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Abstract

Heterotrimeric G proteins function at diverse subcellular locations, in addition to canonical 

signaling at the plasma membrane (PM). Gβγ signals at the Golgi, via protein kinase D (PKD), to 

regulate fission of PM-destined vesicles. However, the mechanism by which Gβγ is regulated at 

the Golgi in this process remains elusive. Recent studies have revealed that PAQR3 (Progestin and 

AdipoQ Receptor 3), also called RKTG (Raf Kinase Trapping to the Golgi), interacts with the Gβ 

subunit and localizes Gβ to the Golgi thereby inhibiting Gβγ signaling at the PM. Herein we show 

that, in contrast to this inhibition of canonical Gβγ signaling at the PM, PAQR3 promotes Gβγ 

signaling at the Golgi. Expression of PAQR3 causes fragmentation of the Golgi, while a Gβ 

binding-deficient mutant of PAQR3 does not cause Golgi fragmentation. Also, a C-terminal 

fragment of GRK2 (GRK2ct), which interacts with Gβγ and inhibits Gβγ signaling, and gallein, a 

small molecule inhibitor of Gβγ, are both able to inhibit PAQR3-mediated Golgi fragmentation. 

Furthermore, a dominant negative form of PKD (PKD-DN) and a pharmacological inhibitor of 

PKD, Gö6976, also inhibit PAQR3-mediated fragmentation of the Golgi. Importantly, expression 

of the Gβ binding-deficient mutant of PAQR3 inhibits the constitutive transport of the model 

cargo protein VSV-G from the Golgi to the PM, indicating the involvement of PAQR3 in Golgi-to 

PM vesicle transport and a dominant negative role for this mutant. Collectively, these results 

reveal a novel role for the newly characterized, Golgi-localized PAQR3 in regulating Gβγ at the 

non-canonical subcellular location of the Golgi and thus for controlling Golgi-to-PM protein 

transport via the Gβγ-PKD signaling pathway.
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1. INTRODUCTION

The ubiquitously expressed heterotrimeric G proteins, composed of α, β and γ subunits, are 

central mediators of a vast number of signaling pathways and functions in the cell [1, 2]. 

Conventionally, G proteins transduce signals from G protein-coupled receptors (GPCRs) to 

downstream effector molecules, thereby initiating signaling pathways. Activation of GPCRs 

by their respective ligands catalyzes the release of GDP from Gα and the subsequent 

binding of GTP; the ligand-occupied GPCRs function as guanine-nucleotide exchange 

factors (GEFs) for Gα subunits. The binding of GTP to Gα results in the activation and 

dissociation of Gα from Gβγ; Gβ and Gγ subunits stay associated and function as a dimer 

while Gα functions alone. The intrinsic GTP hydrolysis activity of Gα returns Gα to the 

GDP bound state followed by re-association with the Gβγ subunits and the completion of the 

cycle.

In the classical view of G protein signaling, G proteins exert their functions from the 

cytoplasmic surface of the plasma membrane (PM); however, it is becoming increasingly 

evident that G proteins also function at non-canonical subcellular locations such as the ER, 

mitochondria, Golgi, endosomes and nucleus [3–7]. Studies have shown that G proteins 

traffic throughout the cell to reach various subcellular destinations via activation-dependent 

or constitutive trafficking pathways and have unique regulatory mechanisms by which they 

are regulated at their respective subcellular locations. A recent study, which focused on 

signaling at the Golgi, demonstrated that upon receptor activation Gβγ could translocate to 

the Golgi and enhance Golgi vesicle formation [8]. In another intriguing study it was shown 

that upon activation at the PM the β2-adrenergic receptor activates its cognate G protein Gs 

at the PM and then, upon internalization, generates a second wave of cAMP signaling via Gs 

localized at early endosomes [9]. With regards to the constitutive trafficking of G proteins, 

upon synthesis, G proteins traffic to subcellular locations such as the ER and the Golgi while 

en route to the PM, and assembly of the heterotrimeric G proteins occurs at these 

endomembranes, which is necessary for the delivery of the heterotrimer to the PM [10, 11]. 

It has also been shown that there is rapid and constitutive shuttling of G proteins between 

PM and endomembranes in basal state cells resulting in the constitutive localization of G 

proteins at endomembranes [12]. Recent reports have also provided unique insights 

regarding the mechanisms by which these G proteins, localized at diverse subcellular 

locations, are activated and regulated independently of cell surface receptor activation. For 

example, it was shown that a non-receptor GEF, a multimodular signal transducer known as 

GIV, activates heterotrimeric Gi at the Golgi and modulates structural organization of the 

Golgi and vesicle trafficking from the Golgi [13]. Another group of proteins known as AGS 

(Activators of G protein Signaling) proteins have been shown to activate G proteins 

independently of extracellular receptor input [14]. However, many of the mechanisms by 

which G proteins reach their subcellular locations and the details by which they are activated 

at these locales remain to be determined.

Recent studies have also unveiled a novel role for Gβγ at the Golgi where it regulates a 

signaling pathway resulting in the fission PM-destined transport vesicles from the trans 

Golgi network (TGN) [8, 15–17]. Many of the components of this pathway that function 
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downstream of Gβγ at the Golgi have been described [18]. Phospholipase Cβ (PLC) is 

required for the generation of diacylglycerol (DAG) which in turn activates Golgi localized 

PKCη and also Golgi-recruitment of PKD, a central mediator in this pathway [16, 17, 19, 

20]. Phosphorylation and activation of PKD by PKCη leads to the phosphorylation and 

activation of membrane fission machinery, including the activation of the lipid kinase, 

phosphatidyl inositol 4 kinase IIIβ (P4IKIIIβ) and the recruitment of proteins such as 

oxysterol binding protein 1 (OSBP1), and the ceramide transfer protein (CERT) [21–23]. 

