
RGS2: Regulation of Expression and Nuclear Localization
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RGS2, a Regulators of G-protein Signaling family
ember, regulates signaling activities of G-proteins,

nd RGS2 itself is controlled in part by regulation of
ts expression. This investigation extended previous
tudies of the regulation of RGS2 expression by exam-
ning the effects of stress, differentiation, and signal-
ng activities on RGS2 mRNA level in human neuro-
lastoma SH-SY5Y cells. Cell stress induced by heat
hock rapidly and transiently increased RGS2 mRNA
evels, whereas differentiation to a neuronal pheno-
ype reduced basal RGS2 mRNA levels by 50%. RGS2
RNA levels were increased in differentiated cells by
eat shock, carbachol, and activation of protein ki-
ase C. After transient transfection of GFP-tagged
GS2, a predominant nuclear localization was ob-

erved by confocal microscopy. Thus, RGS2 expression
s regulated by stress and differentiation, as well as by
econd messenger signaling, and transfected GFP-
GS2 is predominantly nuclear. © 2001 Academic Press

Key Words: RGS2; heat shock; G-protein; muscarinic
eceptors.

RGS2 is a member of a family of Regulators of
-protein Signaling (RGS) proteins that regulate sig-
aling cascades initiated by activation of G-protein-
oupled receptors (1–3). RGS proteins facilitate the
ntrinsic inactivating GTPase reaction of G-protein
-subunits, thereby limiting the actions of activated
-subunits. Regulated expression appears to be an im-
ortant mechanism for controlling the actions of RGS2.
he expression of RGS2 is regulated by neuronal ac-
ivity (4), by certain psychotropic agents (4–6), and by
eceptor-coupled second messenger systems (7–10).
timulation of muscarinic receptors coupled to the

Abbreviations used: GFP, green fluorescent protein; PBS, phosphate-
uffered saline; PMA, phorbol 12-myristate 13-acetate; RGS, regulators
f G-protein signaling; TBS, Tris-buffered saline.
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nd transiently induced robust increases in RGS2
RNA levels in human neuroblastoma SH-SY5Y cells

9). Activation of protein kinase C accounted for a sig-
ificant portion of the muscarinic receptor-stimulated
GS2 expression (9). However, cell type-selectivity in

he mechanisms regulating RGS2 expression are evi-
ent, since phorbol ester-induced activation of protein
inase C did not increase RGS2 mRNA levels in blood
ononuclear cells (11). RGS2 mRNA levels also have

een reported to be increased by concanavalin A in
lood mononuclear cells (11, 12) and by elevation of
yclic AMP in PC12 cells, human embryonic kidney
ells, and T cells (7, 8, 13), but not in human neuro-
lastoma SH-SY5Y cells (9). The rapid and robust
hanges induced by a variety of agents associated with
everal intracellular signaling cascades suggests that
odulation of RGS2 expression may be an important
echanism by which cells regulate RGS2 function.
The present study extends previous investigations of

he regulation of RGS2 expression by signaling sys-
ems. These experiments used human neuroblastoma
H-SY5Y cells, a widely used neuronal model system,
o examine the effects of cell stress (induced by heat
hock) and of differentiation of the levels of RGS2
RNA, to examine the regulation by several stimuli of
GS2 mRNA in differentiated cells, and to identify the

ntracellular distribution of green fluorescent protein
GFP)-tagged RGS2 after transient transfection. The
esults show that RGS2 mRNA levels are increased by
eat shock, decreased by differentiation, and increased

n differentiated cells treated with carbachol to acti-
ate endogenously expressed M3 muscarinic receptors,
y heat shock, and by activation of protein kinase C.
urthermore, a predominant nuclear localization of
FP-tagged RGS2 was observed by confocal micros-

opy.

