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ABSTRACT
The mechanisms of nonclassical export of signal peptide-less proteins remain insufficiently understood. Here, we demonstrate that stress-

induced unconventional export of FGF1, a potent and ubiquitously expressed mitogenic and proangiogenic protein, is associated with and

dependent on the formation of membrane blebs and localized cell surface exposure of phosphatidylserine (PS). In addition, we found that the

differentiation of promonocytic cells results in massive FGF1 release, which also correlates with membrane blebbing and exposure of PS.

These findings indicate that the externalization of acidic phospholipids could be used as a pharmacological target to regulate the availability

of FGF1 in the organism. J. Cell. Biochem. 113: 956–966, 2012. � 2011 Wiley Periodicals, Inc.
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M any extracellular proteins do not have a signal peptide in

their primary structure, and thus cannot be secreted

through the classical export pathway involving the endoplasmic

reticulum and Golgi apparatus. Instead, they use unconventional

export mechanisms that are not fully understood [Nickel and

Seedorf, 2008; Prudovsky et al., 2008; Grieve and Rabouille, 2011].

Among the nonclassically released proteins are the most ubiqui-

tously expressed members of the FGF family, FGF1 and FGF2 that

play important roles in tissue repair, angiogenesis, inflammation,

and tumorigenesis [Ornitz and Itoh, 2001; Korc and Friesel, 2009;

Dorey and Amaya, 2010]. FGF1 is released from fibroblastic cells

under various conditions of cellular stress [Jackson et al., 1992; Shin

et al., 1996; Ananyeva et al., 1997; Mouta Carreira et al., 2001] as a

part of a copper-dependent [Landriscina et al., 2001a] multiprotein

complex that also includes sphingosine kinase 1 [Soldi et al., 2007],

the 40 kDa form of synaptotagmin 1 [LaVallee et al., 1998] and the

small calcium-binding protein S100A13 [Landriscina et al., 2001b].

Previously, we found that under conditions of cellular stress, FGF1

migrates from the internal areas of cytoplasm to the vicinity of the

cell membrane [Prudovsky et al., 2002]. However, it remained

unclear whether FGF1 export proceeds through the entire cell

surface or occurs in limited membrane domains.

In the present study, we demonstrate that under stress conditions

in fibroblastic cells, FGF1 is exported through cell membrane

domains characterized by the formation of protrusions and

externalization of phosphatidylserine (PS), an acidic phospholipid

that under normal conditions is confined to the inner leaflet of

the plasma membrane. Moreover, small molecular compounds that

inhibit externalization of PS also repressed FGF1 export. An

artificial increase in interactions between the cell membrane and the

underlying peripheral actin cytoskeleton significantly suppressed

FGF1 secretion, thereby confirming a role for membrane blebbing
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in FGF1 export. In addition, we found that FGF1 export from

differentiated U937 promonocytic leukemia cells also correlates

with membrane blebbing and PS externalization. Chelation of

intracellular Ca2þ resulted in the inhibition of both PS exposure and

FGF1 export in differentiated U937 cells. Although U937 differenti-

ation is accompanied by a dramatic increase in the expression of

phospholipid scramblase 1 (PLSCR1), a protein originally proposed

to mediate Ca2þ-activated transbilayer movement of phospholipids

resulting in cell surface exposure of PS [Sims and Wiedmer, 2001],

we show that the expression of PLSCR1 is unrelated to FGF1 export

under these conditions.

MATERIALS AND METHODS

CELL CULTURE

Murine NIH 3T3 cells (ATCC, Manassas, VA) were maintained in

DMEM (HyClone, Logan, UT) supplemented with 10% bovine calf

serum (HyClone). U937 cells (ATCC) were grown in RPMI medium

(HyClone) supplemented with 10% fetal calf serum. U937 cells stably

transfected with FGF1 [Mandinova et al., 2003] or FGF1:GFP were

grown in medium supplemented with 400mg/ml geneticin

(Invitrogen, Carlsbad, CA).

GENETIC CONSTRUCTS

FGF1 cloned in the pMEXneo expression vector [Jackson et al.,

1992] was recloned into the SalI and EcoRI restriction sites of the

pcDNA3/HA vector (Clontech, Mountain View, CA) thus forming

FGF1:HA. Then, FGF1:HA was cloned into the multiple cloning site

(MCS) of the shuttle vector pAdlox (generous gift of Lisa Phipps,

Somatix Therapy Corporation, CA).

Mouse PLSCR1:GFP was expressed in the pMiG retroviral vector

[Nanjundan et al., 2003].

FGF1:GFP cloned in the pcDNA 3.1 vector was a kind gift of

Andrew Baird (Human BioMolecular Research Institute, San Diego,

CA).

Constitutively active (CA) mutant T567D and wild type (WT)

ezrin, both with the 30-attachment of the VSVG tag [Algrain et al.,

1993] were excised using Hind III and XbaI enzymes from the pC6

vector. They were then cloned into the MCS of the TRE2Hygro

expression vector (Clontech), in which Hind III and XbaI restriction

sites were introduced by PCR mutagenesis.

CMVt-rtTA construct was a kind gift of John Hiscott (McGill

University, Montreal).

Human PLSCR1 shRNA construct and control shRNA cloned in

the pGFP-V-RS retroviral vector were obtained from Origene

(Rockville, MD). The following target sequence in PLSCR1 mRNA

was used: 50-TGAAAGTCTCCTCAGGAAATCTGAAGTCT-30 [Zhao

et al., 2004].

