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Abstract 

Shedding light on the spatiotemporal regulation of RGS14 

Mary Rose Branch 

 
RGS14 is a multifunctional scaffold protein that integrates various cellular pathways and 
interacts with active (GTP-bound) and inactive (GDP-bound) Gα subunits to negatively regulate 
G protein signaling. RGS14 is enriched in area CA2 of the hippocampus where it acts as a 
natural suppressor of long-term potentiation. The functional role of RGS14 in CA2 neurons and 
the mechanisms by which it limits synaptic plasticity, however, are unknown. The subcellular 
localization of proteins in their native cellular environment can provide critical insight into 
their in vivo functions. All previous information about the subcellular localization of RGS14 
relied largely on  exogenous expression of recombinant protein in non-host cells. Since 
mislocalization of exogenously expressed proteins is a common problem that can give a false 
impression of the endogenous protein's distribution and in vivo functionalities, the primary aim 
of this study was to investigate the subcellular localization of endogenous RGS14 in its native 
cellular environment under basal conditions and following G protein activation. Because CA2 
neurons cannot be isolated for study, we studied RGS14 localization in B35 neuroblastoma cells, 
the only cell line known to natively express RGS14. Using immunocytochemistry and confocal 
imaging, we found that endogenous RGS14 localizes to multiple cellular compartments in host 
B35 cells and that both inactive and activated G proteins can regulate the spatiotemporal 
dynamics of RGS14. Our results suggest that RGS14 may have multiple and complex functions 
in CA2 neurons, highlighting the need for future studies to determine which of these functions is 
critical for RGS14-mediated suppression of synaptic plasticity. 
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BACKGROUND AND SIGNIFICANCE 
 

Long-term potentiation (LTP), a long-lasting increasing in synaptic strength following 

brief periods of stimulation, is often considered the molecular correlate of learning and memory 

and is one of the major hallmarks of the hippocampus. The hippocampus, a region of the brain 

within the limbic system, has a critical role in the formation of new episodic, social, and spatial 

memories. The flow of excitatory neurotransmission within the hippocampus has traditionally 

focused on the (DG)-CA3-CA1 “tri-synaptic” circuit as integral to hippocampal-based learning 

and memory (Neves et al., 2008); nevertheless, relatively little is known about neighboring area 

CA2—which was previously considered to be an inactive transition zone. CA2 pyramdial 

neurons are anatomically and physiologically distinct from pyramidal neurons within areas CA1 

and CA3 in that they are also protected from ischemic and seizure-induced damage and naturally 

resistant to LTP (Kirino, 1982; Sloviter, 1991; Zhao et al., 2007). Growing evidence suggests 

that area CA2 is important for social behavior and is impaired in individuals with bipolar 

disorder and schizophrenia (Benes et al., 1998; Caruana et al., 2012; Hitti and Siegelbaum, 2014; 

Pagani et al., 2014; Stevenson and Caldwell, 2014); nevertheless, the mechanisms regulating 

neuroprotection and synaptic plasticity in area CA2 are poorly understood because CA2 neurons 

exhibit a unique gene and protein expression pattern that differs from those of its neighboring 

CA regions (Lein et al., 2005).  

  One such protein predominantly expressed in area CA2 is a multifunctional regulator of 

G protein signaling known as RGS14 (Lee et al., 2010). Regulator of G protein signaling (RGS) 

proteins constitute an architecturally and functionally diverse family of nearly 40 members that 

share a common ~ 120 amino acid binding domain that interacts with activated (GTP-bound) Gα 

subunits. RGS proteins negatively regulate G protein signaling by acting as GTPase accelerating 



 2 
proteins (GAPs) to stimulate the intrinsic GTP hydrolysis of their interacting Gα binding partners 

(reviewed in Watson et al., 1996; Hollinger and Hepler, 2002). In addition to the conserved RGS 

domain that acts as a GAP for Gαi/o-GTP subunits, RGS14 contains a G protein regulatory 

(GPR/GoLoco) motif that binds inactive Gαi-GDP subunits and tandem Ras/Raf binding 

domains (RBDs) (Cho et al. 2000; Traver et al., 2000; Hollinger et al., 2001; Kimple et al., 2001; 

Mittal and Linder, 2004). The presence of its two Gα binding domains, the GPR motif and 

conserved RGS domain, allows RGS14 to bind both active and inactive Gα subunits and 

potentially regulate multiple G protein signaling pathways at one time. Indeed, previous studies 

have shown that RGS14 can engage both conventional (GPCR-activated) and unconventional G 

protein signaling events (reviewed in McCudden et al., 2005).  

Our lab has recently reported that mice lacking RGS14 (RGS14-KO) exhibit robust LTP 

at Schaffer collateral (SC)-CA2 synapses, accompanied by enhanced spatial learning and object 

recognition compared to their wild type littermates. Notably, RGS14-KO mice do not differ in 

LTP in CA1 neurons, indicating that LTP in area CA2 contributes to the enhanced 

learning/memory seen in the RGS14-KO mice (Lee et al., 2010). In addition, adenovirus (AAV)-

mediated expression of RGS14 in CA1 hippocampal neurons suppresses LTP (unpublished data), 

suggesting that RGS14 inhibits cellular pathways underlying LTP induction that are common to 

both CA2 and CA1 neurons; the mechanism(s) by which RGS14 inhibits LTP, however, is 

unknown.  

 

RATIONALE  

At the cellular level, our lab hypothesizes that the subcellular localization of RGS14 

expression may change to serve multiple roles in different cellular compartments, depending on 

the state of the cell. Considerable evidence supports this idea; native RGS14 exists in both 
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cytosolic and membrane fractions of rat brain extracts (Hollinger et al., 2001) and is visible 

within the soma, dendrites, spines, and post-synaptic terminals of CA2 pyramidal neurons by 

electron microscopy (Lee et al., 2010; Evans et al., 2014). Furthermore, previous 

immunofluorescent imaging studies have shown that exogenous RGS14 localizes to centrosomes 

and shuttles between the nucleus and cytoplasm when expressed in HeLa cells and is recruited to 

the plasma membrane following expression of inactive Gαi1-GDP or activated H-Ras-GTP (Cho 

et al., 2005; Cho et al., 2007; Shu et al., 2007; Vellano et al., 2013). Taken together, these 

findings suggest that RGS14 is dynamically regulated and serves multiple functions depending 

on its subcellular localization and state of the cell.  

One limitation of these previous cell-based studies, however, is that they have all relied 

on exogenously expressed epitope tagged-RGS14 in cells that do not naturally express RGS14 at 

detectable protein levels. To date, very little is known about native RGS14 in its host cellular 

environment. Understanding the spatiotemporal dynamics of proteins within host cells can 

provide vital insight into their native cellular functions. Nevertheless, most of what we know 

about RGS14 in cells is based on the behavior of ectopically expressed recombinant RGS14 in 

non-native cells. Whether this reflects the behavior of native RGS14 in its natural environment is 

unknown. In addition to CA2 pyramidal neurons, B35 cells—derived from rat neuroblastoma—

are the only mammalian cell line we have found to express detectable levels of RGS14 protein 

by immunoblot (Fig. 2). 

 

Hypotheses and Aims 

 Based on its architecturally complex multi-domain structure and studies with 

exogenously expressed recombinant protein, we hypothesized that 1) native RGS14 localizes to 

multiple cellular compartments in host cells and 2) G protein activation can modulate the 
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spatiotemporal targeting of RGS14 from various basal state subcellular compartments to the 

plasma membrane. Therefore, the goal of these studies was two fold: 1) identify the subcellular 

localization of endogenous RGS14 in its host cellular environment and 2) determine the extent to 

which the activation of G proteins affects its cellular distribution.  

Since the localization and function of RGS14 in its non-native environment may not 

accurately reflect the role of RGS14 in natural host neuronal cells (Stadler et al., 2013), the first 

aim of this project was to identify the dynamic localization of native RGS14 under different 

conditions in cells from a neuronal lineage that naturally express detectable levels of RGS14. In 

addition, although there is much evidence to suggest that the subcellular localization of 

exogenous RGS14 is regulated by its interactions with inactive Gαi1/3 via the GPR motif, 

unknown is whether interactions with activated Gα subunits through the RGS domain also 

influence the cellular distribution of RGS14. Therefore, the second goal of this project was to 

explore whether activated Gα binding partners affect the subcellular localization of RGS14. We 

hypothesized that if both the RGS domain also serves to regulate the functional localization of 

RGS14, then G protein activation would lead to a redistribution of RGS14 from basal state 

cellular compartments. 