Previous studies in our lab have focused on defining the importance and the exact 

localization of Gβγ in the activation of this pathway at the Golgi. To that extent we have 

shown that constitutively and inducibly Golgi-targeted Gβγ subunits promote fragmentation 

of the Golgi, indicating the over-activation of a normal signaling pathway at the Golgi by 

Gβγ and that while a Golgi-targeted Gβγ inhibitor, GRK2ct, inhibited Golgi-to-PM VSV-G 

transport, a PM-targeted GRK2ct did not inhibit transport [15]. Therefore, it became clear 

from our previous work that Gβγ is localized at the Golgi when activating this signaling 

pathway leading to fission of PM-destined Golgi vesicles. However, mechanisms by which 

Gβγ subunits are localized at the Golgi and regulated at the Golgi to activate this signaling 

pathway remain elusive.

Recent studies have shown that a newly characterized Golgi-localized membrane protein, 

PAQR3 (Progestin and AdipoQ Receptor 3), also known as RKTG (Raf Kinase Trapping to 

the Golgi), interacts with the Gβ subunit via the first 20 amino acids of its N-terminus and 

retains Gβγ at the Golgi [24]. PAQR3 is a 7-transmembrane protein belonging to the 

progestin and adipoQ receptor family; however, it should also be noted that PAQR3 does 

not possess the characteristics of GPCRs or GEFs [25, 26]. PAQR3 was first identified as a 

tumor suppressor protein due to the fact that it also has the ability to sequester Raf-1 to the 

Golgi and inhibit the Ras/Raf/MEK cell proliferative signaling pathway, and hence is also 

referred to as the aforementioned RKTG (Raf Kinase Trapping to the Golgi) [27, 28]. It was 

shown that by interacting with Gβγ via its N-terminus PAQR3 retains Gβγ at the 

cytoplasmic surface of the Golgi thereby interfering with and abrogating PM-localized Gβγ-

mediated canonical signaling to downstream targets such as the activation of PI3K-AKT 

[24]. Therefore we raised the question as to whether PAQR3, in contrast to its ability to 

inhibit Gβγ signaling at the PM, could also promote Gβγ signaling at the Golgi to activate a 

Golgi localized signaling pathway. The N-terminus of PAQR3 (which has been shown to 

interact with Gβγ) is located at the cytoplasmic side of the Golgi, in a position where it is 

able to capture cycling Gβγ which are in constant flux in the cytoplasm. We therefore 

hypothesized that PAQR3 is involved in the regulation of the Gβγ-PKD mediated signaling 

pathway at the Golgi leading to fission of Golgi transport vesicles.

Our results show that the expression of PAQR3 enhances the vesicle formation process and 

fragments the Golgi, while molecular or pharmacological inhibition of Gβγ or PKD inhibits 

the fragmentation caused by PAQR3. Also, importantly, the Gβ binding-deficient mutant of 

PAQR3, PAQR3(NΔ20) did not cause the Golgi to vesiculate but did inhibit Golgi-to-PM 

transport of a model cargo protein, indicating a dominant negative function of this mutant. 

Here we show that PAQR3 is involved in the regulation of the Gβγ-PKD mediated signaling 

pathway at the Golgi and thus shed light onto a novel mechanism which would allow for 

regulation of Gβγ at the Golgi.
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2. MATERIALS AND METHODS

2.1 Plasmids and Reagents

The GFP-tagged PAQR3 and PAQR3(NΔ20) constructs were kindly provided by Dr. Yan 

Chen (Chinese Academy of Sciences, Shanghai, China). The GRK2ct, mCherry-VSV-G, 

GFP-VSV-G and HA-KDELr-D193N expression plasmids were kindly provided by Drs. 

Jeffrey Benovic (Thomas Jefferson University, Philadelphia, PA), Elias T. Spiliotis (Drexel 

University, Philadelphia, PA), Jennifer Lippincott-Schwartz (NIH), and Piero Crespo 

(Universidad de Cantabria, Cantabria, Spain), respectively. The Gβγ inhibitor gallein was 

obtained from Tocris Bioscience and the PKD inhibitor (Gö6976) was gifted from Dr. 

Jeffrey Benovic (Thomas Jefferson University, Philadelphia, PA).

2.2 Cell Culture and Transfection

HeLa and HEK cells were grown in DMEM (Cellgro), supplemented with 10% Fetal Bovine 

Serum (FBS) and 1% Pen/Strep and maintained at 37 °C in a 95% air, 5% CO2-humidified 

atmosphere. Transfections were performed one day after cells were seeded in 6-well plates 

on coverslips using Lipofectamine 2000 (Invitrogen).