PRODUCTION OF VIRUSES AND VIRAL TRANSFECTION

Recombinant FGF1:HA adenovirus was produced, purified, and

titered as described [Duarte et al., 2008]. Briefly, CRE8 cells were

transfected with SfiI-digested pAdlox-derived constructs, and

infected with the c5 virus. The lysates were prepared 2 days after

infection. The virus was passed twice through CRE8 cells, and

purified from the second passage using a cesium density gradient.

The virus was quantified by optical density at 260 nm, and the

bioactivity was determined by a plaque-forming unit assay.

Adenoviral transduction was performed in serum-free DMEM

with approximately 103 viral particles/cell in the presence of

poly-D-Lysine hydrobromide (Sigma) (5� 103molecules/viral par-

ticle) for 2 h at 378C. Then the adenovirus-containing medium was

removed and replaced with serum-containing medium. The cells

were plated for experiments 24–48 h after transduction.

PLSCR1:GFP and control GFP retroviruses were produced in the

Recombinant Viral Vector Core of MMCRI. The packaging cell line

Bosc was transfected with the PLSCR1:GFP or GFP coding retroviral

constructs using polybrene. Conditioned medium from the 2-day

culture of the producer cell line was collected and filtered to remove

cell debris. Actively growing recipient cells were incubated for 2 h

with retrovirus-containing conditioned medium in the presence of

5mg/ml hexadimethrine bromide. The medium was replaced with

fresh growth medium after 2 h.

GENERATION OF STABLE CELL TRANSFECTANTS

To achieve inducible expression of ezrin, the NIH 3T3 cells were

cotransfected with CMVt-rtTA andWT ezrin/pTRE2Hygro, CA ezrin/

PTRE2Hygro or empty pTRE2Hygro vector using the Fugene reagent

(Roche, Nutley, NJ) according to the manufacturer’s protocol.

Transfected cell clones were selected in the medium containing

2mg/ml puromycin (Sigma, St. Louis, MO) and 50mg/ml hygro-

mycin (Roche). To assess the inducibility of ezrin expression, cells of

individual clones were plated on glass coverslips and incubated for

48 h in medium containing 0 or 10mg/ml doxycycline (Sigma). The

cells were formalin fixed and the doxycycline-inducible expression

of WT or CA ezrin was verified by immunofluorescence using anti-

VSVG antibodies (Sigma) followed by secondary FITC-conjugated

antibodies (Vector Laboratories).

U937 cells expressing FGF1 [Mandinova et al., 2003] were

retrovirally transfected with PLSCR1 shRNA and control shRNA, and

selected in medium containing 2mg/ml puromycin (Sigma, St Louis,

MO). After 3 weeks of selection, GFP fluorescence was observed in

10–20% of the surviving cells. GFP-positive cells were then selected

by flow cytometry (FACSVantage, BD) in the Flow Cytometry Core

of MMCRI.

U937 cells expressing FGF1 [Mandinova et al., 2003] were

retrovirally transduced with PLSCR1:GFP or GFP. Three days after

transduction, GFP fluorescence was observed in 5% of the cells. The

GFP-positive cells were selected using flow cytometry and further

propagated. Cell populations with at least 90% of GFP-positive cells

were used for experiments.

U937 cells were transfected with FGF1:GFP using the Nucleo-

fector II system (Amaxa Biosystems, Koeln, Germany) and special

Amaxa transfection buffer C. After 3 weeks of selection in the

medium with 800mg/ml G418, GFP fluorescence was observed in

5–10% of the surviving cells. GFP-positive cells were then selected

using flow cytometry.

FLUORESCENCE MICROSCOPY

To simultaneously assess the externalization of FGF1 and PS, NIH

3T3 cells transduced with FGF1:HA were incubated for 20min at

48C with anti-HA monoclonal antibodies (Covance, Princeton, NJ)
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and FITC-conjugated Annexin V (Invitrogen) in buffer composed of

10mM HEPES (pH 7.5), 140mM NaCl and 2.5mM CaCl2. Next, the

cells were fixed in 10% neutral formalin, and externalized FGF1 was

detected by using the CY3-conjugated anti-mouse IgG antibody

(Sigma). Alternatively, the cells were incubated for 20min at 48C
with anti-HA monoclonal antibodies (Covance) together with the

PS-targeting chimeric antibody, bavituximab (Peregrine Pharma-

ceuticals Inc., Tustin, CA), in PBS supplemented with 1% bovine

serum albumin. Bavituximab binds to PS in a b2-glycoprotein

I-dependent manner [Luster et al., 2006]. Next, the cells were fixed

in 10% neutral formalin, externalized FGF1 was detected using the

CY3-conjugated anti-mouse IgG antibody (Sigma), and externalized

PS was detected by using FITC-conjugated anti-human IgG

antibody (Invitrogen).

To visualize external and internal cell membranes, the cells were

fixed for 10min in 10% neutral formalin, incubated 30min in

blocking buffer (PBS with 5% bovine serum albumin and 0.1%

Triton X100), and then stained with 5,5’-Phe2-DilC18(3) or Vybrant

(both from Invitrogen) in the blocking buffer. Nuclei were stained

with TO-PRO3 (Invitrogen). To visualize the actin cytoskeleton,

fixed and permeabilized cells were stained with Alexa488-

conjugated phalloidin (Invitrogen).

