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RGS16 inhibits signalling through the Ga.13—Rho axis

Eric N. Johnson!3, Tammy M. Seasholtz?>, Abdul A. Waheed?, Barry Kreutz*, Nobuchika Suzuki*, Tohru Kozasa®,
Teresa L.Z. Jones?, Joan Heller Brown? and Kirk M. Druey!-®

Go13 stimulates the guanine nucleotide exchange factors
(GEFs) for Rho, such as p115Rho-GEF1. Activated Rho
induces numerous cellular responses, including actin
polymerization, serum response element (SRE)-dependent
gene transcription and transformation2. p115Rho-GEF
contains a Regulator of G protein Signalling domain (RGS box)
that confers GTPase activating protein (GAP) activity towards
Gol2 and Ga13 (ref. 3). In contrast, classical RGS proteins
(such as RGS16 and RGS4) exhibit RGS domain-dependent
GAP activity on Gai and Goq, but not Go.12 or Gal3 (ref 4).
Here, we show that RGS16 inhibits Ga13-mediated, RhoA-
dependent reversal of stellation and SRE activation. The
RGS16 amino terminus binds Ga13 directly, resulting in
translocation of Ga13 to detergent-resistant membranes
(DRMs) and reduced p115Rho-GEF binding. RGS4 does not
bind Ga.13 or attenuate Ga13-dependent responses, and
neither RGS16 nor RGS4 affects Gal2-mediated signalling.
These results elucidate a new mechanism whereby a classical
RGS protein regulates Go.13-mediated signal transduction
independently of the RGS box.

Rho is involved in tumour cell growth, metastatic invasion and migra-
tion, and overexpression of activated Ga13, Rho exchange factors and
Rho results in cellular transformation’?>. RGS16 mRNA is upregu-
lated in response to genotoxic stress in MCF-7 breast carcinoma cells
with aberrant expression of the tumour suppressor p53 (ref 6).
Because of this potential physiological link in regulating cell growth,
we investigated whether RGS16 has a function in Goul13-evoked cellu-
lar responses. First, we tested the ability of RGS16 to regulate morpho-
logical changes provoked by active Ga13 in 1321N1 astrocytoma cells.
These cells undergo Rho- and Rho-GEF-dependent reversal of stella-
tion and rounding when micro-injected with activated Ga12(Q229L;
Ga12QL) or Gal3(Q226L; Ga13QL)7. We used RGS4 or the RGS
domain of p115Rho-GEF for comparative studies, as p115(RGS)
selectively blocks Gal2- or Goal3-mediated responses, including
rounding”®. Both Ga.12QL and Ga13QL induced reversal of stellation
and rounding in approximately 60-70% of injected cells, compared
with only approximately 10% rounding in cells injected with vector,
RGS16,RGS4 or p115(RGS) (Fig. 1a,b). Rounding in cells co-injected

with either RGS16 or p115(RGS) and Gal3QL was reduced by
approximately 30-40% (Fig. 1b). No inhibition was observed with
RGS4, and neither RGS4 nor RGS16 inhibited Ga.12QL-stimulated
cell rounding. These results demonstrate that RGS16 selectively
inhibits the morphological changes evoked by activated Gal3 to a
similar degree as that of p115(RGS), an inhibitor of Ga13 pathways.
To determine whether RGS16 regulates other responses mediated by
Gal3, we measured transcription of an SRE-dependent reporter gene
(SRE.L-luciferase) induced by Gai13QL in human embryonic kidney
(HEK)-293T cells. Transfection of Ga13QL resulted in an approxi-
mately18-fold increase in SRE.L reporter activity compared with vec-
tor-transfected cells (Fig. 1c). Although transfection of RGS4, RGS16,
or p115(RGS) elicited no significant changes in basal SRE.L activity,
overexpression of either RGS16 or p115(RGS) inhibited Gal3QL-
evoked SRE.L activity by approximately 50%, whereas RGS4 had no
effect. Semi-quantitative immunoblotting with recombinant stan-
dards estimated protein concentrations of approximately 50 nM for
RGS16 and approximatelyl00 nM for Gal3QL. Thus, a 1:2 molar
ratio of RGS16:Ga13QL was sufficient to inhibit Gall13QL-induced
SRE.L activation. To determine whether RGS16 functions upstream of
Rho to inhibit Ga13QL-evoked SRE.L activation, we measured SRE.L
reporter activity elicited by active RhoA. None of the three RGS con-
structs inhibited RhoA-mediated SRE.L activation, indicating that
RGS16 and p115(RGS) function upstream of RhoA to inhibit Gou13-
dependent activation of this pathway (see Supplementary
Information, Fig. Sla). Consistent with this hypothesis, transfection of
pl15(RGS) reduced Gal2QL-evoked SRE.L activation by approxi-
mately 50%, whereas overexpression of neither RGS16 nor RGS4 sig-
nificantly inhibited the response (Fig. 1d; also see Supplementary
Information, Fig. S1b). In addition, RGS16 GAP activity was not
required for the inhibition of Gal3-coupled SRE.L activation, as an
RGS16 mutant lacking Goi GAP activity (EN90/91A)° inhibited the
response in a manner similar to wild-type RGS16 (data not shown).
To determine whether RGS16 inhibits the signalling cascades initiated
by receptor stimulation of endogenous Ga13, we measured SRE.L and
RhoA activation induced by lysophosphatidic acid (LPA) in MCEF-7
cells, which express endogenous Ga.13, RGS16 and LPA receptors®!1®11,
Although transfection of RGS4 did not inhibit LPA-induced SRE.L
activity, RGS16 overexpression blocked the response by approximately
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Figure 1 Regulation of Ga13-mediated rounding and SRE activation by
RGS16. GFP and either RGS16, RGS4, or p115(RGS) plasmids were
microinjected into 1321N1 cells with or without Ga12QL or Ga13QL.

