); 500 nm (F).
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A-B”: Immuno-EM visualization of Sec16 (10 nm) (A) and Tral (15 nm gold) with Sec16 (10 nm) (B-B’) in ultrathin sections of S2
cells incubated in KRB for 4 hours. Note that Sec16 is mostly localized to Sec bodies (A and B”) but also populates Tral positive
SG/PBs (red circles). Note the mitochondria surrounding SG/PBs.
C: Co-IP of FMR and Tral-GFP with Sec16. FMR1 co-immunoprecipitates with Sec16 and with Tral (left panel), Sec16 interacts
with FMR1 both in fed (S) and starved (K) cells (right panel).
Scale bars: 500 nm (A, B”).

ERES components but not active secretion are required specifically for starvation induced
stress granules
One possible explanation for our observations is that protein transport through the secretory pathway is required for stress granule assembly and since depletion of ERES components impairs ER exit, it also inhibits
stress granule formation.
To assess this, we blocked protein transport in the secretory pathway at the level of ER exit by depleting
Sar1 (Figure 4A) and monitored SG/PB formation during amino-acid starvation. We found that FMR1 is very
efficiently recruited to SG/PBs showing that SG/PB formation does not require exit from the ER via COPII.
Pharmacological inhibition of COPI vesicle formation by brefeldin A also leading to a severe inhibition of
protein transport (Figure 4B) does not affect FMR1 recruitment to stress granules either. Taken together, this
shows that the role for Sec16 and Sec23/Sec24AB in SG/PB formation is, as for Sec bodies, independent of
their role in protein transport through the secretory pathway via COPI and COPII vesicle formation.
Stress granules also form upon other stresses, such as heat shock and exposure to arsenate (Anderson
and Kedersha, 2002, 2006; Farny et al., 2009) and we asked whether their assembly under those conditions
is also dependent on ERES components. We found that FMR1 is incorporated in stress granules as efficiently
in mock- as in Sec16-depleted cells upon these two treatments (Figure 4A,B) suggesting that Sec16 has a
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role in SG/PB formation specifically triggered by amino-acid starvation. Interestingly however, in these treatments p-bodies do not enlarge as much as in starvation and FMR1 does not colocalize with Tral (not shown).

ERES components are required for the amino-acid starvation induced eiF2α phosphorylation by GCN2
We then asked how Sec16 and Sec23/24AB could impact SG/PB formation upon amino-acid starvation and
we started by investigating the Tor complex 1, TORC1. TORC1 is the major nutrient sensor that mediates
the response to nutrient availability (see introduction). It comprises the large kinase Tor and a number of essential subunits, such as Raptor (Hara et al., 2002; Kim et al., 2002). We have previously shown that TORC1
Chapter
5 Figure
inhibition in normal growth conditions either with rapamycin or Raptor depletion by RNAi, is
not enough
to 3
drive remodeling of the secretory pathway, (Zacharogianni et al., 2011). Similarly, TORC1 inhibition does not
induce stress granule assembly.
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Figure 3: Sec16 and Sec23/24AB are key factors for SG/PB formation
A-F: IF visualization of FMR1, Tral, eIF4E and Sec16 in mock- (GFP, A, E) Sec16- (B, F), Sec23- (C) and Sec24- (D) depleted cells
incubated in KRB for 4 hours.
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We further examined if the phenotype we observe is mediated by residual TORC1 activity. Starved-,
rapamycin treated or Raptor depleted S2 cells display unaffected Sec body and SG/PB formation (Figure
5A,B), even though Raptor-depleted cells display severely compromised growth and proliferation. Conversely,
stimulation of the TORC1 pathway with insulin during amino-acid starvation also does not prevent stress
granule formation (not shown), indicating that neither TORC1 inhibition nor activation is sufficient or necessary for the formation of these stress assemblies under amino-acid starvation.
On the other hand, in Drosophila S2 cells under certain types of stress (like arsenate treatment, but
not heat stress) stress granules are known to assemble in response to eiF2α phosphorylation (Farny et al.,
2009). We therefore, tested whether eiF2α phosphorylation is triggered by amino-acid starvation in an ERES
Chapter 5 Figure 4
component dependent manner. We found that eiF2α displays a basal level of phosphorylation in normal
growth conditions, which increases upon amino-acid starvation as efficiently as upon arsenate treatment, a
potent inducer of p-eiF2α (Figure 5B).
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Figure 4: ERES components but not active secretion are required for stress granule assembly specifically upon aminoacid starvation
A: IF visualization of FMR1 in mock- and Sar1-depleted cells incubated in KRB for 4 hours. Note that stress granule formation is
as efficient as in mock depleted cells
B: IF visualization of FMR1 in S2 cells treated with or without BFA (as indicated).
C: IF visualization of FMR1 in S2 cells treated with or without arsenate for 4 hours
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We then assessed whether depletion of ERES components affects eiF2α phosphorylation and we found
that it was the case (Figure 5D). Sec16 and more predominantly Sec23 depletion decreases the phosphorylation by about 30 and 40% respectively, suggesting that they participate in a signaling pathway leading to
eiF2α phosphorylation. (Figure 5D).
eiF2α can be phosphorylated at serine 51 by several mammalian kinases [recently reviewed in (Donnelly
et al., 2013)], only two of which have identified homologues in Drosophila (Farny et al., 2009), namely PEK
that phosphorylates eiF2α in response to ER stress (Harding et al., 1999) and GCN2 that is described to be
activated by nutrient restriction (Dong et al., 2000). We assessed whether the starvation-induced increase of
p-eiF2α of depends on either of these kinases.
Depleting PEK affects neither the level of p-eiF2α (Figure 5E) nor Sec body and SG/PB formation
(Figure 5F). Conversely, GCN2 depletion decreases p-eiF2α to basal levels upon starvation (Figure 5E)
and to a small degree impairs Sec body and SG/PB formation (approximately 20% reduction) (Figure 5F)
suggesting that GCN2 is involved in eiF2α phosphorylation in S2 cells. In line with this result, GCN2/PEK
double depletion further reduces Sec body and SG/PB assembly (approximately 30%) (Figure 5E). Sec16
remains in smaller ERES-like structures and a fraction of FMR1 diffuse in the cytoplasm. This result shows
that eiF2α phosphorylation in starved S2 cells is mediated mainly by GCN2 and it promotes SG/PB formation
as already described (Damgaard and Lykke-Andersen, 2011; Dong et al., 2000) but also, unexpectedly, Sec
body formation. Yet we cannot exclude input from PEK since the double depletion is even more efficient in
preventing Sec body and SG/PB assembly.
However, even though the GCN2/PEK double depletion almost completely abolishes p-eiF2α in starvation (compare 6th and 7th lanes in Figure 5E) the inhibition of stress granules and Sec bodies is not as efficient
suggesting that, at least partially, upon amino-acid starvation stress granules and Sec bodies form via an
eIF2α independent mechanism.
Taken together, we show here that specific components of the ERES facilitate amino-acid starvation
triggered eiF2α phosphorylation by GCN2. This suggests a link between the response to stress of two processes, protein translation and protein transport in the secretory pathway, both being inhibited in an integrated
manner.

