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Abstract

The regulated secretory pathway begins with the formation of

secretory granules by budding from the Golgi apparatus and

ends by their fusion with the plasma membrane leading to the

release of their content into the extracellular space, generally

following a rise in cytosolic calcium. Generation of these

membrane-bound transport carriers can be classified into three

steps: (i) cargo sorting that segregates the cargo from resident

proteins of the Golgi apparatus, (ii) membrane budding that

encloses the cargo and depends on the creation of appropriate

membrane curvature, and (iii) membrane fission events allow-

ing the nascent carrier to separate from the donor membrane.

These secretory vesicles then mature as they are actively

transported alongmicrotubules toward the cortical actin network

at the cell periphery. The final stage known as regulated

exocytosis involves the docking and the priming of the mature

granules, necessary for merging of vesicular and plasma

membranes, and the subsequent partial or total release of the

secretory vesicle content. Here, we review the latest evidence

detailing the functional roles played by lipids during secretory

granule biogenesis, recruitment, and exocytosis steps.

Keywords: exocytosis, lipid, membrane, microdomain,

secretion, secretory granule budding.
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The secretory pathway is an essential cellular activity that

requires synthesis, modification, sorting, and release of

secretory proteins/molecules outside cells, as well as trans-

port of cell surface components. These proteins are first

created on endoplasmic reticulum (ER)-bound ribosomes and

translocated into the ER lumen, where they are folded,

assembled, and N-glycosylated (Braakman and Bulleid

2011). Cargo proteins (either membrane associated or

soluble) are conveyed from the ER exit sites to the entry

side of the Golgi apparatus and then successively pass

through the different Golgi stacks, where the proteins

undergo maturation and processing (Wilson et al. 2011).

At the trans-Golgi network (TGN), proteins are sorted into

specific vesicular carriers for transport and distribution to

their ultimate destinations, including the endolysosomal

system and the plasma membrane, by the constitutive or

regulated exocytosis pathway (Gerdes 2008). On one side, all

cell types recycle membranes, proteins, and extracellular

matrix components through constitutive secretory vesicles

that are transported directly to the cell surface where they
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fuse with the plasma membrane in the absence of any kind of

stimuli. On the other side, the regulated pathway is a

trademark of specialized secretory cells, such as neurons,

endocrine, and exocrine cells, and requires the accumulation

of the secretory material into dedicated organelles, the

secretory granules (V�azquez-Mart�ınez et al. 2012). The latter

are transported through the cytoplasm toward the cell

periphery, where they are exocytosed after stimulation of

the cell (Burgess and Kelly 1987).

In addition to the function of important protein players in

the journey of a secretory granules, lipids also contribute to

key steps. Cell membranes are indeed composed of a broad

spectrum of lipids with specific properties that can directly

influence membrane topology, dynamics, and tasks. In

addition, the lipid composition and transbilayer arrangement

vary strikingly between organelles and there is compelling

evidence that the collective properties of bulk lipids

profoundly define organelle identity and function (Holthuis

and Menon 2014). Of particular interest are changes in the

physical properties of the membrane that are directly under

the control of lipids, and mark the transition from early to late

organelles in the secretory pathway. These include bilayer

thickness, lipid packing density, and surface charge. Here,

we highlight the latest evidence supporting the notion that in

addition to the collective action of bulk lipids, specific minor

lipids directly control directionality and functionality of the

secretory pathway.

Lipids and biogenesis of secretory granules

Lipids involved in formation of budding sites at the TGN

membrane

The biogenesis of secretory granules destined for the

regulated secretory pathway begins like other transport

vesicles by active budding at the TGN membrane. This

process needs several concomitant events: the sorting of

cargo and membrane components, the membrane curvature,

and the recruitment of cytosolic proteins. A role for lipids

in the formation of post-Golgi carriers has long been

proposed, including their interactions with enzymes and

other membrane-associated proteins. The development of

cellular lipidomic approaches (especially mass spectrome-

try) has revealed (i) that the Golgi membrane of the

mammalian cell contains the same lipids as those found in

the plasma membrane, but in different proportions and (ii)

that the two leaflets of the Golgi membrane bilayers

display specific lipid compositions, sphingolipids being

enriched in the lumenal leaflet, whereas phosphatidylserine

(PS) and phosphatidylethanolamine are concentrated in the

cytosolic leaflet (van Meer and de Kroon 2011). Beside

these lipids, the recruitment of enzymes at the cytosolic

face of the TGN membrane contributes to its remodeling

through the generation of lipid metabolites, such as

diacylglycerol (DAG), phosphatidic acid (PA), and phos-

phoinositides (Ha et al. 2012). These lipids play a central

role in the formation of secretory granules. For instance,

the accumulation of PA in the TGN membrane is a key

factor for the budding of secretory granules (Siddhanta and

Shields 1998). At low pH and high calcium concentrations,

PA adopts a conical shape that favors changes in

membrane topology (Kooijman et al. 2003). DAG also

exhibits a conical shape and its accumulation in the TGN

membrane has been found to facilitate membrane curvature

leading to the budding of secretory granules (Asp et al.

2009).

The Golgi membrane also exhibits a dynamic lipid

asymmetry, with the ability of cholesterol, DAG, and other

glycerophospholipids to translocate spontaneously or in P4-

ATPase-stimulated manner (Tang et al. 1996). Flippases

generally maintain lipid asymmetry, but their lipid transfer

activity between the two leaflets can also potentially lead to

membrane curvatures that drive the budding of post-Golgi

vesicles (Leventis and Grinstein 2010).

Cells are able to maintain differences in lipid composition

between their organelles despite the lateral diffusion of lipids

in cellular membranes. The physical differences between

glycerolipids and sphingolipids make them segregate in the

presence of cholesterol (Marsh 2009). In the Golgi mem-

brane, for example, domains with different lipid composi-

tions are targeted with unique transmembrane proteins into

separate secretory vesicles. This segregation of lipids and

proteins forms the sorting mechanism which cells use to

maintain the specific composition of their membranes (van

Meer et al. 2008). Originally, lipid self-organization was

considered to be the major driving force behind lateral

membrane organization. The formation of such functional

lipid micro- or nano-domains in the bilayer remains difficult

to visualize because of the lack of effective lipid probes to

study molecule dynamics in living cells. Although this self-

organization plays an essential role, it is plausible that

membrane proteins influence lipid organization, and con-

versely that protein function and clustering are under the

control of lipids. Notwithstanding the so-called ‘lipid rafts’ in

Golgi membrane have been predicted to regulate the function

and clustering of proteins involved in the budding of

secretory granules (Surma et al. 2012).

Lipids involved in protein recruitment at the budding sites

The enrichment of secretory granule membrane in sphin-

golipids and cholesterol suggests their participation in the

formation of functional microdomains involved in the

budding of these organelles from the Golgi membrane

(Wang and Silvius 2000). Lipid microdomains are implicated

in the sorting of proteins destined for the regulated secretory

pathway (Tooze et al. 2001), as they possess the ability to

attract peripheral proteins such as carboxypeptidase E

(Dhanvantari and Loh 2000), prohormone convertase PC2

(Bl�azquez et al. 2000), and secretogranin III (Hosaka et al.
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2004). These proteins act as chaperones by tethering soluble

or aggregated proteins to the secretory granule membrane

(Dikeakos and Reudelhuber 2007). In secretory cells, lipid

microdomains also attract aquaporins (AQP), which are

transmembrane proteins that remove water, thereby allowing

the condensation of aggregated granule proteins in the TGN

(Arnaoutova et al. 2008). In the low pH and high calcium

conditions found in the Golgi compartment, members of a

family of soluble proteins called chromogranins induce

aggregation of proteins destined to the regulated secretory

pathway (Montero-Hadjadje et al. 2008). TGN acidification

is achieved by proton pumps of the vacuolar H-ATPase (V-

ATPase) family (Schapiro and Grinstein 2000). Interestingly,

Li et al. (2014) have demonstrated that the signaling lipid

phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) is a sig-

nificant regulator of V-ATPase assembly and activity.

Furthermore, phosphoinositides on the cytosolic surface

recruit organelle-specific effector proteins of vesicle traffick-

ing and signal transduction (Di Paolo and De Camilli 2006).

