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Abstract

Mitogen-activated protein kinases (MAPK) can be activated by a number of biochemical 

pathways through distinct signaling molecules. We have recently revealed a novel function for the 

Ras-like small GTPase ADP-ribosylation factor 1 (ARF1) in mediating the activation of Raf1-

MEK-ERK1/2 pathway by G protein-coupled receptors. Here, we have further defined the 

underlying mechanism and the possible function of ARF1-mediated MAPK pathway. We 

demonstrated that the blockage of ARF1 activation and the disruption of ARF1 localization to the 

Golgi by mutating Thr48, a highly conserved residue involved in the exchange of GDP for GTP, 

and the myristoylation site Gly2 abolished ARF1's ability to activate ERK1/2. In addition, 

treatment with Golgi structure disrupting agents markedly attenuated ARF1-mediated ERK1/2 

activation. Furthermore, ARF1 significantly promoted cell proliferation. More interestingly, ARF1 

activated 90kDa ribosomal S6 kinase 1 (RSK1) without influencing Elk-1 activation and ERK2 

translocation to the nuclei. These data demonstrate that, once activated, ARF1 activates the 

MAPK pathway likely using the Golgi as a main platform, which in turn activates the cytoplasmic 

RSK1, leading to cell proliferation.

1. Introduction

Mitogen-activated protein kinases (MAPKs) regulate a variety of cell functions and can be 

activated by a diverse array of extracellular stimuli and through distinct biochemical 

pathways. The best characterized MAPK signaling cascade involves the activation of the 

cell surface growth factor receptors, activation of cytoplasmic signaling proteins and 

phosphorylation/activation of three protein kinases, Raf1, MEK and ERK1/2 [1, 2]. Over the 

past decades, a number of signaling molecules, including protein kinases, heterotrimeric G 

* Corresponding author. Tel.: +1 706 721 0999; fax: +1 706 721 2347. guwu@gru.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell Signal. Author manuscript; available in PMC 2016 October 01.

Published in final edited form as:
Cell Signal. 2015 October ; 27(10): 2035–2044. doi:10.1016/j.cellsig.2015.06.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proteins, small GTPases, and β-arrestins, have been identified to be involved in the 

activation of the Raf1-MEK-ERK1/2 pathway by G protein-coupled receptors (GPCRs) and 

predominant mechanism used depends upon receptor and cell types [3-10].

ADP-ribosylation factors (ARFs) are Ras-related small GTPases and have been well 

characterized to regulate vesicular trafficking. Specifically, ARF1 plays a crucial role in the 

formation of distinct transport vesicles in both anterograde and retrograde transport 

pathways [11-18]. Like other GTPases, the function of ARF1 is highly regulated by its 

recycling between active GTP-bound and inactive GDP-bound conformation. The GDP-

bound ARF1 may be recruited from cytosol onto the membrane by interacting with receptor 

proteins and its association with the membrane is mediated through the N-terminal 

myristoylated amphipathic helix domain, a process important for the exchange of GDP for 

GTP by guanine nucleotide exchange factors. Active GTP-bound ARF1 subsequently 

interacts with downstream effectors to recruit distinct protein complexes onto different 

intracellular compartments, resulting in the formation of different transport vesicles. In 

addition, ARF1 has been shown to activate signaling molecules, such as phospholipase D, 

PI3K and type I phosphatidylinositol 4-phosphate 5-kinase [19-26]. These data suggest that, 

in addition to its well-established trafficking function, ARF1 GTPase also functions as a 

signal transducer

During the studies of regulation of GPCR trafficking and signaling by ARFs [27, 28], we 

found that the activation the MAPK Raf1-MEKERK1/2 pathway by α2B-adrenergic receptor 

(α2B-AR), a typical GPCR, may be partially mediated through ARF1 [29]. In the current 

study, we have further defined the underlying molecular mechanism and the possible 

function of this ARF1-mediated MAPK signaling pathway.

2. Experimental procedures

2.1. Materials

The glutathione S-transferase (GST) fusion protein constructs coding the VHS and VHS-

GAT domains of Golgi-localized γ-ear-containing ARF1-binding protein 3 (GGA3) and the 

GFP-ERK2 construct were provided by Dr. Juan S. Bonifacino and Dr. Philip J.S. Stork, 

respectively. RSK1 dominant-negative mutant (pKH3-avian RSK1K112/464R) was 

obtained from Addgene (Cambridge, MA). ARF1 antibodies were purchased from Stressgen 

(Ann Arbor, MI). Antibodies against green fluorescent protein (GFP) and phospho-ERK1/2 

were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies against ERK1/2 

and cyclin D1 were from Cell Signaling Technology, Inc. (Beverly, MA). Giantin antibodies 

were from Abcam Inc. (Cambridge, MA); GW5074, wortmannin and morin were from 

Sigma (St Louis, MO). U0126, PD98059, PP2, KT5720, KT5823 and LY294002 were 

purchased from Calbiochem (San Diego, CA). Nacodazole, brefeldin A (BFA) and 

ilimaquinone were from Sigma (ST Louis, MO). [3H]-RX821002 (specific activity = 50 Ci/

mmol) was from Perkin Elmer Life Sciences. All other materials were obtained as described 

elsewhere [29-31].
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2.2. Plasmid constructions

ARF1 and its mutants conjugated with GFP at their C-termini were generated by using the 

BamHI and EcoRI restriction sites of the pEGFP-N1 vector. The mutations were carried out 

using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The 

sequence of each construct used in this study was verified by restriction mapping and 

nucleotide sequence analysis.

2.3. Cell culture and transient transfection

HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% 

fetal bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin. Transient 

transfection of the HEK293 cells was carried out using Lipofectamine 2000 reagent 

(Invitrogen) as previously described [33]. The transfection efficiency was estimated to be 

greater than 70% based on the GFP fluorescence.

2.4. Measurement of ARF1 activation

The GST pull down assay was used to measure ARF1 activation by using GST-VHS- GAT-

fusion protein in which the GAT domain specifically interacts with the activated form of 

ARF1 as described [32]. GST fusion proteins were expressed in bacteria and purified using a 

glutathione affinity matrix as described previously [33]. GST fusion proteins immobilized 

on the glutathione resin were incubated with total lysate prepared from cells transfected with 

ARF1 or its mutants in 500 μl of binding buffer (20 mM Tris-HCl, pH 7.5, 2% NP-40, 70 mM 

NaCl) at 4 °C overnight. The resin was washed four times with 1 ml of binding buffer, and 

the retained proteins were solubilized in 1 × SDS gel loading buffer and separated by SDS-

PAGE. Bound proteins were detected by immunoblotting.