ATERIALS AND METHODS

Cell culture. Human neuroblastoma SH-SY5Y cells were grown
n RPMI medium (Cellgro, Herndon, VA) supplemented with 10%
orse serum (Life Technologies, Gaithersburg, MD), 5% fetal clone II



(Hyclone, Logan, UT), 2 mM L-glutamine, 100 units/ml penicillin and
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00 mg/ml streptomycin. To induce differentiation, SH-SY5Y cells
ere grown in Neurobasal medium supplemented with B-27 (Life
echnologies), as described previously (14). Cells were maintained in
umidified, 37°C chambers with 5% CO2. Experimental agents used

nclude carbachol, atropine, and phorbol 12-myristate 13-acetate
PMA) from Sigma (St. Louis, MO). For heat shock treatments,
ishes of cells were incubated at 45°C for 30 min and then returned
o a 37°C chamber for the indicated periods of time. Cyclic AMP
evels were measured using a kit according to the supplier’s instruc-
ions (Amersham, Arlington Heights, IL).

Northern blots. RGS2 cDNA was generously provided by Dr.
. R. Forsdyke (Queen’s University, Kingston, Ontario, Canada).
otal RNA was extracted using Trizol reagent (Life Technologies)
ccording to the manufacturer’s instructions. RNA (10 mg) was sep-
rated by electrophoresis in 1.2% agarose gels containing formalde-
yde and transferred to nitrocellulose membranes. cDNA was ran-
om prime-labeled with [32P]dCTP (Amersham Pharmacia Biotech).
lots were hybridized with labeled probes at 42°C for 18 h and then
ashed in two changes of 23 saline-sodium citrate and 0.1% SDS at
0°C for 20 min and once in 13 saline-sodium citrate and 0.1% SDS
t 55°C for 10 min. Results were obtained using a PhosphorImager
Molecular Dynamics, Sunnyvale, CA), and bands were quantitated
sing ImageQuant.

Imaging of GFP-RGS2. Full-length RGS2 cDNA was amplified
y PCR from pBR323/RGS2 DNA (primers: 59-AGAGTCGACATG-
AAAGTGCTATGTTCTT-39 and 59-GGTGGATCCCTCGAGATG-
AGCATGAGG-39), digested with SalI and SmaI, and inserted into
he SalI/SmaI sites of the pEGFP vector (Clontech, Palo Alto, CA) to
ake pEGFP/RGS2. All plasmids were verified by DNA sequencing.
ells were grown on poly-D-lysine/laminin-coated coverslips and

ransiently transfected with pEGFP-RGS2 or pEGFP using Fugene 6
Roche) according to the manufacturer’s protocol. After 24 h, cells
ere washed with PBS, and fixed with 2% paraformaldehyde, 0.2%
lutaraldehyde in PBS for 30 min at room temperature. To identify
uclei, cells were incubated with 1 mg/ml DAPI for 10 min at room
emperature. Cells were examined with a Nikon Diaphot 200 Epi-
uorescence microscope and an Olympus confocal scanning micro-
cope.

ESULTS

RGS2 mRNA levels were measured in human neu-
oblastoma SH-SY5Y cells subjected to heat shock at
5°C for 30 min, followed by a recovery incubation at
7°C for 30 to 150 min (Fig. 1). RGS2 mRNA levels
ere increased by this treatment protocol, with a small

ncrease in occurring during the 30 min incubation at
5°C, and a large and transient rise in RGS2 mRNA
evels evident during the subsequent recovery incuba-
ion at 37°C. Thus, cell stress induced by heat shock
ncreases RGS2 mRNA levels.

To examine RGS2 in differentiated cells, SH-SY5Y
ells were grown in Neurobasal media which rapidly
erminates cell division and induces a neuronal pheno-
ype within a day of treatment, and causes progressive
ncreases in neurite outgrowth during successive days
14). Induction of differentiation left the basal RGS2
RNA levels unchanged initially, but this was fol-

owed by successive decreases during the subsequent
ays of differentiation (Fig. 2), leading to a level of
GS2 mRNA after 4 and 5 days of differentiation that
as approximately 50% of the level in proliferating
103
H-SY5Y cells. Thus, the expression RGS2 is subject to
egulation by neuronal differentiation.
To assess the regulation of RGS2 mRNA levels in

ifferentiated cells, SH-SY5Y cells that had been dif-
erentiated for 4 days were treated with several test
gents. The results of these experiments (Fig. 2) re-
ealed that carbachol, heat shock, and PMA caused
ubstantial increases in RGS2 mRNA levels, while for-
kolin was without effect (although forskolin treat-
ent raised cyclic AMP levels from a basal level of