For example, the serine/threonine protein kinase D (PKD) is

recruited by binding to DAG and the GTPase ARF1, and this

promotes the production of phophatidylinositol 4-phosphate

(PI(4)P) by activating the lipid kinase PI(4)-kinase IIIß. At

the TGN, PI(4)P can recruit lipid transfer proteins, such as

oxysterol-binding protein 1 and ceramide transport protein

that control sphingolipid and sterol levels, respectively.

Ceramide transport protein-mediated transport of ceramide to

the TGN has been proposed to increase the local production

of DAG, which is converted into PA and lysophosphatidic

acid; all these lipids being necessary for fission of secretory

vesicles. PKD also regulates the recruitment of Arfaptin-1 (a

Bin/amphiphysin/Rvs domain protein) to PI(4)P at the TGN

membrane (Cruz-Garcia et al. 2013). In this study, Arfaptin-

1 also appears important for the sorting of chromogranin A, a

member of the chromogranin family, to the regulated

secretory pathway in human BON carcinoid tumor cells.

These results suggest that DAG-dependent PKD recruitment

is crucial for the biogenesis of secretory granules. Indeed,

PKD-mediated Arfaptin-1 phosphorylation is necessary to

ensure the fission of secretory granules at the TGN of

pancreatic b cells (Gehart et al. 2012). Such a role is

compatible with previous reports showing that other cellular

components, such as chromogranin-induced prohormone

aggregates are important for driving TGN vesicle budding

after their association with membrane rafts (Gondr�e-Lewis

et al. 2012).

The journey of secretory granules begins

Hormone precursors, along with other proteins of the

regulated secretory pathway in neuroendocrine cells, are

sorted and packaged into immature secretory granules that

bud off from the TGN. These organelles are rapidly

conveyed to the cell periphery through their interaction

with microtubules via kinesin motors (Park et al. 2009).

The maturation process comprises an acidification-depen-

dent processing of cargo, condensation of the secretory

granule content, and removal of lipids and proteins not

destined for mature secretory granules. The acidification

process occurs along the regulated secretory route resulting

in a decrease in pH from the TGN (6.5–6.2), to immature

secretory granules (6.3–5.7), and finally to mature secre-

tory granules (5.5–5.0). In chromaffin cells, an increase in

the proton pump density and a diminution in proton

permeability of the granule membrane allow a pH drop

(Apps et al. 1989). Moreover, the selective V-ATPase

inhibitor bafilomycin A1 demonstrated the role of acidifi-

cation on trafficking of specific granule proteins through

the regulated secretory pathway in PC12 cells (Taupenot

et al. 2005), a process potentially under the control of

phosphoinositide levels.

During maturation in endocrine and exocrine cells,

granules decrease in size as their content undergoes

condensation, along with the concomitant efflux of Na+,

K+, Cl�, and water from the granules. Water removal is

ensured by the lipid microdomain-associated AQP. AQP1 is

found in secretory granules of pituitary and chromaffin cells,

as well as in synaptic vesicles and pancreatic zymogen

granules, whereas AQP5 is found in parotid gland secretory

vesicles (Ishikawa et al. 2005; Arnaoutova et al. 2008).

They facilitate condensation of granular content during

maturation. Upon their arrival at the cell periphery, secretory

granules are trapped in the dense cortical actin network.

Myosin Va together with Rab3D regulate distinct steps of

the granule maturation, with an essential role of myosin Va

in membrane remodeling (K€ogel and Gerdes 2010) and a

crucial function of Rab3D in the cargo processing (K€ogel

et al. 2013). Interestingly in yeast, oxysterol-binding protein

Osh4p-recruited PI(4)P and Rab proteins are in association

with a myosin V type (Myo2p) in the membrane of secretory

compartments and are implicated in vesicle maturation

(Santiago-Tirado et al. 2011).

Membrane remodeling also induces a decrease of the size

of secretory granules. The presence of a clathrin coat on

patches of secretory granule membrane causes shrinkage of

material, mediated by the clathrin adaptator protein (AP)-1

(Dittie et al. 1996). As a result, membrane proteins like

vesicle-associated membrane protein 4 (VAMP4), furin, and

mannose 6-phosphate receptors, which have a canonical AP-

1-binding site in their cytosolic domain, are present in

immature secretory granules, but not anymore in mature

secretory granules (Klumperman et al. 1998; Teuchert et al.

1999; Hinners et al. 2003). AP-1 accumulates at the

cytosolic face of TGN membrane likely through PI(4)P

interaction (Wang et al. 2003). Their transport along micro-

tubules toward the cortical actin, a step that has not been

linked to lipid yet, and the concomitant granular modifica-

tions result in the maturation and storage of secretory

granules, competent for exocytosis.
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Lipids and exocytosis of secretory granules

And the journey of secretory granules ends

The final stage of the secretory pathway is regulated

exocytosis, a well-defined multistep process triggered by an

exocytotic stimulus (Pang and S€udhof 2010). The molecular

machinery underlying regulated exocytosis involves assem-

bly of a tripartite soluble N-ethylmaleimide-sensitive factor

attachment protein receptor (SNARE) complex between

plasma and granular proteins as well as accessory proteins

(Jahn and Fasshauer 2012). Extensive work over the last two

decades has also shed light on the importance of lipids in the

exocytosis process. In the following sections, the major

contributions of membrane lipids for each step of secretory

granule exocytosis will be described.

Lipids involved in formation of exocytotic sites and the

docking step

Mature granules, once tethered, are recruited to exocytotic

sites and this represents the initial contact between secretory

granules and plasma membrane. Some lipids, such as

cholesterol, phosphatidylinositol 4,5-bisphosphate (PI(4,5)

P2), and sphingolipids are clustered in ordered microdomains

in plasma membrane, also called membrane rafts. Biochem-

ical and high-resolution imaging observations indicate that

these detergent-resistant microdomains serve to concentrate

and regulate SNARE proteins, arguing for the constitution of

active exocytotic sites (Sala€un et al. 2005). Spatial definition

of exocytotic sites is cholesterol dependent, as depletion of

cholesterol from the plasma membrane negatively affects

cluster integrity and results in reduced secretory activity by

neuroendocrine cells (Lang et al. 2001). Furthermore, we

have demonstrated that PI(4,5)P2-enriched microdomains

co-localize with SNARE clusters and docked secretory

granules from analysis of immunogold labeled plasma

membrane sheets (Umbrecht-Jenck et al. 2010).

PI(4,5)P2 plays a critical role in translocating secretory

vesicles to the plasma membrane (Wen et al. 2011), but also

binds and regulates a large subset of proteins involved in the

docking step, and therefore plays an essential role in granule

recruitment at exocytotic sites (recently reviewed by Martin

2015). For instance, by modulating actin polymerization, PI

(4,5)P2 controls actin-based delivery of secretory vesicles to

exocytotic sites (Trifar�o et al. 2008). Moreover, PI(4,5)P2

clusters organized by syntaxin-1A could act as a platform for

granule docking in membrane rafts (Honigmann et al. 2013).

Studies in chromaffin cells have demonstrated that generation

of microdomains is positively regulated by recruitment of

annexin A2, a calcium- and PI(4,5)P2-binding protein

present at docking sites near SNARE complexes (Chas-

serot-Golaz et al. 2005; Umbrecht-Jenck et al. 2010). Using

3D electron tomography, we have recently shown that

annexin A2 generates lipid domains sites by connecting

cortical actin and docked secretory granules to active fusion

sites (Gabel et al. 2015). The actin-bundling activity of

annexin A2 promotes the formation of ganglioside GM1-

enriched microdomains, increases the number of morpho-

logically docked granules at the plasma membrane, and

controls the number and the kinetic of individual exocytotic

events.

Altogether, these findings raise the possibility that exocy-

totic sites are defined by specific lipids, such as cholesterol

and PI(4,5)P2, that contribute to sequestering or stabilizing

components of the exocytotic machinery. There are also

indications that other lipids contribute to the establishment of

exocytotic sites. For instance, PS resides mostly in the

cytosolic leaflet of plasma membrane in unstimulated

conditions. However, during exocytosis of secretory granules

in numerous secretory cell types, notably neuroendocrine

cells, PS translocates to the outer leaflet (Vitale et al. 2001).

An ultrastructural analysis has recently demonstrated that PS

is externalized in the vicinity of the docking sites of secretory

granules, although the functional relevance of this PS

externalization for fusion is still under debate (Ory et al.