2.5. Measurement of ERK1/2 and RSK1 activation

HEK293 cells cultured on 6-well dishes were transfected with 1.0 μg of ARF1 for 8 h. The 

cells were then split at 1:2 ratio and cultured for additional 18-24 h. For drug treatment, 

HEK293 cells were transfected with ARF1Q71L and then treated with individual drug 

overnight. The cells were solubilized by addition of 300 μl SDS gel loading buffer and 20 μl 

of total cell lysate was separated by SDS-PAGE. Activation of ERK1/2 and RSK1 was 

determined by immunoblotting measuring their phosphorylation with phosphor-specific 

antibodies as described previously [29, 30].

2.6. Measurement of Elk-1 activation

Elk-1 activation was measured by using the Elk-1-driven luciferase reporter system 

(Stratagene, La Jolla, CA) as described [34]. HEK293 cells cultured on 6-well dishes were 

transfected with 0.5 μg ARF1Q71L together with 25 ng GAL4-Elk-1, 0.5 μg pFR-luc. After 

6 h, the cells were split onto 12-well dishes. Twenty-four h after transfection, the cells were 

starved for 6 h and lysed with 100 μl of luciferase lysis buffer (Promega). Five μl of total 

cell lysates was used to measure luciferase activities using a luminometer (Model 2010, 

MGM Instrument).
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2.7. Confocal Fluorescence Microscopy

HEK293 cells grown on coverslips pre-coated with poly-L-lysine in 6-well plates were 

transfected with ARF1 for 36 h. The cells were then fixed with 4% paraformaldehyde-4% 

sucrose mixture in PBS for 15 min, permeabilized with PBS containing 0.2% Triton X-100 

for 5 min, and blocked with 5% FBS for 1 h. The cells were then incubated with antibodies 

against giantin, a Golgi marker, at a dilution of 1:500 for 1 h. After washing with PBS (3 × 5 

min), the cells were incubated with Alexa Fluor 594-labeled secondary antibody (1:1000 

dilution) for 1 h at room temperature. To visualize the subcellular localization of ERK2, 

ERK2 was tagged with GFP and co-transfected with ARF1Q71L in HEK293 cells. The 

coverslips were mounted with prolong antifade reagent (Invitrogen) and images were 

captured using a LSM510 Zessis confocal microscope equipped with a 63× objective as 

described previously [35]

2.8. Intact cell radioligand binding

The effect of ARF1 on the cell surface expression of α2B-AR was measured by ligand 

binding of intact live cells using HEK293 cells stably expressing HA-α2B-AR and the 

membrane impermeable ligand [3H]-RX821002 as described previously [35, 36]. Briefly, 

HEK293 cells cultured on 6-well dishes were transfected with ARF1 and then split into 12-

well dishes. The cells were incubated with 300 μl of DMEM plus [3H]-RX821002 at a 

concentration of 20 nM for 90 min at room temperature. The cells were washed twice with 1 

ml of ice-cold PBS and the cell surface-bound ligands extracted by 1 M NaOH treatment for 

2 h. The non-specific binding was determined in the presence of rauwolscine (10 μM). The 

radioactivity was counted by liquid scintillation spectrometry in 3.5 ml of Ecoscint A 

scintillation solution.

2.9. Measurement of cell proliferation

Cell proliferation was measured by carboxyfluorescein diacetate duccinimidyl ester (CFSE) 

staining as described [37]. In this method, the reduction in the intensity of CFSE staining 

would reflect the enhancement of cell division. HEK293 cells were transfected with 

ARF1Q71L with or without cotransfection of the dominant negative mutant 

RSK1K112/464R for 18 h. The cells were washed with HBSS and stained with 5 μM CFSE 

in 1 ml HBSS at 37°C for 5 min. After replating the cells on 6-well dishes at a density of 75 

×104 cells/well and culture for 4 days, the cells were then harvested and analyzed by flow 

cytometry.

2.10. Immunoblotting

The total cell lysates were separated by SDS-PAGE and transferred onto polyvinylidene 

difluoride membranes. The signal was detected using ECL Plus (PerkinElmer Life Sciences) 

and a Fuji Film luminescent image analyzer (LAS-1000 Plus) and quantitated using the 

Image Gauge program (Version 3.4).

2.11. Statistical analysis

Differences were evaluated using Student's t test, and p < 0.05 was considered as statistically 

significant. Data are expressed as the mean ± S.E.
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3. Results

3.1. Effects of various protein kinase inhibitors on ARF1-mediated ERK1/2 activation

In additional to Raf1 and MEK, several other protein kinases, including Src, protein kinase 

A (PKA), protein kinases C (PKC), phosphoinositide 3-kinases (PI3K) and 

phosphatidylinositol 4-phosphate kinases (PIP4K) have been shown to participate in the 

activation of ERK1/2 by different stimuli [38]. To determine if these protein kinases are 

involved in ERK1/2 activation by ARF1, HEK293 cells were transiently transfected with 

ARF1Q71L, a constitutively active GTP-bound ARF1 mutant, and then treated with various 

kinase inhibitors. Consistent with our previous data [29], transient expression of ARF1Q71L 

markedly enhanced the activation of ERK1/2 pathway in the absence of extracellular 

stimuli. Treatments with the Raf1 inhibitor GW5074 and the MEK inhibitors U0126 and 

PD98059 profoundly blocked the ERK1/2 activation by ARF1Q71L (Fig. 1A and 1B). In 

contrast, treatments with PP2 (a Src inhibitor), KT5720 (a PKA inhibitor), KT5823 (a PKC 

inhibitor), LY294002, wortmannin (PI3K inhibitors), and morin (a PIP4K inhibitor) at 

concentrations which have been previously shown to inhibit ERK1/2 activation did not 

significantly alter ERK1/2 activation by ARF1Q71L (Fig. 1A and 1B). These data suggest 

that the protein kinases Src, PKC, PKA, PI3K and PIP4K are unlikely involved in ARF1-

mediated ERK1/2 activation.

3.2. Effect of mutating Thr48 on ARF1 activation and ARF1-mediated activation of ERK1/2

Our previous studies via expressing through expressing the GTP-bound ARF1 mutant and 

ARF1 guanine nucleotide exchange factor ARNO [29] suggest that activated ARF1 is able 

to regulate the MAPK pathway. To further study if ARF1-mediated MAPK activation 

depended on ARF1 activation, we determined the effect of mutating Thr48, which is a 

highly conserved in switch I region of all small GTPases (Fig. 2A) and heterotrimeric G 

proteins and plays a crucial role in their activation [39-43]. The GTP-bound mutant 

ARF1Q71L was mainly studied in these experiments as it strongly activated the MAPK 

pathway. We first determined the effect of mutating Thr48 to Ser on ARF1Q71L activation 

by GST-VHS-GAT fusion protein pulldown assays (Fig. 2B) [32] and the subcellular 

localization of ARF1 by confocal microscopy. As expected, GTP-bound mutant ARF1Q71L 

strongly interacted with the VHS-GAT domain, but not the VHS domain and GST alone and 

the interaction of the GDP-bound mutant ARF1T31N with the VHS-GAT domain was much 

weaker than ARF1Q71L (Fig. 2C and 2D). Mutation of Thr48 dramatically attenuated 

ARF1Q71l interaction with the VHS-GAT domain (Fig. 2C and 2D). Consistent with other 

reports [17, 44], ARF1Q71L was extensively colocalized with the Golgi marker giantin (Fig. 