To simultaneously visualize externalized and intracellular

FGF1:HA, the transduced NIH 3T3 cells were incubated for 20min

at 48C with FITC-conjugated anti-HA antibodies (Sigma) in buffer

composed of 10mM Hepes (pH 7.5), 140mM NaCl, and 2.5mM

CaCl2, then fixed with 10% neutral formalin, permeabilized with

0.1% Triton X100, incubated with anti-HA rabbit monoclonal

antibodies (Covance), and then with the CY3-conjugated anti-rabbit

IgG antibodies (Sigma).

To visualize the externalized PS in U937 cells, we incubated

live cells with phycoerythrin-conjugated Annexin V (Invitrogen).

The visualization of externalized FGF1:GFP in stably transfected

U937 cells was achieved by incubation of live cells with E6

monoclonal anti-GFP antibodies (Invitrogen) followed by formalin

fixation and staining with CY3-conjugated anti-mouse IgG

antibodies.

Fluorescent preparations were embedded in Vectashield (Vector

Laboratories, Burlingame, CA), and the images were taken using the

Leica SP1 confocal microscope at the MMCRI confocal microscopy

facility.

ANALYSIS OF PLSCR1 EXPRESSION

RT-PCR analysis of PLSCR1 expression was performed with total

RNA isolated from U937 cells using the RNeasy kit (Qiagen,

Valencia, CA). Total RNA (1mg) was used as a template for the

PCR reaction performed with the Platinum Tap One Step RT-PCR

Kit (Invitrogen). The following PCR primers were utilized: forward

50-GGTGCCTGTTTCCTCATTGAC-30 and reverse 50-GTCCTTTTTCT-
CAAATTGAC-30. b-actin expression served as a control for RNA

loading. The amplification products were visualized by 1.5%

agarose gel electrophoresis and ethidium bromide staining.

ANALYSIS OF FGF1 RELEASE

The NIH 3T3 cells were used to study FGF1 release 48 h after

adenoviral transduction with FGF1. The heat shock-induced FGF1

release assay was performed by incubation of the cells at 428C for

110min in serum-free DMEM containing 5U/ml of heparin (Sigma),

as previously described [Jackson et al., 1992]. Control cultures were

incubated at 378C for the same period. Conditioned media were

collected, briefly centrifuged at 1,000g to remove detached cells,

and FGF1 was isolated for immunoblot analysis using heparin–

Sepharose chromatography as described. A similar method was used

to study the export of stably transfected FGF1 from adherent

differentiated U937 cells. To assess the FGF1 release from

nonadherent U937 cells, the cells were collected by centrifugation

and then resuspended in serum-free DMEM containing 5U/ml of

heparin.

Cell viability was assessed by measuring lactate dehydrogenase

(LDH) activity in the medium using the Promega CytoTox kit

(Promega, Madison, WI).

To analyze the association of released FGF1 with microparticles

and exosomes, the conditioned media were pre-centrifuged for

10min at 1,000g to remove detached cells and then supernatants

were centrifuged for 1 h at 100,000g. The supernatants were

removed and pellets were resuspended in 1ml PBS containing

0.1% Triton X 100 to lyse the precipitated vesicles. FGF1 was

isolated from the supernatants and pellet lysates using heparin

chromatography.

RESULTS

STRESS-INDUCED EXPORT OF FGF1 OCCURS IN THE LIMITED

DOMAINS OF THE CELL SURFACE CHARACTERIZED BY

MEMBRANE PROTRUSIONS

To investigate the topologic distribution of FGF1 that is exported to

the cell surface, NIH 3T3 cells were adenovirally transduced with

FGF1:HA and incubated for 110min in DMEM at 428C (heat shock)

or 378C (control). The cells were incubated at 48C for an additional

20min in isotonic HEPES buffer with Ca2þ and FITC-conjugated

mouse monoclonal anti-HA antibodies, and then fixed. Following

the fixation, the cells were permeabilized and stained for intra-

cellular FGF1 (using rabbit anti-HA antibodies followed by

CY3-conjugated secondary antibodies) or membranes (using 5,50-
Phe2-DilC18(3) or Vybrant lipid stains). As expected, non-stressed

cells were largely negative for externalized FGF1. The stressed cells

exhibited distinct 0.5–8mm round or oval domains that were

positive for externalized FGF1 (Fig. 1A). Typically, these domains

were also characterized by an increased concentration of intracel-

lular FGF1 (Fig. 1B). Membrane staining and confocal studies at high

magnification demonstrated that portals of FGF1 release were

usually associated with membrane blebs (Fig. 1C). The expression of

FGF1 at the cell surface was stress-dependent and transient. Indeed,

2 h after the cells were returned to 378C, the FGF1-HA positivity of

cell surface was mostly lost (data not shown). The presence of

externalized FGF1 on cell membrane protrusions could indicate that

FGF1 is released into the medium as a component of the detached

blebs. Indeed, bleb-derived microparticles are involved in the export

of multiple biologically active proteins [Al-Nedawi et al., 2009;

Sabatier et al., 2009; Hendrix et al., 2010]. To examine this

possibility, membrane particles were collected by ultracentrifuga-

tion from media conditioned by heat shocked FGF1-expressing NIH
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3T3 cells as described for FGF2 by Nickel and coworkers

[Seelenmeyer et al., 2008]. The resulting pellet and supernatant

were examined for the presence of FGF1. Almost all of the released

FGF1 was found in the supernatant (Fig. 1D). Based on these results,

we conclude that cell surface protrusions represent the portals but

not the vehicles for stress-induced FGF1 export.