(a) Injected cells were identified by GFP (left), whereas staining with
rhodamine-phalloidin, a marker of actin polymerization, assessed cell
rounding (right) in cells expressing vector, Ga13QL, or Ga13QL + RGS16.
(b) Bar graph shows the percentage of maximal rounding induced by Ga13
or Gal2 (set at 100%) for each condition (mean + S.E.M. of 3 experiments,

50%, and transfection of pl115(RGS) almost completely eliminated
LPA-induced reporter activity (Fig. 2a). As LPA receptors may couple
to Gal2 in addition to Gal3 (ref. 10), this finding could partially
reflect p115(RGS) binding to both Ga12 and Gal3, whereas RGS16
would be expected to inhibit only the Ga13-dependent component.
Some RGS proteins attenuate signals that induce their expression.
Platelet-activating factor (PAF) stimulation of B-lymphocytes upregu-
lates RGS1 levels, and RGS1, in turn, inhibits PAF-evoked MAP kinase
activation in these cells!2. We determined whether LPA stimulation of
MCE-7 cells was associated with changes in endogenous RGS16 expres-
sion, which might implicate RGS16 in the regulation of LPA signalling.
Whereas Ga13 and p115Rho-GEF levels remained relatively constant
or declined, RGS16 levels increased after LPA treatment (Fig. 2b). Thus,
increased expression of RGS16 resulting from LPA exposure could
induce a feedback desensitization loop by attenuating LPA-evoked,

**p < 0.01). (c) Empty vector, RGS16, RGS4, or p115(RGS) plasmids were
transfected into HEK 293T cells with SRE.L-luciferase and f3-gal reporters
with or without Ga13QL. Values represent fold-increase in activity compared
with cells transfected with vector alone (mean = S.E.M. of three
experiments; **p = 0.01, ***p = 0.001).(d) Experiment similar to ¢, except
that cells were co-transfected with Ga12QL. Bar graph represents fold
increase in normalized luciferase values compared to vector-transfected
cells (mean + S.E.M. of three independent experiments; *p < 0.05).

Goal3-mediated signalling.

As overexpression of RGS16 inhibited LPA-evoked SRE.L activation,
we reduced expression of endogenous RGS16 by RNAi and evaluated
SRE.L reporter activity in LPA-treated cells. Transfection of RGS16
siRNA, but not empty vector or RGS4 siRNA, decreased the amount of
endogenous RGS16 with no significant effect on the expression of
Gal3, Gal2, or RhoA (Fig. 2¢). RGS16 knockdown enhanced LPA-
induced SRE.L activation, whereas RGS4 siRNA had no effect.
Stimulation of Gaq by LPA receptors may also mediate Rho-induced
SRE.L activation!3. Therefore, we used RNAi to evaluate the impor-
tance of Gaq in LPA-evoked SRE.L reporter stimulation. Although
Gag-specific siRNA reduced the level of Goiq by more than 80%, Goq
knockdown was associated with increased LPA-stimulated SRE.L
activity. Thus, Goq is not required for LPA-induced SRE.L activation
in MCEF-7 cells. The increase in LPA-stimulated reporter activity in
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Figure 2 Regulation of LPA-evoked, Gal3-mediated signalling in MCF-7
cells. (a) Cells were transfected with RGS4, RGS16, or p115(RGS), together
with reporters and stimulated with LPA (10 uM). Fold increase in SRE.L
activity compared with vector-transfected cells (mean = S.E.M. of 3-5
experiments; **p=0.01; ***p = 0.001) is shown. (b) Cells were treated
with LPA (10 uM) for the indicated times, and lysates (80 ug protein) were
immunoblotted with indicated antibodies. (c) Cells transfected with vector
or siRNAs for RGS16, RGS4, or Gaq together with the SRE.L reporter were

cells with reduced Gaq could represent enhanced coupling of recep-
tors to Ga12 or Gaul3.

To determine if decreased levels of RGS16 affected the SRE.L activa-
tion induced by a Gal3-independent stimulus, we treated cells with
nocodazole, which disrupts microtubules and stimulates a Rho-GEF
(GEF-H1) to promote SRE.L activation!#, Treatment of MCF-7 cells
transfected with either empty vector or plasmids encoding siRNAs spe-
cific for RGS4 or RGS16 with nocodazole induced an approximately
3.5-fold activation of SRE.L (see Supplementary information, Fig. Slc).
This result confirms that the effect of RGS16 knockdown on LPA-
evoked SRE.L reporter activity occurs upstream of Rho activation.

To evaluate the effect of RGS16 knockdown on Goul3-stimulated
Rho-GEF activity directly, we used the Rho-binding domain of
Rhotekin to extract active (GTP-bound) RhoA from LPA-treated
MCE-7 cells. In control cells, LPA produced a 3.5-fold increase in
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LETTERS

18 "
16
14
@
3 12
s 10
£ T
- 8 =
£ 6
4
2
LPA - + - + - + - +
siRNA:  Vector RGS16 RGS4 oq
Sy $
SEE § o
siRNA: © & & siRNA: & & Blot:
M(K) 13 M(K)
40 - 40-8° 9
40- al2
40 _[ EF al3d
20 - - RGS16
20 - FhoA IEEEEES RGS16
d
Vector siRGS16
&% @ |RhoA-GTP
- aue o= @ @B @ Total RhoA
LPA - + + - 4+ +

stimulated with LPA (1 uM). Normalized luciferase activity is shown in the
bar graph (fold-increase compared with vector-transfected cells)
representing five independent experiments (**p = 0.01; *p < 0.05). Lysates
(80 ug protein) from untreated cells transfected with the indicated siRNA
plasmids were immunoblotted as indicated. (d) MCF-7 cells were stimulated
with LPA before extraction of GTP-bound RhoA, immunoblotting, and
densitometry. RhoA-GTP values were normalized to total RhoA for each
sample (p = 0.01). Blot shown is representative of two experiments.

