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RGS4 controls Gai3-mediated regulation of Bcl-2 phosphorylation
on TGN38-containing intracellular membranes
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ABSTRACT

Intracellular pools of the heterotrimeric G-protein o-subunit Gai3
(encoded by GNAI3) have been shown to promote growth factor
signaling, while at the same time inhibiting the activation of JNK and
autophagic signaling following nutrient starvation. The precise
molecular mechanisms linking Gai3 to both stress and growth
factor signaling remain poorly understood. Importantly, JNK-
mediated phosphorylation of Bcl-2 was previously found to activate
autophagic signaling following nutrient deprivation. Our data shows
that activated Goi3 decreases Bcl-2 phosphorylation, whereas
inhibitors of Gai3, such as RGS4 and AGS3 (also known as
GPSM1), markedly increase the levels of phosphorylated Bcl-2.
Manipulation of the palmitoylation status and intracellular localization
of RGS4 suggests that Gei3 modulates phosphorylated Bcl-2 levels
and autophagic signaling from discreet TGN38 (also known as
TGOLN2)-labeled vesicle pools. Consistent with an important role for
these molecules in normal tissue responses to nutrient deprivation,
increased Goi signaling within nutrient-starved adrenal glands from
RGS4-knockout mice resulted in a dramatic abrogation of autophagic
flux, compared to wild-type tissues. Together, these data suggest that
the activity of Gai3 and RGS4 from discreet TGN38-labeled vesicle
pools are critical regulators of autophagic signaling that act via their
ability to modulate phosphorylation of Bcl-2.
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INTRODUCTION

Heterotrimeric G-proteins mediate the effects of hormones and
neurotransmitters that signal via G-protein coupled receptors
(GPCRs) at the plasma membrane (Hepler and Gilman, 1992;
Sanchez-fernandez et al., 2014). In its quiescent state, the GDP-
bound Go: subunit is bound to a GBy heterodimer. GPCR activation
leads to exchange of GTP for GDP on the o-subunit, resulting in the
dissociation of Go. and GBy subunits and initiation of downstream
effector signaling pathways. The signal is terminated following
hydrolysis of GTP to GDP by the intrinsic GTPase activity of the
Go subunit, and the system returns to its inactive state. Recent
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studies, however, have shown that some o subunits are localized to
intracellular membrane compartments such as the trans-Golgi
network (TGN) (Almeida et al., 1993; Wylie et al.,, 1999; Lo
et al., 2015; Hewavitharana and Wedegaertner, 2012; Michaelson
et al., 2002; Nash et al., 2019), endoplasmic reticulum-Golgi
intermediate compartment (ERGIC) (Le-niculescu et al., 2005; Lo
et al., 2015), multivesicular bodies (MVBs) (Zheng et al., 2004,
Rosciglione et al., 2014) or the nucleus where they exert novel
(Willard and Crouch, 2000; Hewavitharana and Wedegaertner,
2012; Vaniotis et al., 2011; Tadevosyan et al., 2012), albeit less well
understood, signaling functions. Indeed, Gai3 (encoded by GNAI3)
has been found both at the plasma membrane and within several
intracellular compartments where it has been shown to regulate
cellular functions such as membrane trafficking (Wilson et al.,
1993; Lo et al., 2015), cell migration (Ghosh et al., 2008),
macrophage polarization (Li et al, 2015) and autophagy
(macroautophagy) in response to nutrient deprivation (Ogier-denis
et al., 1996; Gohla et al., 2007; Pattingre et al., 2003; Ghosh et al.,
2008). Notably, most of the mechanisms that mediate the activation
of intracellular Goi3 and its functional role in these pathways remain
to be determined.

Accordingly, many studies have been aimed at understanding
regulatory proteins for Goi3 that modulate its activity on
intracellular membranes in a GPCR-independent manner.
Cytosolic guanine nucleotide exchange factors (GEFs) such as
GIV (also known as Girdin or CCDC88A) bind to o-subunits
to promote GDP release, GTP-binding and Gai3 activation
(Le-niculescu et al., 2005; Garcia-marcos et al., 2011). By
contrast, guanine nucleotide dissociation inhibitors (GDIs), such
as AGS3 (also known as GPSM1), maintain the GDP-bound
inactive state of the o subunit (Pattingre et al., 2003; Garcia-marcos
et al., 2011) and regulator of G-protein signaling (RGS) proteins
catalyze the intrinsic GTPase activity of o subunits, leading to rapid
and potent inhibition of activated Gou signals (Watson et al., 1996;
Berman et al., 1996a,b). One such protein, RGS4, has been shown
to traffic between the plasma membrane and intracellular (TGN38-
marked) membrane pools, where differential palmitoylation of N-
terminal cysteine residues (Cys2 and Cys12) have been shown to be
key determinants in its ability to localize to TGN38 (also known as
TGOLN2) endomembranes and to regulate intracellular Goi3
(Bastin et al., 2012, 2015). Using RGS4 trafficking mutants as
membrane pool-specific inhibitors, we have previously shown that
Goai3 localized to intracellular membranes where, in its activated
state, it diminished the activation of intracellular pools of the stress
kinase, JNK (also known as MAPKS) (Bastin et al., 2015). Other
groups have shown that JNK-mediated phosphorylation of Bcl-2
has important functional consequences for the regulation of its
structure and function (Yamamoto et al., 1999; Wei et al., 2008;
Pattingre et al., 2009). Specifically, they showed JNK could initiate
phosphorylation of multiple residues within the flexible loop
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domain in Bcl-2 following microtubule inhibition (G2/M arrest) or
nutrient deprivation (Yamamoto et al., 1999). As a result, JNK-
mediated phosphorylation of Bcl-2 resulted in changes in its
function as a regulator of autophagy and apoptosis in response to
stress stimuli (Yamamoto et al., 1999; Wei et al., 2008; Pattingre
et al., 2009). Using cell biological tools to control distinct
intracellular pools of RGS4 and Gai3, we here set out to
determine whether their intracellular activity could regulate Bcl-2
phosphorylation and whether these proteins function under nutrient-
deprived conditions in cultured HEK293 cells.