FGF1 EXPORT DOMAINS CONTAIN EXTERNALIZED PS

FGF1 and other members of FGF1 release complex bind PS with high

affinity [Tarantini et al., 1995; Prudovsky et al., 2008]. We have

shown that FGF1 specifically destabilizes bilayers composed of

acidic phospholipids, such as PS, phoshatidylglycerol and phos-

phatidylinositol [Graziani et al., 2006]. Thus, we hypothesized that

stress conditions, resulting in the movement of PS from inner to

outer plasma membrane leaflet might provide a mechanism for

transport of FGF1 from the cytosol into the external medium

[Prudovsky et al., 2008]. To assess this hypothesis for nonclassical

export of FGF1, we incubated stressed and control cells with a

mixture of anti-HA antibodies and FITC-labeled Annexin V, which

binds to externalized PS. After fixation, the cells were incubated

with CY3-conjugated secondary antibodies. Confocal microscopy

revealed that the FGF1 export domains were PS positive (Fig. 1E,F).

These results were confirmed with bavituximab [Marconescu and

Thorpe, 2008] that binds and stabilizes complexes of PS and b2-

glycoprotein I [Luster et al., 2006]. Bleb-like structures on the

surface of heat-shocked cells were coincidently stained with both

anti-HA antibodies and bavituximab (Fig. 1G). These results suggest

that FGF1 export occurred in conjunction with the externalization

Fig. 1. Stress-induced export of FGF1 is associated with the formation of membrane protrusions and externalization of PS. Each figure is representative of four independent

experiments. A: Visualization of released FGF1 at the cell surface. NIH 3T3 cells adenovirally transduced with FGF1:HA were incubated for 110min at 37 or 428C. The cells were
then treated for 20min at 48C with FITC-conjugated anti-HA antibodies (green), fixed with neutral formalin and permeabilized. The cell membranes were stained with the 5,50-
Phe2-DilC18(3) dye (red) and nuclei with the TOPRO-3 dye (blue). Bar—31.75mm. B: Simultaneous visualization of internal and externalized FGF1 in a heat-shocked cell. After

heat shock, the cells were stained with FITC-conjugated anti-HA antibodies (green), fixed, permeabilized, and stained for internal FGF1 using rabbit anti-HA antibodies followed

by CY3-conjugated secondary antibodies (red). Yellow - overlay. Bar—15.87mm. C: FGF1 exported during heat shock is localized on a large membrane bleb (high magnification).

Stained as in ‘‘A.’’ Red—membrane. Green—FGF1:HA. Bar—7mm. D: Released FGF1 is not associated with detached vesicular structures. After heat shock, cell culture medium

was collected, pre-centrifuged at 1,000g and then centrifuged at 100,000g. FGF1 from the supernatant and pellet were collected as described in the ‘‘Materials and Methods’’

Section and detected by immunoblotting. 100% of media supernatant and precipitate, and 10% of cell lysate were loaded onto the gel. E: FGF1-positive cell surface domains

contain externalized PS. NIH 3T3 cells adenovirally transduced with FGF1:HA were incubated for 110min at 428C, followed by an additional incubation for 20min at 48C with

anti-HA antibodies and FITC-Anx V (green). The cells were fixed, and externalized FGF1 was revealed by using CY3-conjugated secondary antibodies (red). Yellow—overlay.

Bar—31.75mm. F: An individual bleb with co-localization of externalized PS and FGF1, high magnification. The cells were processed as in ‘‘E.’’ Bar–2.5mm. G: An individual bleb

showing co-localization of externalized FGF1 and PS. The cells were processed similar to ‘‘E’’ except that an alternative PS detecting agent, bavituximab, was used to detect

externalized PS. Bound bavituximab was detected with FITC-conjugated antibodies to human IgG. Bar–2.0mm.
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of PS. The stress conditions we used were strictly controlled and did

not induce cell death as assessed by the absence of LDH release

induction in all supernatants and by DAPI staining used to detect the

formation of apoptotic nuclear fragments (data not shown).

CHEMICAL COMPOUNDS INHIBITING PS EXTERNALIZATION

REPRESS STRESS-INDUCED FGF1 EXPORT

Our next aim was to determine if there is a causal relationship

between cell surface PS exposure and stress-induced FGF1 export.

The asymmetric distribution of PS between inner and outer plasma

membrane leaflets is believed to be regulated by multiple

membrane-associated enzymes [Lenoir et al., 2007]. The most

extensively studied are: (1) aminophospholipid translocase

[Seigneuret and Devaux, 1984], a Type IV ATPase that serves to

sequester PS to the inner surface of the plasma membrane by

catalyzing its movement from outer to inner leaflet; and (2) PLSCR1

[Sims and Wiedmer, 2001], a membrane-associated protein that was

isolated and characterized based upon its ability to mediate collapse

of transbilayer phospholipid asymmetry through Ca2þ-activated
bidirectional transbilayer movement of PS and other lipids in

reconstituted proteoliposomes, and was proposed to serve this same

‘‘phospholipid scramblase’’ function in the plasma membrane.