2E), suggestive of predominant Golgi localization. Mutation of Thr48 clearly reduced 

ARF1Q71L localization to the Golgi and the double mutant ARF1Q71L/T48S was largely 

expressed in the cytoplasm (Fig. 2F).

To determine if mutation of Thr-48 could influence the trafficking function of ARF1, we 

measured its effect on the cell surface transport of α2B-AR. Consistent with our previous 

report [27], transient expression of ARF1Q71l markedly inhibited the cell surface 

expression of α2B-AR (Fig. 3A). Mutation of Thr48 dramatically reversed the ability of 

ARF1Q71L in blocking the cell surface transport of α2B-AR (Fig. 3A).

Zhou et al. Page 5

Cell Signal. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We then determined the effect of mutating Thr48 on ARF1Q71L-mediated activation of 

ERK1/2. The activation of ERK1/2 was substantially lower in cells expressing ARF1Q71L/

T48S than those in cells expressing ARF1Q71L (Fig. 3B and 3C). Consistent with our 

previous data, expression of ARF1 slightly enhanced the activation of ERK1/2 and the 

mutation of Thr48 to Ser reduced ARF1's ability to activate ERK1/2 (Fig. 3B and 3C). 

These data demonstrate that mutation of Thr48 to Ser in switch I region blocks ARF1 

activation and reduces its abilities to activate ERK1/2.

3.3. Effect of mutating Gly2 on ARF1 activation and ARF1-mediated activation of ERK1/2

We next determined the effect of mutating Gly2 to Ala on the subcellular localization and 

activation of ARF1 and ARF1-mediated MAPK activation. It has been shown that ARF1 

tethering to the membranes is mediated through myristoylation at Gly-2 and the 

myristoylation plays an important role in the activation of ARF1 [45-48]. The double mutant 

ARF1Q71L/G2A was completely unable to localize onto the Golgi and exclusively 

expressed in the cytoplasm, confirming the function of Gly-2 in ARF1 association with the 

Golgi (Fig. 4A). The mutation of Gly2 also dramatically inhibited the interaction of ARF1 

with the VHS-GAT domain as measured in the GST fusion protein pulldown assay (Fig. 4B 

and 4C), indicating that the mutation prevents the activation of ARF1.

Similar to the effect of mutating Thr48, mutation of Gly2 substantially rescued the 

inhibitory effect of ARF1Q71L on the cell surface expression of α2B-AR (Fig. 5A). We next 

determined the effect of mutation of Gly2 on ARF1-mediated activation of the MAPK 

pathway. Mutation of Gly2 abolished ARF1Q71L's ability to activate ERK1/2 (Fig. 5B and 

5C). These data suggest that ARF1 activation as well as its localization to the Golgi are 

required for ARF1 to activate the MAPK pathway

3.4. Inhibition of ARF1-mediated activation of ERK1/2 by Golgi structure disruptors

Our preceding data demonstrated that GTP-bound ARF1Q71L strongly localized to the 

Golgi (Fig. 2E and 3A) and that mutation of Gly2 to Ala not only disrupted ARF1Q71L 

association with the Golgi but also abolished ARF1Q71L-mediated ERK1/2 activation. 

These data suggest that ARF1-mediated ERK1/2 may occur on the Golgi. To further test this 

possibility, we determined the effect of treatment with nacodazole, brefeldin A and 

ilimaquinone, three well-known Golgi structure disrupting agents, on the ERK1/2 activation 

by ARF1Q71L. The treatment with each of these Golgi disruptors significantly attenuated 

ERK1/2 activation in cells expressing ARF1Q71L (Fig. 6A and 6B). These data indicate that 

the intact Golgi structure may be required for ERK1/2 activation by ARF1Q71L and suggest 

that ARF1-mediated ERK1/2 activation likely occurs on the Golgi apparatus.

3.5. ARF1 enhances cell proliferation

We next sought to define the functional consequence of the MAPK activation by ARF1. As 

ARF1 is well-characterized trafficking protein, we first determined if the MAPK activation 

is essential for ARF1 function in regulating receptor transport. The treatment with the 

MAPK pathway inhibitors U0126 and PD98059 did not alter α2B-AR transport to the 

plasma membrane in cells with or without transfection of ARF1Q71L (Fig. 7A). Similar 

results were obtained when the RasG12V mutant which activates the MAPK pathway was 
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tested (Fig. 7A). These data suggest that ARF1-mediated MAPK activation is unlikely 

involved in the regulation of ARF1 function as a transport modulator, at least in the cell 

surface export of α2B-AR.

We then asked if ARF1-mediated activation of MAPK-RSK1 pathway can induce cell 

proliferation in HEK293 cells. Expression of cyclin D1, a positive regulator of the cell cycle, 

was increased by 2.5 folds by expression of ARF1Q71L (Fig. 7B and 7C). Cell proliferation 

was also significantly augmented in cells expressing ARF1Q71L as measured by CFSE 

staining (Fig. 7D). These data indicate that ARF1 is able to facilitate cell proliferation

3.6. Effect of ARF1 on the activation of Elk-1 and RSK1 and subcellular localization of 
ERK2

To dissecting the downstream effectors of ARF1-mediated ERK1/2 activation, we 

determined if the active mutant ARF1Q71 could activate Elk-1 and RSK1, two well-defined 

ERK1/2 substrates in the nucleus and cytoplasm, respectively [34, 49, 50]. Expression of the 

active mutant RasG12V, which was used as a positive control, markedly enhanced the 

activation of Elk-1, whereas expression of ARF1Q71L did not have obvious effect (Fig. 

8A). Consistent with this, expression of ARF1Q71L did not induce the translocation of 

GFP-tagged ERK2 to the nucleus (Fig. 8B) and ERK2 was confined in the cytoplasm in 

cells expressing ARF1Q71L.

In marked contrast to its effect on the activation of Elk-1, expression of ARF1Q71L 

significantly increased the activation of RSK1, whereas expression of double mutants 

ARF1Q71L/T48S and ARF1Q71L/G2A which were inactive and unable to attach to the 

Golgi did not have clear effect (Fig. 7C and 7D). Furthermore, ARF1Q71L-mediated RSK1 

activation was completely reversed by U0126 and PD98059 (Fig. 7E and 7F), suggesting 

that ARF1 activates RSK1 through the MAPK pathway.