Electron micrographs of CA2 neurons from fixed hippocampal slices revealed that 

endogenous RGS14 is visible in various microdomains in host CA2 pyramidal neurons (Lee et 

al., 2010); we, therefore predicted that endogenous RGS14 also exists in multiple subpopulations 

within B35 cells. Furthermore, since other RGS proteins have been shown to translocate to the 

plasma membrane in response to GPCR agonist- and AlF4
- -induced G protein activation (Dulin 

et al., 1999; Cho et al., 2003; Roy et al., 2003), we predicted that application of AlF4
- would also 

affect the subcellular localization of RGS14.  
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MATERIAL AND METHODS 

 

Cell Culture and Transfection 

Rat neuroblastoma (B35), Human cervical carcinoma (HeLa), African Green Monkey 

kidney (Cos7), human glioblastoma (SF295), and human embryonic kidney (HEK293) cells 

were maintained in 1X Dulbecco’s modified eagle medium with phenol red indicator 

(Mediatech) supplemented with 10% fetal bovine serum (Atlanta Biologicals, 5% after 

transfection), 100 U/mL penicillin (Mediatech), and 100 mg/mL streptomycin (Mediatech) in a 

humidified environment at 37°C with 5% CO2. All transient transfections were performed using 

previously described methods with polyethyleneimine (PEI; Polysciences, Inc.) (Oner et al., 

2010). For all experiments, the total amount of plasmid DNA used for cotransfection 

experiments of FLAG-RGS14 and Gαi/o-EE in HeLa cells was normalized with vector DNA 

(pcDNA3.1) to 200 ng. 

 

G protein Activation with AlF4
-  

For aluminum Tetrafluoride (AlF4
-) - induced G protein activation, B35 cells were 

incubated with Tyrode’s solution (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 0.37 

mM NaH2PO4, 24 mM NaHCO3, 10 mM HEPES, and 0.1% glucose, pH 7.4) supplemented with 

or without (control) 10 mM NaF, 9 mM MgCl2, and 30 μM AlCl3 for indicated times at 37 °C. 

AlF4
- -induced activation experiments with HeLa cells were performed for 10 min at room 

temperature.   
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Immunofluorescence  

In this study, we extensively compared four different fixation and permeabilization 

methods (detailed in the flow chart in Figure 1) to determine the distribution of native RGS14 in 

B35 cells. Unless otherwise stated, native RGS14 was visualized using the methanol fixation 

protocol (Figure 1), followed by immunostaining with an anti-RGS14 polyclonal primary 

antibody (RGS14 pAb; 1:400) and Alexa594 secondary antibody. Briefly, B35 cells were fixed 

in 100% ice-cold methanol for 5 min at -20 °C, rinsed twice in 1X phosphate buffered saline 

(PBS), and once in PBS-Tween (0.05% Tween in 1X PBS). After rinsing, cells were blocked in 

PBS containing 8% BSA for 1 hour at room temperature, and incubated with primary antibody in 

PBS containing 4% BSA (antibody buffer) overnight at 4 °C. B35 cells were then washed for 5 

min PBS-Tween 3 times, incubated with Alexa 594 goat anti-rabbit and/or Alexa 488 goat anti-

mouse secondary antibody (1:1000; Molecular Probes) in antibody buffer for 1-1.5 hours at room 

temperature, rinsed once in PBS-Tween, and washed twice for 5 min each in 1X PBS, stained 

with cell viable Hoechst 33342 DNA dye (1:5000) in antibody buffer for 4 min, washed again in 

1X PBS, and mounted onto slides with ProLong Diamond Antifade mounting media 

(Invitrogen). Table 1 shows a comprehensive list of the antibodies and corresponding 

concentrations used in both immunofluorescence and immunoblotting protocols. 

For pre-adsorption assays, anti-RGS14 pAb or mAb (at a concentration of 1:400 or 

1:300, respectively) was incubated with 1.28 ng/μl of purified recombinant rat RGS14 (kindly 

provided by Nicole Brown) on a rotator overnight at 4 °C prior to immunostaining.  Pre-

adsorption assays were performed with B35 cells fixed and permeabilized with methanol or 4% 

PFA and 0.1% Triton-X.  
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To compare the cellular distribution of FLAG-RGS14 in different cell types, B35, HeLa, 

Cos7, SF295, and HEK293 cells were transiently transfected with 100-500 ng of FLAG-RGS14 

as previously described (PEI; Polysciences, Inc.) (Oner et al., 2010). Twenty-four hours after 

transfection, cells were fixed with 4% PFA and permeabilized with 0.1% Triton-X in PBS for 10 

minutes each and processed for immunofluorescence as described in Brown et al. (2015). 

Experiments investigating the translocation of FLAG-RGS14 in the presence of inactive 

or AlF4
- -activated Gαi/o were performed as described in Brown et al. (2015). Briefly, HeLa cells were 

transiently transfected with 100 ng of FLAG-RGS14 and/or 100 ng of glutamate-glutamate (EE) tagged 

Gα subunits (Gαi1-EE or Gαo-EE). G protein activation with AlF4
- was carried out at room 

temperature for 10 min. HeLa cells were rinsed in 1X PBS, fixed with 4% paraformaldehyde 

(PFA), permeabilized with 0.1% Triton-X in PBS for 10 min each, and immunostained as 

described (Brown et al., 2015). 

 

Microscopy 

Phase contrast images of B35 cells were taken using a 40X objective on an Olympus 

IX51 inverted fluorescence microscope (Olympus) under phase contrast settings. Confocal 

imaging was performed using a 60X oil immersion objective on Olympus FV1000. Fluorescence 

channels were scanned sequentially and averaged to avoid bleed through. Images were processed 

and intensity graphs generated using ImageJ software (NIH). 

 

Immunoblotting 

Mouse brain lysates were kindly provided by Paul Evans (Hepler lab, Emory University) 

and prepared as in Evans et al. (2014). Immunoblotting experiments were carried out as descried 

in Evans et al (2014) with a few modifications. Briefly, B35 cells were lysed on ice in buffer 
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containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2 mM 

dithiothreitol, 10 mM MgCl2, protease inhibitor cocktail (Roche), and 1% TritonX-100. Cell 

lyastes were incubated on a rotator for 1 hour at 4°C, and then cleared by centrifugation at 

100,000 × g for 30 min at 4°C. Lyastes were mixed with Laemmli sample buffer and boiled for 5 

min. Samples from the cell lysates and mouse brain homogenates were loaded onto 11% 

acrylamide gels, resolved by SDS-PAGE, transferred to nitrocellulose membranes. After 

blocking nitrocellulose membranes for 1 hour at room temperature in blocking buffer containing 

5% nonfat milk (w/v), 0.1% Tween-20, and 0.02% sodium azide, diluted in 20 mM Tris buffered 

saline, pH 7.6, membranes were incubated with primary antibodies diluted in the same buffer 

overnight at 4°C or for 2 hours at room temperature. Membranes were then washed in Tris 

buffered saline containing 0.1% Tween-20 (TBST) and incubated with either an anti-mouse 

(1:5000) or anti-rabbit (1:25,000) HRP-conjugated secondary antibody diluted in TBST for 1.5 

hours at room temperature. Protein bands were detected by enhanced chemiluminescence. 

 

Analysis of Translocation 

Translocation of endogenous RGS14 in response to AlF4
--induced G protein activation 

was assessed by immunofluorescence and confocal microscopy. After staining B35 cells treated 

with AlF4
- for 10 min (n = 35) or left untreated (control; n= 35) with anti-RGS14 pAb to detect 

endogenous RGS14, the fluorescence intensity around the nuclear membrane was compared to 

the fluorescence intensity within the cytoplasm using ImageJ software. Hoechst DNA stain, 

visualized under the DAPI channel on the confocal microscope, was used to locate the nucleus 

and the area around the nuclear membrane was traced with the freehand tracing tool in ImageJ. 

Translocation was considered a significant difference in relative fluorescence staining around the 

nuclear membrane between untreated (control) and AlF4
-- treated cells. Relative nuclear 
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membrane fluorescence was determined by dividing the mean fluorescence intensity around the 

nuclear membrane by the mean fluorescence intensity in a comparable sized area within the 

cytosol (Supplementary Fig. 1). All non-dividing cells from randomly selected fields pooled 

from 3 independent experiments were included in the analysis. 

 

Statistical Analysis 

Statistical analysis was carried out using GraphPad Prism software. Comparisons 

between control and AlF4
- -treated B35 cells (n = 35 cells per group) were performed using a 

two-tailed unpaired t-test with P < 0.05 considered statistically significant. Data are reported as 

mean +/- s.d. 

 

Statement of authenticity  

Unless otherwise noted, all experiments performed for this thesis were conducted by the author, 

Mary Rose Branch.  

