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Summary

Newly synthesized proteins leave the endoplasmic reticulum (ER) at ER exit sites
(ERES) in COPII coated vesicles. Among several proteins that regulate ERES, there is
consensus that Sec16A plays a key role. Sec16A is a protein of ~250 kDa that
localizes to ERES where it regulates ERES number and COPII vesicle formation by

acting as a scaffold for COPIl components.

The results show that Sec16A is an integrator of growth factor signaling at the level of
ERES. Sec16A is regulated by growth factor signaling in two ways: first, short-term
growth factor signaling was found to increase the mobility of Sec16A via
phosphorylation. Second, long-term growth factor signaling increases Sec16A
expression via the Egr transcription factor family. This mode of regulation places
Sec16A as the central node in a coherent feed-forward loop.

In addition, mathematical modeling of Sec16A dynamics at ERES in response to
signaling provides new insights into the biogenesis of ERES as mediated by Sec16A.

Furthermore, recruitment of Sec16A to ERES was found to be COPIll-dependent.

Lastly, Sec16A as well as functional ER export is required for cell proliferation, which
links Sec16A to hyperproliferative diseases such as cancer.

These findings provide a direct link between mitogenic stimulation, secretion, and

proliferation.

Summary 1



Zusammenfassung

Neu synthetisierte Proteine verlassen das endoplasmatische Retikulum (ER) an so
genannten ,ER exit sites (ERES)“ in COPIl-ummantelten Vesikeln. Neben einer
Vielzahl an Proteinen, die ERES regulieren, wird das Protein Sec16 allgemein als
Schlisselkomponente in der Regulation von ERES betrachtet. Sec16 hat eine GroBe
von circa 250 kDa und lokalisiert an ERES, wo es neben der Anzahl an ERES auch die
Entstehung von COPII-Vesikeln reguliert, da es flir die Komponenten des COPII-

Mantels eine stabilisierende, gertstbildende Funktion Gbernimmt.

Die Ergebnisse zeigen, dass Sec16A die Signale nach Stimulation mit
Wachstumsfaktoren auf dem Level von ERES integriert. Sec16A wird dabei auf zwei
Arten durch Wachstumsfaktoren reguliert. Durch kurz andauernde Stimulation mit
Wachstumsfaktoren wird die Mobilitdt von Sec16A durch Phosphorylierung erhéht,
wahrend durch lang andauernde Stimulation mit Wachstumsfaktoren die Expression
von Sec16A durch Egr Transkriptionsfaktoren gesteigert wird. Diese Art der Regulation
setzt Sec16A an die Stelle eines zentralen Knotens in einer kohérenten feed-forward
Schleife.

Zusatzlich ermdéglicht das mathematische Modellieren der Sec16A-Dynamik an ERES
in Reaktion auf Signalierung neue Einblicke in die durch Sec16 mediierte Biogenese
von ERES. Des Weiteren sind Hinweise entdeckt worden, dass die Rekrutierung von
Sec16A zu ERES COPII-abhangig ist.

SchlieBlich wird gezeigt, dass sowohl Sec16A, als auch ein funktioneller ER Export
essentiell fur Zellproliferation sind. Dies stellt Sec16A in den Kontext von

hyperproliferativen Krankheiten.

Diese  Erkenntnisse  stellen  einen  direkten = Zusammenhang  zwischen

Wachstumsfaktorstimulation, Sekretion und Proliferation her.

Zusammenfassung 2



Introduction



The Secretory Pathway

1 Structure of the Secretory Pathway

The eukaryotic secretory pathway consists of various different membranous organelles
that coordinate protein secretion. This tightly regulated process is essential for cellular
function. Transmembrane proteins or proteins that are destined to be secreted from the
cell must travel through the secretory pathway not only to be able to reach their
destination but also to be post-translationally modified. This is the case for
approximately one third of all proteins synthesized in a eukaryotic cell, with an
estimated 11% of proteins being soluble secretory proteins and 21% transmembrane

proteins "2,

The transport of proteins through the secretory pathway starts at the endoplasmic
reticulum (ER). The ER is involved with a variety of cellular functions, including protein
synthesis, modification and secretion, lipid synthesis and calcium homeostasis * °. The
ER is the largest membranous organelle in the cell which consists of a single
continuous membrane which surrounds the nucleus forming the nuclear envelope, and
forms a net-like structure consisting of cisternae and tubules spanning the cytoplasm
known as peripheral ER °. Based on ultrastructural morphological analyses, it is
subdivided into the rough ER, which is covered with ribosomes on its cytosolic surface
and has a sheet-like morphology, and the smooth ER which is ribosome-free and has a

more tubular structure ’.

Newly synthesized proteins that are destined for the secretory pathway are transferred
into the ER lumen or, in the case of transmembrane proteins, into the ER membrane.
After secretory proteins are properly folded, they leave the ER at specialized,
ribosome-free regions of the rough ER known as transitional ER (tER) or ER exit sites
(ERES) & % % " These structures are very stable and long-lived, although a certain
degree of mobility has been assigned to them 2. ERES are organized on cup-shaped
structures, the existence of which has been clearly demonstrated in Drosophila cells '3,
but has also been seen in animal cells, although only in a third of cases . At ERES,
secretory clients are packaged into COPIll-coated vesicles '°. After vesicles have
budded from ERES, they deliver their cargo to the ER-Golgi Intermediate Compartment
(ERGIC) also known as vesicular-tubular cluster (VTC) '® "7, which is formed by COPII
vesicle fusion. The ERGIC is a stable membrane compartment located between the ER
and the Golgi and has been shown to sort cargo for retrograde and anterograde

Introduction The secretory pathway 4



trafficking via COPI-coated vesicles '’. Retrograde trafficking from the ERGIC and the
Golgi back to the ER ensures that ER resident proteins (ie chaperones, cargo
receptors) that are trafficked together with their substrates are recycled back to the ER.
Anterograde trafficking transports proteins destined for the Golgi and beyond to the

16, 17, 18

Golgi which fuse with the Golgi membrane. In mammalian cells, the Golgi is
located next to the centrosome and forms a ribbon-like stack comprised of cisternae,
which are stacks of flattened membrane compartments that are interconnected by
tubules. Adjacent to the Golgi stack two reticular membrane networks are found, which,
together with the cisternae, form the Golgi complex. Depending on the composition of
Golgi enzymes responsible for glycosylation or other post-translational modifications of
cargo proteins, the Golgi is subdivided into the cis-Golgi, the trans-Golgi and the Trans
Golgi Network (TGN). The cis-Golgi faces the ERGIC and the ER and receives vesicles
from the ERGIC. The medial-Golgi lies between the cis-Golgi and the TGN, which
faces the plasma membrane. At the TGN, proteins are once again sorted and
transported to the plasma membrane (PM) or to intracellular compartments via

Clathrin-coated vesicles '® ' %

To ensure that proteins localize to the correct compartments, for example if they are
ER-resident proteins or need to be secreted, proteins contain sorting motifs. These are
short specific amino acid motifs located in the cytosolic domains of transmembrane
proteins that are recognized by cargo adaptors. Soluble proteins require cargo
receptors to be sorted into COPII-coated vesicles, whereby the cargo receptors are
recognized by cargo adaptors. Cargo adaptors concentrate cargo into vesicles and

thereby mediate the transport of proteins to their allocated compartments 2'.

Although the general structure of the secretory pathway is universally similar in all
mammalian cell types, some differences can be found in specialized cell types.
Specialized secretory cells that produce large quantities of proteins that are to be
secreted face a large secretory burden as their secretory organelles need to handle
this increase. Differentiated B cells or plasma cells that produce and secrete antibodies

increase the volume of both ER and Golgi % 2*2+ %,

Neuronal cells on the other hand must be able to transport cargo not only within the cell
body but also along their dendrites and axons in order to sustain them. To achieve this,
the ER in neurons spans not only the cell body but is found as a highly elaborate
network in dendrites. Additionally, small Golgi outposts have been observed in

dendrites 26, 27, 28, 29, 30
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The organization of the secretory pathway in mammalian cells is quite different from
that in lower organisms. In the budding yeast Saccharomyces cerevisiae (S.cerevisiae)
for example, there are no clearly defined ERES as in most other cell types.
Consequently, COPII vesicles are capable of stochastically forming at any region of the
ER. Lately, the term ERES was adapted to define clusters of COPII forming vesicles in
S.cerevisiae, but these are on the ultrastructural level not the same as bona fide ERES
in other cell types. *"3%3%34 The Golgi also differs markedly between mammalian cells
and other cell types. In mammals the Golgi is a single copy organelle that is organized
as stacks of flattened cisternae that are laterally anastomosing to form the Golgi ribbon.
In S.cerevisiae, the Golgi cisternae do not form stack and are dispersed in the
cytoplasm. However, these cisternae can still be classified as cis, medial or trans or
TGN based on their protein composition 3" % % 37 38 - Another budding yeast that is
commonly used as a model organism in trafficking is Pichia pastoris (P.pastoris). In
P.pastoris, around two to five distinct ERES are found that are faced by the same
number of Golgis, which are composed of stacks of three to four cisternae. These
cisternae are not laterally connected as in mammalian cells but are still polarized into
cis, medial, and trans cisternae 3" * % 3940 gSimijlarly to S.cerevisiae, the fission yeast
Schizosaccharomyces pombe (S.pombe) does not have clearly defined, easily
distinguishable ERES ', its Golgi however is organized into similar stacks as found in
P.pastoris ®" ® *2_ The secretory pathway in plants has traditionally received less
attention. However, work in the decade showed that plant cells also have ERES and
stacked Golgis that form secretory units dispersed throughout the plant cytosol. A
difference to other cell types is that ERES and Golgis are more mobilg ** 4445 4647, 48,49,
Interestingly, neither yeast or plant cells have so far been shown to have an
intermediate compartment between ER and Golgi comparable to the mammalian
ERGIC " . Another popular model organism in cell biology is the fruit fly Drosophila
melanogaster (D.melanogaster). The secretory pathway in D.melanogaster most
closely resembles that of P.pastoris. D.melanogaster lacks an intermediate
compartment such as the ERGIC: instead, the tER and Golgi stacks are organized into
tER-Golgi units. On average, 20 ERES are found in D.melanogaster cells that are
closely associated with several Golgi stacks consisting of two to three individual

cisternae which also show cis- and trans-like orientation '* % ®'- 5253
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As described above, the secretory pathway differs between species and has
continuously developed and gained complexity during evolution. In prokaryotes,
proteins are directly secreted via the plasma membrane, whereas eukaryotic cells have
developed multiple membrane-bound compartments **. In many eukaryotic species,
such as yeasts and Drosophila, the early secretory pathway is organized into secretory
units, where ER exit sites at the ER face several Golgis. In contrast, mammalian cells
have an additional compartment, the ERGIC, that coordinates anterograde and
retrograde protein trafficking * '’. Other species, such as plants and yeasts, contain a

vacuole, which plays an important role in protein degradation ®" *°

. Despite these
differences in the structure of the secretory pathway, the components of the secretory
pathway machinery are largely conserved. However, due to gene duplications,
mammalian cells have developed several isoforms of COPIl components that allow a

more specific regulation of protein trafficking °.
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Figure 1: The secretory pathway

Schematic depicting the different compartments of the secretory pathway, whereby
transport steps and their direction are indicated by arrows. The vesicle coats are
indicated by different colors: COPII (red), COPI (green), and Clathrin (blue). Nascent
proteins leave the endoplasmic reticulum (ER) after passing quality control at ER exit
sites (ERES) in COPIl-coated vesicles. Proteins are transported to the ER-Golgi
intermediate compartment (ERGIC), where they are sorted and transported in COPI-
coated vesicles back to the ER (retrograde transport) or to the cis-Golgi (anterograde
transport). Proteins travel through the Golgi from the cis-, to the medial-, and finally to
the trans-Golgi and the Trans-Golgi-Network (TGN). At the TGN, proteins are sorted and
transported in Clathrin-coated vesicles to the plasma membrane (PM), to early and late
endosomes, or to secretory granules.
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2 Endoplasmic reticulum

As described above, the ER consists of membranous sheets and tubules, whereby the
sheets mostly contain the ribosomes forming the rough ER where protein translation
and translocation, post-translational modifications, as well as folding of proteins and
quality control takes place ®°’. These processes will be discussed briefly below.

2.1 Protein translocation into the ER

Import of proteins into the ER can occur either during protein translation while the
emerging protein is bound to the ribosome (co-translationally or ribosome-coupled
protein translation), or post-translationally, after the protein has been fully synthesized
and is no longer associated with the ribosome (ribosome un-coupled protein
translocation). Although both translation modes utilize the same translocation process
through the ER membrane via the heterotrimeric Sec61 complex, they require different

accessory proteins to assist with the ATP-dependent translocation process 3'- 5859 €0. &1,

62, 63

Co-translational translocation is dependent on the signal peptide, a cleavable
sequence of 15-30 amino acids with a hydrophobic core flanked by polar and
uncharged residues. The signal sequence is recognized by the cytosolic signal
recognition particle (SRP) as the precursor polypeptide emerges from the ribosome.
Next, SRP binds its SRP receptor on the ER membrane, thereby transporting the
nascent protein (bound to the ribosome) to the heterotrimeric Sec61 translocation
complex that forms an aqueous pore in the ER membrane. During translocation, the
ribosome is tightly bound to the Sec61 pore. Many other proteins assist in and regulate
the co-translational translocation process, particularly the ER luminal protein called
Binding immunoglobulin protein (BiP). BiP is a member of the heat shock protein 70
(HSP70) family and is a molecular chaperone that binds the nascent protein as it
reaches the ER lumen. In addition, BiP gates the Sec61 channel by mediating both

Sea”ng and Opening of the pore 31, 58, 64, 65, 66, 67, 68, 69, 70, 71,72, 73, 74, 75, 76'

In post-translational translocation, the fully synthesized polypeptide is kept soluble in
the cytosol and transported to the Sec61 translocation complex by cytosolic
chaperones, for example members of the Hsp70 and Hsp40 chaperone families. As in
co-translational translocation, the Sec61 complex is regulated by the ER luminal BiP,

among other proteins 3'-%8 64.73.74.77. 78,79,
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2.2 Protein maturation in the ER lumen

After synthesis of the polypeptide chain and translocation of the nascent protein into
the ER, proteins need to be properly folded in order to function. The ER lumen contains
a high level of folding enzymes or molecular chaperones. Chaperones are defined as
proteins that assist incorrectly or unfolded proteins to reach their native, properly folded
state, but are not a part of the final structure of the folded protein. Several categories of
folding enzymes are present in the ER lumen, such as the lectins (which include
Calnexin and Calreticulin), heat shock family chaperones (such as BiP, GRP94),
protein disulfide isomerase (PDI) family, peptidyl-propyl cis/trans isomerases (PPIs),

and chaperones responsible for special substrates > 2°.

The most prominent chaperones in the lectin chaperone family are Calnexin and
Calreticulin. Calnexin is a type | ER integral membrane protein, whereas Calreticulin is
a soluble protein present in the ER lumen. Consequently, Calnexin recognizes proteins
that are in proximity of the ER membrane, whilst Calreticulin binds proteins found in the

ER lumen 81, 82, 83, 84, 85, 86

. Lectin chaperones require monoglucosylated N-linked
glycans and unfolded protein regions in order to recognize their protein substrates.
Most proteins entering the ER lumen immediately become N-glycosylated, on
asparagines within the consensus sequence N-X-S/T by the oligosaccharyl transferase
which covalently attaches the core carbohydrate, which consists of two N-
acetylglucosamine residues, nine mannose residues, and three terminal glucose
residues. As soon as the oligosaccharide is attached to the nascent protein, residues of
the oligosaccharide are removed, or trimmed off. Glucosidase | and Il remove the two
terminal glucose residues, followed by removal of a terminal mannose by ER
mannosidases. These trimmings result in monoglucosylated side chains which are
recognized by Calnexin and Calreticulin & 8. 89 90. 91. 92,93, 94,95, 9% "'Ramgyal of the last
glucose residue of the oligosaccharide by Glucosidase Il results in the release of the
nascent protein from either Calnexin or Calreticulin, and prevents re-binding of the
protein with the lectin chaperones, as these are unable to recognize unglucosylated
proteins. Therefore, the binding of lectin chaperones to their substrates is regulated by
the actions of glucosidases and transferases. By binding nascent proteins, lectin
chaperones prevent protein aggregation and slow down the folding reaction, thereby
increasing the efficiency of the folding. Additionally, they present nascent proteins to
other chaperones that assist with protein folding, such as PDIs that are responsible for
disulfide bond formation. After release from the lectin chaperones, proteins can either
be properly folded, or require additional folding. In this case, the de-glucosylated
proteins are  recognized as misfolded by  UDP-glucose: glycoprotein

Introduction The secretory pathway 10



glucosyltransferase (GT1) and receive back a glucose residue which once again
makes them recognizable for Calnexin or Calreticulin, and they undergo an additional

round of fOldlng 57, 82, 87, 92, 94, 97, 98, 99, 100, 101, 102, 103'

The most important member of the heat shock chaperone family is BiP, which is also
involved in protein translocation, as described above. Substrates recognized by BiP are
mostly non-glycosylated, as BiP recognizes short hydrophobic regions that are usually
not accessible on folded proteins. In addition to binding unfolded proteins and
preventing their aggregation, BiP also has an ATPase domain. When bound to ATP,
BiP is in its low-affinity conformation for unfolded proteins. ATP hydrolysis is induced
by other accessory proteins such as Dnad (Hsp40), which causes BiP to transfer to its
high affinity conformation and tightly bind unfolded proteins. Nucleotide exchange
factors then exchange ADP for ATP causing BiP to release its substrate. This cycle is

repeated numerous times until the protein is folded properly > 104 105, 106. 107, 108, 109, 110,

" 12 Another highly abundant glycoprotein chaperone that is only found in
vertebrates is GRP94, which is more specialized than BiP and required for the

maturation of immunoglobulins and toll-like receptors " 113 114 115,116,117, 118

An important step in creating the native protein fold is to establish the correct disulfide
bonds within the nascent protein, as these are critical for the formation and stability of
proteins. This reaction is assisted by a large family of protein disulfide isomerases
(PDlIs). PDIs not only act as electron donors and acceptors during the formation and
rearrangement of disulfide bonds in their target substrates but also function as

57,119, 120, 121, 122, 123, 124, 125, 126, 127, 128
chaperones .

In addition to the described chaperone families there are also highly specialized
chaperones present in the ER that show great substrate-specificity. For example,
Hsp47 is a chaperone that is required specifically for the maturation of collagen, while

I 113, 114, 116, 117, 129, 130,

the previously mentioned GRP94 is required for assembly for MHC
131,132, 133

2.3 Quality control and ERAD

Various reasons like mutations or shortage in chaperones might result in the
accumulation of terminally misfolded proteins. To prevent toxicity due to these unfolded
proteins, the ER has evolved strategies to send these proteins to degradation, a
process summarized as ER-associated protein degradation (ERAD). However, since

Introduction The secretory pathway 11



misfolded proteins are located in the ER lumen, they must be transported out of the ER
back into the cytoplasm, in a process called ,re-translocation”. The ERAD pathway can
be divided into four distinct steps, beginning with substrate recognition, dislocation or
re-translocation into the cytoplasm, ubiquitination and finally degradation via the

proteasome '3 1%,

This sequence of events remains the same, irrespective of which substrate is being
targeted. However, the ERAD pathway may be subdivided based on the type of lesion
that the ERAD client harbors. The Doa10 complex targets misfolded domains on the
cytoplasmic side of the membrane (ERAD-C substrates), whereas proteins with
misfolded luminal domains (ERAD-L substrates) or misfolded intramembrane domains
(ERAD-M) are processed by the Hrd1 complex. Although most of these studies were

performed in yeast, the system is generally believed to act similarly in mammalian cells
136, 137

After proteins are targeted for degradation by ERAD, they need to be transported
across the ER membrane back into the cytoplasm to be degraded by the proteasome.
Certain proteins have been suggested to form the translocon for the re-translocation of
misfolded proteins, such as the Sec61 complex or Hrd1 %% 3% 140 geveral proteins
assist in the ATP-dependent translocation of misfolded proteins, such as the AAA-
ATPase Valosin-containing protein (VCP) also known as p97 ™34 ™! 142 143
Translocated proteins are targeted for proteasomal degradation by ubiquitylation
mediated by ERAD-specific ubiquitin-ligase complexes, whereby substrate specificity is

achieved via the E3 ligases '3* 136137144,
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3 ER exit sites

As described above, ER exit sites (ERES) localize to cup-shaped structures on
ribosome-free regions of the rough ER. ERES mediate the highly controlled process of
protein export from the ER in COPIl-coated vesicles ®°.

3.1 Cargo selection

Soluble proteins present in the ER lumen can be unselectively enclosed in COPII-
coated vesicles and transported in a process known as ,bulk flow*, this process is
inefficient and only takes place in a few cases where the proteins are further enriched
in later compartments. Most secretory cargo is enriched in COPII vesicles by sorting
proteins and adaptors'® ¢ 147 8 These cargo receptors recognize different short
amino acid sequences on secretory proteins and are themselves able to interact with
COPIl-components via cytosolic domains. Generally, ER export of cargo and cargo
receptors requires a combination of export signals and oligomerization of cargo
receptors; this might be necessary to ensure that only fully assembled cargos are
exported. The best described export signals are di-acidic sequence (DXE) motifs and

149

di-hydrophobic motifs

Several families of transmembrane cargo receptors have been identified so far, these
are ERGIC-53 and the ERGIC-53 family, as well as the p24 protein family of which
several ER vesicle (Erv) proteins have been studied ® 46 190 151. 152,158 'Tha FRGIC-53
family consists of Ca**-dependent L-type lectins that recognize glycoproteins, of which
the ERGIC marker ERGIC-53 has been the most intensively studied; other proteins of
this family include ERGL, VIP36 and VIPL. Members of this family localize to different
compartments where they most likely act as cargo receptors for either anterograde or
retrograde trafficking, and each shows different affinities for differently modified
oligosaccharides % 13" 194 195 1%6. 157 ‘Members of the p24 family are present in most
eukaryotic cells and are subdivided into four subfamilies (p24a, p24B, p24y, p249d).
These around 24-kDa proteins shuttle between the compartments of the early
secretory pathway and are responsible for the transport of glycosylphosphatidylinositol
(GPI)-anchored proteins '*®. Among the best studied p24 family cargo receptors are the
Erv41/46 complex and the Emp46/47 complex as well as other individual receptors '°*
160, 161, 162, 163, 164, 165, 166, 167, 188 ' owever, a systematic overview of cargo protein and
cargo receptor pairing is still missing. What is known is that cargo receptors directly
interact with components of the COPII coat and that this interaction is required for

packaging into COPIl-coated vesicles 160, 162 168, 169,
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3.2 COPII

For proteins to leave the ER, they must be packaged into COPII-coated vesicles at ER
exit sites. The core machinery and the general assembly process of COPII vesicle
formation has been researched in great detail in a variety of model organisms,
however, many open questions still exist. For example, it is still unclear how vesicle
formation is initiated in detail, and how ERES are formed. The general principle
appears to be conserved, and it is responsible for inducing membrane curvature at the
ERES, to concentrate cargo into nascent vesicles, and to promote vesicle formation
and release. The core machinery that drives COPII vesicle formation consists of five
proteins, which are Sar1, Sec23, Sec24, Sec13, and Sec31. These five components
have been shown to be sufficient to form vesicles from membranes in vitro & 7% 17",
These COPIlI components are evolutionarily conserved, although gene duplication in

metazoan cells resulted in 2 isoforms for Sar1 and Sec23, and four isoforms of Sec24
8, 56

Formation of COPII vesicles begins with the transmembrane protein Sec12, which is
located at the ER membrane and functions as a guanine nucleotide exchange factor
(GEF) for Sar1. Sec12 activates and recruits the GTPase Sar1 to ERES %173 17* Sar1
is activated by binding GTP, which results in a conformational change that exposes an
N-terminal amphipathic alpha helix which inserts into the ER membrane °. Active
Sar1 then binds Sec23 and thereby recruits the inner COPII coat consisting of the
Sec23/Sec24 heterodimer. Together, Sar1 and Sec23/Sec24 form the so called pre-
budding complex, whereby Sec24 is responsible for cargo recruitment into the vesicle
and binds cargo and cargo receptors 7% 7" 78 Sec23 is not involved in cargo binding
but functions as the GTPase activating protein (GAP) for Sar1 and therefore stimulates
GTP hydrolysis. After the pre-budding complex has formed, the outer coat consisting of
Sec13/Sec31 heterodimers is recruited by Sec23 interacting with Sec31 7% 80 181,
Sec13/Sec31 forms the outer coat of the nascent vesicle by building a cage-like layer,
thereby driving membrane curvature. In addition, Sec31 promotes Sar1 GTP-hydrolysis
by increasing the GAP activity of Sec23 by 10-fold 2" '/ 182 18 Therefore, once the
vesicle is formed and the outer coat is recruited, vesicle scission occurs which is
dependent upon GTP hydrolysis mediated by Sar1 & 2" '8¢ Although the process of
COPII vesicle formation appears to be tightly regulated and structured, evidence for
regulation is only now occurring. One of the most important proteins involved in the
regulation of COPII vesicle formation is the large, 250 kDa protein Sec16A. This protein
is believed to regulate COPII vesicle formation by acting as a scaffold protein, as it was
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shown to interact with all components of the COPII coat. However, its exact role is still
unknown, as well as its recruitment to ERES '®. The components of the COPII coat,
the regulatory protein Sec16, and the ultrastructural formation of the COPII coat will be
discussed in detail below.

key: Sec12 Sar1 GDP «0) Sec23/Sec24 ‘, cargo receptor/ soluble cargo

? Sar1 GTP - Sec31/Sec13 transmembrane cargo
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Figure 2: Schematic of COPII vesicle formation

COPII vesicle formation at ERES is initiated by Sec12 (orange), which recruits inactive,
GDP-bound Sar1 (light purple) to the membrane and mediates GDP-GTP exchange of
Sar1. GTP-bound Sar1 (purple) inserts an amphipathic a-helix into the membrane and
recruits the inner COPIl coat consisting of Sec23 (light blue) and Sec24 (dark blue).
Sec24 recognizes transmembrane cargo (red), or soluble cargo (yellow) via cargo
receptors (grey). After formation of the pre-budding complex consisting of Sari-
Sec23/Sec24, the outer COPIlI coat consisting of Sec13 (light green) and Sec31 (dark
green) is recruited which forms a cage-like structure. Binding of the outer coat increases
Sar1-GTPase activity and thereby vesicle scission and budding.
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a. Secl2/Sarl

As described above, the process of vesicle formation is initiated by the ER-resident
type Il transmembrane protein Sec12 which recruits Sar1 to the ER membrane and is
required for ERES function 7% 174 175186187 |n g cerevisiae, Sec12 was found to be
localized at the ER membrane by the combined actions of ER-retention and retrieval
from the Golgi '® '®. Interestingly, not much is known about how and where Sec12
initiates COPII vesicle formation, and how Sec12 is regulated. In contrast to other
species where Sec12 is found distributed across the entire ER membrane, Sec12 in
P.pastoris is found at ribosome-free patches of the rough ER where ERES are formed
%0 Studies in P.pastoris led to the hypothesis that localization of P.pastoris Sec12 to
ERES is dependent upon binding of an unidentified tER-localized partner component. It
is likely that in other species, Sec12 requires the interaction with unidentified proteins,
although Sec12 in all other species is not concentrated at ERES, and overexpression
of P.pastoris Sec12 in S.cerevisiae resulted in a uniform distribution of Sec12 across
the ER membrane. Interestingly, Sec16 has been suggested to be required in the

localization of Sec12 to ERES in P.pastoris .