To further determine if RSK1 activation is indeed responsible for enhanced cell proliferation 

by ARF1, we determined the effect of transient expression RSK1K112/464R, a dominant-

negative RSK1 mutant [51], on cell proliferation by CFSE staining in cells transfected with 

ARF1Q71L. Cell proliferation was strongly increased in cell expressing ARF1Q71L, 

whereas expression of inactive mutants ARF1Q71L/T48S and ARF1Q71L/G2A had not 

clear effect on cell proliferation (Fig. 8G). ARF1Q71L-potentiated cell proliferation was 

largely inhibited by expressing RSK1K112/464R (Fig. 8G). These data suggest that the 

function of ARF1 in promoting cell proliferation is mediated through activating RSK1.

4. Discussion

A number of signaling molecules have been described to be involved in activation of the 

MAPK Raf-MEK-ERK1/2 pathway. Our recent studies have identified a novel function for 

the Ras-like small GTPase ARF1 in the activation of this pathway by the G protein-coupled 

α2B-AR which is mediated through a specific interaction between the third intracellular loop 

of the receptors and ARF1 [29]. We have also shown that transient expression of the 

constitutively active, GTP-bound ARF1 mutant Q71L and expression of ARNO to 

facilitation of GDP exchange for GTP can potentiate the activation of the MAPK ERK1/2 
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pathway in the absence of any extracellular stimuli [29]. Here, we have utilized two 

different strategies to inactivate ARF1 to further explore the role of ARF1 activation in 

promoting the MAPK ERK1/2 pathway. The first strategy was to mutate Thr48, a highly 

conserved residue in both monomeric and heterotrimeric GTP-binding protein families and 

important for their activation [39-43]. Indeed, mutation of Thr48 markedly reduced the 

ability of ARF1Q71L to maintain its activation state as measured by interaction with the 

GAT domain of GGA. These data are consistent with previous studies showing an important 

role of Thr48 in the exchange of GDP for GTP of ARF1 [39-43]. Importantly, we have 

shown that mutating Thr48 abolished the ability of ARF1 to activate ERK1/2. The second 

strategy to block ARF1 activation was via mutating the myristoylation site Gly2. Similar to 

mutating Thr48, mutating Gly2 almost completely inhibited ARF1 activation and ARF1-

mediated ERK1/2 activation. These results, together our previous data showing that the 

expression of ARF1 guanine nucleotide exchange factor ARNO promotes ERK1/2 

activation [29], strongly demonstrate that the activation of the MAPK ERK1/2 pathway by 

ARF1 depends on the activation of ARF1.

Spatial and temporal regulation of the MAPK signaling pathway has provided fine-tuned 

mechanisms for a variety of cellular processes [6, 52]. For example, although Ras-mediated 

activation of the MAPK pathway has been considered to primarily occur on the plasma 

membrane, subcellular compartmentalization of the Ras signaling down to the MAPK 

pathway on the Golgi, the ER, endosomes and mitochondria has now been well documented 

[52, 53]. Our data presented in this manuscript suggest that the Golgi apparatus may 

spatially provide a main platform upon which ARF1 performs its function to activate the 

MAPK ERK1/2 pathway (Fig. 9). First, consistent with many other reports [17, 44], the 

GTP-bound mutant ARF1Q71L which strongly activates the MAPK pathway extensively 

localizes to the Golgi. Second, mutation of Thr48 to block ARF1 activation remarkably 

attenuate the Golgi localization of ARF1 and ERK1/2 activation by ARF1. Third, mutation 

of the myristoylation site Gly2 to destroy ARF1 association with the Golgi abolish ERK1/2 

activation by ARF1. Fourth, the treatment with three well-known Golgi structure disruptors, 

which induce the Golgi disassembly through distinct mechanisms, strongly reduce the 

activation of ERK1/2 by ARF1.

ARF1 has been known as a key player involved in vesicle-mediated transport between 

intracellular organelles [11, 12, 54]. Indeed, we have previously demonstrated that 

expression of constitutively active and dominant negative mutants of ARF1 markedly inhibit 

the cell surface transport of several GPCRs, including α2B-AR [27]. However, our current 

studies demonstrated that MAPK pathway inhibitor did not reverse the inhibitory effect of 

ARF1Q71L on α2B-AR transport, suggesting that ARF1-mediated MAPK pathway unlikely 

plays a role in regulating its trafficking function, at least in the case of the cell surface 

transport of α2B-AR.

Because the MAPK ERK1/2 pathway has been well described to regulate cell proliferation, 

to define the physiologic function of ARF1-mediated activation of the MAPK-RSK1 

pathway, we determined the effect of ARF1Q71L on the expression of cyclin D1, a protein 

required for cell progression through the G1 phase of cell cycle, and CFSE staining of cells. 

We found that expression of ARF1Q71 significantly enhanced the expression of cyclin D1 
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and reduced CFSE staining, suggestive of augmentation of cell proliferation. Therefore, 

ARF1-mediated activation of Raf1-MEK-ERK1/2-RSK1 provides a novel signal 

transduction pathway to critically control cell proliferation.

Over the past decades, comprehensive studies on the molecular mechanisms underlying the 

activation of the Raf1-MEK-ERK1/2 pathway have revealed that Ras is a strong activator of 

the pathway [55, 56]. Although ARF1 and Ras, two closed-related small GTPases, are able 

to activate the MAPK pathway, the ultimate functional destination of the activated ERK1/2 

by ARF1 is strikingly different from those by Ras as well as heterotrimeric G proteins. 

ERK1/2 activated by Ras and heterotrimeric G proteins translocate not only to the nucleus 

but also the cytosol to activate a number of transcriptional factors, such as Elk and RSK, and 

regulate diverse programs of gene transcription [49]. We demonstrated that expression of 

ARF1Q71L markedly activated RSK1, a well-characterized cytosolic subtract of the MAPK 

ERK1/2 pathway, but did not influence the activation of Elk, an ERK1/2 subtract in the 

nuclei. Consistently, expression of ARF1Q71L did not cause the translocation of ERK2 to 

the nuclei. Instead, ERK2 was confined in the cytoplasm in cells expressing ARF1Q71L. 

These data suggest that ARF1-activated ERK1/2 remain in the cytosol where they can 

activate the downstream effectors, such as RSK1 (Fig. 9).

