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SUMMARY

A fundamental property of cellular processes is to
maintain homeostasis despite varying internal and
external conditions. Within the membrane transport
apparatus, variations in membrane fluxes from the
endoplasmic reticulum (ER) to the Golgi complex
are balanced by opposite fluxes from the Golgi to
the ER to maintain homeostasis between the two or-
ganelles. Here we describe a molecular device that
balances transport fluxes by integrating transduction
cascades with the transport machinery. Specifically,
ER-to-Golgi transport activates the KDEL receptor at
the Golgi, which triggers a cascade that involves Gs
and adenylyl cyclase and phosphodiesterase iso-
forms and then PKA activation and results in the
phosphorylation of transport machinery proteins.
This induces retrograde traffic to the ER and bal-
ances transport fluxes between the ER and Golgi.
Moreover, the KDEL receptor activates CREB1 and
other transcription factors that upregulate trans-
port-related genes. Thus, a Golgi-based control sys-
tem maintains transport homeostasis through both
signaling and transcriptional networks.

INTRODUCTION

A fundamental property of complex cellular functions is to main-

tain optimal activity in the face of exogenous and endogenous

perturbations (Kitano, 2007; Stelling et al., 2004). It is therefore

desirable to elucidate the mechanisms that underlie cellular ho-

meostasis and robustness at the molecular and design level.

Among the main cellular functions, protein folding in the endo-

plasmic reticulum (ER) and the cell cycle are well understood in

this regard (Csikász-Nagy et al., 2006; Walter and Ron, 2011),

whereas others, including membrane traffic, remain relatively

unexplored.
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Membrane traffic is a fundamental process by which secretory

proteins are transported from their site of synthesis, the ER,

through a series of anatomically separated membranous com-

partments until they reach their cellular destinations in correctly

processed forms. Transport involves large membrane and pro-

tein fluxes across the transport stations, which can be subject

to physiological and pathological perturbations as well as to

spontaneous drifts away from equilibrium (Hirschberg et al.,

1998; Mironov et al., 2001; Pulvirenti et al., 2008; Trucco et al.,

2004). Such perturbations can be a serious threat to the homeo-

stasis of the transport compartments, particularly if they occur at

the interface between the ER and the Golgi complex. The ER is

the largest transport organelle (Griffiths et al., 1984), and its

membrane output is massive compared to the size of the

receiving station, the Golgi complex (Griffiths et al., 1984; Klum-

perman, 2000; Martı́nez-Menárguez et al., 1999; Thor et al.,

2009; Wieland et al., 1987). Thus, even minor changes in export

from the ER would cause profound alterations in Golgi

morphology and composition, and ultimately in the whole trans-

port apparatus, if they were not compensated for by corre-

sponding changes in retrograde transport from the Golgi to the

ER (Klumperman, 2000; Martı́nez-Menárguez et al., 1999; Thor

et al., 2009; Wieland et al., 1987) (see legend to Figures 7F

and 7G; Figures S7A and S7B available online). The fact that

the Golgi maintains or recovers its normal composition and

morphology even when subjected to major challenges (Mironov

et al., 2001; Trucco et al., 2004) provides evidence that efficient

homeostatic mechanisms do exist. The nature of such mecha-

nisms, however, remains poorly understood. Previous reports

have indicated that protein kinase C (PKC) (De Matteis et al.,

1993) and PKA modulate the secretory pathway in various

ways (Bejarano et al., 2006; Martin et al., 2000; Mavillard et al.,

2010; Muñiz et al., 1996, 1997) and that numerous kinases can

affect the morphology and function of the Golgi (Chia et al.,

2012), but whether these effects are involved in the maintenance

of homeostasis is unknown.

We have previously proposed that the homeostasis of the

transport organelles depends not only on the stoichiometry

and self-assembly of the traffic machinery components (Gong

et al., 2008; Heinrich and Rapoport, 2005; Sengupta and
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mailto:jorge.cancino@unab.cl
mailto:a.luini@ibp.cnr.it
http://dx.doi.org/10.1016/j.devcel.2014.06.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2014.06.018&domain=pdf


Developmental Cell

Transport Homeostasis by Golgi-Initiated Signaling
Linstedt, 2011) but also, or mainly, on dedicated signaling cir-

cuits that monitor and govern transport rates across organelles

(Giannotta et al., 2012; Pulvirenti et al., 2008). Specifically, we

have reported the existence of a regulatory device based on

the signaling properties of the KDEL receptor (KDELR), a

seven-transmembrane-domain protein that resides in the inter-

mediate compartment (IC) and the cis-Golgi (Giannotta et al.,

2012; Pulvirenti et al., 2008). The KDELR is a member of a pro-

tein family (the PQ-loop family) (Saudek, 2012) that is distantly

related to the G-protein-coupled receptor (GPCR) superfamily

(Yee et al., 2013; Zhai et al., 2001) and resembles GPCRs in

topology and fold of the transmembrane helices (Giannotta

et al., 2012). It has two main transport functions: (1) it binds

to and recycles chaperones that escape the ER and reach

the Golgi during traffic back to the ER, and (2) it is required

for intra-Golgi traffic both in yeast (Semenza et al., 1990) and

in mammals (Lewis and Pelham, 1990). The latter role, at least

in mammals, is mediated by a signaling reaction (Pulvirenti

et al., 2008). When the KDELR binds to the KDEL C-terminal

tail of chaperones, it is activated and stimulates a Golgi pool

of the heterotrimeric G proteins, Gq (Giannotta et al., 2012),

which stimulates a Golgi pool of Src-family kinases, which

then in turn activate anterograde traffic through the Golgi

(Giannotta et al., 2012; Pulvirenti et al., 2008). Thus, this

KDELR-Gq-Src cascade coordinates intra-Golgi with ER-to-

Golgi traffic. However, it does not activate retrograde trans-

port. We have therefore searched for mechanisms that would

regulate retrograde transport to the ER and maintain Golgi

homeostasis.