Increasing Sec12 levels by
overexpression of the protein was shown to disrupt the ERES localization of Sec12, but
this was rescued by co-expression of Sec16, indicating that stochiometric amounts of
both proteins are required for proper Sec12 localization. This rescue required the
presence of the C-terminal domain of Sec16. Whether Sec16 fulfills the same function
in other species remains to be investigated '** "', Recently, a protein called cutaneous
T-cell lymphoma-associated antigen 5 (cTAGES) was shown to concentrate Sec12 at
ERES in mammalian cells '*2. cTAGES5 is a transmembrane protein that colocalizes at
ERES with TANGO1 . The transmembrane protein TANGO1 is required ER export of
Collagen by recognizing Collagen via its ER-luminal domain and binding Sec23/Sec24
with its cytoplasmic, proline-rich part '** ' In addition, TANGO1 recruits the TRAPP
complex component Sedlin. Sedlin directly binds Sar1 and ensures efficient Sar1
GTPase cycling, which was shown to be required for the formation of large vesicles '%.
cTAGES5 was first shown to interact with TANGO1 and Sec23/Sec24 at ERES where it
was proposed to function as a co-receptor for TANGO1 to mediate Collagen export '*.
A recent study showed that cTAGE5 concentrates Sec12 at ERES, and that this
enrichment of Sec12 was required for the export of Collagen, but not of other proteins
2 These findings suggest that a complex of several proteins — TANGO1, cTAGES5,
and Sedlin — is required for the export of collagen, and that this complex mediates

vesicle formation at the level of Sec12 and Sar1.
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In addition to Sec12, in S.cerevisiae, a Sec12-like protein called Sed4 has been
described, although it has not been found in higher species ** . Sed4 was shown to
interact with Sec16 and is believed to assist in the recruitment of COPII. It may inhibit
the activity of Sec23, although it was shown to stimulate the GTPase activity of Sar1 in

the absence of Bet1 197 198 199, 200

In a conserved process, Sec12 activates Sar1 by exchanging Sari-bound GDP for
GTP. Sec12 contains a highly conserved K-loop which is required for the interaction
with Sar1 and to displace GDP in a process stabilized by potassium 2°" 22, Activation
of Sar1 by GTP-binding induces a conformational change in Sar1 and the exposure of
an N-terminal amphipathic alpha helix '"* 7% 2% The helix is inserted superficially into
the ER membrane via the interaction of hydrophobic residues in the helix with
phospholipid groups. This insertion was shown to induce membrane curvature and to
lower membrane rigidity 2°*2%°, Membrane association of active Sar1 is required for the
recruitment of the inner coat components Sec23/Sec24, whereby Sar1 binds Sec23 """
203, 206 |0 addition to recruitment of COPIl components, Sar1 is also required for
concentration of cargo into the vesicle 2°” ?°®, Furthermore, Sar1 mediates the release
of the vesicle from the ER membrane by vesicle scission. During these processes,

several rounds of Sar1-GTP hydrolysis may take place '">2%%21°,

In mammalian cells, two highly similar isoforms of Sar1 have been identified, Sar1A
and Sar1B, that might fulfill slightly different functions 2''. Sar1B for example has been
implicated in regulation of lipid homeostasis and cholesterol transport, as it is required
for export of pre-chylomicron transport vesicles (PCTV) from the ER in enterocytes 2'*
213 Dietary lipids are rapidly converted to triacylglycerols (TAG) at the level of the ER
214 TAGs are then incorporated into specialized TAG-rich transport vesicles called
chylomicrons. These large, 250 nm chylomicrons are exported from the ER in a

215, 216

manner dependent on the formation of PCTVs . Interestingly, Sar1B, but not

Sar1A, was found to be required for this process, and it was shown to respond to
intracellular dietary lipid levels and enhance assembly of chylomicrons 2'® 217 218 219,
Sar1B was further shown to be phosphorylated by PKCC, which was necessary for
PCTVs to form #% #'. In addition, mutations in Sar1B have been identified that cause
Anderson’s disease or chylomicron retention disease, which is a rare hereditary
hypocholesterolemic syndrome. As the name suggests, patients suffer from low
cholesterol levels, as well as chronic diarrhea with steatorrhea and in general a failure

to thrive; a similar phenotype is observed in Sar1B-knockout mice 2'% 222 223, 224, 225, 226
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b. Sec23/Sec24

After Sar1 activation, the Sec23/Sec24 heterodimer is recruited, forming the pre-
budding complex. Sec23 acts as the GTPase activating protein (GAP) for Sar1 and
therefore stimulates Sar1 GTPase activity '’®. Sec23 and Sar1 were shown to have a
large interaction interface, and Sar1-binding to Sec23 drives recruitment of the inner
COPII coat. In the binding interface between Sar1 and Sec23, the Sec23 arginine-
finger plays a major role, as it is inserted into the catalytic pocket of Sar1. This
interaction between Sar1 and Sec23 is stabilized by the Sar1-bound GTP '”. Assembly
of the pre-budding complex by binding of Sec23/Sec24 to Sar1 is required for the
ERES association of Sec13/Sec31 '"'. Recruitment of Sec31 to the vesicle causes re-
orientation of the arginine-finger of Sec23, further increasing Sar1 GTPase activity by
10-fold '* 8, Furthermore, Sec23 is targeted by the TRAPP complex, Rab1, and in
S.cerevisiae by the cis-Golgi kinase Hrr25p. Sequential binding of these proteins to
Sec23, after it is released form Sar1, is believed to be required for directional transport

of the COPII vesicle and to prevent the vesicle from re-fusing with the ER membrane
227

In mammalian cells, two isoforms of Sec23 have been found, Sec23A and Sec23B.
Although not much is known about different functions of these two isoforms, they have
been implicated in different diseases and may therefore have specialized functions. For
example, missense mutations in Sec23A cause craniolenticulosutural dysplasia
(CLSD) due to defective collagen secretion 2% 22%230.231 ‘Mytations of Sec23B however
cause congenital dyserythropoietic anemia type |IlI, which is characterized by
dysfunctional erythroid differentiation in human patients. In mice however, loss of
Sec23B does not cause anemia, but massive defects in secretory tissues causing

death soon after birth 232 233,234,235

The COPIl component Sec24 is recruited to ERES together with Sec23, forming the
inner coat and stabilizing the pre-budding complex. Sec24 is responsible for cargo
sorting and recruitment of cargo in the forming vesicle. For cargo recruitment to take
place, Sec24 recognizes specific export signals on cargo proteins or membrane-
spanning cargo receptors, but Sec24 itself was also shown to contain cargo-binding
sites on its surface. Several isoforms of Sec24 have been described, with Iss1/Sfb2
and Lst1/Sfb3 in yeast, and Sec24A-D in mammals. Within the mammalian isoforms,
Sec24A and Sec24B are most similar to one another, as are Sec24C and Sec24D °®

145, 176, 206, 236, 237, 238, 239, 240, 241, 242, 243, 244, 245, 246 These isoforms show SpeCIfICIty towards
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different cargos, although there is some overlap in the recognition of transport signals
and the different isoforms can compensate the loss of one isoform to varying degrees.
This broadens the range of potential cargos and enables selective enrichment of cargo
into vesicles. In addition, Sec24 isoforms may selectively recognize properly folded
proteins due to recognition of folded epitopes instead of mere signal sequences, as
reported for Sec22 236 240. 241, 247, 248, 249 ' ga004A for example is especially required for
the export of cargos containing aromatic/hydrophobic signals, whereas GPi-anchored
proteins are selectively recognized by the Sec24C and Sec24D isoforms, and the
serotonin transporter (SERT) export was found to be dependent exclusively upon
Sec24C, while its close homologue the GABA transporter 1 (GAT1) was shown to be a
client for Sec24D 20 %1252, 253

The different functions of the Sec24 isoforms also become evident from the highly
different phenotypes of knockout mice. Interestingly, loss of Sec24A and Sec24B,
which are more similar to the yeast Sec24 proteins and therefore considered as the
evolutionarily older isoforms %, is not lethal in knockout mice. Sec24A knockout mice
show normal survival and development, but with reduced plasma cholesterol levels due
to an inability of the mice to secrete PCSK9, a secreted protease which mediates
degradation and regulation of the cell surface LDL receptor ** 2%, Loss of Sec24B
function on the other hand causes severe craniorachischisis due to defects in neural
tube closure. Closure of the neuronal tube requires the establishment of planar cell
polarity. In this process, the vang-like protein 2 (Vangl2) is a key signaling component
which exclusively requires Sec24B for its export from the ER. Sec24B mutations have
been suggested to contribute to human neuronal tube defects %% 2" 28 This difference
in phenotype severity between loss of Sec24A and Sec24B can be explained by
differences in ER export signal recognition of these isoforms, as investigated by
Wendeler et al. #*°. This study compared ER export selectivity of the different Sec24
isoforms and found that while the isoforms are in part functionally redundant, Sec24A is
the most important isoform, as double knockdown combinations of the four isoforms
containing Sec24A resulted in the strongest inhibition of trafficking. However, the other
three Sec24 isoforms were shown to be able to compensate loss of Sec24A due to
redundancy in cargo recognition 2. This corresponds to the relatively mild phenotype
of Sec24A knockout mice, as a large part of Sec24A function appears to be
compensated by the other isoforms in vivo. Therefore, the other Sec24 isoforms may
have evolved later and developed specificity for additional cargos, while largely
retaining Sec24A function. This is in line with findings in Sec24C and Sec24D knockout
mice. Loss of Sec24C causes early embryonic lethality in mice, but tissue-specific
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deletion of Sec24C in various cell types did not result in any phenotype, indicating that
Sec24C is not required in all tissues 2*°. Interestingly, Sec24C was also shown to be
involved in the transport of dietary fat across intestinal cells, as Sec24C was found to
be specifically required for docking of the pre-chylomicron transport vesicle (PCTV) at
the Golgi ®°. As in the case of Sec24C, loss of Sec24D causes early embryonic
lethality in mice. However, three patients were identified that were compound
heterozygous for two of three identified Sec24D mutations and showed severe defects
in bone development, possibly due to defects in collagen secretion. This phenotype is
in accordance with the phenotypes described in Sec24D mutant fish and zebrafish 2"
262, 263,264 ' As mentioned above, the fact that loss of Sec24C and Sec24D in knockout
mice is lethal may be reconciled with the fact that these isoforms arose later in
evolution and possibly evolved highly specialized functions required in complex
multicellular organisms, and can therefore not be compensated by other isoforms .

Although the primary role of Sec24 is cargo binding, it also plays a role in the regulation
of the COPII coat. For example, a mutant version of Sec24 with reduced binding to
Sec16 caused defects in COPII vesicle formation, because the ability of Sec16 to
inhibit Sar1 GTPase activity was impaired 2°. In addition, the Sec24 isoform Sec24D
was shown to be phosphorylated by Akt, and phosphorylated Sec24C and Sec24D

show reduced binding to Sec23, indicating a regulatory mechanism targeting Sec24 2%°.

c. Secl3/Sec31

After formation of the pre-budding complex, the outer COPII coat consisting of
Sec13/Sec31 is recruited. These proteins assembly into units comprised of two Sec13
and two Sec31 proteins, forming a heterotetramer & '8 %728 Sec13 is the smallest
component forming the COPII coat with only 33 kDa, and only was found to have two
isoforms in the plant A.thaliana °® %% 27% 27" 272 |ts main function seems to be to provide
stability and rigidity to the COPII coat, which was shown to be especially important for
large or asymmetrically distributed cargo, and a reduction of cargo burden rescued loss
of Sec13 %% 273274 275 |nterestingly, Sec13 is also found in the nuclear pore complex
where it forms a complex with the nuclear pore proteins Nup84 and Nup154C that is
similar in structure to the Sec13-Sec31 edge element, as well as other nuclear pore
components 2® 2”7 Sec13 has not been implicated in human diseases as of yet,
however, it was shown to be required for cell survival and collagen transport in the
early developmental stage of retina development in zebrafish 2’%. In this process, both
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the function of Sec13 in the COPIl complex and in the nuclear pore complex were
shown to be required #°. In addition, loss of Sec13 in zebrafish also inhibited the
development of the digestive system due to induction of UPR-induced apoptosis and
growth arrest, as well as epithelial morphogenesis due to defects in secretion of

collagen and other extracellular matrix components 2% 281,

The essential protein Sec31 forms the outer COPII coat together with Sec13, and since
it is a large protein at 150 kDa, it is the major contributor to the outer COPII coat
structure ® 22, As most COPIl components, Sec31 has two isoforms, Sec31A and
Sec31B. While Sec31A resembles yeast Sec31p, human Sec31B shares less than
50% similarity with Sec31A, and it has not been the subject of further research 2% 2%
284, 285 Upon binding of the Sec13-Sec31A heterotetramer, Sec31A rearranges the
interaction between Sec23 and Sar1, and thereby increases Sar1 GTPase activity,
which ultimately leads to vesicle scission """ ", Although the COPII coat is structured,
it is not rigid but slightly variable and can increase in size to accommodate large cargos
such as pro-collagen and chylomicrons. Expansion of vesicle and coat size was shown
to be mediated by monoubiquitylation of Sec31A by Cul3, but how this increases the
size of the COPII coat is still unclear ?. In addition, phosphorylation of Sec31 might
play a regulatory role. Already upon its discovery, Sec31 was identified as a
phosphoprotein, and treatment of samples with alkaline phosphatase inhibited vesicle
formation in in vitro budding assays. Later, the casein kinase 2 (CK2) was shown to
phosphorylate Sec31A, and thereby Sec31A affinity for Sec23 and turnover of Sec31 at
ERES 270, 287'

d. Structure of the COPII coat

A lot of effort has been invested into resolving the assembly of the COPII coat at the
ultrastructural level, and recently, the COPII coat was shown not be a rigid assembly of
COPIlI components, but to form a flexible inner and outer coat that can adapt to
different sized vesicles and therefore allow export of a variety of different cargos. In
general, COPII vesicles can have a size ranging from 60 to 120 nm, but ER export of

large cargos such as the 300 nm pro-collagen fibers is also possible 70288 289,

The inner coat consisting of Sec23/Sec24 forms a heterodimer which has a size of
approximately 200 kDa. Although both proteins differ strongly in their sequence, their
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folding was shown to be similar, and the heterodimer forms a shape that resembles a
bow-tie """ 2*'. The complex was shown to be positively charged and curved on the
membrane-facing side, which is believed to aid in binding to the negatively charged

curved membranes of the nascent vesicles, or to mediate membrane curvature '’ 2%,

The outer cage consists of Sec13/Sec31 complexes. Sec31 is larger than Sec13 and
contributes mostly to the structure of the coat. A single unit of the coat consist of
heterotetramers formed by Sec13 and Sec31, whereby two Sec31 molecules form a
rod-like structure by dimerizing tail-to-tail via their a-solenoid structures in their C-
terminal region, where they form a flexible hinge (135°-165¢9) '8 18" 288, 290 The g.
propeller of Sec13 binds Sec31 at its N-terminal B-propeller. At this Sec13-Sec31
binding area, four Sec13-Sec31 rods attach to form a cage-like latticework that

t 180, 273, 291. Two

surrounds the vesicle, whereby Sec13 provides stability to the coa
vertexes were measured at this interface, a rigid a-vertex at 60°, and a flexible B-vertex
which can form between 90-108°, allowing accommodation of differently sized and
curved vesicles. Sec13-Sec31 rods were shown to have a length of approximately
30 nm 8" 288. 289, 290 30034 pinds Sec23 in the inner coat via a large 300 amino acid

long, proline-rich unstructured region in Sec31 that is located near the C-terminus '®"
182

A recent study investigated the structure of the COPII coat assembled on membranes,
and proposed a model that incorporated previous ultrastructural findings in membrane-
free environments, as well as the question of how the COPII coat can accommodate
differently sized cargos *®. This model suggests that the inner coat dictates the
structure of the outer coat, and that in the case of small cargos, the inner coat does not
form a continuous lattice surrounding the vesicles, but instead forms patches where
cargo is bound. The area between these patches would allow the transport of slightly
larger cargos. The outer coat then associates on top of these inner coat patches in a
cage-like manner as described previously, although this cage-like structure was shown
to be flexible and not to form a rigid net. The transport of large cargos requires the
formation of tubular-shaped vesicles that are surrounded continuously by the inner
coat. The outer coat would then be able to bind a higher percentage of inner coat
components, and to form a more rigid coat, which was shown to be required for the

transport of large cargos such as pro-collagen % 2%,
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How this process is regulated is still unclear, but certain proteins have been identified
that are specifically required for the export of large cargos such as collagen and
chylomicrons, as discussed above.
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3.3 Seci16

An important regulator of COPII vesicle formation is the large, approximately 240 kDa
protein Sec16, which localizes to ERES and interacts with all COPIl components. This
protein was first identified in S.cerevisiae, and is absent in some eukaryotic lineages,
as is Sec12. A recent genomic and phylogenetic comparative study found the core
COPIl machinery (Sar1, Sec23, Sec24, Sec13, and Sec31) to be present in all
analyzed species, indicating that these components and the mechanism of COPII-
vesicle trafficking was already present in the Last Eukaryotic Common Ancestor
(LECA). Regulatory proteins, such as Sec12 and importantly Sec16, seem to have
evolved later in evolution, as they are missing in certain species. A homology search of
74 eukaryotic genomes revealed that both proteins were absent in eight organisms
from five different taxa which are known for their reduced cellular complexity, and
appear to have lost Sec12 and Sec16 in the process of undergoing cellular reduction
%6, Sec16 was found to be absent in mostly unicellular parasitic organisms such as
Theileria parva, Toxoplasma gondii, or Encephalitozoon cuniculi, but also the
multicellular sea anemone Nematostella vectensis. Regulatory proteins such as Sec12
and Sec16 may have become essential at later stages in evolution, enabling increased
speed and efficiency of COPII vesicle formation, as trafficking became more complex
%, Sec16 has been identified in all model organisms so far, such as unicellular
organisms as Trypanosoma brucei, S.cerevisiae, Pichia pastoris, and other yeasts, as
well as multicellular organisms such Caenorhabditis elegans, Drosophila melanogaster,

and mammals, and even in plantS 13, 49, 56, 185, 292, 293, 294, 295, 296, 297, 298, 299, 300. |

n
mammalian cells, two Sec16 homologues were identified, the larger 231 kDa Sec16A,
and a smaller, 117 kDa Sec16B. Sec16A is similar to Sec16 found in other organisms,
and it has been more extensively investigated than Sec16B. Although Sec16A and
Sec16B were shown to be present in the same complex and may therefore act fulfill

similar functions 2%

, Sec16B was shown to have a distinct role in peroxisome
biogenesis. In addition, Sec16B, not Sec16A is found to be mutated in a large number

of association studies investigating genetic variants in obesity and related diseases 2
301, 302, 303, 304, 305, 306, 307, 308

Three domains of Sec16 have been identified that are conserved, which are
responsible for membrane binding and interaction with COPII components. The first
domain is at the C-terminus of Sec16 called the C-terminal conserved domain (CTCD)
containing the last 158 to 226 residues depending upon the species. This region is
present in most organisms, except for C.elegans, and it is also absent in mammalian
Sec16B '® 2% The CTCD is required for the interaction of Sec16A with Sec23 and
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Sec12 in mammalian cells and in P.pastoris. In S.cerevisiae, it was shown to mediate
interaction between Sec16p with Sec23 and the Sec12-analogue Sed4 3% 191 197. 298,309,
The second domain is the 400 - 500 amino acids spanning central conserved domain
(CCD) located in the middle of the Seci16-sequence. This sequence is highly
conserved and found in all Sec16 variants described so far '3 3% %6 298,299, 310 g
required for interaction with Sec13 in S.cerevisiae and mammalian cells, as well as for

Sec24-interaction in S.cerevisiae 2% 2.

In addition, the CCD is required for
oligomerization of Sec16 **. The third domain lies 300 residues upstream of the CCD
and is called ERES localization domain (ELD) or upstream conserved region (UCR), as
it is required for ERES localization of human and Drosophila Sec16 3% %% In addition,
this domain was shown to mediate the interaction of Sec16 with Sec23, Sec24 and

Sec31 in S.cerevisiae and P.pastoris 3* 265309,

The ELD/UCR and the CCD together were shown to be required for efficient ERES
localization of Sec16. Within the ELD, an arginine-rich stretch of 90 amino acids was
shown to mediate ERES localization in Drosophila that is also found in mammalian
Sec16A. The CCD mediates Sec16 oligomerization, which was found to be required for
localization of Sec16 to ERES, as monomeric Sec16 was found mostly in the cytosol
#7.309 1n mammalian cells, Sec16 forms complexes of unknown size that contain both
Sec16A and Sec16B, and both proteins localize to ERES 2%,

The role of Sec16 in COPII vesicle formation and the manner in which it is recruited to
ERES is still a matter of debate. Sec16 interacts with all components of the COPII
machinery, and it is generally believed to act as a scaffold protein that is required for
recruitment and stability of the COPII coat *'". In addition, Sec16 is required for ERES
integrity, as depletion of Sec16 leads to a reduction of ERES number in all species.
However, it is unclear whether Sec16 initiates COPII vesicle formation and recruits the
COPII components, or if it is recruited by COPIl components and stabilizes the coat. In
Drosophila S2 cells, Sec16 localization to ERES was shown to be independent of
COPII, as depletion of Sec23 did not affect the localization of Sec16. In addition, Sec16
localization was independent of Sar1, as both overexpression of inactive Sar1 and
Sar1 depletion did not disrupt Sec16 localization to ERES. Loss of Sec16 on the other
hand disrupted Sar1 localization to ERES in Drosophila, indicating that Sec16 acts
upstream of Sar1 '*. Similar to these findings in Drosophila cells, Sec16 was found to
localize to ERES independently of Sec23/Sec24 and Sec13/Sec31 in mammalian cells
'*In contrast to Drosophila cells however, the localization of Sec16 in mammalian cells
was found to be dependent upon Sar1 activity *'. In in vitro experiments, it was further
shown that Sec16 requires Sar1 to localize to neutral liposomes or microsomal
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membranes 2°% %3, These findings show that Sec16 acts upstream of COPII assembly,
and downstream of Sar1 in the case of mammalian cells. In addition, although both
Sec16 and COPII localize to ERES, they only rarely co-localize, indicating that Sec16
is not part of the vesicle coat and functions before the vesicle is formed. This supports
the role of Sec16 as a scaffold protein that recruits and regulates COPIl vesicle
formation. Additional support for this model is given by a study that investigated the
structure of a complex between a Sec13 and a shortened version of Sec16. Whittle et
al. found that Sec16 contains an ancestral coatomer element (ACE1) that is also found
in Sec31. The structure of the Sec13-Sec16 tetramer was found to be similar to the
structure of the Sec13-Sec31 tetramer, with Sec16 forming a dimer in the middle of the
structure and two Sec13 molecules flanking the dimer on each side 2%’ Formation of
a coat-template by Sec13-Sec16 could assist in the assembly of the COPII coat,
whereby Sec13-Sec16 tetramers would ultimately be replaced by Sec13-Sec31
tetramers that form the outer coat. This model is in line with the fact that Sec16 has a
regulatory effect on Sar1 GTPase activity®® 2. Sec16 was shown to interact with
Sec23 and Sar1, and this interaction prevented recruitment of Sec31 in early stages of
COPII vesicle formation. Upon recruitment to the COPII coat, Sec31 increases Sec23-
mediated Sar1 GTPase activity by 10-fold which ultimately induces vesicle scission.
Therefore, in addition to stabilizing the COPII coat, Sec16 prevents premature vesicle
scission. In S.cerevisiae, this function of Sec16 is supported by the actions of Sec24,
as loss of Sec24 function resulted in the production of smaller, prematurely budded

vesicles in vitro 3* 26°,

Sec16A was also found to interact with proteins that do not belong to the COPII coat
machinery. For example, Sec16A was shown to be a target of kinase signaling, as
Farhan et al. showed that Sec16A is phosphorylated by ERK2 at position T415.
Several lines of evidence suggest a role for mitogenic signaling in ERES regulation via
phosphorylation of Sec16, such as a decrease in ERES number observed upon ERK2
depletion and a decrease in the number of ERES and ERGIC-53 dots in cells
overexpressing the phosphoablating Sec16A-mutant T415] ',

Another member of the MAPK family was suggested to regulate Sec16 function in
Drosophila. ERK7 is an atypical MAP kinase, whose degradation by the proteasome is
inhibited upon serum and amino acid starvation, resulting in higher protein levels of
ERKY. Under these conditions, protein secretion was inhibited due to disassembly of
ERES mediated by ERK7 *'°. This ERK7-mediated disassembly of ERES was shown
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to be due to a relocation of Sec16 and other COPII components away from ERES to
newly identified structures called Sec-bodies. These Sec-bodies were induced upon
amino acid starvation and are possibly similar to other intracellular stress assemblies,
although they were so far shown to only contain COPIlI components *'°. Interestingly,
while ERK2 was shown to phosphorylate Sec16A in mammalian cells, ERK7 was not
found to phosphorylate Drosophila Sec16 directly. However, Sec16 was shown to be
phosphorylated in response to amino acid starvation on a newly identified ‘starvation
response domain’ at the C-terminus *'°. In addition, the dispersion of Sec16 away from
ERES observed upon overexpression of wild type ERK7 was abolished in cells
overexpressing kinase-dead ERK7 mutants. It is therefore likely that ERK7
phosphorylates Sec16, or mediates a phosphorylation upon amino acid starvation.
Interestingly, phosphorylation of Sec16 by ERK2 was not observed in Drosophila cells
%10 Similar to mammalian cells, serum starvation caused a decrease in ERES number
in Drosophila cells; however, this response was shown to be mediated by ERK7, not
ERK2. The induction of ERES disassembly via Sec16 in order to inhibit secretion upon
different types of starvation is therefore a conserved mechanism, whereas the manner

in which this is signaled to Sec16 is mediated by different components.

The conserved Trk-fused gene (TFG) was identified as a conserved regulator of COPII-
mediated vesicle transport in C.elegans. Depletion of TFG resulted in a decrease of
ER-to-Golgi trafficking and a decrease in Sec16B and COPII levels at ERES, which
was shown to be mediated in mammalian cells by interaction of TFG with Sec16B. As
TFG and Sec16B were shown to co-localize at ERES, it is likely that Sec16A might
also be regulated by TFG in the same manner *®. Interestingly, a later study showed
that depletion of TFG did not cause a decrease in Sec16A-positive structures, but
significantly decreased the number of Sec31-positive ERES as well as the association
or vicinity of Sec16A and ERGIC53 positive structures *'°. As TFG forms hexamers, it
was suggested to form polymers at ERES, possibly via interaction with Sec16, and to
retain COPII vesicles at their point of formation after vesicle budding to facilitate fusion
with the ERGIC, which is in close proximity. In accordance with the role of TFG in the
stabilization of the ERES/ERGIC interface, depletion of TFG decreased the tight
association usually observed between COPII- or Sec16-positive structures with ERGIC

clusters 39316,

Sec16A was also shown to be an interaction partner of tumor necrosis factor receptor-
associated factor-3 (TRAF3). TRAF3 mediates the induction of interferon (IFN)
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production as a reaction to intracellular double-stranded RNA (dsRNA) upon viral
infection. TRAF3 was found to be localized to the early secretory pathway under
normal conditions, as it was found at ERES, the ERGIC and the cis-Golgi. In addition,
TRAF3 was shown to interact with Sec16A and p115. Upon sensing of dsRNA, TRAF3
localizes to Mitochondrial AntiViral Signaling (MAVS), a mitochondria-associated
adaptor protein. This triggers the initiation of signaling cascade required in the cellular
response to viral infection. The relocalization of TRAF3 to MAVS was shown to be
dependent upon Sec16A and p115, as depletion of these proteins led to a dispersal of
TRAF3 away from early secretory pathway membranes and inhibited the relocalization
of TRAF3 to MAVS upon dsRNA sensing. In addition, depletion of Sec16A and p115
inhibited anti-viral gene expression and IFN production ®'”.

Finally, the kinase Leucine-rich repeat kinase 2 (Lrrk2) was shown to regulate ER-to-
Golgi transport through interaction with Sec16A '8, Lrrk2 is involved in the regulation of
different cellular processes, for example the assembly of microtubules and the actin
cytoskeleton, in protein translation, endocytosis and autophagy-mediated protein
degradation ®'°, and it has been associated primarily with Parkinson’s disease %% ¥, In
a recent study, Lrrk2 was found to co-localize with Sec16A at ERES, and depletion of
Lrrk2 resulted in a dissociation of Sec16A away from ERES, as Sec16A was found to
shift to the cytosolic fraction in Lrrk2-depleted cells. In addition, Sec31 formed enlarged
ERES or clusters upon loss of Lrrk2, and trafficking of VSVG from the ER to the cell
surface was impaired. Although LRRK2 is a kinase, the effect of Lrrk2 on Sec16A was
independent of its kinase activity, and Sec16A was not shown to be phosphorylated by
Lrrk2. Interestingly, Lrrk2 also contains a GTPase domain that was reported to be
similar to that of Sar1. Loss of GTPase function by missense mutation of the GTPase
domain was shown to be required for the effect of Lrrk2 on Sec16A and secretion,
although the precise mechanism of this regulation has not been elucidated *'®. These
findings show that Lrrk2 has a role in upstream regulation of Sec16A, suggests a role
for ERES functionality and COPII vesicle trafficking in the pathogenesis of Parkinson’s

disease ¥'¢.
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3.4 Regulation of ER Export

Apart from Sec16A, other proteins have been shown to influence ERES structure and
ER export by binding different components of the COPII vesicle machinery.

In S.cerevisiae, the protein Nel1l was identified as a paralog of Sec23. Although Neld
was not found to bind any of the other COPII components and was not incorporated
into the COPII coat, it showed strong GTPase GAP activity 2.

In addition to size of cargo, also the amount of cargo at the ER was shown to influence
ER export and ERES. Farhan et al. showed that ERES respond differently to acute and
chronic increases in cargo load. Acute increase in cargo load at the ER, as induced by
BFA treatment, resulted in fusion of ERES creating larger ERES. For this adaptive
response the presence of the ERES regulators Sec16A and Pl4-kinase llla (Pl14K- llla)
is required. In contrast, a chronic increase by overexpression of the anterograde cargo
GABA transporter 1 (GAT1) led to an increase in ERES number in a Sec16A-
dependent manner. In addition, the UPR was activated **°. These findings are in line
with an earlier study that showed that overexpression of biosynthetic cargo (VSVG)
modulated vesicle budding ***.

Further proteins have been found to affect ERES and COPII vesicle formation. For
example, phospholipase D (PLD) was shown to be activated by Sar1, and activated
PLD was shown to support recruitment of the COPII coat, possibly via changing lipid
composition of the membrane at ERES *%.

Another protein that is involved with the regulation of ERES is the mammalian protein
326, 327

p125A or Sec23-interacting protein (Sec23-IP) . p125A is a member of the
phosphatic acid-preferring phospholipase A1 enzyme family which was shown in vitro
to recognize phosphatic acid and phosphatidylinositol phosphates, and to be targeted
to Pl4P-rich membranes via its C-terminal DDHD-domain, which may also mediate
phospholipase activity *** %%, Lipid recognition of p125A was found to be supported by
the C-terminal SAM domain, which is also required for oligomerization of p125A 326327,
In addition, p125A was shown to interact with Sec23 via its N-terminal proline-rich
region and with Sec31, thereby linking the inner and outer COPII coat %" 32 330,
Consequently, p125A localizes to ERES, but was also found to localize to the ERGIC
and cis-Golgi where it co-localizes with p115 and GM130 % %' Both overexpression
and loss of p125A caused a disruption of ERES, indicating that stochiometric amounts

of p125A are required for ERES regulation. In a recent study, p125A was proposed to
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be required for dispersal of Sec16A away from ERES in late stages of vesicle
formation, as temperature-induced traffic blocks at the level of ERES and ERGIC led to
a segregation of Sec16-positive and p125A/Sec23/Sec31-positive structures 2.
p125A-mediated spatial segregation of Sec16A away from late-stage COPII-vesicles
may be a mechanism how vesicle scission may be regulated, as Sec16A inhibits Sar1-
GTPase activity by shielding Sec23 from Sec31 *%*. Surprisingly, under conditions
where p125A was either depleted or overexpressed, trafficking of VSVG was still
functional, indicating that vesicle scission is possible without p125A mediation. This is
in line with the fact that p125A may not be a conserved protein, as it was not found in
P.pastoris 3'% 32¢ 33! "|n addition, despite its role in ERES regulation, p125A is not an
essential protein, as the only impairment in p125A-knockout mice is reduced male
fertility due to defects in spermiogenesis **. In humans, p125A has been associated
with Waardenburg-syndrome %%, As p125A recognizes lipids, these findings support
the role of lipid signaling in the regulation of ERES % 3%,

Sec23 also interacts with the serine/threonine kinases PCTAIRE, which belong to the
group of CDK family of protein kinases. Sec23 was shown to interact with PCTAIRE1
and PCTAIRES, and overexpression of kinase-dead mutant of PCTAIRE1 resulted in a
more diffuse staining of Sec24, indicating decreased ERES association of Sec24. In
accordance with a disruption of ERES, overexpression of a kinase-dead version of
PCTAIRE1 led to decrease in transport of VSVG to the plasma membrane 3*°.

Furthermore, a Ca2+-binding protein called apoptosis-linked gene 2 (ALG-2) was
shown to regulate COPII vesicle formation via binding Sec31. ALG-2 localizes to ERES
in a manner dependent on Sec31, and was found to stabilize the interaction between
Sec31 and Sec23, which required calcium binding. In addition to ALG-2, another
calcium-binding protein called Annexin A11 was also shown to influence Sec31A
localization to ERES, as depletion of both proteins decreased the amount of ERES-
associated Sec31A. These findings also indicate that luminal calcium might play a role

in regulation of COPII vesicle trafficking 33337 338,339

The protein Huntingtin, which is mutated in Huntington’s disease, was previously
shown to be involved in the regulation of various membrane trafficking processes. A
recent study showed that Huntingtin is required for efficient ER-to-Golgi trafficking of a
fluorescent reporter, but the role of action or a relation to COPII machinery components

was not investigated **°.

In addition to regulatory proteins, lipid composition of the membrane was suggested to

2

have a regulatory role in ERES formation ®. Blumental-Perry et al. showed that
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formation of ERES required the presence of the lipid Pl4-phosphate in the ER
membrane ***, which may be generated by Pl4-kinase llla (P14K-Illa) at the ER %% %',
The role of lipids in the regulation of ERES function was supported by Farhan et al.,
who showed that loss of Pl4K-llla caused a decrease in ERES number, and that PI4K-
llla is required for the response of ERES to an acute increase in cargo load *%. In
addition, Shindiapina et al. showed that depletion of phosphatidylinositol inhibited
COPII vesicle budding in yeast, whereas ERES remained intact . Phospholipase D
(PLD) is another lipid modifying enzyme which was shown to be required for ER export
%5 PLD increases the amount of acidic lipids in the membrane by catalyzing the
formation of phosphatic acid 3**. PLD activity was shown to be initiated by Sar1, and
this activity was required for recruitment of COPIlI components and ER export **°.
Diacylglyerol kinase (DGK) is another protein required for the formation of phosphatic
acid, as it phosphorylates diacylglycerol **®. The isoform DGKS8 was shown to associate
to the ER via its C-terminal SAM domain, which mediates protein oligomerization.
Interestingly, overexpression of DGK® inhibited COPIl assembly and ER-to-Golgi
trafficking, which was not mediated by the kinase domain of DGK®, indicating that
DGK®d may have an additional scaffolding function 3**. The previously described p125A
shares SAM domain with DGK and was shown to regulate ERES, a similar mechanism
may be found for DGKS *%. Therefore, lipid composition of the ER membrane as well
as regulatory functions of lipid-modifying enzymes seem to be an important factor in
the regulation of ER export.