2.3 Immunofluorescence Microscopy

48 h after transfection cells were fixed with 3.7% formaldehyde, blocked with blocking 

buffer (2.5% nonfat milk in 1% Triton X-100/TBS) and incubated with primary antibody in 

blocking buffer for 1 h. Primary antibodies used were anti-TGN46 antibody (Bio-Rad AbD 

Serotec), anti-HA antibody (Santa Cruz Biotechnology), anti-VSV-G antibody (Sigma) and 

anti-GRK2 3A10 antibody (Sigma). Cells were then washed with blocking buffer and 

incubated for 30 min with the relevant Alexa fluor-conjugated secondary antibodies 

(Invitrogen), washed with 1% Triton X-100/TBS and mounted on glass slides with Prolong 

Antifade reagent (Invitrogen). Images were acquired using an Olympus BX-61 upright 

microscope and ORCA-ER cooled charge-coupled device camera (Hamamatsu, 

Bridgewater, NJ) controlled by Slidebook version 4.0 (Intelligent Imaging Innovations, 

Denver, CO).

2.4 Western Blotting

Cells were lysed with RIPA lysis buffer (150 mM NaCl, 1% Triton X-100, 0,5% 

Deoxycholic acid, 0.1% SDS, 50mM Tris pH 8) or immunoprecipitation (IP) lysis buffer 

(50mM Tris, 150mM NaCl, 0.5% Deoxycholic acid, 1% NP40 - for cell surface 

biotinylation experiments) and incubated on ice for 0.5 h and centrifuged for 10 min at 

14,000rpm to clear nucleic acid and debris. Samples were run on SDS-PAGE gels and 

immunoblotting was performed using the indicated primary antibodies, anti-GFP antibody 

(Covance), anti-HSP90 (Santa Cruz Biotechnology) and anti-VSV-G antibody (Sigma) 

followed by HRP conjugated secondary anti-mouse or anti-rabbit antibodies (Promega) and 

detected using chemiluminescence reagent (Thermo Scientific).
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2.5 VSV-G Transport Assay

HEK293 cells were transfected with an mCherry-tagged temperature sensitive mutant form 

of VSV-G alone or together with GFP-PAQR3 or GFP-PAQR3(NΔ20) and, GFP-tagged 

VSV-G (also the temperature sensitive mutant form) alone or together with HA-tagged 

Golgi-localized mutant version of KDLELr and incubated overnight at 37 °C. Cells were 

then shifted to the non-permissive temperature of 39 °C for 16–20 h at which temperature 

mis-folded VSV-G proteins accumulate in the ER. Cells were then moved to 20 °C for 2 h 

(after 1 h of which 10 μg/mL cyclohexamide was added), at which temperature VSV-G is 

folded properly in a chaperone-mediated manner, and transported from the ER to the Golgi. 

Cells were then shifted to the permissive temperature of 32 °C for 2 h to allow for Golgi to 

PM transport of VSV-G, upon which cells were fixed for immunofluorescence analysis.

2.6 Cell Surface Biotinylation

Surface biotinylation was performed to detect VSV-G at the PM upon completion of the 

VSV-G transport assay. Cells were grown in 6 cm plates and transfected with an mCherry-

tagged temperature sensitive mutant form of VSV-G alone, or together with GFP-PAQR3, 

GFP-PAQR3(NΔ20) or a HA-tagged Golgi-localized mutant version of KDELr, incubated 

overnight at 37 C and a VSV-G transport assay was performed as described above. Upon 

incubation at the permissive temperature of 32 C for 2 h, cells were washed twice with ice 

cold PBS and incubated with 1mg/mL of cell impermeable EZ™-Link Sulfo-NHS-SS-Biotin 

[sulfosuccinimidyl-2-(biotinamido)ethyl1-1,3-dithiopropionate] (Pierce) for 0.5 h at 4 C 

with gentle shaking. Quenching solution (Pierce) was added to quench unreacted biotin and 

cells were collected, washed twice with TBS and lysed with immunoprecipitation (IP) lysis 

buffer (50mM Tris, 150mM NaCl, 0.5% Deoxycholic acid, 1% NP40). Biotinylated proteins 

were isolated by incubating with 50% slurry of Neutravidin agarose beads (Pierce) for 2 h at 

4 C. The beads were then collected by centrifugation and washed three times with wash 

buffer (Pierce) and boiled for 5 min at 95 C in sample buffer containing 50mM DTT 

(dithiothreitol) to dissociate and elute bound protein complexes from the beads. Samples 

were run on SDS-PAGE gels and immunoblotted to detect PM localized VSV-G.

3. RESULTS

3.1 Expression of PAQR3 induces Golgi fragmentation while the Gβ binding-deficient 
mutant PAQR3(NΔ20) does not fragment the Golgi

Previous studies have shown that the overexpression of components of the Golgi-localized 

signaling pathway, such as Gβγ and PKD, which regulate the fission of PM-destined 

vesicles causes vesiculation/fragmentation of the Golgi [15, 16]. Such fragmentation is 

interpreted as an over-activation of the normal pathway and is used as an experimental 

readout of activation of this Golgi-localized pathway. In order to test our hypothesis that 

PAQR3 regulates the Gβγ-dependent pathway at the Golgi, HeLa cells were transfected with 

GFP-tagged PAQR3 or the Gβ binding-deficient mutant, PAQR3(NΔ20), and were analyzed 

for fragmented Golgi by fluorescence microscopy (Figure 1A and 1B). Expressed PAQR3 

localized with the Golgi marker TGN46 and caused fragmentation of the Golgi (depicted by 

arrows, Figure 1A). In neighboring cells where PAQR3 is not expressed, the Golgi is not 

fragmented and remains intact. Strikingly, the Gβ binding-deficient mutant PAQR3(NΔ20) 
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localized to the Golgi apparatus but did not cause fragmentation of the Golgi. Fragmentation 

of the Golgi was observed in >75% of PAQR3 expressing cells, while <5% of 

PAQR3(NΔ20) expressing cells showed fragmented Golgi (Figure 1C). Since the full length 

PAQR3 receptor containing the Gβ binding region caused the Golgi to fragment and the Gβγ 

binding-deficient mutant of PAQR3, PAQR3(NΔ20), left the Golgi intact, these data suggest 

that PAQR3 promotes Golgi fragmentation in a Gβγ-dependent manner.