Here we report that anterograde traffic fluxes from the ER to

the Golgi activate another KDELR-dependent Golgi-localized

signaling pathway that involves stimulatory heterotrimeric G

protein (Gs) as well as specific adenylyl cyclases and phospho-

diesterases and culminates in the activation of a Golgi pool of

PKA. PKA phosphorylates several proteins, some of which are

involved in traffic, and activates retrograde transport from the

Golgi to the ER. This is likely to contribute significantly to the

traffic balance between these two organelles. Additionally,

PKA regulates the Gq-Src pathway and activates cAMP

response element binding protein 1 (CREB1) and other tran-

scription factors, which upregulate several hundreds of secre-

tory machinery-related genes, presumably to prepare the trans-

port apparatus to sustain a prolonged increase in traffic load.

Thus, the KDELR-Gs-PKA axis is a Golgi-based cell-autono-

mous device, or control system, that couples with components

of the transport apparatus and uses both signaling and tran-

scriptional networks to maintain homeostasis at the ER-Golgi

interface.

RESULTS

The goal of this study was to generate a complete outline of the

control system that couples anterograde ER-to-Golgi transport

with retrograde transport from the Golgi. Considering that (1)

the KDELR coimmunoprecipitates with Gs (Giannotta et al.,

2012); (2) Gs regulates PKA (Cooper, 2003); and (3) Gs and

PKA localize at the Golgi (Maier et al., 1995; Nigg et al.,

1985b), we examined whether the Gs-PKA pathway might be

involved in the regulation of retrograde traffic.
Develop
ER-to-Golgi Traffic Activates a Canonical Gs-PKA
Signaling Pathway at the Golgi Complex
Quiescent PKA comprises two catalytic (PKAcat) and two regu-

latory (PKAreg) subunits that are stably bound to the Golgi com-

plex (Nigg et al., 1985a).When cAMP binds PKAreg subunits, the

PKAcat subunits detach and become enzymatically active (Nigg

et al., 1985a, 1985b). Thus, the dissociation of PKAcat from the

Golgi is an index of PKA activation. To generate a traffic pulse,

we used the synchronizable temperature-sensitive mutant of

the vesicular stomatitis virus G glycoprotein (tsO45VSVG; here-

after VSVG) in Cos7 cells (Mironov et al., 2001; Pulvirenti et al.,

2008). The induction of a traffic pulse decreased the Golgi:total

PKAcat ratio, which indicates that PKAwas activated (Figure 1A).

This PKA activation was confirmed by a Förster resonance en-

ergy transfer (FRET)-based method (Zaccolo and Pozzan,

2002) by the use of fluorescently tagged PKA subunits (Fig-

ure S1A). Further experiments were carried out using the Golgi

PKA total:cat ratio, because this did not require transfection of

PKA subunits, which might affect PKA activation dynamics.

PKA requires cAMP for activation and phosphorylates

numerous proteins. We found that a traffic pulse induces a tran-

sient cAMP increase in theGolgi area (Figure 1B; FiguresS1Band

S1C) in line with the notion that cAMP can be spatially restricted

by local mechanisms (Zaccolo and Pozzan, 2002) and enhances

the PKA-specific phosphorylation of several proteins at the Golgi

(Figure S1D). These collective data provide evidence that trans-

port controls cAMP production and PKA activation at the Golgi.

Gs activates adenylyl cyclases, which produce cAMP, which is

degraded by phosphodiesterases (Cooper, 2003). Silencing Gs

small interfering RNAs (siRNAs) drastically reduced traffic-

induced PKA activation (Figure 1C). To inhibit Gs, we also ex-

pressed aGs ‘‘minigene,’’ peptides designed to inhibit the activa-

tion of specific G proteins (Feldman et al., 2002; Gilchrist et al.,

2002). The Gs minigene inhibited the traffic-induced PKA activa-

tion, whereas theGqminigene had no effect (not shown).We also

sought to acutely inhibit Gs using the Gs minigene fused with a

membrane-permeant octaarginine ‘‘carrier’’ peptide (R8-Gs)

(D’Ursi et al., 2006; Mazzoni et al., 2000). These polybasic pep-

tides and related constructs are well characterized and nontoxic

(Heitz et al., 2009; Verdurmen and Brock, 2011). R8-Gs inhibited

traffic-dependentPKAactivation (Figure1D),whereasR8-Gqand

R8-scrambled Gs were without effect (not shown). Gs was selec-

tively activated at the Golgi by a traffic pulse (Figure S1E). Thus,

different approaches based on Gs silencing, transfected and

membrane-permeant Gs minigenes, and immunofluorescence

and biochemical assays converge to indicate that Gs is required

for traffic-induced Golgi PKA activation at the Golgi complex.

We then examined the role of the adenylyl cyclases (ACs) and

phosphodiesterases (PDEs). There are nine AC isoforms, three

of which are ubiquitous (AC4, AC7, and AC9) (Sunahara et al.,

1996). We silenced the ubiquitous ACs and found that only the

depletion of AC9 inhibited traffic-induced Golgi PKA activation

(Figure 1E) and cAMP increase (not shown). We also determined

that AC9 resides at theGolgi (Figure 1E). This is the first ACwith a

described role at the Golgi. There are 11 PDE isoforms (Francis

et al., 2011), of which one, PDE7A1, localizes at the Golgi and

regulates cAMP levels and PKA by both conventional and

unconventional mechanisms (Han et al., 2006; Mavillard

et al., 2010). The overexpression of PDE7A1 inhibited the
mental Cell 30, 280–294, August 11, 2014 ª2014 Elsevier Inc. 281
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Figure 1. Synchronized Traffic Waves Activate PKA at the Golgi

(A) Cos7 cells were subjected to a VSVG traffic pulse and the fluorescence signal of the catalytic (PKAcat) and regulatory (PKAreg) PKA at the Golgi was

quantified. The PKA immunofluorescence signal is shown in grayscale with inverted contrast (lower panels) to facilitate the appreciation of dim structures. The

Golgi region in this figure and in all other figures is outlined by a solid red line.