Taken together, these individual findings show that ERES respond to regulation by
proteins and lipids, and that ER export is a complex and tightly regulated process,
which we are only beginning to understand.
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4  Post-ERES trafficking in the early secretory
pathway

Export of sorted proteins from the ER in COPII-coated vesicles at ERES is only the first
step in the secretory pathway. Proteins are further sorted, modified and transported in
the early secretory pathway. Post-ERES trafficking between the organelles of the early
secretory pathway takes place not in COPIl, but in COPI-coated vesicles. This
transport machinery, as well as the ERGIC and Golgi as components of the early
secretory pathway will be discussed below.

4.1 COPI coat

The process of COPI-mediated vesicle transport is generally similar to COPII-mediated
vesicle transport. However, the components have more isoforms than COPII vesicle
components. Usage of different isoforms is believed to regulate directionality of COPI-
mediated vesicle transport between different organelles. These routes include
retrograde trafficking from the ERGIC back to the ER, as well as retrograde trafficking
from the cis-Golgi back to the ER. Anterograde trafficking from the ERGIC to the cis-
Golgi also requires COPI function. Additionally, transport of vesicles between the
different Golgi compartments as well as within the ERGIC is COPI-dependent.
Specificity of transport is acquired via the specialization and localization of different
isoforms ; therefore, much more components are involved in COPI-mediated vesicle
trafficking compared to COPI| 84 345346

The COPI coat consists of coatomers, which are 600 - 800 kDa large heptameric
complexes (a/ B/ B’/ €/ y/ &/ ¢) that are, as opposed to COPII, recruited en bloc, as pre-
formed complexes from the cytosol *’. Whilst the COPII coat and the Clathrin coat
form coats of regularly formed lattice-like structures with a clearly defined inner and
outer coat, this is not the case for the COPI which is more heterogenous. However, two
subcomplexes can still be defined. The trimeric or B-complex consists of the a-, ’- and
e-subunits and, since it forms a cage-like complex, structurally resembles the outer
COPII coat formed by Sec13/Sec31. Interestingly, this outer coat-like B-subcomplex is
responsible for cargo binding, as opposed to the inner coat in COPI| 346 348.349.3%0 The
second subcomplex is the tetrameric or F- subcomplex which consists of the y-, 6-, (-
and B-subunits and functions as an adaptor subcomplex.

The procedure of COPI-vesicle formation is comparable to COPII-vesicle formation. As
opposed to Sar1A or B in COPIl vesicle formation, the GTPase involved in COPI
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vesicle formation is Arf1. Arf1 belongs to the family of GTPases which in mammalian
cells has 5 to 6 members. Of this group, only Arf1 was shown to be required for COPI
vesicle formation, although Arf4 and Arf5 may have a similar function. In contrast to
Sar1, Arf1 has an additional function in sorting cargo into COPI vesicles and directly
interacts with cargo proteins ' 32 353 354, 355, 356, 357, 358, 359, 360, 361, 362, 363 Ny ring initiation
of COPI vesicle formation, the Arf1 GTPase is activated by an Arf GEF, which was
shown to be Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1
(GBF1), which, despite its name, colocalizes with COPI and both the ERGIC and the
Golgi and was shown to activate Arf1, Arf4 and Arf5. As Sec12 does for Sar1, the Arf-
GEF activates cytosolic GDP-bound Arf1, which causes a conformational change
exposing an amphipathic N-terminal helix that is required for Arf1 association with the
membrane. After being recruited to the membrane, Arf1 recruits the COPI coatomer
complexes and directly interacts with the B-, B’-, y-, €-, and d-subunits 364 36% 366, 367, 368,
369, 370, 371, 872, 373, 374, 875, 376 | addition, Arf-GAPs play an important role in the final
stages of COPI vesicle formation. They directly interact with the y- and B'-subunits of
the COPI coat and activate Arf GTPase function, thereby inducing vesicle scission and
uncoating. Additionally, the Arf-GAPs may have an additional role in cargo recognition
as they directly interact with the cytoplasmic tails of cargo proteins, This is in contrast
to the COPII machinery, whereby these two functions are distributed among Sec23 and
Sec24. Binding of both coat and cargo activates the GAP activity which induces GTP-
hydrolysis in Arfs, and dissociation of GDP-bound Arf from the membrane. It is not
known whether the Arf-GAP remains associated with the COPI-coat, as it is not a

structural component of the coat as Sec23 is in the COPI| coat 3°* 369377, 378,379, 380, 381

As mentioned above, the components of the COPI machinery each have multiple
isoforms, that by differences in localization and affinity to other COPI-components
ensure specificity in vesicle transport. In the case of Arf, there are six mammalian
isoforms that are divided into three classes, whereby Class | (Arf1 and Arf3) and Class
Il (Arf4 and Arf5) are localized to the secretory pathway. It is believed that the different
Arfs localize to different locations ; Arf1 appears to be generally distributed whilst Arf4
was found to localize to the ERGIC 3°° 368382383 Ot the COPI subunits, the y- and the
C-subunits were found to have two distict isoforms each (y1 and y2 ; {1 and ¢2), that
show differences in subcellular localization. COPI coats containing the y1- and the ¢2-
subunits are enriched at the cis-Golgi, whereas the y2-subunit is enriched at the trans-
Golgi 3% %8 3% The mode of anterograde protein transport to the Golgi and within the
Golgi is still debated, as it is unclear whether protein transport takes place in COPI
coated vesicles. It was shown however that different components of the COPI coat
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machinery are required for efficient anterograde trafficking %0 379 98 387, 383, 389

Therefore, as opposed to the COPII coat, which is responsible solely for anterograde
transport from ERES to the ERGIC and cis-Golgi, COPIl-coated vesicles might
transport cargo in multiple directions and towards multiple organelles. However,
according to the cisternal maturation model described below, protein transport within
the Golgi may be independent of vesicular transport. Specificity of COPI-mediated
vesicular transport is regulated via use of different GTPases, as the Arf GTPase family
involved in COPI vesicle formation contains six different isoforms as opposed to only
two Sar1 isoforms in mammalian cells. Additionally, as opposed to COPIl-coated
vesicles, COPIl-coated vesicles are transported along microtubules between the

organelles, which might help to ensure directionality of vesicle transport 17 34> 390, 391, 392,
393, 394, 395

4.2 ERGIC

The ER-Golgi intermediate compartment (ERGIC), also known as vesicular-tubular
clusters (VTC) or sometimes Intermediate Compartment (IC) or tubovesicular
complexes (TCs), is an organelle that developed later in evolution as it is only present
in mammalian cells, not in yeast or other model organisms. In addition, it was identified
much later than other organelles and its function is still not completely resolved. It is
clear however that the ERGIC is an independent structure, which is not connected with
or a domain of either the ER or the cis-Golgi. An older model for ERGIC structure,
which is now deemed unlikely, is called the transport complex (TC) model, which is
based on older studies using transport of the artificial temperature-sensitive viral GFP-
fusion protein Vesicular Stomatitis Virus G (tsO45-VSV-G-GFP) as read-out. In the TC
model, the ERGIC clusters are described as transient cargo containers that either fuse
with or form the cis-Golgi 3% %"-3%_ |dentification of ERGIC-53 (also known as LMAN1),
a 53 kDa transmembrane type | protein and cargo receptor as marker for the ERGIC
compartment led to a new, alternative model that is more consistent with observations
from other studies concerning ER-Golgi trafficking, as well as observations from life-cell
imaging **°. Now, the ERGIC is seen as a stable and long-lived compartment where
proteins are further sorted for anterograde or retrograde trafficking after leaving the ER.
It retains its structure by a continous flux of incoming membrane and material from the
ER and an outgoing flux of vesicles that the ERGIC sends to the ER or the Golgi ' ™
191,390,399 - Additional functions for the ERGIC or IC have been proposed by Saraste et
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al, based on observations from studies using an additional ERGIC marker, the GTPase
Rab1A. While ERGIC-53 is a transmembrane protein that shuttles between the ER,
ERGIC and cis-Golgi, Rab1A is recruited to membranes and remains associated with
ERGIC-membranes upon BFA treatment, strengthening the view of the ERGIC as a
compartment that is independent from the ER or the Golgi. Furthermore, studies using

Rab1A indicate a connection between the ERGIC and the endocytic pathway 3% 400 40"

402

The ERGIC was suggested to be formed by homotypic fusion of ER-derived COPII-
coated vesicles. This process is tightly regulated to ensure directional transport and
involves the sequential binding of effectors to Sec23 in order to direct the COPII-
vesicles to the ERGIC or cis-Golgi. In addition, back-fusion of COPII vesicles may be
prevented by ER-resident proteins such as the yeast protein Tip20 *°*. Much research
in COPIll-vesicle tethering has been performed in S.cerevisiae which lacks an
intermediate compartment, however, the mammalian homologues of proteins involved
in this process which are located at the cis-Golgi in S.cerevisiae are located at the
ERGIC in mammalian cells. COPII vesicle tethering is initiated at ERES by the TRAPPI
complex which includes binding of the TRAPPI subunit Bet3 to Sec23 after Sar1 GTP
hydrolysis is complete. Next, the small GTPase Rab1 (Yptip in S.cerevisiae) is
activated by the TRAPPI complex and the log, coiled-coil membrane-tethering factor
p115 (Uso1p in S.cerevisiae) is recruited.

P115/Uso1p also recognizes the yeast kinase Hrr25p. In S.cerevisiae, Hrr25p is
located at the cis-Golgi where it initiates vesicle uncoating and fusion, possibly by
displacing TRAPPI and phosphorylating the COPII coat 227 404 405 406, 407, 408 Thg
mammalian orthologue of Hrr25p was identified to be Casein kinase | delta (CKI9),
which has a conserved and essential role in the circadian clock. CKId may act at the
ERGIC where it is required for the binding of Arf GAP1 to membranes. Consequently,
loss of CKId function, either by pharmacological inhibition or overexpression of a
dominant negative mutant, was shown to inhibit ER to Golgi trafficking 27 390 409 410. 411,
*2_Vesicle fusion with the acceptor membrane not only delivers membrane material for
the ERGIC but also the vesicle cargo which contains a wide variety of different
proteins, such as proteins destined for the Golgi and beyond, ERGIC-resident proteins
but also ER-resident proteins such as chaperones and cargo receptors that were
transported to the ERGIC. These proteins are sorted in the ERGIC and transported
back to the ER (retrograde transport) or further on to the Golgi (anterograde transport).
In order for protein sorting to take place, cargo proteins destined for the Golgi must
dissociate from their cargo receptors which have to be transported back to the ER. This
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dissociation has been suggested to be induced by differences in pH and calcium levels.
The ER lumen is a neutral environment with a pH of 7.4, whereas the pH in the ERGIC
is believed to be more acidic; this change in pH might affect the binding affinities
between cargo receptors and their substrates " 4! 414 41% |n addition, while calcium
levels were found to be high in both the ER and the Golgi, calcium could not be
detected in the ERGIC, indicating lower calcium levels there *'> *'® 47 The binding
efficiency of the cargo receptor ERGIC-53 was shown to be more sensitive to changes
in pH levels in an environment with low calcium levels. It is therefore suggested that the
combination of low calcium levels and lower pH might induce protein dissociation " 2%
413, 414, 415,416 " A lower pH level in the ERGIC also assists with protein sorting, as the
affinity of the KDEL receptors for substrates bearing a KDEL-sequence is increased in
low pH environment. The KDEL receptors localize to both the ERGIC and cis-Golgi and
are responsible for returning ER-resident proteins bearing a KDEL-sequence back to
the ER. Binding of KDEL ligands to the KDEL receptor is also required to stimulate
retrograde transport of receptor and substrate back to ER in COPI-coated vesicles.
Another common ER-retrieval signal is the evolutionary conserved di-lysine motif; ER-

resident proteins bearing this di-lysine motif can directly interact with COP| 346 391 418
419, 420, 421, 422, 423, 424

The selection of cargo for anterograde transport from the ERGIC to the cis-Golgi is less
well researched; proteins might be packaged into COPI vesicles destined for the Golgi
by default and specifically retained or selected only for retrograde transport .
However, the identification of an ERGIC-specific hydrophobic export signal in the
GABA transporter 1 (GAT1) indicates that export from the ERGIC might also be more

tightly regulated via specific export signals “°.

4.3 Golgi

The mammalian Golgi stack consists of several cisternae, with the cis-Golgi side facing
the ER and ERGIC, and the trans-side facing the Trans Golgi network (TGN) and the

plasma membrane. Although the cisternae differ from each other, for example in terms

of protein content, a unifying principle on Golgi compartmentation does not exist '® ' %

345, 426

A recent model aims to incorporate differences in protein content, function, structure

and trafficking to divide the Golgi roughly into three functional compartments *?¢ “%’.
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Generally, post-translational modification of proteins, such as processing of N-linked
oligosaccharides, is a multi-step process involving several different enzymes. One
advantage of spatially separated compartments is that potentially competing enzyme
reactions can be spatially separated and thereby regulated optimally ; furthermore,
separation allows to create optimal environments for different enzymes for example by
adjusting pH, ion composition or substrate concentrations. In addition to protein
content, Papanikou and Glick as well as Day et al. propose to include the ability of
cisternae to receive cargo into the model of Golgi compartmentation. The first stage,
called Cisternal Assembly, includes the ERGIC and the cis-Golgi, as at this stage the
Golgi is assembled and COPIl- and COPI-coated vesicles can fuse with the
membrane; furthermore, early acting glycosylation enzymes are concentrated in the
cis-Golgi which are mostly absent in later cisternae. The second stage, called
Carbohydrate Synthesis, encompasses the medial and trans-Golgi, where the
cisternae contain different sets of glycosylation enzymes and glycosylate proteins and
lipids, but also synthesize complex polysaccharide. The cisternae in this stage can
receive COPI-coated vesicles of a different type than the cis-Golgi, and therefore not
from the ERGIC. The final stage, or Carrier Formation stage, includes the TGN but also
certain cisternae from the trans-Golgi, if they are able to package cargo into various
types of transport carriers en route to post-Golgi targets. Some processing of secretory
proteins can still take place in this third stage, but its main function is seen as
packaging of cargo for onward transport. The membranes in this stage are not

competent to receive COPI-coated vesicles 394 426427, 428,429,430

Vesicle transport to and within the Golgi is a tightly regulated process. The Golgi
receives COPI-coated vesicles from the ERGIC at the cis-Golgi, where vesicles fuse
with the cis-Golgi membrane in a manner that is believed to be mostly similar to vesicle
tethering at the ERGIC. The same process of vesicle budding and tethering is used for
transport between the different Golgi cisternae which also takes place in COPI-coated
vesicles, although different ARFs and associated GEFs and GAPs as well as tethering
proteins are used. At the cis- and medial-Golgi the tethering protein p115 is a likely
candidate, as it localizes to these compartments. For fusion of COPI vesicles at the cis-
Golgi, in addition to p115 the tethers GM130 and GRASP65 are involved, as well as
the GTPase Rab1. In intra-Golgi vesicle transport, Rab1 works together with tethers
localized exclusively at the Golgi, such as Golgin84, CASP and COG. In anterograde
intra-Golgi trafficking, the GTPase Rab2 was found to interact with the tether
GRASP55, which is localized at the medial-Golgi, as well as with the tethers Golgin45
and GM130 *'.
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Although components of the intracellular trafficking machinery have been identified, it is
unclear how proteins move through the Golgi, and how cisternae keep their identity.
Two models offer an explanation; in the anterograde vesicular transport model, cargo
proteins are transported through the Golgi from one cisternae to the next in COPI-
coated vesicles, whereas the Golgi-resident enzymes remain in their cisternae. In the
cisternal maturation model, which is regarded as more likely, the cis-Golgi is formed by
fusion of vesicles derived from the ERGIC, and the cisternae mature from cis- to trans-
Golgi by receiving the appropriate Golgi resident enzymes via retrograde transport from
the previous cisternae, whereas the cargo proteins remain in the cisternae and travel
together with their membrane compartment. This latter model accomodates the fact
that large cargos such as pro-collagen do not fit into COPI-coated vesicles, and in the

cisternal maturation model, this cargo would not need to be transported 3%* 3%,

After secretory proteins have received their appropriate post-translational modifations,

they are exported from the TGN in Clathrin-coated vesicles to their further destinations
430
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Response of the early secretory pathway to
the environment

The secretory pathway not only transports secretory proteins to the extracellular
environment, it is also involved in maintaining cellular homeostasis and in general in
supporting cellular function. However, cellular requirements change, for example during
cell growth or differentiation, or in response to changes in the environment, which
induces cell stress and requires survival mechanisms. The secretory pathway must
adapt to these changes, and it must therefore be able to sense these changes and

receive signals from the environment.

1  Response of the early secretory pathway to
signaling

It is now commonly accepted that the secretory pathway is the recipient of kinase
signaling in order to be able to react to changes in the environment and adapt its
function accordingly. Below, the process of signal transduction, in particular MAPK
signaling, will be briefly introduced, followed by what is currently known about signaling
to the early secretory pathway.

1.1 The MAPK signaling pathways

The translation of extracellular stimuli into cellular responses is a highly conserved
mechanism. Membrane-spanning cell surface receptors bind extracellular molecules or
ligands. Upon ligand binding, receptors initiate intracellular signaling cascades with the
help of adaptor proteins. Different kinds of receptors exist that recognize different
ligands and make use of different intracellular transduction pathways, such as for
example integrins which bind the extracellular matrix, cytokine receptors, G-protein
coupled receptors (GPCRs) or receptor tyrosine kinases (RTK) 2. The most common
signal transduction mechanism is via the addition of phosphates to specific amino acid
residues (mostly serine, threonine, and tyrosine) on target proteins, in a process called
phosphorylation. This conserved process is mediated by proteins called kinases, which
recognize specific sequence patterns in their target proteins " ®. Possibly the best
studied of intracellular signaling cascades are the mitogen-activated protein kinase
(MAPK) signaling cascades. Four different MAPK cascades have been described
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depending on which MAPK components are involved, and they each fulfill different

physiological activities (see Figure 3) *°.

The extracellular signal-regulated kinase 1 and 2 (ERKs) are involved in proliferation
and differentiation, whereas the two cascades around c-Jun N-terminal kinase (JNK;
also known as stress-activated protein kinase 1 (SAPK1)) and p38 MAPK (also known
as SAPK2-4 or p38 a-0) are involved in the cellular stress response and apoptosis. The
fourth group consists mainly of ERK5, also known as Big MAPK (BMK), and other
identified MAP kinases that do not fit in another group, such as ERK7 and 8. ERK5
appears to be involved in both mitogenic and stress signaling, whereas activation of

ERK7 and 8 remains elusive % >¢7.

The general principle of activation within these MAPK cascades is the same, although
different proteins are used. The MAPK cascades can be activated in various ways,
these could be through small GTP-binding proteins, adaptor proteins, or via a mediator
kinase (MAP4K) that activates the MAPK kinase kinase (MAP3K). The activated
MAP3K then signals to the MAPK kinase (MAPKK) which in turn activates the MAP
kinase (MAPK), which finally activates the MAPK-activated protein kinase (MAPKAPK).
Within these cascades, MAP3K, MAPKK and MAPK are seen as core components,
whereas MAP4K and MAPKAPK are involved in specific cases. Furthermore, although
MAP4K, MAP3K and MAPKK mainly function in signal transmission to the next level
within the cascade, both MAPK and MAPKAPK can each phosphorylate many different

substrates which regulate different cellular outcomes % * '8,
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Figure 3: Schematic representation of the different MAPK cascades, indicating the
activating stimuli, the kinases involved (purple), and the biological outcome

1.2  Growth factor signaling via the ERK1/2 cascade

The ERK1/2 cascade is the best investigated of the MAPK cascades, and it is mostly
involved in the induction and regulation of cell growth, proliferation, differentiation and
motility. Dysregulation of this cascade has been found to be a major contribution to
various pathologies, such as neurodegenerative disease, developmental diseases,

diabetes, and most importantly in different types of cancer &% %",

Activation of the ERK1/2 cascade usually takes place in response to extracellular
stimuli, due to binding of different growth factors, hormones or neurotransmitters to
receptors that activate the cascade '2. One of these stimuli can be signaling induced by
binding of epidermal growth factor (EGF) to the EGF receptor (EGFR). The EGFR is a
single spanning transmembrane protein; additionally, it has an extracellular ligand-
binding domain and an intracytoplasmic tyrosine kinase domain, as it belongs to a
family of receptor tyrosine kinases. Binding of the ligand to EGFR induces a
conformational change in the receptor, which causes the receptor to dimerize with
another EGFR. Upon dimerization, the receptors autophosphorylate several tyrosine
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residues within their C-terminal tail. These phosphorylated tyrosine residues provide
docking sites for specific cytosolic proteins that contain Scr homology 2 (SH2) and
phosphotyrosine-binding domains. Next, the adaptor protein Grb2 associates to EGFR
with the help of the adaptor molecule Shc, and the exchange factor SOS is recruited.
An exchange factor protein catalyzes the exchange of GDP to GTP, thereby activating
a G-protein; in this case, SOS recruits GDP-bound Ras and activates it (GTP-Ras).
Ras then activates a MAP3K, which could be the protein kinases Raf-1, B-Raf or A-
Raf. It is known that the Raf kinases are recruited to the membrane in order to be
activated, however, the mechanism by which this activation takes place is still not clear.
Next, the MAP3K activates the MAP2K, which is MEK1 or 2 (MEK1/2) via
phosphorylation. Activated MEK1/2 then phosphorylates ERK1/2 at the MAPK level,
which are seen as executors of the biological response ' . ERK1 and ERK2 share
high sequence homology, therefore they fulfil many overlapping functions. ERK1, also
known as p44, has a size of 44 kDa, whereas ERK2, also known as p42, is slightly
smaller with 42 kDa. Both ERK1 and ERK2 phosphorylate serine or threonine residues
that are located next to proline residues ' '® "8, ERK1/2 have been shown to be able
to phosphorylate more than 200 different substrates localized in different cellular
compartments, such as the cytoplasm, the nucleus, and the cytosolic face of various
organelles '* 2. In the nucleus, ERK1/2 phosphorylate transcription factors such as c-
Fos, c-Jun or Elk1. The transcription factor Elk1 is one of the main regulators of
immediate early genes; these are genes whose transcription factors must be activated
within minutes after the extracellular stimulus to provide a fast response. Elk1 forms a
ternary complex with serum response factor (SRF), a transcription factor that has been
shown to transcriptionally regulate several growth factor-induced genes, such as the
transcription factor Early growth response-1 and -3 (Egr1 and 3) 2" 2% 2> 2 The Egr1
transcription factor is part of a family of transcription factors that will be described
below.

1.3 The non-ERK1/2 cascades

The non-ERK1/2 signaling cascades are also known as stress signaling cascades, as
they are activated by both growth factor signaling and different stress stimuli.

The p38 MAPK cascade shows some crosstalk and overlap in substrates with the
ERK1/2 and the JNK cascade, and is implicated in a variety of cellular processes, such
as response to stress, apoptosis, cellular senescence, cell cycle checkpoint regulation,
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cell survival, and in the regulation of immunological effects & ' % 26 |t is activated by
stress-related stimuli including UV light, heat, osmotic shock, or in response to
stimulation with inflammatory cytokines such as Tumor Necrosis Factor-a and § (TNF-a
and B) and Interleukin-1 (IL1), or to growth factors such as Colony Stimulating Factor-1
(CSF-1) % 27 28 2 Receptor activation or environmental cues lead to activation of
upstream adaptor proteins and ultimately to activation of the p38 MAPK cascade. This
activation is mediated by MAP3K kinases such as ASK1 or MEKK4, or by low
molecular weight GTP-binding proteins of the Rho family such as the small GTPases
Cdc42 and Rac1. In this context, p21-activated kinases (PAKs) such as PAK1, PAK2
and PAK3 have been shown to be activated by Cdc42 and Rac ® 2" . After activation
of the cascade at the MAP3K level, activation of the following kinases takes place via
phosphorylation, similar to the ERK1/2 cascade. The kinases at the MAPKK level are
mostly Mitogen-activated protein kinase kinase 3 (MKK3) and MKK®, although MKK4 is
also involved ?® ®" % These kinases then activate the MAPKs in the cascade, which
are the four isoforms (a, B, y, 8) of p38, although some alternative splice variants also
exist. The four p38 isoforms have a molecular weight of 38 kDa; two isoforms, p38a
and p38B are expressed ubiquitously, whereas expression of p38y and p38d is
dependent upon cell type. p38y is expressed most abundantly in skeletal muscle,
whereas p386 is found in the pituitary and adrenal gland. Additionally, p38y and p38&
are key components in the innate immune response. The p38 kinases contain a
threonine-glycine-tyrosine dual phosphorylation motif, which is phosphorylated upon
activation 3% 3% 3. 3536 The gctivated p38s can then phosphorylate their substrates,
which can be either MAPKAPK components, such as MAPKAPK2 and 3, MNK and
MSK, which are also activated by the ERK1/2 cascade, or MAPKAPKS5 or regulatory
molecules such as PLA2 and heat shock proteins. Additionally, phosphorylated p38
can translocate to the nucleus and phosphorylate and thereby activate a variety of
transcription factors, such as activating transcription factor 1,2 and 6 (ATF-1/2/6),
growth arrest and DNA damage inducible gene 153 (CHOP), p53, myocyte enhance
factor 2C (MEF2C), cAMP response element binding protein (CREB), and Elk1 2% %

39, 40, 41, 42, 43, 44, 45, 46, 47, 48

Dysregulation of the p38 MAPK has been implicated in pathologies involving the
immune system, such as inflammation-related diseases or autoimmune diseases, and
in cardiovascular disease. Additionally, it might play a role in neurodegenerative
diseases, diabetes, and cancer ***°*" 2. The p38 MAPK cascade has opposing roles

in cancer, as it induces apoptosis and inhibits transformation and invasion. However, it
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was also shown to induce cancer progression. These opposing effects are likely due to

different functions of the various p38 isoforms & 1" 935435,

The c-Jun N-terminal kinase (JNK) cascade was named after the transcription factor c-
Jun, which is a target of phosphorylation of this cascade. In general, the JNK cascade
is stimulated by stresses such as UV radiation and oxidative DNA damage, but also
mitogens %% %657 Dysregulation of the JNK cascade play a role in several diseases,
especially in neurodegenerative disorders such as Alzheimer's and Parkinson’s
disease, and amyotrophic lateral sclerosis (ALS). The JNK cascade has also been
implicated in other diseases such as diabetes, chronic inflammatory diseases, as well

as in several types of cancer & % °0-%8.%9,

The JNK cascade shares many components with the previously described p38
cascade, and both cascades are often activated simultaneously as they also respond
to similar stimuli. Activation at the MAP3K level can take place either via small
GTPases such as Cdc42 or Racl, via adaptor molecules such as Tumor necrosis
factor receptor-associated factors (TRAFs), or via MAP4Ks. Kinases at the MAP3K
level are largely shared with the p38 cascade, such as Apoptosis signal-regulating
kinase 1 (ASK1), TGFB-activated kinase (TAK1), Mixed-lineage kinases 3 (MLK3) or
the MEK kinases 1-3 (MEKK1/2/3). However, some MAP3Ks that are specific for the
JNK cascade exist, these are ASK2, Leucine-zipper bearing kinase 1 (LZK1), MLK1
and Leucine-zipper and sterile-alpha motif kinase (ZAK). Signal transmission to the
MAP3Ks involves interaction with specific scaffold proteins under specific conditions,
such as the JNK-interacting proteins (JIPs) ® ©" 2 Upon activation, the MAP3Ks
activate and phosphorylate Threonine and Serine residues in the activation loop of
kinases at the MAPKK level, which are MKK4 and MKK?7. These then phosphorylate
the kinases at the MAPK level at their Tyrosine and Threonine residues in the
activation loop %. In the JNK cascade, three basic MAP kinases exist, which are JNK1,
JNK2 and JNK3. While JNK1 and JNK2 are expressed ubiquitously, JNK3 is
exclusively expressed in the brain, heart and testis. Each kinase further undergoes
differential splicing which results in multiple isoforms of all three JNKs. Additionally,
each JNK has a short form (46 kDa) and a long form (54 kDa). The resulting large
number of different JNK forms are involved in different cellular processes and thereby
convey specificity of signaling, as they prefer different substrate proteins & °7 %% 61. 63, 64,
% A large variety of substrates for the JNK cascade have been identified, that are
located in the cytoplasm and the nucleus. Following activation, JNKs translocate to the
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nucleus where they phosphorylate transcription factors such as c-Jun, ATF and Elk °”
61

The ERKS5 cascade is named after ERKS, as this is the only MAPK currently assigned
to this cascade. ERKS5 is a large protein with a size of 110 kDa, and is therefore also
known as Big MAPK (BMK1) ® ¢’ This cascade is activated in response to cellular
stress such as oxidative stress and hyperosmolarity, but activation by mitogenic
stimulation is equally common, and it has been implicated in cancer, although its
involvement in physiological processes is still largely unknown - Activation of the
ERK5 cascade appears to involve binding adaptor proteins such as Lad, and certain
kinases that act as MAP4Ks, including WNK1. At the MAP3K level MEKK2 and 3 have
been identified, although other kinases might be involved " 7" 72 73 7 At the MAPKK
level, MEK5 is the only protein involved, which phosphorylates ERK5. Similarly to
ERK1/2, ERK5 is phosphorylated on the threonine and tyrosine residues within a
sequence similar to ERK1/2, but no cross-reactivity between the ERK1/2 cascade and
ERK5 has been reported ° 7 . Upon activation, ERK5 is able to phosphorylate

several transcription factors, including c-Myc, MEF2 family members, and c-Fos & 76 7"

78,79, 80

In addition to ERKS5, other MAPK have been identified that are referred to as atypical
MAPKs; these are ERK3/4, Nemo-like kinase (NLK), and ERK7. ERK3/4 and NLK are
classified as atypical MAP kinases because they lack the characteristic Thr-Glu-Tyr
phosphorylation site in their activation loop, whereas ERK7 is not a substrate of the
MAPKK family ’.

