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The protein processing and trafficking function of the Golgi is intimately linked to multiple
intracellular signaling pathways. Assembly of Golgi trafficking structures and lipid sorting
at the Golgi complex is controlled and coordinated by specific phosphoinositide kinases
and phosphatases. The intra-Golgi transport machinery is also regulated by kinases belong-
ing to several functionally distinct families, for example, MAP kinase signaling is required for
mitotic disassembly of the Golgi. However, the Golgi plays an additional, prominent role in
compartmentalizing other signaling cascades that originate at the plasma membrane or at
other organelles. This article summarizes recent advances in our understanding of the signal-

ing network that converges at the Golgi.

The Golgi apparatus is a dynamic structure
that constantly exchanges proteins and lip-
ids with other organelles. It is critical for organ-
ellar homeostasis that the different trafficking
routes at the Golgi are precisely regulated. For
example, the sorting and transport functions
of the Golgi must be correctly coordinated
with the overall activity of the secretory path-
way. In addition, changes in Golgi structure
and morphology are tightly controlled, which
is particularly critical during mitosis, when
the Golgi complex becomes disassembled for
proper distribution between the dividing cells.
It is therefore not surprising that diverse sets
of signaling factors localize at the Golgi and
control its function and shape.
Phosphoinositide lipids have emerged as
particularly important regulators of Golgi func-
tion. Reversible phosphorylation of the inosi-
tol headgroup of phosphatidylinositol creates

seven distinct phosphoinositide species (Di
Paolo and De Camilli 2006). These molecules
serve as signal transducers at virtually every
cellular membrane but have a particularly im-
portant role in controlling membrane traffic
(DiPaolo and De Camilli 2006). A critical prop-
erty of phosphoinositides is their tightly regu-
lated spatial distribution. Recent studies have
uncovered concentrated pools of these lipids
at individual membranes including the Golgi
(Roy and Levine 2004; De Matteis et al. 2005;
Varnai and Balla 2008). Phosphoinositides
often act in cooperation with small Ras-type
GTPases and the interplay between phospho-
inositides and GTPases from the ADP-ribosyla-
tion factor (Arf) and Ras-related in brain (Rab)
families is essential for Golgi function (Behnia
and Munro 2005; Mayinger 2009). How the
lipid kinases and phosphatases that regulate
Golgi phosphoinositides interact with other
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signaling pathway remains a challenging area of
research.

Whereas phosphoinositide signaling path-
ways are mainly controlled via extracellular sig-
nals that transmit metabolic status and growth
conditions, Golgi function can also be regulated
by signals that originate at other secretory or-
ganelles. Enhanced biosynthesis and processing
of secretory proteins at the ER induces the acti-
vation of a signaling network that modulates
intra-Golgi traffic and overall capacity of secre-
tion (Sallese et al. 2009).

Finally, there is mounting evidence that the
Golgi serves as an important signaling platform
for numerous signaling cascades that originate
at the plasma membrane. The discovery that
components of the Ras and the protein kinase
A (PKA) pathways reside at the Golgi indicates
that this organelle plays an important role in
compartmentalizing signal transduction path-
ways (Quatela and Philips 2006; Sallese et al.
2009). This article will review our current
understanding of signaling at the Golgi and
also highlight the relevance of these processes
for human disease.

CONTROL OF GOLGI FUNCTION BY
PHOSPHOINOSITIDES

Among the seven distinct phosphoinositide spe-
cies, phosphatidylinositol-4-phosphate (PI(4)P)
plays a uniquely important role in regulating
Golgi function. PI(4)P displays a high steady-
state concentration at the Golgi and the regu-
lation of its spatial distribution is key to the
mechanism underlying the organization of the
Golgi. (De Matteis et al. 2005; Blagovesh-
chenskaya et al. 2008; Cheong et al. 2010). The
relevance of Golgi PI(4)P for anterograde traf-
ficking was first discovered in the yeast Saccha-
romyces cerevisiae. Mutations in the PIKI
gene, which encodes the PI 4-kinase responsible
for generating Golgi PI(4)P in yeast, causes
severe defects in the anterograde transport of
a variety of cargo proteins (Hama et al. 1999;
Walch-Solimena and Novick 1999; Audhya
et al. 2000; Schorr et al. 2001). In addition,
lipid phosphatases play an important role in

maintaining the proper intracellular distribu-
tion of PI(4)P (Mayinger 2009).