(B) Cells expressing CFP-EPAC-(dDEP)-YFP and VSVG-mCherry. cAMP levels are shown by a pseudocolored image of the CFP:YFP ratio.

(C) Cos7 cells treated with siRNAs against Gs.

(D) Cos7 cells expressing the Gs minigene or treated with R8-Gs peptides.

(E) Control (mock) and AC9 siRNA-treated Cos7 cells. Cos7 cells expressing AC9-myc.

(F) HeLa cells expressing PDE7A1-myc.

All data represent means ± SEM (n = 10–30 cells). ***p < 0.001 (Student’s t test). Scale bars represent 10 mm. See also Figure S1.
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traffic-induced activation of Golgi PKA (Figure 1F), presumably

reflecting enhanced degradation of the traffic-induced increase

in cAMP levels at the Golgi. These data indicate that AC9 and
282 Developmental Cell 30, 280–294, August 11, 2014 ª2014 Elsevie
PDE7A1 play a key role in the traffic-induced PKA activation at

the Golgi (although they do not exclude the involvement other

ACs and PDEs in this process).
r Inc.
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Figure 2. The KDELR Mediates the Traffic-Induced Activation of Gs and PKA at the Golgi

(A) Cos7 cells expressing KDELR1-GFP, KDELR2-GFP, or KDELR3-GFP.

(B) Cos7 cells expressing KDELR1-GFP or KDEL-containing cargo (ssHRP-KDEL).

(C) Cos7 cells incubated with KDEL-BODIPY633 peptide (1 mM) for 30 min.

(D) Golgi-enriched membranes from rat liver incubated with [35S]GTPgS and KDEL-BODIPY568 peptide (1 mM) or KDEA-BODIPY568 peptide (1 mM). AU, arbitrary

units.

(E) Cos7 cells microinjected to express KDELR1-D193N-GFP.

(F) Cos7 cells comicroinjected to express either KDELR-GFP or KDELR1-D193N-GFP with VSVG-mCherry.

All data represent means ± SEM (B, n = 40 cells; C, n = 20 cells). **p < 0.01; ***p < 0.001 (Student’s t test). Scale bars represent 10 mm. See also Figure S2.
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To control for possible temperature effects on PKA activation,

we induced traffic pulses using a human growth hormone

construct (hGH-GFP-FM) that is retained in the ER and synchro-

nously released in a temperature-independent fashion (Gordon

et al., 2010). hGH-GFP-FM traffic pulse activated both Gs and

PKA at the Golgi (Figure S1F). Thus, the traffic-induced activa-

tion of the Gs-PKA pathway is independent of temperature

shifts. Notably, these results indicate that the Golgi Gs-PKA

signaling pathway can be activated by different cargoes. To

further test this notion, we used another cargo, the synchroniz-

able cargo procollagen I, to induce traffic pulses (Bonfanti

et al., 1998), and found similar effects on the Gs-PKA pathway

(not shown). These results indicate that the induction of this

pathway by transport is a general phenomenon, although they
Develop
cannot formally exclude that other cargo types might induce

different behaviors.

The Traffic-Induced Activation of Golgi PKA Is Mediated
by the KDELR
The KDELR ‘‘autoactivates’’ when overexpressed (Hsu et al.,

1992), and can be activated by traffic pulses (Pulvirenti et al.,

2008) or by KDELR-bearing ligands (Lewis and Pelham, 1992;

Majoul et al., 2001; Pulvirenti et al., 2008; Townsley et al.,

1993). The overexpression (Aoe et al., 1997; Hsu et al., 1992; Pul-

virenti et al., 2008) of the KDELR1 isoform strongly activated

Golgi PKA. KDELR2 was less potent, and KDELR3 was inactive

(Figure 2A). Both artificial KDEL-bearing ligands (Giannotta

et al., 2012; Pulvirenti et al., 2008) ssHRPKDEL (Figure 2B) and
mental Cell 30, 280–294, August 11, 2014 ª2014 Elsevier Inc. 283
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Figure 3. Traffic-Induced Activation of the Gs-PKA Pathway Stimulates the Retrograde Transport of the KDELR

(A) Cos7 cells subjected to a traffic pulse.

(B) Cos7 cells incubated with KDEL-BODIPY633 and R8-Gs peptide.

(C) Cos7 cells depleted of Gs or AC9 or treated with the R8-Gs peptide.

All data represent means ± SEM (n = 20–30 cells). **p < 0.01; ***p < 0.001 (Student’s t test). Scale bars represent 10 mm. See also Figures S3 and S4.
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KDEL-BODIPY633 (Figure 2C) activated Golgi PKA. KDEL-

BODIPY633 also activated Gs in vitro (Figure 2D). To inhibit the

KDELR, we used the characterized dominant-negative KDELR-

D193N-GFP (Pulvirenti et al., 2008; Townsley et al., 1993), which

does not activate PKA (Figure 2E) and inhibits traffic-induced

Golgi PKA activation (Figure 2F). These data indicate that the

activation of the KDELR is necessary to mediate, and sufficient

to mimic, the traffic-dependent activation of Golgi PKA.

The Gs-PKA Pathway Controls Golgi-to-ER Transport as
well as Golgi Size and Morphology
The KDELR cycles between the Golgi and the ER and localizes

mainly at the cis-Golgi at steady state (Griffiths et al., 1994).