 

 

 

 

 

 

 

 

 

 



 10 
 

 

 

Table 1: List of antibodies used in this study 
Primary 
antibody 

Host Concentration Secondary antibody * Provider 

RGS14 mAb mouse 1:300 (ICC); 1:300 (IB) Alexa 488 goat anti-mouse; 
anti-mouse (1:500) for IB 

NeuroMab 

RGS14 pAb rabbit 1:400 (ICC); 1:250 (IB) Alexa 594 goat anti-rabbit; 
anti-rabbit (1:25,000) for IB 

Proteintech 

FLAG  rabbit 1:1000 (ICC) Alexa 594 goat anti-rabbit Sigma 
EE mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Covance 
β-III tubulin rabbit 1:800 (ICC) Alexa 488 goat anti-rabbit Sigma 
414 mAb mouse 1:8000 (ICC) Alexa 488 goat anti-mouse A kind gift from 

Dr. Maureen 
Powers, Emory 
University 

KDEL receptor 
(KDELR) i§ 

mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Stressgen 

GRP78/BiP § mouse 1:200 (ICC) Alexa 488 goat anti-mouse Stressgen 
HSP60 § mouse 1:5000 (ICC) Alexa 488 goat anti-mouse Stressgen 
GM130 § mouse 1:1000 (ICC) Alexa 488 goat anti-mouse BD Transduction 
Transferrin 
receptor (TfR) § 

mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Zymed 

Trans Golgi 
network (TGN) § 

mouse 1:1000 (ICC) Alexa 488 goat anti-mouse BD Transduction 

α-tubulin § mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Sigma 
β-tubulin  § mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Sigma 
γ-tubulin  § mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Sigma 
Mannose 6 
phosphate 
receptor: CI/300 
§ 

mouse 1:1000 (ICC) Alexa 488 goat anti-mouse Gift to the Kahn 
lab from Annette 
Hille-Rehfeld 

 
 
* All Alexa secondary antibodies were used at a concentration of 1:500 or 1:1000 (B35 cells) 
§  Antibodies generously provided by Dr. Richard Kahn’s lab, Emory University 
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Figure 1| A flowchart diagram showing the different immunofluorescence protocols used in this study to 
visualize endogenous RGS14 in B35 cells. PFA; paraformaldehyde. PHEM buffer; 60 mM PIPES, 25 mM 
HEPES, 10 mM EGTA, 2 mM MgCl2, pH 6.9. Tris-Glycine; 200 mM Tris, 0.75% glycine, pH 7.4.  
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RESULTS 
 
RGS14 is endogenously expressed in B35 cells 

Immunoblotting with a previously characterized monoclonal anti-RGS14 antibody (Lee 

et al., 2010; Evans et al., 2014) confirmed the expression of endogenous RGS14 in both mouse 

brain and B35 cells (Hollinger et al., 2003; Evans et al., 2014) (Fig. 2b). To investigate the 

subcellular localization of endogenous RGS14, we compared several immunofluorescence 

protocols (Fig. 1) with two different anti-RGS14 antibodies. Although the specific monoclonal 

antibody (RGS14 mAb) detected RGS14 as a single band at the appropriate molecular weight 

(61 kD) in mouse brain and B35 cells (Fig. 2b), it showed a weak staining pattern with 

immunofluorescence (Fig. 3) that was undetectable when visualized under a standard 

fluorescence microscope (data not shown). High-resolution confocal imaging revealed that when 

B35 cells were fixed with paraformaldehyde and permeabilized with Triton X-100, the RGS14 

mAb showed a diffuse staining pattern equally distributed throughout the cytosol and nucleus. 

The RGS14 mAb showed considerably less cytosolic staining, but intense punctate staining 

within the nucleus after fixing with organic solvents (methanol or acetone). The decrease in 

apparent cytoplasmic staining may be due to some amount of cytosolic protein extraction known 

to occur with fixation using organic solvents (Schnell et al., 2012). The absence of pronounced 

immunofluorescence staining in B35 cells with paraformaldehyde fixation using the RGS14 

mAb, despite evident detection of RGS14 by immunoblot (Fig. 2b, 3a), may be due to steric 

hindrance or loss of antigenicity caused by protein or epitope cross-linking (respectively) during 

fixation (Lipman et al., 2005; Schnell et al., 2012).  
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 14 
Though monoclonal antibodies are useful due to their high specificity in binding to a 

single antigenic site on their target protein, in some cases, they can have limited use in 

immunofluorescence experiments as a result of weak staining and/or low signal-to-noise. 

Conversely, polyclonal antibodies, though often less specific than monoclonal antibodies, bind to 

multiple antigenic sites and, thus, tend to provide higher signal-to-noise detection with 

immunofluorescence analysis. Consequently, we additionally stained B35 cells with a polyclonal 

antibody that also detected RGS14 by immunoblot in B35 cells (Fig. 3a).  

The RGS14 polyclonal antibody (RGS14 pAb) showed a more robust staining pattern 

than the RGS14 mAb for all fixation and permeabilization methods tested (Fig 4); however, 

immunofluorescence signal specificity was confirmed for both antibodies by a reduction in 

staining observed when the anti-RGS14 antibodies were pre-incubated (absorbed) with purified 

full-length recombinant RGS14 (Fig. 3b). Following methanol fixation, immunolabeling B35 

cells with the RGS14 pAb and mAb showed endogenous RGS14 localization in the cytoplasm 

and in unidentified nuclear bodies (Fig. 3b,c), while exogenously expressed FLAG-RGS14 was 

predominantly located within the cytosol (Fig. 4). The RGS14 pAb, however, showed additional 

localization of endogenous RGS14 around the nuclear membrane, which was observed under all 

fixation/permeabilization protocols tested (Fig. 4).  
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                 Localization of endogenous and exogenous RSG14 in B35 cells using different fixation and permeabilization methods. Fixation and permeabilization can affect the apparent localization and epitope accessibility of proteins (Schnell et al., 2012). Confocal images of B35 cells showing apparent distribution of endogenous RGS14 using RGS14 polyclonal (RGS14 pAb, red) and monoclonal (RGS14 mAb, green) antibodies and exogenously expressed FLAG-RGS14 detected with a FLAG antibody (cyan) after different fixation and permeabilization immunofluorescent protocols. DNA was stained by using a Hoechst stain (DAPI, blue).  B35 cells were fixed and permeabilized with ice cold methanol or acetone at – 20 °C for 5 min or fixed with 4% paraformaldehyde in PBS (PFA) or PHEM buffer (PHEM) for 10 min at room temperature and subsequently permeabilized with 0.1% Triton-X (Triton) for 10 min. After blocking in PBS containing 8% BSA for 1 hour at room temperature, cells were incubated in antibody buffer (4% BSA in PBS) containing RGS14 pAb (1:400), RGS14 mAb (1:300), or FLAG (1:1000) primary antibodies overnight at 4 °C. Alexa-594 anti-rabbit secondary antibody (1:1000) was used to detected RGS14 pAb and FLAG (pseudo-colored cyan); Alexa488 anti-mouse secondary was used to detect RGS14 mAb. Scale bar, 10 μm. 

Figure 4| 

ZAJ0060
Typewritten Text
16



 17 
Subcellular localization of endogenous RGS14 in B35 cells  
 

To gain more insight into the intracellular distribution of endogenous RGS14, we co-

stained B35 cells with the RGS14 pAb and several antibodies specific for endogenous markers 

(i.e.. cellular organelles and compartments). The RGS14 pAb was used in co-staining 

experiments because it gave a much more robust signal than the RGS14 mAb in all 

immunofluorescence protocols tested (Fig. 4). Different fixation and permeabilization conditions 

were also evaluated for co-staining experiments because protein components of membranous 

organelles and cytoskeletal structures are preserved to varying extents by different fixation and 

permeabilization methods. Colocalization of RGS14 with organelle markers was evaluated 

visually by merging the red and green fluorescent channels (Fig. 5). We found no significant 

colocalization between RGS14 and the cytoskeleton (F-actin, β-tubulin, and α-tubulin), 

centrosomes (γ-tubulin), endoplasmic reticulum (KDEL receptor and GRP78/BiP), trans-Golgi 

network (TGN38) (Fig 7), lysosomes (Mannose 6 phosphate receptor), or nuclear pore 

complexes (nuclear pore complex 414) under basal conditions in non-dividing (interphase) B35 

cells. Though the RGS14 pAB showed a similar staining pattern around the nucleus as the 

monoclonal antibody 414 mAb used to detect nuclear pore complexes (NPCs), a merged image 

of the two fluorescent channels revealed only partially overlapping signals similar to those 

observed in cells co-stained with antibodies against NPCs and nuclear lamina (inner nuclear 

membrane). Although we did not co-stain with a nuclear membrane marker, the similarity in 

staining pattern between RGS14 pAb and mAb 414, but absence of overlapping signals, suggests 

that RGS14 is located around either the outer or inner nuclear membrane under basal conditions 

in B35 cells.  