RESULTS

Gai3 activity reduces the phosphorylation of Bcl-2

To examine the role of Gai3 activity in HEK293 cells, a Gai3-
knockout (KO) cell line was generated using a CRISPR/Cas9 gene-
editing strategy (see Materials and Methods and Fig. S1). HEK293
cells transfected with Bcl-2 and different activity-state constructs of
Goi3 were cultured under nutrient-deprived conditions to examine
whether Gai3 activity regulated stress kinase and Bcl-2 activity.
Expression of constitutively active Goi3 (Goi3-RC) caused a
greater inhibition of intracellular JNK phosphorylation (activation)
than expression of the wild-type Goi3 construct (Bastin et al.,
2015). Importantly, the decrease in JNK activity was also associated
with a marked decrease in the levels of Ser70 phosphorylated Bcl-2
(P-Bcl-2) (Fig. 1A). Together, these data suggest that under
conditions of cellular stress, activated (GTP-bound) Gai3 reduces
the phosphorylation of Bcl-2 via its ability to inhibit the stress-
induced kinase JNK.

RGS4 increases Bcl-2 phosphorylation mediated by Goi3

Co-expression of wild-type RGS4 (WT), a potent Gai3 inhibitor,
increased the level of P-Bcl-2 compared to a catalytically dead RGS4
(EN-AA) isoform (Fig. 1B). The effect of RGS4 was greatest when it
was co-expressed with the GAP-sensitive (Berman et al., 1996a)
constitutively-active Gai3-RC construct (Coleman et al., 1994),
consistent with the notion that either the activity state (i.e. GTP- or
GDP-bound) or GTPase cycling function of Goi3 is an important
regulator of P-Bcl-2 levels in our system. Expression of AGS3, an
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inhibitor of Gai3 activation that has been shown to be localized to ER
and Golgi membranes (Oner et al., 2013), also promoted increased
levels of P-Bcl-2 to the same extent as RGS4 (Fig. S2). Moreover, the
P-Bcl-2-elevating effects of RGS4 could be prevented by either
mutation of the RGS domain to the Gag-selective ‘triple-mutant’
(RGS4-3x) form or by co-expression of a RGS-insensitive mutant of
Goi3 (Gai3-GS; Fig. S2). Surprisingly, P-Bcl-2 levels were not
increased when RGS4 was co-expressed with a non-cycling GAP-
resistant (Berman et al., 1996a,b) constitutively active mutant of
Goai3, Gai3-QL (Coleman etal., 1994; Sondek et al., 1994) (Fig. 1C).
Since RGS proteins form stable complexes with Go-QL isoforms
(presumably GTP-bound) in mammalian expression systems, we
conclude that either (1) the P-Bcl-2 inhibiting effects of GTP-bound
Goi3 are not affected by RGS4 binding; or (2) Gai3 cycling between
GTP- and GDP-bound states is required for its regulation of this
pathway.

DHHC3 and DHHCY7 facilitate intracellular RGS4 trafficking
via palmitoylation of its N-terminal cysteine residues

While RGS4 localizes to both plasma membrane and intracellular
membrane pools, it is the intracellular pool that modulates Gai3 and
INK activity during nutrient deprivation (Bastin et al., 2015). We
asked whether factors that control the ability of RGS4 to traffic via
different membrane pools might therefore influence the extent of
Bcl-2 phosphorylation. Differential palmitoylation of Cys2 and
Cys12 in RGS4 regulates its ability to traffic between different
membrane pools, but the molecular mechanisms that control this
trafficking are not well understood (Bastin et al., 2012). Wang and
colleagues have shown that two palmitoyl-CoA transferases,
DHHC3 and DHHC?7, are important for the palmitoylation and
function of RGS4 to inhibit GPCR signaling at the plasma
membrane (Wang et al., 2010). Amidst the 23 known DHHC
isoforms (also known as ZDHHC isoforms) in humans (Fukata
et al., 2006; Ohno et al., 2006), mRNAs for DHHC3 and DHHC7
were among the most highly expressed in our HEK293 cells (Fig. 2;
Table S1). Other highly expressed isoforms include DHHCS,
DHHC18 and DHHC21. While previous studies suggest a similar
Golgi localization pattern for DHHC3 and DHHC7 (Ohno et al.,
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Fig. 1. RGS4 and Gai3 coordinately regulate phosphorylation of Bcl-2 on Ser70 under nutrient-deprived conditions. (A) Western blots (upper panel)
for phospho (P)-Bcl-2 and total (T)-Bcl-2 levels in CRISPR-Gai3-KO HEK293 cells transiently expressing either a WT or RC allele of Gai3. Histogram (lower panel)
shows the meanzts.e.m. quantification of the P-Bcl-2:T-Bcl-2 ratios. (B,C) Wild-type (WT) and an inactive RGS4 (ENAA) mutant were tested for their