When we activated the Gs-PKA Golgi pathway using traffic

pulses or KDEL-BODIPY633, the KDELR moved retrogradely to

the ER (Figure 3A), as expected (Lewis and Pelham, 1992) (Fig-

ure 3B), and this relocation of the KDELR was prevented by Gs

or AC9 depletion (Figure 3C). The inhibition of the Gq-Src

pathway had no such effect (Figure S2A). Thus, the traffic- and
284 Developmental Cell 30, 280–294, August 11, 2014 ª2014 Elsevie
ligand-induced ER relocation of the KDELR selectively requires

the Gs-PKA pathway. On the other hand, upon release from

the ER, the synchronizable cargo hGH-GFP-FM traverses the

Golgi in a Gq-dependent way in 20–40 min (Giannotta et al.,

2012). The inhibition of Gq by R8-Gq blocked the exit of the

cargo from the Golgi, as expected (Giannotta et al., 2012),

without affecting ER-to-Golgi transport (Figure 4A). The inhibition

of Gs (by R8-Gs) had no such effect; rather, it accelerated the exit

of cargo from the Golgi. This acceleration might be explained by

the fact that the inhibition of Gs retains the KDELR in the Golgi,

resulting in enhancement in Gq-Src signaling (Figures 4B and

4C). These data confirm that Gs controls anterograde, and Gq

retrograde, transport from the cis-Golgi (Giannotta et al., 2012;

Pulvirenti et al., 2008).

Next, we asked whether increasing or decreasing the activity

of Golgi PKAmight affect the location of the KDELR independent

of the activation of the KDELR by traffic or ligands. We silenced

AC9 or PDE7A1, which should result in decreased and increased

cAMP levels, and hence in inhibiting or stimulating PKA,
r Inc.
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Figure 4. The Gs-PKA Pathway Indirectly Controls Anterograde Transport by Activating Gq/Src

(A) HeLa cells expressing hGH-GFP-FM subjected to a VSVG traffic pulse in the presence or absence of either R8-Gs (10 mM) or R8-Gq (100 mM).

(B) HeLa cells treated with R8-Gq (100 mM) or R8-Gs (10 mM) and immunoblotted for p-Src (pSFK).

(C) HeLa cells incubated with KDEL-BODIPY633 peptide (1 mM) for 30min in the presence of either R8-Gq (100 mM) or R8-Gs (10 mM) and immunoblotted for p-Src

(pSFK).

All data represent means ± SEM (A, n = 20–30 cells; B, n = 2 cells). The scale bar represents 10 mm.
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respectively, at the Golgi. Silencing AC9 inhibited, and silencing

PDE7A1 stimulated, the retrograde transport of the KDELR (Fig-

ures S3A and S3B). Further along this line, we used the KDELR-

VSVG chimera (Cole et al., 1998), which, like the KDELR, cycles

between the ER and the Golgi at 32�C and localizes at the Golgi

but unfolds at 40�C and remains trapped on the ER (Cole et al.,

1998). While in control cells, KDELR-VSVG moved to the ER at

40�C, as expected; in cells where the Gs-PKA pathway was in-

hibited, KDELR-VSVG remained at the Golgi complex (Fig-

ure S2C). These data indicate that the Gs-PKA pathway is

required for the recycling of the KDELR and that this pathway

exerts a tonic control on retrograde traffic between the Golgi

and ER.

Finally, we examined the traffic of several other retrograde

transport markers, such as ER-Golgi intermediate compartment

(ERGIC)53, Syntaxin 5 (coat complex protein [COP]I dependent),

and Shiga toxin (COPI independent). After KDELR activation, all

of them moved from the Golgi to the ER and their relocation was

dependent on the activity of the Gs-PKA pathway, as shown for

the KDELR (Figure S4). Accordingly, the activation of theGs-PKA
Develop
pathway through the KDELR represents a general mechanism

of retrograde transport regulation. Additionally, this pathway

modulates the anterograde Golgi-to-plasma membrane (PM)

pathway by controlling the intensity of Gq signaling (Figure 4).

As noted, retrograde transport is expected to play a major role

in Golgi and ER homeostasis (Griffiths et al., 1984; Klumperman,

2000; Martı́nez-Menárguez et al., 1999; Thor et al., 2009; Wie-

land et al., 1987). Thus, the inhibition of the Gs-PKA pathway

(and hence of retrograde traffic from the Golgi to the ER) should

result in a rapid increase in size and in morphology changes of

the Golgi. To verify this, we first used a dual-fluorescence emis-

sion Golgi-lipid probe (BODIPY-FL-C5-ceramide) whose fluores-

cence peak shifts as a function of probe concentration in lipid

membranes (Pagano et al., 1991). When applied in the extracel-

lular medium, BODIPY-FL-C5-ceramide is incorporated (and

metabolized) into cellular membrane lipids and reaches high

concentrations in theGolgi (Pagano et al., 1991). Cells were incu-

bated with BODIPY-FL-C5-ceramide and then treated with the

Gs inhibitor R8-Gs. R8-Gs caused a rapid decrease of the Golgi

red:green emission ratio, which reached a plateau in 20–30 min
mental Cell 30, 280–294, August 11, 2014 ª2014 Elsevier Inc. 285
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Figure 5. The KDELR-Dependent Gs-PKA

Pathway Regulates Golgi Size and

Morphology

(A) Cos7 cells incubated with BODIPY-FL-C5-

ceramide.

(B) After treatment as in (A), the cells were fixed

and the green:red emission ratio was assessed in

the Golgi area. Data in (A) and (B) represent

means ± SEM (n = 20 cells). The scale bar repre-

sents 10 mm.