The atypical kinase ERK7/8 (also known as MAPK15) was first identified as human
ERKS, due to its lower than expected similarity to the previously identified rat ERK7.
Therefore, this kinase is referred to as both ERK7 and ERKS, although in human cells it
is still mostly referred to as ERK8 " ®" %, Similar to other classical MAP kinases,
ERK7/8 contains the typical Thr-Glu-Tyr phosphorylation site in its activation loop, as
well as a kinase domain that is 45% identical to the ERK1 kinase domain . In contrast
to other MAP kinases, ERK7/8 has a C-terminal extension of over 200 residues which
was shown to be required for its autophosphorylation. In line with its
autophosphorylating function, ERK7/8 has a high constitutive activity in serum starved
cells, which cannot be suppressed by MAPK inhibitors. The activity of ERK7/8 may be
mediated by de-phosphorylation and protein turnover, as ERK7/8 was shown to be

ubiquitylated and rapidly degraded by the proteasome in proliferating cells 8" 84 8
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Despite its constitutive activity, ERK7/8 can be further activated in response to serum,
DNA damage and by activity of human oncogenes % %8 The physiological function of
ERK7/8 is still unclear, but overexpressed ERK7/8 was shown to localize to the
nucleus, and ERK7/8 was implicated in the regulation of several nuclear processes.
For example, ERK8 was found to be highly expressed in human colorectal cancer cells
and promoted transformation by directly phosphorylating the transcription factor c-Jun
% ERKS8 was also shown to mediate telomerase activity, as loss of ERK8 also
decreased telomerase activity ®. Another study found a role for ERK8 in protecting
genomic integrity by directly interacting with chromatin and stabilizing Proliferating cell
nuclear antigen (PCNA), as loss of PCNA leads to increased DNA damage *.
Furthermore, a general role for ERK7/8 in regulation of nuclear receptors was
suggested, as ERK7/8 has been shown to be a co-repressor for the estrogen-related-
receptor a (ERRa) by inducing its relocation to the cytoplasm, thereby inhibiting its
transcriptional activity °'. ERK8 was also shown to downregulate transcription of the
Glucocorticoid receptor a (GRa) by directly interacting with hydrogen peroxide
inducible clone-5 (Hic-5), also known as androgen receptor activator 55 (ARA55),
which is a co-activator of several nuclear receptors *. Recently, ERK7/8 was shown to
mediate different processes within the secretory pathway. ERK8 was identified as
negative regulator of ER O-glycosylation, and loss of ERK8 caused hyperactivation of
ER O-glycosylation and increased cell motility. ER O-glycosylation is increased in
cancer cells and promotes cell motility. Consequently, ERK8 was found to be
downregulated in human breast and lung carcinomas *. ERK8 activity was also shown
to be required for the induction of autophagy in basal conditions and upon amino acid
starvation, by directly interacting with ATG8-like proteins and by indirectly decreasing

% In Drosophila cells, ERK7 was found to be

inhibitory LC3 phosphorylation
upregulated in insulin-producing median neurosecretory cells (IPCs) in larvae upon
limiting dietary conditions. Upregulation of ERK7 was shown to inhibit secretion of
insulin-like peptides (dILPs) from IPCs to inhibit tissue growth upon nutrient starvation
% In addition, ERK7 was shown to inhibit ER export by inducing disassembly of ERES
in response to amino acid starvation. ERK7 was shown to target ERES via Sec16, as
amino acid starvation stabilizes ERK7 protein levels, which caused a modification in

the C-terminal region of Sec16 %.
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1.4  Regulation of MAPK cascades

As pointed out earlier, protein kinases are key regulators of cellular homeostasis. Thus,
kinase signaling cascades are subject to sophisticated regulatory mechanisms that
help fine-tune and adjust the strength and duration of signaling. These regulatory
mechanisms include feed-back loops as well as de-activation of kinase signaling by
phosphatases. In addition, signaling may be contained locally by scaffolding and

compartmentalization °.

An important factor in regulation of signaling is the strength and duration of a signal,
and therefore, deactivation of kinases by phosphatases is an important process.
Dephosphorylation of kinases by removal of phosphates is mediated by MAPK
phosphatases (MKPs). As for kinases, different groups of phosphatases exist that differ
upon their specificity for certain residues. Phosphatases that only dephosphorylate
tyrosine residues or only serine/threonine residues exist, as well as dual specificity
phosphatases (DUSPs) that can remove phosphogroups from either residues * %7+ % %,
In addition, some MKPs are able to regulate several MAPKs from different cascades,
such as DUSP1/MKP-1 that dephosphorylates ERK, JNK and p38 in the nucleus,
whereas other phosphatases show specificity, as the cytoplasmic phosphatase
DUSP6/MKP-3 that exclusively dephosphorylates ERK, and DUSP10/MKP-5 and

DUSP16/MKP-7 that prefer JNK and p38 over ERK "% 107 102103, 104,705,

MAPK cascades function via sequential activation of the involved kinases, however,
there is evidence for the involvement of scaffold proteins in these signaling cascades
that may mediate the interaction between two kinases or even organize signaling
complexes. Scaffold complexes regulate signaling by locally increasing kinase
concentration and thereby allowing for localized activation of substrates. In addition,
binding of scaffold proteins to kinases prevents activation of kinases by irrelevant
stimuli by shielding the kinase from other proteins > '°. Several scaffold proteins have
been identified that act at different points within their cascade. Some of the best
understood scaffold proteins are Kinase suppressor of Ras 1&2 (KSR1&2) that
regulate the ERK1/2 cascade. KSR is a highly conserved protein that interacts with a
variety of signaling molecules. KSR1 is described as both a pseudokinase and a
scaffold protein, and its function is believed to bring together ERK, MEK and activated
Raf-1 at the plasma membrane, to provide a docking platform for signaling molecules
and to facilitate the sequential phosphorylation steps within the cascade ' % 1% |n
addition to signaling molecules within the cascade, KRS has been shown to interact
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with other proteins that regulate its function and localization, thereby adding another
Iayer to MAPK Signaling regulation 106, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120. Another
protein with ERK scaffolding properties is MEK-partner 1 (MP1), which selectively
promotes signaling from MEK1 to ERK1, but cannot bind MEK2 or ERK2. MP1 also
functions in compartmentalization as it localizes ERK1 to endosomes "' 122 123, 124,
Another group of newly emerging scaffolding proteins are the B-arrestins that have
been shown to be involved in the regulation of G-protein-coupled receptor (GPCR)
signaling as well as in GPCR signal transduction and MAPK scaffolding. This dual
function is believed to facilitate the activation of the MAPK cascade following GPCR

activation. In the ERK1/2 cascades, the B-arrestins-1 and 2 have been shown to be
involved 125 126127, 128, 129

For the stress-activated protein kinase cascades, several scaffolding proteins have
been identified. The most investigated scaffolding proteins are the group of JNK
interacting proteins (JIPs), which interact with JNK and p38. Association of JIP proteins
with JNK have been shown to increase JNK activation; this activation is in turn
regulated by a large variety of proteins interacting with JIP &0 106, 130, 131, 132, 133, 134, 135
Arrestins have also been shown to facilitate activation of the JNK cascade by GPCR
signaling. For example, B-arrestin-2 was shown to act as a scaffold for JNK3 06 136137
138 139 Recently, also the ERK5 cascade was shown to require B-arrestin-mediated

activation following GPCR activation *°.

Relocalization of kinases and restriction of components to certain locations in the cell
are important means of regulation of signaling. This process is best understood in the
ERK1/2 cascade and is mediated by scaffolding and anchoring proteins. For example,
MEK1/2 and ERK1/2 are bound to cytoplasmic anchors in their inactive state and are
released upon phosphorylation. Although ERK1/2 preferentially localizes to the nucleus
after release from its cytoplasmic anchor, it can localize to other subcellular

2, 141, 142, 143, 144, 145 For

compartments with the help of specific directing proteins
example, the scaffold protein MP1 ensures ERK1 localization to endosomes by forming
a scaffolding complex with its partner protein p14 and the kinases MEK1 and ERK1.
The MP1-p14 scaffolding complex also interact with ERK2, but the biological relevance
of this interaction is still unclear 2" 1% 146 147. 148 " gef{ s required for the Golgi

localization of ERK1/2, and VDAC1 directs ERK1/2 to mitochondria 4% 120 151192,
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1.5 The Egr transcription factor family

The family of Early Growth Response (Egr) transcription factors is a group of four
transcription factors now named Egri-4 that share a highly conserved DNA-binding
domain consisting of three zinc-finger motifs. This domain recognizes a 9 base pair
DNA segment, whereby each zinc finger recognizes three nucleotides '°% 54 5% 1%6. 157,
198,199, 160. 161 " Apart from this conserved domain, Egrs differ in their structure to varying
degrees. Egr2 and Egr3 are the most closely related, followed by Egr1 and Egr4 which
are more distantly related 2. Egr3 is the only member of the Egr transcription factor

family for whom the presence of several isoforms has been reported % 164,

In general, these transcription factors are rapidly induced mainly in response to growth
factor stimulation, but other stress-related stimuli have also been shown to induce Egr
transcription factors. The expression of the Egr transcription factors appears to be
tightly regulated, as stimuli inducing Egrs also induce the nuclear co-repressor NGFI-A
binding protein-2 (NAB2) that suppresses transcriptional activity of Egr1, Egr2 and
Egr3, whereby it has been shown that they also induce their suppressor NAB2 '>* 6%
'8¢ Regulation of Egr4 differs from that of the other members of the Egr family, as it
does not contain a NAB2-binding site. Instead, Egr4 appears to have autoregulatory

properties, as it binds a region in its own promoter and represses its own transcription
167

The Egr transcription factors seem to fulfill different functions in different processes. In
general, they are thought to be involved in processes such as cell survival,
proliferation, differentiation, and apoptosis '**.

Much research has focused on the role of Egrs in neurons with regard to neuronal
differentiation, memory and learning '®. Egr1, Egr2 and Egr3 are rapidly upregulated in
neuronal cells after stimulation of the cells by induction of long-term potentials (LTPs)
162, 168, 169, 170. 171 " Fyrthermore, much research has been performed in Egr-deficient
mice, which are viable, except for mice lacking Egr2. Mice lacking Egr1 and Egr4 show
problems with fertility, whereas mice lacking Egr3 have severe motor abnormalities due
to lack of muscle spindles '°% 172 173 174. 175,176,177 ‘Mice lacking Egr1 show deficiencies
in maintenance of late LTPs and interestingly, they are unable to form long term
memories as tested in a variety of behavioral tasks. However, no impairment in short-
term memory formation was found '® '"°, This is in contrast to Egr3-deficient mice that
show deficits in short-term memory formation and as a consequence, also in long-term
memory formation. These defects are in addition to the previously mentioned motor

abnormalities and abnormal reaction and adaptation to stress and in social interactions
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162,180,181 The involvement in neurological processes of the Egr transcription factors is
reminiscent with human association studies that indicate an involvement of Egr1 with
Alzheimer’s disease and Egr3 in Schizophrenia in several populations, as well as in
Bipolar Disorder and even psychosis '8% 183 184,185,186, 187, 188, 189, 190. 191  Aqditionally, Egr2
and Egr3 are involved in immunity as they contribute to the regulation of proliferation

and differentiation of B and T cells and also of dendritic cells 19 193 194. 195,

Since Egr1 and Egr3 are involved in proliferation, they have also been found to play a
role in cancer. However, for Egr1, opposing roles have reported in different types of
cancer. In prostate cancer cells, Egri is overexpressed and has been shown to be
required for tumor progression % 1% 197:1% |n 3 transgenic mouse model, loss of Egr1
delayed tumor progression from neoplasia to invasive carcinoma. Generally, Egr1 is
overexpressed in prostate cancer and promotes tumor progression, possibly by
controlling proteins involved in cell cycle regulation such as Cyclin D2. Egr1 also
induces other proteins important for tumor progression such as insulin-like growth
factor-Il, transforming growth factor-p1 (TGF- $1), and platelet-derived growth factor-A.
In addition, Egr1 promotes translocation of the androgen receptor to the nucleus '** 1%
199, 200, 201, 202, 208, 204. 205 E\yrthermore, the Egri repressor Nab2 is downregulated in both
human and mouse prostate tumors 2%. In contrast, in several other types of cancer
including breast cancer, Egr1 was lost 207 208 209 210. 211 ‘Interestingly, in breast cancer,
Egr1 was found to induce expression of the tumor suppressor BRCA1 2'2. In general, in
some cancers, Egr1 might act as a tumor suppressor and inhibit tumor progression,
while in other cancer types, Egri is overexpressed, promotes tumor progression and
was even shown to enhance drug resistance of the tumor 1% 213 214, 215, 216, 217, 218 (o
note, apoptosis induction by several chemotherapeutic agents was shown to be
mediated by Egr1 2'% 220 221. 222 More research is required to integrate these opposing

findings into a coherent model of Egr1 function.

Research on the involvement of Egr3 in cancer has been less extensive so far, but it
was found to play a role in prostate cancer and breast cancer. Egr3 was found to be
highly overexpressed in non-relapsing prostate cancer, but showed lower expression in
relapsing prostate cancer. In addition, expression patterns of inflammatory genes that
are known to be involved in prostate cancer correlated with Egr3 expression levels,
indicating a regulatory role for Egr3. Upregulation of inflammatory cytokines and growth
factors, in particular of Interleukin-6 (IL6) and IL8 was found to be Egr3 dependent in
prostate cancer by a later study, and this was suggested to be an important part of
prostate cancer progression #* %% |n breast cancer, Egr3 was shown to be induced by
estrogen-mediated signaling, and increased expression of Egr3 in patient samples was
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associated with an increased risk of recurrence of the cancer as well as an adverse
clinical outcome. These correlations are in line with the finding that overexpression of

Egr3 increased cancer cell migration and invasion properties 2 2%

. In contrast, in
gastric cancer, Egr3 was found to be expressed at lower levels compared with matched
non-tumour tissues, and decreased Egr3 expression levels correlated with poor

prognosis .
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2 Integration of extracellular signaling to the early

secretory pathway

Previously, the secretory pathway was seen as a steady homeostatic membrane
system. Many recent studies however show that compartments of the secretory
pathway are specifically targeted by kinase signaling, and that the secretory pathway
does not just consist of steady membranous compartments, but that these are
adaptable to different cellular needs in both structure and function #*® #°_ The secretory
pathway undergoes dramatic changes during cell division, a process which is also
regulated in part by kinase signaling; signaling during mitosis will not be discussed
below. The main signaling events discussed in the following chapters are illustrated in
Figure 4.
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Figure 4: Schematic illustration of key signaling events occurring at the ER-Golgi
interface
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2.1 ERES

The regulation of ERES by kinase signaling has probably been the most extensively
studied, and the first insights came from the observations of two studies using the
isoquinolinesulfonamide H89, which is a serine/threonine kinase inhibitor. Lee et al.
showed that H89 treatment blocked ER export, but not retrograde trafficking from the
ERGIC or the Golgi. Additionally, Sec13 recruitment to ERES was disturbed by H89
treatment, but not the localization of BCOP to the Golgi *°. These findings are in line
with the observations of Aridor et al., who also saw inhibition of ER export by H89
treatment due to loss of Sar1 recruitment by H89 treatment, followed by an inhibition of
Sec23/24 recruitment to membranes, which explains the defect of Sec13 recruitment
found by Lee et al ?*> ', Recent studies revisited this problem, and Nakagawa et al.
found ER-coupled B-tubulin to be a downstream effector of the still elusive H89-
sensitive kinase #*2. Using microsome binding assays and recombinant Sar1, they were
able to verify an inhibition of Sar1 recruitment to microsomes in the presence of H89,
and an inverse relationship of phosphorylated B-tubulin and Sar1 at the microsome
depending upon H89 concentration. These results may indicate a role for B-tubulin
phosphorylation at the ER by H89-sensitive kinase in the recruitment of Sar1 to ERES
232233 |n another study, inhibition of Sar1 recruitment to ER membranes was found to
be mediated by the ER-resident Gi2-protein using the Gi protein activator
Mastoparan 7. Mastoparan 7 treatment suppressed Sar1 translocation onto
microsomes presumably via the actions of ER-resident Gi2-protein, as the effect of
Mastoparan 7 was abolished by co-treatment with the G-protein inhibitor pertussis toxin
%4 These studies indicate that two distinct mechanisms exist, targeted by different
signaling cascades, that suppress and support ER export via modulation of Sar1
recruitment to the ER membrane %2 23 2% Fyrthermore, the phosphatase inhibitor
okadaic acid was shown to inhibit ER export, indicating a role for phosphatases as well

as kinases in the regulation of ER export #*°.

Recent studies have focused more on phosphorylation of components of the ER export
machinery. Sar1b was found to be phosphorylated by the atypical protein kinase C ¢
(PKCQ) in intestinal cells, which stimulated budding of pre-chylomicron transport
vesicles from the ER. Recently, PKC{ was found to be activated by dietary
phosphatidylcholine, and that PKC{ activation correlated with intracellular
phosphatidylcholine concentrations. In this way, dietary phosphatidylcholine directly
increases its export from the ER by stimulating this rate-limiting step %% %" 238 The
COPIll-coat component Sec23 also appears to be a target of signaling. The kinase

PCTAIRE-1, which belongs to a group of PCTAIRE kinases that are part of the cyclin-
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dependent kinase (CDK) family, was shown to interact directly with Sec23. Sec23 was
not shown to be phosphorylated by PCTAIRE, indicating that PCTAIRE might act as a
scaffold protein #*°. However, kinase activity of PCTAIRE is still required for secretory
pathway function, as loss of PCTAIRE as well as overexpression of a kinase-dead
mutant resulted in a decrease in ERES number as well as a disturbance in ERGIC
structure and Golgi fragmentation. In addition, overexpression of the kinase-dead
mutant decreased ER-to-Golgi trafficking, as measured using trafficking of
temperature-sensitive-VSVG, while overexpression of an active form further increased

trafficking 2.

More is known about phosphorylation of Sec24. Sec24C is
phosphorylated upon entry of the cell into mitosis, which has been suggested to
somehow contribute to the disassembly of ERES during mitosis; this process will be
discussed later 2*°. Another study found that the protein kinase Akt phosphorylates
Sec24C and Sec24D on serine/threonine residues, thereby increasing their binding to
Sec23 ?*'. This was proposed as a general pathway of Akt-dependent stimulation of
ER-to-Golgi trafficking, as previous studies have shown increased trafficking in
response to stimuli mediated by the Pi3K/Akt pathway. Trafficking of sterol regulatory
element binding protein-2 (SREBP-2) was shown to be increased by Akt, insulin
stimulation of rat brown adipose cells selectively increased trafficking of MHC-I, and
ER-to-Golgi trafficking of the lipid ceramide was affected by inhibition of the PI3K/Akt
pathway 2% 2% 244 g5ec31 is another COPIlI component that has been shown to be
phosphorylated. The first indications came from a yeast in vitro study that showed that
pre-treatment of Sec31 with alkaline phosphatase strongly inhibited the formation of
COPII vesicles in an in vitro budding assay *°. A later study in mammalian cells
identified the constitutively active Casein Kinase Il (CK2) as a serine/threonine kinase
responsible for Sec31 phosphorylation. Loss or inhibition of CK2 reduced membrane
trafficking, as secretion of secretory alkaline phosphatase into the supernatant was
reduced, as well as ER-to-Golgi trafficking of temperature-sensitive VSVG. Additionally,
Koreishi et al. found that phosphorylation of Sec31 decreased its affinity for Sec23,
thereby stimulating ER export, while a non-phosphorylatable Sec31 mutant bound

246 CK2 is involved in

Sec23 more strongly and remained at ERES for longer
processes such as cell cycle, cell survival and transcriptional regulation, however,
which stimulus initiates CK2-dependent Sec31 phosphorylation was not reported and
therefore all examples highlighted above do not indicate which “signal” is responsible

for targeting a certain kinase to the COPII machinery.

Accessory proteins that assist in COPIl-vesicle formation but are not part of the vesicle
coat may also be phosphorylated. For example, Sec16A has been shown to be
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phosphorylated by ERK2, and loss of ERK2 was shown to decrease ERES number 2*'.
In line with these findings, overexpression of oncogenic Ras, which increases ERK2

247 Additionally, a functional

activity, also caused an increase in ERES number
consequence of ERK2-dependent Sec16A phosphorylation was found, as
phosphorylation increased Sec16A mobility following EGF stimulation in FRAP assays
27 Sec16 has also been suggested to be phosphorylated by ERK7 in response to
amino acid starvation in Drosophila S2 cells, which will be discussed in more detail
below. Although direct phosphorylation of Sec16 was not shown, amino acid starvation

led to a disassembly of ERES mediated by ERK7 %.

22 ERGIC

The ERGIC may also be a target of signaling. One example is the ERGIC-localized
kinase CK19, which is a homologue of the yeast Hrr25p which localizes to the yeast
cis-Golgi, and possibly regulates COPIl-vesicle fusion. CK1d was shown to
phosphorylate the GTPase Arfl and thereby mediate the recruitment of Arf1 to
membranes. Arf1 is required for the recruitment of COPI components and for the
formation of COPI vesicles. Consequently, loss of CK1& function disrupted Arf1
localization to membranes, and inhibition with the CK1&-specific inhibitor IC261 led to a
block of temperature sensitive VSV-G trafficking at the pre-Golgi level, indicating that

CK1d has a regulatory function in post-ER membrane trafficking 2% 249 250. 251

n
addition, a signaling complex recruited by the small GTPase Rab2 was shown to be
important for trafficking. Rab2 is a small GTPase that was proposed to be involved in
the recruitment of coatomer to the ERGIC and is essential for anterograde and
retrograde vesicle trafficking from the ERGIC 2°% 2°% %4 Egrly studies have shown that
Rab2 requires the atypical protein kinase C (aPKC) for the recruitment of B-COP to the
membrane, and that only the aPKCA and aPKCi isoforms were found to be required for
Rab2-dependent 3-COP recruitment in in vitro membrane association and vesicle
budding assays %> #°. Rab2 was also shown to recruit glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to the ERGIC, which is phosphorylated at the ERGIC by
aPKCM 2°% 26 27 gince GAPDH is able to interact with a-tubulin, it was suggested
that Rab2 controls microtubules (MT) and MT motor proteins at the ERGIC, via
GAPDH, in a manner which was shown to be dependent upon aPKCM/ activity 2°% 2%,
With regard to vesicle trafficking at the ERGIC, GAPDH also plays an important role, as

inhibition of GAPDH by antibody injection blocked ER-to-Golgi transport 2°°.
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Furthermore, Src kinase, which is a member of the non-receptor tyrosine kinase family,
was shown to regulate Rab2 activity at the ERGIC. Phosphorylation of aPKC by Src
was shown to be required for the interaction between aPKC and Rab2, and in turn,
Rab2 was also required for Src recruitment to the ERGIC 2 2%7-260- 281 ' Addiitionally, Src
was shown to also phosphorylate GAPDH, and this phosphorylation was required for
Rab2-mediated effects, as overexpression of a non-phosphorylatable GAPDH mutant
blocked ER-to-Golgi trafficking, but not GAPDH association to the ERGIC %2,

Syntaxin17 is another ERGIC-associated protein that is targeted by signaling.
Syntaxin17 was identified as a SNARE protein that is necessary for secretion and
might act as a receptor protein, but its function is still unclear and it has been
implicated in autophagosome regulation 2%, It localizes mostly to the ER and ERGIC

24 1t was

membranes and is required to maintain ERGIC and Golgi architecture
recently shown to be phosphorylated by the tyrosine kinase c-Abl in response to serum
stimulation, and possibly due to growth factor receptor stimulation, as phosphorylation
of Syntaxin17 was reduced if cells were pre-treated with EGFR inhibitors prior to serum
stimulation. This phosphorylation was further shown to affect the association of
Syntaxin17 with B-COP, but phosphorylation status of Syntaxin17 was found to not
influence B-COP distribution in the cell *°. Syntaxin17 was also shown to be a target of
the TC48 tyrosine phosphatase that has been previously implicated to be a regulator of
the early secretory pathway. The T-cell protein tyrosine phosphatase (TCPTP) has two
splice variants, TC45 which localizes exclusively to the nucleus acting as a nuclear
pore protein, and TC48. TC48 localizes mainly the ER, but shuttles through the ERGIC
and cis-Golgi before being retrieved by retrograde transport to the ER via interaction
with p24 family members. TC48 was suggested to serve a regulatory function in the

components of the secretory pathway, possibly by regulation of vesicular trafficking 2
267

The characteristic discontinuous structure of the ERGIC was shown to be regulated by
the group VI phospholipase A2 (PLA2G6) %, which is a calcium-independent PLA2
form. Ben-Tekaya et al. showed that PLA2G6 localizes to the ERGIC and that it has an
essential role in maintaining ERGIC structure. Loss of both of the GTPases Arf1 and
Arf4 led to a hyperactivation of the PLA2G6-A isoform, which led to tubulation of the
ERGIC and connection of the normally separated ERGIC clusters . A dysfunctional
ERGIC due to PLA2G6 misregulation very likely contributes to apoptotic phenotype of
cells with misregulated PLA2G6 activity. Furthermore, PLA2G6 was linked to
inflammatory signaling in a type 1 diabetes autoimmunity model, as proinflammatory
cytokines induced PLA2G6 and ultimately apoptosis of B-cells ?*°. Pharmacological
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inhibition of PLA2G6 in female mice reduced incidence of diabetes development due to
preservation of B-cells 2°. Additionally, PLA2G6 was also shown to be a downstream
target of PKC signaling in immune cells " #’2. Taken together, a variety of stimuli
target PLA2G6 and thereby the ERGIC indicating that the ERGIC is regulated by
external stimuli to a greater extent than it is recognized so far.

2.3 Golgi

The Golgi is the organelle that has been the most extensively studied with regard to
signaling, as the Golgi disassembles during mitosis and re-assembles afterwards in a
process that is regulated by kinases and phosphatases ?”°. The Golgi matrix proteins
GRASP65 and GRASPS55 are involved in Golgi architecture, and phosphorylation and
subsequent de-phosphorylation of GRASP55 and GRASP65 were shown to mediate
Golgi disassembly and re-assembly before and after mitosis 2+ 27 276 277, 278, 279, 280
Additionally, targeting GRASP55/65 by signaling might regulate the velocity of
trafficking through the Golgi, as GRASP65 and GRASP55 have been suggested to
negatively regulate protein trafficking. A delay in trafficking might be necessary to
ensure proper glycosylation of proteins, as adverse effects on protein glycosylation
were observed due to accelerated Golgi-to-cell-surface trafficking in GRASP55/56
knockdown ##'-#2 ERK1/2 MAPK signaling at the Golgi is also tightly regulated, and an
important negative regulator of ERK1/2 signaling at the Golgi was identified to be Bcl-2
inhibitor of transcription (Bit1) ?*. Although this protein was first shown to localize to
mitochondria, it was also found to be present in the ER and Golgi, where it negatively
regulates ERK activity. Bit1 at the Golgi is required for stress resistance, and was also
shown to be involved in anoikis, which is a form of apoptosis found in epithelial cells. In
mitochondria, protein kinase D was found to positively regulate Bit1 233 284 285, 286
Interestingly, ion signaling also appears to have an effect on localization of Golgi
proteins. Increased intracellular Manganese (Mn) concentration causes a relocalization
of the cycling cis-Golgi glycoprotein Golgi phosphoprotein of 130 kDa (GPP130) first to
multivesicular bodies and then to lysosomes where it is degraded. 2”232 Apart from
Manganese, Calcium also appears to play a role in Golgi function and trafficking, as
loss of the secretory pathway Ca(2+)-ATPase isoform 1 (SPCA1), which is a Golgi-
localized Ca2+-pump, disturbed Golgi structure and inhibited trafficking of proteins

290, 291

through the Golgi
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2.4 Evidence from screens for kinase/phosphatase
regulation of the early secretory pathway

A large amount of evidence for signaling to the early secretory pathway comes from
several different screens that were performed with the aim to uncover regulators of
structure and function of the secretory pathway. Many proteins, not only kinases and
phosphatases, were uncovered that appear to regulate the organelles of the early
secretory pathway. These screens will be discussed in relation to signaling to the early
secretory pathway briefly below. The screens show very little overlap with regard to hits
that were identified, but this can be explained by different species used (Drosophila
versus mammalian cells), different set-ups due to different contexts that were

researched, and consequently very different read-outs, as discussed in a recent review
292

The first RNAI screen to identify regulators of secretion in metazoans was performed in
Drosophila S2 cells by Bard et al. Secretion of soluble horseradish peroxide (HRP) into
the supernatant was used as a read-out, and potential hits were further tested by
overexpression and colocalization with the Golgi using overexpressed GFP-Manll. A
major criticism towards this approach was that secreted HRP was not normalized to the
amount of living cells. Still, many known regulators of secretion were identified in this
screen, as well as many new potential regulators, one of which, a protein termed
Transport and Golgi organization 1 (TANGO1) has been extensively researched and
found to be localized to ERES where it is involved in cargo export 2**. Another screen in
Drosophila S2 cells by Wendler et al. did correct for cell viability and used Luciferase
secretion as a read-out. Interestingly, the overlap between these two screens was very
low. A third screen in Drosophila S2 cells focused on the identification of proteins that
regulate the morphology of the early secretory pathway, or tER-Golgi units in
Drosophila cells, rather than effect on anterograde trafficking. Furthermore, this screen
focused on proteins that are predicted to be associated to the ER. This screen found a
variety of new regulators of the early secretory pathway. Interestingly, hits that upon
depletion led to an increase in number of tER-Golgi units also increased cell size in
general. Cell size is an important factor in the regulation of cell division, and this finding
therefore provides a link between the secretory pathway and cell division in Drosophila

cells 2%,

This important link between proliferation and the secretory pathway was also
established in an earlier screen using mammalian cells **’. This RNAi screen by
Farhan et al. investigated changes in morphology of the early secretory pathway in
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mammalian Hela cells using ERGIC-53 as a marker, as this protein cycles between
the different compartments of the early secretory pathway and it was therefore possible
to stain ERES, the ERGIC, as well as the cis-Golgi. This screen targeted the entire
human kinome and phosphatome, and identified 122 kinases and phosphatases that
regulate the early secretory pathway. Interestingly, a role for the ERK1/2 signaling
cascade in regulation of ERES was found 2*’. A later RNAi screen also in the
mammalian HeLa cells by the Pepperkok group targeted the entire human genome and
used trafficking of the model secretory cargo protein temperature sensitive VSVG
(VSVG-ts045) as a read-out **. This screen identified a total of 554 hits that influence
secretion, and the two screens showed an overlap of 39%. This large number of
regulators of the early secretory pathway supports the emerging view that the secretory
pathway is not a homeostatic membranous system but highly involved in a large
number of cellular processes, and therefore tightly regulated by internal and external
stimuli. Another RNAI screen focused exclusively on the identification of kinases and
phosphatases that influence Golgi morphology using markers for the cis, the medial
and the trans-Golgi. This approach revealed 159 hits that were clustered into sub-
networks, one of them being the ERK1/2 signaling cascade that was also found to be

involved in regulation of the early secretory pathway by the Hauri group 2*" 2%,
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3 Response of the endomembrane system to

nutrients and nutrient starvation

Adaptation to nutrient availability is an essential factor in cell survival, and mechanisms
to monitor nutrient availability and to adapt to lack of nutrients are largely conserved.
Upon decreased nutrient availability, such as lack of glucose or amino acids, cells must
decrease their energy expenditure and protein synthesis. As mentioned previously, the
secretory pathway handles a large portion of nascent proteins; therefore, upon nutrient
starvation, this cargo load is decreased. In addition, the secretory pathway is a large,
multi-organelle structure and is involved in many cellular processes. Its maintenance
and function requires energy and the synthesis of proteins and lipids. Therefore, the
secretory pathway must adapt to changes in nutrient availability by decreasing its
secretory processes and energy expenditure. However, the response of the secretory
pathway to nutrient starvation and signaling starvation has not been researched in
great detail.