3.2 Molecular and pharmacological inhibition of Gβγ inhibits PAQR3-mediated Golgi 
fragmentation

To further demonstrate that the fragmentation of the Golgi upon the expression of PAQR3 

requires Gβγ, we utilized the small molecule inhibitor of Gβγ, gallein, or expressed the C-

terminal PH domain of GRK2 (GRK2ct), and examined whether inhibition of Gβγ in the 

presence of PAQR3 would prevent the fragmentation. GRK2ct binds to Gβγ and inhibits its 

ability to interact with downstream effectors; it is widely used to inhibit Gβγ-mediated 

signaling in cells [29–38]. Indeed, we have shown previously that GRK2ct is able to prevent 

the fragmentation caused by expression of Golgi targeted Gβγ [15]. Likewise, gallein has 

been widely used to inhibit Gβγ signaling, including its function at the Golgi [15, 39–42]. 

HeLa cells were transfected with GFP-PAQR3 and subsequently treated with gallein, or 

HeLa cells were transfected with GFP-PAQR3 together with GRK2ct (Figure 2). Both 

treatment with gallein and co-expression with GRK2ct prevented the Golgi-fragmented 

phenotype seen with GFP-PAQR3 expression alone (Figure 2). Only 21% and 16% of GFP-

PAQR3 expressing cells contained fragmented Golgi when treated with gallein or when 

GRK2ct was expressed, respectively (Figure 1C). It should be noted that when inhibiting 

Gβγ with gallein in the presence of PAQR3, PAQR3 was expressed for ~36 h to allow for 

Golgi fragmentation, and then gallein was added for 8 more h before cells were fixed for 

staining. Addition of this pharmacological inhibitor for long periods of time such as the 

duration of the transfection period (36–48 h) proved to be toxic to cells. Therefore, the 

addition of gallein after expressed PAQR3 induces Golgi fragmentation shows that 

inhibition of Gβγ not only prevents PAQR3-mediated Golgi fragmentation, as observed with 

GRK2ct co-expression, but also reverses the fragmented Golgi phenotype. Thus, these data 

confirm that PAQR3-induced Golgi fragmentation requires Gβγ, supporting the hypothesis 

that PAQR3 is involved in the regulation of Gβγ at the Golgi and the subsequent signaling 

pathway at the Golgi that leads to fission of Golgi vesicles.

3.3 Molecular and pharmacological inhibition of PKD inhibits PAQR3-mediated Golgi 
fragmentation

PKD is a key player in the signaling pathway at the Golgi that regulates vesicle formation; it 

phosphorylates and activates several proteins, including phosphotidylinositol 4-kinase IIIβ 

(PI4KIIIβ), at the Golgi, thus promoting membrane remodeling and the subsequent 

recruitment of membrane fission proteins [22, 43]. Previous studies in our lab have shown 

that the Golgi fragmentation observed by inducibly targeting Gβγ to the Golgi is prevented 

by inhibition of PKD. Since our hypothesis is that PAQR3 regulates Gβγ at the Golgi where 

it initiates a signaling pathway leading to the generation of Golgi to PM transport of vesicles 

via activation of PKD, we sought to investigate whether the generation of Golgi vesicles 

mediated by PAQR3 also requires PKD. In this experiment, we examined whether the 
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fragmentation of the Golgi caused by expression of PAQR3 is prevented by the inhibition of 

PKD. HeLa cells were transfected with GFP-PAQR3 and subsequently treated with a small 

molecule inhibitor of PKD, Gö6976 (Figure 3A). This PKD inhibitor reversed the Golgi 

fragmentation observed in cells expressing GFP-PAQR3. As described above for gallein 

treatment (section 3.2), long term treatment (>24 h) with Gö6976 was toxic to cells, and 

therefore this inhibitor was added for the final 8 h of the experiment, after transfected GFP-

PQAR3 had induced Golgi fragmentation. Importantly, this result (Figure 3A) shows that 

PKD inhibition, as with Gβγ inhibition (Figure 2A), reverses the observed PAQR3-induced 

Golgi fragmentation. In addition, HeLa cells were transfected with GFP-PAQR3 together 

with a dominant negative, kinase dead K618N mutant of PKD, PKD-DN (Figure 3B). GFP-

PAQR3 was localized to compact Golgi when co-expressed with PKD-DN in contrast to the 

fragmented, dispersed Golgi localization when expressed alone. Only 13% and 19% of GFP-

PAQR3 expressing cells displayed fragmented Golgi upon treatment with Gö6976 and co-

expression of PKD-KD, respectively (Figure 1C). Therefore our results thus far suggest that 

PAQR3 is involved in the Golgi-localized Gβγ-PKD regulated pathway leading to the 

formation of Golgi vesicles.