However, no chemical compound has been identified that targets

a specific PS translocating enzyme and thus induces or inhibits PS

exposure.

At the same time, several chemicals were reported to suppress PS

externalization. To explore the functional relationship between

movement of PS to the cell surface and export of FGF1 into the

cell medium, we undertook to identify inhibitors of both processes.

Taurine is a non-essential amino acid that is a membrane stabilizing

and cytoprotective [Anderheggen et al., 2006] agent, which is

present in high concentrations in animal organisms and used as an

anti-inflammatory nutrient supplement [Yamori et al., 2010]. Using

in vivo staining with phycoerythrin-conjugated annexin V, we

found that taurine caused an inhibition of heat shock-induced PS

externalization in NIH 3T3 cells (Fig. 2A). Using heparin chroma-

tography followed by immunoblotting, we found that taurine also

induced a concentration-dependent inhibition of FGF1 export from

NIH 3T3 cells (Fig. 2B).

In addition, the b-adrenergic receptor agonist, isoproterenol, has

been reported to inhibit cell surface PS exposure [Lang et al., 2005].

We found that similar to taurine, this compound inhibited PS

exposure and FGF1 export (Fig. 2C,D).

Thus, two unrelated molecules were demonstrated to suppress

both PS externalization and FGF1 export.

STRENGTHENING THE BINDING BETWEEN PLASMA MEMBRANE

AND THE SUBMEMBRANE CYTOSKELETON INHIBITS FGF1 EXPORT

Bleb formation relies on the local weakening of the connection

between the plasmamembrane and submembrane actin [Fackler and

Fig. 2. Chemical agents repressing PS exposure inhibit stress-induced FGF1 export. Each figure is representative of three independent experiments. A: Taurine inhibits PS

externalization. NIH 3T3 cells were incubated with or without 40mM taurine (Sigma) for 2 h at 378C in DMEM plus 10% serum, followed by an additional 110min 428C in

DMEM without serum. Next, the cells were incubated for 20min at 48C with annexin V conjugated to phycoerythrin. The cells were examined under a confocal microscope; the

combined phase contrast and phycoerythrin fluorescence (red) images are presented. PS externalization is marked with arrows. Bar—20mm. B: Taurine inhibits heat shock-

induced FGF1 export in a concentration-dependent manner. NIH 3T3 cells adenovirally transduced with FGF1 were incubated with or without 8, 20, or 40mM taurine (Sigma)

for 2 h at 378C in DMEM plus 10% fetal calf serum, followed by an additional incubation for 110min at 378C or 428C in DMEM without serum. FGF1 was isolated from

conditioned media and detected by immunoblotting. C: Isoproterenol inhibits PS externalization. NIH 3T3 cells were incubated with or without 20mM isoproterenol (Sigma) for

2 h at 378C in DMEM plus 10% serum and then for additional 110min at 428C in DMEM without serum. The cells were then incubated for 20min at 48C with annexin

V:phycoerythrin (red), formalin fixed, permeabilized, stained with Alexa 488-conjugated phalloidin (green), and examined using a confocal microscope. PS externalization is

marked with arrows. Bar—15.87mm. D: Isoproterenol inhibits heat shock-induced FGF1 export. NIH 3T3 cells adenovirally transduced with FGF1 were incubated with or without

20mM isoproterenol for 2 h at 378C in DMEM plus 10% fetal calf serum, followed by an additional incubation for 110min at 37 or 428C in DMEM without serum. FGF1 was

isolated from conditioned media and detected using immunoblotting.
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Grosse, 2008; Charras et al., 2009]. The cell membrane is bound

to actin by the proteins of ERM family, one of which is ezrin

phosphorylated at threonine 567 [Arpin et al., 2011]. The expression

of the CA T567D mutant of ezrin results in the stable binding of

actin cytoskeleton to the cell membrane [Fievet et al., 2007].

We generated NIH 3T3 cells that inducibly express WT or CA ezrin

after doxycycline stimulation (Fig. 3A). We compared FGF1 release

from the doxycycline-stimulated NIH 3T3 cells cotransfected with

rtTA and either WT ezrin, CA ezrin, or empty vector (Fig. 3C).

Doxycycline caused considerable FGF1 export from all these cells

at normal temperature, which may be due to its stressful effect on

mitochondria [van den Bogert et al., 1986]. However, heat shock

significantly increased FGF1 secretion in doxycycline-treated cells.

We found that in the cells expressing CA ezrin the export of FGF1

was suppressed both at 37 and 428C (Fig. 3C). Cells expressing CA

ezrin also exhibited a decreased externalization of PS after heat

shock (Fig. 3B). These data support the importance of bleb formation

(which is dependent on the decrease of cytoskeleton-membrane

interaction) for the export of FGF1.