The most extensively studied mechanism in response to nutrient starvation is
macroautophagy, hereafter referred to autophagy. This process involves the bulk
degradation process of proteins and organelles that are engulfed in the cytoplasm by
the phagophore, which is a double-membraned cup-shaped structure that eventually
closes, forming the autophagosome. These large vesicular structures then fuse with
lysosomes, and fusion forms auto(phago)lysosomes and the contents of the
autophagosome are degraded by lysosomal enzymes #°” 2°® This enables the cell to
degrade components not required during nutrient starvation, and to liberate amino
acids. The most important pathway for induction of autophagy is the highly conserved
mammalian or mechanistic target of rapamycin (mTOR) pathway. mTOR is present in
two protein complexes, called mTOR complex 1 (mMTORC1) and 2 (mTORCZ2), whereby
the mTORC1 complex is responsible for induction of autophagy. mTORCH1 is activated
in the presence of nutrients and inhibits autophagy under basal conditions 2%.
Decreased glucose/ATP or amino acid levels lead to an inhibition of mMTORCH1, thereby
the phosphorylation-dependent inhibition of the serine/threonine kinases Unc-51-like
Kinases 1 and 2 (ULK1/2) by mTORC1 is lost. Activation of ULK complex (ATG1 in
yeast) is believed to be upstream of the recruitment of ATG proteins and initiates the
formation of phagophores by recruiting two ubiquitination-like reaction complexes to the
phagophore membranes. The first step in phagophore formation is the membrane
association of the E3-ligase-like Atg5-Atg12-Atg16L complex. This is followed by the

Introduction Response of the early secretory pathway to the environment 80



conjugation of the ubiquitin-like Atg8 family, which is divided into the three subfamilies
LC3 (which consist of LC3A, -B, B2 and, -C), GABARAP and GATE-16 27-29. 3%

In contrast to yeast, where only one phagophore is present which originates from the
phagophore assembly site (PAS) on the endoplasmic reticulum, mammalian cells form
several phagophores. Contrary to yeast, the origination site of mammalian
phagophores and the source of membranes during the elongation phase remain
elusive, and many organelles of the secretory pathway have been shown to be

involved 300301

The ER for example has been suggested to supply membrane material, as formation of
the autophagosome requires phosphatidylinositol 3-phosphate (PI(3)P), and a PI(3)-P-
binding protein called DFCP1, that normally localizes to the ER, was shown to
translocate to punctate compartments upon amino acid starvation where it partially co-

302

localized with the autophagosome markers LC3 and Atg5 In addition,

overexpressed ULK1 was found to frequently associate with the ER and to localize in

close proximity to the ER reticular structures 3%

. Other studies using electron
tomography showed direct interconnections between the ER and developing
phagophores 3% 3% 306 307 The developing phagophore was also shown to form
contacts with mitochondria, which were previously implicated to form contacts with
phagophores %% |nterestingly, a recent study showed that autophagosomes form at
ER-mitochondria contact sites, since the autophagosome marker Atg14 localized to
ER-mitochondria contact sites during starvation, and that the ER-resident SNARE
protein Syntaxin17 was responsible for the recruitment of Atg14 *®°. Another ER-
associated compartment, ER exit sites, has emerged as a key compartment for
autophagosome formation, as suggested by several lines of evidence. In mammalian
cells, autophagosomes were shown to form in close proximity to the ER at sites termed
omegasomes % %1% Using the omegasome-marker DFCP1, Ge et al. showed that
pharmacological inhibition of COPII vesicle transport by H89 treatment caused a

decrease in omegasome number '

In addition, inhibition of ER export by
overexpression of dominant-negative or constitutively active Sar1-mutants was shown
to decrease the number of DFCP1-positive omegasomes and ATG14-positive early
autophagosomes, indicating that functional ER export is required for autophagosome
initiation 3'". This is further supported by recent studies in yeast showing that
phagophores form in close proximity to ERES *'% %3, Suzuki et al. showed that the

isolation membrane, which elongates to form the closed autophagosome, forms in
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close proximity to ERES °'*. Graef et al. verified these findings in both yeast and
mammalian cells. In addition, Graef et al. showed that the edge of the expanding
isolation membrane localized next to several COPII components in over 90% of cases
%2 In addition, COPIlI components were suggested to directly interact with components

312 In a recent

of the autophagosome machinery as shown by mass spectrometry
review, the findings regarding the role of ERES in autophagosome formation were
summarized in two different models *'*. In the first model, ERES deliver membrane to
the growing phagophore by COPII-mediated vesicle transport. In the second model,
ERES act as scaffolds where autophagosome formation takes place. Although both
models are possible considering the current data, the scaffolding model is supported by
additional ultrastructural studies showing that omegasomes are connected to the ER
through thin tubular structures "> %'°_ If the phagophore and ER remained connected
during elongation of the isolation membrane, ERES were suggested to act as a
scaffold enabling this connection. 3'*. This connection might be further stabilized by the
TRAPPIII complex which binds to Sec23 and mediates vesicle fusion. Tan et al.
showed that the TRAPPIII complex is recruited to the phagophore assembly site (PAS).
However, in support of the vesicular transport model, TRAPPIII might direct COPII
vesicles to the phagophore, as COPII vesicles were shown to accumulate at the PAS
when autophagy was inhibited *'" *'® Further studies are likely to provide a clearer
picture. However, although ERES are a strong candidate as membrane source for
autophagosome formation, other compartments have been implicated.

Biochemical studies have shown that the ERGIC is an important membrane source for
the phagophore that provides small LC3-lipidation active vesicles. This process was
shown to be dependent upon the activity PI3K as well as on functional COPIl-vesicle
transport from the ER to the ERGIC *'" ®'® *% The findings in mammalian cells that
indicate an important role for the early secretory pathway and COPII-vesicle trafficking
in the formation of the autophagosome are in line with earlier findings in S.cerevisiae

that also show that functional COPII-vesicle transport is required in this process %' %%,

Another compartment that provides membranes to the forming phagosome is the Golgi
as well as the endosomes. Although this has been researched in more detail in yeast,
Atg9-associated vesicle trafficking from the Golgi and endosomes to autophagosomes
also seems to take place in mammalian cells. As mentioned above, the
transmembrane protein Atg9 is localized to the Golgi, the trans-Golgi network and late
endosomes, but translocates to autophagosomes during amino acid starvation where it
co-localizes with LC3. This process was shown to be negatively regulated by p38 ***
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324,325,326 Ag g last compartment, the plasma membrane may also provide membrane

material to the autophagosome 327328329,

Given the extensive involvement of the secretory pathway in autophagosome
formation, it is likely that compartments of secretory pathway are able to receive
nutritional signaling input and to react to a lack of nutrients. Interestingly, certain
proteins that are secreted by eukaryotic cells upon starvation make use of components
of the secretory pathway for non-conventional secretion. In S.cerevisiae, starvation-
induced secretion of the Acyl-CoA binding protein 1 (Acb1) makes use of a membrane-
bound compartment that requires the yeast orthologue of the mammalian Golgi-
associated GRASP55 and GRASP65 proteins, Grh1. This compartment forms near ER
exit sites upon starvation due to relocalization of the Golgi-resident protein Grh1 to
ERES, and was called compartment for unconventional protein secretion, or CUPS.
These CUPS were further shown to be induced upon glucose, but not nitrogen
starvation, and they are independent of COPIl- and COPI-vesicle transport, and
contain COPIl and Golgi tethering proteins, but no Golgi enzymes. Once starvation
ceases, CUPS are absorbed into the ER %% %33 This process was also described for
starvation-dependent secretion of Acb1 in P.pastoris and in Dictyostelium discoideum,
therefore a similar mechanism might exist in mammalian cells, as Interleukin 1§ (IL-1pB)
is secreted independently of the ER-Golgi route, the same is true for cytoplasmic
protein fibroblast growth factor 2 (FGF2) 332 333, 334,335,336, 337, 338 " £(rthermore, it was
shown in Drosophila S2 cells that ERES react to nutrient starvation via ERK7 %. ERK7
is an atypical MAPK that might play an important role in the cellular starvation
response, as it was shown to stimulate autophagy by binding to LC3. Regulation of
ERK? still remains unclear, but it was shown to be regulated by the ubiquitin-
proteasome pathway, and to be highly active during starvation, possibly due to the
ability of ERK7 to autophosphorylate 8" 8% 8% % Both serum starvation and amino-acid
starvation were shown to lead ERES disassembly and a dispersion and aggregation of
Sec16 and Sec23. This was shown to be dependent upon ERK7 activity, and
overexpression of ERK7 also caused ERES disassembly and aggregation of Sec16 .
These Sec16-containing aggregates that develop in response to amino-acid starvation
were shown to contain other COPIl components and have lipid-droplet like qualities,
but they were different from ERES and other stress-induced aggregates. These
aggregates were named Sec-bodies and seem to be Drosophila-specific, as this

phenomenon was not found in mammalian cells 3.
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Taken together, evidence is accumulating that the secretory pathway plays an active
and important role in the adaptation of the cell to nutrient starvation to ensure survival
that goes further than simply decreasing energy expenditure, but instead includes
induction and support of autophagy and other adaptive responses.
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The secretory pathway in cell growth and
cancer

Cell growth and proliferation are important processes to ensure viability and optimal
functionality of multicellular organisms, but dysregulation can cause a variety of
diseases. As a central part of cellular function, the secretory pathway plays an
important role in these processes, which will be discussed in this chapter.

1  Signaling pathways controlling proliferation and
cell growth

Two major signaling pathways exist that control key cellular processes such as cell
survival, differentiation, proliferation, and metabolism; these are the Ras-ERK pathway
and the PIBK-mTOR pathway. The Ras-ERK pathway is the most important pathway in
the regulation of proliferation, and was introduced previously.

The PIBK-mTOR pathway is a key signaling pathway that controls cell size and growth
and is named after two main components, PI3K (phosphatidylinositol 3-kinase (PI3K))
and mammalian/mechanistic target of rapamycin (mTOR). The atypical
serine/threonine kinase mTOR belongs to the family of the phosphoinositide 3-kinase
(PI3K)-related kinases and is present in two distinct complexes called mTOR complex
1 or 2 (mTORC1 and 2) '. The complexes consist of 6 or 7 protein components. mTOR
as the kinase is shared between the complexes, as well as five more proteins that are
shared. These are the two scaffold proteins Tti and Tel2 that form a complex,
mammalian lethal with sec-13 protein 8 ( mLST8) whose function is unknown, and the
mTOR inhibitor DEP domain containing mTOR-interacting protein (deptor). Other
regulatory and scaffolding proteins are complex-specific. The mTORC1 complex
additionally contains regulatory-associated protein of mammalian target of rapamycin
(raptor) and proline-rich Akt substrate 40 kDa (PRAS40), whereas mTORC2 contains
rapamycin-insensitive companion of mTOR (rictor), mammalian stress-activated map
kinase-interacting protein 1 (mSin1) as well as protein observed with rictor 1 and 2
(protor1/2) 2% %5.6.7.89.10.11,12,13,14.15,16 The mTOR pathway is activated by a variety
of external and internal stimuli, such as growth factors, cellular stress, amino acid
levels or energy status. Growth factor signaling to RTKs leads to their activation and to
intracellular recruitment of the docking proteins insulin receptor substrate (IRS) or
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GRB2-associated binder (GAB), which leads to the activation of the lipid kinase PI3K.
PI3K then generates phosphatidyl inositol 3,4,5 tri-phosphate (PIP3), which directly or
indirectly leads to an activation of several kinases including mTOR in the mTORC2
complex, and protein kinase B (Akt) which leads to an activation of mMTORC1. Apart
from activating mTORCH1, Akt has a large variety of targets and stimulates processes
such as cell survival, proliferation, and metabolism. The activated mTORC1 complex
also controls a variety of cellular functions related to energy and nutrient homeostasis
in the cell, such as inhibition of autophagy and lysosome biogenesis, and stimulation of
protein synthesis, lipid synthesis and energy metabolism, ultimately via control of
transcription. For example, mTORC1 controls protein synthesis by directly
phosphorylating and thereby activating S6 kinase 1 (S6K1), and inhibiting the
translation regulators eukaryotic translation initiation factor 4E (elF4E)-binding protein 1
(4E-BP1), which promotes protein synthesis " ' . The function of mTORC2 complex
is less well researched, but it was shown that activated mTORC2 is involved in
organization of the cytoskeleton and promotes cell survival and metabolism by directly
activating Akt and serum/glucocorticoid regulated kinase (SGK1), which inhibit the
transcription factor Forkhead box protein O (FoxO), that, when active, positively
regulates the translation of genes involved in induction of apoptosis and of cell cycle
inhibitors while negatively regulating the translation of cell cycle activators .

These two key signaling pathways can promote proliferation on their own, but evidence
for a large amount of cross-talk between these two pathways and other signaling
pathways has been found. For example, both Akt and ERK phosphorylate and thereby
inhibit the heterodimer of tuberous sclerosis 1 and 2 (TSC1/2), which is an upstream
inhibitor of mMTORC1 920 21. 22.23.24.25 |5 aqdition, many of the downstream targets of
the Ras-ERK pathway and the PIBK-mTOR pathway are shared between the two

pathways, such as the transcription factors FOXO and c-Myc '8 26-27:28.29.30

One of the hallmarks of cancer is uncontrolled cell division or hyperproliferation. In the
majority of cases, this is due to activating mutations in proto-oncogenes or loss-of-
function mutations in tumor suppressors. These mutations cause constitutive activation
of the Ras-ERK or PIBK-mTOR pathway and therefore continuous proliferation
signaling ™ ' *" *_ The Ras-ERK or MAPK pathway has been widely researched in
relation to cancer. It has been found to be mutated in a large variety of different cancer
types, and mutations are found at all levels of pathway regulation. Common mutations
found in various different cancer types are overexpression or mutations of the EGF

Introduction The secretory pathway in cell growth and cancer 102



receptor, which causes increased activation of the MAPK signaling pathway due to
aberrant receptor activation. The Ras proteins are often found to have an activating
mutation leaving the Ras protein in its GTP-bound state, which causes Ras to
continuously stimulate the MAPK pathway. Mutations are also found in the Raf
proteins, which are direct effectors of Ras. Their activating mutations show a similar
increased ERK activity. Raf mutations are more varied among different tumors. Since
the outcome of oncogenic mutations in this pathway generally is an increased ERK1/2
activity, the Raf-MEK-ERK cascade is an attractive target for anti-cancer therapy. Many
drugs have been developed in recent years that target different components of the

ERK cascade in several cancer including colonic cancer, lung cancer and melanoma "
33, 34, 35

As mentioned before, the PISK-Akt-mTOR pathway is also often hyperactived in cancer
cells due to cross-talk with the Ras-ERK pathway. In addition, key components of the
pathway such as PI3K and Akt are oncogenes which are often found to be mutated in
different cancers " *¢ %" ®8_ Furthermore, inhibitory regulators within the pathway may
gain loss-of-function mutations. This is the case for PTEN, which restricts the
production of PIP3, as well as the TSC1/2 proteins which normally inhibit mTORC1
activation and are themselves inhibited by Akt and ERK among others. In addition, loss
of the tumor suppressor p53, which is a very common event in cancer cells, further

promotes activation of the mTORC1 complex "7 %,
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2 The role of the secretory pathway in proliferation

Proliferation requires de novo protein synthesis, therefore, growth factor signaling leads
to an increase in protein synthesis. This is mediated via activation of S6K1 and
inhibition of 4E-BP1 by the Ras-ERK pathway and by the mTOR pathway. Additionally,
mTOR activity also induces ribosome biogenesis. The increase in synthesized proteins
consequently also leads to an increased protein cargo load in the secretory pathway, to
which the secretory pathway adapts. These mechanisms will be discussed in more
detail in the next chapter.

For cell division to take place, the secretory pathway undergoes a variety of
adaptations, as it partly disassembles during mitosis. Interestingly, during mitosis,
protein synthesis is downregulated to 25-30% compared to interphase levels, which is
accompanied by a reduction in general protein trafficking through the secretory
pathway “* *" %2 Several studies in mammalian cells have shown that during mitosis,
different cargos are retained in the ER. For example, studies found that the membrane-
spanning VSV-G was retained in the ER during mitosis. The same was true for a
truncated version of VSV-G lacking its transmembrane domain, which acts similar to a
soluble cargo protein “ > 4+ %5 Endogenous transmembrane cargos such as ERGIC-
53 and CD8 were also found to accumulate in the ER during mitosis “ . Other studies
investigated secretion levels of soluble cargos during mitosis and found that secretion
of the human growth hormone was decreased to a 10-fold lower level during mitosis by
CHO cells, and histamine secretion during mitosis by rat mast cells was also
profoundly decreased “> *> *’. The observed decrease in general protein trafficking
during mitosis is accompanied by major structural re-arrangements of the early
secretory pathway. This enables inheritance of secretory pathway components during

mitosis * “®

. In animal cells, as opposed to S.cerevisiae, the nuclear envelope is
broken down during the early stages of mitosis, which is accompanied by a sheet-to-
tubule reorganization of the ER, whereas the nature of the ER reorganization is

controversial due to differences in technical approaches % 4-°0: 3152,

The block of ER export during mitosis has been suggested to be caused by ERES
disassembly. ERES number has been shown to be decreased during mitosis, and the
localization of COPII components was reported to be shifted towards the cytosol ** **
> %5 Interestingly, in the case of Sec24, this decreased membrane association has
been suggested to be due to phosphorylation and loss of O-glycosylation of Sec24
which was found during mitosis but not interphase *°. In contrast to the components of

the COPII coat, Sec16 was shown to remain associated with ERES during mitosis. The
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presence of Sec16 at ERES was proposed to aid a rapid re-assembly of ERES and
thereby in the restoration of the secretory pathway upon completion of mitosis > *’.
Disassembly of ERES has been proposed to be regulated by the mitotic cyclin-
dependent kinase 1 (CDK1), which is a serine/threonine kinase. Addition of mitotic
CDK1-complex or mitotic cytosol to permeabilized cells was shown to cause ERES
disassembly. However, it has to be stressed that the protein Yip1A was used to
visualize ERES, which is not commonly used as ERES marker. Yip1A cycles between
ER and Golgi and is rather a marker for active bidirectional ER-Golgi transport *% >°.
Thus, ER retention of Yip1A is indicative of a block in ER export, but not per se an

indication for a disassembly of ERES.

Another important adaptation during mitosis is the disassembly of the Golgi, which
enables Golgi inheritance during cell division *® ®°. Early studies led to a model in which
the Golgi fragments into small vesicles and tubules upon mitosis, resulting in punctate
Golgi clusters and a Golgi haze formed by small vesicles °" > % A second model
called the ER recycling model was based on the fact that during mitosis, ER-to-Golgi
trafficking is blocked. This COPII trafficking block, in combination with unhindered
COPI vesicle-mediated recycling of proteins, would cause an accumulation of Golgi
proteins at the ER, similar to cells treated with brefeldin A (BFA) ¢ 6 5%% |n contrast
to this second model, more recent studies showed a separation between markers of
the ER and Golgi remnants during mitosis, indicating that the Golgi disassembles but
does not fuse with the ER 5 67 %8 8 The first model is further supported by studies
unraveling the molecular mechanism underlying mitotic Golgi disassembly. The first
step in Golgi disassembly is the disconnection of the Golgi ribbon which yields several
disconnected Golgi stacks. The stacks are further converted into ‘Golgi blobs’, which
are described as tubular-reticular membranes. These are then broken down further by
vesiculation, resulting in a Golgi haze % "°. Mitotic CDK1 was shown to phosphorylate
the Golgi tethering factor GM130, disrupting the interaction of GM130, p115, and
Giantin at the Golgi membrane. This causes a disruption of COPI vesicle tethering at
the Golgi and therefore a block in COPI vesicle trafficking at the Golgi, ultimately
causing Golgi disruption " 7 73 747576 |n addition, several kinases were shown to
mediate Golgi disassembly by targeting the Golgi tethering proteins GRASP55 and
GRASP65. These kinases are CDK1, ERK1c, and Plk1, although other kinases are
likely to also be involved. GRASP55/65 contain several phosphorylation sites, and
GRASP55/65 phosphorylation was shown to impair the homo-oligomerization

capabilities of GRASP55/65, as well as their interaction with Golgins 77 78 79 80.81.82.83
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During cell division, both daughter cells inherit Golgi fragments in a process called

partitioning, which is followed by tightly regulated Golgi re-assembly during telophase
84

3 The role of the ER-to-Golgi trafficking machinery in

cancer

As described in the previous chapter, the secretory pathway plays an important role in
proliferating cells, and is therefore also important in highly proliferative cancer cells.

Increased de novo lipid synthesis is a hallmark of cancer cells, which is required to
meet the increased demand for membrane material in highly proliferating cells 2 8¢,
This process is mediated by the mTORC1 signaling pathway, which promotes de novo
lipid synthesis via the activation and upregulation of the sterol regulatory element-
binding protein 1/2 (SREBP1/2). The SREBP1/2 transcription factors initiate the
expression of genes involved in fatty acid and cholesterol synthesis. The requirement
of this process for cell growth was demonstrated in both mammalian and Drosophila

cells, and loss of SREBP1 in Drosophila even caused decreased organ and body size
1, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97

The role of lipid synthesis in cancer cells is increasingly recognized, as increased
activity and expression of lipogenic enzymes have been found in various cancer types.
In cancer cells, a large part of newly synthesized fatty acids was shown to be
processed into phospholipids and incorporated into membrane lipids, which was
required for cell growth. For plasma membrane expansion to take place, membrane
material must be delivered to the plasma membrane, which takes place via the

secretory pathway % 99100101, 102

Importantly, cancer cells have been found to have an increased metabolic demand and
increased protein synthesis levels. Cells have adaptive mechanisms which allow them
to handle an increased cargo load; these will discussed below.

Introduction The secretory pathway in cell growth and cancer 106



3.1 The ER stress response

Protein folding and quality control of nascent proteins in the ER lumen is an important
and tightly monitored process, which ensures that only properly functional proteins are
released into the cell or extracellular space. The importance of this process and the
toxicity of misfolded proteins becomes clear by looking at a variety of diseases caused
by aggregation of misfolded proteins. Examples for neurodegenerative diseases
caused by release of misfolded proteins are Alzheimer’s disease, Parkinson’s disease,
and Huntington’s disease; but non-neurological diseases such as diabetes type 2,
atherosclerosis and others have been implicated as well. The aim of activating the ER
stress response is at first to increase the folding capacity of the ER to enable the
folding and chaperone machinery to handle the increased amount of unfolded proteins.
Only if this is not sufficient does the Unfolded Protein Response lead to an activation of

apOptOSiS 103, 104, 105, 106.

The ER stress response is mediated by three different pathways named after the key
components which act as sensor and activation protein of their respective pathway.
These are the two kinases PERK and IRE1 and the transcription factor ATF6. In
unstressed cells, these proteins are bound to the luminal chaperone BiP in the ER,
which keeps these sensors in their inactive state. An increase in unfolded proteins in
the ER lumen leads to binding of these unfolded proteins to BiP, which therefore

releases the ER stress sensors which consequently become active '3 0% 106.107. 108, 109,

110

An immediate response to ER stress is the transient attenuation of mRNA translation.
This is mediated by the double stranded RNA-activated protein kinase-like ER kinase
(PERK) arm of the UPR. PERK is a transmembrane serine/threonine kinase localized
at the ER, which is kept inactive by binding to the chaperone BiP. Upon accumulation
of unfolded proteins PERK is released from BiP, and activates its kinase function by
dimerization and autophosphorylation. PERK then phosphorylates the eukaryotic
translation initiation factor 2 on the alpha subunit (elF2a), thereby inhibiting the function
of the guanine nucleotide exchange factor elF2B, which ultimately leads to a general
attenuation of mRNA translation. However, phosphorylation of elF2a activates
transcription of the activating transcription factor 4 (ATF4). ATF4 then induces
transcription of approximately one third of all UPR-dependent genes that are required

to handle the increased demand on the ER 103, 105, 106, 107, 110, 111, 112, 113, 114, 115, 116, 117, 118,
119
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The second arm of the UPR is controlled by inositol requiring kinase 1 (IRE1), which in
mammalian cells has two isoforms that are largely redundant in function; these
isoforms are IRE1a, which is expressed in most tissues, and IRE1[3, which is found in
intestinal epithelial cells. During non-stress conditions, IRE1 is kept in its inactive
monomeric state by binding to the luminal chaperone BiP. BiP preferentially binds
misfolded proteins, therefore accumulation of misfolded proteins leads to a release of
IRE1. Upon release from BiP, IRE1 forms homodimers and autophosphorylates which
activates its site-specific endoribonuclease (RNase) activity. In mammalian cells, active
IRE1 initiates the removal of 26 base pairs from the mRNA of the transcription factor X-
box binding protein 1 (XBP1). This alternative splicing causes a frameshift in the mRNA
which results in a larger version of XBP1, called spliced XBP1, or XBP1-s. This then
functions as a transcriptional activator of a variety of genes relevant to UPR, but also

induces chaperones and components of the ERAD machinery %% 104 106, 108,109, 120, 121,

122,123, 124, 125, 126, 127, 128

The third arm of the UPR is mediated by the transcription factor activating transcription
factor 6 (ATF6). ATF6 is synthesized as a transmembrane protein that is localized to
the ER membrane. ATF6, like other UPR-sensors, is bound to BiP during non-stress
conditions, and released upon induction of ER stress. Released ATF6 travels through
the secretory pathway to the Golgi apparatus where it is sequentially cleaved by two
Golgi-resident proteases, releasing the cytosolic fragment of ATF6 that translocates to

the nucleus where it acts as a transcriptional modulator 0% 106 129, 130, 131,132, 133, 134, 135,

136

Taken together, activation of the three arms of the UPR increases the expression of
proteins such as chaperones and folding enzymes, components of the ERAD and ER
export machinery, and modulators of cellular metabolism. This initially enables the ER
to handle the increased amount of misfolded proteins. However, the UPR also induces
pro-apoptotic genes, and if chronic ER stress cannot be resolved, ER stress-induced
apoptosis is initiated via several mechanisms. A part of UPR induced genes are pro-
apoptotic genes, and an important ER stress-induced apoptotic pathway is mediated
via C/EBP homologous protein (CHOP) which is also known as growth arrest and DNA
damage 153 (GADD153). CHOP is a transcription factor which is induced via the
PERK and ATF6 pathways and activates the transcription of genes that promote
apoptosis. CHOP-dependent upregulation of growth arrest and DNA damage-inducible
protein 34 (GADD34) enhances dephosphorylation of elF2a. This leads to an
upregulation of protein synthesis and therefore pushes the chronic UPR further towards
apoptotic signaling. Furthermore, CHOP induces expression of the cell surface death

Introduction The secretory pathway in cell growth and cancer 108



receptor 5 (DR5) and inhibits transcription of anti-apoptotic genes such as B cell
103, 106, 137, 138, 139, 140, 141, 142, 143, 144

lymphoma 2 (Bcl-2)

Another pathway how ER stress signals to the apoptotic machinery is via IRE1. Upon
activation, IRE1 recruits a complex of TNF-receptor-associated factor 2 (TRAF2) and
the apoptosis-signal-regulating kinase 1 (ASK1). This complex activates the stress
MAP kinases p38 and JNK. JNK directly affects the cell death machinery by
phosphorylating members of the Bcl2 protein family. Phosphorylation of ER-localized
Bcl2 by JNK suppresses its anti-apoptotic activity, whereas phosphorylation of the pro-
apoptotic Bcl2 family member Bcl2-interacting mediator of cell death (Bim, also known
as BH3) initiates the apoptotic cascade at the ER and the mitochondrial membranes. In
unstressed cells, Bim, which has at least three isoforms, is bound to the dynein motor
complex which keeps it inactive. JNK-induced phosphorylation releases Bim, which
translocates to the ER and mitochondrial membranes inducing oligomerization and
activation of the membrane-associated pro-apoptotic proteins (Bax) and (Bak), whose
ER-membrane recruitment is enhanced by the ER-localized pro-apoptotic protein Bcl2-
interacting killer (BIK). Activation of Bax and Bak is believed to allow Ca®*-flux from the
ER and the mitochondria into the cytoplasm. The increase of cytoplasmic Ca?*-levels
leads to the activation of mitochondrial- dependent and - independent caspase
cascades and ultimately apoptosis. In addition, translocation of Bim to the ER
membrane also activates Caspase-12 at the ER membrane which induces apoptosis

by activating Caspase-9 which then activates Caspase-3 0% 106 145 146,147, 148,149, 150, 151,
152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166

The UPR also has an effect on ER export by targeting COPIl vesicle formation.
However, only few studies exist that show the relationship between the UPR and ER

export. COPII components have been shown to be upregulated in response to ER

167, 168, 169

stress . This was shown to be mediated by the leucine-zipper type

transcription factor homologous to ATG6/CREB (Hac1), which is induced directly by ER
stress and via UPR-induced differential splicing similar to ATG6 '®® '7°. An increase in
COPII components could increase ER export, which may serve to relieve the burden

on the ER '®. Indeed, early studies in S.cerevisiae showed that COPIl components

169, 171

were required for normal growth upon induction of ER stress . In addition,

components required for ER-to-Golgi trafficking have been shown to influence

components of the UPR. For example, ATF6 transport to the Golgi is mediated by

172

COPII vesicle formation ', and the S.cerevisiae Golgi GTPase Ypt1 stabilizes

unspliced Hac1 mRNA under basal conditions '3 7,
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3.2 The response of the early secretory pathway to
increased cargo load

In addition to the UPR which takes places at the ER, other organelles in the early
secretory pathway must adapt to an increase in cargo load. For example, ER exit sites
respond to changes in cargo load at the ER. Studies have shown that an acute
increase in cargo load at the ER leads to fusion of ERES and to an increased COPII

S 167, 175

assembly at ERE . In contrast, prolonged increase in cargo load results in
biogenesis of new ERES and an increase in their number '®’. Interestingly, cargo load
was shown to influence COPII turnover at ERES. Fluorescence Recovery After
Photobleaching (FRAP) assays showed that a decrease in cargo load at the ER

decreased the turnover rate of COPIl components at individual ERES '*°.

Cargo load is also tightly monitored at the level of the Golgi. A proportion of cargo that
arrives at the Golgi consists of ER chaperones that contain a KDEL-retrieval sequence
which ensures their transport back to ER. This KDEL sequence is recognized by the
Golgi-resident KDEL receptor, which upon binding was shown to activate G proteins,
and therefore appears to also act as a sensor of incoming traffic at the Golgi. One of
the targets that becomes activated is the kinase Src, which stimulates retrograde
protein transport from the Golgi back to ER. Src also stimulates trafficking of proteins
through the Golgi, which ensures the maintenance of protein flow through the secretory

pathway and may thereby relieve the secretory burden at the Golgi 77 178 179 180. 181

As described above, increased secretory load affects the secretory pathway both via
an increased secretory burden and via the UPR. These responses are especially
important in the context of cancer, as cancer cells use these mechanisms to adapt to
their increased protein synthesis levels, making them essential for cancer cell survival.

Therefore, targeting the UPR and ER export are attractive targets for chemotherapy '®*
183
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Aim of the thesis

Newly synthesized proteins leave the endoplasmic reticulum (ER) at ER exit sites
(ERES) in COPII coated vesicles. Among several proteins that regulate ERES, there is
consensus that Sec16A plays a key role. Sec16A is a large protein of ~ 250 kDa that
localizes to ERES, regulates their number, and interacts with several components of the
COPII coat.