2013). Another lipid implicated in regulated exocytosis is

PA. Silencing of the PA-producing enzyme phospholipase

D1 (PLD1) and the ectopic expression of a catalytically dead

PLD1 form in chromaffin cells affected the number of

exocytotic events, as revealed by capacitance recordings and

carbon fiber amperometry (Zeniou-Meyer et al. 2007). In

line with these observations, PA has recently been proposed

to regulate docking in sea urchin eggs (Rogasevskaia and

Coorssen 2015). Finally, analysis of plasma membrane

SNARE microdomains in chromaffin cells by total internal

reflection fluorescent microscopy suggests that exogenous

addition of the polyunsaturated fatty acid arachidonic acid

(AA) enhances docking of granules (Garc�ıa-Mart�ınez et al.

2013). Thus, investigations using novel high-resolution

imaging techniques combined with acute modifications of

individual lipid composition in a given membrane will

probably further elucidate the contribution of lipids to the

organization of the exocytotic platform.

Lipids regulating molecular mechanisms of priming steps

Priming steps depend on molecular events, essentially

involving SNARE complex assembly, and are necessary to

render vesicles fusion competent (Klenchin and Martin

2000). There is also growing evidence that lipids are

implicated in priming, as indicated by lipid reorganization

provoked by inositol kinases and lipases during this step.

Phosphoinositides such as PI(4,5)P2 seem to be key

regulators of secretion, not only by regulating the docking

step but also by controlling the size and refilling rate of the

readily releasable pool of granules. Electrophysiological

studies modulating PI(4,5)P2 levels and using over-

expressed PI(4,5)P2 fluorescent probes revealed that a high

level of PI(4,5)P2 in chromaffin cells positively modulates

secretion by increasing the size of the primed vesicle pool,
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whereas the constants of the fusion rate were not affected

(Milosevic et al. 2005). In agreement with this concept, we

recently found that the HIV protein Tat sequesters plas-

malemmal PI(4,5)P2 in neuroendocrine cells and subse-

quently reduces the number of exocytotic events, without

significantly affecting the kinetics of fusion (Tryoen-Toth

et al. 2013). Moreover, in vitro experiments using liposomes

have previously reported that PI(4,5)P2 can recruit priming

factors such as calcium-activator protein for secretion

(CAPS), which facilitates SNARE-dependent fusion (James

et al. 2008). However, it seems that a well-regulated balance

between plasmalemmal PI(4,5)P2 synthesis and breakdown

is mandatory for exocytosis. Indeed, DAG production

through hydrolysis of PI(4,5)P2 by phospholipase C is

crucial for exocytosis in mast cells (Hammond et al. 2006).

As for PI(4,5)P2, DAG formation is essential for priming,

leading to activation of protein kinase C and Munc-13, which

then modulate the function of syntaxin-1A (Sheu et al. 2003;

Bauer et al. 2007).

On the granule membrane, phosphoinositides have also

been implicated in priming. For instance, experiments on

permeabilized chromaffin cells have shown that synthesis of

phosphatidylinositol-3-phosphate (PI(3)P) on secretory gran-

ules positively regulates secretion. Formation of PI3P is

mediated by an isoform of phosphatidylinositol 3-kinase

(PI3K), PI3K-C2a, particularly enriched on chromaffin

granule membranes, suggesting that PI3K-C2a production

of PI(3)P has a specific role in the ATP-dependent priming

phase of exocytosis (Meunier et al. 2005). Genetic and

pharmalogical inhibition of PI3K-C2a activity resulted in a

complete inhibition of secretion, suggesting that PI(3)P

synthesis is necessary for exocytosis to occur (Meunier et al.

2005). This notion has been validated by experiments

showing that stimulation of exocytosis up-regulated PI(3)P

levels on granules, whereas enzymatic conversion of PI3P in

PI(3,5)P2 negatively affected exocytosis (Osborne et al.

2008; Wen et al. 2008). A similar effect on insulin secretion

has been reported in pancreatic b cells with impaired PI3K-

C2a activity (Dominguez et al. 2011). Taken together, PI(3)

P production by PI3K-C2a on chromaffin granule membrane

can be proposed to act as an essential priming signal for

secretory granules, although the effectors directly involved

remain to be characterized. Altogether these observations

suggest that phosphoinositide metabolism is finely regulated

to control the number of fusion-competent granules.

Other lipids have recently emerged as additional modula-

tors of the priming step. AA, a polyunsaturated fatty acid of

the omega-6 family has been described to potentiate

exocytosis from chromaffin cells (Vitale et al. 1994, 2010;

Latham et al. 2007). In vitro assays on protein interactions

have revealed that AA can directly interact with SNAREs,

like syntaxin-1a or syntaxin-3, and potentiate their assembly

with SNAP-25 (Darios and Davletov 2006). Interestingly,

this effect of AA on SNARE complex formation in vitro can

be reproduced by other omega-3 and omega-6 fatty acids,

suggesting that polyunsaturated lipids may physiologically

regulate SNARE complex assembly by targeting syntaxin

isoforms (Darios and Davletov 2006). Along this line, work

with snake phospholipase acting as neurotoxin substantiates

the notion that free fatty acids and lysophopholipids promote

neurosecretion (Rigoni et al. 2005). Furthermore, production

of sphingosine, via hydrolysis of vesicular membrane

sphingolipids, also facilitated SNARE complex assembly

by activating the vesicular SNARE synaptobrevin (Darios

et al. 2009). Finally, in vitro fusion assays have demon-

strated that PA binds syntaxin-1 and promotes SNARE

complex assembly (Lam et al. 2008; Mima and Wickner

2009).

‘Fusogenic lipids’ for membrane merging and release of

content

Many observations are in agreement that lipids have also a

crucial role in the fusion reaction. Thus, the most widely

accepted lipidic model for membrane fusion is the stalk pore

model, defined by the merging of cis-contacting monolayers,

leading to a negatively curved lipid structure called a stalk

(Chernomordik and Kozlov 2008). During exocytosis, the

outer leaflet of the granule and the inner leaflet of the plasma

membrane seemingly form the stalk. As a result of differ-

ences in the geometry of lipids, lipid composition of

membranes presumably influences the structure of the stalk

and subsequently efficacy of exocytosis. Theoretically, cone-

shaped lipids such as cholesterol, DAG, or PA, which have

intrinsic negative curvatures when found in the inner (cis)

leaflets of contacting bilayers could promote fusion. On the

contrary, inverted cone-shaped lipids (PS, gangliosides, or

lysophospholipids) are supposed to be present in the outer

(trans) leaflets. This concept has been partially validated

using reconstituted fusion assays and directly by adding

lipids to cell cultures. These results indicate that PA, DAG,

and cholesterol, may promote fusion by changing the

spontaneous curvature of membranes (Ammar et al. 2013).

PA is present in the inner leaflet of the plasma membrane,

but presumably in very small quantities in resting conditions.

Based on the pivotal role of this lipid in exocytosis (Bader

and Vitale 2009), the visualization of local formation of PA

has been a recurring issue. Use of PA-specific probes

coupled to ultrastructural analysis allowed us to visualize PA

accumulation at the plasma membrane in stimulated chro-

maffin cells, near morphological docking sites (Zeniou-

Meyer et al. 2007). Moreover, silencing of PLD1 has

suggested that PA production is necessary to facilitate

membrane fusion after early steps of exocytosis, probably by

modifying membrane topology in the proximity of docking

sites. In favor of this model, extracellular lyso-phosphati-

dylcholine (LPC) application partially rescued secretion from

PLD1-depleted cells (Zeniou-Meyer et al. 2007). PLD1

activity at the plasma membrane, and subsequently PA
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synthesis during exocytosis, is itself regulated by PI(4,5)P2

(Du et al. 2003). As PA is also an essential co-factor of

PI5K, which produces PI(4,5)P2, a positive feedback loop

for the synthesis of these two lipids may be activated during

exocytosis (Cockcroft 2009).

In conclusion, the local accumulation of different fuso-

genic lipids, such as PA, PI(4,5)P2, DAG, and cholesterol at

or near granule docking sites may have a synergistic effect on

membrane curvature and thereby promote fusion. However,

the precise localization of these lipids during the course of

the fusion pore formation, expansion, and closure remains

elusive and requires significant advances in imaging tech-

niques and lipid sensors. Finally, a novel mass spectrometry

method has recently revealed that saturated free fatty acids

are actively generated in stimulated neurosecretory cells and

neurons (Narayana et al. 2015), but at present it is not known

if these fatty acids have a direct role in exocytosis or if they

are degradation products of fusogenic lipids.