Pl 4-Kinases

In mammalian cells, both PI4KIIx and PI4KIII3
contribute to the biosynthesis of Golgi PI(4)P
(Vicinanza et al. 2008). PI4KIIa was also de-
tected at the endoplasmic reticulum (ER),
endosomes, and the plasma membrane (Balla
et al. 2002; Guo et al. 2003; Minogue et al.
2006). The exact location of PI4KIIa and
PI4KIIIB within the Golgi is unclear but func-
tional and localization data indicate that these
kinases may generate distinct Golgi pools of
PI(4)P involved in individual trafficking path-
ways (Wang et al. 2003; Weixel et al. 2005;
Toth et al. 2006).

Although it remains unclear how localiza-
tion of PI4KIIa to the Golgi is regulated, factors
controlling the Golgi association of PI4KIII
have been characterized. Both, activated Arfl
and the N-myristoylated, Ca**-binding neu-
ronal calcium sensor-1 (NCS-1) are involved in
PI4KIIIB recruitment to the Golgi (Godi et al.
1999; Zhao et al. 2001; Haynes et al. 2005;
de Barry et al. 2006). In yeast, Golgi association
of PT4-kinase Pikl1 requires the N-myristoylated
cofactor Frql, which is highly homologous to
NCS-1 (Hendricks et al. 1999; Huttner et al.
2003).

PI4KIIIB and Golgi PI(4)P also play an
interesting role in RNA virus replication, which
often occurs at specific reorganized intracellu-
lar membranes. A new study shows that some
viruses can reorganize organelles of the secre-
tory pathway to generate unique membrane
compartments for RNA replication (Hsu et al.
2010). Specific viral proteins induce recruit-
ment of PI4KIIIB to the ER /Golgi intermediate
compartment (ERGIC) (Hsu et al. 2010). This
regulation requires activation of Arfl by entero-
viral 3A protein, which binds to the Arfl gua-
nine nucleotide exchange factor GBF1 (Hsu
et al. 2010). Enteroviral RNA polymerases
specifically bind to PI(4)P at the remodeled
membranes, which is essential for both entero-
viral and flaviviral RNA replication (Hsu et al.
2010).
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PI(4)P Effectors at the Golgi

PI(4)P effectors at the Golgi comprise function-
ally distinct classes of proteins that control
Golgi structure and function (Fig. 1). Golgi
PI(4)P is important for clathrin-dependent
and -independent trafficking pathways that
originate at the Golgi (Fig. 1). Both, adaptor
protein complex 1 (AP-1) and +y-ear-contain-
ing, ADP-ribosylation factor-binding proteins
(GGAs) bind simultaneously to PI(4)P and to
activated Arfl (Heldwein et al. 2004; Wang
et al. 2007; Demmel et al. 2008b). This coinci-
dence detection mechanism controls the for-
mation of clathrin-coated vesicles at the trans-
Golgi network (TGN) and may be involved in
distinct trafficking pathways via late or early
endosomal compartments (Abazeed and Fuller
2008).

Recent evidence in yeast suggests that Golgi
PI(4)P is also important for regulating the
activity of Rab GTPases (Fig. 1). The Rab GEF
Sec2 is recruited to the TGN by simultaneously
binding to PI(4)P and the activated Rab GTPase
Ypt32 (Mizuno-Yamasaki et al. 2010). PI(4)P
thus acts in parallel with Ypt32 in a coincidence
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detection mechanism that controls Sec2 recruit-
ment to the Golgi and in turn prevents Sec2
association with the exocyst. Once a trafficking
vesicle containing Sec2 and Ypt32 buds off the
TGN, the downstream-acting Rab Sec4 replaces
Ypt32 and is activated by Sec2, which leads
to recruitment of Sec15 and other components
of the exocyst tethering complex (Mizuno-
Yamasaki et al. 2010). Consequently, the inter-
action between PI(4)P and Sec2 at the TGN
regulates the proper timing of Sec4 activation,
which can only occur at post-Golgi vesicles
that contain little or no PI(4)P. This pre-
cise temporal control of Rab protein activa-
tion is intimately linked to transport vesicle
maturation.

Several lipid transfer proteins bind to Golgi
PI(4)P (Fig. 1). Ceramide transfer protein
(CERT), oxysterol-binding proteins (OSBPs),
and four-phosphate adaptor protein 1 and 2
(FAPPI, 2) contain PH-domains that specifi-
cally recognize PI(4)P and activated Arfl. Both
CERT and FAPP?2 are involved in sphingolipid
biosynthesis. Ceramide is synthesized at the
ER and transferred to the Golgi by CERT where
it is converted to both sphingomyelin and