Previously, it was shown that Sec16 is phosphorylated by ERK2 after mitogenic
stimulation, which was shown to increase ERES number. Thus, it was proposed that
Sec16 acts as an integrator of mitogenic signaling to ERES. The aim of this thesis was
to understand the role of Sec16 in the response of the secretory pathway to mitogenic
signaling. Therefore, we will investigate the impact of the presence and absence of
growth factor signaling on Sec16A dynamics and expression levels. In addition, we will
aim to unravel the impact of phosphorylation on Sec16A at the molecular level; this will
involve a combination of biochemical and microscopic techniques. Together, these
results will be incorporated in a mathematical model describing Sec16A-dependent
ERES biogenesis. Furthermore, we will investigate whether Sec16A (and therefore ER
export) has an impact on cell growth and proliferation, which would highlight the
importance of Sec16A as an integrator of signaling and places Sec16A at the center of
potential targets to modulate ER export as a therapeutic strategy against cancer.
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1 Cell culture and transfection

HelLa cells were cultured in DMEM supplemented with 10% FBS and antibiotics
(Penicillin-streptomycin). Cells were trypsinized every 72-96 h and media were
changed every other day. Transfection of cDNA was performed using FuGene6
(Promega) following the manufacturer’s instructions. For knockdown experiments, cells
were plated into 6-well plates and transfected with 5 nM siRNA (Qiagen) using

HiPerFect (Qiagen) according to the manufacturer’s instructions.

2 Immunofluorescence staining

HelLa cells were fixed by incubating in 3% paraformaldehyde, pH 7.4, for 20 min at
room temperature, permeabilized for 5 min with PBS supplemented with 0.2% Triton X-
100, and 3% bovine serum albumin (BSA). After washing, cells were incubated with the
first antibody (anti-Sec16 and anti-Sec31A diluted at 1:1000 in PBS containing 3%
BSA) for 60 min at room temperature. After washing, cells were incubated with the
proper secondary antibody (diluted 1:200 in PBS containing 3% BSA) for 60 min at

room temperature. Cells were washed and mounted in polyvinylalcohol.

3 ERES quantification

ERES were quantified in cells immunostained for Sec16 or Sec31 or in cells expressing
GFP-Sec16. Images were acquired using a LeicaSP5 confocal microscope, with a
63x/1.4NA oil immersion objective at 3 fold digital magnification. ERES were quantified
using ImagedJ by applying uniform thresholding to the images to exclude non-specific
structures. Structures smaller than 2 pixels in size were excluded from analysis as
these typically represented noise originating from image pixelization. In the case of
GFP-Sec16 expressing cells, total fluorescence intensity of cells was measured, and
ERES were only quantified from cells displaying comparable fluorescence intensity
(within twofold intensity range), thereby excluding possible effects due to the grade of

GFP-Sec16 overexpression.

4 In vitro recruitment assay

HelLa cells were plated on glass cover slips in 2 cm cell culture dishes. After 24 h cells
were washed in Buffer-1 (25 mM HEPES, pH 7.2, 125 mM KOAc, 2.5 mM MgOAc,
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5 mM EGTA) at room temperature and permeabilized for 6 min at room temperature in
Buffer-2 (Buffer-1 supplemented with 1 mM DTT and 30 ug/mL digitonin). Cells were
washed six times in Buffer-3 on ice (Buffer-1 with 1 mM DTT). Cytosol was prepared
from HelLa cells by mechanical shearing using a 25G needle in Buffer-4 (25 mM
HEPES, pH 7.2, 75 mM KOAc, 5 mM MgOAc, 5 mM EGTA, 1 mM DTT, 1.8 mM CacCl,,
10 uM ATP, proteinase inhibitor) on ice. Homogenate was centrifuged at 1000xg to
remove nuclei and the post-nuclear supernatant was centrifuged at 20'000x g for 15
min at 4°C. The supernatant was collected, aliquoted and stored at -80°C. For
recruitment experiments, cytosol was added at a concentration of 2.5 mg/mL and semi-

intact cells were incubated for 30 min at room temperature followed by fixation.

5 Retention Using Selective Hooks (RUSH) assay

HeLa cells were plated on glass cover slips in 2 cm cell culture dishes and transfected
with siRNA according to standard procedure. 24 h before the experiment, plasmids
encoding RUSH-constructs ' were transfected according to standard protocol. For ER-
to-Golgi trafficking, Biotin was added for indicated time points. For Golgi-to-plasma
membrane trafficking, cell culture medium was supplemented with 20 mM HEPES at
the same time as Biotin addition, and cells were subjected to 20°C for 1 h before being
returned to 37°C. After indicated time points, cells were fixed in 3% paraformaldehyde

and immunostained for Giantin, followed by confocal microscopy.

6 Fluorescence Recovery After Photobleaching
(FRAP)

FRAP was performed with a Leica SP5 confocal laser scanning microscope using a
63x/1.4NA oil immersion objective at 5 fold digital magnification. All experiments were
performed at 37°C. Glass cover slips were transferred to a Ludin chamber (Life
Imaging Services GmbH) and covered with imaging medium (DMEM supplemented
with 20 mM Hepes, pH 7.4). After acquisition of a pre-bleach image, the ERES was
bleached at 100% laser intensity for 750 ms. After bleaching, images were acquired for
the indicated time at one image per second. Images were analyzed using ImagedJ. The
mobile fraction was calculated via q=(F. — Fo)/(F; — Fp), where F.. is fluorescence in the
bleached region after recovery, F; is the fluorescence in the bleached region before

bleaching, and F, is the fluorescence in the bleached region directly after bleaching.
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7  Fluorescence Correlation Spectroscopy (FCS)

FCS measurements were performed on a Leica SP5 SMD system equipped with a
custom-made climate chamber for 37°C incubation. Samples were illuminated at
488nm via a water immersion objective (HCX PL APO 63x1.2W CORR), fluorescence
detection used a bandpass filter (500-530nm); pinhole was set to one Airy unit. FCS
data were fitted using the fitting function for two non-interacting populations with normal

diffusion:

fA N (1-f)A
(1 +r/rg)) (1 +‘C/‘C(Dz))

C(r) =

The first term with amplitude f and diffusion time 1) =r}/(4D,) describes a fast
diffusing species, e.g. cytosolic Sec16-GFP, while the second term with amplitude
(1-f) and diffusion time {2 =1;/(4D,,) describes a slow diffusing species, e.g.

membrane-bound Sec16-GFP. Both diffusion times are determined by the radius of the

confocal volume, 1, ~220nm, and the respective diffusion constants, D. and Dy,. For

simplicity, we have neglected a factor (1 + r/(Szr(Dz))) in the denominator of the first

summand. This factor captures diffusion along the optical axis, yet due to the
unavoidable elongation of the confocal volume (described by S?x25) it had little
influence on the fit parameters reported here. The prefactor A is proportional to the
inverse number of GFP-tagged Sec16 molecules in the focus (here: typically 20-100)

and it also encodes GFP’s photophysics on time scales of ~10us. Since all diffusion

times were well beyond 300us, the photophysics’ contribution to A was negligible for
the fitting process. Autocorrelation curves were collected for 60 seconds in regions of
the peripheral ER, i.e. away from the nuclear rim, for several loci in a variety of cells
and treatments. FCS curves were fitted individually, and the mean of the obtained
diffusion coefficients (24 curves for untreated cells; 16 for starved and mitogen-treated

cells) are reported in the main text.

Theoretical predictions for diffusion constants of Sec16 in cytosol and on membranes

were derived as follows. We assumed Sec16 to be globular with a mass about 10fold

larger than GFP and a hydrodynamic radius ~2.2fold larger than GFP, i.e. R=3.3nm.
Based on the Einstein-Stokes equation D =k,T /(6znR) the diffusion constant is

D.=17um?/s. We used a cytosolic viscosity 1 4fold larger than that of water 2, kgT is
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thermal energy. For Sec16’s diffusion on membranes, we employed the Saffman-
Delbruck relation for peripheral membrane proteins ®, from which one infers a diffusion

constant of Sec16 in the gross range of D,=1pm?/s.

8 Modeling

ERES formation was modelled as a Flory-Huggins unmixing scenario in which a
clustering protein pool (here: Sec16) demixes from the surrounding lipid solvent into
larger patches. This approach is a simplified version of a previously reported
computational model *. Here, an emerging ERES will grow by recruiting free proteins
from a basin of attraction with radius A until the lifetime of the protein on the membrane
(i.e. its inverse dissociation rate, 1/I") becomes equal to the time needed to reach the
ERES by diffusion, r=n7»2/(4Do); Dy denotes the proteins’ diffusion coefficient. ERES
therefore keep a well-defined distance, 2A. By construction, the entire ER membrane

area, L2, is equal to the sum of all ERES basins, i.e. L2=mA*Ngges. With 7A%/(4Do)=1/T,

the number of ERES is hence given by Ngres= FLZ/DO. Since almost all membrane-

bound clustering proteins are by definition in the ERES, the protein pool’s area fraction

is given by ¢ =N ,.¢TR .. /L°. From this, the radius of ERES can be determined as

Riges = 0 40D, /(1K ) .

9 Regulatory sequence analysis

We used the PRIMA algorithm ° to scan the 500bp region upstream to the transcription
start site for enriched binding sites. Enrichment was calculated with respect to similar
500bp regions upstream to the transcription start site for the entire genome. This
analysis revealed 184 enriched matrices corresponding to 180 transcription factors
(TFs). We further scored each enriched TF according to its shortest distance in a
protein-protein interaction network from either EGFR or IGF1R and ranked the TFs
accordingly. Sequences and annotations for the regions, based on Human Genome
build 19, were downloaded from EMBL on 30/8/12. Transcription factor binding sites,
represented as position weigh matrices were downloaded from TRANSFAC ° database

release 11.1. A protein-protein interaction network was taken from ANAT ’.
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10 Cell lysis and Western blotting

HeLa cells were plated into 2 cm cell culture dishes and lysed after treatment in 100 pl
Lysis Buffer (50 mM Tris-HCL pH 7.4, 10 mM EDTA, 100 mM NaCl, 0.1 % SDS, 1 %
NP-40, protease inhibitor) on ice for 20 min, followed by centrifugation at max. speed
for 10 min at 4°C. Samples were diluted 1:5 in 5XSDS sample buffer (225 mM Tris-
HCL pH 6.8, 5%SDS, 50% Glycerol, 0.05% Bromophenolblue, 4% B-
Mercaptoethanol) and boiled for 5 min at 95°C. Samples were loaded onto 1 mm Tris-
HCL gels, followed by standard SDS-PAGE procedure and semi-dry transfer. For

Sec16 detection, gels containing 6.5% polyacrylamide were used.

11 Co-immunoprecipitation

HelLa cells were plated into 10 cm cell culture dishes. After 24 h, cells were transfected
with a GFP-tagged version Sec16. After further 24 h, cells were lysed in buffer (50mM
Tris-HCL, pH 7.5, 50 mM NaCl, 0.5% NP40 protease inhibitors). The cell lysate was
loaded onto pre-equilibrated GFP-trap-A beads and the lysate was incubated over
night at 4°C. After washing, elution of bound material was performed by boiling in

sample buffer.

12 Subcellular fractionation assay

HelLa cells were plated into 10 cm cell culture and gently lysed by osmotic pressure.
Cells were washed in PBS, followed by ice-cold hyptonic buffer (20 mM HEPES pH
7.4, 15 mM KCI, 250 mM Sucrose) for 1 min, and a 1 min wash in ice-cold hypertonic
buffer (20 mM HEPES pH 7.4, 300 mM KCI, 250 mM Sucrose). Cells were taken up in
ice-cold hypotonic buffer containing protease inhibitor. Nuclei were removed by
centrifugation at 800 g, followed by centrifugation at 2000 g for clean-up. Cytosolic and

membrane fractions were separated by centrifugation of the supernatant at max.speed.
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Regulation of Sec16A at the transcriptional
and posttranslational level links proliferation
and secretion

Tillmann KD, Reiterer V, Baschieri F, Hoffmann J, Millarte V, Hauser MA, Mazza A, Atias N,
Legler DF, Sharan R, Weiss M, Farhan H. J Cell Sci. 2015 Feb 15;128(4):670-82. Epub 2014 Dec 19.

1 Sec16A integrates growth factor signaling at the

level of ERES

It was reported that growth factor (GF) signaling leads to phosphorylation of Sec16A,
which changes the number of ER exit sites (ERES) '. To determine the role of Sec16A
in integrating GF signaling, we first determined the effect of GF depletion on ERES.
Therefore, we serum-starved cells for 6 h which resulted in a robust reduction of ERES
as quantified by immunostaining of Sec31, indicating that GF signaling indeed has a
role in the regulation of the early secretory pathway by maintaining a certain ERES
number. Importantly, knockdown of Sec16A inhibited this response, showing that the
reduction in ERES number by GF starvation causally depends on Sec16A (Fig.5A).
However, this observation raises the question whether any condition that reduces
ERES number renders them unresponsive to changes in GF levels. Therefore, we
performed knockdown experiments with four kinases (NME5, NME6, NME7, and
PiP5K1C), which have previously been identified to reduce ERES number in a kinome
screen '. Knockdown cells displayed on average ~ 25% reduction in ERES number, but
did not affect Sec16A protein levels (Fig.5B+C), indicating that the reduction of ERES
number occurs via a mechanism independent of Sec16A protein levels. Serum
starvation in addition to knockdown of any of these four kinases led to a further
decrease in ERES number when compared to steady state conditions, therefore loss of
these kinases did not affect the ability of ERES to respond to loss of GF signaling. We
also performed knockdown of Sar1A, the GTPase that initiates the COPIl assembly
cascade, as well as of the COPIl components Sec23A and Sec23B, in the presence
and absence of GFs (Fig.5D). Depletion of Sar1A reduces the number of ERES and
renders them insensitive to the amount of growth factors, similarly to what we observed

in Sec16A depleted cells.
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Therefore, the ability of ERES to respond to growth factors requires the presence of
Sec16A and COPII. Unfortunately, in the case of Sec23 depletion, no definitive
conclusion can be drawn due to large differences found between experiments
(Fig.5D+E).
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Figure 5: Effect of growth factor signaling status in ERES number is independent of NMES, NMES5, NME7
or PiP5K1C but not Sec16A orSar1A. A, Hela cells were transfected with control siRNA (control) or siRNA
to Sec16 (siSec16). After 72 h, cells were left in steady state (SS), or were serum starved for 6 h (Strv)

followed by fixation, Sec31 immunostaining, and confocal microscopy. Right panel shows an immunoblot
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demonstrating efficiency of Sec16 knockdown and a graphic representation of the number of ERES per
cell presented as percent of control in steady state. This value amounts to 156.4 + 32 ERES. Results are
means + SD from three independent experiments with more than 50 cells per experiment. Asterisks
indicate statistically significant differences (*, P < 0.01) as determined by paired two-tailed Student’s t-test.
Scale bar: 10 ym. B, Hela cells were transfected with control siRNA (control) or siRNA to NMES, NMESG,
NME7, PiP5K1C or Sec16 (siRNA clone #2) and treated as in A. Panel shows graphic representation of
the number of ERES per cell. Results are presented as percent of control in steady state to account for
inter-assay variance. This value amounts to 228.56 + 12.3 ERES. Results are means + SD from three
independent experiments where at least 30 cells were evaluated per experiment. Asterisks indicate
statistically significant differences (*, P < 0.05) as determined by ANOVA with Tukey’s post hoc test. C,
Hel a cells were transfected with non-targeting siRNA (control) or with siRNA against NME5, NME6, NME7
or PiP5K1C. After 72h, cells were lysed and subjected to SDS-PAGE followed by immunoblotting against
the indicated proteins. The top panel shows a representative experiment and the bottom panel shows an
evaluation of three independent experiments depicting levels of Sec16 normalized to Vinculin. Values are
+SD and are represented as percent of control. D, HeLa cells were transfected with control siRNA (control)
or siRNA to Sec23A, Sec23B or Sar1A and treated as in A. Panel shows graphic representation of the
number of ERES per cell. Results are presented as percent of control in steady state to account for inter-
assay variance. This value amounts to 309.01 + 35.6 ERES. Results are means + SD from three
independent experiments where at least 30 cells were evaluated per experiment. Asterisks indicate
statistically significant differences (*, P < 0.05) as determined by ANOVA with Tukey’s post hoc test. E,
Hela cells were transfected with control siRNA (control) or siRNA to Sec23A or Sec23B. After 72h, cells

were fixed, immunostained for Sec31 and imaged by confocal microscopy. Scale bar: 10 um.
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2 Absence of growth factor signaling decreases

Sec16A synthesis
We hypothesized that the absence of GFs might alter ERES by changing the levels of

Sec16A and therefore performed a time-course experiment, which revealed that serum
starvation leads to a reduction of Sec16A levels with a halftime of about 2-3 h (Fig.6A).
In contrast, Sec31 levels remained largely unchanged. We next probed the possibility
that GFs regulate Sec16A synthesis. If true, then treatment with GFs after serum-
starvation ought to increase Sec16A levels on a time scale of a few hours. After serum-
starvation for four hours, cells were treated with serum for different periods of time.
Indeed, we found that serum treatment increased Sec16A levels after approximately 3-
4 hours of stimulation (Fig.6B), but not after 0.5-2 hours of treatment, indicating that a
slow process such as protein synthesis, might be responsible for the serum-dependent
increase in Sec16A protein levels. Interestingly, Sec31 protein levels did not change in
response to serum treatment. To test whether this effect was dependent upon de novo
protein synthesis, steady-state cells were stimulated with serum for four hours in the
presence or absence of cycloheximide (CHX), which blocks protein translation
(Fig.6C). The serum-dependent increase in Sec16A protein levels was absent in cells

treated with CHX, indicating that Sec16A levels are controlled by GF signaling.
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immunoblotted against the indicated proteins.
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The results shown above imply that Sec16A is a short-lived protein. Indeed, chasing
Sec16A levels after blocking translation by cycloheximide treatment revealed that
Sec16A has a half-life of approximately 2-3 h (Fig.7A). Serum starvation likewise
resulted in a decrease of Sec16A levels (Fig.7B). The decrease of Sec16A levels can
be explained either by an increase of protein degradation, by a reduction in the rate of
synthesis, or by a combination of both. First, we determined whether Sec16A is in
principle degraded by the proteasome, which was the case since treatment with
MG132 increased Sec16A levels and prevented its decay in cycloheximide treated
cells. If an increased degradation is the main cause for the reduction of Sec16A levels
under serum starvation, then we might expect that the decay kinetics under serum-
starvation are higher than under cycloheximide treatment. This was not the case (Fig.
7B). Therefore, we conclude that, while degradation of Sec16A is in principle mediated
via the proteasome, the decay in Sec16A levels under serum-starvation is not caused
by an increase in the rate of proteasomal degradation. Thus, we are tempted to
speculate that GF signaling regulates Sec16A synthesis. However, we first wanted to
exclude another possibility. Serum starvation could for instance lead to the formation of
stress granules, where Sec16A mRNA is trapped and prevented from translation. We
therefore tested whether serum starvation leads to the formation of stress granules by
serum starving cells and evaluating stress granule formation by staining for the stress
granule marker DDX6 (Fig.7C) 2. However, while induction of stress granules by a
combination of heat shock and Saponin treatment caused an increase in DDX6-
positive punctae, serum starvation did not, indicating that serum starvation does not
induce stress granule formation. It is therefore unlikely that Sec16A mRNA is trapped in
stress granules in response to serum starvation. Recently, amino-acid starvation was
shown to lead to a relocalization of Sec16A and COPIl components away from ERES
and to specialized, starvation-induced Sec bodies in Drosophila S2 cells *. We
therefore tested whether a similar phenomenon might take place upon serum
starvation in mammalian cells. However, GFP-Sec16A and Sec31 did not co-localize
with the stress granule marker DDX6 in steady state or after serum starvation, and also
not after induction of stress granule formation by 2 hours heat-shock at 43°C and
1 hour treatment with 600mM Sorbitol, which was shown to increase SG number
(Fig.7C+D).
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lower right shows an evaluation of three independent experiments. Values are +SD and presented as
percent of NT. B, HelLa cells were either left untreated (NT), or serum-starved for the indicated time points.
Alternatively cells were pre-treated with MG132 for 30 min prior to serum-starvation (+MG132). Cells were
lysed and lysates were subjected to SDS-PAGE and immunoblotting against the indicated proteins. The
upper panel shows a representative experiment and the lower panel shows an evaluation of three
independent experiments depicting expression of Sec16. Values are £+SD and are represented as percent
of NT. C, HeLa cells were grown on glass coverslips and were left in steady state (SS), serum starved for
6 h (Strv) or subjected to heat shock at 43°C for 2 h in combination with 1 h treatment with 600 mM
Sorbitol to induce stress granules (Induced). Cells were fixed, followed by DDX6 immunostaining and
confocal microscopy. Top panel shows a graphic representation of the number of stress granules per cell
presented as percent of control in steady state. This value amounts to 40.1 stress granules/cell. Results
are mean of one experiments with 30 cells per condition. D, HelLa cells expressing wild —type GFP-
Sec16A were treated as in C, fixed and immunostained against Sec31 and DDX6, followed by confocal

microscopy. Panel shows representative images from three independent experiments.
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3 Sec16A expression might be controlled by Egr1+3

transcription factors

As mentioned above, a possible explanation for the decrease in Sec16A protein levels
is that Sec16A expression might be tightly regulated and halted upon loss of GF
signaling, which is in line with the finding that Sec16A has a short half-life. In addition,
Sec16A levels increase on a short time-scale in response to GF stimulation. We
therefore hypothesized that growth factors sensitive transcription factors control
Sec16A levels. To test whether this is true, we first needed to identify which
transcription factors are possible candidates. Together with the group of Rhoded
Sharan (University of Tel-Aviv, Israel), we bioinformatically analyzed a 500 bp region
upstream of the transcription start site of the Sec16A gene using the PRIMA algorithm *
to identify enrichment of transcription factor binding sites in this region compared to
similar 500 bp regions upstream of the transcription start site of the entire genome.
This revealed over 90 candidates which were ranked based on two criteria (see
Table 1). First, the number of potential binding sites in the putative Sec16A promoter
region was taken into account. Secondly, the transcription factors were ranked by the
sum of their distance (in a protein-protein interaction network) to the two growth factor
receptors EGFR and IGRF, as we were mainly interested in identifying transcription
factors involved in the rapid increase in Sec16A levels upon GF stimulation. This
approach revealed the Egr transcription factor family as the most likely candidates,
which belong to the group of immediate early genes (Fig.8A). Individual knockdown of
Egr1 or Egr3 did not reduce Sec16A expression (Fig.8D), but co-knockdown of Egr1
and Egr3 resulted in a clear reduction of Sec16A levels (Fig.8B+C). Next, we
determined whether the induction of Sec16A levels by mitogen treatment is dependent
on Egr1/3. We therefore treated cells with serum for 4 h as previously, which resulted
in a robust induction of Sec16A levels. However, this response was completely ablated
in Egr1 or Egr3 single knockdown cells (Fig.8D). Since Egr transcription factors are
downstream targets of the ERK1/2 MAPK cascade, we tested whether ERK2, which
was previously shown to phosphorylate Sec16A, also had an effect on Sec16A protein

levels. Indeed, depletion of ERK2 reduced Sec16A protein levels (Fig.8E).
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prior to lysis and immunoblotting as indicated. HeLa cells were transfected with non-targeting siRNA
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(control) or with siRNA against ERK2 (ERK2-KD). E, Cells were lysed after 72 h and immunoblotted

against the indicated proteins.

Table 1: Hits of transcription factors that were predicted to bind to the putative Sec16A promoter region

ranked based on the number of potential binding sites and by the sum of their distances (in a protein-

protein interaction network) to the growth factor receptors EGFR and IGFR

Score

Gene

13

MAZ

9

EGR2, EGR1, EGR3

EGR4

PATZ1

NR2F2, NR2F1, CREB1, E2F1

E2F3, E2F4, TFDP1

HIF1A, TFAP2A, E4F1, SMAD3, CREM, TFAP2C, SP3

ATF3, TFAP2B, HIC1, TCF3, RXRA, PPARA

= IN|Ww|d|O|O|N

HOXA9, MEIS1, PPARG, ETS1, ETS2, ERF, ERG, FLI1, ELF2, ELK4, ETV7, MYC,
MAX, USF1, GATA1, MYOD1, NR1I3, NR112, VDR, PAX6, TCF4, TAL1, ATF2
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As we showed that the Egr1/3 transcription factors control the expression of the
secretory pathway component Sec16A, we next tested the effect of Egr1+3 depletion
on the early secretory pathway. In accordance with their ability to regulate Sec16A
levels, co-depletion of Egr1+3 resulted in a reduction in the number of ERES (Fig.9A)
which was comparable to the reduction in ERES number observed in Sec16A
knockdown cells. Next, we wanted to test the effect of Egr1+3 depletion on ER-to-Golgi
trafficking. To do this, we used the recently described Retention Using Selective Hooks
(RUSH) system °, which is illustrated in Fig.9B. The RUSH system relies on the
retention of a specific secretory cargo of choice in a donor compartment by using a
streptavidin-based retention: the secretory cargo protein is tagged with GFP for
visualization, as well as with streptavidin binding protein (SBP). The SBP part of the
cargo or reporter protein binds to the streptavidin part in the hook, which is co-
expressed and also contains a sequence that targets it to a specific secretory
compartment, in this case the ER. Therefore, the hook, which is retained in the ER,
binds the reporter via the interaction between streptavidin and SBP, keeping the
reporter in the ER. Upon addition of biotin, the interaction is disrupted, as biotin has a
stronger affinity for streptavidin than SBP, thereby releasing the reporter from the hook.
The reporter is then free to travel through the secretory pathway and reaches its
destined secretory compartment, which can be the Golgi, the plasma membrane or it
can be secreted. We used cells stably expressing GFP-tagged Mannosidasell (Manll-
RUSH) which is retained in the ER and travels to the Golgi upon addition of biotin.
Knockdown of Egr1+3 led to a marked delay in the arrival of Manll-RUSH from the ER
at the Golgi (Fig.9C), and the effect was comparable to cells depleted of Sec16A
(Fig.9D). The Egr1+3 transcription factors may in theory control the expression of other
components of the secretory pathway and therefore affect other trafficking routes apart
from ER-to-Golgi trafficking. To exclude this possibility, we tested the effect of Egr1+3
depletion on post-Golgi trafficking by concentrating the GFP-tagged VSVG-RUSH
construct at the Golgi using a 20°C temperature block after biotin addition, before
returning the cells to 37°C and chasing the reporter for the indicated time points. No
effect of Egr1+3 knockdown on Golgi to plasma membrane trafficking was observed

(Fig.9E), thus excluding pleiotropic effects on the secretory pathway.
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Figure 9: Decrease in ER-to-Golgi trafficking in Egr1+3- and Sec16-depleted cells. A, HelLa cells were
transfected with control siRNA (control) or siRNA to Egr1 and Egr3 (Egr1+3). After 72 h, cells were fixed,
stained for Sec31 and imaged using confocal microscopy. ERES were counted using ImagedJ. Results are
presented as percent of control and this value amounts to 244.25 + 13.62 ERES. Results are means + SD
from three independent experiments where at least 50 cells were evaluated per experiment. Asterisks
indicate statistically significant differences (*, P < 0.05) B, Schematic illustrating the principle of the RUSH-
system. C, Hela cells stably expressing GFP-tagged Mannosidasell RUSH-construct (Manll-RUSH) were
transfected with control siRNA (control) or siRNA to Egr1 and Egr3 (Egr1+3). After 72 h, Manll-GFP was
released by adding Biotin and cells were fixed at the indicated subsequent time points. Lower panel shows
a bar graph of fluorescence intensity at Golgi area, normalized to ER fluorescence, presented as fold
increase over t0. This value amounts to 9.52 + 3.6 AU in control cells and 9.27 + 3 AU or 12.32 + 2.6 AU in
clones #1 and #2 in Egr1+3 knockdown cells, respectively. Results are means + SD from three
independent experiments with at least 50 cells per experiment. Asterisks indicate statistically significant
differences (*, P < 0.05) as determined by ANOVA with Tukey’s post hoc test. D, HelLa cells expressing
GFP-tagged Mannosidasell RUSH-construct (Manll-RUSH) were transfected with control siRNA (control)
or siRNA to Sec16 (Sec16). After 48 h, Manll-GFP was released by adding Biotin and cells were fixed at
the indicated subsequent time points. Bar graphs represent fluorescence intensity at Golgi area,
normalized to ER fluorescence, presented as fold increase over t0. This value amounts to 8.4 + 0.6 AU in
control cells and 7.3 + 2.1 AU in Sec16 knockdown cells in the upper panel and 8.64 + 2.8 AU in control
cells and 9.98 + 1.9 AU in Sec16 knockdown cells in the lower panel. Results are means + SD from three
independent experiments with at least 50 cells per experiment. E, HelLa cells transiently expressing the
GFP-tagged VSVG RUSH-construct were transfected with control siRNA (control) or siRNA to Egr1+3
(siEgr1+3). After 72 h, GFP-VSVG was released at 20°C for 1 h. Subsequently, cells were either fixed
directly, or were placed back to 37°C to release VSVG from the Golgi followed by fixation after 30 minutes.
Cells were immunostained for Giantin to label the Golgi and the rate of fluorescence decay from the Golgi
was measured to estimate exit of secretory cargo from this organelle. Upper panel shows representative
images from three independent experiments. Lower panel shows a bar graph of fluorescence intensity at
Golgi area, normalized to ER fluorescence, presented as percent of t0. Results are means + SD from three

independent experiments with at least 30 cells per experiment.
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Cargo load has previously been shown to affect ERES number, and therefore we
determined whether the observed reduction of ERES in Egr1+3 cells is due to a
change in Sec16A levels or due to alterations in the synthesis of secretory proteins ® .
To test this, we used the hepatic cell line HepG2, which is a stronger secretory cell
than HelLa cells. Similar to our findings in HelLa cells, Egr1+3 knockdown in HepG2
cells decreased the number of ERES (Fig.10A). However, silencing Egr1+3 did not
affect the levels of alpha1 antitrypsin (AAT1) (Fig.10B), a major secretory protein in
HepG2 cells ®°. A similar result was obtained with albumin, the most prevalent cargo in
hepatocytes (Fig.10C). Therefore, it is unlikely that Egr1+3 knockdown reduces

secretory cargo load.

Altogether, these results indicate that Sec16A expression might be controlled by
Egr1+3 transcription factors and further experiments are required to validate whether

this is the case.
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Figure 10: Decrease of ERES number after loss of Egr1+3 is independent of cargo load in HepG2 cells.
A, HepG2 cells were transfected with control siRNA (control) or siRNA to Egr1 and Egr3 (Egr1+3). After
72 h, cells were fixed and stained for Sec31, and images were acquired by confocal microscopy. Left
panel shows graphic representation of the number of ERES per cell. Results are presented as percent of
control to account for inter-assay variance. This value amounts to 314 + 51 ERES. The results are means
+ SD from three independent experiments where at least 50 cells were evaluated per experiment.
Asterisks indicate statistically significant differences (*, P < 0.05) as determined by ANOVA with Tukey’s
post hoc test. B&C, HepG2 cells were transfected with non-targeting siRNA (control) or with siRNA against
Egr1 and Egr3. After 72 h, cells were lysed and immunoblotted against a1-antitrypsin (AAT) in panel B or
against Albumin in panel C. The left parts show representative experiments and the right parts show

evaluation of three independent experiments. Values are +SD and are represented as percent of control.
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4 Sec16A as part of a coherent feed-forward loop
(CFFL)

Our results so far revealed that GF signaling regulates Sec16A transcription, resulting
in an increase of Sec16A levels on a time-scale of 2-3 h after GF stimulation. In
addition, GF signaling pathways are expected to induce translation, thereby increasing
secretory cargo load. This scenario is reminiscent of a coherent feed-forward loop ' "
(CFFL; Fig.11A). In a CFFL, an input node (GFs) triggers a central node (Sec16A) that
subsequently triggers an output node (secretion or ERES number). In addition, the
input node also triggers the output node, but with slower kinetics than the
aforementioned links. CFFLs are typically found as part of persistence detectors, which
ensure that transient stimuli that are able to trigger the central node do not affect the
output node to any appreciable extent. Only a prolonged (i.e. a persistent) stimulus is
able to trigger the output node. A CFFL necessitates the presence of a fast connection
between input and central node (i.e. between GFs and Sec16A). The connection ought
to be considerably faster than between input and output node (i.e. between GFs and
secretion). To investigate the fast connection between input and central node, we next

tested whether and how a brief GF treatment affects Sec16A and ERES organization.