3.4 Gβγ binding-deficient mutant PAQR3(NΔ20) inhibits VSV-G transport from the Golgi to 
the PM

So far we have shown that PAQR3 activates a signaling pathway at the Golgi via Gβγ and 

PKD leading to the formation of transport vesicles from the Golgi. Previous studies have 

shown that the Gβγ-PKD signaling pathway at the Golgi is involved in the fission of Golgi 

vesicles destined to the PM. In a recent study we demonstrated that inhibiting endogenous 

Gβγ with gallein or with the molecular inhibitor GRK2ct, inhibits Golgi to PM transport 

[15]. Since our results thus far indicate that PAQR3 is involved in the Gβγ-PKD signaling 

pathway leading to the formation of PM-destined transport vesicles from the Golgi, we 

sought to investigate the role of PAQR3 in Golgi to PM transport of cargo. In this 

experiment, an mCherry-tagged temperature-sensitive mutant form of the vesicular 

stomatitis virus glycoprotein (VSV-G) is used to follow cargo transport from the Golgi to 

PM within the cell. The VSV-G temperature-sensitive mutant is synthesized but does not 

fold properly at the non-permissive temperature of 39.5 °C and is retained in the ER. When 

transferred to 20 °C, VSV-G localizes in the Golgi, and, upon being transferred to the 

permissive temperature of 32 °C, VSV-G traffics from the Golgi to the PM. Therefore 

within 2 h incubation at 32 °C, VSV-G can be strongly detected at the PM. Initially, we used 

siRNA directed to PAQR3 to investigate its effect on cargo transport. These experiments did 

not show any change in VSV-G transport to the PM upon siRNA transfection; however, a 

lack of suitable antibodies to detect endogenous PAQR3 made such negative results difficult 

to interpret, even though PAQR3 mRNA levels were substantially decreased (data not 

shown). Next, we examined the effect of over-expressing PAQR3 or PAQR3(NΔ20) on 

VSV-G transport to the PM (Figure 4A and 4C). When transfected alone, VSV-G localizes 

at the PM in a majority of cells (> 80%) after 2 h at the permissive temperature of 32 °C. 

When transfected together with GFP-PAQR3, in a majority of cells, (>65%) VSV-G can be 

seen in puncta, likely Golgi-derived vesicles in close proximity to the Golgi, with some 

localization at the PM in the same cell; VSV-G is designated as being at Golgi+PM locales 

in these cells. Contrastingly, when the Gβγ binding-deficient mutant, PAQR3(NΔ20), was 
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transfected along with VSV-G, PAQR3(NΔ20) did not fragment the Golgi, as also described 

above (Figure 1), and, importantly, VSV-G transport to the PM was inhibited as VSV-G was 

retained at the Golgi at the permissive temperature of 32 °C, in a majority of cells (75%) 

(Figure 4A and 4C). The fact that VSV-G transport is inhibited in the presence of the Gβγ 

binding-deficient mutant PAQR3(NΔ20) suggests that PAQR3(NΔ20) acts in a dominant 

negative manner, possibly negating a function of wild type, endogenous PAQR3 in 

regulating Golgi to PM cargo transport. As a control, we examined VSV-G transport upon 

expression of an unrelated Golgi-targeted transmembrane protein, the Golgi-localized 

mutant KDEL receptor [44, 45]. Expression of the mutant KDEL receptor (KDELr) did not 

cause any fragmentation of the Golgi and did not inhibit the Golgi to PM transport of VSV-

G (Figure 4B and 4C), suggesting that the inhibition of VSV-G transport to the PM observed 

with PAQR3(NΔ20) is not simply an artefact of expression of any Golgi-targeted 

transmembrane protein, but instead is specific to PAQR3(NΔ20).

To confirm the inhibition of VSV-G transport to the PM by PAQR3(NΔ20), we performed 

cell surface biotinylation assays (Figure 4D) [13]. After incubation of cells at the permissive 

temperature of 32 °C, VSV-G was detected at the cell surface, as determined by neutravidin 

bead isolation of cell surface biotinylated proteins. However, consistent with the 

immunofluorescence microscopy results (Figure 4A–C), expression of PAQR3 and 

PAQR3(NΔ20) inhibited the cell surface localization of VSV-G. A relatively small fraction 

of VSV-G was biotinylated when PAQR3 was co-expressed compared to VSV-G expression 

alone, likely due to the fact that some VSV-G reaches the PM (in cells with VSV-G 

designated as being at Golgi+PM locales in Figure 4C) when PAQR3 is overexpressed. 

Virtually no cell surface biotinylated VSV-G was isolated upon co-expression of 

PAQR3(NΔ20), reinforcing a dominant negative role for PAQR3(NΔ20) in the inhibition of 

VSV-G transport to the PM. Expression of the control KDELr did not effect the cell surface 

localization of VSV-G. Taken together with the results in Figures 1–3 indicating that 

PAQR3 promotes Golgi fragmentation in a Gβγ- and PKD-dependent manner, these results 

in Figure 4 suggest that PAQR3 regulates Golgi to PM transport via regulation of the 

Gβγ/PKD Golgi-localized pathway.