Golgi morphology
Retrograde traffic

GOLPH3
Vps74

RAB-GEF Sec2 —> Anterograde traffic

AP-1 Clathrin-mediated
GGA2 traffic
CERT Sphingolipid biosynthesis

—— Traffic carrier formation
Cholesterol homeostasis

FAPP1/2
OSBP, ORPs

Figure 1. PI(4)P effectors at the Golgi. Several functionally distinct types of PI(4)P effectors are recruited to the
Golgi. In many cases, recruitment to the Golgi also requires activated Arf1, which together with PI(4)P functions
in a coincidence-detection mechanism that provides additional specificity. Ras-GEF Sec2 regulates Rab func-
tion in anterograde trafficking from the Golgi, whereas the clathrin adaptors AP-1 and the GGA proteins func-
tion in clathrin-mediated sorting to the endosomal /lysosomal system. Another group of effectors consists of the
lipid transfer proteins CERT, FAPP1/2, OSBP, and OSBP-related proteins (ORPs), which are important for
nonvesicular transfer of sterols, ceramide, and glucosylcermaide. FAPP2 plays a dual role in glycosphingolipid
biosynthesis and in membrane tubule formation. GOLPH3 and its yeast homologue Vps74 play a role in Golgi
structure and in the proper localization of glycosylation enzymes.
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glucosylceramide (Yasuda et al. 2001). FAPP2
was discovered independently as a factor re-
quired for glycosphingolipid biosynthesis and
for anterograde trafficking from the Golgi
and its physiological role remains somewhat
controversial (Godi et al. 2004; Vieira et al.
2005; D’Angelo et al. 2007; Halter et al. 2007).
Recent reports show that FAPP2 is required
for the delivery of glucosylceramide to appro-
priate sites for the biosynthesis of complex
glycosphingolipids. (D’Angelo et al. 2007;
Halter et al. 2007). However, there is also evi-
dence that FAPP2 can form dimers that induce
the tubulation of membranes in vitro (Cao
et al. 2009). Tubulation activity is dependent
on phosphoinositide-binding and the wedge-
like structure of the FAPP2 PH-domain (Cao
et al. 2009; Lenoir et al. 2010). FAPP2 may
therefore couple the synthesis of glycosphingo-
lipids with the formation of tubular traffick-
ing carriers required for the export of proteins
and lipids to the cell surface. (Cao et al. 2009;
Yui et al. 2009; Lenoir et al. 2010). OSBP and
OSBP-related proteins (ORPs) also bind to
Golgi PI(4)P and Arfl. The exact cellular func-
tion of these proteins is not entirely clear. There
is evidence that these proteins catalyze the
nonvesicular sterol transfer between closely
apposed membranes, such as at organelle
contact sites (Schulz et al. 2009). However,
these proteins may also act as cholesterols
sensors required for the regulation of vesicular
traffic (Li et al. 2002; Kozminski et al. 2006).
Recent studies indicate that CERT, OSPB, and
specific OSBP-related proteins (ORPs) may
coordinate nonvesicular sterol and ceramide
transport between ER and Golgi (Peretti et al.
2008; Ngo and Ridgway 2009). Together, these
studies show that secretory proteins and lipids
can use different transport pathways to tran-
sit the Golgi. However, how nonvesicular lipid
transfer between ER and Golgi or within the
Golgi is linked functionally to membrane traf-
ficking of secretory proteins from the TGN
remains unclear. It is possible that coordinated
enrichment of sphingolipids and sterols at the
TGN is required to produce transport carriers
for the export of secretory proteins. Such a
mechanism could be important for maintaining

the unique lipid composition of the plasma
membrane.

Finally, Golgi phosphoprotein 3 (GOLPH
3) represents a new class of proteins that is
recruited to the Golgi by PI(4)P (Fig. 1).
GOLPH3 binds also the unconventional myo-
sin MYO18A and this interaction appears to
be necessary for normal Golgi trafficking and
morphology (Dippold et al. 2009). Interest-
ingly, the GOLPH3 gene is located on human
chromosome 5p13, which is frequently ampli-
fied in multiple solid tumor types (Scott et al.
2009). Recent functional analyses show that
GOLPH3 can function as an oncoprotein to
promote cell transformation and tumor growth.
GOLPH3 stimulates the activity of the mam-
malian target of rapamycin (mTOR), a serine/
threonine kinase involved in the regulation of
cell growth and survival (Scott et al. 2009). Yeast
Vps74, an orthologue of human GOLPHS3,
also binds specifically to Golgi PI(4)P (Wood
et al. 2009). Vps74 interacts with the cytosolic
domains of ¢is and medial Golgi glycosylation
enzymes and also with COP-I and it was pro-
posed that Vps74 may function in the steady-
state localization of Golgi glycosyltransferases
by promoting their incorporation into retro-
grade COPI-coated vesicles (Schmitz et al.
2008; Tu et al. 2008); (A detailed review of Golgi
enzyme localization is provided in Banfield
2011). Although the precise mode of action
of GOLPH3/Vps74 remains to be elucidated,
this factor represents an intriguing mechanistic
link between phosphoinositide signaling, Golgi
glycosylation and the regulation of cell size
and growth-factor-induced mTOR signaling
in human cells, which appears to be highly rel-
evant for tumorigenesis.