(C) HeLa cells incubated with R8-Gs for 15 min,

fixed, and examined by electron microscopy. The

scale bars represent 500 nm. The red arrows

indicate intermediate compartments.
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(Figure 5A). This is consistent with an increase in Golgi mem-

branes resulting in probe dilution (Figure 5B). To test this notion

directly, we examined the Golgi ultrastructure in cells where the

retrograde transport was inhibited acutely for 20 min by addition

of R8-Gs. Here, the stacks were slightly larger andmore disorga-

nized than in control cells, and they exhibited a large amount of

tubular-vesicular membranes close to one of their poles, most

likely representing an expanded IC-cis-Golgi network (Figure 5C,

red arrows). The overall volume and surface of the IC-Golgi com-

plex were therefore increased. These observations are consis-

tent with the block of the recycling of the retrograde traffic

markers that is seen under the same conditions (Figure S4). A
286 Developmental Cell 30, 280–294, August 11, 2014 ª2014 Elsevier Inc.
similar juxta-Golgi accumulation of

tubular vesicular membranes has been

reported to be induced by COPI inhibition

and by the consequent impairment of

retrograde transport (Pepperkok et al.,

1993).

These collective results are consistent

with a central role of the KDELR-Gs-

PKA pathway in the maintenance of the

composition, size, and morphology of

the Golgi complex.

Molecular Mechanisms Underlying
the Control of Retrograde
Transport by the Gs-PKA Pathway
We next sought to identify at least some

of the targets of PKA that are relevant

for retrograde traffic (a complete molecu-

lar analysis of the regulation of transport

by Golgi PKA is beyond the scope of

this study). We induced a traffic pulse

and examined protein phosphorylation

using both antibody microarrays and

PKA-specific phosphoproteomics both

in HeLa cells and human fibroblasts. The

combination of these phosphoproteomic

approaches yielded a list of over 200

proteins, which included a large number

of actin interactors and regulators and

signaling proteins and a smaller number

of chaperones, transcription factors,
coat proteins, adaptors, and others (see Table S1). Among

these, we selected a few components that have been implicated

in transport to test the functional significance of these phosphor-

ylations in retrograde traffic.

The group of actin-related phosphorylated proteins included

the actin regulator LIMK and its substrate cofilin (Arber et al.,

1998), in addition to actin itself (Table S1). We focused on these

proteins because actin dynamics is known to have a role in a

number of transport steps (Curwin et al., 2012; Salvarezza

et al., 2009; Stamnes, 2002; Valderrama et al., 2001; von Blume

et al., 2009) and because LIMK can be phosphorylated and

activated by PKA (Nadella et al., 2009); LIMK then
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Figure 6. KDELR Activation Stimulates the Phosphorylation of Actin Cytoskeleton Proteins, Which Mediate the Activation of Retrograde

Traffic

(A) HeLa cells incubated with KDEL-BODIPY633 (1 mM) or KDEA-BODIPY633 (1 mM) for 30 min at 37�C.
(B) HeLa cells expressing hGH-GFP-FM (green in inset) were transfected with cofilin-S3A (nonphosphorylatable; blue in inset) or cofilin-S3E (phosphomimetic;

blue in inset). AP, adaptor protein.

(C) HeLa cells microinjected with cDNA coding for sialyltransferase-RFP cDNA in the nucleus and with purified actin-Alexa488 in the cytosol.

Data represent means ± SEM (n = 10–30 cells). **p < 0.01; ***p < 0.001 (Student’s t test). The scale bars represent 10 mm. See also Figure S5.
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phosphorylates cofilin at Ser3, resulting in cofilin inactivation

and hence in inhibition of actin depolymerization (Arber et al.,

1998). We first examined whether the activation of the KDELR

causes the phosphorylation of cofilin at Ser3. The experiments

in Figure 6A showed that this was indeed the case. Moreover,

this phosphorylation of cofilin was abolished by inhibitors of the

Golgi Gs-PKA pathway. The nonphosphorylatable, constitu-

tively active cofilin-S3A (Salvarezza et al., 2009) impaired the

traffic-pulse-induced relocation of the KDELR from the Golgi

to the ER, whereas a phosphomimetic constitutively inactive

form of cofilin (cofilin-S3E) (Meberg et al., 1998) had no such

effect (Figure 6B). Additional experiments using the fluores-

cence recovery after photobleaching (FRAP) technique showed

that the activation of the KDELR elicits a reduction of actin dy-

namics at the Golgi (Figure 6C), in line with the above effects on

cofilin (Arber et al., 1998). These observations indicate that

KDELR activation induces inhibition of cofilin by phosphoryla-

tion at the regulatory residue Ser3 (Yang et al., 1998), most

likely through a PKA-LIMK-cofilin cascade (Nadella et al.,
Develop
2009), and that this reaction is required for Golgi-to-ER retro-

grade traffic.

Another group of phosphorylated actin-related players was

the myosin light chain (MLC) and the kinase PAK, which phos-

phorylates and activates MLC (Sells et al., 1999). MLC has

been previously shown to be required for retrograde Golgi-to-

ER traffic (Durán et al., 2003). We hypothesized that Golgi PKA

phosphorylates/activates PAK, which then activates MLC. We

first examined the role of the Golgi PKA pathway and of PAK in

the phosphorylation ofMLC.MLC is phosphorylated in its activa-

tion site Ser19 during a traffic pulse, and this phosphorylation is

prevented by inhibiting the Golgi PKA pathway as well as by PAK

inhibitors (Figures S5A–S5C). We then tested whether PAK acti-

vation depends on KDELR and Gs-PKA activity. Activation of the

KDELR induced the phosphorylation of PAK at the activation site

Thr423, which was prevented by inhibitors of the Gs-PKA

pathway. The experiments support a scheme in which Golgi

PKA phosphorylates PAK, which phosphorylates and activates

MLC, which finally contributes to the induction of retrograde
mental Cell 30, 280–294, August 11, 2014 ª2014 Elsevier Inc. 287
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Figure 7. KDELR Activation Controls the Phosphorylation and Activation of CREB1 and Gene Expression

(A) Cos7 cells transfected with CREB1 or mutant inactive CREB1 (Ser133A) activation reporters.