Discussion
Remarkably, Sec body and SG/PB formation are linked, specifically upon amino-acid starvation (but not upon
heat stress and arsenate treatment), as they require the same factors. One set of factors is the ERES components, Sec16 and Sec23/24AB and one of them, Sec16 is shared by both assemblies. This suggests that
Sec16 might interact with SG/PB components as supported by our preliminary mass-spectrometry following
Sec16 immunoprecipitation and co-IP data. The discovery of ERES components as factors required for
stress granule assembly is unexpected because although many stress granules and p-bodies components
are known, very few are known to be instrumental to their formation (Gilks et al., 2004; Tourriere et al., 2003)
But why are ERES components required for SG/PB formation during amino-acid starvation? Nutrient
stress is shown to induce cytoplasmic compartmentalization of biochemical processes in membraneindependent protein assemblies. Under normal conditions, compartmentalization is achieved by means of
membrane-bound organelles that communicate by vesicular transport. The ERES components response to
amino-acid starvation could signal the arrest of transport through the secretory pathway and the switch to
membrane independent compartmentalization.
This link we have exemplified between protein translation and the secretory pathway is therefore functional evidence of the recently discovered relationship between RNP granules and the compartments of the
secretory pathway, especially the ER. For instance, failure of proper translocation of a secretory nascent
peptide due to compromised interaction with the signal recognition particle at the ER triggers an mRNA
decay mechanism in p-bodies (Karamyshev et al., 2014). P-bodies have also been shown to localize in close
proximity to the ER and to increase in number in response to ER homeostasis perturbations and protein
transport inhibition in Arf1 yeast mutant (Kilchert et al., 2010). Last, ER resident proteins are now shown to
regulate p-body formation in yeast (Weidner et al., 2014).
The fact that SG/PB formation depends on ERES components suggests either of the two possibilities:
1) Secretory components (Sec16 and Sec23/24) may instruct SG/PB formation to store mRNAs encoding
proteins key for survival upon starvation and fitness upon stress relief. Strikingly, Tral, the p-body component that we use in our study was found localized at the ER and binding mRNAs encoding COPII subunits
(Wilhelm et al., 2005). It will be a challenge to determine what other mRNAs encoding proteins of the secretory pathway Tral and additional RNA binding proteins present in SG/PB bind to, but one hypothesis is that
these transcripts could be specifically stored under amino-acid starvation in order to ensure cell fitness upon
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stress relief. In this regard, we have shown that cell survival and fitness upon stress relief depend on the
formation of both stress assemblies upon amino-acid starvation. 2) Conversely, as ER translated mRNAs
(possibly encoding secretory proteins required in stress recovery) are proposed to escape sequestration at
stress granules (Unsworth et al., 2010), it is possible that interaction of stress granule components with the
COPII subunits restricts stress granule formation to specific sites away from these mRNAs.
The second set of factors that appear to play a role for both Sec bodies and SG/PB formation in aminoacid starvation is the GCN2 dependent eiF2α phosphorylation and strikingly, this is also modulated by ERES
components. eiF2α phosphorylation, a hallmark of translation inhibition and stress granule assembly in
specific types of stress in Drosophila (Farny et al., 2009), is increased upon amino-acid starvation in a
GCN2 dependent fashion. GCN2 is known to sense amino-acid starvation by binding to uncharged tRNAs.
Intriguingly, starvation of specific amino-acids, especially histidine induces a strong increase in p-eiF2α via
decreasing the levels histidyl-charged tRNA which appears to efficiently activate GCN2 (Zaborske et al.,
2009). This correlates well with our observation that histidine addition quantitatively prevents the formation of
both stress granules and Sec bodies (Chapter 4). Furthermore, we found that Sec16 and Sec23 are involved
in the increase in p-eIF2α. They could be involved in this event in at least 2 different ways: 1) ERES components could act as a scaffold on which eIF2α finds GCN2, either at the ERES or in the cytoplasm where some
of these components are released upon starvation. However, as we have not been able to localize p-eIF2α
to ERES or Sec bodies during starvation (not shown), the possibility remains open as to whether they could
interact in the cytoplasm. 2) As eIF2α cycles between a phosphorylated and de-phosphorylated state in order
to fine tune translation initiation, ERES could sequester the ER-resident phosphatase Gadd34 that is known
to de-phosphorylate p-eiF2α (Malzer et al., 2013; Novoa et al., 2001) and thus stabilizing p-eiF2α at the level
required for stress granule induction.
However, other mechanisms that result in stress granule assembly have been described that do not
depend on eIF2α phosphorylation and are mainly a result of the inhibition of the RNA helicase eIF4A and
other steps in the translation elongation process (Mazroui et al., 2006; Mokas et al., 2009). Since inhibition
of p-eiF2α in amino-acid starvation does not completely abolish Sec body and stress granule assembly it is
likely that one of those mechanisms also mediates stress assembly formation in our experimental conditions.
Intriguingly, we could not assign a role to TORC1 to Sec body and SG/PB formation in response to aminoacid starvation. This is in line with previous observations in yeast, which suggest that TORC1 signaling does
not affect stress granule assembly in stationary phase cells (Shah et al., 2013). However, TORC1 has been
shown to phosphorylate and decrease the basal activity of GCN2 when nutrients are abundant (Cherkasova
and Hinnebusch, 2003) and it was reported to play a role in stress granule assembly and response to heat
stress (Takahara and Maeda, 2012; Wippich et al., 2013). This perhaps suggests that TORC1 might have a
more prominent role in stress granule formation upon stresses other than nutrient restriction.
RNP granules have been associated with several pathophysiological conditions and especially neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) or frontotemporal lobar degeneration
(FTLD) recently reviewed in (Li et al., 2013; Ramaswami et al., 2013). In a nutshell, mutations in stress
granule components lead to hyperstable assemblies that act as toxic aggregates. Interestingly it was recently
reported that ER to Golgi transport was inhibited in an ALS related Sod1 mutant background and the ALS
phenotypes where rescued by overstimulation of ER exit (Atkin et al., 2014). Our observations reveal an
unexpected regulator of stress granule formation and the potential contribution of the ERES components to
these pathophysiologies opens new avenues for investigation.

Materials and methods
Cell culture, amino-acid starvation, RNAi, transfection and drug treatments: Drosophila S2 cells were cultured in Schneider’s medium supplemented with 10% insect tested fetal bovine serum (referred to as Schneider’s) at 26°C as previously described (Kondylis and Rabouille, 2003; Kondylis et al., 2007). Amino-acid starvation was induced by incubating
the cells for 4 hours (or otherwise stated) in Krebs Ringers Bicarbonate buffer (KRB, 10 mM glucose, 0.5 mM magnesium chloride, 4.53 mM potassium chloride, 120.7 mM sodium chloride, 0.7 mM dibasic sodium phosphate, 1.5 mM
monobasic sodium phosphate, 15 mM sodium bicarbonate, 5.4 mM calcium chloride) at pH7.4. We verified that simply
adding 10% FBS to the buffer did not prevent the Sec body/stress granule formation.
S2 cells were depleted by RNAi for 5 days as previously described (Kondylis and Rabouille, 2003; Kondylis et al., 2007).
Transient transfections were performed using the Effectene transfection reagent (Qiagen, 301425) according to the
manufacturer’s instructions. Expression was induced 48 hours after transfection with 1 mM CuSO4 for 1.5 hours. The
newly synthesized proteins were allowed to localize for 1 hour after CuSO4 washout.
Drugs were used at the following concentrations: NaAsO2 (0.5 mM), rapamycin (2 µM), brefeldin A (50 µM). When a
drug treatment was followed by starvation, the cells were pretreated for 30 minutes in Schneider’s plus drug. Heat stress
was induced for 4 hours at 37°C.
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Antibodies:The following antibodies have been used in these experiments: rabbit polyclonal anti-Sec16 (Ivan et al.,
2008), 1:800 IF, 1:2000 WB; rabbit polyclonal anti-Sec23 (Pierce PA1-069A) 1:200 IF, 1:1000 WB; rabbit polyclonal
anti-Sec31 (Bentley et al., 2010)1:200 IF; mouse monoclonal anti-V5 (life technologies R960) 1:500 IF; mouse monoclonal anti-FMR1 (DSHB supernanant clone 5A11) 1:10 IF, 1:500 WB; rabbit polyclonal anti-Tral 1:200 IF, 1:1000 WB;
rat anti-eIF4E (Nakamura et al., 2004)1:200 IF, with methanol fixation; rabbit polyclonal anti-phospho-eIF2α (S51) (Cell
signaling 9721s) 1:1000 WB; mouse monoclonal anti-α-tubulin (Sigma T5168) 1:100000 WB; the secondary Alexa antibodies (life technologies): donkey-anti-rabbit 568, donkey-anti-rabbit 488, donkey-anti-mouse 568 goat-anti-mouse 488,
goat-anti-rat 568, donkey-anti-rat 488 (1:200), and the secondary HRP conjugated sheep-anti-mouse HRP (NA931, GE
Healthcare) and donkey-anti-rabbit HRP (NA931 and NA934, GE Healthcare, 1:2500 WB)
DNA constructs and RNAi: Backbone of the constructs is the pMT-V5-6His (V4120, life technologies). To generate
pMT/FMR1-sfGFP, sfGFP was first amplified using the catgttcgaaatggtgagcaagggcgag (Forward) and catgaccggtcttgtacagctcgtccatgc (Reverse) primers containing the restriction sites for BstBI and AgeI, respectively and cloned into
PMT-V5-6His to replace the V5 tag. FMR1 cDNA was then amplified from the total cDNA of S2 cells using the fcatgggtacccaccatggaagatctcctcgtgga (Forward) and the catggaattcaaggacgtgccattgaccag (Reverse) primers and inserted in
pMT-sfGFP-His using KpnI and EcoRI.
Tral was amplified from cDNA of S2-cells and inserted into the vector pMT-sfGFP-6HisB using the primers catgggtacccaccatgagcgggggattaccg (Forward) and catggaattcaattgtgaaactgccgccac (Reverse) and the KpnI and EcorI restriction sites .
The following primers were used to amplify cDNA templates used for RNAi: GCN2 taatacgactcactatagggacacttgtgcaccactagcct and taatacgactcactatagggtccacatcacagccaaagat, PEK taatacgactcactatagggagctggagctggctgtttt and taatacgactcactatagggtactggcggatatcggcttc, Sec24AB taatacgactcactataggggccaaccggtttcaatcag and taatacgactcactatagggaggaggtagctggggttgac Sec24CD taatacgactcacttagggccctagagtgctccggctat and taatacgactcactatagggcgctctccttcgctgttc,
Sec16 ttaatacgactcactatagggagagccagaggatcagcatc and ttaatacgactcactatagggagagcgatcccacagcagtc, Sec23 ttaatacgactcactataggggtgcaggatatgctcggaat and ttaatacgactcactataggggtggagctgggattcaatgt, Sar1 ttaatacgactcactatagggatgttcacttgggactggttcand and ttaatacgactcactatagggagaatctctcgagcccacttcaa, Raptor ttaatacgactcactatagggagacgtatggaaccggaagacac and ttaatacgactcactatagggagagtatcctcggaggtggcag. The DNA fragments were used for in vitro
transcription using the T7 Megascript kit (AMBION) to generate the dsRNAs used for RNAi
Immunofluorescence and immunoelectron Microscopy: S2 cells were plated on glass coverslips, treated, fixed in 4% PFA
in PBS for 20 minutes and processed for Immunofluorescence as previously described (Zacharogianni and Rabouille,
2013) Samples were viewed under a Leica SPE confocal microscope using a 63X lens and 1.5-3x zoom. 17-22 confocal planes are projected to image the whole cells. IEM was performed as described previously (Kondylis and Rabouille,
2003; van Donselaar et al., 2007)
Immunoprecipitation: Cell lysate was prepared by incubating cells for 20 minutes on ice in lysis buffer (10% glycerol, 1%
TritonX-100, 50 mM TrisHCl pH 7.5, 150 mM NaCl, 50 mM NaF, 25 mM Na2-glycerophosphate, 1 mM Na2VO4, 5 mM
EDTA, protease inhibtors tablet (Roche). Protein A beads slurry was washed with lysis buffer and incubated for 1 hour at
4°C with the antibody. Subsequently, the beads where incubated for 2 hours at 4°C with cell lysate. After washing with lysis buffer, beads where boiled for 10 minutes in sample buffer and SDS-PAGE followed by Western blot was performed.
Quantification and statistics: Three independent experiments were performed for quantification of the Sec body/stress
granule phenotype as scored by IF. At least 3 fields were analysed per experiment comprising at least 100 cells per condition. Averages and standard deviations reflect variation throughout the experiments. For Sec bodies we considered
cells with at least one large, round (>0.5 μm) structure as exhibiting Sec bodies. Cells with smaller round structures and/
or haze were considered intermediate. For stress granuleswe considered cells having up to 5 large structures and no
haze in the “big stress granules” category. Smaller foci with or without haze were counted in the “small stress granules”
category and only cells without any foci were considered as “no stress granules”. For all measurements p-values were
calculated with Excel.
Polysome profiles: Polysome profiles were generated as described in (Pereboom et al., 2011)
Heat maps: Heat maps were generated with ImageJ by calculating the overlap of channels and applying the fire LUT.
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table 1:
Sec16
IP followed by mass-spec (cutoff p<0.0001)
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Calcium-‐transporting	
  ATPase	
  sarcoplasmic/endoplasmic	
  reticulum	
  type	
  