RhoA activation, compared with an approximately 10.3-fold response
in cells treated with siRNA to RGS16 (Fig 2d). This result is consistent
with the hypothesis that RGS16, at physiological levels of expression,
serves as an endogenous inhibitor of Gai13-mediated RhoA activation
in MCF-7 cells.

Because RGS16 seems to function upstream of Rho to inhibit Gou13-
but not Ga12-mediated SRE.L activation and rounding, we hypothe-
sized that RGS16 could bind Ga13 directly. We examined the interac-
tions between RGS16, RGS4, or pl115Rho-GEF and Ga proteins in
cellular membranes. Both RGS4 and RGS16 co-precipitated Gai and
Gogq from membrane lysates pre-treated with aluminum magnesium
fluoride (AMF), whereas p115Rho-GEF did not bind either Gai or
Gagq (Fig. 3a). None of the three RGS proteins coprecipitated Gats.
RGS16, but not RGS4, also co-purified Ga13, independent of the pres-
ence of AMF. Neither RGS16 nor RGS4 co-precipitated Ga12, whereas

NATURE CELL BIOLOGY VOLUME 5 | NUMBER 12 | DECEMBER 2003

1097

©2003 Nature Publishing Group



LETTERS

a 3
2
> RGS4 RGS16 pli5
L — Goi
— -- - Gog
AMF - - + - + - +  Blot:
M(K)
—
Gos T4 - — - G013
— - Gol2 100 - - ——
His
30-
— it ‘& Gol3 -
N RGS4 RGS16 p115Rho-GEF
— — §
His
- N =l
AMF - - + - + - 4
° M) Lysat IP: 013  Blot
R ysate To ot:
Blot: M,(K) 50
<«—IgH
wiz 50 ' 10 P '-Gons
40 - +«—Gol13
30-
26 - . . +loL 20 - - RGS16
RGS16
- <«—RGS16 S o S o
21- o £ o £
@ @
IP: Control RGS16

Figure 3 RGS16, but not RGS4, selectively binds Ga.13. (a) His-tagged
RGS4, RGS16, and pl15Rho-GEF were immobilized on Ni2* agarose and
incubated with NG108 cell lysates (Gas, Gal2 and Ga13) or bovine brain
membrane extracts (Gai, Gaq) in the presence or absence of AMF. Co-
purified proteins were detected with antibodies against the indicated Ga.
subunits and RGS proteins with anti-His. (b) Ni2*-bound HisgRGS4, RGS16,

p115Rho-GEF coprecipitated Gol2 only in the presence of AME
These results suggest that RGS16 binds Gat13 in addition to its known
G protein partners.

To establish whether there is a direct association between RGS16 and
Gal3, we evaluated co-precipitation of recombinant proteins.
Although purified Ga13 failed to bind RGS4, it bound RGS16 in the
presence or absence of AMF. p115Rho-GEF bound Gal13-AMF more
efficiently than Gal3-GDP (Fig. 3b). AMF-dependent binding of
RGS16 to Gal3 might be observed if RGS16 were a Gal3 GAP
(ref. 15). RGS16 did not exhibit GAP activity on purified Gou13 in sin-
gle turnover assays (data not shown).

One outcome of the RGS16—-Gal3 interaction could be interference
with RGS16 GAP activity toward Gai. To test this hypothesis, we meas-
ured GTP hydrolysis by Gai in the presence or absence of RGS16 and
Ga13. RGS16 enhanced the GTPase activity of Gai, whereas a molar
excess of Gau13 over Gau (approximately 300-fold) did not alter RGS16
GAP activity (see Supplementary Information, Fig. S2). The affinity of
RGS16 for Gai (for which the K is < 100 nM; ref. 16) may be higher
than its affinity for Gal3, one possible explanation for this result.

or p115Rho-GEF was incubated with recombinant Ga13. Co-purified
proteins were detected by immunoblotting. (c) Polyclonal antibodies raised
against RGS16, Ga.13, or control rabbit IgG were used to immunoprecipitate
endogenous proteins from lysates of MCF-7 cells transfected with vector or
siRGS16 plasmids as indicated. RGS16 and Ga.13 were detected by
immunoblotting with the same antibodies used for immunoprecipitation.

Alternatively, Gal3 could bind RGS16 at a site distinct from the RGS
domain (the region required and sufficient for RGS GAP activity on
Gai!”) enabling it to interact with Gai and Gaul3 simultaneously.