Methanol fixation can potentially lead to soluble protein extraction, while 

paraformaldehyde fixation cross-links soluble cytoplasmic proteins to stabile insoluble protein 
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structures (Schnell et al., 2012). With paraformaldehyde fixation, we observed a distribution of 

more intense RGS14 staining in the same regions as the inner mitochondrial matrix protein 

HSP60 used to label mitochondria, but only weak observable colocalization (Fig. 5). Notably, 

this colocalization was not detectable in methanol fixed B35 cells (Supplementary Fig. 1). It is, 

therefore, possible that RGS14 is localize to regions around or on the surface of mitochondria 

and while RGS14 association with mitochondria is preserved with paraformaldehyde fixation, 

surface-level localization is disrupted with methanol fixation. 
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The cellular distribution of RGS14 changes throughout the cell cycle 

Within a given population of B35 cells that were asynchronous in their stage of the cell 

cycle, we observed some variation in the intensity of RGS14 staining around the nuclear 

membrane and within nucleus, suggesting that the localization of endogenous RGS14 in B35 

cells may change as cells progress through the cell cycle. Further, we noticed that RGS14 

appeared to localize to perinuclear dots in cells with less intense staining around the nuclear 

membrane. Though our initial investigations revealed no significant co-localization between 

RGS14 pAb and centrosome marker γ-tubulin in asynchronous B35 cells (Fig. 5), a more 

thorough investigation revealed that RGS14 localizes to regions near, but not directly associated 

with, centrosomes at certain stages of the cell cycle (Fig. 6a). Notably, the endogenous RGS14 

signal in the vicinity of the centrosome is coincident with previously reported staining patterns of 

exogenous RGS14 when co-transfected with inactive Gαi1 (Shu et al., 2007). In addition, though 

our observations came from an asynchronous cell population, we noticed that perinuclear RGS14 

staining was primarily found in cells with single (unduplicated) centrosomes— presumably in 

phase G1. In contrast, we detected no prominent perinuclear RGS14 staining in cells with 

Figure 5| Subcellular distribution of endogenous RGS14 in B35 cells. B35 cells were fixed and co-stained with 
RGS14 pAb and one of several organelle markers. B35 cells co-stained with antibodies against F-actin (a) and 
mitochondria marker HSP60 (b) were fixed with 4% paraformaldehyde in PBS. B35 cells co-stained with α- and β-
tubulin (a) were fixed with 4% PFA in PHEM microtubule stabilizing buffer. B35 cells co-stained with all other 
organelles (nuclear pore complex, 414 mAb; γ-tubulin, centrosomes; endoplasmic reticulum, KDELR; lysosomes; 
Mann-6) (b) were fixed with methanol. Insets represent magnified boxed regions. Scale bar, 10 μm. (c) Row 1 
shows a representative confocal image of B35 cell with intense localization around the nuclear membrane. 
Maximum intensity projection and 3D reconstruction of confocal z stacks (created using ImageJ software) showing 
intense staining of RGS14 in a similar, but non-overlapping, pattern as nuclear pore complex marker 414 mAb as a 
cap around the nucleus. Magnified image (detail) highlights an area from the z slice around the nuclear membrane. 
Row 2 shows a maximum intensity projection and 3D reconstruction of a confocal z stack of a B35 cell co-stained 
with RGS14 pAb and mitochondria marker HSP60. Magnified image (detail) highlights a region of colocalization. 
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centrosomes presenting as a doublet (late S/early G2), but instead observed an increase in 

RGS14 localization within nuclear subcompartments (Fig 6a).  

RGS14 localized to the midzone during anaphase/telophase and colocalized with α-

tubulin at the midbody during cytokinesis (Fig. 6b). It is important to note that the cell cycle 

stages reported here are based on visual appearance of the nucleus and centrosomes labeled with 

γ-tubulin of cells from an asynchronous cell population; further cell cycle arrest analysis of 

synchronous cell population will be necessary to confirm these observations. Nevertheless, these 

findings provide evidence that the distribution of endogenous RGS14 in undifferentiated B35 

cells is cell cycle-dependent and support a role for RGS14 in regulating cell division. 
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AlF4
- -induced G protein activation affects the subcellular localization of endogenous RGS14 in 

B35 cells.  

We next sought to determine whether activation of endogenous G proteins with 

aluminum tetrafluoride (AlF4
-), which activates G proteins by mimicking the transition state of 

GTP hydrolysis (Berman et al., 1996; Sprang, 1997), affected the subcellular localization of 

endogenous RGS14 around the nuclear membrane. Though G protein activation with AlF4
- has 

been shown to recruit other RGS proteins to the plasma membrane from basal cellular 

compartment (Dulin et al., 1999; Roy et al., 2003), these previous studies primarily focused on 

less complex RGS proteins that lack a G protein regulatory (GPR) motif. GPR motifs interact 

with inactive Gα-GDP subunits to prevent re-assembly of the inactive heterotrimeric G protein 

(Gαβγ) after inaction of Gα-GTP. The GPR motif on RGS14, which specifically binds to inactive 

Gαi1-GDP and Gαi3-GDP, is thought to be a key regulator of RGS14 cellular distribution in cells 

(Cho et al., 2005; Shu et al., 2007). Whether the RGS domain also plays a role in directing the 

cellular distribution of RGS14, however, was previously unknown. We hypothesized that if the 

RGS domain also plays a role in regulating the subcellular localization of RGS14, then RGS14 

would translocate to the plasma membrane following G protein activation with AlF4
-.  

We first examined whether activation of endogenous G proteins with AlF4
- affected the 

localization of native RGS14 around the nuclear membrane in B35 cells. B35 cells were treated 

Figure 6| Distribution of endogenous RGS14 is cell cycle-dependent in B35 cells. (a) Confocal images B35 
cells co-stained with RGS14 polyclonal antibody (pAb), centrosome marker γ-tubulin, and Hoescht stain 
(visualized under the DAPI channel) shows that RGS14 localizes to perinuclear regions in the vicinity of 
centrosomes (sites of microtubule nucleation initiation). The proximity of RGS14 to centrosomes appears to 
be cell cycle-dependent. Intense perinuclear staining is more apparent in cells with a single, unduplicated 
centrosome (rows 1,3, and 4) non-existent in cells with centrosomes appearing as a duplicated pair (row 2). (b) 
RGS14 colocalizes with α-tubulin at the midbody during cytokinesis (row 1) and is concentrated at the 
midbody during anaphase/telophase (row 2). Scale bar, 10 μm. 
 



 24 
with AlF4

- for various times, fixed with paraformaldehyde or methanol, and processed for 

immunofluorescence using the RGS14 pAb to detect endogenous RGS14. Methanol fixation is 

often used to visualize proteins bound to structural cytoskeletal elements and stabilized 

organelles, but can lead to extraction of soluble cytosolic proteins and mobile cellular 

compartments. Since fixation with paraformaldehyde tends to preserve cellular architecture 

better than with methanol, we first used a paraformaldehyde fixation protocol to investigate the 

effects of AlF4
- on the cellular distribution of native RGS14. In untreated (control) cells, 

immunofluorescence and confocal imaging showed a relative enrichment of RGS14 around the 

nuclear membrane. Application of AlF4
- lead to an increase in vesicle-like, punctate staining 

within the cytoplasm after 5 minutes and a significant decrease in nuclear membrane-to-

cytoplasm fluorescence intensity by 10 minutes (Figure 7a,b). These data indicate that G protein 

activation by AlF4
- causes a redistribution of RGS14 from basal state cellular compartments 

around the nuclear membrane to vesicular structures within the cytoplasm.  

Paraformaldehyde fixation protocols tend to preserve cytoplasmic staining. Thus, due to 

the increase in cytosolic staining, fixation with paraformaldehyde could potentially mask staining 

of cytoskeleton-stabilized organelles, such as the endoplasmic reticulum and the Golgi. To 

correct for this, we performed the same AlF4
--induced G protein activation protocol with 

methanol fixation. Similar to paraformaldehyde fixation, methanol fixation showed a decrease in 

RGS14 localization around the nuclear membrane, but also an accumulation of RGS14 in 

clustered perinuclear dot-like structures after 10 minutes of stimulation with AlF4
-. Co-staining 

with antibody markers for the trans-Golgi network (TGN, anti-TGN38) and Golgi (anti-GM130) 

showed that though the perinuclear RGS14 staining consistently localized to the same region as 

the TGN and Golgi, We observed no significant overlap between RGS14 and our TGN or Golgi 

markers (Figure 7c). Though not tested, the clustered RGS14 staining in the center of TGN and 
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Golgi folds could also reflect an increase in localization at microtubule organizing centers or 

centrosomes. Notably, we found a considerable increase in RGS14 localization at the plasma 

membrane in several cells fixed with both methanol (Figure 7d) and paraformaldehyde (data not 

shown) after stimulation with AlF4
- for 15 minutes. Other cells continued to show an 

accumulation of RSG14 in vesicle-like structures within the cytoplasm, suggesting that AlF4
--

induced translocation is a dynamic process and RGS14 localization at the plasma membrane 

could be transient. Nevertheless, these data indicate that global G protein activation with AlF4
- 

affects the basal state cellular distribution of RGS14 in B35 cells.  
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We speculated that the apparent redistribution of endogenous RGS14 to the plasma 

membrane following treatment with AlF4
- was due to binding of the RGS domain with AlF4

- 

activated endogenous Gαi/o subunits residing on the plasma membrane. To determine whether 

exogenously expressed Gαi/o subunits affect the localization of endogenous RGS14, we initially 

transfected B35 cells with exogenous epitope-tagged Gαi1-EE and Gαo-EE cDNA.  However, we 

found that immunofluorescence staining for endogenous RGS14 substantially decreased in B35 

cells transfected with Gαi cDNA (Supplementary Fig. 2). The reason for this decrease in 

expression—observed only in the subpopulation of cells expressing Gαi1—is currently unclear. 