	
  
Putative	
  oxidoreductase	
  GLYR1	
  homolog	
  
Lon	
  protease	
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  mitochondrial	
  
	
  
F-‐box-‐like/WD	
  repeat-‐containing	
  protein	
  ebi	
  
Elongation	
  factor	
  1-‐alpha	
  1;Elongation	
  factor	
  1-‐alpha;Elongation	
  factor	
  1-‐alpha	
  2	
  
Elongation	
  factor	
  2	
  
Eukaryotic	
  translation	
  initiation	
  factor	
  3	
  subunit	
  A	
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  of	
  mRNA-‐decapping	
  protein	
  4	
  homolog	
  
	
  
Histone	
  H4	
  
60	
  kDa	
  heat	
  shock	
  protein,	
  mitochondrial	
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  heat	
  shock	
  70	
  kDa	
  protein	
  
Heat	
  shock	
  protein	
  83	
  
Protein	
  hu-‐li	
  tai	
  shao	
  
E3	
  ubiquitin-‐protein	
  ligase	
  hyd	
  
	
  
Bipolar	
  kinesin	
  KRP-‐130	
  
Mediator	
  of	
  RNA	
  polymerase	
  II	
  transcription	
  subunit	
  12	
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  lacking	
  protein,	
  isoforms	
  
	
  
	
  
	
  
	
  
	
  
Mediator	
  of	
  RNA	
  polymerase	
  II	
  transcription	
  subunit	
  15	
  
Mediator	
  of	
  RNA	
  polymerase	
  II	
  transcription	
  subunit	
  23	
  
Mediator	
  of	
  RNA	
  polymerase	
  II	
  transcription	
  subunit	
  26	
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  chain,	
  muscle	
  
Modifier	
  of	
  mdg4	
  
	
  
Protein	
  no-‐on-‐transient	
  A	
  
Polyadenylate-‐binding	
  protein	
  
	
  
	
  
60S	
  ribosomal	
  protein	
  L7a	
  
40S	
  ribosomal	
  protein	
  S8	
  
	
  
Ubiquitin	
  carboxyl-‐terminal	
  hydrolase	
  36	
  
DNA	
  topoisomerase	
  2	
  
Polyubiquitin;Ubiquitin;Ubiquitin-‐40S	
  ribosomal	
  protein	
  S27a;	
  
	
  
Myosin	
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  chain,	
  non-‐muscle	
  
	
  
Caprin	
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Cleavage	
  and	
  polyadenylation	
  specificity	
  factor	
  subunit	
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  retardation	
  syndrome-‐related	
  protein	
  1	
  
Heat	
  shock	
  70	
  kDa	
  protein	
  cognate	
  3	
  
Heat	
  shock	
  70	
  kDa	
  protein	
  cognate	
  4	
  
Heat	
  shock	
  70	
  kDa	
  protein	
  cognate	
  5	
  
Major	
  heat	
  shock	
  70	
  kDa	
  protein	
  
Heat	
  shock	
  protein	
  83	
  
E3	
  ubiquitin-‐protein	
  ligase	
  hyd	
  
	
  
Lamin	
  Dm0	
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  and	
  SH3	
  domain	
  protein	
  Lasp	
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  names	
  
aru	
  
Best1	
  
Ca-‐P60A	
  
CG11097	
  
CG4747	
  
	
  
Df31	
  
ebi	
  
Ef1alpha48D;Ef1alpha100E	
  
Ef2b	
  
eIF3-‐S10	
  
fl(2)d	
  
Ge-‐1	
  
Gp93	
  
His4	
  
Hsp60	
  
Hsp70Ab	
  
Hsp83	
  
hts	
  
hyd	
  
kis	
  
Klp61F	
  
kto	
  
lola	
  
Mad1	
  
Mal-‐B2	
  
MAN1	
  
Mbs	
  
Mbs	
  
MED15	
  
MED23	
  
MED26	
  
Mhc	
  
mod(mdg4)	
  
mor	
  
nonA	
  
pAbp	
  
ptip	
  
Rbbp5	
  
RpL7A	
  
RpS8	
  
sbb	
  
scny	
  
Top2	
  
Ubi-‐p63E;	
  
Utx	
  
zip	
  
BtbVII	
  
Capr	
  
CG13366-‐RB	
  
CG30015-‐RB	
  
CG7185	
  
Ctf4	
  
Fmr1	
  
Hsc70-‐3	
  
Hsc70-‐4	
  
Hsc70-‐5	
  
Hsp70	
  
Hsp83	
  
hyd	
  
kis	
  
Lam	
  
Lasp	
  
Mad1	
  
Mal-‐B2	
  

5

107

C hapter 5
Mediator$of$RNA$polymerase$II$transcription$subunit$1$
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Pre2mRNA2splicing(regulator(female2lethal(2)D(
Kinesin1like$protein$Klp10A$
Mediator$of$RNA$polymerase$II$transcription$subunit$16$
$
$
Homeotic$protein$female$sterile$
$
full$medium$only$
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Abstract
The kinase Tor is found in two complexes, TORC1, mostly involved in growth control and TORC2
whose role is less defined. As TORC2 serves as an activating kinase for PKB/Akt that is in turn found
activated in several types of stress, we ask whether TORC2 has a role to play in stress and how
it mediates it. Here, we report that TORC2 inhibition in Drosophila melanogaster leads to reduced
tolerance to heat stress specifically, while sensitivity to other types of stress, such as oxidative
stress or starvation was not affected. In parallel, we show that the TORC2 mediated phosphorylation
of PKB/Akt is increased upon heat stress both in the animal tissues and in the cultured cell line S2.
Heat stress promotes the upregulation of HSPs but we found that it was not modulated by TORC2.
However, heat stress also promotes the formation of stress granules, cytoplasmic ribonucleoprotein
particles in which stalled and untranslated mRNAs accumulate. We show that stress granules assembly is compromised in the absence of Rictor and Sin1, linking the TORC2 pathway to autonomous
cellular stress responses. This suggests that the TORC2-PKB/Akt signaling axis mediates the heat
stress response in Drosophila by promoting the formation of stress granules.