Golgi PI(4)P and Cell Growth

During cell growth, the plasma membrane
expands and lipids and proteins must be deliv-
ered to the cell surface via the secretory pathway.
Consequently, a crosstalk between phosphoin-
ositide signaling at the Golgi and cell growth
is required to adapt the secretory capacity of
proliferating cells with their growth rates. A
functional secretory pathway is essential for
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normal cell viability but this pathway is often
up-regulated in malignant tumors and may be
linked to rapid cancer cell growth (He et al.
2002; Cheng et al. 2005).

Recent evidence suggests that the lipid phos-
phatase Sacl is a key regulator of Golgi P1(4)P
during cell growth (Fig. 2A,B). Although Sacl
can dephosphorylate several phosphoinosi-
tides, PI(4)P appears to be the most important
substrate in vivo. In yeast, Sacl forms a com-
plex with Dpm1 at the ER (Fig. 2A), which
is important for oligosaccharide biosynthesis
(Faulhammer et al. 2005). Dpm1 synthesizes
dolicholphosphate-mannose, an essential man-
nosyl donor for N- and O-linked glycosylation
pathways and for the biosynthesis of the
glycosylphosphatidylinositol (GPI) anchor at

Golgi Signaling

the ER. The formation of a Sacl and Dpml
complex depends on the metabolic status of
yeast cells. As long as glucose is not limiting,
the complex with Dpml persists and locali-
zation of Sacl is restricted to ER membranes
(Faulhammer et al. 2005; Faulhammer et al.
2007). Yeast Sacl is also associated with serine
palmitoyltransferase at ER membranes and
may be involved in coordinating sphingolipid
biosynthesis and trafficking (Breslow et al.
2010; Han et al. 2010). When yeast cells are
starved for glucose, Sacl translocates rapidly to
the Golgi (Faulhammer et al. 2005) (Fig. 2A).
Interestingly, Golgi association of PI-4 kinase
Pikl is regulated in the opposite manner
(Fig. 2A). During exponential cell growth,
when glucose is abundant, Pikl localizes to

A Yeast
Starvation
1 Pik1
Sac PI(4)P
I
“op™ v
Endoplasmic Golgi Cytosol
reticulum nucleus
COP-I PI(4)P
~<__~ high —
Sac1 Pik1
Glucose
stimulation
B Mammals
Starvation
(SAC1), PI(4)P
low
“copa*
Endoplasmic Golgi
reticulum
COP-| PI4P ¢  Pl4KIIp <«— PKD
high
SACH1 Pl4Kllo

Growth factor
stimulation

Figure 2. Control of Golgi PI1(4)P during cell growth. (A): Regulation of Golgi PI(4)P in yeast. Metabolic control
of PI(4)P in yeast involves translocation of the lipid phosphatase Sacl between Golgi and ER and requires
Golgi-recruitment of the lipid kinase Pik1. Golgi association of Sacl and Pik1 are controlled in an opposite man-
ner by glucose. (B): Regulation of Golgi PI(4)P in mammals. In the presence of growth factors, SAC1 lipid phos-
phatase is largely localized to the ER and Golgi and PI(4)P is synthesized by PI4KIIo and PI4KIIIB. PI4KIIIR is
activated by PKD. During serum starvation, SAC1 forms oligomers, translocates to the Golgi and down-

regulates Golgi PI(4)P.
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the Golgi, where it generates high steady state
levels of PI(4)P (Faulhammer et al. 2007;
Demmel et al. 2008a). Pikl is in a complex
with Frql, an N-myristoylated cofactor that
functions in Golgi membrane targeting (Hen-
dricks et al. 1999). During glucose starvation,
the Pikl/Frql complex is released from the
Golgi. A certain proportion of Piklp also
localizes to the nucleus, where it has an essential
but not well-understood function (Strahl
et al. 2005). The exact distribution of Pikl
between Golgi, nucleus, and cytoplasm at dif-
ferent growth conditions appears to involve
binding to 14-3-3 proteins (Demmel et al.
2008a). During exponential growth, the mutu-
ally exclusive localization of Sacl and Pikl pro-
duces a Golgi-restricted pool of PI(4)P, which
is essential for efficient anterograde trafficking
(Faulhammer et al. 2005; Faulhammer et al.
2007). This regulation of Golgi P1(4)P is there-
fore part of a metabolic control mechanism
that coordinates the secretory capacities of ER
and Golgi with the rate of cell growth and
proliferation.