(B) Cos7 cells incubated with KDEL-BODIPY633 or 8-Br-cAMP for 30 min. Data in (A) and (B) represent means ± SEM (A, n = 20 cells; B, n = 3 cells). **p < 0.01;

***p < 0.001 (Student’s t test).

(C) HeLa cells expressing monster-GFP under the control of CREB1. The scale bar represents 10 mm. DAPI, 40,6-diamidino-2-phenylindole.

(D) HeLa cells incubated with KDEL-BODIPY633 (1 mM) for 6 hr. mRNA levels were measured using an Affymetrix human gene array.

(E) Gene ontology analysis (cellular components). The number of genes of each compartment upregulated is shown.

(legend continued on next page)
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traffic by the KDELR. The above data on actin interactors are in

broad agreement with a recent kinome screening study that

showed that the phosphorylation of actin cytoskeleton proteins

exerts a variety of effects on Golgi structure and function (Chia

et al., 2012).

Finally, a group of COPI subunits, a, d, ε, and z, was also phos-

phorylated. The COPI complex cycles rapidly on and off the

Golgi membranes, driving vesicle turnover and controlling

intra-Golgi and Golgi-to-ER transport (Rothman and Wieland,

1996). We found that COPI subunits are phosphorylated in a

KDELR- and PKA-dependent manner (Figure S5D). We used

the mutant ldlF Chinese hamster ovary (CHO) cell line, in which

the endogenous ε-COP subunit is replaced by ε-COP-YFP

in the COPI complex (Presley et al., 2002). Upon activation of

the KDELR, the FRAP recovery time of ε-COP decreased,

whereas it increased after subsequent inhibition of Gs by the

R8-Gs peptide (Figure S5E). These data indicate that the

KDELR-Gs-PKA pathway can regulate (presumably by control-

ling the phosphorylation of the COPI subunits) the turnover of

COPI at the Golgi membranes, which might be relevant to the

activation of retrograde traffic.

In summary, several molecular targets appear to be phosphor-

ylated via PKA and to activate retrograde traffic during an ER-to-

Golgi traffic pulse. PKA has also been proposed to phosphory-

late the KDELR itself and to accelerate its recycling (Cabrera

et al., 2003). Thus, the KDELR-Gs-PKA pathway appears to con-

trol both general and cargo-specific mechanisms of retrograde

traffic.

The KDELR-Gs-PKA Pathway Regulates the Expression
of Traffic-Related Genes
A further protein that was phosphorylated during a traffic pulse

was CREB1 (Table S1). Activated PKA is known to translocate

into the nucleus (Meinkoth et al., 1993) and to phosphorylate/

activate CREB1 on its residue Ser133 (Mayr and Montminy,

2001). CREB1 controls a large number of metabolism-,

cell-cycle-, and membrane-transport-related genes (Romero

et al., 2013; Zhang et al., 2005), and CREB-like factors have

been shown to regulate the expression of transport machinery

proteins (Fox et al., 2010; Reiling et al., 2013). We thus sought

to determine whether the KDELR-Gs-PKA pathway regulates

the activity of CREB1 and the expression of transport-related

genes. For the first task, we used multiple approaches, including

a FRET-based assay for CREB1 phosphorylation (Figure 7A),

western blotting (Figure 7B), and a CREB-dependent transcrip-

tion assay (Figure 7C). These experiments confirmed that

CREB1 is phosphorylated at Ser133 and is activated by the

KDELR-Gs-PKA pathway (Figures 7A–7C; Figures S6A and

S6B). We then evaluated the gene expression profile of cells

where the KDELR pathway is stimulated by KDELR ligands or

by KDELR overexpression. The two treatments had nearly iden-

tical effects, as assessed by volcano plot analysis, and induced

the upregulation of over 1,300 genes (Figure 7D; Figure S6D;

Table S2). Gene set enrichment analysis showed that the biolog-
(F andG)Transport fluxes that reach theGolgi carrychaperones thatbind to, andact

thenactivatesPKA toactivate retrograde transport via thephosphorylation of specifi

activation of the KDELR and of PKA results in the phosphorylation and activation o

See also Figures S6 and S7.

Develop
ical function categories represented by the upregulated genes

include organelle organization/biogenesis, protein folding, meta-

bolic processes (energy and lipid metabolism), the cell cycle,

regulation of the actin cytoskeleton, protein kinase cascades,

and others (Table S3). Using Gene Ontology, we categorized

these genes according to their residence in cellular organelles.

We found that a relatively large proportion of genes assigned

to secretory-related organelles was upregulated, such as ER

(143 out of 267), Golgi (118 out of 208), ERGIC (23 out of 23),

lysosomal (58 out of 66), and endosomal (36 out of 66) genes

(Figure 7E; Figure S6E). The membrane traffic genes included

SNAREs, adaptor complexes, GTPases, chaperones, Golgi en-

zymes, kinases, and other molecules with key roles in secretion.

Thus, the KDELR-Gs-PKA pathway controls the expression of a

large number of genes, a significant fraction of which are relevant

for membrane traffic, whereas another fraction is involved in

different cellular functions. Promoter analysis of the upregulated

genes (as assessed by TransFind; http://transfind.sys-bio.net)

indicated that in addition to CREB1, other cAMP-regulated tran-

scription factors such as SP1, AP2, ATF1, and ATF3 (Garcı́a

et al., 1999; Hai and Hartman, 2001; Rehfuss et al., 1991; Rohlff

et al., 1997), as well as a few that are not cAMP dependent,

mediate the effects of KDELR activation on transcription

(Table S3).