5 Growth factor treatment increases ERES number

and alters Sec16A dynamics

To test whether short term GF signaling has an effect on ERES, we serum-starved
cells which results in a decrease in ERES number (Fig.5A), and then briefly treated the
cells with fetal bovine serum (FBS) for 10 to 15 min. On this short timescale, we
observed a rapid increase in the number of ERES. The response of ERES to GF
treatment was absent in Sec16A depleted cells (Fig.11B). This response is unlikely to
be mediated by induction of Sec16A levels, because a 30 min FBS treatment did not
induce Sec16A levels to any appreciable extent (Fig.6B). Furthermore, we tested
whether the fast response of ERES was also dependent on ERK2 (Fig.11C). Indeed,
depletion of ERK2 ablated the response of ERES to GF stimulation similar to Sec16A
depleted cells, which is in line with previous findings showing that ERK2

phosphorylates Sec16A .
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To gain more detailed insights into the mechanism that underlies the observed
increase of ERES number, we adapted a previously reported simulation approach for
the self-assembly of ERES ' In agreement with experimental observations, this in
silico simulation approach revealed a quasi-crystalline arrangement of ERES with a
fairly uniform ERES size, and a comparatively low density of Sec16A or COPII proteins
on ER membranes between ERES. The steady state of ERES formation therefore can
be described by an unmixing scenario of the Flory-Huggins type '*: Analogous to a
domain formation of small amphipathic polymers in water, Sec16A and/or COPIl show
a dynamic segregation into patchy domains on ER membranes (=ERES). However, in
contrast to a standard Flory-Huggins scenario, Sec16A and/or COPIlI have finite
residence times on ER membranes, i.e. they dissociate on average with rate I' from ER
membranes. Extending the Flory-Huggins scenario to include this aspect (see
Materials and Methods for details), allowed us to analytically predict the steady-state

number and radius of ERES (Ngres and Regres, respectively) as a function of the protein

density, ¢, and the proteins’ dissociation rate and diffusion coefficient (I and D,

respectively): Neges= TL?/D and Rippq =+/40D/(nl) (L2 = area of the ER membrane).

The model predicts that increasing the average dissociation constant of Sec16, I,
increases the number of Sec16A-positive ERES irrespective of the available protein

amount, ¢. However, this should come at the expense of ERES size since the ERES

radius depends inversely on the dissociation rate I'. In other words, Sec16A molecules
must be able to leave ERES faster on average to be able to nucleate new, but smaller
ERES at remote locations (Fig11D). We tested this hypothesis experimentally by
stimulating serum-starved cells with FBS for 15 min, followed by Sec31A
immunostaining. Indeed, a brief FBS stimulation leads to a reduction of the average
size of ERES (Fig.11E). We also performed live imaging of YFP-Sec31A and found
that a brief stimulation with FBS increased ERES number and reduced their size
(Fig.11F), which agrees with the findings in fixed cells (Fig.11E+F). In addition to a
decrease in ERES size, the model predicts an increased ‘mobilization’ of Sec16A, i.e. a

larger dissociation rate I', upon mitogen treatment.
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Figure 11: Fast response of Sec16 to growth factors. A, Schematic representation of the proposed
coherent feed-forward loop. B, HelLa cells were transfected with control siRNA (siControl) or siRNA to
Sec16 (siSec16). After 72 h, cells were serum starved for 6 h (Strv) and fixed, or followed by 10% FBS
treatment for 15 min (FBS) and fixation. Cells were stained for Sec31, and imaged by confocal

microscopy. Right panel shows graphic representation of the number of ERES per cell. Results are
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presented as % of control (Strv) to account for inter-assay variance. Results are means + SD from three
independent experiments where at least 50 cells were evaluated per experiment. C, HelLa cells were
transfected with control siRNA (control) or siRNA to ERK2 (ERK2). After 72 hours, cells were serum
starved for 6 h (strv), or serum starved for 6 h and stimulated with 50 ng/mL EGF for 15 min (EGF). After
treatment, cells were fixed and stained for Sec31, and images were acquired by confocal microscopy.
Right panel shows graphic representation of the number of ERES per cell. Results are presented as
percent of control (Strv) to account for inter-assay variance. This value amounts to 97.9 + 30.1 ERES.
Scale bar in this image is 10um. D, Schematic representation of the results of our mathematical modeling.
In starved cells, Sec16 rarely leave the ERES (thin black dashed arrows). Those that escaped the ERES
will re-bind to and diffuse on ER membranes from where they get captured by existing ERES (red arrows).
In mitogen-treated cells, dissociation is enhanced (thick black dashed arrows), and rebinding Sec16
molecules can form local assemblies on ER membranes that attract even more Sec16, thereby growing
new ERES. E, Hela cells were serum starved for 4 h (Strv) and stimulated with 10% FBS for 15 min (FBS)
followed by fixation, immunostaining, and confocal microscopy. Upper panel shows representative images
of ERES as well as masks of counted particles as appearing for analysis. Lower panel shows graphic
representation of ERES size presented as fold change of Strv. This value amounts to 96.9 + 19.2
pixels/ERES (~9.8x9.8 pixels, or 462x462 nm for each ERES). Results are means + SD from three
independent experiments with at least 10 cells per experiment. Asterisks indicate statistically significant
differences (*, P < 0.05) as determined by paired Student’s t-test. F, HeLa cells expressing YFP-Sec31A
were serum starved for 4 h. Live imaging was started upon addition of 10% FBS and an image was
acquired every 60 seconds. Stills are shown of indicated time points. The right most parts are magnified
areas and number next to them are the average ERES size (in pixels) and their number within the

displayed region.
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We next tested this prediction by fluorescence recovery after photobleaching (FRAP) of
single ERES in HelLa cells expressing GFP-Sec16A (Fig.12A). We evaluated FRAP
curves of individual ERES by assuming a simple binding reaction, i.e. using a single-
exponential  recovery. Since ERES are small structures, Sec16A
association/dissociation events necessarily display a stochastic nature, ie. a
considerable variation of fitting parameters between individual FRAP curves is
anticipated. Therefore, averaging FRAP curves to obtain a smoothed ‘master’ curve
may introduce serious artefacts like stretched-exponential or even power-law
recoveries. We therefore fitted curves individually and averaged the obtained fitting
parameters. Averaged typical time scale of fluorescence recovery did not vary
systematically between starved and mitogen-treated cells with recovery half-time of
about 10s was observed. Yet, we observed differences in the extent of the recovery: As
compared to their pre-bleach fluorescence (set to unity), the average extent of
fluorescence recovery of ERES was larger and the mobile fraction higher when cells
had been stimulated with GFs (Fig. 12A), which is in line with our previous

observations .

If only a single pool of Sec16A-GFP was present on ERES, one would expect either a
full recovery (g=1) or no recovery at all (g =0) on the time scale of the FRAP
experiment. Observing a recovery with a maximum value of q between zero and unity
therefore requires the existence of a fast Sec16A pool that carries the observed
recovery (relative amount q), and a slow Sec16A pool that does not contribute to the
fluorescence recovery on the time scale of the FRAP experiment (relative amount 1-q).

Consequently, the arithmetically averaged dissociation rate of the entire Sec16A

population is I'=qltast+(1-g)sow. Observing an increase in g after GF stimulation
therefore points towards a faster turnover kinetics of Sec16A on average (I is
increased), while the half time of the recovery is only determined by It (since the
experiment takes much less time than 1/T.). Yet, an increase in the average

dissociation rate I' is exactly the prediction of the above model, and we therefore
conclude that indeed a mobilization of Sec16A after mitogen stimulation is a factor that

can drive formation of new ERES.

An increased dissociation rate of Sec16A upon GF stimulation suggests that upon GF
stimulation, less Sec16A should be present on membranes and more in the cytosol, as
Sec16A is mobilized away from membranes. The cytosolic Sec16A then rebinds the
ER membrane to form new ERES in different locations (Fig.12B). Indeed, using a very

gentle lysis and fractionation protocol to not introduce artefacts due to mechanical
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stress, we found that during serum starvation, Sec16A is found mostly at membranes,
but disperses partly to the cytosol upon brief FBS treatment (Fig.12C). As ERK2
phosphorylates Sec16A at T415, we hypothesized that membrane association of
Sec16A might be influenced by its phosphorylation status. We performed fractionation
assays as before using phosphomimetic (T415E) and phosphoablating (T4151) GFP-
tagged Sec16A mutants (Fig.12D). Interestingly, the phosphomimetic mutant of GFP-
Sec16A was found to have a higher membrane/cytosol ratio, indicating that
phosphorylation-induced Sec16A turnover at ERES is also required for membrane
association in general. The phosphoablating Sec16A mutant had a lower
membrane/cytosol ratio, but was present in both fractions, therefore the regulation of
Sec16A association to ERES is more complexly regulated than by phosphorylation and

de-phosphorylation alone.

Number and size of ERES also depend on the diffusion constant of Sec16A on ER
membranes, D. Thus, if our above rationale is to hold true, D must not vary strongly
between starved and mitogen-treated cells. To probe this, we have used fluorescence
correlation spectroscopy (FCS) that allowed us to determine the diffusion constants of
GFP-Sec16A in cytoplasm and on ER membranes (representative FCS curves in
Fig.12E). As a result, we found that the diffusion constant of GFP-Sec16A in cytoplasm
agreed well with theoretical predictions for a soluble protein of ~280 kDa irrespective of
the treatment (D~16 um?/s). In contrast, the membrane-bound pool of Sec16A showed
a minor, but significant reduction in the diffusion constant under starvation conditions

(D~0.43 ym?s) as compared to mitogen-treated cells (D~0.65 um?/s) and completely
untreated cells (D~0.62 um?/s). Most likely, the slightly slower diffusion of ER-bound
Sec16A in starved cells is due to more pronounced interactions with other ER-bound
proteins. Indeed, most likely a change in D and in I' may be linked: I" is the weighted
average of two dissociation constants, is I'=ql't.st+(1-)siow, i.€. increasing I' most

likely means that the fast dissociation gains more weight (q increases). Given that I'yjow
is associated with a pool of Sec16A that is stuck in ERES (immobile on the time scale
of our experiments), this “mobilization” increases the amount of Sec16A molecules on
ER regions between ERES. Increasing the pool of these free Sec16A molecules
possibly leads to a more pronounced interaction with other ER-resident components,
e.g. resulting in a transient formation of oligomeric structures, which consequently
reduces the average diffusion of Sec16A copies on ER patches between ERES.

Nevertheless, Sec16A is regulated on the time scale of minutes consistent with being
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part of a CFFL. We next aimed at understanding how mobilization of Sec16A

generates more ERES.
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Figure 12: Analysis of Sec16 dynamics. A, Hela cells expressing wild type GFP-Sec16. Cells were serum
starved for 6 h. FRAP curves were recorded from the same coverslip before (black symbols) and after

stimulation with 50 ng/ml EGF (+EGF; white symbols). FRAP curves are shown as mean of three
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independent experiments where at least 5 curves were recorded in each experiment. Fluorescence values
were normalized to the pre-bleach intensity. Images in the right panel depict representative examples of
bleached ERES before (pre-bleach) and after bleaching at the indicated time points. B, Schematic
illustrating two-step process of Sec16A mobilization and re-binding in the biogenensis of ERES. C, HelLa
cells were serum starved for 6 h (Strv) and then stimulated with 10% FBS for 15 min (FBS) before lysis by
osmotic shock, followed by separation of membrane (M) and cytosolic (C) fraction by centrifugation.
Samples were subjected to SDS-PAGE and immunoblotting against the indicated proteins. Panel shows a
representative experiment of three independent experiments. D, HelLa cells transiently expressing
phosphomimetic (T415E) or phosphoablating (T4151) GFP-Sec16A mutant were lysed by osmotic shock,
followed by separation of membrane (M) and cytosolic (C) fraction by centrifugation. Samples were
subjected to SDS-PAGE and immunoblotting against the indicated proteins. Left panel shows a
representative experiment of three independent experiments. Right panel shows an evaluation of three
independent experiments. Values are +SD and are represented as membrane to cytosol ratio (M/C ratio).
E, Fluorescence Correlation Spectroscopy (FCS) of Sec16A. The decay of the fluorescence
autocorrelation, C(t), for GFP-Sec16A in starved cells (red symbols) and serum-treated cells (black
symbols) both include a fast fraction that represents cytosolic Sec16A molecules. The slower, ER-bound
fraction of Sec16A molecules, however, is significantly different. Starved cells show a shift of the
correlation decay towards a larger time scale, i.e. membrane-bound Sec16A diffuses slower. Green and

blue lines are best fits according to the fitting function stated in Materials and Methods.
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6 Interaction with COPIl modulates the turnover of
Sec16A on ERES

We hypothesized that an interaction with COPII is responsible for the observed
existence of a fast and a slow Sec16A pool and that thereby COPII plays a role in the
ability of Sec16A to generate new ERES. If true, then decreasing the binding of COPII
to ERES ought to affect the amount of fluorescence recovery, q, in FRAP experiments.
As a first step, we treated cells with cycloheximide to reduce the protein load in the ER
and concomitant the association of COPIl with ERES ® '*. While GF treatment in
control cells led to an increase in Sec16A fluorescence recovery, the extent of recovery
and the mobile fraction in cycloheximide treated cells was the same for starved and
mitogen-treated cells (Fig.12A+13A). To obtain further insights into the role of COPII,
we performed FRAP experiments with a truncation mutant of Sec16A that lacks the last
C-terminal 431 amino acids which we called Sec16-Maddin. This mutant still contains
the previously described ERK2 phosphorylation site Thr415 but it lacks the domain that
was described to bind Sec23A and Sec12 " ™ '® This mutant still localizes to ERES
(Fig.13B), but in fractionation assays shows a lower membrane association than the
wild type (Fig.13C). Using co-immunoprecipitation we confirmed that Sec16-Maddin
fails to interact with Sec23A, but is still able to interact with Sec31 (Fig.13D) as the
Sec31-binding region has been previously mapped to the central region of Sec16A "'.
In FRAP experiments, treatment with GFs did not increase but rather decreased the
extent of recovery and mobile fraction of Sec16-Maddin (Fig.13E&H). To further
support the notion on the role of COPII, we depleted Sar1A and found EGF treatment
did not change GFP-Sec16 mobility (Fig.13F&H). Of note, depletion of Sar1A also
affected the ability of Sec16A to form new ERES in response to growth factor treatment
(Fig.13l). As depletion of ERES regulators might in general disrupt the ability of ERES
to respond to GF stimulation, we tested whether depletion of kinases unrelated to the
Sec16A-COPII pathway are similarly unresponsive to GF stimulation. We found that
depletion of the kinases NME6, NME7, and PiP5K1C lowered the number of ERES
(Fig.5B), but did not affect the ability of ERES to respond to growth factor treatment, as
ERES number still increased after brief (15 min) GF stimulation (Fig.13l). In addition,
depletion of NMEG6 also did not inhibit the increase in GFP-Sec16 mobility after EGF
treatment (Fig.13G&H). Thus, the COPII-Sec16A interplay is important for generation

of new ERES after growth factor treatment and we next sought to test this conjecture.
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Figure 13: Role of COPIl in Sec16A dynamics at ERES. A, Hela cells expressing wild type GFP-Sec16A
were serum starved for 6 h. Additionally, cells were pre-treated with 50 ug/mL cycloheximide for 2 h (CHX)
before starting FRAP measurements. FRAP curves were recorded from the same coverslip before (black
symbols) and after stimulation with 50 ng/ml EGF (+EGF; white symbols). FRAP curves are shown as
mean of three independent experiments where at least 5 curves were recorded in each experiment.

Fluorescence values were normalized to the pre-bleach intensity. B, HelLa cells expressing GFP-tagged
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wild type Sec16 (left) or Sec16-Maddin (right). C, HelLa cells expressing wild-type GFP-Sec16 (WT) or
GFP-Sec16-Maddin (Maddin) were lysed by osmotic shock, followed by separation of membrane (M) and
cytosolic (C) fraction by centrifugation. Samples were subjected to SDS-PAGE and immunoblotting against
the indicated proteins. Panel shows a representative experiment of three independent experiments. D,
Hela cells expressing wild-type GFP-Sec16 (WT), GFP-Sec16-Maddin (Maddin) or GFP (-) were lysed
and Sec16 was immunoprecipitated using GFP-trap beads. The immunoprecipitate was eluted from beads
and Sec16 was detected by immunoblotting. The same membrane was probed for the levels of Sec23A
(Sec23) or Sec31. E, Hela cells expressing GFP-Sec16A-Maddin were serum starved for 6 h. FRAP
curves were recorded from the same coverslip before (black symbols) and after stimulation with 50 ng/ml
EGF (+EGF; white symbols). FRAP curves are shown as mean of three independent experiments where at
least 5 curves were recorded in each experiment. Fluorescence values were normalized to the pre-bleach
intensity. F&G, Similar experimental setting as in panel E except that cells expressing GFP-Sec16-WT
were used and cells were transfected with siRNA to Sar1A (F) or NME6 (G) 72 h prior to FRAP
measurement of wild type GFP-Sec16. H, Bar graph depicts the relative increase in mobile fractions, q,
after treatment with EGF determined as indicated in “Materials and Methods”. WT_NT and WT_CHX
indicate the condition of wild type GFP-Sec16 expressing cells treated with solvent and cycloheximide,
respectively. Values are means +SD from three independent experiments. I, HeLa cells were transfected
with control siRNA (control) or siRNA to Sec16A (siRNA clone #2), Sar1A (siRNA clone #2), NMES, NMEG,
NME7 or PiP5K1C. After 72 h, cells were left in steady state (depicted in Fig.R1), serum starved for 6 h
(strv), or serum starved for 6 h and stimulated with 10% FBS for 15 min (FBS). After treatment, cells were
fixed and stained for Sec31, and images were acquired by confocal microscopy. Panel shows graphic
representation of the number of ERES per cell. Results are presented as percent of control in steady state
to account for inter-assay variance. This value amounts to 228.56 + 12.3 ERES. Results are means + SD
from three independent experiments where at least 30 cells were evaluated per experiment. Asterisks
indicate statistically significant differences (*, P < 0.05) as determined by ANOVA with Tukey’s post hoc

test.
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7 Interaction with COPII is required for Sec16A to

generate more ERES

To test the role of the Sec16A-COPII interplay in the generation of more ERES after
mitogen treatment, we determined the ERES number in cells expressing either wild
type GFP-Sec16A or Sec23-binding deficient GFP-Sec16-Maddin. We only compared
cells within a twofold range of fluorescence intensities to avoid inclusion of cells with a
too high variability of exogenous Sec16A overexpression. Cells were fixed before and
after treatment with serum for 15 minutes followed by confocal imaging. If the ability of
Sec16A to interact with COPII is critical to generate more ERES, then Sec16-Maddin
should fail to respond to GF treatment. As observed with endogenous Sec16A, GF
treatment increased the number of ERES labeled with wild-type GFP-Sec16A
(Fig.14A). As a control, we tested whether the response requires Sec16A
phosphorylation of Thr415 and found this to be the case (Fig.14A), as ERES labelled
with the phosphoablating GFP-Sec16A-T415] mutant did not increase in number as
response to FBS treatment. ERES number also did not increase after mitogen
stimulation in cells with GFP-Sec16-Maddin (Fig.14A). Hence, an interaction with
CORPII (or at least the Sec16-Sec23 interaction) seems to be relevant for the increase

in the number of ERES upon mitogen treatment.

Finally, we tested the role of COPII using an in vitro recruitment assay (Fig.14B). Semi-
intact cells were extensively washed to strip off the majority of Sec16A and COPII from
their endomembranes, followed by incubation with fresh cytosol which led to
recruitment of COPIl and Sec16A and formation of new ERES (Fig.14B+C). We
compared control cells, which were untreated, with cells pre-treated with
cycloheximide. Reducing the load of secretory cargo leads to significantly less de novo
formation of Sec16A- and COPIl-positive ERES (Fig.14C-E). Altogether, this data
underscores the necessity for Sec16A mobilization for ERES generation, and an active
role of COPII, which cooperates with Sec16A in the formation of new ERES after

mitogen treatment.
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Sec16

CHX
CHX

indicate the median number of ERES/cell from non-treated cells (black lines) or FBS-treated cells (white

Results 159

Sec31



lines). B, Schematic illustrating the different steps in the recruitment assay. C-E, HelLa cells were plated on
glass cover slips. After 24 h, cells were either not treated or treated with cycloheximide (CHX) for two
hours prior to the experiment. Cells were permeabilized and washed extensively to deplete COPII and
Sec16. These cells were either fixed directly after washing (washed) or treated with cytosol harvested from
Hela cells (+cytosol) for 30 min at room temperature followed by fixation. Sec16 was detected using
immunofluorescence. The number of Sec16-positive ERES was counted using ImageJ and the bar graph
in the right panel shows the relative increase in Sec16-positive ERES in the condition “+cytosol”
normalized to the condition “washed”. Values are means + SD from four (Sec16) or three (Sec31)
independent experiments. Asterisks indicate statistically significant differences (*, P < 0.05) determined by

paired Student’s t-test.
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8 Cell proliferation is dependent on Sec16A

Our results so far clearly showed that Sec16A integrates mitogenic signaling into the
secretory pathway on the level of ERES. Yet it is so far unclear whether Sec16A is
relevant for the biologic outcome of mitogenic signaling, such a proliferation. In
previous work, 64 kinases and phosphatases were identified that, when depleted,
reduce the number of ERES '. More recently, others described 47 proteins that
regulate ERES number '®. We hypothesized that, if ER export is linked to the regulation
of cell proliferation, then a network linking these hits (111) to Sec16A ought to be
enriched in cellular processes related to cell proliferation. We therefore constructed an
anchored network of these 111 hits with Sec16A as an anchor, using a previously

¥ This anchored network was analyzed for enrichment of

described algorithm
biological processes (GO term annotation). Indeed, this approach revealed several
proliferation related processes that were enriched at a p-value of smaller than 0.001
(Fig.15A). Therefore, our computational analysis suggests a link between ER export
and cell proliferation. To test this experimentally, we performed a Sec16A knockdown
and measured the increase in cell number for two days. We found that depletion of
Sec16A inhibited cell proliferation (Fig.15B), and this effect was not attributed to an

increase apoptosis as assessed by determining caspase-3 cleavage (Fig.15C).
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Figure 15: Sec16A represents a link between the secretory pathway and cell proliferation. A, Upper panel:
Hits from previous screens (Farhan et al.,2010; Simpson et al.,2012) (Farhan hits and Pepperkok hits)
were also anchored to Sec16 and the networks were merged (right network). Lower panel: All nodes from
the merged network were analyzed for enrichment of cellular processes (GO-term annotations) using the
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counting chamber. Results are presented as fold increase of number of cells plated at time point O (t0). C,
Hela cells were transfected with control siRNA (siControl) or siRNA to Sec16 (siSec16), or treated with 5
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the percentage of cleaved versus total Caspase-3.
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The Ras-ERK1/2 pathway is a well known regulator of proliferation and it is also known
to induce Egr family members, which we experimentally verify (Fig.16A). In line with
our finding that Egr members control Sec16A expression, Ras overexpression also
induced a 3 fold increase in Sec16A levels (Fig.16A). We tested whether Sec16A is
involved in the Egr-dependent control of proliferation. Silencing Egr1+3 resulted in an
inhibition of cell proliferation, which was overcome by overexpressing Sec16A
(Fig.16C) that is driven by a CMV promoter (and is therefore not Egr-dependent).
Overexpressing Sec16A significantly induced proliferation (Fig.16B and C), indicating
that Sec16A is necessary and sufficient for proliferation. We also overexpressed the
Sec16A-T415] mutant as well as Sec16-Maddin and determined the effect of Sec16A
phosphorylation and COPII-binding ability on proliferation. HeLa cells overexpressing
these mutants proliferated stronger than GFP-expressing cells, but significantly less
than cells expressing wild type Sec16A. Sec16A forms oligomers and Sec16A mutants
are expected to oligomerize with endogenous wild type Sec16A. We propose that this
is the reason why these mutants themselves induce proliferation, although significantly
less than overexpressing wild type Sec16A. We could not test the overexpression of
Sec16A variants in cells depleted of endogenous Sec16A because Sec16A silenced
cells did not tolerate the overexpression of any plasmid. In general, an inhibition of ER
export is expected to inhibit proliferation. To experimentally verify this assumption, we
inhibited ER export by depletion of Sar1A and found that it reduces proliferation
(Fig.16C). Next, we tested whether the previously observed effect of Sec16A
overexpression on proliferation is due to a general increase in ER export. We therefore
overexpressed wild type Sar1A. However, overexpression of Sar1A had no detectable
effect on proliferation (Fig.16C), indicating that Sec16A is required and sufficient for

cells to proliferate.
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immunoblotted against indicated proteins. Panel shows representative blot of three independent
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GFP-tagged Sec16A. After 24 h, cells were loaded with fluorescent dye. The upper row shows the gating

strategy to only measure fluorescence in vital cells. The lower row shows FACS curves of cells directly

Results

164




after loading with dye (grey curve), or 48 h after dye loading from GFP-expressing cells (dotted line) or
from cells overexpressing GFP-Sec16A (solid line). Note that cells overexpressing GFP-Sec16A shift
strongest to the left, indicating a higher degree of dilution of dye and thus of proliferation. C, HelLa cells
were transfected with control siRNA (siControl) or siRNA to or Egr1+3 (siEgr1+3). After 24 h, cells were
transfected with plasmid encoding GFP (GFP), wild type GFP-Sec16 (Sec16WT), Sec16-Maddin (Maddin),
the phosphorylation-deficient Sec16-T4151 and Sar1A. 48 hours after transfection, cells were detached
and counted using a counting chamber. Results are presented as fold increase of number of cells plated at
time point 0 (t0). Asterisks in this figure indicate statistically significant differences (*, P < 0.05) as

determined by ANOVA with Tukey’s post hoc test.
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9 Summary

Altogether, the notion that ER export and cell proliferation are linked is supported by
our findings and we propose Sec16A as the molecular integrator of these two
processes. As summarized in our working model (Fig.17), we have shown that Sec16A
is regulated by mitogenic signaling in two ways, first via regulation of Sec16A
phosphorylation and secondly via control of Sec16A protein levels via the Egr
transcription factor family. Consistent with its role as a signal integrator, Sec16A

reversibly influences ERES and ER export in response to GF signaling status.
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Figure 17: Working model illustrating Sec16A-mediated ERES regulation in presence and absence of
growth factor signaling
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Characterization of the role of TECPR2 in the
early secretory pathway

In collaboration for a project of the group of Christian Behrends (University of Frankfurt,
Germany), | performed a variety of experiments to characterize the effect of TECPR2-
depletion on the early secretory pathway. These results are part of a manuscript that
has been submitted for publication and | will explain my contribution towards this work

below.

1 Background information

The protein tectonin beta-propeller repeat containing 2 (TECPR2) was identified in a
proteomic analysis of the autophagy network to have a role in autophagy '. The protein
is mostly uncharacterized, but due to its large size of more than 1400 amino acid
residues it was suggested to function as a molecular linker. TECPR2 contains three
WD (tryptophan-aspartic acid dipeptide) domains in its N-terminal region and six
TECPR domains in the C-terminal region; both of these domains have been shown to
be required for protein-protein interaction 2. Additionally, TECPR2 was found to be
mutated in an autosomal-recessive form of hereditary spastic paraparesis, where a
frameshift mutation leads to a shortened protein product which is rapidly degraded.
Patients suffer from a variety of severe symptoms, such as developmental
abnormalities like a short stature and intellectual disability, but also axonal
degeneration of the corticospinal or pyramidal motor and sensory tracks, which causes
progressive spasticity, hyperreflexia and hypotonia. Axonal degeneration also causes
the severe intellectual disability, gastroesophageal-reflux disease and central-apnea
due to loss of muscle control % 2. As mentioned above, TECPR2 levels are decreased
in these patients, as well as protein levels of the lipidated form of the autophagy
regulator LC3B. These findings support a role for TECPR2 in autophagy, and for
autophagy in HSP. However, the mechanism how TECPR2 regulates LC3B is
unknown. Microtubule-associated light chain 3 (LC3) is the mammalian homologue of
yeast Atg8 and fulfills a similar function in autophagosome formation. LC3 has three
isoforms (LC3A, B, and C) that are expressed differentially in rat tissue. Some isoform-
specific functions have been reported so far, but in general, the LC3 isoforms are

believed to act redundantly* °. LC3 is a cytosolic protein (LC3-I), but becomes lipidated
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with phosphatidylethanolamine (PE) in response to autophagic signaling via an
ubiquitin-like conjugation system. The lipidated form of LC3 (LC3-Il) associated to the
membrane of the phagophore and is required for autophagosome formation ®. The
initiation point of the phagophore as well as its membrane source is still unknown, but
different components of the secretory pathway, especially ERES, have been shown to

be involved (see Introduction) ’.

Our collaboration partners were interested in further characterizing the role of TECPR2
in autophagy and performed an interactome analysis of TECPR2, which revealed that
TECPR2 is present in three networks, the HOPS complex, the BLOC-1 complex, as
well as Sec24D. We were interested in the role of TECPR2 in the early secretory
pathway, due to its interaction with the COPII-component Sec24D, and the role ERES

might play in autophagosome formation.

2 Results

Since TECPR2 was shown to interact with Sec24D, which is a COPII component at
ERES, we first tested whether TECPR2 depletion has an effect on ERES number. We
used two different ERES markers, Sec31 and Sec16, and found that loss of TECPR2
dramatically decreases ERES number by more than 35% (Fig.18A+B). Additionally, we
tested the effect of TECPR2 depletion on the ERGIC and found that the number of
ERGIC53-positive dots was significantly decreased (Fig.18C). We next tested whether
loss of TECPR2 decreases the protein levels of certain COPIl components, which
might explain the decrease in ERES number. However, TECPR2 depletion did not
decrease protein levels of Sec13, Sec31 or Sec16 (Fig.18D). Therefore, the effect of
TECPR2 on ERES must be due to its interaction with Sec24D. However, we found that
TECPR2 does not colocalize with the ERES marker Sec31. In fact, the localization of

both proteins is best described as mutually exclusive (Fig.18E).
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Figure 18: Effect TECPR?2 depletion on ERES and COPII components. A-C, Hela cells were transfected
with control siRNA (siControl) or siRNA to TECPR2 (siTECPR2). After 96 h, cells were fixed and
immunostained for the indicated proteins, followed by confocal microscopy and ERES quantification. Left
panels show representative images from three independent experiments. Right panels show graphic

representation of the number of ERES per cell presented as percent of control. This value amounts to
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238.94 + 48.5 ERES in the case of Sec31, to 204.69 + 68.1 ERES in the case of Sec16, and to 149.6 +
30.3 ERES in the case of ERGIC53. Results are means £ SD from three independent experiments with
more than 50 cells per experiment. Asterisks indicate statistically significant differences (*, P < 0.05) as
determined by paired two-tailed Student’s t-test. Scale bar: 10 um. D, HelLa cells were transfected with
non-targeting siRNA (siControl) or with siRNA against TECPR2 (siTECPR2). After 96 h, cells were lysed
and subjected to SDS-PAGE followed by immunoblotting against the indicated proteins. Panels show
representative blots from three independent experiments. E, HelLa cells were grown on coverslips,

followed by fixation, immunostaining against the indicated proteins, and imaging by confocal microscopy.
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As TECPR?2 interacts with Sec24D, we next tested the effect of TECPR2 depletion on
Sec24D dynamics using FRAP assays (Fig.19A). We found that loss of TECPR2
significantly decreases the mobile fraction as well as the half time of recovery of YFP-
Sec24D at ERES, indicating that TECPR2 has a role in ERES association of Sec24D.
TECPR2-dependent recruitment of Sec24D to ERES might explain the decrease in
ERES number upon TECPR2 depletion, as Sec24 is an essential structural component
of COPII vesicles and ERES.