The physiological role of Sacl in the reg-
ulation of Golgi PI(4)P during growth is evo-
lutionary conserved. In contrast to yeast cells,
however, localization of human SACI responds
to growth factors and not to nutrients (Fig. 2B).
Human SAC1 becomes concentrated at the
Golgi following serum starvation and down-
regulates Golgi PI(4)P but rapidly translo-
cates to the ER when cell growth is stimulated
with growth factors (Blagoveshchenskaya et al.
2008) (Fig. 2B). Reversible oligomerization of
SAC1, which is regulated by growth factor
signaling, determines recruitment into coat
protein complex II (COP-II) or coatomer pro-
tein complex I (COP-I) vesicles, respectively,
(Blagoveshchenskaya et al. 2008).

A certain proportion of SAC1 remains at
the cisternal Golgi after growth stimulation.
This portion of SACI is essential for controlling
the spatial distribution of PI(4)P within the
Golgi in proliferating cells, resulting in concen-
tration of PI(4)P at the TGN (Cheong et al.
2010). Depletion of SACI causes accumulation
of PI(4)P at other intracellular membranes and
leads to peripheral mislocalization of Golgi

glycosylation enzymes (Cheong et al. 2010).
SACl1-dependent restriction of PI(4)P to the
TGN may be important for preventing anter-
ograde traffic of Golgi enzymes to the cell
periphery. Because retrograde traffic of glycosy-
lation enzymes in yeast requires PI(4)P-binding
effectors such as Vps74 (Wood et al. 2009), it is
also possible that COP-I-mediated retrograde
transport of Golgi enzymes is impaired in
SACI1-depleted cells.

Rapid translocation of SACI from the Golgi
back to the ER after growth factor stimulation
requires the p38 mitogen-activated protein ki-
nase (MAPK) (Blagoveshchenskaya et al. 2008).
Thus, SAC1 may be a downstream p38 MAPK
effector that modulates growth factor induced
cell proliferation by controlling Golgi function.
However, it remains to be determined whether
p38 interacts with SAC1 directly or with factors
that control SAC1 localization.

PKC AND PKD SIGNALING AND
GOLGI FUNCTION

Several Protein Kinase C (PKC) and Protein
Kinase D (PKD) isoforms localize to the Golgi
complex. This interaction depends on Golgi
diacylglycerol (DAG), which is recognized by
the C1b domain of PKC (Schultz et al. 2004).
PKD1 and PKD2 also bind specifically to
DAG and are recruited to the Golgi (Maeda
et al. 2001). Activation of phospholipase D
(PLD) by Arfl at the Golgi generates phospha-
tidic acid, which in turn is converted to DAG by
phosphatidic acid phosphohydrolase (Riebeling
et al. 2009). This pathway for DAG biosynthesis
seems to be physiologically relevant because ili-
maquinone, a drug triggering Golgi fragmenta-
tion, requires PLD to stimulate PKD activity
(Sonoda et al. 2007). However, DAG is also
the byproduct of sphingomyelin biosynthesis
at the Golgi. Sphingomyelin synthases transfer
a phosphocholine from phosphatidylcholine
to ceramide thus generating DAG. Golgi DAG
is therefore modulated by sphingomyelin syn-
thases SMS1 and SMS2 and it was shown that
down-regulation of SMS1 and SMS2 reduce
the localization of PKD to the Golgi (Villani
et al. 2008).
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Ceramide-induced apoptosis involves trans-
location and activation of protein kinase C-8
and -0 at the Golgi complex (Kajimoto et al.
2001; Schultz et al. 2003; Kajimoto et al.
2004). In contrast, PKC-m is specifically re-
quired to drive a regulatory network that con-
trols generation of transport carriers at the
TGN. This mechanism involves activation of
a heterotrimeric GTP-binding protein at the
Golgi resulting in up-regulation of DAG via
the subunits By (Diaz Anel and Malhotra
2005). The increase in DAG and interaction
with By-subunits triggers recruitment of PKD
(Diaz Anel and Malhotra 2005). PKC-m then
activates PKD at the TGN (Diaz Anel and Mal-
hotra 2005; Bossard et al. 2007). Expression of
constitutively activated PKC-m or PKD induces
Golgi fragmentation, probably because it causes
abnormal or enhanced fission events (Diaz Anel
and Malhotra 2005; Bossard et al. 2007); (a
detailed review of PKD function at the TGN
is provided in Malhotra and Campelo 2010).
Nocodazole-induced Golgi fragmentation is
also associated with selective activation of
Golgi-localized PKD (Fuchs et al. 2009).