Ending the journey or a new beginning?

Membrane fusion during exocytosis can occur through three

different modes in secretory cells, depending on the phys-

iological demand: kiss and run, cavicapture, or full-collapse

fusion. After full-collapse fusion of the granules upon

stimulation, the secretory granule membrane components

can be entirely recycled by a clathrin-mediated compensatory

endocytotic process (Ceridono et al. 2011). Molecular

mechanisms underlying the preservation of granule mem-

Fig. 1 Model highlighting the importance of lipids from secretory

granule biogenesis to fusion. (a) The regulated secretory pathway from

the Golgi apparatus to the plasma membrane. Immature secretory

granules (ISG) are transported along microtubules from the trans-Golgi

network (TGN) up to the cortical actin. During their active transport they

are converted into mature secretory granules (MSG). (b) Lipids

involved in the journey of secretory granules. Specific minor lipids

directly control directionality and functionality of the regulated secretory

pathway. Conical lipids include cholesterol, diacylglycerol, phospha-

tidic acid, and phosphatidylethanolamine. Inverted conical lipids

include lysophospholipids and PI(4,5)P2. Omega-6 and omega-3

forms of polyunsaturated fatty acids (PUFA) are released in the

cytosol by phospholipases. Membrane microdomains enriched in

cholesterol, gangliosides, and sphingolipids are highlighted at the

budding membrane of the TGN and at the exocytotic sites of the

plasma membrane.
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brane identity after fusion with plasma membrane remains

unclear, but it has been proposed that specific lipid

microdomains might contribute to prevent diffusion of

granular components. Hence, exo-endocytosis coupling leads

then to recycling of post-exocytotic internalized granule

membrane back to the Golgi apparatus, starting a new life for

the secretory granule (Houy et al. 2013). Recently lipids

generated upon exocytosis have been proposed to contribute

to the exo-endocytosis coupling (Yuan et al. 2015).

Conclusion

Lipids undoubtedly appear to contribute to almost every step

along the regulated secretory pathway from the biogenesis of

secretory granules to the exocytosis process (Fig. 1). How-

ever, despite the important advances in our understanding,

many important answers remain far beyond our reach. The

contribution of individual molecular lipid species is not

known. Addressing this issue will require following the

dynamics of individual lipid species at the nanometric scale,

an aspect that may be achieved through the development of

mass spectrometric imaging. Clearly this remains one of the

most challenging issues in modern cell biology, given the

large number of lipid molecules to analyze. Probing the

physiological relevance of these lipids in different secretory

processes is another challenging aspect for the near future.

Indeed there is no doubt that an alteration of the fine cellular

lipid balance, either as a consequence of an alteration of lipid

metabolism or a bad diet, could contribute to dysfunction of

the secretory pathway. On the other hand, determining the

influence of lipid shape to membrane topology during the

different steps of membrane remodeling across the secretory

pathway will probably require better in vitro modeling of the

different steps involved.
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Myosin ͷb and F-actin are involved 
in the control of secretory granule 
biogenesis
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Hormone secretion relies on secretory granules which store hormones in endocrine cells and release 
them upon cell stimulation. The molecular events leading to hormone sorting and secretory granule 
formation at the level of the TGN are still elusive. Our proteomic analysis of puriied whole secretory 
granules or secretory granule membranes uncovered their association with the actomyosin components 
myosin ͷb, actin and the actin nucleation complex Arp͸/͹. We found that myosin ͷb controls the 
formation of secretory granules and the associated regulated secretion in both neuroendocrine cells and 
chromogranin A-expressing COSͽ cells used as a simpliied model of induced secretion. We show that 
F-actin is also involved in secretory granule biogenesis and that myosin ͷb cooperates with Arp͸/͹ to 
recruit F-actin to the Golgi region where secretory granules bud. These results provide the irst evidence 
that components of the actomyosin complex promote the biogenesis of secretory granules and thereby 
regulate hormone sorting and secretion.

Besides the constitutive secretory pathway which is involved in the renewing of plasma membrane and extra-
cellular matrix in all eukaryotic cell types, a regulated secretory pathway is specialized in hormone release in 
endocrine cells. he vesicular membrane structures at the origin of these secretory pathways, called constitutive 
vesicles and secretory granules respectively, arise by budding from the trans-Golgi network (TGN) membrane. 
However, the molecular mechanisms linking hormone sorting, TGN membrane and secretory granule formation 
are still poorly understood. Like all biological membranes, the TGN membrane is composed of a speciic lipid 
and protein mix resulting in a proper lateral organization that supports the function of the TGN compartment1. 
Membrane-interacting cytosolic proteins are necessary to the dynamic morphology and to the functional organ-
ization of the TGN membrane, and include for example enzymes involved in the phospholipid remodeling2 or 
proteins with Bin/Amphiphysin/Rvs domains capable of sensing and/or stabilizing membrane curvature3, 4. Actin 
and its associated motors have also been shown to interact with the TGN membrane and to modulate its topol-
ogy, as demonstrated for myosin II which promotes the ission of constitutive secretory vesicles5, and myosin 1b 
which induces the formation of post-Golgi carriers in HeLa cells6. Interestingly, proteomic studies of secretory 
granules identiied many actin-interacting proteins, including myosins7, 8, which could contribute to the control 
of diferent steps of endocrine secretion. Among these, myosin VI has been shown to control secretory granule 
exocytosis9 whereas myosin 1b has currently no known function in endocrine cells.
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Since myosin 1b binds to F-actin through its motor domain and to membrane phosphoinositides probably 
through its pleckstrin homology motif10, 11 on the one hand, and on the other, facilitates the extraction of tubular 
structures under conditions of increasing membrane extension12, we postulated that this myosin and associated 
F-actin are good candidates to regulate the early steps of secretory granule formation in endocrine cells. In the 
present study, we observed the occurrence of myosin 1b (Myo1b) in the TGN area and on immature secretory 
granules of endocrine cells, and found that depletion of Myo1b using small interfering RNA (siRNA) signiicantly 
reduces (i) the number of secretory granules, (ii) regulated secretion and (iii) the distribution of F-actin in the 
Golgi region. In fact, F-actin depolymerization and Arp2/3 complex inhibition phenocopied the efect of Myo1b 
down-regulation on secretory granule formation. Collectively these results show for the irst time the implication 
of the actomyosin system in the biogenesis of secretory granules and thus in hormone sorting through the regu-
lated secretory pathway in endocrine cells.

Results
Myosin ͷb is associated with the trans-Golgi network and immature secretory granules in neu-
roendocrine PCͷ͸ cells. We irst analyzed the expression and distribution of myosin 1b (Myo1b) in neu-
roendocrine PC12 cells. Western blot analysis of PC12 cell lysates and puriied secretory granules revealed the 
cofractionation of Myo1b and VAMP2 (vesicle-associated membrane protein 2), a speciic marker of secretory 
granule membrane (Fig. 1a). Analysis of Myo1b distribution in PC12 cells by confocal microscopy coupled to 
immunoluorescence (IF) revealed that this protein is associated with 47 + 18% of secretory granules labeled 
with chromogranin A (CgA), a marker of secretory granules (Fig. 1b). Using antibodies raised against TGN46, 
a marker of the trans-Golgi network, and against furin, a prohormone convertase mainly localized in immature 
secretory granules just ater their budding from the TGN membrane, we observed that Myo1b is mainly located 
in the TGN area (Fig. 1c) and in 89 + 8% of immature CgA-containing secretory granules (Fig. 1d). Together, 
these results show that Myo1b is associated with secretory granules at the level of the TGN, most likely to promote 
the budding of immature secretory granules.