Though speculative, overexpression of Gαi1-GDP could lead to activation or inhibition of 

downstream signaling pathways that decrease RGS14 gene expression or increase degradation of 

the protein.  

Thus, in order to investigate the effect of inactive Gαi1 or Gαo on the cellular distribution 

of RGS14, we co-expressed exogenous FLAG-RGS14 with either Gαi1-EE or Gαo-EE in HeLa 

cells. Though the RGS domain of RGS14 interacts with activated Gαi and Gαo subunits, RGS14 

Figure 7| G protein activation with AlF4
- induces translocation of endogenous RGS14. Fluorescence microscopy 

analysis (a,c,d) and quantification (b) of endogenous RGS14 translocation from the nuclear membrane after G 
protein activation with AlF4

-. A noticeable decrease in endogenous RGS14 localization around the nuclear membrane 
of B35 cells was observed 10 min after global G protein activation with AlF4

-. (a) Confocal images of B35 cells 
incubated with or without (control) AlF4

- for indicated times, fixed and permeabilized with paraformaldehyde/Triton-
X and stained with an anti-RGS14 polyclonal antibody (pAb). (b) Scatterplot showing the ratio of nuclear 
membrane-to-cytosol localization of endogenous RGS14 in B35 cells fixed with paraformaldehyde following 
treatment with and without 10 min of AlF4

- -induced G protein activation. Cells were fixed with 4% PFA in PHEM 
buffer and permeabilized with 0.1% Triton-X to prevent against possible cytoplasmic extraction during 
fixation/permeabilization with organic solvents (methanol and acetone). Enrichment of RGS14 at the nuclear 
membrane relative to cytosolic localization within B35 cells significantly decreased after treatment with AlF4

- for 10 
min (a,c). Nuclear membrane-to-cytosol localization of RGS14 was determined by dividing the average fluorescence 
intensity at the periphery of the nucleus (NM) by the average fluorescence intensity for a comparable area in the 
cytosol (C) (as depicted in Supplementary Fig. 1). Each point on the scatter plot represents the NM/C fluorescence 
intensity for a single cell immunostained with anti-RGS14 pAb and counterstained with Hoechst DNA dye (DAPI 
fluorescence channel) to locate nuclei (n = 35 cells for each experimental condition, 3 independent experiments).  
Horizontal line shows mean NM/C intensity ratio. ****P<0.0001 (Student t-test). Methanol fixation revealed an 
increase in localization of RGS14 within clusters around the trans-Golgi network (anti-TGN38) and Golgi (anti-
GM130) after G protein activation with AlF4

- for 10 min (c) and an observable increase in localization at the plasma 
membrane after 15 min (d).    
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also interacts with inactive Gαi1-GDP through the GPR motif.  Thus, we used Gαo to investigate 

whether the RGS domain plays a role in directing the subcellular localization of RGS14 in 

response to activation of Gαi/o. For this investigation, HeLa cells were used instead of B35 cells 

due to a combination of good transfection efficiency, relatively large soma, and flat morphology 

ideal for examining plasma membrane localization. Exogenously expressed FLAG-RGS14 was 

predominantly localized diffusely throughout the cytoplasm in all cell lines tested 

(Supplementary Fig. 3). Co-expression of EE-epitope tagged Gαi1 (Gαi1-EE-GDP) in HeLa 

cells was sufficient to recruit RGS14 to the plasma membrane. In contrast, FLAG-RGS14 

remained in the cytosol when co-expressed with Gαo-EE (Fig. 8b). Following G protein 

activation with AlF4
-, FLAG-RGS14 remained at the plasma membrane with activated Gαi1-EE. 

FLAG-RGS14 colocalized with activated Gαo-EE at the plasma membrane after 10 min of 

treatment with AlF4
- (Fig. 8c). Since RGS14 translocation to the plasma membrane by Gαo-AlF4

- 

took place slowly over 10 minutes (Fig. 8e), it remains unclear whether RGS14 redistribution to 

the plasma membrane in response to signaling events downstream G protein activation or direct 

interactions with AlF4
- activated Gαi/o through its RGS domain. Future investigations using a 

functional RGS14 mutant that does not bind activated Gαi/o subunits will be required to 

distinguish between these two possibilities. Nevertheless, the increased colocalization of FLAG-

RGS14 and Gαo-EE at the plasma membrane after treatment with AlF4
-, suggests that once 

localized to plasma membrane, RGS14 interacts with activated Gαi/o subunits.  
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Figure 8| 
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DISCUSSION 
 

In the present study, we found that RGS14 exists in multiple populations within the 

cytoplasm and nucleus in B35 cells.  Similar to previous reports about the localizations of 

exogenous RGS14 in other cell lines, endogenous RGS14 distributed to various compartments 

within the cytoplasm and localized to unidentified nuclear bodies. We found that the localization 

of endogenous RGS14 in nuclear bodies and perinuclear compartments in the vicinity of 

centrosomes was cell cycle-regulated. In addition and in contrast to reports describing the 

localization of exogenous RGS14, using an anti-RGS14 polyclonal antibody, we also detected 

prominent staining around the periphery of the nucleus that we have interpreted to be an 

association with the outer or inner nuclear membrane and a potential localization on the surface 

of mitochondria. Though further experiments, such as RNA interference-mediated knockdown 

and subcellular fractionation, are needed to confirm the specificity of the antibodies and 

localization of endogenous RGS14 in B35 cells, this is the first study to demonstrate a possible 

role for RGS14 at the nuclear membrane and on or within mitochondria. Furthermore, we 

showed that treatment of cells with AlF4
- leads to a relocalization of endogenous and exogenous 

RGS14, suggesting that G protein activation is another mechanism capable of affecting the 

spatiotemporal profile of RGS14 in cells. Taken together, these findings provide further support 

to the idea that RGS14 is a multifunctional protein that is dynamically regulated to serve many 

roles in its native cellular environment.  
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      Table 2. Subcellular localization of endogenous RGS14 in B35 cells 

Subcellular localization of 
endogenous RGS14 in B35 cells 

(using pAb) 

Cellular state 

Cytosol 
 

Basal 

Nucleus 
 

Basal 

Nuclear bodies 
 

Basal—potentially cell cycle-dependent 

Nuclear membrane 
 

Basal 

Mitochondria 
 

Basal 

Vicinity of centrosomes 
 

Cell cycle-dependent 

Midzone 
 

Anaphase/telophase 

Midbody Cytokinesis 
 

Microtubules 
 

At the midbody during cytokinesis 

 

RGS14 in cell division 

Our findings suggest that the localization of endogenous RGS14 near centrosomes—

possibly within the surrounding pericentriolar material—is likely cell cycle-dependent in B35 

cells. We also found that RGS14 colocalizes with α-tubulin at the midbody during cytokinesis.  

These results are consistent with previous reports showing a cell cycle-dependent association of 

exogenous RGS14 with centrosomes and localization at the midbody during cytokinesis in HeLa 

cells (Cho et al., 2004; Cho et al., 2007; Shu et al., 2007). While the functions of RGS14 at the 

midbody are currently unclear, various RGS14 binding partners, including Rap2 and novel 

interacting partner 14-3-3, exhibit similar midbody localization during cytokinesis—supporting 

the notion that RGS14 acts as a nexus for integrating various signaling events (Mukai et al., 

2008; Du et al., 2011; Telkoparan et al., 2013, Gerber et al., 2015).   
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RGS14 and the cytoskeleton 

Various studies have implicated heterotrimeric G proteins in regulating microtubule 

dynamics (Roychowdhury et al., 1999; Willard and Crouch., 2000; Roychowdhury et al., 2006; 

Dave et al., 2009). RGS14 has also been implicated in regulating microtubule stability and binds 

to polymerized, but not depolymerized, tubulin in vitro and in cells, likely through interactions 

with Gαi/o (Martin-McCaffrey et al., 2005). In B35 cells, methanol fixation revealed that AlF4
--

induced G protein activation caused endogenous RGS14 to translocate from the nuclear 

membrane to unidentified cytoplasmic bodies surrounded by trans-Golgi network and Golgi 

folds (Fig. 7c). In animal cells during interphase, the Golgi and centrosome share a close spatial 

relationship in a compact region on one side of the nucleus (Kupfer et al., 1983) along what is 

considered the nuclear-centrosomal axis. The nuclear-centrosomal axis is thought to be important 

for microtubule-based vesicular trafficking and organization, nuclear positioning, and 

maintenance and/or generation of cell polarity (reviewed in Luxton and Gunderson, 2011). 