To confirm that the interaction between RGS16 and Ga13 occurs
in a native system, we immunoprecipitated endogenous RGS16 from
MCE-7 cells using an antibody raised against the RGS16 holopro-
tein'® without addition of exogenous nucleotide or AMFE. We
detected endogenous Gal3 from cell lysates that co-precipitated
with RGS16 (Fig. 3¢, left). To exclude the possibility that RGS pro-
teins cross-reactive with this antibody could be present in the
immunoprecipitates, we purified RGS16 with antiserum raised
against a unique RGS16 carboxy-terminal peptide. This antibody
also efficiently immunoprecipitated RGS16 from MCF-7 cells, and
we detected co-precipitated Gai only in the presence of AMF and
Gal3 in the presence or absence of AMF (see Supplementary
Information, Fig. S3). Furthermore, RGS16 was also detectable in
anti-Gol3 immunoprecipitates from control cells, but not siRGS16
cells (Fig. 3¢, right panel). Thus, Ga13 and RGS16 are binding part-
ners in a physiological setting.
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Figure 4 RGS-Ga 13 interaction and inhibition of Ga13QL signalling
requires the RGS16 amino terminus. (a) SRE.L activity was determined in
HEK 293T cells expressing GFP or various RGS-GFP constructs, together
with Ga.13QL and reporters. Bar graph represents p-Gal-normalized
luciferase values expressed as the percent of vector (GFP)-transfected cells
(mean = S.E.M.) from seven experiments (*p < 0.05). (b) Percentage of
Ga13QL-stimulated SRE activity in vector-transfected cells in cells
expressing RGS16 WT (wild type), RGS16-N (residues 1-31) or RGS16-C

To identify the region(s) necessary for RGS16 inhibition of Gol3-
dependent SRE.L activation, we first constructed a chimera encoding
amino acids 1-87 in RGS16 fused to the last 117 amino acids of RGS4.
The RGS16/4 chimera inhibited Ga.13QL-induced SRE.L activation

(residues 32-202) deletion mutants (*p < 0.01). (c) Cells were co-
transfected with Ga13-V5-His and either GFP, RGS16 WT, RGS16-N
(1-31), RGS16-C (32-202), or a RGS16(1-87)-RGS4(88-205) chimera
fused to GFP. Ga13 was extracted using Ni2+ agarose, and co-purified
proteins (top) and post-purification supernatants (bottom) were analysed
with anti-GFP. (d) His-tagged RGS16-WT, RGS16-N (1-31), RGS16-C
(32-202), or p115Rho-GEF was mixed with recombinant Gal13. RGS
proteins were affinity purified, and Ga.13 was detected by immunoblotting.

similar to wild-type RGS16 (Fig. 4a), indicating that the RGS16 amino
terminus (amino acids 1-87) is likely responsible for the observed
effect of RGS16. To further delineate which region in RGS16 is
involved in the regulation of Gal3-dependent SRE.L activation, we
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Figure 5 RGS16 is associated with Ga13 translocation to lipid rafts and
reduced Ga13 binding to p115Rho-GEF. (a) HEK 293T cells were
transfected with vector alone or RGS16-V5-His. Total cell lysates
(bottom) or cells treated with cold 0.5% Triton X-100 and separated by
Optiprep gradient centrifugation (top) were immunoblotted as indicated.
(b) HEK 293T cells transfected with Ga13-V5-His, myc—p115Rho-GEF,
GFP, RGS4, or RGS16 (1 or 5 ug). Lysates were affinity purified and
immunoblotted with specific antibodies as shown. (¢) Hisgp115Rho-GEF

assayed amino-terminal and carboxy-terminal RGS16 deletion
mutants fused to green fluorescent proteins (GFP). When compared
with SRE.L activity in vector-transfected cells, cells expressing RGS16-

was purified with nickel agarose in the presence of Gal13 and RGS4,
pl15(RGS), or increasing amounts of RGS16. Ga13 bound to pl115Rho-
GEF-coupled beads was detected by immunoblotting. Coomassie blue
staining of the membrane verified equal amounts of p115Rho-GEF in
each sample. (d) Control or siRGS16 cells were transfected with
myc—p115Rho-GEF. Endogenous Ga.13 was immunoprecipitated with
anti-Ga.13, and co-purified proteins were identified by immunoblotting as
indicated.

N (amino acids 1-31) exhibited reduced Ga.13QL-evoked SRE.L acti-
vation, whereas cells transfected with a mutant lacking the amino-ter-
minus (RGS16-C, amino acids 32-202) displayed SRE.L activity
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similar to control (Fig. 4b). Thus, the RGS16 amino-terminus (amino
acids 1-31) is necessary and sufficient for inhibition of Goul3-medi-
ated SRE.L activation.

To determine if the RGS16 amino terminus is required for Ga13
interaction, we evaluated binding of Gal3 to GFP fusions of full
length RGS16, RGS16 truncation mutants, RGS4, or the RGS16/4
chimera. Full-length RGS16—GFP co-purified with Gal3, whereas
neither RGS16-C nor RGS4 co-precipitated (Fig. 4c). Surprisingly,
both RGS16-N and the RGS16/4 chimera bound Go13 more effi-
ciently than wild-type RGS16, suggesting a stronger interaction with
the RGS16 amino terminus than with full-length RGS16. To confirm
that the RGS16 amino terminus binds directly to Ga13, we evalu-
ated Gal3 co-precipitation of purified, His-tagged RGS proteins.
Recombinant Gal3 co-eluted with either wild-type RGS16 or
RGS16-N, but not with RGS16-C (Fig. 4d). These data indicate that
the first 31 amino acids of RGS16 are both necessary and sufficient
for Ga13 binding.