A decrease in ERES number should have an effect on ER export. Therefore, we
investigated ER-to-Golgi trafficking using the RUSH assay. Since Sec24D interacts
with  TECPR2, and Sec24D is required especially for the transport of
glycosylphosphatidylinositol (GPl)-anchored proteins ® °, we used the GFP-GPI-RUSH
construct in the assay '°. As expected, loss of TECPR2 strongly inhibited ER-to-Golgi
trafficking of GFP-GPI-RUSH (Fig.19B).

HSP-patients show developmental abnormalities such as short stature, which are often
found to be caused by dysfunctional Collagen secretion, as Collagen | is the main
extracellular matrix component involved in bone formation ''. Additionally, Sec24D has
been shown to be required for the secretion of extracellular matrix proteins in zebrafish
1213 " Given the impaired growth of patients harboring a TECPR2 mutation, as well as
the impaired Sec24D recruitment to ERES in TECPR2 depleted cells, we hypothesized
that TECPR2 may influence Collagen secretion. We therefore tested the effect of
TECPR2 depletion on secretion of the GFP-CollagenX-RUSH, and found that ER-to-
Golgi trafficking of Collagen is significantly decreased (Fig.19C). Interestingly, in a
transcriptome analysis in TECPR2 depleted cells, our collaborators found the
expression of the Collagen IV group to be decreased, which is found in basement
membranes ™. Downregulation of large cargos such as certain Collagen subtypes may
be an adaptive response of cells to handle high ER stress levels due to impaired ER

export.

Taken together, these findings show that TECPR2 is involved in the organization of
ERES by recruiting Sec24D to ERES, and that loss of TECPR2 inhibits ER export of
small and large cargos. In addition to Sec24D, TECPR2 was found to bind to
components of two protein complexes (HOPS and BLOC-1) as well as the autophagic
machinery, we tested whether the role of TECPR2 in those complexes is independent
of its role in ERES function. We depleted proteins essential for the function of these

complexes and determined ERES number (Fig.19D). We did not observe a decrease in
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ERES number, indicating that TECPR2 function in these complexes is independent
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Figure 19: Effect of TECPRZ2 depletion on ERES dynamics and ER-to-Golgi trafficking. A, HelLa cells were
transfected with control siRNA (siControl) or siRNA to TECPR2 (siTECPR2) for 96 h. 24 h before the start
of the experiment, cells were transfected with plasmid encoding YFP-Sec24D. FRAP curves are shown as
mean of three independent experiments where at least 5 curves were recorded in each experiment.
Fluorescence values were normalized to the pre-bleach intensity. Left panel shows averaged FRAP curves
from three independent experiments. Right top panel shows bar graph depicting mobile fraction, right
bottom panel shows bar graph depicting half time of recovery. B, HelLa cells were transfected with control
siRNA (siControl) or siRNA to TECPR2 (siTECPR2) for 96 h. 24 h before the start of the experiment, cells
were transfected with plasmid encoding GFP-tagged RUSH-GPi. GFP-GPi was released from the ER by
adding Biotin, and cells were fixed at the indicated subsequent time points. Left panel shows
representative images from three independent experiments. Right panel shows a bar graph of
fluorescence intensity at Golgi area, normalized to ER fluorescence, presented as fold increase over t0.
This value amounts to 5.00 + 3.0 AU in control cells and 10.36 + 12.1 AU in siTECPR2 cells. Results are
means + SD from three independent experiments with at least 30 cells per experiment. Asterisks indicate
statistically significant differences (*, P < 0.05) as determined by ANOVA with Tukey’s post hoc test. C,
Hela cells were transfected with control siRNA (siControl) or siRNA to TECPR2 (siTECPR2) for 96 h. 24 h
before the start of the experiment, cells were transfected with plasmid encoding GFP-tagged RUSH-
Collagen. GFP-Collagen was released from the ER by adding Biotin, and cells were fixed at the indicated
subsequent time points. Left panel shows representative images from three independent experiments.
Right panel shows a bar graph of fluorescence intensity at Golgi area, normalized to ER fluorescence,
presented as fold increase over t0. This value amounts to 5.67 + 1.5 AU in control cells and 8.52 + 3.3 AU
in siTECPR2 cells. Results are means + SD from three independent experiments with at least 30 cells per
experiment. Asterisks indicate statistically significant differences (*, P < 0.05) as determined by ANOVA
with Tukey’s post hoc test. D, HelLa cells were transfected with control siRNA (siControl) or siRNA to LC3B
(siLC3B), to DNTBP1 (siDNTBP1), or VPS41 (siVPS41). After 96 h, cells were fixed, followed by Sec31
immunostaining, confocal microscopy, and ERES quantification. Left panel shows representative images
of three independent experiments. Right panel shows a graphic representation of the number of ERES per
cell presented as percent of control. This value amounts to 226.71 + 16.5 ERES. Results are means + SD

from three independent experiments with more than 50 cells per experiment.
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3 Summary

To summarize these results, we showed that TECPR2 depletion decreases ERES
number as well as the number of ERGIC dots, although TECPR2 itself does not
localize to ERES. However, TECPR2 is required for Sec24D recruitment to ERES, as
revealed by FRAP assays. In line with these findings, trafficking of Sec24D-specific
cargos was found to be massively inhibited by TECPR2 depletion.
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In recent years, the view of the secretory pathway as a homeostatic membrane system
that is solely required for transport of secretory proteins has begun to change, due to
numerous findings indicating that the secretory pathway is targeted by intracellular
signaling cascades and is also a place of signal initiation *. Several large scale siRNA
screens have identified numerous proteins, among them many kinases and
phosphatases, which mediate the structure and function of the secretory pathway and
are not classical core components of the secretory pathway machinery. However, a
direct stepwise connection between an extracellular stimulus, a signal cascade, a
target protein within the secretory pathway and a change in structure or function of the
secretory pathway has not been described. Our results are the first to do so, as we
show that mitogenic signaling controls Sec16A phosphorylation as well as protein
levels, which in turn mediates ERES number and ER export. We further showed that
Sec16A and functional ER export were required for the outcome of mitogenic signaling,
which is cell proliferation. Below, these findings will be discussed in context of the

current literature.

1 Sec16A as an integrator of signaling and

nutritional stimuli

In previous studies, a variety of proteins were identified that influence secretion or the
structure of the early secretory pathway, as discussed in detail in the introduction % > *.
However, since most of these proteins were identified in large scale siRNA screens,
the mechanism behind their influence on the secretory pathway remains unclear. In
addition, in the case of kinases and phosphatases, the stimuli leading to their
regulation of the secretory pathway are largely unknown. In their kinome/phosphatome
screen, Farhan et al. identified an enrichment of the MAPK signaling network among
their hits, which led to the identification of ERK2 as a kinase responsible for the
phosphorylation of Sec16A 2. In this thesis, we provide for the first time a mechanism of
how an external stimulus (growth factor/EGF signaling) signals to a component of the
secretory pathway (Sec16A) via an intracellular signaling cascade (ERK2), and how

this influences the secretory pathway (increase in ERES number and size).

Another screen also identified Sec16 as a target of kinase signaling in Drosophila S2
cells *. This siRNA screen identified ERK7 as a regulator of Sec16 and ERES. ERK7 is

an atypical kinase that is constitutively active and might be autoactivated.
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Overexpression of ERK7 caused a disassembly of ERES and the dissociation of Sec16
and COPII components away from ERES. As ERKY7 is a stress kinase, Zacharogianni
et al. tested whether amino acid starvation, which activates stress signaling cascades,
has an effect on ERES organization. Indeed, amino acid starvation caused a rapid
dispersion of Sec16 and Sec23 away from ERES in an ERK7-dependent manner.
Dissociated Sec16 and Sec23 were not degraded or dispersed in the cytosol but
formed aggregates. These aggregates were identified in a later study as Sec bodies,
which are specialized, stress granule-like bodies that reversibly form in response to
amino acid starvation in Drosophila cells and contain Sec16 and COPIl components °.
ERK7-mediated disassembly of ERES was independent of mTORC1 signaling, which
is surprising given that mTORC1 signaling is a key mediator of the cellular response to
stress and nutrient deprivation. The response of ERES to amino acid starvation was
also found in mammalian cells, where amino acid starvation led to a 20-30 % decrease
in ERES number, whereas Sec body formation was not found in mammalian cells.
Conversely, serum starvation leads to a decrease in ERES number in mammalian cells
as mediated by ERK1/2 signaling, due to a decrease in Sec16A protein levels. In
Drosophila cell however, ERK1/2 signaling is not involved in the response of Sec16
and ERES to serum starvation, as pharmacological inhibition of ERK1/2 activity did not
cause Sec16 dispersal away from ERES. Furthermore, in Drosophila cells, Sec16 is
not degraded but forms aggregates in response to serum starvation, as discussed

above.

Despite these differences, the outcome of serum starvation is similar in both species,
which is a decrease in ERES number as well as decreased protein secretion. However,
these differences in regulation show that although the secretory pathway appears to be
highly regulated by external stimuli, the mechanism of regulation might differ
dramatically between species. Possible reasons for these differences may be that the
secretory pathway has become more complex during evolution as more functions have
evolved. For example, while Drosophila only has an innate immune system, mammals
have evolved to have an adaptive immune system . The adaptive immune system
consists of specific immune cells that place a unique demand on their secretory
pathway to enable antigen presentation or antibody production, which the mammalian
secretory pathway must adapt to. Furthermore, lower eukaryotic organisms such as
Drosophila or P.pastoris make do with few secretory units, whereas mammalian cells
contain hundreds of ERES that are not directly associated with the Golgi " 8. It is
tempting to speculate that a more than 10-fold increase in ERES number leads to an

increase in secretory capacity. However, an uncoupling of secretory units requires
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additional mechanisms to direct vesicular transport. Indeed, mammalian cells contain
an ERGIC which is responsible for sorting of cargo derived from the ER °. In addition,
gene duplications have led to the presence of several isoforms of COPIl components in
mammalian cells, which may allow for the regulation of a broader range of processes
"% Due to a variety of differences between the secretory pathway of different species, it
is likely that although core machinery components and mechanisms are conserved,

regulation and fine tuning of specific processes differ.

2 Translational control of Sec16A by Egr

transcription factors mediates ER export

In addition, we show a tight transcriptional regulation of a component of the secretory
pathway in response to external stimuli, as transcriptional regulation of components of
the secretory pathway was only reported in the context of the Unfolded Protein

" Our finding is surprising as the

Response (UPR) or upon cellular differentiation
secretory pathway is generally seen as part of the general housekeeping machinery of
the cell, and its components would therefore be expected to be long-lived. However,
we found that Sec16A, as opposed to other COPIlI components, is a short-lived protein
with a half-life of only 2-3 hours. Given the central role of Sec16A in the regulation of
ERES and ER export, these findings support the role of Sec16A as an integrator of

signaling.

We found that expression of Sec16A in response to growth factor signaling is
controlled by two members of the Egr transcription factor family, Egr1 and Egr3. These
transcription factors belong to the group of immediate early genes, which are induced
rapidly in response to growth factor stimulation. Egr1 and Egr3 are involved in
proliferation, and were therefore also found to play a role in cancer '* ' 14151617 Ag
these transcription factors control Sec16A expression, we investigated the role of

Sec16A in proliferation, which will be discussed below.

In addition to proliferation, Egr1 and Egr3 have been investigated in relation to
neuronal differentiation, and mice lacking either of these transcription factors show
deficits in memory formation, among other impairments '® ' ?°. As these transcription
factors mediate Sec16A expression, it is possible that functional ER export and

Sec16A play a role in differentiation. In highly specialized secretory cells, such as B
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cells or B cells, the ER and Golgi are increased in size as compared to non-secretory
cells, as the secretory pathway has to handle a larger secretory burden. This is
associated with an upregulation of secretory pathway components via induction of ER

stress 2" %

. Recently, eight members of the bZip transcription factor family were
identified to regulate this process. Interestingly, Sec16 as well as the COPIl coat
machinery components were found to be regulated by these transcription factors .
This shows that the secretory pathway adapts to novel demands in differentiated cells.
Another example is the differentiation of neurons. Neuronal cells have a large surface
area, and during differentiation, plasma membrane must be added by secretory
organelles to allow the outgrowth of axons and dendrites. In addition, the structure of
the secretory pathway in differentiated neurons is markedly different from other cells,
as the ER extends hundreds of microns into dendrites. Furthermore, neurons contain
Golgi outposts at dendritic branch points in addition to their normal Golgi, as well as

23, 24, 25, 26

ERES in vicinity of these Golgi outposts . In Drosophila cells, dendrite
outgrowth was shown to involve the upregulation of COPII components, as the Cut
homeodomain transcription factor was able to upregulate Sec31 expression. This was
mediated by the transcription factor CrebA, and overexpression of CrebA in
combination with overexpression of Sec31 or Sec23 further enhanced dendriting
branching and growth as compared to overexpression if CrebA alone. Consequently,
loss of Sar1, Sec31 and other COPIl components decreased dendritic complexity,
indicating that COPII is required for efficient dendrite formation and branching Z.
Although this paper did not investigate the role of Sec16A in this process, it is likely to
be also involved. Another paper investigated the role of ER export in axonal
development. Aridor et al. found that in early stages of axonal growth, Sar1 was
concentrated at the developing axon, and that loss of Sar1 reduced axonal growth .
These data show that ER export is required for cellular differentiation, and that this is

mediated by translational control of COPIl components.

3 Novel insights into regulation of ERES

biogenesis by mathematical modeling

Sec16A was previously shown to be phosphorylated by ERK2, which gave rise to the
hypothesis that mitogenic signaling influences Sec16A, as ERK2 is activated in

response to mitogenic signaling 2 Indeed, EGF stimulation and Sec16A
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phosphorylation status were shown to influence Sec16A mobility as shown by FRAP
assays. In this thesis, it was demonstrated that Sec16A integrates growth factor
signaling at the level of ERES, and that Sec16A is the central node in a coherent feed-
forward loop. Therefore, Sec16A was shown to be regulated by phosphorylation on a
short time scale in response to growth factor signaling. Long-term growth factor
signaling was shown to increase Sec16A protein levels by induction of the immediate
early gene transcription factor family Egr. These findings support a mathematical model
of Sec16A dynamics in ERES biogenesis and dynamics in response to growth factor
signaling status. This model predicts an increase of Sec16A mobility or turnover at
ERES in response to mitogenic signaling, by phosphorylation of Sec16A. Increased
mobility or an increased dissociation rate of Sec16A was proposed to be sufficient for
the nucleation of more ERES. In a previous model however, the biogenesis of more
and smaller ERES was predicted to not be sufficient to handle an increased secretory
flux, but that an increase of ERES size was necessary 2 |n line with this prediction,
Farhan et al. showed that an acute increase in cargo load led to fusion of ERES in a
Sec16A-dependent manner, which resulted in larger ERES. A chronic increase in
cargo load however caused an increase in ERES number #. The model predicted an
increase in ERES number on a short time scale of 15 min, which was also observed
experimentally. In this context, the increase in ERES number is at the cost of ERES
size, which would not increase secretory flux. Therefore, ERES size must also
increase, and an increase in Sec16A protein levels on the timescale of a few hours was
observed, which was due to de novo protein synthesis. An increase in Sec16A protein
levels increases the size of previously formed ERES on the timescale of a few hours,
which is the same time frame as de novo protein synthesis in response to mitogenic
signaling should take. Therefore, by the time the secretory burden on ERES increases
in response to mitogenic stimulation, ERES have grown first in number and then in size

to accommodate the increased secretory flux.

The model further predicted that complex formation of Sec16A might play a role in its
membrane association. As determined by Fluorescence Correlation Spectroscopy
(FCS), comparing movement of Sec16A particles on the membrane versus movement
of Sec16A particles in the cytosol indicated that Sec16A particles of membranes have
to have a size that is larger than Sec16A particles that are present in the cytosol.
Sec16A was shown to form heteromeric complexes of unknown size in previous
studies via its conserved central domain (CCD). A possible scenario would be that
Sec16A is present in large complexes at ERES. Phosphorylation of Sec16A might

cause a dissociation of Sec16A from the complex and therefore mediate its release, as
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a monomer, into the cytosol. This mechanism would also provide an explanation to the
question of how phosphorylation increases Sec16A mobility. However, this raises the
question of whether the phosphorylation status of Sec16A is generally required for its
localization to ERES, or how Sec16A re-binding to ERES is mediated. The data
showed that a phosphoablating Sec16A mutant (T415l) still localizes to ERES,
although it does no longer respond to growth factor signaling. In addition, previous
studies showed that this mutant shows a decreased fluorescence recovery in FRAP
experiments, but it localizes to ERES and it does recover, albeit at a decreased rate as
compared to the wildtype protein 2. Therefore, phosphorylation status alone does not

mediate membrane association of Sec16A.

4 Role of Sec16A in ERES and COPII-coat

dynamics

As discussed above, Sec16A mediates biogenesis of novel ERES after mitogenic
stimulation, but the role of Sec16A in COPII vesicle formation is still unclear. In
addition, it is unclear how and at which point during COPII vesicle formation Sec16 is
recruited to ERES. Recently, two models for the role of Sec16 were discussed in a
review *°. The first model describes a role for Sec16 as a scaffold for COPII vesicle
formation, whereas in the second model, Sec16 acts downstream of the assembly of

the COPII coat and mediates COPII vesicle release *'.

In the first model, Sec16 localizes independently to ERES and functions as a scaffold
that recruits COPII components to ERES, regulating COPII vesicle coat formation. This
model is compatible with findings in Drosophila which show that Sec16 localizes to
ERES independently of Sar1 " *. In addition, COPII components were shown to not be

3233 |n contrast, in vitro

required for Sec16 localization to ERES in Drosophila
experiments using human Sec16 showed that Sec16 does require Sar1 for efficient
localization of neutral liposomes >'. In P.pastoris, COPIlI at ERES was shown to be
required for Sec16 localization to ERES **. Therefore, the scaffold model agrees with

findings in Drosophila, but not with findings in mammalian or yeast cells.

In the second model, Sec16 localizes to ERES in a manner dependent on COPII and
acts downstream of Sar1, regulating Sar1 GTPase activity and thereby COPII vesicle

release. This model is consistent with Sar1- and COPII- dependent ERES localization
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of Sec16 in P.pastoris. In addition, several studies showed that Sec16 modulates Sar1
GTPase activity by delaying the recruitment of Sec31. As Sec31 enhances Sar1
GTPase activity via Sec23, Sec16 prevents premature vesicle budding by keeping
Sec31 away from Sec23 during early stages of vesicle formation *" > % |n yeast, this

Sec16 function was mediated by interaction with Sec24 *’.

It is likely that Sec16 fulfills both functions in vivo, although in some species, either the
scaffolding or the GTPase regulating function might be the predominant mode of
action, and Sec16 recruitment to ERES might be different in some species. The data
suggest that in mammalian cells, Sec16 initiates de novo ERES biogenesis upon
growth factor stimulation by dissociating from ERES and re-binding the membrane
forming novel ERES. This would suggest that Sec16A defines the location of novel
ERES and initiates ERES formation, which implicates a Sar1-independent recruitment
of Sec16A to the membrane. However, we also found that Sec16A requires the
presence of COPIl at ERES for efficient ERES localization, and for its ability to
generate novel ERES upon growth factor stimulation. These findings are in agreement
with earlier studies which found that although the ERES localization domain (ELD) of
Sec16A is required for its ERES localization, it is not sufficient. Sec16A also requires
the presence of the central conserved domain (CCD), which mediates binding to Sec24

in Drosophila 3% ¥

. It is therefore likely that upon mitogenic stimulation, Sec16A
localizes to pre-ERES structures that may contain Sar1 and Sec24, which allows
Sec16A to bind. Although it is unknown how these pre-ERES form, it is likely that they
require Sec16A for stabilization, and therefore Sec16A-binding defines which pre-
ERES structures further develop into ERES. This scenario is compatible with a role of
Sec16A in the stabilization of the pre-budding complex which consists of Sar1 and

Sec23-Sec24 3.

In addition to findings regarding the regulation of Sec16 via signaling, Sec16A in
mammalian cells is likely to have a regulatory function on COPII vesicle formation. This
is in line with studies showing that cargo load at the ER influences ERES behavior %.
Additionally, in yeast, cargo receptors were suggested to actively recruit COPII to
ERES dependent upon the level of mature cargo at the ER % “°. Although Sec16A
requires presence of COPII at ERES, it may still act as a scaffold protein that stabilizes
COPII coat vesicle formation at early stages. As suggested by structural analysis of the
Sec13-Sec16 tetramer, Sec16A might interact with Sec24 and Sec12, thereby keeping
Sec12 in the vicinity of Sar1, regulating Sar1 GTPase activity. In addition, Sec16,
possibly bound to Sec13, would stabilize the pre-budding complex consisting of Sar1

and Sec23/Sec24. As Sec16 and Sec13 were shown to form a structure very similar to
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the Sec13-Sc31 tetramer, Sec16 might form a pre-coat together with Sec13. This
hypothesis is consistent with the role of Sec16 of shielding Sec23 from Sec31 during
early stages of vesicle formation. The Sec16-Sec13 tetramer would then gradually be
replaced by the outer coat consisting of Sec13/Sec31 *'. Therefore, Sec16 might be
present at early stages of COPII vesicle formation, whereas Sec31 is present at late
stage and budded COPII vesicles, which would explain the low level of co-localization
of Sec16 and Sec31 that is generally seen. However, some studies suggest that Sec16
might be incorporated into the COPII coat in mammalian, Drosophila, and S.cerevisiae,
but not in P.pastoris " 3% 3% 3 42 Therefore, Sec16 might only be present at certain
places of the COPII vesicle, for example in the vicinity of Sar1 at the vesicle bud, where
it could fulfill all of its ascribed functions. However, a recent study by Klinkenberg et al.
suggested that p125A spatially segregates Sec16A from COPII at late stages of vesicle
formation, thereby forcing Sec16A to make room for the outer coat **. These findings
provide an additional regulatory mechanism that mediates the transition from nascent
to budding vesicle, and also indicates that Sec16A is very likely not a part of the COPII

coat %2

5 Does Sec16A favor vesicular or tubular ER

export?

Although it is generally accepted that the COPII coat machinery is required for ER
export, the question of whether ER export is mediated by vesicles or tubules is still
much debated *. Since the organization of the early secretory pathway differs
markedly between different species, a direct comparison of findings can be difficult. In
general, ERES and the recipient of ER export, either the ERGIC or cis-Golgi, are in
close proximity. In plant cells, P.pastoris and Drosophila, cells contain several Golgis
that are in close association with ERES. These clusters are referred to as tER-Golgi
units or secretory units ” * ¢, In mammalian cells, only one Golgi exists, as well as
several hundred ERES. In addition, mammalian cells contain an ERGIC, which
receives COPII vesicles from ERES °. However, ERGIC clusters are found in close
proximity to ERES, and the ERES/ERGIC interface was recently shown to be stabilized
by the protein TFG via interaction with Sec16A *"*®. S.cerevisiae does not contain an
ERGIC, and ERES are not as clearly defined as in other species *°. Interestingly, the

question of whether ER export takes place in vesicles or via tubules has not been
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resolved, as current imaging techniques have not been able to provide sufficient
evidence in favor of or against the existence of COPII vesicles *. Tubules spanning the
distance between ERES and ERGIC/cis-Golgi have been documented more frequently
in EM imaging than COPII vesicles, which argues in favor of transport mediated by
tubules, not vesicles. In addition, live cell experiments have provided evidence for
direct tubular contact between ER and Golgi, as laser manipulation of the Golgi
showed that a moving Golgi often drags along tubules connected to the ER *°. In
addition, protein dynamics in FRAP assays of a Golgi resident protein indicated direct
tubular connections to the ER “®. Furthermore, COPIl-vesicle critics claim that the
average size of COPII vesicles formed in vivo has a size of approximately 70 nm,
which is too small to accommodate large cargos such as pro-collagen that are 300 nm
in size. However, the COPII coat has been shown to theoretically be flexible enough to
accommodate differently sized and curved vesicles °" *2. In addition, recent studies
have identified mechanisms modulated by specific proteins such as Sedlin, which
might allow for pro-collagen packing into vesicles by delaying Sar1 GTP hydrolysis and

vesicle scission 429354

Several arguments are in favor of the existence of COPII vesicles. First, Zeuschner et
al. found COPII vesicles in mammalian cells by immune-electron tomography after two
different fixation techniques *°. Furthermore, the COPII coat and associated machinery
is similar to that of the COPI and Clathrin coat, which do form coated vesicles ¢ 7 %8,
Furthermore, many budding assays have shown that in principle, COPII vesicles do
bud from the membrane, and the presence of smaller-than-usual COPII vesicles in
these assays is seen as a defect in vesicle formation *" ** ®_ Constitutively active Sar1
(Sar1-H79G) causes formation of long, rigid tubules that do not bud off the membrane,
as in this mutant, GTP hydrolysis is inhibited. In cells overexpressing another Sar1
mutant that forms long but flexible tubules on membranes, export of pro-collagen, but
not VSVG, was inhibited. This finding is remarkable, as especially a large cargo such

as pro-collagen has been suggested to require tubules, not vesicles, for ER export °'.

Another argument in favor of vesicles is the nature of a secretory pathway that is
composed of distinct membranous compartments, which allows the secretory pathway
to provide different environments within different compartments. In addition to major
differences in enzyme composition, the compartments differ in their pH level. Slightly
different pH levels were shown to modulate binding and release of cargo proteins from
cargo receptors; this was reported in most species. Direct connections between the ER
and ERGIC/cis-Golgi via tubules could allow the flow of proteins and ions through

these tubules, thereby disturbing the composition of both organelles ** %2,
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In general, the function of Sec16 can be reconciled with either the vesicular or tubular
model. Theoretically, since Sec16 has been suggested to stabilize the COPII coat via
its scaffolding function, it could stabilize a coat surrounding vesicles of tubules. In
addition, the COPII coat was shown by ultrastructural analysis to be able to surround a

tubular structure, as this is required for the export of pro-collagen.

6 Role of ER export in proliferation and

cancer

Sec16A integrates growth factor signaling at the level of ERES, and we showed that
Sec16A also mediates the outcome of growth factor signaling, which is proliferation. In
addition to Sec16A, loss of Sar1 also inhibited proliferation, indicating that proliferation
requires functional ER export. The concept that cell growth requires a functional
secretory machinery is intuitive, as cells must be able to grow in size to be able to
proliferate * ®*. Expansion of the plasma membrane requires membrane material to be
delivered by the secretory pathway. In addition to our work, several other studies have
provided evidence for a close link between secretion and proliferation. In their
kinase/phosphatase screen, Farhan et al. identified several members of the ERK1/2
MAPK signaling pathway as a network that influences the secretory pathway 2. The
same is true for a whole genome screen by Simpson et al ®. The ERK1/2 MAPK
signaling pathway is one of the key pathways that modulate cell proliferation, and
misregulation of this pathway is found in most types of cancer. Given the tight
regulation of the secretory pathway by the ERK1/2 MAPK signaling pathway, and the
fact that the secretory pathway plays a major role in proliferation, targeting the
secretory pathway is an attractive strategy in developing novel therapeutic approaches
against cancer. In addition, Sec16A has been found to be upregulated by twofold in
colonic cancer samples in a proteome screen comparing healthy versus cancer tissue

®_Searching the cancer genomics portal cBioPortal (www.cbioportal.org) revealed that

depending on the cancer subtype and study, Sec16A was altered, either amplified or
mutated, in up to 8% of cases, such as in stomach adenocarcinoma, uterine
carcinomas, and melanoma. Interestingly, Sec16B was found to be amplified in up to
11 % of cases in large scale studies mapping the genome in liver hepatocellular
carcinoma, breast invasive carcinoma, and lung adenocarcinoma. Furthermore,
members of the Egr transcription factor family, which were identified to control

expression of Sec16A in response to growth factor signaling, are found to be involved
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in a variety of different cancers ' 1% 1% 16.66.67.68 " At cBjoPortal, Egr1 was found to be
mutated in 18% of cases in a study of 90 pancreatic adenocarcinoma cases, and
amplified in 16% of 415 kidney renal clear cell carcinoma cases. Interestingly, the most
common alteration for Egr3 documented by the cBioProtal website is a loss of Egr3.
Egr3 was found to be deleted in nearly 16% of cases in two studies investigating 258
and 333 cases of prostate adenocarcinoma, respectively. As described previously, the
role of Egr3 in cancer has not been extensively studied, and Egr3 was found to be both

overexpressed and decreased in different cancer types % %",

Generally, tumor cells show increased metabolic rate and protein synthesis, which
places a large demand on the early secretory pathway. In many cancers, this increased
secretory burden leads to an induction of the ER stress response and an increase in
COPII vesicle budding from the ER, to increase ER export levels 2 7% 7.7 The ER
stress response is an adaptive process that helps the cells to handle an increased
cargo load at the ER in initial stages of increased protein synthesis. If the secretory
burden further increases or induction of the UPR is not sufficient to resolve the
secretory burden, UPR-induced apoptosis is initiated. This makes ER export and the
UPR an attractive target for anti-cancer therapy, as tumors show higher ER stress
levels compared to healthy cells, and a pharmacologically induced increase in ER
stress might push tumor cells towards UPR-induced apoptosis. This approach and the
role of the UPR in cancer has gained much interest in the last decade ™ ™ 7> 7% 77 At
this point, several compounds targeting the UPR have been described that show
promising effects as anti-tumor drugs, or that might function to sensitize tumor cells to
chemotherapeutic agents ® ”°. Targeting the COPIl machinery and Sec16 to inhibit ER
export provides additional, cytoplasmic targets for anti-cancer therapy. Advances in
ultrastructural analysis of the COPII coat and its components may make the design of
small molecules possible that could disrupt the coat at critical connective sites.
However, targeting COPII vesicle formation directly is likely to be very toxic, therefore a
modulation of ER export would be more useful. As mentioned previously, signaling
pathways that among others target the secretory machinery are overactive in cancer.
For example, several studies have shown that COPIl components are targeted by
kinase signaling and other post-translational modifications. Targeting ER export
indirectly by pharmacologically modulating hyperactive signaling pathways may

therefore be a useful therapeutic strategy > .
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