Introduction

6

Tor (Target of Rapamycin) is a conserved serine/threonine kinase that exists in two structurally and functionally distinct complexes, Tor complex 1 (TORC1) and Tor complex 2 (TORC2). Each complex comprises the
kinase along with specific regulatory subunits. Rictor and Sin1 are necessary components of TORC2 as they
act as adaptor proteins to regulate the kinase (Jacinto et al., 2004; Kim et al., 2002; Loewith et al., 2002;
Sarbassov et al., 2004).
Since its original discovery, in two screens for rapamycin suppressors (Heitman et al., 1991; Sabatini
et al., 1994), Tor, in the context of TORC1, has been extensively studied and shown to regulate a plethora
of cellular processes (Loewith and Hall, 2011; Soulard et al., 2009) with crucial roles in metabolic diseases,
cancer and aging (Sabatini, 2006; Sengupta et al., 2010; Zoncu et al., 2011). TORC1 is widely regarded as
the central regulator of cell growth and its activity is dependent on growth factors and nutrient availability
(Hara et al., 1998; Li et al., 2010; Sancak et al., 2010; Urban et al., 2007).
Unlike TORC1, TORC2 is less well understood and knowledge on upstream cues regulating its activity
is scarce. It has been implicated in the regulation of actin cytoskeleton rearrangements (Jacinto et al., 2004;
Sarbassov et al., 2004), and sphingolipid synthesis (Aronova et al., 2008; Berchtold et al., 2012) and has
been thought to function in the spatial regulation of growth (Schmidt et al., 1996).
At the molecular level, one of the best characterized downstream target of TORC2 is Protein Kinase B
(PKB), also known as Akt, a membrane-associated kinase from the family of AGC kinases, with well described
roles in cell growth and metabolism (Manning and Cantley, 2007; Scheid and Woodgett, 2001). In vitro,
TORC2 has been shown to directly phosphorylate the hydrophobic loop of PKB/Akt (Ser473 in mammals or
Ser505 in Drosophila) and thus increasing its kinase activity (Sarbassov et al., 2005) and there seems to be
a consensus regarding of Akt phosphorylation on Ser505 in vivo.
TORC2 roles in vivo are less well understood and rather contradictory, and knowledge on upstream
cues regulating its activity is scarce. TORC2 appears to have a role in growth control and has been shown to
transduce the overactivation of Akt observed upon increased stimulation PI3-kinase pathway in Drosophila
(Hietakangas and Cohen, 2007). Accordingly, in mammalian cells it has been found to be a target of the PI3K
pathway, activated by serum and growth factors (Frias et al., 2006; Yang et al., 2006). However, TORC2
appears to have only a minor influence on growth under standard conditions (Hietakangas and Cohen, 2007;
Jacinto et al., 2006; Soukas et al., 2009; Wang et al., 2012). In addition, the dependence of the TORC2 phosphorylation of PKB/Akt in growth regulation has been recently challenged and Serum-and GlucocorticoidInducible Kinase 1 (SGK1) has been proposed to carry out the functions of TORC2 in growth control (Jones
et al., 2009; Soukas et al., 2009; Wang et al., 2012).
On the other hand, several reports assign a stress resistance role to TORC2 since it has been found activated by nitrogen starvation, osmotic and oxidative stress and DNA damage (Ikeda et al., 2008; Schonbrun
et al., 2009; Weisman and Choder, 2001). This is in line with Akt functions in vivo in various environmental
stresses (Konishi et al., 1999; Matsuzaki et al., 2004; Shaw et al., 1998) for instance to inhibit apoptosis and
promote survival (Bang et al., 2000).
However, Akt/PKB is not established as one of the major stress response kinases. The main ones are
the Stress Activated Protein Kinases (SAPKs) - p38, JNK and Erk (Johnson and Lapadat, 2002; Nadeau and
Landry, 2007) that activate key stress response pathways. The activation of SAPKs is followed by the rapid
transcription of genes for heat shock proteins (HSPs) that protect against protein misfolding and aggregation
in stressful conditions (Lindquist, 1986). The stress response is nevertheless more complex and next to
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the transcriptional upregulation of cytoprotective factors, it includes branches that regulate translation and
mRNA turnover. It is well established that different types of stress such as heat, oxidative stress or starvation induce the attenuation of protein translation, polysome disassembly and accumulation of untranslated
mRNAs. These are stored in cytoplasmic RNA-protein particles (RNP) known as stress granules (Kedersha
et al., 1999) along with translation initiation factors and RNA binding proteins. From stress granules, stalled
mRNAs can also be transported to the p-bodies, a different type of RNP that contains RNA decay machinery,
for degradation, or upon stress relief, transferred back to polysomes for translation reinitiation (Anderson and
Kedersha, 2008).
Here, we show that TORC2 is specifically required for heat resistance in vivo as Drosophila melanogaster mutants for TORC2 components are selectively sensitive to heat stress. This sensitivity is accompanied
by the loss of Akt phosphorylation that is strongly enhanced by heat both in vivo and in cell culture. We show
that one of the key responses to heat stress, i.e. formation of stress granules, is inhibited upon loss of TORC2
function while the HSP branch of the stress response is not affected. Taken together, we propose that under
heat stress conditions, TORC2-mediated phosphorylation of Akt promotes survival by enabling stress granule
assembly.

Results
Generation of a Rictor mutant
To study the role of TORC2 in Drosophila, we generated Rictor mutant flies by mobilizing the EP-element
EY08986 located in the first intron of the Rictor locus (CG8002) and screened for imprecise excisions. We
obtained two independent deletions, Rictor77A and Rictor305A, of similar size (1.4 kb) that removed exons 2
and 3 (Figure 1A). The Rictor mRNA produced by both mutations is 757 nucleotides shorter and generates a
premature stop codon after 58 aa (Figure 1B). A precise excision allele recovered in the screen was used as
control throughout this study. As previously observed (Hietakangas and Cohen, 2007), loss of Rictor function
in homoallelic and heteroallelic combinations as well as in hemizygous males resulted in viable flies with no
obvious morphological defects yet slightly reduced in size.
As demonstrated in mammalian cells (Sarbassov et al., 2004) phosphorylation on Ser505 in the hydrophobic motif of PKB/Akt was compromised in Rictor mutants and was restored by ubiquitous expression of
Rictor (Figure 1C, last lane). Likewise, Ser505 phosphorylation was nearly absent in Sin1 mutants, another
specific component of TORC2 (Hietakangas and Cohen, 2007; Yang et al., 2006) (Figure 1C). In either
mutant, there is always a weak residual band of Ser505 phosphorylation that Chapter
is not further
reduced
6 Figure
1 in the
Rictor/Sin1 double mutants (Figure 1C).

Figure 1. The Rictor mutant alleles have reduced Akt Ser505 phosphorylation
A: Schematic representation of the Rictor locus and the mutant alleles Rictor 77A and Rictor 305A.
B: PCR product of the Rictor ORF amplified from cDNA -transcribed from mRNA of Rictor mutant and control flies In the deletion
mutants, the length of the Rictor ORF is 757 bp shorter than in the control, resulting in a premature stop codon after 58 aa.
C: IB visualization of Akt phosphorylation on Ser505 in parental line 1A (control), Rictor 77A mutant, Sin1 mutant, double Rictor77A/Sin1 and Rictor77A carrying a rescuing a Rictor transgene. Note that p-Akt is reduced in Rictor and Sin1 single mutants
and in Rictor/Sin1 double mutants. Reduced phosphorylation is rescued with ubiquitous expression of Rictor.

113

6

C hapter 6

Chapter 6 Figure 2

A

B

Control (1A)
Rictor (77A)
Rictor (305A)

70

50

30

10
1

2

3

4

5

6

7

8

9

100

Percentage of larvae
after 2 h at 37°C

Number of mobile flies

90

Immobile
Mobile

80
60
40
20
0

Control

Knockdown time (h) at 37°C

C

D

Rictor 77A Rictor 305A

Sin1

Genetic background

E

6
Figure 2. TORC2 mutant flies and larvae are sensitive to heat stress
A: Mobility curve of male control (1A) and Rictor mutants (77A and 305A) adult flies exposed to 37°C expressed as number of
mobile flies versus time elapsed. Note that both Rictor mutants behave similarly and that they are very different from the controlline. n=80 for each genetic background.
B: Control (1A n=79), Rictor (77A n=83, 305A n=74) and Sin1 (n=103) mutant larvae were exposed to 37°C for 2 hours and the
number of mobile vs immobile (paralyzed) larvae was counted. The graph shows the average and standard deviation of 3 independent experiments.
C: Quantitation of the sensitivity to heat stress of control flies (1A, n=117), Rictor77A (n=131) and Rictor305A (n=99) expressed
as the probability of being paralyzed. Experiment is performed as in A but at 38.5°C. p-value for any mutant vs. control is p<0.001.
D: Quantitation of the rescue of Rictor mutant sensitivity upon heat stress by the ubiquitous expression of Rictor (by means of tubGal4). tub>Rictor (n=31), Rictor77A; tub>Rictor (n=24), Rictor305A; tub>Rictor (n=9). p(tub>Rictor vs. control)<0.01; p(Rictor77A;
tub>Rictor vs. Rictor77A)<0.001; p(Rictor305A; tub>Rictor vs. Rictor305A)<0.001.
E: Quantitation of the sensitivity to heat stress of Sin1 mutant and Rictor Sin1 double mutants n(control)=186, n(y w)=40, n(Sin1)=14,
n(Rictor305A; Sin1)=31. p-values for differences between Sin1 and Rictor Sin1 mutants compared to the control are p<0.001.

Rictor and Sin1 homozygous mutants are heat sensitive
The fact that flies lacking Rictor (and therefore TORC2) function are viable is unexpected, considering that in
mice, Rictor and Sin1 mutations are lethal (Jacinto et al., 2006; Shiota et al., 2006). Interestingly, S. cerevisiae
TORC2 mutations are also lethal, whereas in S. pombe they are not (Ho et al., 2005; Wilkinson et al., 1999).
Considering the involvement of PKB/Akt in the stress response (Konishi et al., 1999; Matsuzaki et al., 2004;
Shaw et al., 1998) we set out to test whether challenging environmental conditions (heat stress, oxidative
stress and starvation) could compromise the viability of Rictor mutant flies. Interestingly, Rictor mutant flies
were exclusively sensitive to heat stress.
Upon high temperatures (37°C or 38.5°C), Rictor mutant adult flies became sluggish and rapidly began
to fall to the bottom of the vial (Figure 2A,C). We also observed that, when immediately returned to normal
temperature, they were able to recover, albeit slowly, indicating that high temperatures caused paralysis
rather than instant death. Similarly, Rictor and Sin1 mutant larvae also display a heat sensitivity phenotype
exemplified by their reduced/absent mobility when compared to control larvae of the same stage (Figure 2B).
The heat sensitivity of the flies was rescued by ubiquitous Rictor expression (tub-Gal4, UAS-Rictor) (Figure
2D). Sin1 mutants, as well as the double Rictor/Sin1 mutants, displayed the same sensitivity to heat (Figure
2E), confirming that TORC2 function is required for a proper heat response.
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Furthermore, we show that Rictor mutants were specifically sensitive to heat and not to oxidative stress
or dry starvation (Supplementary Figure 2A, B). Therefore, in our assays, TORC2 is selectively sensitive to
heat stress.