ability to modulate Gei3-mediated reduction of P-Bcl-2 levels. (B) Examines the effects of RGS4 activity on WT Goi3 and a GTPase-capable constitutively active
isoform Goi3 (RC). (C) Examines the effects of RGS4 activity on Gai3(RC) and a GTPase-defective constitutively active isoform Gei3(QL). The upper
panel(s) show western blots for P-Bcl-2 and T-Bcl-2, while the lower panels contain the meants.e.m. quantification of P-Bcl-2:T-Bcl-2 ratios, as in A. In all panels,
data are representative of at least three independent experiments carried out on separate days (n=3). *P<0.05; NS, not significant [unpaired t-test (A),

two-way ANOVA and Tukey’s post-hoc test (B,C)]. a.u., arbitrary units.
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Fig. 2. Levels of endogenous mRNA expression of DHHC
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g ™ 360 proteins in HEK293 cells. The level of expression of DHHC
® g | mRNAs were determined by RT-gPCR. CT data are normalized
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2006), careful examination shows that these two proteins have
overlapping, but distinct, expression patterns in HEK293 cells
(Fig. S3). HA-tagged DHHC3 targeted large perinuclear bodies
resembling the Golgi, whereas HA-tagged DHHC7 was found in
both Golgi-like structures and endosome-like membranes scattered
throughout the cell (Fig. S3). Co-expression of either HA—-DHHC3
or HA-DHHC?7 with their putative substrate, RGS4-YFP, induced
redistribution of the RGS4 localization pattern to resemble that of
each DHHC isoform (Figs S4, S5) (Ohno et al., 2006). Such strong
accumulation of RGS4 (also called ‘substrate trapping’) has been
used to indicate DHHC-substrate interactions for a number of
different DHHCs (Fukata et al., 2004; Huang et al., 2004). Notably,
co-expression of DHHCS and DHHC21 with RGS4 did not result in
a similar substrate-trapping phenotype. To confirm that Cys2 and
Cys12 in RGS4 were the primary targets of DHHC3 and DHHC7 in
HEK293 cells, we co-expressed alanine mutations of these
constructs with both DHHCs. As expected Cys2 and Cysl2
mutation dramatically reduced the amount of RGS4 that
accumulated on intracellular membranes when co-expressed with
DHHC3 or DHHC?7 (Fig. 3A,B).

DHHC3 and DHHC? differentially regulate RGS4 intracellular
membrane targeting

Using dominant-negative DHHC mutants (denoted DHHS), we
next asked whether the endogenous DHHC3 and DHHC?7 affected
the ability of RGS4 to traffic between the plasma membrane, the
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Golgi, and endosomal vesicles where Gai3 is also known to localize
and function. Expression of both DHHS3 and DHHS7 reduced the
amount of RGS4 at the plasma membrane and increased its
accumulation in intracellular membrane pools (Fig. 4A—C; Fig. S5),
consistent with our previous data (Bastin et al., 2012), showing that
palmitoylation was required for proper intracellular trafficking of
RGS4. siRNA-mediated knockdown of DHHC3 and DHHC7
produced similar results (Fig. S6). Inhibition of DHHC7 with
DHHS?7, decreased the colocalization of RGS4—YFP with TGN38—
cerulean-marked vesicles as indicated by a decrease in the Pearson
correlation coefficient (PCC) from 0.48 to 0.15 (Fig. 5A,B).
DHHS?7 expression not only decreased the proportion of endosomes
in which RGS4 colocalized with TGN38, it also directed RGS4 to
smaller-sized endosomes within the cell (Fig. 5C). By contrast,
DHHC3 inhibition by DHHS3 did not affect RGS4-TGN38
colocalization coefficients, the proportion of endosomes showing
colocalization or the size of RGS4-containing endosomes
(Fig. SA—C). Together, these data indicate that DHHC3 and
DHHC7 have distinct functions with respect to directing the
intracellular trafficking and function of RGS4 on intracellular
membrane pools.

Bcl-2 phosphorylation is regulated by Goi3 and RGS4 from
within discreet TGN38-marked compartments

When the effect of DHHC3 and DHHC?7 inhibition were examined
for their relative ability to modulate the function of RGS4 to inhibit
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% of Cell Showing RGS4
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Fig. 3. The palmitoyl Co-A transferases DHHC3 and DHHC?7 require N-terminal Cys2 and Cys12 residues in RGS4 to control its intracellular
trafficking and substrate trapping. (A) Confocal microscopy pictures of wild-type RGS4-YFP (WT) and N-terminal cysteine mutants, C2A, C12A, C2AC12A
co-expressed with DHHC3 or DHHC?7, as indicated. Scale bars: 1 um. The data are representative of at least three independent experiments carried out on
separate days. (B) Histogram plot showing the meanzts.e.m. percentage of transfected cells where RGS4-YFP (or the indicated mutant) is directed to large
intracellular membrane structures deep in the cytosol when co-expressed with DHHC3 or DHHC7. The data are representative of three independent
experiments carried out on separate days (n=3). *P<0.05 (two-way ANOVA and Tukey’s post-hoc test).
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Fig. 4. The palmitoyl CoA-transferase activity of endogenous DHHC3 and DHHC7 control intracellular trafficking and distribution of RGS4. (A) Confocal
microscopy showing cellular localization of RGS4—YFP with vector control or specific dominant-negative (DHHS) constructs for DHHC3 and DHHC7. Scale bars:
1 pum. (B) Histogram showing the meants.e.m. of plasma membrane to cytosol expression ratio for RGS4—-YFP following co-expression with the indicated DHHC
dominant-negative constructs as in A. (C) Histogram shows the meanzts.e.m. percentage of cells with RGS4-YFP localizing at endosomes following
co-expression with the indicated DHHC dominant-negative constructs as in A and B. In all panels, the data are representative of three independent experiments
carried out on separate days (n=3). *P<0.05 (one-way ANOVA and Tukey’s post-hoc test).