BLEB FORMATION AND EXTERNALIZATION OF PS CORRELATE

WITH FGF1 EXPORT IN DIFFERENTIATED PROMONOCYTIC

LEUKEMIA CELLS

The correlation between FGF1 export and blebbing in fibroblastic

cells prompted us to explore whether a similar connection can be

observed in a promonocyte culture, U937. Therefore, we used

U937 cells stably transfected with FGF1. We assessed FGF1 export

at 37 and 428C in undifferentiated U937 cells and in cells induced

to undergo a macrophage-like differentiation by treatment with

150 nM PMA for 48 h (Fig. 4A). Although undifferentiated cells

growing in suspension exhibited a barely detectable FGF1 export,

adherent differentiated cells were characterized by a massive FGF1

release (Fig. 4A). Interestingly, heat shock only marginally induced

FGF1 secretion from differentiated cells (Fig. 4A), and LDH release

assays did not reveal cell damage under either PMA treatment or

heat shock (results not shown). Undifferentiated U937 cells had a

smooth surface both at normal temperature and at the heat shock

(Fig. 4B). In contrast, adherent differentiated U937 cells formed

numerous membrane blebs (Fig. 4B). In addition, PMA-treated

U937 cells exhibited localized externalization of PS (Fig. 4C). To

visualize the release of FGF1 to the cell surface, we used U937 cells

stably transfected with FGF1:GFP. In this experiment, externalized

FGF1 was detected using monoclonal anti-GFP antibodies followed

by CY3-conjugated secondary antibodies, while internal FGF1 was

detected by GFP fluorescence (Fig. 4D,E). As expected, undifferen-

tiated U937 cells did not show significant externalization of FGF1,

while pronounced FGF1 externalization was observed in differenti-

ated cells. Unlike heat shocked NIH 3T3, we did not observe distinct

domains enriched in externalized FGF1 in differentiated U937 cells.

This is apparently due to the diffusion of externalized FGF1 across

the cell surface during the prolonged differentiation period, which is

characterized by high mobility of cell membrane. In contrast, the

localized distribution of externalized PS could be explained by its

relatively short lifetime on cell surface.

Fig. 3. Expression of CA ezrin decreases stress-induced PS externalization and attenuates FGF1 export. Each figure is representative of three independent experiments.

A: Peripheral distribution of CA ezrin in stably transfected cells. NIH 3T3 cells stably cotransfected with rtTA and CA ezrin under control of the Tet promoter were stimulated for

48 h with 10mg/ml doxycycline, formalin fixed, and stained for CA ezrin (anti-VSVG antibodies followed by FITC-conjugated secondary antibodies, green) and DNA (TO-PRO3,

red). Confocal image. Peripheral ezrin is marked with arrows. Bar—15.87mm. B: Decrease of PS externalization in cells expressing CA ezrin. NIH 3T3 cells stably transfected with

rtTA, and either the empty pTRE2Hygro vector or the CA ezrin vector were stimulated for 48 h with doxycycline, and incubated for 110min at 428C. The live cells were then
stained with annexin V:phycoerythrin (red), formalin fixed, stained with Alexa-488 conjugated phalloidin (green), and examined by confocal microscopy. PS externalization is

marked with arrows. Bar—15.87mm (C). CA ezrin decreases FGF1 export. NIH 3T3 cells cotransfected with rtTA and either the empty pTRE2Hygro vector, WT ezrin, or CA ezrin

were adenovirally transduced with FGF1, stimulated for 48 h with doxycycline, and then incubated for 110min at 37 or 428C in DMEM without serum. FGF1 was isolated from

conditioned media and detected by immunoblotting.
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In conclusion, these experiments demonstrate that macrophage-

like differentiation results in strong FGF1 export, which correlates

with membrane blebbing and PS externalization.

INTRACELLULAR CALCIUM, BUT NOT PLSCR1 IS REQUIRED FOR

FGF1 EXPORT FROM DIFFERENTIATED U937 CELLS

Because differentiation of U937 cells is accompanied by increased

cytosolic calcium concentration [Klein et al., 1990], which can

stimulate PS externalization [Vance and Steenbergen, 2005],

we assessed the effect of the cell-permeable calcium chelator,

BAPTA-AM, on FGF1 export from PMA-treated U937 cells. We

found that BAPTA-AM inhibited both FGF1 export (Fig. 5A) and PS

exposure (Fig. 5B) in these cells. Interestingly, copper chelator

tetrathiomolybdate (TM), which inhibits FGF1 export from stressed

fibroblasts [Landriscina et al., 2001a], failed to suppress FGF1

secretion from differentiated U937 macrophages (Supplementary

Fig. 1).

PLSCR1 is an endofacial plasma membrane protein proposed

to mediate intracellular Ca2þ-activated transbilayer movement of

plasmamembrane phospholipids, resulting in PS exposure at the cell

surface [Sims andWiedmer, 2001]. Chen and coworkers showed that

undifferentiated U937 had low expression of PLSCR1, which was

dramatically enhanced upon the induction of cell differentiation

[Huang et al., 2006]. We confirmed these results using RT-PCR

with specific PLSCR1 primers (Fig. 5C). The marked contrast of

undifferentiated U937 that do export very low amounts of FGF1

versus PMA-differentiated U937 that extensively release FGF1

suggested that this up-regulation of FGF1 export upon cell

differentiation might be directly related to the concomitant up-

regulation of PLSCR1 expression. To examine this possibility,

U937 cells stably overexpressing PLSCR1:GFP were generated. We

found that the over-expression of PLSCR1 failed to stimulate FGF1

release from heat shocked undifferentiated U937 cells, and did not

enhance FGF1 secretion stimulated by PMA (Fig. 5D). Furthermore,

we produced U937 cells in which PLSCR1 had been stably knocked

Fig. 4. Phorbol ester-induced differentiation of promonocytic leukemia cells is accompanied by FGF1 export, membrane blebbing, and PS externalization. Each figure is

representative of four independent experiments. A: PMA treatment induces FGF1 export from U937 cells. U937 cells stably transfected with FGF1 were treated or not treated

with 150 nM PMA for 48 h, and then incubated for 110min at 37 or 428C. FGF1 was isolated from conditioned media and detected using immunoblotting. 100% medium and