Myosin ͷb controls the biogenesis of secretory granules. To demonstrate the implication of Myo1b 
in the biogenesis of secretory granules, we used the neuroendocrine PC12 cells as well as a simpliied model con-
sisting of COS7 cells expressing CgA which has been shown to induce secretory granule-like structures in these 
cells8, 13. Myosin 1b gene silencing in these cells was achieved through a home-designed short interfering RNA 
(Myo1bH siRNA) validated in the study of Almeida et al.6, which afords a strong reduction in Myo1b expres-
sion. Indeed, transfection of this siRNA signiicantly reduced Myo1b expression in both COS7-CgA (Fig. 2a) 
and PC12 (Fig. 2b) cells. his decrease in Myo1b expression did not alter CgA expression in PC12 cells (Fig. 2c), 
thus ruling out the possibility of an efect of Myo1b through altered CgA expression. Under these conditions and 
using confocal microscopy coupled to IF, we observed a signiicant reduction in the number of CgA-containing 
granules in both PC12 (Fig. 2d) and COS7-CgA (Fig. 2e) cells. his result shows that Myo1b could play a key 
role in the formation of secretory granules. We then investigated whether Myo1b knockdown alters the for-
mation of secretory granules at the TGN level by fast time-lapse imaging of COS7 cells expressing CgA-GFP, 
using a spinning disc-equipped confocal microscope. Five hours ater cell transfection, we observed numerous 
CgA-GFP-containing granules around the Golgi area moving towards the cytoplasm in control siRNA-treated 
cells (Fig. 3a; Movie 1), and we found that the number of CgA-GFP granules generated was signiicantly reduced 
in Myo1b siRNA-treated cells (Fig. 3b,c; Movie 2). Moreover, in the latter case, the granules generated moved 
faster than those observed in control cells treated with a scramble siRNA (Fig. 3d; Movies 1, 2). hus, the absence 
of Myo1b alters not only the number but also the dynamics of CgA-GFP containing vesicles, which suggests 
together with the distribution data described above that the motor protein is involved in the initiation of secretory 
granule formation from the Golgi complex.

Myosin ͷb depletion increases basal secretion. Given the impact of Myo1b expression on the number 
of secretory granules, we analyzed the efect of this myosin on the secretory competence of PC12 and COS7-CgA 
cells using CgA release as an index of the regulated secretory pathway. his analysis showed that Myo1b knock-
down results in increased basal release of CgA in both cell models (Fig. 4a,b). We also studied the distribution of 
CgA in the constitutive and the regulated secretory pathways in the absence of Myo1b. Using an antibody raised 
against collagen III, a protein of the extracellular matrix of ibroblasts which is addressed to the constitutive secre-
tory pathway, we found that Myo1b down-regulation provokes a signiicant increase in the number of vesicular 
organelles containing both collagen III and CgA (Fig. 4c). hese results indicate that CgA is misrouted to the con-
stitutive secretory pathway in the absence of Myo1b, leading to its increased release in basal conditions. Together, 
these data show that Myo1b controls secretory protein sorting toward the regulated pathway.

Actin and actin-related proteins are also required for the biogenesis of secretory granules. In 
addition to those previously identiied through proteomic characterization of whole secretory granules8, further 
analysis of puriied secretory granule membranes revealed the occurrence of several other F-actin components, 
efectors and regulators with known functions at the level of the Golgi complex (Table 1). Among these proteins, 
Arp2/3 and actin cytoplasmic 1 and 2 have been reported to promote the formation of post-Golgi carriers by 
regulating membrane remodeling at the TGN in HeLa cells6, suggesting that actin could cooperate with Myo1b at 
the level of the TGN membrane to regulate secretory granule formation. To determine the role of F-actin in secre-
tory granules biogenesis, we depolymerized F-actin using latrunculin B and inhibited actin nucleation mediated 
by the Arp2/3 complex using CK-666, in COS7-CgA and PC12 cells. F-actin depolymerization led to a signii-
cant decrease in the number of CgA granules (up to 50% and 10% in COS7-CgA and PC12 cells, respectively) 
(Fig. 5a,b), thus revealing a key function of F-actin in the regulation of secretory granule formation. IF analysis of 
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Figure 1. Myosin 1b is associated with the trans-Golgi network and secretory granules in PC12 cells. (a) 
Cropped and color inverted blots showing protein expression levels of myosin 1b (Myo1b) and VAMP2 in a 
PC12 cell lysate and secretory granule-containing fraction. (Full image of each tested protein are reported in 
Supplementary Figure S1). (b–d) PC12 cells were immunolabeled with anti-TGN46, Myo1b, CgA and furin 
antibodies. (b) Representative confocal microscopy sections throughout the cell show a partial overlap of 
Myo1b and CgA-containing secretory granules (47 ± 18%, with a 0.409 Pearson correlation coeicient, from 
three independent experiments, n = 39 cells). (c) Representative confocal microscopy sections throughout the 
cell show an overlap of Myo1b labeling and a TGN marker. (d) Representative confocal microscopy sections 
throughout the cell show an overlap of Myo1b and CgA-containing immature secretory granules labeled by 
furin (89 ± 8%, from three independent experiments, n = 66 cells). Scale bar represents 10 µm.
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Figure 2. Myosin 1b depletion reduces the biogenesis of CgA-containing granules in PC12 and COS7 cells. 
(a–c) Protein extracts were analyzed by immunoblotting. Cropped blots showing protein expression levels of 
Myo1b and tubulin in lysates of COS7-CgA cells (a) or PC12 cells (b), non-transfected (lane 1), transfected 
with control siRNA (lane 2) or myosin 1b siRNA (lane 3). (c) Cropped blots showing protein expression levels 
of CgA and tubulin in lysates of PC12 cells, non-transfected (lane 1), transfected with control siRNA (lane 2) 
or myosin 1b siRNA (lane 3). Histograms represent a semi-quantitative analysis of the amount of myosin 1b or 
CgA found in cells transfected with control siRNA or myosin 1b siRNA from three independent experiments. 
*P < 0.05 (Mann-Whitney test). (Full-length blots of each tested protein are reported in Supplementary 
Figure S2). (d) PC12 cells were transfected with control siRNA or Myo1b siRNA, ixed, immunolabelled with 
anti-CgA and GM130 antibodies, and analyzed by confocal microscopy. Representative confocal microscopy 
sections throughout the cells are shown. he scale bar represents 10 µm. he number of CgA granules in PC12 
cells transfected with control siRNA or Myo1b siRNA was quantiied and expressed as mean + s.e.m. from three 
independent experiments (n = 36 cells). ****P < 0.0001 (Student’s t -test with Welch’s correction). (e) COS7-
CgA cells were transfected with control siRNA or Myo1b siRNA, ixed, immunolabelled with anti-CgA and 
GM130 antibodies, and the distribution of CgA was analyzed by confocal microscopy. Representative confocal 
microscopy sections throughout the cells are shown. he scale bar represents 10 µm. he number of CgA 
granules in COS7-CgA cells, transfected with control siRNA or myosin 1b siRNA, was quantiied and expressed 
as mean + s.e.m. from three independent experiments (n = 43 cells). ****P < 0.0001 (Mann-Whitney test).

http://S2


www.nature.com/scientificreports/

5Scientific RepoRts | ͽ: 5172  | DO):ͷͶ.ͷͶ͹;/sͺͷͻͿ;-Ͷͷͽ-Ͷͻͼͷͽ-ͷ

the Arp2/3 p34 subunit distribution conirmed that CK-666 treatment inhibits the recruitment of Arp2/3 com-
plex and F-actin to the Golgi region (Fig. 6a). Inhibition of Arp2/3 complex also provoked a signiicant reduction 
in the number of secretory granules (up to 50% in COS7-CgA and PC12 cells) (Fig. 6b,c). Taken together, these 
observations demonstrate that Arp2/3-dependent recruitment of F-actin in the Golgi area is required for the 
regulation of secretory granule biogenesis.