Though not investigated in this study, it is possible that these unidentified nuclear bodies are 

associated with the centrosome or microtubule organizing center. In B35 cells, AlF4
--induced G 

protein activation could cause RGS14 to translocate to the centrosome through direct interactions 

with activated Gαi/o subunits. This is an intriguing possibility considering that exogenous RGS14 

and a constitutively active mutant of Gαi1 were found to colocalize with centrosome marker γ-

tubulin when co-expressed in HeLa cells (Shu et al., 2007). At centrosomes, RGS14 and Gαi/o 

may work together to modulate microtubule dynamics. Alternatively, RGS14 translocation to 

centrosomes may be intermediate to its transport to the plasma membrane along microtubules or via 

Golgi-derived recycling endosomes (Fig. 10).  
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In differentiated, non-dividing neurons, microtubules are critical for long-distance 

transport between the soma and distal dendrites and axons. Though the reorganization of the 

actin-cytoskeleton within post-synaptic spines as essential to the formation and maintenance of 

mature synapses is well established (Hotulainen and Hoogenraad, 2010) there has been recent 

evidence to suggest that microtubule dynamics also serve a critical role in structural synaptic 

plasticity. Dynamic microtubules have been shown to grow into dendritic spines in response to 

neuronal activity, calcium influx, and interactions with the actin-cytoskeleton (Merriam et al., 

2013). The frequency of microtubule spine invasion correlates with the degree of activity-

dependent spine enlargement (Jaworski et al., 2009). The growth of microtubules into dendritic 

spines may provide additional structural support during and after synapse formation and 

challenges the original belief that microtubule-dependent cargo transport is restricted to dendritic 

shafts (Kennedy and Ehlers, 2006). Based on the known involvement of RGS14 and Gαi in 

modulating microtubule dynamics, it is, thus, reasonable to postulate that interactions between 

RGS14, Gαi and microtubules are critical to RGS14-mediated LTP suppression in CA2 

pyramidal neurons (Fig. 11). Consistent with this idea, co-immunoprecipitation of RGS14 from 

mouse brain coupled with mass spectrometry identified many cytoskeleton proteins—including 

myosin-14 and several microtubule associated proteins (MAPs)—as potential RGS14 interacting 

partners in neurons. Further additional studies will be required to determine whether RGS14 

limits LTP by restricting functional or structural plasticity, or both.  

 

RGS14 at the nuclear membrane 

We observed that RGS14 had a similar, but non-overlapping, staining distribution around 

the periphery of the nucleus as the nuclear pore complex marker 414 mAb. Because the nuclear 

pore complex spans both the inner and outer nuclear membrane, higher resolution super 
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microscopy and/or co-staining with an antibody against an antigen localized exclusively to the 

inner or outer nuclear membrane will be needed to determine whether RGS14 is localized to the 

inner or outer nuclear membrane. Since the outer nuclear envelope is contiguous with the 

endoplasmic reticulum, it is possible that endogenous RGS14 is synthesized in the ER membrane 

from which it diffuses to the outer nuclear membrane where it interacts with cytoskeletal 

elements, such as microtubules.  Positioned at the outer nuclear membrane, RGS14 could be 

involved in modulating nuclear positioning and cell polarity or could be dynamically transported 

through nuclear pores into the nuclear matrix, where it serves a currently unknown function (Fig 

10). 

 

RGS14 in the nucleus 

Early reports on the subcellular localization of RGS14 in HeLa cells, found that GFP-

tagged RGS14 predominantly localized to the cytoplasm and, in some cells, to perinuclear dot 

structures under basal conditions (Cho et al., 2005; Shu et al., 2007). In addition, these early 

investigations found that GFP-RGS14 accumulated in the nucleus after application of the nuclear 

export inhibitor leptomycin B and localized to subnuclear compartments following mild heat 

shock-induced cellular stress (Cho et al., 2005; Shu et al., 2007). These findings suggest that 

exogenously expressed recombinant RGS14 is a nucleocytoplasmic protein that rapidly shuttles 

into and out of the nucleus to serve diverse cellular roles, though its specific nuclear functions 

are still unclear. Using two different RGS14 antibodies, we found that endogenous RGS14 

localized to unidentified nuclear compartments in B35 cells. The observed nuclear localization of 

endogenous RGS14 in B35 cells is unsurprising given that RGS14 contains at least three putative 

nuclear localization signals (NLS) and a nuclear export signal (NES) (Fig. 9).  
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The punctate distribution of RGS14 within the nucleus was found within most cells under 

basal conditions, but appeared to be most pronounced in cells in late S/early G2 phases 

(determined by the observation of duplicated/paired centrosomes)(Fig. 6a), indicating a possible 

cell cycle-dependence. The nucleus contains many highly organized compartments with unique 

functions. These nuclear bodies (NBs) serve diverse roles in various activities within the nucleus, 

including pre-mRNA synthesis and processing, mRNA and protein trafficking between the 

nucleus and cytoplasm and between the various nuclear compartments, and DNA repair 

(reviewed in Zimber et al., 2004). Among the most well-studied are promyelocytic leukemia 

(PML) and Cajal nuclear bodies (NBs). While Cajal NBs serve as the site of nuclear RNA 

biogenesis, PML NBs are implicated in the regulation of a wide variety of functions, including 

identification of foreign proteins and protein storage, post-translational modifications of proteins, 

transcriptional regulation, and chromatin organization (reviewed in Bernardi and Pandolfi, 

2007). While some PML bodies are relatively static within the nucleus, others undergo highly 

dynamic changes in distribution and size both under basal conditions, throughout the cell cycle, 

and in response to cellular stress, such as heat shock and DNA damage. Though, in this study, 

we did not attempt to identify which specific nuclear compartments native RGS14 localizes to 

within B35 cells, exogenous RGS14 has been reported to translocate to PML bodies in HeLa 

cells following heat shock (Cho et al., 2005).  

            The PML protein is a tumor suppressor necessary for the formation of PML NBs (Fu et 

al., 2005). PML protein undergoes post-translational modification by covalent attachment of a 

small ubiquitin-like modifier (SUMO) and SUMOylation is required for the localization of many 

proteins to PML NBs (Zhong et al., 2000). Using a SUMOylation sequence analysis database 

(http://www.abgent.com/sumoplot), we identified two putative high consensus SUMOylation 

motifs (SUMO) and one inverted SUMOylation consensus motif (iSUMO, defined as 

http://www.abgent.com/sumoplot


 36 
[ED]xK[VILFP])(Matic et al., 2010) on RGS14 (Fig. 9). The presence of several SUMOylation 

sites within the amino acid sequence of RGS14 supports the notion that native RGS14 localizes 

to PML NBs within B35 cells. Future investigation is needed, however, to determine whether 

RGS14 is SUMOylated in vivo and, if so, the effect of SUMOylation on its function and 

subcellular localization.  

Recent studies have shown that several proteins involved in synaptic plasticity are 

SUMOylated (Martin et al., 2007). Moreover, SUMOylation is important for various neuronal 

processes including synapse formation and cell survival (reviewed in Henley et al., 2014), and 

global SUMO conjugation levels increase in response to neuronal activation (Lee et al., 2014). 

Though the role of global SUMOylation in regulating the synaptic stability of CA2 pyramidal is 

currently unknown, SUMOylation and/or translocation to the nucleus may be required for 

RGS14 to suppress LTP in CA2 pyramidal neurons. Additionally, if, like several other 

SUMOylated proteins found within NBs, RGS14 serves to regulate the transport of mRNA 

and/or RNA binding proteins, it is also possible that RGS14 serves a similar role in neurons by 

regulating the transport of large RNA riboneucleotide complexes between the nucleus and 

synapse to control local protein translation—which is critical to LTP (Bagni and Greenough, 

2008; Berndt et al., 2012) (Fig. 11).  

 
  



 
      
 
 
 
 
 
      