10% cell lysate were loaded per lane. B: PMA treatment induces bleb formation in U937 cells. Control and PMA-treated U937 cells were formalin fixed and stained with the

Vybrant membrane stain (red). The nuclei were stained with TOPRO3 (blue). Confocal images. Bar–20mm. C: PMA-induced differentiation of U937 cells is accompanied by the

externalization of PS. PMA-treated and untreated U937 cells transfected with FGF1:GFP (green) were incubated for 20min with phycoerythrin-conjugated Annexin V (red),

formalin fixed, and examined by confocal microscopy. PS externalization is marked with arrows. Bar—15.87mm (D,E). Externalization of FGF1 in PMA-treated U937 cells. PMA-

treated and untreated U937 cells transfected with FGF1:GFP (green) were incubated for 20min with monoclonal anti-GFP antibodies (red), formalin fixed, incubated with CY3-

conjugated secondary antibodies, and examined by confocal microscopy. FGF1 externalization is marked with arrows. Bar–31.75mm. E: PMA-treated U937 transfected with

FGF1:GFP, higher magnification. Processed as in ‘‘D.’’ Additional staining of nuclei with TOPRO-3 (blue). Bar—19mm.
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down (Fig. 5E). We found that PLSCR1 knockdown had no effect on

FGF1 secretion in PMA-treated cells (Fig. 5F).

DISCUSSION

Unlike spontaneous FGF2 export that occurs through submicron-

sized non-raft membrane patches evenly distributed through the

cell surface [Engling et al., 2002], stress-induced FGF1 secretion

proceeds through large membrane domains. The co-localization of

externalized FGF1 and PS in these domains corroborates our earlier

hypothesis that stress-induced translocation of acidic phospholipids

could be a driving force of stress-dependent FGF1 export

[Prudovsky et al., 2008]. We demonstrated that FGF1 not only

selectively binds PS [Tarantini et al., 1995] but also efficiently

destabilizes artificial membranes composed of acidic phospholipids,

such as phosphatidylserine, phosphatidylglycerol, and phosphati-

dylinositol, but not zwitterionic phosphatidylcholine [Graziani

et al., 2006]. The 40 kDa form of synaptotagmin 1, a critical member

of the FGF1 export complex, which efficiently binds PIP2 [Sutton

et al., 1995], permeabilizes artificial bilayers composed of

phosphatidylinositol but not of phosphatidylcholine. Moreover,

mutations of FGF1 and 40 kDa synaptotagmin 1, which abolish the

destabilization of acidic phospholipid liposomes, strongly inhibit

the stress-induced release of these proteins. In addition, another

member of FGF1 export pathway, sphingosine kinase 1 [Stahelin

et al., 2005] binds PS with high affinity. The transmembrane

translocation of PS occurs both in the plasma membrane under cell

stress and in the membranes of the trans-Golgi network under

normal conditions [Fairn et al., 2011]. The mechanisms underlying

these processes are not well understood. Schroit and coworkers

[Mirnikjoo et al., 2009] demonstrated that PS externalization in

apoptotic cells is a result of lysosome fusion with the plasma

membrane. However, we found that the lysosomotrophic amine,

chloroquine, as well as a caspase I inhibitor failed to suppress PS

exposure and FGF1 export in heat shocked NIH 3T3 cells (data not

Fig. 5. Intracellular calcium but not PLSCR1 is required for FGF1 export from U937 cells. Each figure is representative of three independent experiments. A: BAPTA-AM

inhibits FGF1 export from U937 cells in a concentration-dependent manner. U937 cells stably transfected with FGF1 were treated with 150 nM PMA for 48 h, and then

incubated for 110min at 378C in presence or absence of BAPTA-AM. FGF1 was isolated from conditioned media and detected using immunoblotting. 100%medium and 2% cell

lysate were loaded per lane. B: BAPTA-AM inhibits PS externalization in differentiated U937 cells. PMA-treated U937 cells were preincubated for 2 h with or without 50mM

BAPTA-AM and then incubated for 20min with phycoerythrin-conjugated Annexin V (red), formalin fixed, permeabilized, stained with Alexa 488-phalloidin (green) and

studied using confocal microscopy. PS externalization is marked with arrows. Bar–31.75mm. C: Undifferentiated U937 cells have low PLSCR1 expression, which is enhanced

with PMA treatment. RNA was isolated from undifferentiated U937 cells and U937 cells treated for 48 h with 150 nM PMA. RT-PCR was performed using PLSCR1 and b-actin

(control) primers. D: Over-expression of PLSCR1 does not enhance FGF1 export from U937 cells. U937 cells stably transfected with PLSCR1:GFP or with GFP (control) were

treated or not with 150 nM PMA for 48 h, and incubated for 110min at 378C or 428C. FGF1 was isolated from conditioned media and detected by immunoblotting. 100%

medium and 10% cell lysate were loaded per lane. E: Specific shRNA decreases PLSCR1 expression in U937 cells. RNA was isolated from PMA-treated U937 cells stably

transfected with PLSCR1 shRNA or control shRNA. RT PCR was performed using PLSCR1 and b-actin (control) primers. F: shRNA knockdown of PLSCR1 does not affect FGF1

export from U937 cells. U937 cells stably transfected with FGF1 and cotransfected with PLSCR1 shRNA or control shRNA were treated or not with 150 nM PMA for 48 h,

and then incubated for 110min at 37 or 428C. FGF1 was isolated from conditioned media and detected using immunoblotting.
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shown). Interestingly, the co-localization with exposed PS has been

observed for another non-classically exported protein, epimorphin

[Hirai et al., 2007].