intracellular Goi3 and increasing Bcl-2 phosphorylation, DHHS3
showed a much more potent effect than DHHS7 and empty vector
(Fig. 6). This data highlights the extent to which the prevalence of
RGS4 on TGN-38-positive endosomes affects P-Bcl-2 levels.
Although both DHHS3 and DHHS7 roughly double the proportion
of cells containing RGS4-labeled endosomes compared to control
vector (Fig. 4C), the percentage of those RGS4-labeled endosomes
colocalizing with TGN38 is higher for DHHS3 (58%) and control
(64%) compared to DHHS7 (36%) (Fig. 5). These ratios would
predict that P-Bcl-2 levels for the samples should be DHHS3
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Merged TGN38 RGS4

PCC
RGS4- Endosomes

0

PCC
RGS4- Endosomes
Versus TGN38

>DHHS7>vector control, precisely as is observed (Fig. 6).
Notably, this effect was observed only for wild-type RGS4, but
not for its catalytically dead control [RGS4(EN-AA)], which we
have previously shown cannot inhibit Goi activity (Bastin et al.,
2015). Together, these data are consistent with the notion that
DHHC3 inhibition increases the presence of RGS4 on the
intracellular compartment, trapping RGS4 on TGN38-containing
endosomes that also contain Gou3, and that it is the TGN38-marked
intracellular vesicle pool that is important for regulating Bcl-2
phosphorylation in our system.

Fig. 5. The palmitoyl-CoA
transferase activity of endogenous

% DHHC3 and DHHC?7 direct RGS4 into

* discreet intracellular endosome
pools. (A) Confocal microscopy
showing cellular localization of RGS4—
YFP following its co-expression with
vector control or the indicated
dominant-negative (DHHS) constructs
for DHHC3 and DHHC?7. Arrowheads
and arrows indicate RGS4-YFP-
containing endo-membranes which
positively or negatively co-localize with
TGN38-CFP, respectively. White
dashed lines show the outline of the
cells displayed. Scale bars: 1 ym.
(B) Histogram shows the meants.e.m.
of colocalization of RGS4 on
endosomes with TGN38 as measured
by determining the PCC, following co-
expression with vector control or the
indicated dominant-negative (DHHS)
constructs for DHHC3 and DHHC7.
(C) Scatter plots to relate the PCC
value of endosomes positive for RGS4
and TGN38 to endosomal size
(diameter). The data are representative
of three independent experiments
carried out on separate days (n=3).
*P<0.05 (one-way ANOVA and Tukey’s
post-hoc test).
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Fig. 6. Inhibition of endogenous DHHC3 and DHHC?7 differentially
regulates RGS4- and Gai3-mediated effects on intracellular P-Bcl-2
levels. The ability of transfected wild-type RGS4 (WT) and its inactive mutant
RSS4-ENAA (AA) to inhibit endogenous Gei3-mediated regulation of P-Bcl-2
levels was examined following their co-expression with the indicated dominant-
negative DHHC isoforms or empty vector (EV). The upper panel shows
western blots for phospho (P)- and total (T)-Bcl-2, while the lower panel contain
the meanzxs.e.m. quantification of P-Bcl-2:T-Bcl-2 ratios as in the legend of
Fig. 1. Data are representative of three independent experiments carried out on
separate days (n=3). *P<0.05 (one-way ANOVA and Tukey’s post-hoc test).

Autophagy is regulated by Goi3 and RGS4 from within
discreet TGN38-marked compartments

As discussed above, Bcl-2 phosphorylation was previously shown
to be an important step in the activation of autophagic signaling
(Pattingre et al., 2009, 2005; Wei et al., 2008; He et al., 2012). Since
RGS4 appears to regulate Bcl-2 phosphorylation on intracellular
membranes, we asked whether our results might suggest that it has a
role in the regulation of autophagic signaling via Gai3. To test this
possibility, we measured the degradation rate of long-lived proteins
labeled with ['#C]leucine in our transfected cultures (Ogier-denis
et al., 1996, 2000). As expected, nutrient starvation, a condition
known to increase catabolism of long-lived proteins, significantly
increased the rate of protein degradation compared to that seen in fed
conditions (Fig. S7). Importantly, this phenotype was shown to be
dependent on the activity of autophagy-initiating enzyme VPS34
(also known as PIK3C3), because its specific inhibitor, 3-MA,
prevented these effects (Petiot et al., 2000) (Fig. S7). Transfection of
RGS4 significantly increased the rate of long-lived protein
degradation compared to the RGS-dead (RGS4-ENAA) construct,
consistent with its ability to increase autophagic flux in those
samples (Fig. 7). 3-MA eliminated the differences in flux between
RGS4-ENAA and RGS4-WT in this assay (Fig. 7); these data
support the idea that RGS4 activity regulates ['*C]leucine-labeled
protein degradation mainly through the regulation of autophagy.
Previously, we have also shown that RGS4-C2A does not colocalize
with TGN38 on intracellular membranes, whereas RGS4-C12A
specifically targeted TGN38-positive membrane pools (Bastin
et al., 2012). Therefore, we used RGS4-C2A and RGS4-C12A as
molecular tools to determine which pools of RGS4 could regulate
Gai3 inhibition and autophagic flux. Consistent with our data using
DHHS proteins above, the RGS4 mutant that did not localize to
TGN38-marked vesicle pools (RGS4-C2A) did not increase
autophagic flux, whereas the RGS4 mutant that colocalized with
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Fig. 7. RGS4 trafficking to TGN38-positive endosomes blocks Gai3-RC-
mediated inhibition of autophagic flux under nutrient-deprived
conditions. Histogram shows the meants.e.m. of the degradation rate of
["*Clleucine-labeled long-lived proteins in cells transfected with Gai3-RC and
the indicated wild type (WT), inactive (AA), or N-terminal palmitoylation site
mutants (C2A and C12A) of RGS4. The proportion of ['*Clleucine-labeled
protein degraded by autophagy was indicated by the addition of 3-MA, an
inhibitor of VPS34 and autophagy flux. The data are representative of at least
three independent experiments carried out on separate days. *P<0.05 (two-
way ANOVA and Tukey’s post-hoc test).