PKB/Akt Ser505 phosphorylation is enhanced by heat stress and impaired when TORC2 is
inhibited
Given that TORC2 phosphorylates Akt on Ser505 (Figure 1C) and that TORC2 mutants are heat sensitive, we
checked whether heat stress induces Akt phosphorylation on Ser505. Using extract of control larvae exposed
to 37°C for 2 hours, we show that p-Akt increases overtime (Figure 3A). Conversely, extract of homozygous
Rictor larvae exposed to the same treatment did not show this increase (Figure 3A).
The increase in p-Akt upon heat stress was specific, as the phosphorylation status of the major SAPKs
(p38, Erk1/2 and Jnk) did not change upon heat stress, whether in wild type or Rictor homozygous larvae
(Figure 3B).
We reproduced the heat induced Akt S505 phosphorylation in Drosophila S2 cells in culture. After the
first 10 minutes at 37°C, p-Akt increases and remains high for up to 2 hours of treatment indicating a heat
specific activation of Akt, distinct from the base level phosphorylation (Figure 3C). As in mutant larvae, this
phosphorylation was abolished in cells treated with dsRNA against Rictor and Sin1 (Figure 3D). The basal
level was lower than in mock depleted cells (especially in Rictor depleted) and the increase in Akt phosphorylation was abolished
Taken together, this shows that heat stress specifically induces the phosphorylation of Akt that is abolished in TORC2 mutant, thus suggesting a link between TORC2 mediated Akt phosphorylation and heat
stress.Figure 3
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Figure 3. Akt(S505) phosphorylation upon heat stress is TORC2 dependent
A: WB of p-Akt in lysates of control and Rictor 305A homozygous mutant larvae upon heat exposure for up to 2 hours. Note that
p-Akt increases upon heat stress in control animals but not in Rictor mutants.
B: WB of p38, JNK and Erk1/2 phosphorylation of control and TORC2 mutant larvae upon heat stress. Note that their phosphorylation does not change.
C: WB of p-Akt in lysates of S2 cells upon heat stress at 37°C for up to 2 hours. Note the increase in Akt phosphorylation as in
animals.
D: WB of p-Akt in GFP, Rictor and Sin1 depleted S2 cells exposed at 37°C for 2 hours. Note that p-Akt does not increase upon
TORC2 loss of function.
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Figure 4: Stress granule formation is inhibited in TORC2 depleted S2 cells
A: Immunofluorescence visualization of endogenous FMR1 in GFP (control), Raptor (TORC1), Rictor and Sin1 (TORC2) depleted
S2 cells heat stressed at 37°C for 2 hours. Note that in heat stressed control and Raptor depleted cells FMR1 is quantitatively
found in stress granules, whereas in Rictor and Sin1 depleted cells, FMR1 remains largely cytoplasmic.
B-B’. IF visualization of endogenous FMR1, eIF4E and Tral (p-bodies) in GFP depleted S2 cells grown at 25°C (B) and in GFP,
Rictor and Sin1 depleted S2 cells heat stressed at 37°C for 2 hours (B’). Note that eIF4E co-localizes with FMR1 in stress granule
supon heat stress and that Tral localization is not affected by heat stress and by depletion of the TORC2 components.
C: Quantification of stress granule formation in GFP, Raptor, Rictor and Sin1 depleted S2 cells. The graph shows the average
and standard deviation of 3 independent experiments. p values for Rictor and Sin1 depleted vs. GFP depleted are p<0.0005 and
p<0.005 respectively.
Scale bars: 5 μm
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Figure 5: Stress granule formation is impaired in Drosophila tissues
A-C’: IF visualization of FMR1 in imaginal discs of control larvae at 25°C (A-A’), exposed to 37°C for 2 hours (B-B’) and Rictor77A
mutant larvae exposed at 37°C for 2 hours (C-C’), in low (left) and high (right) magnification.
D: IF visualization of FMR1 in clusters of hemocytes from control (D), Rictor305A (D’) Rictor 77A (D’’) and Sin1(D’’’) mutant 3d
instar larvae heat stressed for 2 hours.
Note that stress granule formation is reduced in mutants for TORC2 components.
Scale bars: 10 μm
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The transcriptional upregulation of heat shock proteins is not mediated by TORC2
The first response to heat stress is the transcriptional activation and post translational modifications of heat
shock proteins (HSP) (Lindquist, 1986).
We first checked whether HSPs are transcriptionally upregulated in response to heat in Drosophila
larvae and whether this is modulated by the TORC2 pathway. Accordingly, we show using qRT-PCR, that
the transcription of 9 HSPs (including the 5 isoforms of HSP70) is activated (between 4 and 9 fold) by heat
stressing wild type larvae. However the transcriptional upregulation of the tested HSP genes is unchanged
in Rictor mutants (Suppl. Figure S1), suggesting that the role of TORC2 in heat stress is not related to HSP
transcription.

TORC2 is specifically required for stress granule formation under heat stress in Drosophila
cells and tissues

6

As mentioned at the introduction, another response to heat stress is the attenuation of bulk protein synthesis
that leads to the accumulation of free untranslated mRNAs in forming stress granules. The assembly of stress
granules has recently been observed upon heat stress both in vivo (Gareau et al., 2013; van der Laan et al.,
2012) and in Drosophila S2 cells (Farny et al., 2009).
We therefore tested whether stress granule assembly in heat stressed S2 cells is sensitive to loss of
TORC2 components. Stress granule formation was monitored using 2 endogenous markers, the RNA binding
protein FMR1 (Fragile mental retardation protein 1) (Figure 4A) and the translation initiation factor elF4E
(Figure 4B) that are diffuse in the cytoplasm at 26°C (Figure 4B) and localize in stress granule in S2 cells
exposed to 37°C for 2 hours (Figure 4A,B’). Interestingly, p-bodies, a cytoplasmic assembly related to stress
granules (see introduction), which we mark here by the LSM protein Tral, does not change upon heat stress
(Figure 4B’). They remain as small foci as previously described (Eulalio et al., 2007) and are unaffected by
depletion of TORC2 components.
We then tested whether stress granules form in larval tissues exposed to heat and whether this is also
TORC2 dependent. Control larvae exposed for 2 hours at 37°C do exhibit stress granules in their tissues,
especially the imaginal discs where they are very prominent (Figure 5A-A’, B-B’). Strikingly, they did not form
in discs dissected from Rictor mutant larvae upon the same conditions (Figure 5C-C’), thus reproducing the
pattern as observed in S2 cells. Similar to imaginal discs, the hemocytes of heat stressed control larvae also
exhibit stress granules and their assembly is decreased in Rictor and Sin1 mutant larvae (Figure5 D-D’’’).
Conversely, stress granules do not form in the fat body of control heat stressed larvae. Interestingly, heat
stress induces stress granule formation in the brains of both control and mutant animals (not shown) suggesting that in this tissue, stress granule formation is not solely controlled by TORC2 activity.
Taken together, this results show that one aspect of the response to heat stress (i.e. formation of stress
granules) is impaired in TORC2 mutant tissues or cells, suggesting that TORC2 phosphorylates and activates
Akt upon heat stress and this activation mediates the formation of stress granules which is required for heat
resistance at the cellular level in Drosophila.

Discussion
Here, we show that TORC2 is required to mediate heat resistance via the formation of stress granules,
possibly downstream of p-Akt. This is in line with the finding that S. pombe mutants for Tor1 (kinase of
TORC2), Sin1 and Gad8 (encoding the PKB/Akt ortholog) are also sensitive to heat stress (Ikeda et al.,
2008). Furthermore, Akt phosphorylation at the hydrophobic motif has been observed upon heat stress in
mammalian cells (Bang et al., 2000; Shaw et al., 1998), albeit before the identification of TORC2 as the
activating kinase. When this phosphorylation was inhibited, cells were more prone to apoptosis upon heat
stress. Hence results from yeast, mammalian cells and now from Drosophila support the notion that the
TORC2-PKB/Akt pathway represents an ancient and conserved cellular mechanism to cope with heat stress.
Why Drosophila Rictor mutants are not more sensitive to oxidative stress remains to be elucidated, as
Akt activation upon oxidative stress is dependent on TORC2 in yeast, as well as in mammalian cell culture
(Bang et al., 2000; Shaw et al., 1998). However, our unpublished data show that this is not the case in S2
cells, as induction of oxidative stress by arsenate treatment does not increase Akt phosphorylation on S505
(even though stress granules do form). One possible explanation is that, in Drosophila, the basal activity of
p-Akt is enough to stimulate the response upon oxidative stress, whereas other organisms require the full
activation of Akt via TORC2. Altogether, these results show that in the fly, TORC2 activity is required for stress
granule assembly upon heat stress, specifically.
It is interesting, yet not surprising that a growth kinase, such as Akt is involved in response to environ118
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mental stress, since promoting growth is advantageous only in environmentally favorable conditions. In this
regard, it is well established that the SAPK family member, Erk, can also be activated by both growth and
stress signals such as oxidative stress [reviewed in (McCubrey et al., 2007)] and that both Erk and Akt are
activated upon ER stress (Hu et al., 2004).
Surprisingly, however, we did not observe activation of the SAPKs, in particular of p38 as Drosophila
p38a mutants were shown to display stress-sensitive phenotype, including heat stress (Craig et al., 2004;
Seisenbacher et al., 2011). It is possible that the SAPKs have localized, tissue-specific roles that cannot be
detected in total protein lysates. Alternatively, the heat stress conditions we used here might have not been
enough to activate the SAPKs, or their basal phosphorylation level might have been restored at the time of
observation. Intriguingly, it has been reported that stress granule formation and SAPK activation are mutually
exclusive events under certain conditions. Certain types of stress (like heat or oxidative stress) induce stress
granules and suppress SAPK activation, as opposed to different types of stress such as DNA damage that
activate SAPKs without inducing stress granules (Arimoto et al., 2008). This can explain why acute stress,
such as our treatments, induces stress granule assembly without concomitant SAPK activation while chronic
stress (Seisenbacher et al., 2011) followed by adaptation, turns on p38 signaling.
How can Akt distinguish which downstream substrates to target in growth versus stress conditions,
given that the hydrophobic motif phosphorylation of Akt is increased under stimulated growth as well as in
stress? Akt has been shown to act on its various downstream targets in a spatial manner via its pleckstrinhomology domain and it can be recruited to different membrane compartments, such as plasma membrane
or endosomes (Huang et al., 2011; Schenck et al., 2008). Thus, we hypothesize that upon heat, Akt might get
actively recruited to a specific membrane compartment where it exerts its function and that this compartment
would be different from those involved in the Akt growth response. Interestingly, in support of this hypothesis,
it was recently reported that glucose starvation and shifting budding yeast to 37°C induced RNP assemblies
formation adjacent to ER membranes (Weidner et al., 2014). Hence, it is tempting to postulate that upon heat
stress TORC2 activates Akt, which is in turn recruited to the ER to mediate the formation of RNP assemblies.
The importance of studying environmental effects on metabolic signaling pathways, like the Tor pathway
is illustrated by the central role of these pathways for progression of diseases, such as metabolic diseases
or cancer [recently reviewed in (Beauchamp and Platanias, 2013; Laplante and Sabatini, 2012)]. Elucidating
the modulation of such pathways under different environmental conditions can identify potentially new targets
and processes playing roles in the physiological or pathological regulation of cell survival.