PI4KIIIp is another target of protein kinase
D (PKD) (Fig. 3). PI4KIIIB can be phosphory-
lated by PKD1 and PKD2 at a specific site,
which induces binding of 14-3-3 proteins
and stabilizes the activated form of PI4KIIIP
(Hausser et al. 2005; Hausser et al. 2006). It is
therefore possible that activation of PI4KIIIB
contributes to the PKD-dependent mechanism

Ceramide

Golgi Signaling

of transport carrier formation. PI4KIII activa-
tion by PKD is also important for the PI(4)P-
dependent interaction of the ceramide transfer
protein CERT with the Golgi (Fig. 3). CERT
binds sequentially to VAP proteins at the ER
and to PI(4)P at the Golgi, which results in vec-
torial transfer of ceramide from the ER to the
Golgi (Hanada et al. 2003; Kawano et al. 2006;
Lev et al. 2008; Yamaji et al. 2008). At the
Golgi, CERT is phosphorylated by PKD, which
decreases its binding affinity toward PI(4)P
thus triggering release from the Golgi and
translocation to the ER (Fugmann et al. 2007)
(Fig 3). At the ER, CERT binds to VAP-A and
is dephosphorylated by protein phosphatase
2C-g (PP2C-¢), which in turn causes release
of CERT from the ER and redistribution to
the Golgi (Fig. 3) (Hanada et al. 2007; Saito
et al. 2008). Thus, PKD is intimately involved
in ceramide transfer to the Golgi and functions
as multi-step regulator in this mechanism.

RAS/MAP KINASE SIGNALING AT
THE GOLGI

Ras GTPases act as signaling factors down-
stream from mitogen receptors at the plasma
membrane in response to activation by extra-
cellular stimuli. Activated Ras regulates several
downstream effectors and is thus involved
in controlling multiple steps in cell growth,
proliferation, differentiation, and apoptosis.
Although it was initially believed that Ras

14-3-3
e PI4P «— PI4KIIIB

/\

Endoplasmic Golgi

reticulum
-

VAP-A
PP2C-¢ CERT «— PKD

Figure 3. Control of ceramide transfer by PKD. PKD plays sequential roles in ceramide transfer from the ER to
the Golgi. PKD stimulates PI(4)P synthesis by activating PI4KIIIB. PI(4)P is essential for Golgi targeting of the
ceramide transfer protein CERT. Golgi-localized CERT is also phosphorylated by PKD, which reduces its affinity
to PI(4)P triggering dissociation from the Golgi and binding to VAP-A at the ER. VAP-A forms a ternary complex
with CERT and protein phosphatase 2C-& (PP2C- &), which is required for dephosphorylation and release of
CERT.
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signaling is confined to the plasma membrane,
it has now been recognized that Ras proteins
translocate between the plasma membrane
and various intracellular organelles (Quatela
and Philips 2006). Localization to distinct intra-
cellular membranes is required for Ras pro-
tein biogenesis. For their interaction with
membranes, Ras proteins require specific post-
translational modifications with lipid anchors,
which occur at various compartments includ-
ing the ER and Golgi (Quatela and Philips
2006). Ras proteins contain a conserved CAAX
motif at their carboxy-termini, which is preny-
lated in the cytosol by farnesyl transferase (Casey
and Seabra 1996). Subsequent AAX proteolysis
and carboxymethylation of the carboxy-termi-
nal prenylcysteine takes place at the ER (Dai
et al. 1998; Schmidt et al. 1998). N-Ras, H-Ras,
and K-Ras4A are then further modified by
Golgi-localized palmitoyltransferases, whereas
K-RasB is not palmitoylated (Swarthout et al.
2005).

A rapid de- and repalmitoylation cycle and
translocation between plasma membrane and
the Golgi is required for regulating the subcellu-
lar distribution of certain Ras isoforms (Good-
win et al. 2005; Rocks et al. 2005). In addition,
palmitoylated Ras can be released from the
plasma membrane following stimulation and
translocate back to the Golgi (Fivaz and Meyer
2005). However, Ras signaling at the Golgi
does not require retrograde trafficking and
Ras activation can occur directly at the Golgi
(Chiu et al. 2002). Specific Golgi-localized
GEFs have been detected that play a role in reg-
ulating local Ras activity (Fivaz and Meyer
2005). Src-dependent activation of phospholi-
pase C-y1 triggers an increase in Golgi DAG
resulting in translocation of the GEF RasGRP1
to the Golgi where it activates Ras (Bivona
et al. 2003). RasGRP1 belongs to a family of
C1 domain-containing Ras GEFs that are addi-
tionally stimulated by Ca®" but binding to DAG
is essential for Golgi recruitment (Bivona et al.
2003; Zhang et al. 2009). Golgi-localized activa-
tion of Ras is particularly important for T-cell
development and function. Low-grade stimula-
tion of the T-cell receptor activates specifically
N-Ras, which occurs exclusively at the Golgi