 
HUMAN        MPGKPKHLGV PNGRMVLAVS DGELSSTTGP QGQGEGRGSS LSIHSLPSGP SSPFPTEEQP 60 
RAT          MPGKPKHLGV PNGRMVLAVS DGELTSTSGS QAQGEGRGSS LSIHSLPSGP SSPFSTDEQP 60 
MOUSE        MPGKPKHLGV PNGRMVLAVS DGELTSTAGS QAQGEGRGSS LSIHSLPSGP SSPFSTEEQP 60 
             ********** ********** ****:**:*  *.******** ********** **** *:*** 
           SUMO1 
HUMAN        VASWALSFER LLQDPLGLAY FTEFLKKEFS AENVTFWKAC ERFQQIPASD TQQLAQEARN 120 
RAT          VASWAQSFER LLQDPRGLAY FTEFLKKEFS AENVTFWQAC ERFQQIPASD TKQLAQEAHN 120 
MOUSE        VASWAQSFER LLQDPRGLAY FTEFLKKEFS AENVTFWKAC ERFQQIPASD TKQLAQEAHN 120 
             ***** **** ***** **** ********** *******:** ********** *:******:* 
                                                              SUMO2 
HUMAN        IYQEFLSSQA LSPVNIDRQA WLGEEVLAEP RPDMFRAQQL QIFNLMKFDS YARFVKSPLY 180 
RAT          IYHEFLSSQA LSPVNIDRQA WLSEEVLAQP RPDMFRAQQL QIFNLMKFDS YARFVKSPLY 180 
MOUSE        IYHEFLSSQA LSPVNIDRQA WLSEEVLAQP RPDMFRAQQL QIFNLMKFDS YARFVKSPLY 180 
             **:******* ********** **.*****:* ********** ********** ********** 
                                            NLS1 (0.6) 
HUMAN        RECLLAEAEG RPLREPGSSR LGSPDATRKK PKLKPGKSLP LGVEELGQLP PVEGPGGRPL 240 
RAT          QECLLAEAEG RPLREPGSSH LGSPDTARKK PKLKPGKSLP LGVEELGQLP LAE---GRPL 237 
MOUSE        QECLLAEAEG RPLREPGSSH LGSPDTARKK PKLKPGKSLP LGVEELGQLP LAEGPCGRPL 240 
             :********* *********: *****::*** ********** **********  .*   **** 
              NLS2  (0.3)  
HUMAN        RKSFRREL-G GTANAALRRE SQGSLNSSAS LDLGFLAFVS SKSESHRKSL GSTEGESESR 299 
RAT          RKSFRREMPG GAVNSALRRE SQGSLNSSAS LDLGFLAFVS SKSESHRKSL GSGEGESESR 297 
MOUSE        RKSFRREMTG GAMNSALRRE SQGSLNSSAS LDLGFLAFVS SKSESHRKSL GSGESESESR 300 
             *******: * *: *:***** ********** ********** ********** ** *.***** 
              SUMOi 
HUMAN        PGKYCCVYLP DGTASLALAR PGLTIRDMLA GICEKRGLSL PDIKVYLVGN EQ-ALVLDQD 358 
RAT          PGKYCCVYLP DGTASLALAR PGLTIRDMLA GICEKRGLSL PDIKVYLVGK EQKALVLDQD 357 
MOUSE        PGKYCCVYLP DGTASLALAR PGLTIRDMLA GICEKRGLSL PDIKVYLVGN EQKALVLDQD 360 
             ********** ********** ********** ********** *********: ** ******* 
                                            NLS3 (0.06) 
HUMAN        CTVLADQEVR LENRITFELE LTALERVVRI SAKPTKRLQE ALQPILEKHG LSPLEVVLHR 418 
RAT          CTVLADQEVR LENRITFQLE LVGLERVVRI SAKPTKRLQE ALQPILAKHG LSLDQVVLHR 417 
MOUSE        CTVLADQEVR LENRITFQLE LVGLERVVRI SAKPTKRLQE ALQPILAKHG LSLDQVVLHR 420 
             ********** *******:** *..******* ********** ****** *** **  :***** 
  
HUMAN        PGEKQPLDLG KLVSSVAAQR LVLDTLPGVK ISKARDKSPC RSQGCPPRTQ DKATHPPPAS 478 
RAT          PGEKQLVDLE NLVSSVASQT LVLDTLPDAK TREASSIPPC RSQGCLPRTQ TKDSHLPPLS 477 
MOUSE        PGEKQPMDLE NPVSSVASQT LVLDTPPDAK MSEARSISPC RSQGCLPRTQ TKDSHLPPSS 480 
             ***** :**  : *****:*  ***** * .*   :* .  ** ***** ****  * :* ** * 
                                    NES  
HUMAN        PSSLVKVPSS ATGKRQTCDI EGLVELLNRV QSSGAHDQRG LLRKEDLVLP EFLQLPAQGP 538 
RAT          SSLSVEDASG STGKRQTCDI EGLVELLNRV QSSGAHDQRG LLRKEDLVLP EFLQLPSQRP 537 
MOUSE        SSLLVEDASS STGNRQTCDI EGLVELLNRV QSSGAHDQRG LLRKEDLVLP EFLQLPSQRP 540 
              *  *:  *. :**:****** ********** ********** ********** ******:* * 
 
HUMAN        SSEETPPQTK SAAQPIGGSL NSTTDSAL 566 
RAT          GSQEAPP--- ---------- -------- 544 
MOUSE        GSREAPP--- ---------- -------- 547 
             .*.*:**                      

                   Amino acid sequence of RGS14 predicts conserved NLS, NES, and SUMOylation motifs. (a) Cartoon of full-length RGS14 an its four binding domains. (b) Amino acid sequences of human, rat, and mouse RGS14. Amino acids corresponding to the RGS, R1, and R2 domains are highlighted in yellow, green, and cyan (respectively). Amino acids corresponding to the GPR motif are highlighted in magenta. Analysis of the RGS14 amino acid sequence predicted three nuclear localization signals (NLS1, NLS2, NLS3), a nuclear export signal (NES), two high consensus SUMOylation motifs (SUMO1, SUMO2), and one inverted SUMOylation motif (SUMOi) (underlined amino acids). Critical amino acids for each motif are in bold. Prediction strengths for the NLS motifs are in parenthesis. Asterisks (*) show conserved amino acids between the human, rat, and mouse RGS14 sequences.
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In addition, a role for RGS14 in regulating transcription has been speculated for over a 

decade  (Cho et al., 2005); however, the direct evidence for RGS14 mediated-transcriptional 

regulation is lacking. While the function(s) of nuclear RGS14 remain unclear, our findings 

provide additional evidence that endogenous RGS14 has roles in regulating cellular activity 

within the nucleus. Though native RGS14 in CA2 neurons from fixed hippocampal slices has not 

been reported in the nucleus (Lee et al., 2010), nuclear localization of RGS14 in neurons could 

depend on specific signals, including synaptic stimulation or neuronal stress. One intriguing 

possibility is that, in CA2 neurons, excitatory synaptic stimulation triggers RGS14 to be 

transported by microtubule-motors from the synapse to the nucleus. In the nucleus, RGS14 may 

directly or indirectly serve as a transcriptional regulator, thereby, influencing long-lasting 

changes in gene expression and subsequent synapse formation (Fig. 11).  

 

RGS14 in Mitochondria 

The mitochondria marker used in our analysis, HSP60, is a chaperone protein primarily 

located within the mitochondrial matrix in mammalian cells (Reviewed in Yogev and Pines, 

2011); the absence of distinct colocalization (indicated by an obvious yellow color in the merged 

image), may be due to the fact that RGS14 is distributed along the surface of mitochondria and is 

absent from the inner mitochondrial matrix. In addition, the fact that this apparent punctate 

staining along the surface of mitochondria was not evident when cells were fixed with organic 

solvents that have been known to extract or cause mislocalization of unanchored cytosolic 

proteins (Asai., 2008; Stadler et al., 2010; Schnell et al., 2012), provides further support for the 

mitochondrial surface-level localization of RGS14.  
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  Interestingly, using subcellular fractionation and immunofluorescence, two recent studies 

showed that endogenous Gαi1 localizes on the surface of mitochondria in HEK293T and HeLa 

cells (Lyssand and Bajjalieh, 2007; Zhang et al., 2010). Notably, in both of these reports, the 

visual distribution of Gαi1 along mitochondria showed an uneven, punctate staining pattern, 

similar to the uneven distribution we observed between endogenous RGS14 and mitochondria 

marker HSP60. Though the role of Gαi1 in relation to mitochondria is currently unknown, 

endogenous Gα12 is also found along mitochondria and is thought to regulate mitochondria 

motility and morphology (Andreeva et al., 2008) and Gβ2 has been shown to regulate 

mitochondrial fusion (Zhang et al., 2010). 

In addition, possible interactions between Gαi1 and RGS14 in relation to microtubule and 

mitochondria dynamics may not be entirely separate. Though speculative, reported roles for 

RGS14 and Gαi1 in regulating tubulin polymerization (Martin-McCaffrey et al., 2005; 

Roychowdhury and Rasenick, 2008) suggest that, in B35 cells, RGS14 could interact with Gαi to 

modulate tubulin-dependent mitochondria trafficking, anchorage, and/or fusion/fission initiation 

(Jourdain et al., 2009; Liu et al., 2009) (Fig. 10). 