The experiment results presented here, together with our previous data [29], have 

established a model in which, once activated, ARF1 leads to the activation of conventional 

Raf1-MEK-ERK1/2 pathway, which in turn activates the cytosolic RSK1 (which will 

presumably translocate to the nuclei), promoting cell proliferation (Fig. 9). However, it 

should be pointed out that there are many unanswered questions related to the activation of 

the MAPK pathway by activated ARF1, such as the followings: 1) How does ARF1 

translocate to the Golgi upon activation by receptors located at the cell surface? 2) How does 

ARF1 activate the Raf1-MEK-ERK1/2 pathway? 3) What is the relationship between the 

Ras- and ARF1-mediated MAPK pathways? Nevertheless, we have identified an important 

signaling pathway that is mediated through the activation of the Ras-like small GTPase 

ARF1 to regulate cell proliferation, which is likely distinct from Ras-mediated activation of 

MAPK pathway. As ARF1 can be activated by many GPCRs and protein tyrosine kinase 

receptors [26, 29, 57-59], this pathway may be commonly used by these receptors to 

regulate cell growth under physiologic and/or pathological conditions (Fig. 9).
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GGA Golgi-localized γ-ear-containing ARF1-binding protein

GST glutathione S-transferase

GFP green fluorescent protein

DMEM Dulbecco's modified Eagle's medium

PBS phosphate-buffered saline

References

1. Shaul YD, Seger R. The MEK/ERK cascade: from signaling specificity to diverse functions. 
Biochim Biophys Acta. 2007; 1773:1213–1226. [PubMed: 17112607] 

2. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, Cobb MH. Mitogen-
activated protein (MAP) kinase pathways: regulation and physiological functions. Endocr Rev. 
2001; 22:153–183. [PubMed: 11294822] 

3. Schmitt JM, Stork PJ. beta 2-adrenergic receptor activates extracellular signal-regulated kinases 
(ERKs) via the small G protein rap1 and the serine/threonine kinase B-Raf. J Biol Chem. 2000; 
275:25342–25350. [PubMed: 10840035] 

4. Goldsmith ZG, Dhanasekaran DN. G protein regulation of MAPK networks. Oncogene. 2007; 
26:3122–3142. [PubMed: 17496911] 

5. Lee MH, El-Shewy HM, Luttrell DK, Luttrell LM. Role of beta-arrestin-mediated desensitization 
and signaling in the control of angiotensin AT1a receptor-stimulated transcription. J Biol Chem. 
2008; 283:2088–2097. [PubMed: 18006496] 

6. Lefkowitz RJ, Rajagopal K, Whalen EJ. New roles for beta-arrestins in cell signaling: not just for 
seven-transmembrane receptors. Mol Cell. 2006; 24:643–652. [PubMed: 17157248] 

7. Luo J, Busillo JM, Benovic JL. M3 muscarinic acetylcholine receptor-mediated signaling is 
regulated by distinct mechanisms. Mol Pharmacol. 2008; 74:338–347. [PubMed: 18388243] 

8. Williams NG, Zhong H, Minneman KP. Differential coupling of alpha1-, alpha2-, and beta-
adrenergic receptors to mitogen-activated protein kinase pathways and differentiation in transfected 
PC12 cells. J Biol Chem. 1998; 273:24624–24632. [PubMed: 9733758] 

9. DeGraff JL, Gagnon AW, Benovic JL, Orsini MJ. Role of arrestins in endocytosis and signaling of 
alpha2-adrenergic receptor subtypes. J Biol Chem. 1999; 274:11253–11259. [PubMed: 10196213] 

10. Cussac D, Schaak S, Denis C, Paris H. alpha 2B-adrenergic receptor activates MAPK via a 
pathway involving arachidonic acid metabolism, matrix metalloproteinases, and epidermal growth 
factor receptor transactivation. J Biol Chem. 2002; 277:19882–19888. [PubMed: 11891218] 

11. Spang A. ARF1 regulatory factors and COPI vesicle formation. Curr Opin Cell Biol. 2002; 
14:423–427. [PubMed: 12383792] 

12. Balch WE, Kahn RA, Schwaninger R. ADP-ribosylation factor is required for vesicular trafficking 
between the endoplasmic reticulum and the cis-Golgi compartment. J Biol Chem. 1992; 
267:13053–13061. [PubMed: 1618803] 

13. Misra S, Puertollano R, Kato Y, Bonifacino JS, Hurley JH. Structural basis for acidic-cluster-
dileucine sorting-signal recognition by VHS domains. Nature. 2002; 415:933–937. [PubMed: 
11859375] 

14. Puertollano R, Randazzo PA, Presley JF, Hartnell LM, Bonifacino JS. The GGAs promote ARF-
dependent recruitment of clathrin to the TGN. Cell. 2001; 105:93–102. [PubMed: 11301005] 

15. Bonifacino JS. The GGA proteins: adaptors on the move. Nat Rev Mol Cell Biol. 2004; 5:23–32. 
[PubMed: 14708007] 

16. Lee SY, Yang J-S, Hong W, Premont RT, Hsu VW. ARFGAP1 plays a central role in coupling 
COPI cargo sorting with vesicle formation. J. Cell Biol. 2005; 168:281–290. [PubMed: 15657398] 

Zhou et al. Page 10

Cell Signal. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Teal SB, Hsu VW, Peters PJ, Klausner RD, Donaldson JG. An activating mutation in ARF1 
stabilizes coatomer binding to Golgi membranes. J Biol Chem. 1994; 269:3135–3138. [PubMed: 
8106346] 

18. Dascher C, Balch WE. Dominant inhibitory mutants of ARF1 block endoplasmic reticulum to 
Golgi transport and trigger disassembly of the Golgi apparatus. J Biol Chem. 1994; 269:1437–
1448. [PubMed: 8288610] 

19. Cockcroft S, Thomas GM, Fensome A, Geny B, Cunningham E, Gout I, Hiles I, Totty NF, Truong 
O, Hsuan JJ. Phospholipase D: a downstream effector of ARF in granulocytes. Science. 1994; 
263:523–526. [PubMed: 8290961] 

20. Brown HA, Gutowski S, Moomaw CR, Slaughter C, Sternweis PC. ADP-ribosylation factor, a 
small GTP-dependent regulatory protein, stimulates phospholipase D activity. Cell. 1993; 
75:1137–1144. [PubMed: 8261513] 

21. Roth MG. Molecular mechanisms of PLD function in membrane traffic. Traffic. 2008; 9:1233–
1239. [PubMed: 18422860] 

22. Massenburg D, Han JS, Liyanage M, Patton WA, Rhee SG, Moss J, Vaughan M. Activation of rat 
brain phospholipase D by ADP-ribosylation factors 1,5, and 6: separation of ADP-ribosylation 
factor-dependent and oleate-dependent enzymes. Proc Natl Acad Sci U S A. 1994; 91:11718–
11722. [PubMed: 7972129] 

23. Zhang GF, Patton WA, Lee FJ, Liyanage M, Han JS, Rhee SG, Moss J, Vaughan M. Different 
ARF domains are required for the activation of cholera toxin and phospholipase D. J Biol Chem. 
1995; 270:21–24. [PubMed: 7814376] 

24. Jones DH, Morris JB, Morgan CP, Kondo H, Irvine RF, Cockcroft S. Type I phosphatidylinositol 
4-phosphate 5-kinase directly interacts with ADP-ribosylation factor 1 and is responsible for 
phosphatidylinositol 4,5-bisphosphate synthesis in the golgi compartment. J Biol Chem. 2000; 
275:13962–13966. [PubMed: 10747863] 