In summary, the KDELR-dependent pathways control tran-

scription factors that aremostly activated by cAMP/PKA and up-

regulate both traffic-related and -unrelated genes. From a func-

tional standpoint, this might reflect an adaptive response that is

aimed at expanding the capacity of the transport pathways when

they are challenged by prolonged increases in traffic load.

DISCUSSION

This study describes a cell-autonomous regulatory circuit that

senses membrane transport fluxes at the interface between

the ER and the IC-Golgi complex and contributes to the compo-

sitional and morphological homeostasis of the two organelles.

Based on current and previous results, this process includes

the following steps: ER-derived transport carriers reach theGolgi

and bring ER chaperones in contact with the KDELR, which stim-

ulates a Golgi pool of Gs. Gs activates AC9 and the formation of

cAMP, which is partially degraded and spatially restricted by

PDE7A1, resulting in controlled activation of Golgi PKA. PKA

then phosphorylates a large number of Golgi and cytosolic pro-

teins, several of which are related to actin, rapidly activating

retrograde transport.

In addition to Gs, the KDELR activates Gq, which activates

transport through the Golgi. The mechanism by which the

KDELR triggers two different downstream pathways is unclear.

It is possible that different KDELR isoforms, or perhaps different

KDELR homo- and heterodimers (as for many GPCRs, KDELR

dimerization is associated with activation), control different G

proteins (Rozenfeld and Devi, 2011; Vilardaga et al., 2010). The

mechanistic details of the interaction between the KDELR and
ivate, theKDELR.Gs leads to theactivationofAC9 to increasecAMP levels. cAMP

ccomponentsof the actinmachinery andCOPI (short-term response). Prolonged

f CREB1 and in the upregulation of gene expression (long-term response).
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G proteins will have to be elucidated before this question can be

addressed.

The main role of the KDELR-Gs-PKA regulatory axis appears

to be to balance the membrane and protein fluxes in and out of

the Golgi. In its absence, retrograde transport from the Golgi to

the ER is inhibited, and the IC-Golgi complex undergoes rapid

and marked compositional and morphological alterations. It re-

mains possible that a fraction of the retrograde traffic fluxes

may not depend on the Golgi Gs-PKA pathway. However, the

collective observations are in linewith this pathway playing ama-

jor role in Golgi homeostasis (Griffiths et al., 1984; Klumperman,

2000; Martı́nez-Menárguez et al., 1999; Thor et al., 2009; Wie-

land et al., 1987) (see scheme in Figure S7). Notably, the Golgi

Gs-PKA pathway regulates not only retrograde traffic but also,

albeit indirectly, anterograde traffic through the Golgi, presum-

ably by controlling the levels of the KDELR at theGolgi and hence

the intensity of Gq signaling. The Golgi Gs-PKA pathway is thus

central to the control of Golgi transport.

Whether or not defects of this pathway are compatible with

cell or organism life, and whether they can be partially compen-

sated for by adaptive mechanisms for survival, remains to be

investigated. Homozygous Gs knockout (KO) mice die at an early

embryonic stage (Farfel et al., 1999; Weinstein et al., 2002),

which might be due to traffic or to intercellular communication

defects. KO mice are not available for other components of the

KDELR-Gs-PKA pathway such as AC9 and PDE7A1. However,

the presence of numerous isoforms of these enzymes might

afford a degree of adaptation in depleted cells/animals.

Also relevant is the question of how broadly the regulatory/

homeostatic machinery is conserved across species. It might

even be askedwhether in simpler organisms such as yeast these

homeostatic mechanisms are built into the core machinery,

without a need for regulatory networks. It is clear that the yeast

secretory apparatus is potently controlled by signaling pathways.

For instance, glucose controls yeast secretion via complex

signaling networks that include a GPCR and PKA (Aoh et al.,

2011; Levi et al., 2010; Versele et al., 2001); osmolarity changes

affect the secretory machinery via the HOG1 pathway (Piao

et al., 2012; Reynolds et al., 1998); and the KDELR, as noted, is

essential for secretory traffic in yeast via a mechanism that is

not related to the loss of KDEL-bearing chaperones and might

bemediated by a signaling network (Semenza et al., 1990). These

observations suggest that homeostatic mechanisms based on

signaling networks such as those described by us in mammalian

cells might well exist also in yeast. It is now important to verify

whether this is the case and to uncover these potential yeast

mechanisms. Trimeric G proteins exist in yeast, but their physical

location in endomembranes is not known.Weexpect that at least

some of the key components, such as the G proteins or the PKA

pathway (see above), will be found to be conserved.

A salient feature of the KDELR-G-based cascade is that it is

cell autonomous, localizes to an internal organelle, the Golgi

complex, and is activated by an internal function, traffic. The

simplest way to understand this regulatory circuit is to view it

as a device that controls transport, or a control system. The the-

ory of control was developed by engineers to manage complex

manmade machines, but it can be applied to biological pro-

cesses as well (Iglesias and Ingalls, 2010; Stelling et al., 2004).

Within this framework, membrane transport at the ER-Golgi
290 Developmental Cell 30, 280–294, August 11, 2014 ª2014 Elsevie
interface is the process that is controlled to achieve robust func-

tioning in the face of internal drifts and/or exogenous perturba-

tions. The Golgi control system operates by sensing the traffic

input into theGolgi through the binding of the KDELR (here acting

as a traffic sensor) with chaperones that escape the ER.Whether

all chaperones can act as traffic signals, or specialized KDEL-

bearing proteins serve this function preferentially, is currently be-

ing investigated. The KDELR sensor then activates a controller,

the Gs-PKA pathway, which ‘‘calculates’’ the response and trig-

gers the actuators of retrograde traffic, including the actin-based

molecular machines described above. This compensates for the

membrane input from the ER, and helps to maintain suitable size

and composition of the organelles involved.