Materials and Methods
Fly strains:The Rictor deletion alleles were generated in a P-element excision screen using isogenized P(EPgy2)rictorEY08986 flies (Bloomington stock center). A precise excision from the same screen was used as a control throughout
this study. The Sin1 allele was PBac(RB)Sin1e03756 (all from the Bloomington stock center). Tub-Gal4 or da-Gal4 and
arm-Gal4 were combined with Rictor for the rescue experiments.
Generation of Rictor constructs: Rictor was amplified from cDNA using the primers caccatggcctcccaacattccag (Forward)
and ggagttgtcacgcacagttgtc (Reverse), cloned into pENTR-D-TOPO (Invitrogen), transferred into pTHW by Clonase
reaction and injected into y w embryos.
qRT-PCR: Total RNA was isolated from larvae using Trizol Reagent (Invitrogen). DNA contaminations were eliminated
using Turbo DNA-free (Ambion). cDNA was synthesized with SuperScript III RT (Invitrogen). qt-RT PCR for hsp genes
was performed using LightCycler 480 SYBR Green I Mastermix (Roche). The expression ratio was calculated as a
comparison of expression levels upon heat (36°C) vs expression levels under normal conditions (25°C) using REST-RG
software (Pfaffl, 2001).
Western blots: Proteins were extracted from larvae using a standard protocol and the concentration was measured with
BCA Protein assay (Pierce). Extracts (100 μg from larvae, or 20 μg from S2 cells) were loaded on SDS gel and transferred to nitrocellulose membrane. All blotting was done in 5% blocking buffer (TBST + milk powder). Phospho-Ser505
AKT (1:1000; Cell Signaling), phospho-p38 (1:1000; Cell Signaling), JNKactive (1:3000; Promega), Erk1/2 (1:500; Sigma) and Tubulin (1:10,000; Sigma) antibodies were used. Secondary anti-mouse-HRP and anti-rabbit HRP (1:10,000)
were from Amersham and Jackson, respectively.
RNAi: dsRNAs were generated with the Megascript T7 kit using the following sets of primers: Raptor ttaatacgactcactatagggagacgtatggaaccggaagacac / ttaatacgactcactatagggagagtatcctcg gaggtggcag and ttaatacgactcactatagggagagatcaagaggtggcctccag/ ttaatacgactcactatagggagagcatgcccaggatctgtatt, Rictor ttaatacgactcactatagggagaacgagtccaactcacaggct/ ttaatacgactcactatagggagagttggctgatgtccgaaaag and ttaatacgactcactatagggagaaccgagcgtagtagagcagc/
ttaatacgactcactatagggagaagacagaatccagccgagaa, sin1 ttaatacgactcactatagggagagatatgctggaagcacccat/ ttaatacgactcactatagggagatcagcttgttgtggatctgc
Immunofluorescence: Cells (control or incubated at 37°C) were fixed for 20 minutes at 4% PFA in PBS, processed for
immunolabelling and observed under a Leica SPE confocal microscope. The following primary antibodies were used:
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mouse monoclonal anti-FMR1 (supernatant, diluted1:10) from DSHB (clone 5A11), rat anti-eIF4E (diluted 1:200) described in (Nakamura et al., 2004), rabbit polyclonal anti-Tral (diluted 1:200) and Alexa 488, 568 (goat anti-rabbit) and
647 (life technologies) as secondaries. Larval tissues were dissected from control or heat stressed 3d instar larvae, fixed
and processed for IF as described in (Zacharogianni and Rabouille, 2013). Larval tissues were dissected from larvae
that were still mobile after heat exposure.
Stress tests: Heat stress tests were conducted at 37°C or 38.5°C in a hybridization oven (Thermo Electron). The flies
were raised at 25°C in bottles under optimal crowding conditions. Males were separated from females upon eclosion,
staged for three days and transferred into empty plastic vials (no more than 30 flies per vial). The vials were sealed
with foam plugs soaked in water to mimic a humid environment. The knockdown was scored over time. Both males and
females performed equally; data presented for Rictor and Sin1 alleles are for males. For comparison to wild type, the
Rictor precise excision allele was shown to perform similarly to the y w and Canton S strains. Oxidative stress (with 5%
H2O2) and starvation tests were conducted as described in (Junger et al., 2003). Flies were collected as for heat stress
tests.
Statistical analysis: In the stress resistance analysis in Figure 3, data were plotted as “number of flies alive at a certain
time point” and calculated using the statistical program R. Curves were estimated with the survfit function, which uses
the Kaplan-Meier estimator. p-values were calculated with the log-rank test in the same program. In Figure 5, percentages of cells with stress granuleswere analyzed from 3 independent experiments. The intermediate phenotype represents cells where FMR1 is both in small punctae and diffuse. 3 fields were analyzed comprising at least 150 cells per
sample. The data were plotted in Excel and standard deviations and p values were calculated with the same program.
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Supplementary Figures

Chapter 6 Supplementary Figure S1
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Suppl. Fig. S1: hsp gene expression and translation is not compromised in Rictor mutants
A: Quantitative RT-PCR of hsp gene expression upon heat treatment in control and Rictor77A mutant larvae. The data represent
the average of two biological replicates from larvae raised and treated identically. Expression upon heat is represented relative to
hsp expression levels under normal conditions.
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Suppl. Fig. S2: TORC2 mutant flies and larvae are not sensitive oxidative stress or starvation
A: Quantitation of the sensitivity to oxidative stress (5% H2O2) of control flies (1A, n= 257), Rictor77A (n=170) and Rictor305A
(n=175) expressed as the probability of surviving. p for Rictor77A and 305A vs. control is not statistically significant.
B: Quantitation of the sensitivity to complete starvation of control flies (1A, n=313), Rictor77A (n=148), Rictor305A (n=241) expressed as probability of surviving. p value for Rictor vs. control is p<0.001.
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C hapter 7
Nutrient stress triggers catabolic processes, like autophagy and attenuates energy consuming pathways like
protein translation. The work presented in the previous Chapters focuses mainly on the functional rearrangements taking place in the cytoplasm in response to nutrient starvation inhibiting both protein translation and
transport through the secretory pathway, another energy-demanding, anabolic process. The mechanisms
that inhibit translation upon stress are well described at the molecular level, yet the effects of stress on the
secretory pathway have only recently started to be elucidated. Here we describe the response of the secretory pathway during nutrient stress and identify some key players coordinating that response.