As RGS16 binding to Ga13 did not require a specific nucleotide, it
seems unlikely that RGS16 modulates the Gal3 GTPase cycle or
receptor—heterotrimer coupling. Alternatively, RGS16 could inhibit
Gal3 function by affecting Gal3 modification or localization.
Gal3 undergoes palmitoylation on amino-terminal cysteine
residues, which is critical for plasma membrane localization and
receptor interactions'®. We tested whether RGS16 expression affects
Ga13 palmitoylation by metabolically labelling cells with *H palmi-
tate. Transfection of RGS16 did not inhibit tritium incorporation
into Ga13, indicating that Go.13 palmitoylation was not affected by
RGS16 expression (see Supplementary Information, Fig. S4).
Although RGS16 did not interfere with Gal3 palmitoylation, we
speculated that its interaction with Ga13 could change Go13 local-
ization at the membrane. RGS16 localizes to DRMs, whereas Go13,
unlike other Ga subunits, does not?% 2!, We immunoblotted DRM
fractions from HEK 293T cells in the presence and absence of
RGS16 transfection. We observed an approximately threefold
increase in the levels of Ga13 in the DRM fraction of RGS16-trans-
fected cells (Fig. 5a). Caveolin and Na*/K* ATPase were used as
markers for proteins included in (caveolin) and excluded from
(Na*/K* ATPase) DRMs. RGS16 transfection did not change the
DRM localization of pl115Rho-GEF (data not shown) or the total
expression levels of Ga13 (Fig. 5a, bottom). Thus, RGS16 alters the
membrane localization of Gal3, which further supports a physio-
logical interaction.

Because a considerable amount of Gal3 remained in the non-
DRM fractions after RGS16 transfection, it was unclear whether the
shift of Ga13 to DRMs could fully explain the functional effects of
RGS16 on Gal3 signalling. As RGS16 is not a Gal3 GAP, we
hypothesized that it might instead inhibit Ga13 from binding to a
downstream effector. To test this possibility, we measured co-precip-
itation of Gal3-His and pl115Rho-GEF in the presence of GFP,
RGS4, or RGS16. Gaul3 extracted equivalent quantities of p115Rho-
GEF from cells expressing either GFP or RGS4 (Fig. 5b). RGS16 co-
purified with Gal3, and increasing amounts of RGS16 correlated
with reduced levels of Ga13-bound p115Rho-GEF. To confirm that
decreased Ga13—p115Rho-GEF association was a direct result of
RGS16 binding, we purified recombinant Gal3 and RGS proteins
with His-tagged pl115Rho-GEE. The addition of RGS4 in molar
excess did not disrupt Gal3 binding to pl115Rho-GEF, whereas an
equimolar amount of p115(RGS) completely blocked binding (Fig.
5¢). Increasing quantities of RGS16 reduced the amount of Gal3
bound to pl15Rho-GEF in a concentration dependent-manner. A
quantity of RGS16 approximately fivefold greater than that of

LETTERS

p115(RGS) was required to inhibit Gal3 binding to full-length
p115Rho-GEF, suggesting that the relative affinity of Gal3 for
RGS16 is at least fivefold less than its affinity for the RGS domain of
p115Rho-GEE

Although RGS16 appeared to block the Gal3-pl15Rho-GEF
interaction and inhibited Go13-stimulated Rho activation in cells
(see Fig. 2d), it unexpectedly failed to inhibit Gal3 stimulation of
recombinant p115 Rho-GEF activity in vitro (data not shown).
Because membrane, receptor, and phospholipid interactions pro-
foundly affect the activity of RGS proteins?2, this result suggests that
an additional co-factor, modification, or conformation of either
protein could be required for the regulation of Gal3-stimulated
Rho-GEF activity by RGS16 that we observed in MCEF-7 cells.

To confirm that RGS16 can function as an inhibitor of the Gou13-
pl15Rho-GEF interaction in cells, we measured pll15Rho-
GEF-Ga13 binding in cells with reduced RGS16 levels. Although we
immunoprecipitated similar quantities of Gal3 from control and
siRGS16 cells, the amount of co-associated pl15Rho-GEF was sig-
nificantly increased in cells with decreased RGS16 expression (Fig.
5d). This result suggests that disruption of the Go.13—p115Rho-GEF
complex is a potential mechanism whereby RGS16 can attenuate
Gal3-dependent signalling.

This study describes a unique function for RGS16, a classical (R4)
RGS protein lacking additional well-defined domains, in the regula-
tion of Gal3-mediated signalling and highlights a new region out-
side the RGS box directly involved in G protein binding, but not
GAP activity. Although the affinity of Ga13 for RGS16 is apparently
less than its affinity for p115Rho-GEF, RGS16 binding to Gal3 is
associated with Gol3 redistribution within the membrane and
reduced effector interaction. As the RGS16 membrane binding
domain and Gal3 interaction sites overlap23, it will also be of inter-
est to determine how Gaul3 binding affects RGS16 regulation of Gaii
and Gogq and the DRM localization of RGS16. Our study suggests
that RGS16 could oversee distinct signalling pathways evoked by a
single receptor coupled to several Ga subclasses. L]