apparatus (Perez de Castro et al. 2004). Selective
Golgi activation of N-Ras occurs also via an
endothelial nitric oxide synthase (eNOS)-spe-
cific pathway in T cells interacting with anti-
gen presenting cells. This mechanism involves
eNOS-dependent S-nitrosylation of N-Ras and
it is possible that eNOS-derived NO directly
activates N-Ras at the Golgi (Ibiza et al. 2008).
The physiological relevance of Golgi versus
plasma membrane activation of Ras in lympho-
cytes is not entirely clear, but it is possible that
the localization of Ras activation at the Golgi
induces a more sustained activation of the
downstream kinases V-raf-1 murine leukemia
viral oncogene homolog (Raf) and extracellu-
lar signal-regulated kinase (ERK) compared to
activation at the plasma membrane, which is
more transient (Yasuda and Kurosaki 2008).
There is also evidence for additional down-
stream effectors of Ras at the Golgi. For exam-
ple, PLC-e contains a Ras-binding domain
and is recruited by activated Ras to the plasma
membrane and to the Golgi apparatus (Eda-
matsu et al. 2006). The recently identified pro-
tein RAIN is specifically recruited to the Golgi
by Ras and may represent another Ras effector
at the Golgi but its cellular function remains
unclear (Mitin et al. 2004).

Localization to the Golgi of specific Ras
effectors can also lead to down-regulation of
the Ras-Raf-ERK pathway. The recently discov-
ered protein “Raf kinase trapping to Golgi”
(RKTG) is a negative regulator of ERK signaling
that functions by sequestering Rafl and B-Raf
to the Golgi, which in turn blocks downstream
signaling (Feng et al. 2007; Fan et al. 2008).
Another negative regulator of Ras-Raf-ERK sig-
naling is the product of Retinoid-inducible gene
1 (RIG1). The RIG1 protein is localized at the
ER and the Golgi, where it forms a complex
with Ras and thus inhibits Ras activation (Tsai
et al. 2006).

Although the Golgi is an important plat-
form for integrating different aspects of Ras-
Raf-ERK signaling, MAP kinases also play an
important role in regulating the structure and
function of the Golgi itself. ERK MAP kinases
regulate the polarization of Golgi structures in
migrating cells (Bisel et al. 2008) and promote
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Golgi disassembly during mitosis, which is
reviewed Wang and Seemann 2011. In a recent
RNA interference screen, over 100 kinases and
phosphatases were identified that affect the ER
or the Golgi. Among the identified kinases
was ERK2 that targets Sec16 and thus controls
coat protein II (COP-II) vesicle biogenesis at
ER exit sites (Farhan et al. 2010).

CYCLIC AMP/PROTEIN KINASE
A-MEDIATED CONTROL OF GOLGI
FUNCTION

The cAMP/PKA pathway is a conserved sig-
naling pathway that is spatially and temporally
controlled to attain tight specificity. It is well
established that components of this pathway
are present at the Golgi (Cheng and Farquhar
1976; Nigg et al. 1985). A-kinase anchoring
proteins (AKAPs) bind to the regulatory sub-
units of the tetrameric PKA holoenzyme and
recruit PKA to specific intracellular compart-
ment including the Golgi (Shanks et al. 2002;
Li et al. 2003). PKA is then activated follow-
ing cAMP-binding, which triggers dissociation
of the catalytic and regulatory subunits. The
Golgi serves as an important platform for
PKA signaling. A certain population of the
PKA holoenzyme is concentrated at the Golgi
complex (Martin et al. 1999). Following stimu-
lation of adenylate cyclase, the dimeric catalytic

Golgi Signaling

subunits dissociate from the Golgi and accumu-
late in the nucleus, whereas the regulatory sub-
units remain associated with the Golgi complex
(Nigg et al. 1985). It is therefore possible that
the Golgi can function as a relay for integrat-
ing signaling events originating at the plasma
membrane, such as G-protein-coupled recep-
tor activation, with transcriptional regulation
in the nucleus.

In addition, PKA is directly involved in con-
trolling multiple aspects of Golgi trafficking and
morphology (Fig. 4). An increase in the level
of intracellular cAMP induces redistribution
of Arfl from the cytosol to the Golgi (Martin
et al. 2000). Recombinant PKA catalytic sub-
units or cAMP stimulate binding of Arfl to
isolated Golgi membranes and this in vitro
membrane recruitment of Arfl is prevented by
specific PKA inhibitors (Martin et al. 2000).
These results suggest that PKA may be a regula-
tor of COP-I specific trafficking at the Golgi.
Another target of PKA is the KDEL receptor
(KDEL-R) (Fig. 4). PKA-dependent phosphor-
ylation at its carboxy-terminal tail is required
for retrograde transport of the KDEL receptor
from the Golgi to the ER (Cabrera et al. 2003).
The KDEL receptor is a transmembrane pro-
tein activated by binding to KDEL motif-
containing proteins at the Golgi, which induces
dimerization, COP-I complex recruitment and
retrograde trafficking to the ER (Pelham 1991).