Mitochondria play a fundamental role in ATP (energy) production, calcium homeostasis, 

and cell survival. Proper trafficking of mitochondria to post-synaptic terminals provides energy 

for metabolically demanding processes in response to synaptic activity and prevents cytotoxicity 

through calcium buffering (reviewed in Khatri and Man, 2013). Mitochondria transport and 

dynamic functions, such as calcium uptake and activity-dependent increases in reactive oxygen 

species (ROS) production are essential for LTP (Knapp, 2002; Kim et al., 2011). Though still 

speculative, the findings from this study provide evidence that RGS14 may associate with 

mitochondria, and in doing so, could modulate mitochondria trafficking, myosin-dependent 
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docking, fission/fusion, or calcium-dependent ROS production to limit synaptic plasticity in CA2 

pyramidal neurons (Fig. 11). 
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Figure 10 | Proposed model for the spatiotemporal regulation of endogenous RGS14 in B35 cells after G protein 
activation. In B35 cells, endogenous RGS14 is localized within the cytoplasm, around the nuclear membrane, on 
the surface of mitochondria, and in nuclear bodies under basal conditions. Nuclear localization and/or targeting 
to nuclear bodies (such as PML NBs) could be regulated by covalent attachment of SUMO to one of the putative 
SUMOylation consensus motifs on RGS14. Following AlF4

--induced G protein activation, RGS14 could be 
directly recruited by activated Gα binding partners to microtubule organizing centers within centrosomes where 
it may modulate microtubule dynamics. Alternatively, AlF4

-- induced centrosome localization could serve as an 
intermediate “stop” from which RGS14 could either be directly trafficked along microtubules by retrograde 
molecular motors (kinesin) to the plasma membrane or pass through endosomal compartments from which it is 
transported to the plasma membrane via recycling endosomes PM, plasma membrane; RE, recycling endosomes; 
MTOC; microtubule organizing center; PML, promyelocytic leukemia protein; S, post-translational modification 
by SUMO. 
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Figure 11| Schematic illustrating possible mechanisms by which RGS14 limits synaptic plasticity in CA2 
hippocampal neurons. In CA2 neurons, activated Gαi/o -GTP subunits could recruit RGS14 to post-synaptic spines 
following coincident activation ionotropic glutamate receptors (NMDA and AMPA) and a G protein coupled 
receptor (GPCR). After inactivating Gαi/o-GTP subunits by stimulating GTP hydrolysis, RGS14 may form a 
signaling complex with inactive Gαi/o-GDP subunits at the post-synaptic density (PSD). Membrane bound 
RGS14·Gαi1 complexes may then act in a signaling nexus to block incoming excitatory neurotransmission through 
interactions with various protein. Activity-dependent complexes between RGS14 and Gαi1 could also affect 
synaptic plasticity by prolonging Gβγ downstream signaling pathways. (Transcription) In addition, RGS14 could 
also act as a transcriptional repressor. (To the Nucleus) Upon NMDA receptor activation, RGS14 may be 
retrogradely transported along microtubules by molecular motors, such as kinesin and dynein, from synapses to the 
nucleus where it acts in opposition to LTP-promoting transcriptional activators to limit synaptic plasticity. In this 
way, RGS14 may mediate both immediate LTP-induction and long-lasting changes in gene expression. 
(Translation) Since local translation at stimulated synapses is critical for LTP (reviewed in Bramham et al., 2007), 
RGS14 could serve as a transcript-specific translational repressor or modulate the transport and targeting of mRNA 
or translational machinery to distal synapses. (Mitochondria Dynamics) Mitochondria transport and dynamic 
functions, such as calcium uptake and activity-dependent increases in reactive oxygen species (ROS) production 
are essential for LTP (Knapp, 2002; Kim et al., 2011). Though still highly speculative, the findings from this study 
provide evidence that RGS14 may associate with mitochondria and in doing so could modulate mitochondria 
trafficking, myosin-dependent docking, fission/fusion, or calcium-dependent ROS production to suppress LTP. 
(Microtubule Stability) The extent of calcium and F-actin-dependent microtubule spine invasion correlates with 
synaptic activity (Merriam et al., 2013). Moreover, dynamic microtubules are important for synaptic plasticity and 
synapse maturation (Jaworski et al., 2009). It is, therefore, possible that RGS14 interacts with Gαi1 to limit 
microtubule dynamics and prevent the formation of stable synapses (model adapted from Brown et al., 2015). 
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CONCLUSION 

Based on the findings from this study and others, we propose possible mechanisms by 

which RGS14 localization in B35 cells is dynamically regulated by G protein activation (Fig. 10) 

and offer several hypothetical models by which RGS14 could act to limit synaptic plasticity in 

CA2 pyramidal neurons (Fig. 11). Our findings suggest that in B35 cells, endogenous RGS14 is 

localized within the cytoplasm, around the nuclear membrane, on the surface of mitochondria, 

and in nuclear bodies under basal conditions. Following AlF4
--induced G protein activation, 

RGS14 could be directly recruited by activated Gα binding partners to microtubule organizing 

centers within centrosomes where it may modulate microtubule dynamics. Alternatively, AlF4
-- 

induced centrosome localization could serve as an intermediate “stop” from which RGS14 could 

either be directly trafficked along microtubules to the plasma membrane or passes through 

endosomal compartments (such as the Golgi) from which it is transported to the plasma 

membrane by recycling endosomes (Fig. 10). Whether RGS14 translocation to the plasma 

membrane depends on direct interactions with activated Gα binding partners with the RGS 

domain remains to be determined. Nevertheless, our data suggest that, once at the plasma 

membrane, RGS14 interacts with activated Gαi/o subunits to terminate G protein signaling.  

The results from this study provide further evidence that RGS14 is a complex 

multifunctional protein that has a variety of cellular functions. In addition, our findings 

demonstrate that the spatiotemporal localization of RGS14 can be modulated by interactions with 

both inactive and activated Gα binding partners, and thus, depends on both its GPR motif and 

RGS domain (respectively). We also found that endogenous RGS14 in B35 cells localizes to 

many of the same subcellular compartments as exogenous RGS14 reported in previous studies, 

suggesting that exogenous and endogenous RGS14 have similar local properties. While our 
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ultimate goal is to understand the dynamic regulation and functions of endogenous RGS14 in 

CA2 neurons, isolation of CA2 neuronal cultures is currently unfeasible. The results from this 

study along with recent data showing that adenovirus (AAV)-mediated expression of RGS14 in 

CA1 hippocampal neurons is sufficient to suppress LTP (unpublished data), suggest, however, 

that a fluorescently-tagged RGS14 construct expressed in cultured CA1 neurons may serve as a 

reasonable alternative to investigating the spatiotemporal dynamics of native RGS14 in host CA2 

neurons. Indeed, live cell imaging of fluorescently-tagged RGS14, will provide additional insight 

into the kinetic properties of RGS14 translocation in response to various stimulatory conditions. 

Moreover, our findings that G protein activation stimulates RGS14 to translocate to the plasma 

membrane motivate future areas of investigation to determine whether G protein activation 

through metabotropic glutamate receptors (mGluRs) regulates the subcellular localization of 

RGS14 in neurons and whether RGS14 also plays a role in modulating mGluR-dependent LTP. 

Toward the long-term goal of understanding the molecular mechanism(s) by which RGS14 limits 

synaptic plasticity in CA2 pyramidal neurons, our results showing that endogenous RGS14 

localizes to multiple cellular compartments in host B35 cells and that both inactive and activated 

G proteins can regulate the spatiotemporal dynamics of RGS14 illustrate that RGS14 may have 

multiple and complex functions in CA2 neurons. Future studies will be aimed at determining 

which of these functions is critical for RGS14-mediated suppression of synaptic plasticity. 
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                                          Quantification of relative enrichment of RGS14 at the nuclear membrane following G protein activation with AlF4-. (a) Representative confocal image of an untreated (control) B35 cell fixed with paraformaldehyde and stained with the RGS14 polyclonal antibody (red) and counterstained with Hoechst DNA dye (left column). Right column shows the same cell with lines drawn around the nuclear membrane (white) and cytosol (gray) as described in Materials and Methods. Total fluorescence intensity was measured within the ring around the periphery of the nucleus (bounded by the white lines) and a comparable sized area within the cytosol (bounded by the gray lines) using ImageJ software. Scale bar, 10 μm. (b) Average fluorescence intensity was quantified by dividing the total fluorescence by the area of the measured region. The ratio of RGS14 nuclear membrane-to-cytosolic (NM/C) fluorescence intensity was determined by dividing the average fluorescence intensity at the nuclear membrane by the average fluorescence intensity within the cytosol (second equation). 
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                                               Effect of paraformaldehyde and methanol fixation on RGS14 colocalization analysis. Confocal images of untreated B35 cells fixed with either 4% paraformaldehyde (PFA) for 10 min at room temperature and permeabilized with 0.1% Triton-X for 10 min (Column 1) or simultaneously fixed and permeabilized with ice cold methanol at -20 °C for 5 min (Column 2). Immunofluorescence was carried out as illustrated in the flow chart diagram in Fig. 1. B35 cells were co-stained with RGS14 polyclonal antibody (red) and an organelle marker (green)—414 mAb; nuclear pore complex; HSP60, mitochondria; GRP78 and KDELR, endoplasmic reticulum—and counterstained with Hoechst DNA dye (visualized under the DAPI channel). Insets represent magnified boxed regions. Scale bar, 10 μm.
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                                           Native RGS14 immunofluorescence intensity levels decrease in the presence of Gαi1-EE. Confocal image of B35 cells transfected with 500 ng of Gαi1-EE cDNA, co-stained with anti-RGS14 polyclonal antibody (red) and anti-EE (green), and counterstained with Hoechst DNA dye (visualized under the DAPI channel). The cell expressing visible levels of Gαi1-EE (*) shows substantially less RGS14 fluorescence signal compared with cells in which Gαi1-EE was not detected. Scale bar, 10 μm. 
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                                            FLAG-RGS14 is predominantly localized within the cytoplasm when expressed in various cell lines. HeLa, HEK293, Cos7, SF295, and B35 cells were transfected with 100-500 ng of FLAG-RGS14 cDNA. Cells were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton-X, and immunostained with an anti-FLAG antibody as described in Materials and Methods and as illustrated in flow chart diagram in Fig. 1.
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