METHODS

Cells, proteins, and plasmids. HEK 293T and MCEF-7 cells were purchased
from ATCC (Manassas VA). NG108 cells were the gift of Warner Klee
(NIDDK/NIH, Bethseda, MD), and bovine brain extracts were purchased
from Calbiochem (San Diego, CA). We transfected cells in either six-well
plates or 100 mm tissue culture dishes using Superfect reagent (Qiagen,
Valencia, CA) and harvested cells 24 h after transfection. We prepared
HisgRGS16 and RGS4 from Escherichia coli as described previously? 3.
Baculoviruses directing expression of Gal3, GB1, and HisgGy2 were used to
generate recombinant Goal3 essentially as described elsewhere?.
pCMV5-myc—pl115Rho-GEF was the kind gift of Matthew Hart (Onyx
Pharmaceuticals, Richmond, CA), and the plasmid encoding GST-Rhotekin
RBD was obtained from Martin Schwartz. EE-Ga.12QL, EE-Ga13QL, and
HA-Rho(G14V) were obtained from the Guthrie Research Institute (Sayre,
PA) and RhoA(Q63L) from J. Silvio Gutkind (NIDCR/NIH). Ga13 and the
RGS domain (encoding residues 1-252) of p115 were generated by poly-
merase chain reaction (PCR) and subcloned into TOPO-pcDNA3.1-V5/His.
Plasmids pcDNA3.1/V5-His—RGS16 and pcDNA3/myc-His—RGS4 have
been described previously'® 2°. The coding region of full-length p115Rho-
GEF was generated by PCR and cloned into TOPO-pBlueBac-V5/His. We
generated recombinant baculovirus and purified pl115-Hiss on nickel
agarose according to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA). We generated RGS16, RGS16(1-31, ‘RGS16-N’) RGS16 (32-202,
‘RGS16-C’), and RGS4 PCR fragments and subcloned the products into
pEGFP-N2 (Clontech). We constructed the RGS16/4 chimera by subcloning
a PCR fragment encoding RGS16 residues 1-87 and flanking Sspl sites into
an endogenous Sspl site in RGS4—pEGFP.
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His-tagged RGS16 (32-202, ‘RGS16-C’) was generated by cloning the
appropriate PCR fragment into pET28a (Novagen, Madison, WI) and puri-
fied as described for the wild-type protein. We generated RGS16 (1-31)—Hisg
(“RGS16-N”) by subcloning a PCR fragment into TOPO-pET152D
(Invitrogen) in frame with thioredoxin. The RGS domain of p115 (amino
acids 1-252) was generated by PCR and cloned into pGEX—4T (Amersham
Biosciences, Piscataway, NJ). Protein expression was induced in E. coli
BL21(DE3) using IPTG, and recombinant proteins were affinity purified using
Ni2*/NTA (nitriloacetic acid) agarose or glutathione sepharose according to the
manufacturer’s instructions. Thioredoxin was cleaved from the RGS16 fragment
using Enterokinase max (Invitrogen), leaving RGS16 (1-31) with a carboxy-ter-
minal His tag. EK-max was removed from the preparation using EK-Away resin
(Invitrogen).

Affinity purifications and immunoblotting. RGS-G protein binding experi-
ments with recombinant proteins and pull-downs were performed essentially
as described?’. For co-immunoprecipitation of RGS16 from MCE-7 cells, we
lysed cells in detergent buffer (20 mM Tris at pH 7.5, 150 mM sodium chloride,
1% Triton X-100, 0.25% deoxycholate, 0.1% SDS, 1 mM sodium orthovana-
date, 1 mM sodium fluoride plus protease inhibitors) and incubated clarified
lysates with either normal rabbit IgG, anti-RGS16, or anti-Gol3 antisera.
Immune complexes were recovered with 30 ul Protein A-agarose (Invitrogen),
and immunoprecipitates were washed five times with lysis buffer. Antibodies
against the myc, GFP, and His tags, Gai, Gag, Gas, Ga12, Gal3, p115Rho-GEF,
and RhoA were purchased from Santa Cruz (Santa Cruz, CA), anti-V5 from
Invitrogen, and anti Glu-Glu (EE) from Covance. The polyclonal antibody
against RGS16 (CT265) and the carboxy-terminal anti-Ga13 antibody (HD)
have been described previously?® 2. Antiserum against a carboxy-terminal
RGS16 peptide (CGSPAEPSHT) was generated in rabbits and affinity purified
using resin coupled to the immunizing peptide (Quality Controlled
Biochemicals, Hopkinton, MA).

Single turnover GTPase assays. Nonmyristoylated Gail was expressed in E. coli
host strain BL21(DE3) as an amino-terminal S—Tag fusion with subsequent
cleavage of the affinity tag during purification using S-protein Agarose
(Novagen). Single turnover GTP hydrolysis by Gail (1 uM) was assayed as pre-
viously described?3, except that reactions were carried out in the presence of 5
mM free magnesuim. The final concentration of GTP-bound Goil was esti-
mated to be approximately 0.3 nM.

Metabolic labelling, immunoprecipitation and detergent resistant membrane
(DRM) preparation. We performed these procedures as previously described?®
21, We isolated DRM fractions using solubilization in cold 0.5% Triton X-100
and centrifugation on a 5/30/35 OptiPrep gradient?!.

Reversal of stellation (rounding). We measured cell rounding as described pre-
viously’.

SRE assays. We evaluated activation of SRE wild type (Stratagene, La Jolla, CA)
or SRE.L-Luc (containing a mutation in the ternary complex factor binding
site, obtained from Kozo Kaibuchi, NAIST, Ikoma, Nara, Japan) reporter plas-
mids exactly as described elsewhere?’. All luciferase values were normalized to
B-gal values.

Rhotekin binding assay. Subconfluent MCF-7 cells were serum starved
overnight and stimulated in 100 mm dishes with LPA (10 uM) for 3 min. at
37°C. We extracted RhoA-GTP as previously described?® and quantitated
RhoA-GTP levels by immunoblotting and densitometry. RhoA—GTP values
were normalized to total RhoA values for each sample before statistical analysis.

Suppression of gene expression by short, interfering RNAs (siRNAs). The plas-
mid pSUPER (from Reuven Agami), which contains the human H1 RNA poly-
merase promoter, was used as the backbone for insertion of short
sequence-specific oligomers predicted to form stem-loop—stem structures as
described®®. The sequences for siRNA were: human rgsl6—GCGAT-
ACTGGGAGTACTGG and CGCTTCCTGAAGTCGCCTG; human rgsd—
CCGCCGCTTCCTCAAGTCT; human Gag—GGGACGCCCGCCGGGAGCT.
2 ug of the siRNA plasmid or pSUPER without an insert were transfected into

MCEF-7 cells transiently or stably together with pCDNA3 as a selection marker
using Superfect (Qiagen). Clones were selected using Geneticin (Invitrogen,
Carlsbad, CA).