25. Skippen A, Jones DH, Morgan CP, Li M, Cockcroft S. Mechanism of ADP ribosylation factor-
stimulated phosphatidylinositol 4,5-bisphosphate synthesis in HL60 cells. J Biol Chem. 2002; 
277:5823–5831. [PubMed: 11744730] 

26. Boulay PL, Cotton M, Melancon P, Claing A. ADP-ribosylation factor 1 controls the activation of 
the phosphatidylinositol 3-kinase pathway to regulate epidermal growth factor-dependent growth 
and migration of breast cancer cells. J Biol Chem. 2008; 283:36425–36434. [PubMed: 18990689] 

27. Dong C, Zhang X, Zhou F, Dou H, Duvernay MT, Zhang P, Wu G. ADP-ribosylation factors 
modulate the cell surface transport of G protein-coupled receptors. J Pharmacol Exp Ther. 2010; 
333:174–183. [PubMed: 20093398] 

28. Wang G, Wu G. Small GTPase regulation of GPCR anterograde trafficking. Trends Pharmacol Sci. 
2012; 33:28–34. [PubMed: 22015208] 

29. Dong C, Li C, Wu G. Regulation of alpha2B-Adrenergic Receptor-mediated Extracellular Signal-
regulated Kinase 1/2 (ERK1/2) Activation by ADP-ribosylation Factor 1. J Biol Chem. 2011; 
286:43361–43369. [PubMed: 22025613] 

30. Wu G, Zhao G, He Y. Distinct pathways for the trafficking of angiotensin II and adrenergic 
receptors from the endoplasmic reticulum to the cell surface: Rab1-independent transport of a G 
protein-coupled receptor. J Biol Chem. 2003; 278:47062–47069. [PubMed: 12970354] 

31. Duvernay MT, Wang H, Dong C, Guidry JJ, Sackett DL, Wu G. {alpha}2B-Adrenergic receptor 
interaction with tubulin controls its transport from the endoplasmic reticulum to the cell surface. J 
Biol Chem. 2011; 286:14080–14089. [PubMed: 21357695] 

32. Dell'Angelica EC, Puertollano R, Mullins C, Aguilar RC, Vargas JD, Hartnell LM, Bonifacino JS. 
GGAs: a family of ADP ribosylation factor-binding proteins related to adaptors and associated 
with the Golgi complex. J Cell Biol. 2000; 149:81–94. [PubMed: 10747089] 

33. Wu G, Benovic JL, Hildebrandt JD, Lanier SM. Receptor docking sites for G-protein betagamma 
subunits. Implications for signal regulation. J Biol Chem. 1998; 273:7197–7200. [PubMed: 
9516410] 

34. Zheng H, Loh HH, Law PY. Beta-arrestin-dependent mu-opioid receptor-activated extracellular 
signal-regulated kinases (ERKs) Translocate to Nucleus in Contrast to G protein-dependent ERK 
activation. Mol Pharmacol. 2008; 73:178–190. [PubMed: 17947509] 

Zhou et al. Page 11

Cell Signal. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Li C, Fan Y, Lan TH, Lambert NA, Wu G. Rab26 Modulates the Cell Surface Transport of alpha2-
Adrenergic Receptors from the Golgi. J Biol Chem. 2012; 287:42784–42794. [PubMed: 
23105096] 

36. Duvernay MT, Dong C, Zhang X, Robitaille M, Hebert TE, Wu G. A single conserved leucine 
residue on the first intracellular loop regulates ER export of G protein-coupled receptors. Traffic. 
2009; 10:552–566. [PubMed: 19220814] 

37. Siggins RW, Melvan JN, Welsh DA, Bagby GJ, Nelson S, Zhang P. Alcohol suppresses the 
granulopoietic response to pulmonary Streptococcus pneumoniae infection with enhancement of 
STAT3 signaling. J Immunol. 2011; 186:4306–4313. [PubMed: 21357267] 

38. Kolch W, Heidecker G, Kochs G, Hummel R, Vahidi H, Mischak H, Finkenzeller G, Marme D, 
Rapp UR. Protein kinase C alpha activates RAF-1 by direct phosphorylation. Nature. 1993; 
364:249–252. [PubMed: 8321321] 

39. Sprang SR. G protein mechanisms: insights from structural analysis. Annu Rev Biochem. 1997; 
66:639–678. [PubMed: 9242920] 

40. Vetter IR, Wittinghofer A. The guanine nucleotide-binding switch in three dimensions. Science. 
2001; 294:1299–1304. [PubMed: 11701921] 

41. Meierhofer T, Eberhardt M, Spoerner M. Conformational states of ADP ribosylation factor 1 
complexed with different guanosine triphosphates as studied by 31P NMR spectroscopy. 
Biochemistry. 2011; 50:6316–6327. [PubMed: 21702511] 

42. Spoerner M, Herrmann C, Vetter IR, Kalbitzer HR, Wittinghofer A. Dynamic properties of the Ras 
switch I region and its importance for binding to effectors. Proc Natl Acad Sci U S A. 2001; 
98:4944–4949. [PubMed: 11320243] 

43. Goldberg J. Structural basis for activation of ARF GTPase: mechanisms of guanine nucleotide 
exchange and GTP-myristoyl switching. Cell. 1998; 95:237–248. [PubMed: 9790530] 

44. Tsai SC, Adamik R, Haun RS, Moss J, Vaughan M. Effects of brefeldin A and accessory proteins 
on association of ADP-ribosylation factors 1, 3, and 5 with Golgi. J Biol Chem. 1993; 268:10820–
10825. [PubMed: 8496147] 

45. Liu Y, Kahn RA, Prestegard JH. Structure and membrane interaction of myristoylated ARF1. 
Structure. 2009; 17:79–87. [PubMed: 19141284] 

46. Gillingham AK, Munro S. The small G proteins of the Arf family and their regulators. Annu Rev 
Cell Dev Biol. 2007; 23:579–611. [PubMed: 17506703] 

47. Franco M, Chardin P, Chabre M, Paris S. Myristoylation-facilitated binding of the G protein 
ARF1GDP to membrane phospholipids is required for its activation by a soluble nucleotide 
exchange factor. J Biol Chem. 1996; 271:1573–1578. [PubMed: 8576155] 

48. Franco M, Chardin P, Chabre M, Paris S. Myristoylation of ADP-ribosylation factor 1 facilitates 
nucleotide exchange at physiological Mg2+ levels. J Biol Chem. 1995; 270:1337–1341. [PubMed: 
7836400] 

49. Anjum R, Blenis J. The RSK family of kinases: emerging roles in cellular signalling. Nat Rev Mol 
Cell Biol. 2008; 9:747–758. [PubMed: 18813292] 