4. DISCUSSION

A previous study indicated that PAQR3, also referred to as RKTG, functions as a negative 

regulator of Gβγ-mediated signaling by sequestering Gβγ at the Golgi and thereby removing 

it from its active signaling location at the PM [24]. However, our studies here suggest that 

PAQR3 also has a positive function on Gβγ-mediated signaling; specifically, PAQR3 can 

promote Gβγ-mediated activation of the PKD-dependent vesicle fission signaling pathway at 

the Golgi. First, we show that while the expression of full length PAQR3 fragments the 

Golgi, the Gβ binding-deficient mutant, which lacks the first N-terminal 20 amino acids, 

does not fragment the Golgi (Figure 1), suggesting that Gβγ plays a role in PAQR3-

stimulated Golgi vesicle formation. As described earlier (section 3.1), Golgi fragmentation 

here represents over-activation of a normal Gβγ- and PKD-mediated Golgi-localized 

signaling pathway. Secondly, inhibition of Gβγ by GRK2ct or gallein, in the presence of 

PAQR3, inhibited the Golgi fragmentation caused by PAQR3, confirming that the 

fragmentation caused by PAQR3 is mediated by Gβγ (Figure 2). Thirdly, PKD is a key 
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regulator of the Gβγ-mediated Golgi vesicle fission signaling pathway, and inhibition of 

PKD, by a dominant negative, kinase dead mutant of PKD or by a pharmacological inhibitor 

of PKD, Gö6976, in the presence of PAQR3 inhibited Golgi fragmentation indicating 

further that PAQR3 plays a role in the Gβγ-PKD regulated pathway leading to Golgi vesicle 

formation (Figure 3). Lastly, we used the model cargo protein VSV-G to examine the role of 

PAQR3 in Golgi-to-PM transport. Importantly, the Gβ binding-deficient mutant of PAQR3, 

PAQR3(NΔ20), inhibited the transport of VSV-G to the PM (Figure 4). In this context, the 

Gβ binding-deficient mutant is likely exerting a dominant negative effect negating the 

function of endogenous, wild type PAQR3 in regulating Gβγ-PKD mediated Golgi vesicle 

fission.

The molecular details of how PAQR3 stimulates the Gβγ-dependent vesicle fission signaling 

pathway at the Golgi remain to be fully elucidated, but data here are consistent with a model 

that involves PAQR3 recruiting or retaining Gβγ at the Golgi. Previous work showed that 

Gβ co-immunoprecipitates with PAQR3 (there termed RKTG) but not with the deletion 

mutant version of this receptor which lacks the first 20 amino acids of the N-terminus 

(PAQR3(NΔ20)), and, importantly, Golgi-localized PAQR3, but not PAQR3(NΔ20), 

promoted Golgi localization of Gβγ [24]. Previous studies in our lab, which included 

constitutive and inducible targeting of Gβγ to the Golgi and specific inhibition of Golgi-

localized endogenous Gβγ, established that Gβγ is localized at the Golgi when regulating the 

Golgi vesicle fission pathway [15]. Taken together, it is reasonable to postulate that PAQR3 

regulates the level of Golgi-localized Gβγ for proper regulation of the generation of Golgi-

to-PM transport vesicles.

G proteins are in constant flux in the cell via activation-dependent or constitutive trafficking 

pathways, cycling between the PM and endomembranes, and Golgi-localized PAQR3 is well 

positioned for the regulation of Gβγ at the Golgi. Studies have shown that Gβγ, along with at 

least some Gα, can reversibly translocate from the PM to intracellular membranes upon 

agonist stimulation of GPCRs [10, 46–50], while G protein subunits have also been shown 

to move constitutively between the PM and Golgi [12, 51]. Consequently, recent studies in 

our lab and other reports as well have revealed that a pool of Gβγ resides at the Golgi in 

basal state cells, likely being retained there while constitutively cycling between the PM and 

endomembranes, and available to regulate Golgi localized signaling pathways [12, 15]. 

PAQR3, being a Golgi-localized protein and able to interact with Gβ, is well poised to bind 

cycling Gβγ, retain the subunits at the Golgi and maintain a Golgi-localized Gβγ pool; thus, 

this also supports a mechanism for the constitutive regulation of Gβγ at the Golgi, 

independently of cell surface receptor activation. The biosynthetic pathway of G proteins 

represents another point at which PAQR3 could interact with Gβγ for Golgi retention. Upon 

synthesis, the nascent Gβγ dimer arrives at subcellular locations such as the Golgi for 

association with Gα and assembly of the heterotrimer [10, 11]. Therefore, the Gβγ dimer 

would be prevalent at the Golgi at this time, and it is possible that PAQR3 functions early in 

the lifetime of Gβγ to establish a Golgi pool. Regardless of the exact route that Gβγ takes to 

the Golgi, it is clear that the N-terminus of PAQR3 is strategically located at the cytoplasmic 

side of the Golgi membrane, positioned to capture Gβγ subunits traversing the Golgi. Our 

study provides evidence that PAQR3 does indeed promote the regulation of Gβγ-PKD 

mediated Golgi vesicle fission.
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In our previous study it was shown that Golgi-localized Gβγ subunits regulate constitutive 

cargo transport from the Golgi to the cell surface [15]. This previous study also 

demonstrated that PM-targeted GRK2ct did not inhibit Golgi-to-PM transport of VSV-G, 

and thus it was unlikely that Gβγ required translocation from the PM. Also, the cargo 

transport assays were performed in serum-free medium which is mostly devoid of ligands 

for cell surface GPCRs, consistent with the idea that in our model of Gβγ regulated 

constitutive Golgi-to-PM cargo transport, Gβγ activation at the Golgi occurs independently 

of extracellular stimulation or cell surface receptor activation. As stated previously, the 

Golgi localized, Gβ-interacting, PAQR3 is well poised for the regulation of Gβγ at the Golgi 

and regulation of Gβγ by PAQR3 offers insight into a mechanism by which Gβγ can be 

regulated (at the Golgi) in a constitutive manner, independently of extracellular agonist 

stimulation, such as in our aforementioned model where Gβγ is regulated at the Golgi to 

control constitutive Golgi-to-PM cargo transport. It should also be noted however, that our 

current data do not rule out that PAQR3 might also play a key role in regulating the GPCR 

activation-dependent translocation of Gβγ from the PM to Golgi, such as in a recent study 

where it was demonstrated that, in a mouse pancreatic β cell line, regulated insulin secretion 

was mediated by M3 muscarinic receptor-stimulated translocation of Gβγ to the Golgi [8].