TGN38 pools (RGS4-C12A) significantly increased autophagic
activity (Fig. 7). Together, these data are consistent with the
hypothesis that RGS proteins act to increase autophagic flux
mediated by Gai3 found on TGN38-positive endosomes.

Endogenous RGS4 enhances autophagy in adrenal glands
Finally, to test whether endogenous RGS4 could regulate autophagy
in intact tissues ex vivo, we examined its effect(s) in adrenal glands
from wild-type and RGS4-KO (LacZ-reporter) mice. LacZ staining
confirmed very high expression levels of the Rgs4 gene in the
medulla of mouse adrenal glands (Fig. 8A). ['*C]leucine labeling
studies revealed long-lived protein degradation rates were reduced
in RGS4-KO compared to wild-type tissues exposed to nutrient
starvation conditions, indicating markedly inhibited autophagy flux
in the knockout tissues (Fig. 8B). Notably, treatment with the
VPS34 inhibitor 3-MA abrogated the differences in long-lived
protein degradation between RGS4-WT and -KO tissues,
suggesting that RGS4 and Goi3 are upstream of VPS34 in the
autophagy signaling pathway.

DISCUSSION

Identification of a new Goi3-JNK-Bcl-2 signaling axis in the
control of cell stress signaling

Bcl-2 is widely known to act as an anti-apoptotic protein, while an
increasing number of new roles have been identified for it in
processes such as cell cycle progression, glucose and intracellular
Ca?" homeostasis and autophagy (Yamamoto et al., 1999; Bassik
et al., 2004; Pattingre et al., 2005; Zinkel et al., 2006; He et al.,
2012). Importantly, previous studies have revealed that Bcl-2 can be
phosphorylated on serine and threonine residues within the non-
structured loop between its BH3 and BH4 domains in response to
various stress stimuli (Haldart et al., 1995; Yamamoto et al., 1999;
Blagosklonny, 2001). While there remains some debate over
whether such phosphorylation increases or decreases the anti-
apoptotic potential of Bcl-2 (Haldart et al., 1995; Yamamoto et al.,
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Fig. 8. Endogenous RGS4 expression promotes autophagy flux in adrenal glands. (A) Histochemical examination of RGS4 expression in adrenal
glands of RGS4-KO/LacZ-reporter mouse on a C57BI/6 background. Expression from the Rgs4 gene is reported by nuclear-localized lacZ staining with nuclear
Fast Red as a counterstain. ‘M’ and ‘Ctx’ denote adrenal gland medulla and cortex, respectively. The right panel shows a magnified region from the left
panel. Scale bars: 0.5 mm. (B) Histogram showing the meanzs.e.m. of relative degradation rates of ['“Clleucine-labeled long-lived proteins in RGS4-WT and -KO
adrenal glands exposed to nutrient-deprived conditions. The data are representative of three independent experiments run in duplicates and carried out on

separate days (n=3). *P<0.05 (two-way ANOVA and Tukey'’s post-hoc test).

1999; Bassik et al., 2004; Deng et al., 2006; Chong et al., 2019), the
majority of work suggests that phosphorylation of the Bcl-2 flexible
loop domain is associated with its functional inactivation as
both an anti-apoptotic and anti-autophagic protein in mammalian
cells (Bassik et al., 2004; Wei et al., 2008; Blagosklonny, 2001,
He et al., 2012).

In the case of autophagy regulation by Bcl-2, the serine/threonine
stress kinase JNK has been shown to be critical for phosphorylation
of its flexible loop domain following nutrient deprivation
(Yamamoto et al., 1999; Wei et al., 2008). Bcl-2 phosphorylation
promotes the release of Beclin-1 from Beclin-1-Bcl-2
heterodimeric complexes and allows Beclin-1 to associate with
VPS34-Atgl4 complexes to initiate autophagosome formation, a
rate-limiting step in the autophagy pathway (Pattingre et al., 2005;
Itakura et al., 2008; Zhong et al., 2009; Funderburk et al., 2010;
Kang et al., 2011). Although Gai3 and its regulators have been
previously shown to regulate autophagic machinery in response to
nutrient starvation (Ogier-denis et al., 1996, 2000; Pattingre et al.,
2003; Garcia-marcos et al., 2011; Gohla et al., 2007), our data
provides new mechanistic insight into this activity via their ability to
control JNK activity and Bcl-2 phosphorylation from within
specific intracellular membrane pools. It is reasonable to assume
that similar regulatory effects might also modulate other stress
signaling pathways such as ER stress (via IREla) (Cheng et al.,
2014), organellar damage and toxin-induced reactive oxygen
species (ROS) production, that have also been shown to stimulate
autophagy via JNK activation (Bellot et al., 2013; Liu et al., 2015).
Finally, although beyond the scope of this study, it will be of future
interest to determine whether Gou3 and RGS4 may similarly
modulate the anti-apoptotic function of Bcl-2 via similar
mechanisms. Indeed, the linkages between autophagy (a survival
pathway) and apoptosis (a death pathway) remain an area of intense
interest in cell biologic systems, and phosphorylated Bcl-2 may be
one player at the interface between these two important cellular
functions.