7 6 3 to 355 6 61 nmol/mg protein; n 5 4). These
ffects of each agent on RGS2 mRNA levels were qual-
tatively the same in differentiated SH-SY5Y cells as
eported in proliferating SH-SY5Y cells previously (9);
owever, the magnitudes of the increases in RGS2
RNA levels caused by effective stimuli were substan-

ially greater in differentiated than undifferentiated
H-SY5Y cells. Thus, increases caused by carbachol,
eat shock plus recovery, and PMA in differentiated
H-SY5Y cells (approximately 19-, 6-, and 8-fold, re-
pectively) were greater than in undifferentiated SH-
Y5Y cells (approximately 4-, 2-, and 4-fold, respec-
ively) (9).

FIG. 1. Heat shock treatment increases RGS2 mRNA levels in
H-SY5Y cells. SH-SY5Y cells were incubated at 45°C for 30 min,

ollowed by a recovery incubation at 37°C for a further 30 to 150 min.
GS2 and actin mRNA levels were measured in cells that were
arvested at 30 min intervals. The top panel shows Northern blots
ith two independent samples for each treatment, and the lower
anel shows quantitative values obtained in four independent exper-
ments expressed as the percent of basal RGS2 mRNA levels in
ntreated cells. Means 6 SEM.
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Due to the lack of specific antibodies that recognize
ndogenous RGS2 in western blots, we used tran-
iently transfected GFP-tagged RGS2 to assess the
ntracellular localization in SH-SY5Y cells. Figure 3
hows epifluorescent images of GFP-RGS2 which uni-
ormly demonstrated nuclear accumulation of GFP-
GS2, whereas relatively less appeared to be free in

he cytosol. Identical results were obtained with both
-terminal and C-terminal GFP-tagged RGS2 (data
ot shown), whereas expressed GFP alone was distrib-
ted throughout the cells. Confocal microscopy con-
rmed that GFP-RGS2 was located within nuclei in
H-SY5Y cells.

ISCUSSION

RGS2 is a member of the Regulators of G-protein
ignaling family of proteins which act with some selec-
ivity on certain subtypes of G-protein a-subunits to
ttenuate their activities (1–3). Considering the abun-
ance and importance of G-protein coupled receptors in
ammalian cells, regulatory influences on the expres-

FIG. 2. Basal and stimulated RGS2 mRNA levels in differenti-
ted SH-SY5Y cells. SH-SY5Y cells were grown in differentiating
eurobasal media for 1 to 5 days and RGS2 mRNA levels were
easured in cells harvested each day (means 6 SEM; n 5 3).
dditionally, cells grown in Neurobasal media for 4 days were

reated with carbachol (Cb; 1 mM; 60 min), forskolin (FSK; 10 mM; 60
in), heat shock (HS; 30 min at 45°C followed by 90 min at 37°C), or
MA (0.2 mM; 90 min), and RGS2 mRNA levels were measured.
eans 6 SEM (n 5 3).
104
mpact on cell function. This investigation found that
GS2 mRNA levels were increased by cell stress in-
uced by heat shock, and that differentiation of neuro-
lastoma cells led to a 50% reduction in RGS2 mRNA
evels. Furthermore, stimulation of differentiated SH-
Y5Y cells with carbachol, heat shock, and PMA in-
reased RGS2 mRNA levels. The exquisite control of
he expression of RGS2, the rapidity and magnitude of
he changes, and the multiple stimuli that are modu-
atory suggest that the action of RGS2, and thus its
ontrol by regulated expression, serves a vital role in
ell function. This may derive from the ubiquitous use
y cells of G-protein-coupled receptors to mediate re-
ponses to extracellular stimuli and the necessity to
ontrol these responses through the actions of RGS
roteins, as well as other functions of RGS proteins yet
o be discovered. That other functions of RGS2 await
iscovery is suggested by the finding that transfected
FP-RGS2 was found to be predominantly localized in