50. Smith JA, Poteet-Smith CE, Malarkey K, Sturgill TW. Identification of an extracellular signal-
regulated kinase (ERK) docking site in ribosomal S6 kinase, a sequence critical for activation by 
ERK in vivo. J Biol Chem. 1999; 274:2893–2898. [PubMed: 9915826] 

51. Roux PP, Richards SA, Blenis J. Phosphorylation of p90 ribosomal S6 kinase (RSK) regulates 
extracellular signal-regulated kinase docking and RSK activity. Mol Cell Biol. 2003; 23:4796–
4804. [PubMed: 12832467] 

52. Mor A, Philips MR. Compartmentalized Ras/MAPK signaling. Annu Rev Immunol. 2006; 24:771–
800. [PubMed: 16551266] 

53. Chiu VK, Bivona T, Hach A, Sajous JB, Silletti J, Wiener H, Johnson RL 2nd, Cox AD, Philips 
MR. Ras signalling on the endoplasmic reticulum and the Golgi. Nat Cell Biol. 2002; 4:343–350. 
[PubMed: 11988737] 

54. Stearns T, Willingham MC, Botstein D, Kahn RA. ADP-ribosylation factor is functionally and 
physically associated with the Golgi complex. Proc Natl Acad Sci U S A. 1990; 87:1238–1242. 
[PubMed: 2105501] 

Zhou et al. Page 12

Cell Signal. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Vojtek AB, Hollenberg SM, Cooper JA. Mammalian Ras interacts directly with the serine/
threonine kinase Raf. Cell. 1993; 74:205–214. [PubMed: 8334704] 

56. Zhang XF, Settleman J, Kyriakis JM, Takeuchi-Suzuki E, Elledge SJ, Marshall MS, Bruder JT, 
Rapp UR, Avruch J. Normal and oncogenic p21ras proteins bind to the amino-terminal regulatory 
domain of c-Raf-1. Nature. 1993; 364:308–313. [PubMed: 8332187] 

57. Mitchell R, McCulloch D, Lutz E, Johnson M, MacKenzie C, Fennell M, Fink G, Zhou W, Sealfon 
SC. Rhodopsin-family receptors associate with small G proteins to activate phospholipase D. 
Nature. 1998; 392:411–414. [PubMed: 9537328] 

58. Daher Z, Boulay PL, Desjardins F, Gratton JP, Claing A. Vascular endothelial growth factor 
receptor-2 activates ADP-ribosylation factor 1 to promote endothelial nitric-oxide synthase 
activation and nitric oxide release from endothelial cells. J Biol Chem. 2010; 285:24591–24599. 
[PubMed: 20529868] 

59. Mazaki Y, Nishimura Y, Sabe H. GBF1 bears a novel phosphatidylinositol-phosphate binding 
module, BP3K, to link PI3Kgamma activity with Arf1 activation involved in GPCR-mediated 
neutrophil chemotaxis and superoxide production. Mol Biol Cell. 2012; 23:2457–2467. [PubMed: 
22573891] 

Zhou et al. Page 13

Cell Signal. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

ARF1 activates the MAPK pathway in an activation-dependent manner.

ARF1-mediated activation of MAPK pathway likely uses the Golgi as a platform.

ARF1 activates the cytosolic RSK1.

ARF1-mediated activation MAPK-RSK1 pathway regulates cell proliferation.

A novel ARF1-mediated signaling pathway is proposed.
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Fig. 1. 
Effect of different protein kinase inhibitors on ARF1-mediated ERK1/2 activation. A, 

HEK293 cells were transiently transfected with the pcDNA3 vector (control) or the 

constitutively active GTP-bound mutant ARF1Q71L and then incubated overnight with 

U0126 (10 μM), PD98059 (50 μM), GW5274 (5 and 10 μM), PP2 (10 μM), KT5720 (1 μM), 

KT5823 (15 μM), LY294002 (50 μM), wortmannin (10 μM), and morin (50 μM). ERK1/2 

activation was measured by Western blotting measuring their phosphorylation using 

phosphor-specific ERK1/2 antibodies as described under “Experimental Procedures”. Upper 

panel, a representative blot of ERK1/2 activation; lower panel, total ERK1/2 expression. B, 

Quantitative results of ERK1/2 activation. The data are expressed as –folds increase over the 

basal level and presented as mean ± S.E. of 3-6 experiments. *and **, p < 0.05 versus 

control (ctrl) and ARF1Q71L without drug treatment, respectively.
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Fig. 2. 
Effect of mutating Thr48 on the activation and subcellular localization of ARF1. A, An 

alignment of switch I regions of several Ras-like small GTPases. Thr residues are colored. 

B, Coomassie Brilliant Blue R250 staining of purified GST and GST fusion proteins 

containing the VHS and VHS-GAT domains of GGA3. Molecular mass is indicated at the 

left. C, Interaction of GDP-bound mutant ARF1T31N, GTP-bound mutant ARF1Q71L and 

double mutant ARF1Q71L/T48S with the VHS-GAT domain by GST fusion protein 

pulldown assays. The ARF1 mutants tagged with GFP were expressed in HEK293 cells and 

the cell extract was then incubated with GST fusion proteins as described under 

“Experimental procedures”. Bound ARF1 was determined by immunoblotting using GFP 
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antibodies. D, Quantitative data showing the effect of mutating Thr48 on ARF1Q71L 

interaction with the VHS-GAT domain. The data are expressed as percentages of 

ARF1Q71L bound to the VHS-GAT domain and presented as mean ± S.E. of 3 experiments. 

*, p < 0.05 versus ARF1Q71L. E and F, subcellular distribution of ARF1Q71L and 

ARF1Q71L/GT48S and their colocalization with the Golgi marker giantin. HEK293 cells 

cultured on coverslips were transfected with GFP-tagged ARF1Q71L (E) or ARF1Q71L/

T48S (F). The cells were then stained with giantin antibodies (1:500 dilution) followed by 

Alexa594-conjugated secondary antibodies (1:300 dilution). Colocalization of ARF1 and 

giantin was revealed by fluorescence microscopy. Green, GFP-ARF1; red, the Golgi marker 

giantin; yellow, colocalization of ARF1 and giantin; blue, DNA staining by 4,6-

diamidino-2-phenylindole (DAPI, nuclei). The data shown in E and F are representative 

images of at least five independent experiments. Scale bars, 10 μm.
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Fig. 3. 
Effect of mutating Thr48 on the function of ARF1 in regulating α2B-AR cell surface 

transport and ERK1/2 activation. A, Effect of mutating Thr48 on the inhibition of α2B-AR 

cell surface expression by ARF1Q71L. HEK293 cells stably expressing HA-α2B-AR were 

transfected with control vector or individual ARF1 mutant. The cell surface expression of 

α2B-AR was determined by intact cell ligand binding using [3H]-RX821002 at a 

concentration of 20 μM as described under “Experimental Procedures.” The non-specific 

binding was determined in the presence of rauwolscine (10 μM). The mean values of 

specific [3H]-RX821002 binding were 13254 ± 423 cpm from control cells. The data shown 

are percentages of the mean value obtained from control cells and are presented as the mean 

± S.E. of three different experiments each in triplicate. * and **, p < 0.05 versus control and 

Q71L, respectively. B, Effect of mutating Thr48 on ARF1-mediated activation of ERK1/2. 