7

MAP kinases relay nutrient availability signals to the secretory pathway
Several components of the secretory pathway are regulated by phosphorylation. However the stimuli and the
specific kinases that mediate these modifications are largely unknown. The kinase screen described here
identified several kinases that are involved in the functional organization of the early secretory pathway in
Drosophila S2 cells by regulating the number and morphology of the tER-Golgi units. The follow up experiments on one of these kinases, Erk7, a member of the MAP kinase family, revealed that it relays nutrient
availability signals to the early secretory pathway. Erk7 is constantly degraded via the proteasome under
normal growth conditions, however it is stabilized upon nutrient deprivation. The increased levels of Erk7
directly or indirectly mediate the release of the ERES organizing protein, Sec16 from the ER membrane,
thereby preventing ER exit. The serum deprivation-induced cytoplasmic dispersal of Sec16 is reversible over
time, after serum re-addition suggesting that it is not an apoptosis related phenotype.
Erk7 is not the only MAP kinase that regulates Sec16 localization at the ERES. In mammalian cells Erk2
was shown to phosphorylate Sec16 in response to growth factors stimulation and increase its recruitment to
the ER membrane (Farhan et al., 2010). Even though Erk2 (Erk in Drosophila) does not play an obvious role
in Sec16 localization in S2 cells, the function of Erk7 is conserved in mammalian cells, as Erk7 (MAPK15 in
mammalian cells) knockdown prevented the decrease in ERES number observed upon serum and aminoacid starvation. Erk7 (MAPK15) activation upon starvation was also reported recently, when it was found to
stimulate autophagy (Colecchia et al., 2012), suggesting that it is involved in other aspects of the starvation
response. Several members of the MAP kinase family have stress responsive roles. The SAPKs (Stress
activated protein kinases) are MAPKs, such as p38 that regulate the cellular response to stress-inducing
environmental changes, mainly at the transcriptional and posttranslational levels. The findings regarding the
role of Erk7 in the regulation of the secretory pathway show that this process as well, is sensitive to extracellular stimuli. Furthermore they show that Sec16, acting as a scaffold for the COPII machinery, is responsible
for receiving these signals.
Interestingly, amino-acid starvation also affects the functional organization of the secretory pathway but
in a different way. During amino-acid starvation the COPII coat components along with Sec16 are removed
from the ERES and remodeled in fewer (2-12) and larger (more than 2 fold the ERES size) structures that are
not surrounded by limiting membrane. These structures are referred to as Sec bodies.
Erk7 appears to be involved also in amino-acid starvation yet, to a smaller extent, as Erk7 knockdown
prevents the formation of Sec bodies only by 20%. This combined with the fact that the response of the secretory pathway to amino-acid starvation is more dramatic and acute than to serum starvation suggests that
Erk7 stabilization is not the only mechanism that mediates the remodeling of the ERES. As illustrated by live
imaging of amino-acid starved cells, the first step of Sec body formation is the dispersal of ERES components
away from the ER membrane for the majority of the ERES, while the ones that are not dispersed are quickly
remodeled into small round structures. This first step of ERES dispersal during amino-acid starvation could
be mediated partially by Erk7, similarly to its function in serum starvation.
Sec bodies and other stress induced cytoplasmic mesoscale assemblies
Cytoplasmic rearrangements in response to changes in environmental conditions, such as nutrient limitation,
are characterized by local concentration of proteins into mesoscale assemblies, which under normal growth
conditions localize and function throughout the cytoplasm. The assembly of such structures emerges as a
strategy of the cells to cope with stress and it has been observed in many organisms from yeast to metazoans
as well as in plants (Wilson and Gitai, 2013). This type of transient and dynamic compartmentalization without
limiting membranes is also used by prokaryotes, which lack an intracellular membrane system. Eukaryotic
cells on the other hand, have an elaborate and complex endomembrane system, which allows very efficient
compartmentalization, yet at a high energy cost. One interesting hypothesis is that under non-favorable
conditions when energy and resources become limiting, eukaryotic cells use a different type of compartmentalization that does not involve the energy demanding steps of vesicle formation. One important feature of
these assemblies is that they are not membrane bound and unlike the other cell compartments they do not
communicate with the rest of the cell via vesicular trafficking. The formation of mesoscale protein assemblies
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allows the cells to locally increase the concentration of reagents participating in a biochemical process and
thereby increases the chances of the reaction to be productive under non-favorable conditions.
As mentioned in the introduction, these mesoscale assemblies can have either crystal-like or liquid-like
properties. The liquid droplets, which form as a result of phase separation are more dynamic and in constant
exchange with the cytoplasm (Hyman and Brangwynne, 2011), underlining that they can be involved in
sorting reagents, like in the case of stress granules, which sort mRNAs and dispatch them to polysomes
or to p-bodies. The feature that drives the assembly of the liquid droplets is the presence of low complexity
sequences and domains that participate in weak interactions, such as the RNA binding domains. As expected
stress granule and p-body components display high degree of LCS.
The remodeling of the ERES components into Sec bodies during amino-acid starvation reflects the
reorganization of the cytoplasm under stress. This assembly is transient and quickly reversible upon aminoacid re-addition and its FRAP properties suggest that its components do not occupy static positions in the
structure and they rather “swim” within the limit of the Sec body phase. Yet, even though they seem to form
via recruitment of dispersed ERES components from the cytoplasm, they are in slower exchange with the
cytoplasm after their assembly, as compared to components of other liquid droplets. An interesting feature
of the ERES components and especially Sec16 and Sec24 is that, unlike most of the proteome, they contain
many LCS. These LCS are likely the factor that allows their remodeling into Sec bodies, and it remains to be
shown which sequences of each protein are required for Sec body assembly. Interestingly, we observed that
only one of the two Sec24 proteins is required for the formation of Sec bodies Sec24AB. Since Sec24 is the
COPII component mostly responsible for cargo binding and each of the Sec24 proteins displays preference
for some cargo proteins and cargo receptors, a role for cargo in the formation of the Sec bodies cannot be
excluded. Another intriguing aspect of Sec24 is the promiscuity of its cargo binding domains. Indeed, the two
Sec24 proteins in Drosophila (four in mammalian cells) mediate the loading of many different proteins in the
budding vesicles. This type of promiscuous interactions is reminiscent of those of the RNA binding domains,
which also display low affinity for different RNAs suggesting that next to the LCS, other types of weak and
transient interactions could contribute to the assembly of the Sec bodies.
Functional aspects of Sec bodies
But why would the cells remodel their ERES into Sec bodies when amino-acids are limiting? We have no evidence suggesting that Sec bodies support vesicle formation meaning that unlike other mesoscale assemblies
Sec bodies do not form to facilitate the function of their components under non-favorable conditions. One
compelling hypothesis is that as energy and resources become limiting, the formation of Sec bodies signals
the switch to membrane independent compartmentalization. The ERES components are the best candidates
to relay such a signal as their removal from the ER membrane effectively inhibits membrane transport at the
very early steps. Indeed, the other stress related assembly, the stress granules, form shortly after Sec bodies
start assembling. Furthermore, it is exactly the same ERES components that are required for the formation
of both Sec bodies and stress granules, since when Sec16/23/24AB are depleted neither Sec bodies nor
stress granules form. The assembly of these structures is crucial for the survival of the cells under amino-acid
starvation and for their re-adaptation to normal growth conditions. This is underlined by the observation that
the cells decline rapidly under and after starvation when Sec24AB is depleted and they cannot reorganize
their translation and ERES machineries in stress granules and Sec bodies, respectively. On the other hand,
Sec24CD depletion does not affect either assembly allowing the cells to cope with stress efficiently.
Possible mechanistic links between Sec bodies and stress granules
Stress granules form as a result of translational arrest and polysome disassembly and a hallmark for translation inhibition is the phosphorylation of eIF2α (see introduction). In line with the fact that inhibition of Sec
bodies also impairs stress granule assembly, we find that inhibition of Sec bodies by knockdown of their
necessary components also decreases p-eIF2α. Indeed knockdown of Sec16 and, more prominently Sec23,
reduces to a small but significant and reproducible extent, the amino-acid starvation induced phosphorylation of eIF2α. This indicates that in the absence of Sec body components the translational machinery fails
to efficiently respond to the absence of nutrients. However, the decrease in eIF2α phosphorylation is likely
not the only mechanism that leads to polysome disassembly under amino-acid starvation. Knockdown of
both eIF2α kinases, PEK and GCN2 completely abolishes the increase in p-eIF2α yet it does not inhibit the
formation of Sec bodies and stress granules. This finding is not surprising, as it has been shown that under
some types of stress, like heat stress, p-eIF2α is not required for stress granule assembly (Farny et al., 2009).
Hence, translation arrest at a later step, such as elongation remains a possible mechanism for polysome
disassembly under amino-acid starvation.
Even though p-eIF2α is not the limiting factor in stress granule assembly in amino-acid starvation, it still
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depends on the presence of COPII components raising the question how would ERES proteins be involved
in this event. One possibility is that the Sec bodies spatially drive the reaction by forming a platform on which
eIF2α would be phosphorylated, however this is not very likely as p-eIF2α peaks approximately 30 minutes
after amino-acid withdrawal while Sec bodies only start forming at that time. Another interesting possibility is
that Sec bodies interact and retain the eIF2α phosphatase Gadd34 (also referred to as PPP1R15). Gadd34
is the only eIF2α phosphatase in Drosophila and intriguingly it was recently found associated to the ER via an
amphipathic helix (Malzer et al., 2013). The subcellular localization of Gadd34 upon amino-acid starvation is
still to be elucidated and it will possibly shed some light on the relationship between ERES components and
eIF2α phosphorylation.
Another link between Sec bodies and stress granules rises from the observation that even though upon
amino-acid starvation the majority of the ERES resident Sec16 localizes at the Sec bodies, a small fraction
partitions in the stress granules. This is supported by our findings that Sec16 co-immunoprecipitates FMR1,
Caprin and other RNA binding proteins both in normal growth and starvation conditions. The domains that
mediate these interactions are still to be identified; however, one hypothesis is that the release of Sec16 from
the ER membrane upon amino-acid starvation allows it to actively participate in the nucleation of the stress
granules through its LCS. Another possibility is that Sec16 is passively recruited to the stress granules via its
interaction with FMR1 (or others) however the fact that Sec16 knockdown prevents stress granule assembly
argues against that.