Figure 3. Myo1b depletion alters the number and the velocity of CgA granules. COS7 cells were irst 
transfected with control siRNA (a) or myosin1b siRNA (b), and 24 h later with a plasmid encoding CgA-
GFP. CgA-GFP carriers were monitored 5 h later at 37 °C by time-lapse imaging using spinning-disc confocal 
microscopy (see Movies 1 and 2). he irst frames of representative movies (that cover 3.5 s) revealing the 
sequence of events of granule formation are shown. White boxes indicate the enlarged TGN region shown in 
image sequences. he right image in each panel corresponds to the enlarged region showing granule trajectory 
(in blue) along the image sequence, using the ‘manual tracking’ plugin of Image J. he arrow head indicates the 
position of the granule at the beginning of the tracking. he white line delimitates the Golgi region and the grey 
zone corresponds to part of the nucleus. he scale bars represent 10 µm. he red arrows indicate the position 
of the tracked granule every 150 ms. (c) he number of CgA-GFP granules was quantiied, and expressed as 
mean + s.e.m. from three independent experiments (n = 20–24 cells). ****P < 0.0001 (Mann-Whitney test). 
(d) he mean velocities were calculated as the cumulated displacement of the granule from the location of its 
irst observation to the end of the observation period with respect to the time of observation, and expressed as 
mean + s.e.m. from three independent experiments (N = 14–19 cells, n = 22–69 granules). *P < 0.05 (Mann-
Whitney test).
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Figure 4. Myosin 1b depletion leads to CgA leakage through the constitutive secretory pathway. Quantiication 
ater Western blot analysis of CgA secretion and content from COS7-CgA cells (a) and PC12 cells (b), 
transfected with control or myo1b siRNA, in basal or 2 mM Ba2+-stimulated conditions. Normalized CgA 
release in the medium relative to total CgA (medium + cell content) is determined. he values represent the 
means ± s.e.m. from four independent experiments. *P < 0.05 (Mann-Whitney test). (c) COS7 cells were 
transfected with control siRNA or Myo1b siRNA and with a plasmid encoding CgA-GFP, ixed, immunolabeled 
with anti-collagen III or Myo1b antibody, and the distribution of CgA was analyzed by confocal microscopy. 
he scale bar represents 10 µm. he number of CgA-GFP/collagen III colocalized structures in COS7-CgA cells, 
transfected with control or myosin 1b siRNAs, was quantiied and expressed as percentages of CgA/collagen 
III colocalized structures relative to total CgA granules. he values represent the means ± s.e.m. from three 
independent experiments (n = 45 cells). **P < 0.01 (Student’s t-test with Welch’s correction).
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Myosin ͷb promotes the recruitment of Arp͸/͹-dependent F-actin to the Golgi area. Myo1b has 
the ability to interact with actin via its motor domain and with the membrane via its pleckstrin homology motif11. 
Using Myo1b siRNA and the Arp2/3 inhibitor CK-666, we investigated the impact of Myo1b and Arp2/3 com-
plex on F-actin distribution in the Golgi area of COS7-CgA cells. Fluorescent phalloidin and GM130 antibody 
allowed the analysis of actin distribution around the Golgi area. Analysis of line scans of luorescence intensity 
taken through the cell showed that Myo1b depletion and Arp2/3 inhibition lead to F-actin decrease in the Golgi 
area (Fig. 7a). Quantiication of actin and Golgi complex colocalization showed that both Myo1b knockdown 
and Arp2/3 complex inhibition lead to a 50% decrease in actin occurrence at the Golgi complex (Fig. 7b). hese 
results show that blockade of Arp2/3 complex phenocopies Myo1b knockdown and that both Myo1b and Arp2/3 
complex are involved in the recruitment of F-actin to the Golgi area in secretory cells.

Discussion
Secretory granules are key organelles allowing regulated hormone release in endocrine cells. Although consider-
able eforts have been devoted to understand the molecular events underlying secretory granule formation, the 
complex mechanisms that allow the speciic sorting of hormones and the budding of secretory granules remain 
incompletely understood. It has been proposed that the sorting of peptide hormones through the regulated secre-
tory pathway is controlled by chromogranins, which aggregate with peptides in the TGN lumen and function as 
the core around which budding of secretory granules is initiated from the TGN membrane14. In a previous study, 
we used a simpliied model of CgA-induced vesicles in COS7 cells to identify potential efectors of granulogenesis 
through proteomic analysis of the newly formed granules. his analysis allowed the identiication of a panel of 
cytosolic proteins interacting with actin, including myosins8, some of which have been associated with vesicular 
formation and exocytosis. Indeed, we identiied myosin VI which is known to be involved in the regulated exocy-
tosis of neuroendocrine cells9, 15, 16 and in the maintenance of the Golgi morphology17. We also identiied Myo1b, 
which has been shown to have an anchoring role that allows TGN membrane deformation through its attachment 
to the actin cytoskeleton, leading to the biogenesis of post-Golgi carriers in HeLa cells6. A more detailed analysis 
by mass spectrometry of proteins associated with the membrane of newly formed granules allowed us to identify 
Arp2/3 complex and actin cytoplasmic 1 and 2, which could act in concert with myosins to regulate the forma-
tion of secretory granules in endocrine cells. Although several studies reported the implication of myosins and 
F-actin in the traicking and exocytosis of secretory granules18, the role of these multi-functional proteins in the 
formation of secretory granules has never been reported. We found that Myo1b is associated with the TGN and 
immature secretory granules in PC12 cells, indicating that Myo1b could afect the early stages of secretory granule 
biogenesis by inducing the budding of immature vesicles from the TGN membrane. When Myo1b expression 
is knocked down, the number of secretory granules is signiicantly reduced, thus pointing out a possible direct 
role of this protein in the formation of secretory granules. In addition, time-lapse imaging revealed that Myo1b 
depletion impacts the dynamics of the formed granules. Since our previous studies showed that constitutive ves-
icles move faster than CgA-induced granules in COS7 cells8, our present observations suggest that the absence 
of Myo1b leads to misrouting of CgA toward the constitutive secretory pathway. In support of this inding, we 
observed higher basal secretion and a higher number of CgA-containing constitutive vesicles when Myo1b was 
knocked down. Taken together, these data strongly support a role of Myo1b in the biogenesis of functional secre-
tory granules underlying hormone regulated release in endocrine cells.

In addition to myosins, we found that Arp2/3 complex and F-actin are associated to secretory granule mem-
branes. But more than controlling the integrity of the Golgi complex, F-actin, together with Arp2/3, has been 
shown to mediate the efect of Myo1b on TGN membrane deformation in HeLa cells, as Myo1b actively tethers 
and orients polymerizing F-actin to generate the required mechanical force6. In the present study, we demonstrate 
for the irst time that F-actin controls the biogenesis of secretory granules, most likely via its recruitment to the 
Golgi region through Arp2/3 activation. Indeed, the Arp2/3 complex binds to actin and was shown here to exert 
an active role in secretory granule formation, potentially by providing de novo actin tracks for membrane curva-
ture, as demonstrated during secretory granule exocytosis19, 20. herefore, Myo1b depletion or Arp2/3 inhibition 
could disrupt the interaction between the TGN membrane and F-actin, hampering secretory granule formation. 

Name Access number Function References

Actin cytoplasmic 1 P60709 Golgi-derived transport carrier biogenesis and Golgi-to-ER 
protein transport

25

Actin cytoplasmic 2 P63261 26

Actin related protein 2/3 complex subunit 2 O15144
Associated to actin ilaments and involved in TGN budding 6

TGN budding
27

Coilin-1 P23528 Signalling pathway that regulates actin assembly in neuronal 
Golgi membranes.Proilin P35080 28

Secretory carrier membrane protein 3 O14828
Golgi-derived transport carrier biogenesis and Golgi-to-ER 
protein transport

29

Table 1. F-actin components, efectors and regulators, with known functions at the Golgi complex, identiied 
in the membrane fraction of puriied granules from COS7-CgA cells. Identiication was based on human 
sequences, as well as those of other mammalian species. Only proteins that were identiied with one or more 
high scoring peptides from Mascot were considered to be true matches. “High scoring peptides” corresponded 
to peptides that were above the threshold in Mascot (P < 0.05) searches. he table shows a non-redundant list of 
the proteins and the reference to the Uniprot-access number used in database searches (http://uniprot.org).

http://uniprot.org
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hese results suggest that the actomyosin complex could contribute to secretory granule biogenesis by triggering 
membrane deformation, which could be stabilized in the nascent secretory granule by cytosolic BAR proteins, 
such as the protein interacting with C kinase 1 or arfaptin-121, 22, before the recruitment of scission proteins that 
will give rise to immature secretory granules.

he present work represents the irst evidence that Myo1b and F-actin are involved in secretory granule for-
mation and in the establishment of the regulated secretory pathway. he action of the actomyosin complex could 
require its recruitment at the TGN to induce membrane remodeling, a mandatory process for the biogenesis 
of secretory granules. Additional studies will be needed to establish the molecular mechanisms promoting the 
recruitment of actomyosin complex to the TGN membrane in order to trigger secretory granule biogenesis.