HEK293 cells were transfected with control vector, ARF1 or individual ARF1 mutants. The 

activation of ERK1/2 was measured by Western blotting measuring their phosphorylation 

using phosphor-specific antibodies as described under “Experimental Procedures”. The 

bottom panel shows ARF1 expression by immunoblotting using ARF1 antibodies. C, 

Quantitative data shown in C. The data are expressed as – folds increase over the basal level 

and presented as mean ± S.E. of three experiments. * and **, p < 0.05 versue control and 

ARF1Q71L, respectively.
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Fig. 4. 
Effect of mutating Gly2 on the subcellular localization and activation of ARF1. A, 

Colocalization of the mutant ARF1Q71L/G2A with the Golgi marker giantin revealed by 

confocal microscopy as described in the legend of Fig. 2. The data shown are representative 

images of at least five independent experiments. Scale bar, 10 μm. B, Effect of mutating 

Gly2 on the activation of ARF1 measured by GST-GAT domain fusion protein pull down 

assays as described in the legend of Fig. 2. C, Quantitative data shown in B. The data are 

expressed as percentages of ARF1Q71L bound to the VHS-GAT domain. *, p < 0.05 versus 

ARF1Q71L.
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Fig. 5. 
Effect of mutating Gly2 on the function of ARF1 in α2B-AR cell surface transport and 

ERK1/2 activation. A, Effect of transient expression of ARF1Q71L and ARF1Q71L/G2A 

on the cell surface expression of α2B-AR measured by intact cell ligand binding as described 

in the legend of Fig. 3. * and **, p < 0.05 versus control and ARF1Q71L, respectively. B, 

Effect of mutating Gly2 on ARF1Q71L-mediated activation of ERK1/2. HEK293 cells were 

transfected with control vector or ARF1 mutant. The activation of ERK1/2 was measured by 

Western blotting measuring their phosphorylation using phosphor-specific antibodies. The 

bottom panel shows the expression of ARF1 by immunoblotting using ARF1 antibodies. C, 

Quantitative data shown in B. The data shown in A and C are presented as means ± S.E. of 

at least three individual experiments. * and **, p < 0.05 versus control and ARF1Q71L, 

respectively.
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Fig 6. 
Inhibition of ARF1-mediated ERK1/2 activation by Golgi structure disruptors. A, HEK293 

cells transfected with control vector or ARF1Q71L. The ARF1Q71L-transfected cells were 

treated overnight with ethanol (control), nacodazole (1 mM), brefeldin A (BFA, 5 ng/ml), 

ilimaquinone (IQ, 30 μM). The activation of ERK1/2 was measured by Western blotting 

measuring their phosphorylation using phosphor-specific antibodies. The bottom panel 

shows the expression of ARF1 by immunoblotting using ARF1 antibodies. B, Quantitative 

data shown in A. The data are presented as means ± S.E. of at least three individual 

experiments. * and **, p < 0.05 versus control and ARF1Q71L plus ethanol treatment , 

respectively.
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Fig. 7. 
Effect of ARF1 on α2B-AR cell surface transport and cell proliferation. A, Effect of ARF1 

and the MAPK pathway inhibitors on the cell surface transport of α2B-AR. HEK239 cells 

stably expressing α2B-AR were transfected with control vector, ARF1Q71L or RasV12V 

and then treated with U0126 or PD98059 as described in the legend of Fig. 1. The cell 

surface expression of α2B-AR was measured by intact cell ligand binding as described in the 

legend of Fig. 3. *, p < 0.05 versus cells transfected with control vector. B, Enhanced 

expression of cyclin D1 by expression of ARF1Q71L. HEK293 cells were transfected with 

control vector or ARF1Q71L and the expression of cyclin D1 was determined by 

immunoblotting. C, Quantitative data shown in B. The data are presented as means ± S.E. of 

three individual experiments. *, p < 0.05 versus control. D, ARF1Q71L enhances cell 

proliferation measured by CFSE staining as described under “Experimental procedures”. 

HEK293 cells were transfected with control vector or ARF1Q71L. The data are presented as 

means ± S.E. of three individual experiments. MCL, mean channel fluorescence. * and **, p 

< 0.05 versus control and ARF1Q71L, respectively.
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Fig. 8. 
Effect of ARF1 on the activation of Elk-1 and RSK1 and subcellular localization of ERK2. 

A, ARF1Q71L does not activate the transcription factor Elk-1 by using the Elk-1-driven 

luciferase reporter system as described under “Experimental procedures”. HEK293 cells 

were transfected with GAL4-Elk-1 and pFR-luc together with ARF1Q71L or RasG12V for 

24 h. The data are presented as means ± S.E. of ten separate experiments. B, Subcellular 

localization of GFP-tagged ERK2 in cells transfected with control vector or ARF1Q71L 

revealed by fluorescence microscopy. The data shown are representative images of at least 
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six separate experiments. Scale bar = 10 μm. C, ARF1Q71L activates RSK1. HEK293 cells 

were transfected with control vector or individual ARF1 mutant. The activation of RSK1 

was measured by Western blotting measuring its phosphorylation using phosphor-specific 

antibodies. D, Quantitative data shown in C. The data are presented as means ± S.E. of at 

least three individual experiments. E, Inhibition of ARF-mediated RSK1 activation by the 

MAPK pathway inhibitors U0126 (10 μM) and PD98059 (50 μM). F, Quantitative data 

shown in E. The data are presented as means ± S.E. of three individual experiments. G, 

Expression of the dominant negative RSK1 mutant inhibits ARF1-mediated cell 

proliferation measured by CFSE staining. HEK293 cells were transfected with control 

vector or individual ARF1 mutant with or without cotransfection with RSK1K112/464R. 

The data are presented as means ± S.E. of four individual experiments. MCL, mean channel 

fluorescence. * and **, p < 0.05 versus control and ARF1Q71L, respectively.
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Fig. 9. 
A model for ARF1 modulation of the Raf1-MEK1-ERK1/2-RSK1 pathway. 1, ARF1 

activation by the cell surface receptor tyrosine kinases (RTK) or G protein-coupled receptors 

(GPCR); 2, ARF1 translocation to the Golgi apparatus by unknown mechanisms; 3, ARF1 

activates the Raf1-MEKERK1/2 pathway likely on the Golgi compartment; 4, ERK1/2 

activates the cytosolic target RSK1; 5, the activated RSK1 undergoes nuclear translocation 

and then induces cell proliferation.
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