Goi3 may integrate with JNK-Bcl-2 signaling at multiple
control points

While we provide new evidence to support an intracellular Goi3—
JNK-Bcl-2 signaling pool as an integration point for intracellular
stress signaling, it remains to be determined how Gai3 can act as
such a potent and specific regulator of intracellular JNK activity.
One possibility is that Gai/o proteins can inhibit specific adenylyl
cyclase/cAMP pools and thus lower local PKA activity, which has

been shown to activate JNK (Chen et al., 2007). The recent
demonstration that Golgi-resident f1-adrenergic receptors in cardiac
myocytes can activate localized cAMP-dependent hypertrophic
signaling (Nash et al., 2019) highlights the need to study the role of
Golgi-targeted Goi3 (and other Gass) as important mediators of
intracellular signaling (Nash et al., 2019). Alternatively, a more
generalized role for Gai3 may relate to its involvement in Golgi
membrane homeostasis and TGN-mediated secretion and
membrane trafficking (Almeida et al., 1993; Aridor et al., 1993;
Wilson et al., 1993; Kreft et al., 1999; Lo et al., 2015). Indeed, the
Golgi-resident Gai3 activator, GIV/Girdin, has been shown to
regulate Arfl-mediated control of protein trafficking between the ER/
ERGIC and Golgi, as well as to modulate Golgi stack organization
and secretory capacity (Lo et al., 2015). Maintenance of constitutive
Golgi secretion via Goi3 activity could be expected to limit the levels
of unfolded proteins, ER stress, and activation of stress-signaling
kinases such as JNK. It is of interest that Goi3, GIV/Girdin, RGS19,
RGS4 and AGS3 have all been shown to localize to the Golgi and
appear to play a role in membrane trafficking at the TGN or elsewhere
(Almeida et al., 1993; Wylie et al., 1999; Sullivan et al., 2000; Lo
et al., 2015; Bastin et al., 2012; Oner et al., 2013). The data herein
suggest that the cycling of Gai3 from GTP- to GDP-bound states
could be a major determinant of the regulation of Bcl-2
phosphorylation status mediated by RGS4. These data would
therefore suggest that regulation of Bcl-2 requires a transient
interaction with Goi3 partner(s) and effector(s) similar to that
normally used by other small GTPases, such as Arfl, to mediate
membrane trafficking events. It will, therefore, be of interest to
determine whether Gai3 and Arfl show overlapping functions as
regulators of autophagy.

The importance of targeting RGS4 and other Gui3 regulators
to TGN-marked membranes

We have previously shown that proper palmitoylation of RGS4 on
Cys2 and Cys12 is critical for its normal trafficking and localization
to both the plasma membrane and intracellular membrane pools,
especially those marked by the trans-Golgi protein TGN38 (Bastin
et al., 2012). Moreover, we demonstrated that RGS4 localization to
TGN38-containing pools profoundly promoted intracellular JNK
activation in nutrient-starved conditions (Bastin et al., 2015), a
phenotype that we herein link to increased Bcl-2 phosphorylation
and autophagic signaling. The differential regulation of JNK and
Bcl-2 by RGS4 and Gai3 between these different intracellular
compartments suggests that different effectors are involved. On the
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other hand, while the primary focus of this work was to study
the role of RGS4 as a Gai3 regulator, we do not exclude the
possibility that other RGS proteins with highly similar (such as
RGSS5 and RGS16) or different (RGS19) palmitoylation footprints
might be able to regulate P-Bcl-2 levels in a similar manner. The
other interesting aspect of this study was the possible role that
Golgi-resident DHHCs and other palmitoylating enzymes may play
on the regulation of Gaii3—JNK-Bcl-2 signaling under normal and
pathogenic conditions. It seems likely that alterations in levels of
palmitoyl-CoA substrate, such as might be seen in high-fat feeding
conditions, could have important effects on the localization and
function of important mediators of metabolic function.
Dysregulation of these pathways could lead to reduced clearance
of lipids and other waste products through lipophagic and
autophagic mechanisms, resulting in a cell-toxic build-up of these
materials.