Materials and Methods
Cell culture. African green monkey kidney ibroblast-derived COS7 cells (American Type Culture Collection; 
CRL 1651), wild type (COS7-WT) and stably expressing CgA (COS7-CgA) developed previously8, were main-
tained in Dulbecco’s Modiied Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 5% heat-inactivated 
fetal bovine serum (Life Technologies), 100 U ml−1 penicillin and 100 µg ml−1 streptomycin (Life Technologies), 
and 300 µg ml−1 geneticin (G-418 sulfate, Life Technologies) to maintain selection in COS7-CgA cells, at 37 °C 
in 5% CO2. Rat pheochromocytoma PC12 cells (American Type Culture Collection; CRL 1721) were routinely 
grown in Dulbecco’s Modiied Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 5% sterile-iltered 
fetal bovine serum (Sigma-Aldrich), 10% sterile-iltered HyClone Donor Equine serum (hermo Scientiic), 100 
U ml−1 penicillin and 100 µg ml−1 streptomycin (Life Technologies), 1% L-glutamine (Life Technologies), at 37 °C 
in 5% CO2. Most experiments with PC12 cells were performed on cells plated onto 10 µg ml−1 poly-D-lysine 
(Sigma) coated 15-mm round glass coverslips in 24-well plates. For IF and live experiments, COS7-WT cells 
were transfected with 0.8 µg of DNA encoding GFP-tagged human CgA (CgA-GFP)8 and 2 µl Lipofectamine 

Figure 5. F-actin is required for the biogenesis of secretory granules. COS7-CgA cells (a) and PC12 cells 
(b) were treated using DMEM alone (control) or supplemented with latrunculin B. hey were labeled with 
luorescent phalloidin (F-actin), immunolabeled with anti-CgA antibody and analyzed by confocal microscopy. 
Projected images of 26 0.3 µm-thick confocal sections throughout the cells are shown. he scale bar represents 
20 µm. he number of CgA granules in control and treated cells was quantiied and expressed as mean + s.e.m. 
from three independent experiments (n = 30 cells). *P < 0.05, ****P < 0.0001 (Mann-Whitney test).
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2000 (Invitrogen) per well (24-well plate or Matteck) according to the manufacturer’s protocol. Four or ive hours 
ater the beginning of transfection, the culture medium was replaced by supplemented DMEM, and cells were 
additionally cultured for 24–48 h for IF experiments.

Myosin ͷb knockdown. For transient Myo1b knockdown, a home-designed Myo1b siRNA (Myo1bH 
siRNA, 5′-GCTTACCTGGAAATCAACAAG-3′) (Sigma Proligo) was used as previously described6. A 
non-targeting siRNA pool designed by Dharmacon-hermo Scientiic has been used as control siRNA. he 
non-targeting pool contains 2 siRNA which respectively reduces EGFR mRNA by ≈50% and targets irely lucif-
erase. COS7 cells were transfected with 10 nM siRNA and 1 µL of Lipofectamine RNAimax (Life Technologies) 
per well, in 24-well plate, according to the manufacturer’s protocol. PC12 cells were transfected with 30 nM 
siRNA, following the same protocol. Four hours ater the transfection, the medium was replaced by supplemented 
DMEM, and cells were cultured for 48 h. Transfected cells were then analyzed by SDS-PAGE and Western blotting 
for Myo1b or CgA levels or ixed for IF.

Figure 6. Arp2/3 complex activation is required for the biogenesis of secretory granules. (a) COS7-CgA 
cells were treated with DMSO alone (control) or with the Arp2/3 inhibitor (CK-666). he distribution of the 
Arp2/3 complex and F-actin was assessed by immunoluorescence with anti-p34 antibody and by luorescent 
phalloidin, respectively, and was analyzed by confocal microscopy. A single focal medial plane of GM130 
(magenta), p34 (red) and F-actin (green) distribution is shown. Scale bar represents 20 µm. COS7-CgA cells 
(b) and PC12 cells (c) were treated with DMSO alone (control) or with the Arp2/3 inhibitor (CK-666). hey 
were immunolabeled with anti-CgA antibody and analyzed by confocal microscopy. Representative confocal 
microscopy sections throughout the nucleus are shown. he scale bar represents 20 µm. he number of CgA 
granules in cells treated with DMSO alone (control) or with the Arp2/3 inhibitor (CK-666) was quantiied and 
expressed as mean + s.e.m. from three independent experiments (n = 40 cells). ****P < 0.0001 (Student’s t -test 
with Welch’s correction).
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Figure 7. Myosin 1b knockdown and depletion of the Arp2/3 complex reduce F-actin distribution in the 
Golgi area. (a) COS7-CgA cells were either transfected with control siRNA or Myo1b siRNA, or treated with 
the Arp2/3 inhibitor CK-666. F-actin and the Golgi complex were labeled with luorescent phalloidin and 
immunolabelled with GM130 antibody, respectively, and cells were analyzed by confocal microscopy. Projected 
images of 20 0.3 µm-thick confocal sections throughout the cells are shown. he scale bar represents 20 µm. 
he luorescence intensities along the white lines indicated in the merged pictures were quantiied using the 
line scan mode of Leica sotware. Line scans taken through the cell are plotted in graphs in the right side of 
the corresponding images. (b) he localization of F-actin in the Golgi region was quantiied and expressed as 
mean + s.e.m. from four independent experiments (n = 22 cells). ****P < 0.0001 (Student’s t -test with Welch’s 
correction).
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Drug treatments. Arp2/3 complex was inactivated by incubating cells in DMEM supplemented with 100 µM 
DMSO-dissolved CK-666 (Sigma-Aldrich) for 1 h at 37 °C, 5% CO2. Actin ilaments were depolymerized by incu-
bating cells in DMEM supplemented with 2.5 µM latrunculin B (Calbiochem, La Jolla, CA) for 45 min at 37 C, 5% 
CO2. Under these conditions, microtubules were not signiicantly afected (data not shown).

Secretion analysis. COS7 cells stably expressing CgA were cultured in 24-well plates, extensively washed 
with phosphate bufered saline and subsequently incubated in calcium secretion bufer (150 mM NaCl, 5 mM 
KCl, 2 mM CaCl2, 10 mM HEPES, pH 7.4) (basal release of CgA) or in barium secretion bufer (150 mM NaCl, 
5 mM KCl, 2 mM BaCl2, 10 mM HEPES, pH 7.4) (stimulated release of CgA) for 15 min, at 37 °C in 5% CO2. 
Secretion media were collected, cleared by centrifugation (5 min, 14,000 g, 4 °C) and stored in Laemmli bufer 
for further analysis. Cells were lysed in NP40 cell lysis bufer (Invitrogen) containing protease inhibitor cock-
tail (Roche), and centrifuged (15 min, 15,000 g, 4 °C). hen, proteins from the supernatant were denatured in 
Laemmli bufer. Secretion media and cell homogenates were analyzed by Western blotting.

Antibodies. Primary antibodies used were monoclonal anti-synaptobrevin 2 (104211 from Synaptic system; 
1:5,000); monoclonal α-tubulin (T5168 from Sigma; 1:5,000); rabbit polyclonal anti-CgA (EL-35)23 (1:500 for 
IF, 1:1,000 for Western blotting); goat polyclonal anti-CgA (sc-23556 from Santa Cruz Biotechnology inc; 1: 
200); rabbit polyclonal anti-Myo1b (HPA 013607 from Sigma prestige antibodies; 1:200 for IF, 1:250 for Western 
blotting); mouse monoclonal anti-GM130 (610822 from BDBiosciences; 1:1,000); rabbit polyclonal anti-furin 
(Ab3467 from Abcam; 1:200); sheep polyclonal anti-human TGN46 (AHP500 from AbD serotec; 1:500); rab-
bit polyclonal anti-p34-Arc/ARPC2 (07-227 from Millipore; 1:400); goat anti-type III collagen (1330-01 from 
Southern Biotech; 1: 200). For IF, secondary antibodies used were Alexa 488-conjugated donkey anti-rabbit 
IgG; Alexa 594-conjugated donkey anti-rabbit IgG; Alexa 647-conjugated donkey anti-rabbit IgG; Alexa 
488-conjugated donkey anti-mouse IgG; Alexa 488-conjugated donkey anti-goat IgG; Alexa 594-conjugated don-
key anti-goat IgG; Alexa 594-conjugated donkey anti-sheep IgG; Alexa 647-conjugated donkey anti-mouse IgG 
(Invitrogen; 1:500). For Western blotting, anti-rabbit, anti-mouse and anti-goat secondary antibodies conjugated 
to horseradish peroxydase (Santa Cruz biotechnologies; 1:2,000) were used.