he nucleus.
This investigation revealed for the first time that

xpression of an RGS protein is subject to modulation
y cellular stress. Specifically, treatment of cells with
eat shock increased RGS2 mRNA levels. Cellular
tress is well known to increase the expression of clas-
ical immediate early genes such as c-fos (15), thus the
nding that these stressors also cause a rapid induc-
ion of RGS2 expression adds further to the previously
oted similarities between RGS2 and immediate early
enes. Siderovski et al. (16) first noted similarities in
he regulated expression of RGS2 and immediate early
enes such as c-fos. Ingi et al. (4) further substantiated
he similarity by their finding that in brain, stimula-
ion such as with electroshock caused rapid and robust
ncreases in RGS2 mRNA levels, a response well
nown to occur with classical immediate early genes.
any immediate early genes were first classified as

uch when it was found that stimulators of protein
inase C caused rapid increases in expression (15). We
ave noted that RGS2 also is controlled by this classi-
al mechanism, as activation of protein kinase C di-
ectly with PMA, or indirectly through muscarinic re-
eptors, caused a rapid increase in RGS2 mRNA levels
9). Finally, Fos and Jun as well as many other imme-
iate early gene protein products exert their functional
ffects in the nucleus. As discussed further below,
FP-RGS2 also was predominantly in the nucleus.
verall, these findings demonstrate a growing number
f similarities between RGS2 and classical immediate
arly genes.
There have been a limited number of previous re-

orts addressing the intracellular localization of mem-
ers of the RGS family of proteins. Most of these have
sed subcellular fractionation methods and have found
GS proteins associated with the membrane fraction
r distributed between the membrane and cytosolic
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ractions (reviewed in 3). Because of the low basal level
f expression of RGS2, little is known about the local-
zation of endogenous RGS2. However, many previous
nvestigations have utilized GFP-tagged proteins to
ssess intracellular distribution, and using this strat-
gy Bowman et al. (17) reported that the majority of
FP-RGS2 expressed in lymphoid cells was in the nu-

leus. This surprising finding was extended in recent
eports. Transfection of CHO cells with a myc-tagged
runcated variant of RGS3, RGS3T, revealed its pre-
ominant nuclear localization (18). GFP-tagged RGS2
nd RGS10, but not RGS4 and RGS16, were predomi-
antly located in the nucleus in COS-7 cells (19). Cer-
ain splice variants of RGS12 also showed predomi-
antly nuclear localization (20). The present report

FIG. 3. Nuclear localization of GFP-RGS2. SH-SY5Y cells were t
f cells expressing GFP or GFP-RGS2 are shown. The figures on the l
API-stained nuclei, and the figures on the right show merged imag
he images show layers at 0.8-mm intervals. Epifluorescence and con
105
urther supports the conclusion that RGS2 is predom-
nantly, although not solely, a nuclear protein. A con-
istent predominance of RGS2 in the nucleus was ob-
erved following expression of GFP-RGS2 in SH-SY5Y
ells and examination with confocal microscopy con-
rmed that the GFP-RGS2 was within the nucleus. As
oted previously (18–20), the nuclear localization of
GS proteins raises the possibility that they contribute
ore to cellular functions than solely as regulators of

eceptor-coupled heterotrimeric G-protein GTPase ac-
ivities.

In summary, RGS2 mRNA levels were found to be
ubject to rapid regulation by stress induced by heat
hock, by cellular differentiation, and by treatment of
ifferentiated cells with carbachol, PMA, and heat

siently transfected 24 h prior to imaging. (A) Epifluorescent images
show green fluorescence images, the figures in the middle show blue
(B) Confocal images after transient transfection with pEGFP/RGS2.
al images show the predominant nuclear localization of GFP-RGS2.
ran
eft
es.
foc
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e established, but in addition to regulating the activ-
ties of G-proteins there may be other, as yet undiscov-
red, actions of RGS2 which are associated with its
uclear localization. Taken in conjunction with the
nique mechanisms regulating RGS2 (e.g., 4), it ap-
ears possible that RGS2 has specialized functions un-
erlying its sensitivity to controlled expression by a
ide variety of stimuli, and its localization in the nu-

leus.
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