Goi3 may connect Golgi- and plasma membrane-dependent
growth factor signaling

It may not be a coincidence that growth factor receptor signaling
activates Gai3 at the plasma membrane (PM) and can also act as a
potent inhibitor of both autophagic and apoptotic signaling. Indeed,
both GIV/Girdin and Gai3 were shown to be required for insulin—
insulin receptor signaling-mediated inhibition of autophagy in cell
(Garcia-marcos et al., 2011) and intact animal (Gohla et al., 2007)
models. Moreover, growth factor (insulin or EGFR) activation was
shown to direct Gai3 toward intracellular pools of GIV/Girdin,
whereas starvation conditions directed it toward AGS3- and LC3-
containing membranes (Garcia-marcos et al., 2011). It is tempting to
speculate that such growth factor signaling at the cell surface may also
be linked to the intracellular Goi3—JNK—Bcl-2 signaling complexes
we show can be localized on TGN38-marked membranes. Indeed,
crosstalk signaling between growth factor receptors and Golgi
function have been previously reported by a number of other
groups (Blagoveshchenskaya et al., 2008; Weller et al., 2010). Aside
from the ability of Gai3 (and its regulators) to traffic between PM and
Golgi domains, one molecule in particular, AKT (protein kinase B)
has been shown to link growth factor stimuli to intracellular signaling
domains. AKT can be activated at the plasma membrane by growth
factor receptor signaling pathways that require Goi3 and GIV-
dependent mechanisms (Ghosh et al., 2008; Garcia-marcos et al.,
2011, 2010). Notably, activated AKT can directly phosphorylate
intracellular Beclin-1 to direct it away from (VPS34/Atgl4)
autophagy-activating pathways and redirect it toward 14-3-3—
vimentin complexes during tumorigenesis (Wang et al., 2012). The
extent to which AKT might also modulate other intracellular proteins
that control Golgi secretion, homeostasis, or JNK or Bcl-2 activity at
or near the ER—Golgi interface remains to be determined. It is of
interest that AKT has been shown to directly phosphorylate Sec24, an
essential coat protein IT (COPII) component involved in ER-to-Golgi
trafficking (Sharpe et al., 201 1), and that COPII-marked vesicles have
been recently implicated in the expansion of the autophagic
phagophore (Davis et al., 2016; Rabouille, 2019).

MATERIALS AND METHODS

Materials

HEK293 cells (tsA-201 derivative) were a kind gift from Zhong-Ping Feng
(University of Toronto, Canada). All tissue culture media and transfection
reagents were purchased from Invitrogen (Thermo Fisher Scientific) and
Roche Scientific, respectively. Human Gai3 gene guide RNA constructs
for CRISPR deletion studies were a kind gift from Asuka Inoue, Tokohu
University, Sendai, Miyagi, Japan. The Gai3—CFP construct was a kind
gift from Catherine Berlot (Weis Center for Research, Geisinger Clinic,

Danville, PA). AGS3-GFP was generously provided by Stephen Lanier
(University of South Carolina, SC). TGN38-cerulean were from Jennifer
Lippincott Schwartz (National Institutes of Health, Bethesda, MD). Bcl-2
construct was kindly provided by David Andrews (University of Toronto,
Canada). HA-tagged DHHC3, DHHCS, DHHC7 and DHHC21 were
generously provided by Masaki Fukata (National Institute for
Physiological Sciences, Okazaki, Japan). Antibodies against T-Bcl-2
and P-Bcl-2 were purchased from Cell Signaling with the respective
catalog numbers: # 2870P and # 2827L. Antibodies against HA-tag were
purchased from Roche (Cat. # 11666606001). Horseradish peroxidase-
coupled anti-rabbit-IgG secondary antibodies were from Cell Signaling
(Cat. # 70745). Alexa Fluor 405 cross adsorbed to secondary goat anti-
mouse IgG antibodies were from Thermo Fisher Scientific (Cat. # A-
31553). Unless otherwise stated all other reagents and chemicals were
from Sigma-Aldrich.

Cell culture

HEK293 cells were grown in complete medium: Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Cat. # 11995-065), supplemented with
10% (v/v) heat-inactivated fetal bovine serum (Gibco, Cat. # 12483020),
2 mM glutamine, (Thermo Fisher Scientific, Cat. # 25030081) with 10 pg/ml
streptomycin, and 100 units/ml penicillin (Thermo Fisher Scientific, Cat. #
15140122) at 37°C in a humidified atmosphere with 5% CO,. HEK293 cells
(tsA-201 derivative) stably expressing an EYFP-tagged RGS4 were grown in
complete medium supplemented with 0.5 mg/ml active G-418 (Geneticin,
Sigma Aldrich). EBSS was used as a starvation medium (Thermo Fisher
Scientific, Cat. # 14155-063), 200 mg/l of both CaCl, and MgCl, were added
to the solution as well as 0.1% BSA and 0.2% FBS.

siRNA

Transient transfection of siRNA wusing Lipofectamine RNAIMAX
(Invitrogen, Cat. # 13778-075) was performed according to
manufacturer’s protocols. All siRNAs were purchased from Dharmacon
RNAIi Technologies (part of Thermo Fisher Scientific). For human DHHC3
and DHHC7 knockdown, the following target sequences were used:
DHHC3, 5’-CAUCGCGAGAGUUUACAGUUG-3’, DHHC7, 5'-GCCC-
GUGGGUGAACAAUUG-3'. The negative control siRNA used was
siGENOME Non-Targeting siRNA #2 (Cat. # D001210-02-05).