Previous biochemical studies have shown that PAQR3 specifically localized the Gβγ subunit 

to the Golgi but not the Gα subunit [24]. These studies also indicated that PAQR3 competes 

with GRK2ct to bind Gβ, and since GRK2ct binds to the interface of Gα/Gβγ, it is possible 

that PAQR3 directly binds the Gβγ heterodimer and localizes it to the Golgi where Gβγ 

would then be in its active form and ready to activate the Gβγ-PKD mediated signaling 

pathway. Although the simplest idea is that PAQR3 stimulates Gβγ-PKD signaling at the 

Golgi by recruiting or retaining Gβγ at the Golgi, it is also possible that PAQR3 takes a 

more active role in stimulating Gβγ function at the Golgi. Though two other members of the 

PAQR family, PAQR 7 and 8, have been shown to activate a Gi heterotrimeric G protein 

[52], PAQR3 does not possess the characteristics of GPCRs. In fact, although PAQR3 has 

seven transmembrane domains, its topology is reversed compared to GPCRs; the N-terminus 

of PAQR3 faces the cytoplasm, while the C-terminus is located in the lumen of the Golgi. 

Nonetheless, it remains to be tested if PAQR3 could directly activate a heterotrimeric G 

protein, possibly by functioning as a non-GPCR GEF, similar to what has been recently 

described for endomembrane G protein activation by GIV/Girdin [53].

It is also important to note that PAQR3 was first identified as a tumor suppressor protein as 

it had been shown to sequester Raf-1 to the Golgi and inhibit the Ras/MAPK signaling 

pathway suppressing cell proliferative activity [27, 28]. PAQR3 has been shown to function 

as a tumor suppressor mainly via its modulatory effects on the Ras/MAPK and PI3K/AKT 

signaling pathways. PAQR3 appears to play a tumor suppressor role in breast, gastric, 

bladder and colorectal cancer, as well as in osteosarcoma, melanoma and hepatocellular 

carcinoma [27, 54–59]. Moreover, PAQR3 inhibits angiogenesis by suppressing VEGF 

signaling and functionally cooperates with p53 to down regulate signaling leading to 

epithelial-mesenchymal transition (EMT) [60, 61]. In conformance with PAQR3’s role as a 

tumor suppressor and the evidence we show here of its role in the regulation of the Gβγ-

PKD mediated secretory pathway at the Golgi, it would be interesting to determine whether 
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PAQR3 also modulates this pathway in a tumor suppressive manner, such as by regulating 

the secretion of protective, anti-cancer proteins and/or excretion of toxic proteins.

PAQR3 is a ubiquitously expressed protein and future studies should be focused on 

determining its role in the positive regulation of Golgi-localized Gβγ signaling in a 

physiological context, such as the aforementioned regulation of insulin secretion by Golgi-

localized Gβγ [8]. In another recent study using neonatal rat ventricular myocytes (NVRMs), 

it was shown that cardiac hypertrophy is regulated by Golgi-localized Gβγ. This study 

identified a signaling pathway in myocytes where Gβγ at the Golgi activates perinuclear 

PLCε, and PLCε subsequent hydrolyses PI4P, to activate nuclear PKD [30]. It will be of 

importance to determine whether PAQR3 plays a role in regulating the function of Golgi-

localized Gβγ in biological contexts such as these to establish the role of PAQR3 as a 

positive regulator of Gβγ mediated signaling at the novel subcellular location of the Golgi.

5. CONCLUSION

In summary, we have shown that PAQR3 is involved in the regulation of a Gβγ-PKD 

signaling pathway at the Golgi that controls the fission of PM-destined transport vesicles. 

Expression of PAQR3, but not a Gβ binding-deficient mutant, induces fragmentation of the 

Golgi. Moreover, inhibition of Gβγ or PKD prevents PAQR3-mediated Golgi fragmentation. 

Lastly, PAQR3(NΔ20), the Gβ binding-deficient mutant, working in a dominant negative 

manner, inhibits cargo transport from the Golgi to PM. This work offers insight into a novel 

mechanism by which the function of Gβγ is regulated at a non-canonical, subcellular 

location.
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Highlights

Expression of PAQR3 enhances Golgi vesicle formation and fragments the Golgi.

A Gβ-binding deficient mutant of PAQR3 does not fragment the Golgi.

Inhibition of Gβγ and PKD inhibits PAQR3 mediated Golgi fragmentation.

Gβ binding-deficient mutant of PAQR3 inhibits Golgi-to-PM vesicle transport.