Statistical analysis. Data were analysed using In Stat software (Graph Pad
Software Inc, San Diego, CA). Where indicated, statistical significance was
determined using repeated measures ANOVA with Tukey-Kramer or Dunnett
post-hoc tests or student’s ¢ tests. A two tailed p value < 0.05 was considered
statistically significant. UVP LabWorks software (Upland, CA) was used to
quantitate band intensity of immunoblots.

ACKNOWLEDGEMENTS

We thank members of the Druey laboratory for discussions and D. Metcalfe for his
support. This work was supported by the Division of Intra-Muro
Research/National Institute of Health (E.N.J., K. M. D.,A.A.W.and T.L. Z.].),
NIH grant GM36927 (J. H. B.) and an American HHeart Association, Scientist
Development Grant (T. M. S.).

Note: Supplementary Information is available on the Nature Cell Biology website.

COMPETING FINANCIAL INTERESTS
The authors declare that they have no competing financial interests.

Received 26 June 2003; accepted 30 September 2003;
Published online at http://www.nature.com/naturecellbiology

1. Hart, M. J. et al. Direct stimulation of the guanine nucleotide exchange activity of
pl15RhoGEF by Gal3. Science 280, 2112-2114 (1998).

2. Sah, V. P, Seasholtz, T. M., Sagi, S. A. & Brown, J. H. The role of Rho in G protein-
coupled receptor signal transduction. Annu. Rev. Pharm. Toxicol. 40, 459-489
(2000).

3. Fukuhara, S., Chikumi, H. & Gutkind, J. S. RGS-containing RhoGEFs: the missing
link between transforming G proteins and Rho? Oncogene 20, 1661-1668 (2001).

4. Ross, E. M. & Wilkie, T. M. GTPase-activating proteins for heterotrimeric G proteins:
regulator of G protein signaling (RGS) and RGS-like proteins. Annu. Rev. Biochem.
69, 795-827 (2000).

5. Schmitz, A. A. P., Govek, E. E., Boettner, B., & Van Aelst, L. Rho GTPases: signaling,
migration, and invasion. Exp. Cell Res. 261, 1-12 (2000).

6. Seizinger, B. R., Gutkind, J. S. & Kley, N. The p53 tumor suppressor targets a novel
regulator of G protein signaling. Proc. Natl. Acad. Sci. U. S. A. 94, 7868-7872
(1997).

7. Majumdar, M., Seasholtz, T. M., Buckmaster, C., Toksoz, D. & Brown, J. H. A Rho
exchange factor mediates thrombin and Gal2-induced-induced cytoskeletal
responses. J. Biol. Chem. 274, 26815-26821 (1999).

8. Arai, K. et al. Differential requirement of Ga12, Gal3, Gaq, and Gfy for endothelin-
1-induced JNK kinase and MAP kinase activation. Mol. Pharm. 63, 478-488
(2003).

9. Chen, C., Seow, K. T., Guo, K., Yaw, L. P. & Lin S. C. Characterization of a novel
mammalian RGS protein that binds Ga. and inhibits pheromone signaling in yeast. J.
Biol. Chem. 272, 8679-8685 (1997).

10. Contos, J. J., Ishii, I. & Chun, J. Lysophosphatidic acid receptors. Mol. Pharmacol.

58, 1188-1209 (2000).

. Schwartz, B. M. et al. Lysophosphatidic acids increase interleukin-8 expression in
ovarian cancer cells. Gynecol. Oncol. 2, 291-300 (2001).

12. Druey, K. M., Blumer, K. J., Kang, V. H. & Kehrl, J. H. Inhibition of G-protein-medi-
ated MAP kinase activation by a new mammalian gene family. Nature 379, 742-746
(1996).

13. Booden, M. A., Siderovski, D. P. & Der, C. J. Leukemia-associated Rho guanine
nucleotide exchange factor promotes Gaq-coupled activation of RhoA. Mol. Cell.
Biol. 22, 4053-4061 (2002).

14. Krendel, M., Zenke, F. & Bokoch, G. M. Nucleotide exchange factor GEF-H1 medi-
ates cross talk between microtubules and the actin cytoskeleton. Nature Cell. Biol. 4,
294-301 (2002).

15. Kozasa T. et al. p115RhoGEF, a GTPase activating protein for Gal2 and Gal3.
Science 280, 2109-2111 (1998).

16. Berman, D. M., Kozasa, T. & Gilman, A. G. The GTPase activating protein RGS4 sta-
bilizes the transition state for nucleotide hydrolysis. J. Biol. Chem. 271,
27209-27212 (1996).

17. Popov, S., Yu, K., Kozasa, T. & Wilkie T. M. the regulators of G protein signaling
(RGS) domains of RGS4, RGS10, and GAIP retain GTPase activating protein activity
in vitro. Proc. Natl Acad. Sci. USA. 94, 7216-7220 (1997).

18. Derrien, A. et al. Src-mediated RGS16 tyrosine phosphorylation promotes RGS16
stability. J. Biol. Chem. 278, 16107-16116 (2003).

19. Battacharyya, R. & Wedegaertner, P. B. Ga13 requires palmitoylation for plasma
membrane localization, Rho-dependent signaling, and promotion of pl15RhoGEF
membrane binding. J. Biol. Chem. 275, 14992-14999 (2000).

20. Hiol, A. et al. Palmitoylation regulates RGS16 function |. Mutation of amino terminal
cysteine residues on RGS16 prevents its targeting to lipid rafts and palmitoylation of
an internal cysteine residue. J. Biol. Chem. 278, 19301-19308 (2003).