We found that two chemical compounds, the nonessential amino

acid taurine and the agonist of b-adrenergic receptors isoproterenol,

efficiently suppressed both the stress-induced externalization of PS

and FGF1 export. Interestingly, taurine exhibits anti-inflammatory

activity [Yamori et al., 2010] and inhibits the growth of certain

tumor types [Neary et al., 2010]. Although the molecular

mechanisms underlying the biological effects of taurine are

unknown, it has been used as a beneficial nutritional supplement

[Yamori et al., 2010]. Based on our results, we suggest that the

inhibition of nonclassical export of mitogenic and pro-inflamma-

tory proteins at least partially underlies the biological effects of

taurine.

The localization of externalized FGF1 in the protrusions of the

cell membrane could indicate that FGF1 export proceeds as a result

of the detachment of cytoplasmic blebs. However, our experiments

in which microparticles were removed from conditioned medium

by ultracentrifugation showed that FGF1 is not associated with

detached blebs or released exosomes, and is present in the

supernatant. Interestingly, Nickel and coworkers demonstrated

similar results using fractionation of conditioned medium to study

the spontaneous export of FGF2 [Seelenmeyer et al., 2008]. Based on

these experiments, we conclude that FGF1 is exported from the

surface of membrane protrusions in stressed cells, and FGF1

subsequently partitions as a soluble protein into the medium. It is

possible that the high curvature of the cell membrane in protrusions

facilitates the transmembrane movement of PS along with its

associated FGF1 to the external surface of the bleb. Bleb formation

requires the dissociation between the plasma membrane and

underlying subplasmalemmal actin cytoskeleton [Fackler and

Grosse, 2008; Charras et al., 2009]. The retraction of cell protrusions

relies on the local increase of ezrin, a protein responsible for the

attachment of cell membrane to filamentous actin [Arpin et al.,

2011]. Our experiments with inducible expression of CA ezrin

demonstrate the importance of blebbing for stress-induced export of

FGF1.

The experiments with U937 cells provided additional support for

the role of blebbing and PS externalization in FGF1 export. Indeed,

although heat shock, which does not influence U937 cell shape,

failed to induce the release of FGF1 from these cells, phorbol ester-

induced differentiation caused both the formation of cell protru-

sions and massive FGF1 export from U937 cells. In addition, the

differentiation of U937 cells was accompanied by PS externaliza-

tion. Both FGF1 release and PS exposure in differentiated U937 cells

depended on intracellular calcium.

PLSCR1 has been widely assumed to mediate the cell surface

exposure of PS through its capacity to mediate Ca2þ activated

transbilayer movement of phospholipids in reconstituted membrane

vesicles, thereby promoting collapse of transbilayer lipid asymmetry

[Sims and Wiedmer, 2001]. Interestingly, PLSCR1, being a signal

peptide-less protein (like FGF1), is secreted through a lipid raft-

dependent nonclassical pathway [Merregaert et al., 2010]. We

performed a series of experiments to assess the potential role of

PLSCR1 in the stress-induced export of FGF1 from differentiated

U937 cells, which express this protein at higher levels than do

undifferentiated cells. These results indicate that PLSCR1 is not

required for FGF1 secretion from U937 cells. Although a strong

correlation exists between FGF1 export and PLSCR1 expression in

U937 cells, PLSCR1 has been shown to be neither sufficient nor

necessary for PS externalization in live cells [Zhou et al., 2002], and

it has other functions besides phospholipid translocation [Ben-

Efraim et al., 2004; Chen et al., 2010]. Thus, the acidic phospholipid

transporter(s) involved in the nonclassical secretion of FGF1 have

yet to be elucidated. In addition, the mechanistic similarity between

stress-induced FGF1 export from fibroblast and differentiation-

related FGF1 release from macrophages is also a subject of further

studies. Both processes exhibit correlation between FGF1 secretion

and PS exposure. However, unlike stressed fibroblasts [Landriscina

et al., 2001a], FGF1 export from differentiated macrophages was

resistant to copper chelation by TM.

In conclusion, bleb formation and PS externalization appear to be

causally related to stress-induced FGF1 export. Although the exact

molecular mechanism of stress-induced FGF1 translocation has yet

to be understood, the finding that pharmacological inhibition of PS

externalization also inhibits FGF1 release suggests that the two

processes are intertwined. Potentially, inhibitors of PS export, or

PS-targeting antibodies such as bavituximab, could impede FGF1

release and angiogenesis in tumors. Interestingly, the recent study

by Riedl et al. [2011] demonstrates a strong correlation between the

non-apoptotic externalization of PS and malignancy of melanomas.
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