We identify a novel mechanism for regulation of Gβγ function at the non-canonical 

location of the Golgi.
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Figure 1. Expression of PAQR3 induces Golgi fragmentation while the Gβ binding-deficient 
mutant PAQR3(NΔ20) does not fragment the Golgi
A, HeLa cells were transfected with GFP-PAQR3 (top row) or GFP-PAQR3(NΔ20) (bottom 

row) for 48 h. Cells were fixed and processed for immunofluorescence microscopy using 

anti-TGN46 to detect Golgi morphology, and expressed PAQR3 and PAQR3(NΔ20) were 

detected by intrinsic GFP fluorescence. Arrows indicate Golgi fragmentation. Bar, 10 μm. B, 
To confirm equivalent expression of GFP-PAQR3 and GFP-PAQR3(NΔ20), 

immunoblotting was performed using HeLa cell lysates after transfection with pcDNA3, 

GFP-PAQR3 or GFP-PAQR3(NΔ20). An anti-GFP antibody was used to detect GFP-

PAQR3 or GFP-PAQR3(NΔ20) (upper panel), and an anti-Hsp90 antibody was used as a gel 

loading control (lower panel). Consistent with the immunoblot shown, previous results have 

demonstrated that PAQR3 and PAQR3(NΔ20) display no detectable difference in mobility 

[24, 62]. C, Shown is a bar graph quantitating the effect of PAQR3, PAQR3(NΔ20), and the 

effect of Gβγ and PKD inhibitors in the presence of PAQR3 on Golgi fragmentation. Cells 

were transfected/treated as described in Figure Legends 1A, 2 and 3. Values are the means 

+/− S.D. for 3 separate experiments. 100 cells were counted in each experiment. Asterisks 

indicate statistical significance (p<0.001, t-test) compared to PAQR3 (first bar).

Hewavitharana and Wedegaertner Page 16

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Gβγ inhibitors GRK2ct and gallein inhibit PAQR3-mediated Golgi fragmentation
A, HeLa cells were transfected with GFP-PAQR3 for 36–48 h and then treated with 10 μM 

gallein (bottom row) or vehicle (top row) for 8 h prior to being fixed and processed for 

immunofluorescence microscopy using anti-TGN46 to detect Golgi morphology. Expressed 

GFP-PAQR3 was detected by intrinsic GFP fluorescence. B, HeLa cells were transfected 

with GFP-PAQR3 together with GRK2ct. Cells were fixed and stained with anti-GRK2, and 

the intrinsic GFP fluorescence allowed visualization of GFP-PAQR3, and, by extension, 

Golgi morphology. Bar, 10 μm.
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Figure 3. PKD inhibitors PKD-DN and Gö6976 inhibit PAQR3-mediated Golgi fragmentation
A, HeLa cells were transfected with GFP-PAQR3 for 36–48 h and then treated with 5 μM 

Gö6976 (bottom row) or vehicle (top row) for 8 h prior to being fixed and processed for 

immunofluorescence microscopy using anti-TGN46 to detect Golgi morphology. Expressed 

GFP-PAQR3 was detected by intrinsic GFP fluorescence. B, HeLa cells were transfected 

with GFP-PAQR3 together with HA-PKD-DN (PKD-K618N). Cells were fixed and stained 

with anti-HA, and the intrinsic GFP fluorescence allowed visualization of GFP-PAQR3, 

and, by extension, Golgi morphology. Bar, 10 μm.
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Figure 4. Gβ binding-deficient mutant PAQR3(NΔ20) inhibits VSV-G transport from the Golgi 
to the PM
A, HEK293 cells were transfected with mCherry-VSV-G alone (top row) or together with 

GFP-PAQR3 (middle row) or GFP-PAQR3(NΔ20) (bottom row), incubated for 24 h and 

then transferred to the non-permissive temperature of 39 °C for 16 h. Cells were then shifted 

to 20 °C for 2 h (after 1 h of which cyclohexamide was added) at which temperature VSV-G 

localizes to and is retained at the Golgi. Cells were then transferred to the permissive 

temperature of 32 °C for 2 h for VSV-G transport to the PM. Cells were then fixed and 

stained with anti-VSV-G followed by Alexa 594-conjugated secondary antibody to better 

visualize mCherry-VSV-G. PAQR3 and PAQR3-(NΔ20) were detected by intrinsic GFP 
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fluorescence. Bar, 10 μm. B, HEK293 cells were transfected with GFP-VSV-G alone (top 

row) or together with HA-KDELr (bottom row) and the VSV-G transport assay was 

performed as described in A. After 2 h incubation at the permissive temperature of 32 °C, 

cells were fixed and stained with anti-HA antibody to visualize KDELr. GFP-VSV-G was 

visualized by intrinsic GFP fluorescence. C, Shown is a bar graph quantitating the 

localization of VSV-G in the absence or presence of co-expressed PAQR3, PAQR3(NΔ20) 

or KDELr. VSV-G localization in individual cells was scored as predominantly PM (PM), 

both PM and Golgi (PM/Golgi), or predominantly Golgi (Golgi). Values depicted are the 

means (+/− S.D., vertical bars) for 3 separate experiments. 100 cells were counted in each 

experiment. Asterisks indicate statistical significance (p<0.001, t-test) of the indicated bar 

(*, PM; **, PM/Golgi; ***, Golgi) compared to the corresponding bar of the mCh-VSV-G 

only sample (first set of bars). D, HEK293 cells were transfected with mCherry-VSV-G 

together with pcDNA3, GFP-PAQR3, GFP-PAQR3(NΔ20) or HA-KDELr, as indicated, and 

cells were cultured as described above for A and B. After 2 h at 32 °C to allow transport of 

VSV-G to the PM, cell surface proteins were biotinylated and isolated as described under 

Materials and Methods. VSV-G in total cell lysates (upper panel) and cell surface 

biotinylated VSV-G (lower panel) were detected by immunoblotting with an anti-VSV-G 

antibody
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