. Waheed, A. A. & Jones, T. L. Z. Hsp90 interactions and acylation target the G protein

1

—

2

—

1102

NATURE CELL BIOLOGY VOLUME 5 | NUMBER 12 | DECEMBER 2003

©2003 Nature Publishing Group



Gal2, but not Gal3 to lipid rafts. J. Biol. Chem. 277, 32409-32412 (2002).

22.Ingi, T. et al. Dynamic regulation of RGS2 suggests a novel mechanism in G-protein

signaling and neuronal plasticity. J. Neurosci. 18, 7178-7188 (1998).

23. Bernstein, L. S., Grillo, A. A., Loranger, S. S. & Linder, M. E. RGS4 binds to mem-
branes through an amphipathic alpha helix. J. Biol. Chem. 275, 18520-18526

(2000).

24. Druey, K. M., Uger, O., Caron, J. M., Chen, C. K., Backlund, P. S. & Jones, T. L.
Amino terminal cysteine residues of RGS16 are required for palmitoylation and mod-
ulation of Gi and Gq mediated signaling. J. Biol. Chem. 274, 18836-18842 (1999).

25. Sullivan, B. M. et al. RGS4 and RGS2 bind coatomer and inhibit COPI association
with Golgi membranes and intracellular transport. Mol. Biol. Cell 11, 3155-3168

(2000).

26.

27.

28.

29.

30.

LETTERS

Wells, C. D., Jiang, X., Gutowski, S. & Sternweis, P. C. Functional characterization of
pl15RhoGEF. Meth. Enzymol. 345, 371-382 (2002).

Johnson, E. N. & Druey, K. M. Functional characterization of the G protein regulator
RGS13. J. Biol. Chem. 277, 16768-16774 (2002).

Nagata, Y., Oda, M., Nakata, H., Shozaki, Y., Kozasa, T. & Todokoro, K. A novel regu-
lator of G protein signaling bearing GAP activity for Gai and Gaq in megakaryocytes.
Blood 97, 3051-3060 (2001).

Kawamura, S., Miyamoto, S. & Brown, J. H. Initiation and transduction of stretch-
induced RhoA and Racl activation through caveolae: cytoskeletal regulation of Erk
translocation. J. Biol. Chem. 278,31111-31117 (2003).

Brummelkamp, T. R., Bernards, R. & Agami, R. A system for stable expression of
short interfering RNAs in mammalian cells. Science 296, 550-553 (2002).

NATURE CELL BIOLOGY VOLUME 5 | NUMBER 12 | DECEMBER 2003

1103

©2003 Nature Publishing Group



nature
cell biology

SUPPLEMENTARY INFORMATION

N w
o =]

[
o

LUCIFERASE
(FOLD INCREASE)
(-] o

@

0
Act. RhoA

LUCIFERASE
(FOLD INCREASE)
) [*3 -

-

0 p
nocodazole
siRNA:

-+ -+ -+ - +

vec RGS16 RGS4 p115(RGS)

Rho - + - + - + - + WB:

= 7 His

e - -

vec RGS16 RGS4 p115(RGS)

- + - + -

W
o
[—
+—i

=
=)
—y

w
(=}

LUCIFERASE
(FOLD INCREASE)
N
o

« GFP
o RGS16

-
[=]

0 50 100 150 200
G12QL (ng)

+

vec RGS4 RGS16

Figure S1 RGS16 acts upstream of Rho to inhibit Gal3QL-induced SRE.L
activation. a, SRE.L activity induced by constitutively active Rho.
Rho(Q63L) or HA-Rho(G14V) and the SRE.L reporter were transiently
transfected with empty vector or the indicated RGS proteins in HEK 293T
cells. Luciferase activity was measured as in previous experiments. Bar

graph represents fold- increase (mean +/- S.E.M. of 5 experiments) for each

condition compared to vector-transfected cells. b, Experiment similar to

Fig. 1d except that a range of concentrations of Ga12QL was used to
determine the effect of RGS16 at sub-maximal doses. ¢, RGS16 does not
inhibit SRE.L activation induced by a Ga.13-independent stimulus. MCF-7
cells were transfected with empty vector or plasmids containing siRNAs
specific for rgs4 or rgs16 and luciferase activity determined after incubation
with nocodazole (10 uM).
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Figure S2 Ga13 does not interfere with RGS16 GAP activity on Gai. GTP
hydrolysis by Gai was measured during a single catalytic turnover in the

presence of RGS16 with or without a molar excess of Ga.13 (30 or 100 nM).
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Figure S3 Co-immunoprecipitation of Gai and Gal3 with an RGS16-
specific antibody. Pre-immune (con) or anti-peptide antisera raised against
the RGS16 carboxy-terminus (RGS16-C) was utilized to immunoprecipitate
endogenous RGS16 from MCF-7 cells in the presence or absence of AMF.

Co-purified Gai or Ga13 was detected with specific antibodies as indicated.
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Figure S4 RGS16 does not block Ga:13 palmitoylation. [3H] palmitate
incorporation into Ga13 after RGS16 co-transfection. HEK 293T cells were
transfected with vector alone (V) or a plasmid directing expression of Ga13
in the presence or absence of RGS16. Cells were metabolically labeled with
[3Hlpalmitate followed by homogenization and cellular fractionation into
particulate and soluble fractions. Particulate fractions were
immunoprecipitated with control 1gG or antibodies against Ga13 or RGS16.
Immunoprecipitates were resolved by SDS-PAGE and prepared for
fluorography. Protein expression was verified by immunoblotting an aliquot
of the particulate fraction (30 ug protein) with the indicated antibodies.
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