/\
. COP-II
Endoplasmic Golgi | Src —» Anterograde
] traffic
reticulum COP-| /
Golgi
- ¢ B8 siructure

ER-Chaperones \ L
Arfl

Figure 4. Control of Golgi function by PKA and Src family kinase. A certain sub-population of PKA holoenzyme
is localized at the Golgi, where it can be activated by increases in intracellular cAMP. Activated PKA phosphor-
ylates Arfl and KDEL receptor, which is important for retrograde recycling of ER proteins from the cis-Golgi.
KDEL receptor in complex with ER chaperones activates Golgi-localized Src family kinases (Src), which in turn
up-regulates intra-Golgi traffic. In addition, activation of Src induces changes in Golgi structure and induces
vesiculation during secretion. PKA is also involved in regulating Golgi structure but the specific targets in
this mechanism are unknown.
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This process is important for recycling ER resi-
dent proteins that continuously escape to Golgi
compartments (Pelham 1991). The signaling
adaptor Cbllocalizes to the Golgi in a molecular
complex that also contains activated Src kinase
(Bard and Baron 1997). A recent study now
shows that binding of KDEL receptor to ER
chaperones activates Golgi-localized Src ki-
nases, which in turn up-regulates Golgi traf-
ficking and secretory capacity (Pulvirenti et al.
2008) (Fig. 4). The GTPase dynamin 2 (Dyn2)
is phosphorylated by Src when a high load of
secretory cargo passes through the TGN (Weller
et al. 2010). Activation of Src leads to the ve-
siculation of Golgi cisternae, which is Dyn2
dependent (Weller et al. 2010). Dyn2 is there-
fore an important Src effector that regulates
Golgi function and morphology during active
secretion.

PKA is also involved in another aspect of
anterograde transport. In hepatocytes, PKA
activity is required for efficient trafficking of
apical proteins and lipids (Zegers and Hoekstra
1997; Wojtal et al. 2006). Displacement of
PKA-RIla from the Golgi apparatus inhibits
anterograde transport of MDR1 P-glycoprotein
and of glycosphingolipids from the Golgi to
apical canalicular membranes (Wojtal et al.
2006). However, PKA-RIIa displacement from
the Golgi does not abolish other aspects of
cAMP mediated apical plasma membrane bio-
genesis in hepatocytes and it is possible that
additional cAMP effectors may play a role in
canalicular development (Wojtal et al. 2006).
In addition, protein kinase A activity is required
for constitutive transport from the TGN to the
plasma membrane in nonpolarized cells, and
an increase in cAMP synthesis accelerates the
rate of anterograde traffic (Muniz et al. 1996;
Muniz et al. 1997).

Finally, Golgi morphology and biogenesis
depend on PKA activity. Depletion of PKA reg-
ulatory subunits using RNAIi or inhibition of
PKA with specific drugs induces fragmentation
of the Golgi (Bejarano et al. 2006). Conversely,
stimulation with cAMP triggers fusion and con-
densation of individual Golgi cisternae to more
compact structures (Mavillard et al. 2010). As
a consequence, passage of secretory proteins

through the Golgi stacks is increased and the
efficiency of glycan processing slightly de-
creased (Mavillard et al. 2010). These observa-
tions indicate that resident PKA activity at the
Golgi is involved in regulating Golgi structure
and function in response to extracellular signals.

CONCLUDING REMARKS

The Golgi complex is both target and relay
station for multiple intracellular signaling path-
ways and phosphoinositides have emerged as
key regulators. Growth-dependent regulation
of Golgi PI(4)P is an important and novel
mechanism for synchronizing secretion and
cell proliferation. The identification of distinct
PI(4)P effectors at the Golgi has added impor-
tant insights into the coordination of sphingo-
lipid biosynthesis, anterograde Golgi traffic
and Golgi morphology. The Golgi is also con-
trolled by multiple protein kinase pathways
that organize Golgi traffic and shape. Much
remains to be learned as to how these diverse
pathways are activated at the Golgi and how
they contribute to the global control of secre-
tion. The recent discovery of localized activation
of Ras and MAP kinase pathways at the Golgi
has added an important additional dimension
to the field of compartmentalized signaling.
Deciphering the exact role of the Golgi in con-
trolling and connecting these pathways will be
key in understanding the temporal and spatial
integration of intracellular signaling networks.
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