Protein electrophoresis and Western blotting. Cells were harvested by scraping, homogenized, and 
proteins were separated by SDS-PAGE followed by Western blotting. Membranes were incubated in a blocking 
bufer containing 5% non-fat dry milk in phosphate-bufered saline containing 0.05% Tween 20 (Sigma) (PBS-T) 
for 1 h at room temperature, and overnight with primary antibodies at 4 °C. hen, membranes were washed for 
45 min with PBS-T. Blots were subsequently incubated for 1 h with appropriate HRP-conjugated secondary anti-
body in blocking bufer. Membranes were washed for 45 min with PBS-T. Immunoreactive proteins were detected 
by chemiluminescence (Pierce Biotechnology). Quantiication was performed using ImageJ sotware (Wayne 
Rasband National Institutes of Health) and Image Lab sotware (Bio-Rad). he mean intensity of each individual 
band of interest was calculated ater background value subtraction. For validation of siRNA transfection, values 
were normalized to the mean intensity of the loading control band for each sample (α-tubulin). For secretion 
studies, values of released CgA in the medium were normalized to those of total CgA (medium + cell content).

Immunoluorescence labelling. Cells cultured onto coated glass coverslips were transfected as described 
above and ixed with 4% paraformaldehyde in PBS at room temperature for 15 min. Cells were permeabilized and 
blocked for 30 min with 0.3% Triton X-100 in PBS containing normal donkey serum (1:50) and 1% BSA. Cells 
were then incubated for 2 h at room temperature with primary antibodies, and, ater washing with PBS, for 1 h 
with secondary antibodies. Phalloidin-FITC (Invitrogen, 500 nM) was used to detect actin ilaments. Nuclei were 
stained with DAPI (Molecular probes #D3571, 1 µg ml−1). To verify the speciicity of the immunoreactions, the 
primary or secondary antibodies were substituted with PBS.

Image acquisition. Confocal microscopy was carried out with a TCS-SP8 upright confocal laser scanning 
microscope equipped with 63× oil immersion objective (NA = 1.4; Leica, Microsystems). Alexa 488 and GFP 
were excited at 488 nm and observed in a 505–540 nm window. Alexa 594 was excited at 594 nm and observed in 
a 600–630 nm window. Alexa 647 was excited at 633 nm and observed in a 650–700 nm window. For dual color 
acquisition, images were sequentially acquired in line scan mode (average line = 2). Overlays were performed 
with post acquisition Leica Confocal Sotware functions to obtain the presented snapshots. Golgi exit of granules 
was monitored by time-lapse luorescence microscopy using a spinning-disc confocal microscope. his micros-
copy was carried out with a Yokogawa CSU-22 spinning-disc head on a Nikon TE-2000 U microscope equipped 
with a 100× NA 1.4 oil immersion objective and a Coolsnap HQ2 camera, a NanoScanZ piezo focusing stage 
(Prior Scientiic) and a motorized scanning stage (Marzhauser). his microscope was steered with Metamorph 
7.1 (Universal Imaging Corporation). he fast scan mode at 512 × 512 pixel resolution was used. Video sequences 
were acquired at 5 frames s−1 (100–200 ms exposures).

Post-acquisition analysis. The extent of colocalization of two labels was measured using the 
“Colocalization” module of Imaris 7.6.5. 64-bit version (Bitplane AG, www.bitplane.com). his program ana-
lyzes plan of confocal sections acquired in two channels. Imaris colocalization analyzes the entire confocal plan 
by measuring the intensity of each label in each pixel. he program uses an iterative procedure to determine an 
intensity threshold (in the 0–255 scale of pixel intensity) for each of the two labels. Pixels with intensities above 
this threshold are considered to be above the background. A pixel is deined as having colocalization when the 
intensities of both labels are above their respective thresholds. he extent of colocalization was expressed by 
Pearson coeicient in pixels with colocalization. he Pearson coeicient is a number between + 1 and −1, with 

http://www.bitplane.com
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positive values indicating a direct correlation, negative values indicating an inverse correlation, and values near 0 
indicating no correlation. In this case, the Pearson coeicient measures the correlation between the intensities of 
the two labels only in the pixels with colocalization. he following procedure was used to measure colocalization. 
A computer folder containing the stack of confocal sections for the two labels was generated by the Leica TCS-SP8 
confocal microscope. his folder was opened with Imaris and converted into an Imaris ile. A broad region of 
interest (ROI) was deined as all the pixels in which the intensity of one of the labels was above a pixel intensity 
deined in the 0–255 scale. Once the thresholds were set, the program outputs a canal of colocalization with 
channel statistics containing the Pearson coeicient. hen with the tool ‘spots detection’ on Imaris, the number of 
spots in each label (A, B and ‘coloc’ channel) was quantiied to determine the percentage of colocalised granules. 
Spots statistics are automatically computed for each spot object. To each spot belongs a spatial position along the 
x- and y-axis, as well as the intensity of the point it represents. he spot object is available to model point-like 
structures in the data. It provides a procedure to automatically detect point-like structures, an editor to manually 
correct detection errors, a viewer to visualize the point-like structures as spheres, and statistics output. he ren-
dering of the TGN surface was obtained using the Imaris ‘surface’ tool.

For the quantiication of the number of CgA granules (Figs 2, 3, 5 and 6), the number of objects in the cyto-
plasm was counted automatically using the Imaris ‘spots’ function and a size ilter (estimated xy diameter) of 
0.5 µm. For the quantiication of F-actin in the Golgi region, the Golgi region was irst outlined on the plane 
showing more GM130 staining; then F-actin was thresholded and the overlapping pixels between the two struc-
tures was calculated with the Imaris ‘coloc’ function. he distributions of GM130 and F-actin were analysed using 
post acquisition ‘line scan’ mode of the Leica Confocal Sotware. For the analysis of live cell images, each granule 
in the Golgi area was identiied ater background correction by ND-Sair sotware24 (Inria Rennes). he mean 
velocity of detected granules was determined using the ImageJ “manual tracking” tool.

Subcellular fractionation. Cells were collected in PBS and sedimented by centrifugation at 400 g for 5 min 
at 4 °C. he cell pellet was disrupted by 5 pull/push through a 21- and then a 25-gauge needles attached to a 
syringe, in ice-cold bufer (0.32 M sucrose, 20 mM Tris-HCl, pH 8; 1 ml g−1 of cells). he resulting lysate was 
centrifuged at 800 g for 30 min at 4 °C. Post-nuclear supernatants were centrifuged at 20,000 g for 20 min at 4 °C. 
Pellets containing dense core granules were centrifuged on a multi-step gradient of 1 to 2.2 M sucrose (1, 1.2, 1.4, 
1.6, 1.8, 2 and 2.2 M sucrose; 5 ml steps), at 100,000 g for 12 h at 4 °C. All gradient steps were collected from the 
top of the tube in 5 ml fractions, and analyzed by western blotting to check the granule-containing fractions and 
to verify their purity. he recovered granule fractions were used for liquid chromatography coupled to tandem 
mass spectrometry analysis.

Proteomic analysis. he fraction containing CgA granules puriied from COS7-CgA cells was diluted 
in Bufer A (20 mM Tris pH 7.5, 150 mM NaCl and Complete Inhibitors (Roche)). he sample was submitted 
to two freeze-thaw cycles, sonicated for 1 min in a cold water bath and centrifuged at 50,000 g for 1.5 h at 4 °C 
to separate soluble from insoluble material. In order to precipitate soluble proteins, the soluble fraction was 
diluted in 4 volumes of cold (−20 °C) acetone and incubated for 4 h at −20 °C before centrifugation at 13,000 g 
for protein precipitation. On the other hand, the pellet containing the insoluble material was carefully washed 
twice with cold bufer A and incubated in 200 µl of Bufer A containing 1% n-dodecyl-beta-maltoside and 0.4% 
amidosulfobetaine-14 detergents in order to eiciently solubilize membrane proteins. Ater 2 h of incubation 
under sot agitation at 4 °C, the extract was centrifuged for 10 min at 13,000 g and the proteins contained in the 
supernatant were precipitated using standard chloroform/methanol method. hen, proteins were reduced, alky-
lated and separated by 1D- gel electrophoresis. Finally, proteins were cleaved in gel by trypsin and identiied by 
liquid chromatography coupled to tandem mass spectrometry.

Statistical analysis. Data were analyzed with the Prism program (GraphPad Sotware). All secretion exper-
iments were repeated at least four times using the non-parametric Mann-Whitney U test. For the quantiication 
of the number of CgA granules, statistical signiicance was determined by Student’s t –test with Welch’s correction 
or Mann-Whitney U test. Values are expressed as means ± s.e.m., and the level of signiicance is designated in the 
igure legend as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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