In addition to regulating the Golgi acutely, the system exerts a

long-term control of the availability of the transport machinery

components. Thus, the KDELR regulates the expression of a

large number of genes, many of which code for proteins that

localize both in biosynthetic and in endolysosomal organelles,

such as SNAREs, adaptor complexes, GTPases, chaperones,

and Golgi and lysosomal enzymes (Figure 7; Tables S2 and

S3). The simplest interpretation of these findings is that a pro-

longed activation of the KDELR is decoded by the cell as a signal

of chronic transport overload, which needs to be compensated

for by expansion of the transport pathways (see scheme in Fig-

ures 7F and 7G and detailed in Figure S7A). Many other upregu-

lated genes, however, belong to different functional classes,

such as mitochondrial and energy metabolism, peroxisomal

and lipid metabolism, protein degradation, and autophagy.

These findings point to the presence of coordination between

membrane transport and these cellular functions. Perhaps

related to these observations, the KDELR has been implicated

in the clearance of neurodegeneration-inducing proteins such

as superoxide dismutase 1, a-synuclein, and huntingtin, possibly

through modulation of autophagy (Wang et al., 2011), and has

been proposed to have prosurvival properties during the

unfolded protein response (Yamamoto et al., 2003). Future

work will examine and define the molecular basis and the func-

tional significance of the coordination between transport and

other functions.

In terms of design, a feature of the KDELR-Gs-PKA-traffic con-

trol system is the integration of components previously known to

participate in intercellular communication at the PMwith compo-

nents of the membrane transport machinery. In this regard, it is

similar to another control system, the unfolded protein response,

which relies on the crosstalk between signaling and machinery

proteins (Walter and Ron, 2011). We expect that the description

of further traffic control systems and of their design and molec-

ular composition will advance our understanding of the physio-

pathology of membrane transport, and might provide tools to

manipulate transport processes for experimental and therapeu-

tic purposes.

EXPERIMENTAL PROCEDURES

Cell Handling and In Vivo Treatments

Transfection

Cos7 cells were transfected with plasmid vectors using TransIT-LT1 (Mirus

Bio) following the manufacturer’s protocol. Cos7, HeLa, and CHO cells were

transfected with Lipofectamine 2000. siRNA treatments were conducted using

a Dharmacon SMARTpool.
r Inc.
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ER-to-Golgi Traffic Pulses

VSVG infection and traffic-pulse generation were carried out as previously

described (Pulvirenti et al., 2008). Synchronous hGH-GFP-FM release from

the ER was performed as previously described (Gordon et al., 2010).

Cell Microinjection

Cos7 and HeLa cells were microinjected as described (Cancino et al., 2007).

Shiga Toxin Uptake and Retrograde Transport

HeLa cells were incubated with Cy3-labeled B fragment of Shiga toxin

(1 mg/ml) for 2 hr at 20�C in FBS-free DMEM-HEPES medium to allow toxin

internalization and incubated for 4 hr to allow the toxin to arrive at the ER.

R8-Gs (10 mM) and 8-Br-cAMP (100 mM) were added during the last 2 hr.

Other Treatments

All of the drug, BODIPY568- or BODIPY633-conjugated peptide, andR8-peptide

treatments were performed in fetal calf serum-free DMEM-HEPES medium.

Confocal Microscopy

Images were acquired using either a Leica SP5 or Zeiss LSM710 with a 633

oil-immersion objective (1.4 NA).

Quantitative Fluorescence Image Analysis

The images for quantitative analysis were used as originals (8-bit depth gray-

scale images, separated channels) without any processing or adjustment.

Quantitative analysis was performed using MetaMorph software (Universal

Imaging) as previously described (Cancino et al., 2007). The PKAcat Golgi:total

ratio decreased with PKAcat detachment from the Golgi, reflecting PKA acti-

vation. KDELR Golgi:total ratio decreased with Golgi-to-ER retrograde trans-

port and reflected Golgi-to-ER relocation of the KDELR.

Image Processing

For figure presentation only, the images were channel separated, and each

channel is shown as a grayscale image. The contrast was inverted, and the

levels were adjusted to facilitate the observation of dim structures.

Antibody Microarrays

HeLa cells infected with VSVG and cells under the 40�C block and during a

traffic pulse were lysed in lysis buffer (50 mM HEPES [pH 7.4], 100 mM

NaCl, 0.5% NP-40, 30 mM NaF, 2 mM Na3O4V, 60 mM b-glycerophosphate,

5 mM EDTA, 5 mM EGTA, and protease inhibitor cocktail [Roche]). Quantifica-

tion and data analysis were performed at Kinexus. The resultant changes are

expressed as percentages of change with respect to the control (CFC) and as

Z factor. Changes R 50% CFC and Z R 0.8 were considered to be real

changes.

mRNA Microarray Analysis of Gene Expression

HeLa cells were transfected to transiently express KDELR-GFP by 72 hr. Wild-

type cells (control) and wild-type cells incubated with 1 mM KDEL-BODIPY633

peptide for 6 hr were processed in triplicate to extract the total mRNA. Micro-

array measurements were performed using Affymetrix human gene arrays

(HGA 1.0 ST) at the Coriell Institute. ANOVA was performed, and the genes

with an assigned ratio up to 1.5 and below �1.5 were used to select upregu-

lated and downregulated genes, respectively.

Gene set enrichment analysis was performed over a ranked list using Broad

Institute tools (http://www.broadinstitute.org/gsea/index.jsp). Volcano plot

analysis was carried out by plotting the negative log of the p value on the y

axis (base 10), with the x axis as the log (base 2) of the fold change between

the two selected conditions.

Reagents and other methods are described in detail in Supplemental Exper-

imental Procedures.
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