7

Open questions about the Sec bodies
The Sec bodies comprise all the COPII components we examined with the exception of Sar1. Under aminoacid starvation GTP of Sar1 loading might be impaired (our preliminary data suggest that it is indeed) and it
is possible that since it lacks any LCS next to the fact that in the GDP-bound form it does not interact with
COPII, it cannot partition in the Sec bodies. However the exact composition of Sec bodies is still elusive.
Mass-spectrometry analysis following cross-linking and immunoprecipitation might identify other components
that participate in Sec body formation, such as the Gadd34 phosphatase discussed above.
An important question still open is whether the Sec bodies contain RNA. Even though we have not
localized any of the bona fide RNA binding proteins, in the Sec bodies the possibility remains that the Sec
bodiy assembly is also mediated by RNA interactions, similarly to the other liquid droplets described so far.
Also, since the Sec body components are present under normal growth conditions why do they not assemble is Sec bodies and they remain at the ERES? The identification of the posttranslational modifications
that induce the remodeling of the COPII could help answer this. One possibility is that the starvation-induced
modifications induce the exposure of the LCS, which are abundant in many of the COPII components. It
is known for stress granule components that phosphorylation can regulate their dynamics. For instance
phosphorylation of G3BP (Ser149) prevents it from nucleating stress granules (Tourriere et al., 2003).
Another emerging posttranslational modification involved in cellular architecture is PARylation (Leung, 2014).
Poly-ADP-ribose is a polymer of ADP-ribose units that can be reversibly added to amino-acids by the PARpolymerases. An important feature of this type of modification is that it can increase the vallency of the
proteins it binds, similarly to the way a single RNA molecule can interact with many RNA-binding proteins.
Thereby, it acts as a scaffold for weak protein interactions that can in turn lead to phase separation and
formation of liquid droplets. Indeed stress granules are enriched in PAR, PAR-polymemerases and -hydrolases. Furthermore, inhibition of the PAR-hydrolases, the enzymes that degrade PAR prevents stress granule
disassembly (Leung et al., 2012). It is an interesting question whether PAR plays the role of the missing
polynucleotide in the formation of Sec bodies.
Furthermore what also remains to be established is the function of Sec bodies and their relationship with
the stress granules in vivo. Indeed, Sec body-reminiscent structures form in the follicular epithelium of starved
fruitflies, suggesting that it is a stress response mechanism that takes place also in vivo. However, whether
Sec bodies mediate the stress granule assembly in the context of animal tissue needs further investigation.
Finally, another field to explore is the differences between the response of the secretory pathway to
starvation in Drosophila as compared to mammalian cells. Structures similar to Sec bodies have not been
observed in mammalian cells, even though the ERES decrease in number during starvation. If the relationship between ERES components and stress granules is conserved in mammalian systems it could mean that
the COPII components can instruct stress granule formation from the cytoplasm and that their assembly in
Sec bodies is not required. Furthermore, in S2 cells the Sec bodies play also the role of reservoir for ERES
components that can be remobilized after stress relief to rebuild a functional secretory pathway. Our findings
show that this rebuilding of the secretory pathway does not require the synthesis of new components. A
possible difference with mammalian systems could be the actual turnover of the COPII proteins. It is possible
that Sec bodies do not form because the COPII proteins have faster turnover and can be quickly remade after
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starvation thus, dismissing the requirement for Sec bodies to store them.
TORC2 mediates stress granule assembly in heat stress
TORC2 signaling is required for stress granule formation under heat stress, but not under starvation.
Interestingly, it has been shown that heat-induced stress granule assembly in S2 cells is independent of
eIF2α phosphorylation and we found the same to be true in amino-acid starvation. This suggests that the
cells have other mechanisms in place to induce translational arrest and stress granule assembly under different conditions. Indeed, our results suggest that TORC2 mediated Akt phosphorylation is involved in stress
granule assembly, yet the specific mechanism remains to be elucidated. Another somewhat surprising finding
is that not all animal tissues require TORC2 activity for stress granule assembly. Indeed, the imaginal discs
and hemocytes failed to induce stress granules in the TORC2 mutant background, however in the larval brain
they assembled normally, suggesting the existence of tissue specific mechanisms in this pathway.
Further implications and concluding remarks
Stress induced protein assemblies have come into focus the recent years since they were related to the
pathology of neurodegenerative diseases. Mutations in he stress granule components TDP43 and Fus have
been reported as causative for pathological protein aggregates (Ramaswami et al., 2013). These mutations
render the proteins more prone to oligomerization and induce irreversible, insoluble aggregates that recruit
other stress granule components (Johnson et al., 2009). Exploring the possible involvement of ERES components in these conditions could be fruitful in better understanding these diseases. An interesting recent
finding that supports this is that stimulation of ER exit could rescue ALS related phenotypes (Atkin et al.,
2014). Whether induction of ER exit is beneficial by concentrating the COPII components at the ERES, away
from the cytoplasm where they could signal for stress granule assembly remains to be tested.
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De celbiologie van stress: Cytoplasmatische reorganisatie en cellulaire signalen
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Cellen staan continue bloot aan veranderingen in hun omgeving. Uiteindelijk kunnen deze veranderingen
leiden tot een cellulaire stress-respons. In dit proefschrift beschrijf ik het gedrag van bepaalde eiwitten in
de zogeheten ‘vroege secretoire pathway’ tijdens stress die veroorzaakt is door nutriëntentekort. Ik heb
gekeken wat de bijdrage is van deze eiwitten aan andere cellulaire processen (zoals het goed vertalen van
RNA in eiwitten en de vorming van stress-granules) die gelieerd zijn aan dit type stress en hoe bepaalde
signaaleiwitten deze stress-respons controleren.
Door het historisch veelvuldig gebruik van de fruitvlieg Drosophila in moleculaire en ontwikkelingSec
bodyiologische experimenten, heeft dit modelorganisme bijgedragen aan talloze belangrijke inzichten. De
laatste tien jaar is de fruitvlieg gebruikt om ook celbiologische vraagstukken op te lossen; Drosophila is vooral
populair geworden voor onderzoek aan membraantransport (‘membrane traffic’) via de secretoire pathways.
Uit talloze studies blijkt dat de functionele organisatie van de secretoire pathway tussen mens en Drosophila
erg op elkaar lijkt. Dankzij deze evolutionaire gelijkenis is de fruitvlieg zeer geschikt om de rol van de secretoire pathway tijdens de embryonale ontwikkeling en in verschillende signaalroutes te bestuderen. Maar
dit modelorganisme biedt nog meer voordelen. Zo is de fruitvlieg-cellijn S2 gebruikt voor het systematisch
uitschakelen van genen (door RNA-interferentie, RNAi) in talloze screens, waarvan sommige betrekking hebben op de functionele organisatie van de secretoire pathway. Uit andere screens komen belangrijke eiwitten
uit de secretoire pathway naar boven als spelers in ogenschijnlijk niet-gelieerde processen.
In Hoofdstuk 2 beschrijf ik allereerst de voordelen van het belangrijkste modelsysteem dat ik gebruik:
de fruitvlieg, inclusief de Drosophila S2-cellijn. Ik beschrijf methodes die ik heb gebruikt om de vroege secretoire pathway te bestuderen: microscooptechnieken zoals immunofluorescentie, elektronenmicroscopie en
‘live cell imaging’ gecombineerd met ‘transport assays’ en standaard celcultuur.
In Hoofdstuk 3 worden de vervolgstudies op basis van een eerdere kinase-screen beschreven. Deze
screen was opgezet om nieuwe regulator-eiwitten te identificeren, die betrokken zijn bij de vroege secretoire
pathway. Het eiwit Extracellularly regulated kinase 7 (Erk7, ook bekend als MAPK15) is in dit hoofdstuk geïdentificeerd als een speler die de respons van ER Exit Sites (ERES) op ‘serum starvation’ beïnvloedt. Tijdens
de ‘verhongeringskuur’, waarbij de cellen beperkte nutriënten tot beschikking hebben en stress ervaren, is
de degradatie van Erk7 door het eiwitdegradatiecomplex (het proteasoom) geremd. De verhoogde niveaus
van deze kinase leidt tot een chemische modificatie binnen het carboxyl-uiteinde van het Sec16-eiwit. Deze
posttranslationele modificatie zorgt voor een cytoplasmatische verspreiding van Sec16, waardoor het ERES
uiteenvalt. Als gevolg hiervan zet de cel een rem op de eiwitsecretie. De bevindingen beschreven in dit
hoofdstuk laten zien dat de vroege secretoire pathway gevoelig is voor nutriënten in de omgeving van cel, en
dat de pathways die de aanwezigheid van nutriënten kunnen detecteren de functionele organisatie van de
secretoire pathway reguleren. We hebben gevonden dat het belangrijkste ERES-eiwit, Sec16, het platform
vormt om deze al deze signalen te integreren.
De resultaten uit hoofdstuk 3, vormden de basis voor de experimenten die zijn beschreven in Hoofdstuk
4. In dit hoofdstuk wordt het gedrag van de ERES-componenten beschreven in geval van specifiek aminozuurstarvation; de cellen ontvangen hierbij dus geen aminozuren meer. De respons op het ontbreken van aminozuren bleek heftiger dan die op het ontbreken van serum. We zagen dat de ERES werd geherstructureerd tot
een nieuw, niet-membraangebonden omkeerbare structuur die eiwittransport niet langer ondersteund, maar
als opslagreservoir van ERES-componenten dient: de Sec-lichamen. De formatie van de Sec-lichaampjes
is cruciaal voor het overleven van de cel en voor de overgang naar normale groeicondities, wanneer de
stresssituatie voorbij is. Van de vorming van stress-granules was het al bekend dat ze zich gedragen als
vloeibare druppel; dit is een goed gedocumenteerde manifestatie van cytoplasmatische reorganisatie tijdens
stresscondities. Ook het Sec-lichaam blijkt zich te gedragen als een vloeibare druppel en lijkt daarom eveneens betrokken bij cytoplasmatische reorganisatie die plaatsvindt tijdens stress.
De overeenkomst tussen de Sec-lichamen en de stress-granules suggereert dat de formatie van deze
twee structuren met elkaar verbonden zijn. De resultaten van de experimenten om dat te onderzoeken, staan
in Hoofdstuk 5. We vinden dat – ondanks het feit dat Sec-lichamen en stress-granules morfologisch en
functioneel niet overeenkomen – de specifieke ERES-componenten noodzakelijk voor Sec-lichaamformatie
ook nodig zijn voor de vorming van stress-granules. Deze componenten faciliteren de stress-gerelateerde
signalen zoals GCN2-afhankelijke fosforylatie van eIF2. De resultaten in dit hoofdstuk laten een tot nu toe
onbekende relatie tussen het verlaten van het ER en mRNA sorting en mRNA turnover zien.
In Hoofdstuk 6 is nog een ander aspect van de regulatie van stress-granules onderzocht: het signaleringseiwit TORC2 is noodzakelijk voor de formatie van deze cellichamen als reactie op hitte-stress. In
fruitvliegen met een gemuteerd Rictor-gen zagen we de gevoeligheid voor hoge temperaturen als belangrijk
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fenotype. In onze zoektocht naar de onderliggende moleculaire mechanismen, vonden we in S2-cellen dat
de vorming van stress-granules tijdens hitte-stress gereguleerd wordt door TORC2. Dit zou mogelijk via de
TORC2 effector-eiwit Akt kunnen werken. Naast S2-cellen, hebben we deze observaties ook in de fruitvlieg
zelf gedaan.
Tot slot Hoofdstuk 7, waarin ik de voorgaande hoofdstukken bediscussieer en waarin de nog onbeantwoorde vragen worden genoemd. In dit hoofdstuk draag ik mogelijke verbanden aan die kunnen bestaan
tussen membraantransport en het remmen van eiwittranslatie; tot slot stel ik enkele potentiële toekomstige
onderzoeksrichtingen voor.
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