Molecular biology

For subcellular localization studies, RGS4-YFP, and RGS domain and
cysteine point mutations expression plasmids were generated in the pEYFP-
C1 as described previously (Bastin et al., 2012). Gai3-G184S-CFP, Goi3-
R178C-CFP and Gai3-Q204L-CFP were created by site-directed
mutagenesis methods using the forward strand primers 5'-AGAGTGAAG-
ACCACATCGATAGTAGAAACACAT-3’, 5'-CCAACTCAGCCAGATG-
TTCTTCGGACATGT-3" and 5-AGATGTTTGATGTAGGAGGCC-
TAAGATCAGAACGAAAAA-3', respectively, together with their reverse
complements. The Gq/11-selective RGS4 mutant [RGS2 “triple (3x)’] mutant
was created using primers: K170E, 5-TACCGCCGCTTCCTCGAGTCTC-
GATTCTAT-3’, D163N, 5-AACCTGATGGAGAAGAATTCCTACCGC-
CGCT-3', S85C, 5'-TTTCTTGAAGTCTGATGAGTACTGTGGAGGAG-
AATATTG-3'. Point mutations to convert DHHCs into dominant-negative
DHHS 3, 5, 7 and 21 were generated by site-directed mutagenesis methods
using the respective forward strand primers 5'-AGATGGATCACCACTCT-
CCATGGGTCAACAACTGT-3', 5'-AATTTGACCATCACTCCCCATGG-
GTAAACAACTGT- 3', 5'-AGATGGACCATCACTCCCCATGGGTGAA-
CAACTGC-3’, 5-GGATGGACCATCACTCTCCATGGATAAACAATT-
GT-3" together with their reverse complements. All plasmid constructs
were purified using the Endofree Maxi kit (Qiagen, Cat. # 12362) and verified
by sequencing of the complete protein-coding region.

SDS-PAGE and western blotting

HEK293 cells were plated at 50% confluence in tissue culture-treated dishes
and transfected overnight with 1 pg of indicated cDNA constructs or 0.5 pg
for Bcl-2 (the amount of Bel-2 was carefully titrated to allow its detection
while avoiding any deleterious effects on cell growth and viability) and

7

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs241034. doi:10.1242/jcs.241034

2.5ul of X-tremegene HP transfection reagent according to the
manufacturer’s instructions (Merck, Cat. # 6366546001). After 24 h, the
samples were collected using two-times concentrated Laemmli buffer, and
the samples were then sonicated on ice. Protein samples were then separated
by running 12% PAGE gels in denaturing conditions (SDS and DTT). Then,
the proteins were transferred to nitrocellulose membrane (Trans-Blot,
BioRad). Membranes were blocked for 1 h with Tris-buffered saline with
0.1% Tween-20 (TBST) and 5% bovine serum albumin (BSA). Primary
antibodies were diluted at 1:1000 in TBST containing 5% BSA and
incubated with membranes overnight at 4°C before removing by washing.
Horseradish peroxidase linked-secondary antibodies were diluted (1:2000)
in TBST with 5% BSA was added for 2 h, before washing and signal
detection using Super Signal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific). Western blots were analyzed by densitometry
using Image J (Fiji) software analysis.

Generation of HEK Gui3-KO HEK cells

Cas9-mediated knockout of Goy; in HEK293T cells was performed as
previously described (Ran et al., 2013). Briefly, HEK293T cells were
transfected with plasmid pSpCas9(BB)-2A-GFP containing a single-guide
RNA 5-AGCTTGCTTCAGCAGATCCAGGG-3’ targeted to exon 4 of
Goi3-encoding gene. At 24 h post-transfection, positively transfected cells
were selected by flow-assisted cell sorting and seeded with a singular cell
being placed in each well of a 96-well plate to facilitate expansion of each
clone. Effective knockout of Gaoy; by indel mutations in each clone was
confirmed by restriction digest of genomic DNA, western blot analysis of
whole-cell lysates and by Sanger sequencing of clone mRNA. Once the cells
were generated, they were checked for mycoplasma contamination.

Quantitative real-time PCR and analysis

Total RNA was extracted from HEK201 cells using TRIzol reagent
(Invitrogen Life Technologies). All quantitative RT-PCR was performed
using an ABI Prism 7900 HT (Applied Biosystems) using the Sybr Green
detection system. First, 2 ug of total RNA was reverse-transcribed with
random hexamer primers using the Superscript III kit (Invitrogen Life
Technologies) following the manufacturer’s protocols. cDNA was diluted to
a final concentration of 1 ng/ul. Then, 2 ul of this mixture was used as
template for real-time PCR quantification. DHHC expression was evaluated
in each cDNA sample as indicated. Primers were validated using primer
validation curves (User Bulletin No. 2, Perkin Elmer Life Sciences). 5’ PCR
primers for housekeeping genes GAPDH and 18S were used as normalizing
controls. Refer to Table S1 for list of all 5" PCR primers used. A no-RT and
no template control sample were included for each primer set. Data were
analyzed using the comparative CT method (User Bulletin No. 2, Perkin
Elmer Life Sciences). The CT for each sample was manipulated first to
determine the ACT [(average CT of sample triplicates for the gene of
interest) — (average CT of sample triplicates for the normalizing gene)] and
second to determine the AACT [(ACT sample)-(ACT for the calibrator
sample)]. Values are expressed in log scale and the relative mRNA levels are
presented by conversion to a linear value using 2—AACT.

Confocal microscopy

HEK293 cells were plated at 50% confluence in tissue culture-treated
microscopy dishes (Ibidi, Cat. # 81156) and transfected overnight with 1 ug
of indicated cDNA constructs to be tested using 2.5 pl of Xtremegene HP
transfection reagent according to the manufacturer’s instructions (Merck,
Cat. # 6366546001). After 24 h, dishes were examined by confocal
microscopy, which was performed on 70-90% confluence live cells at 37°C
using an Olympus FluoView 1000 laser-scanning confocal microscope in a
5% CO, atmosphere. Images represent a single equatorial plane on the basal
side of the cell obtained with a 60x% oil objective, 1.4 numerical aperture. For
where it applies, a 405 nm diode lazer was used to excite CFP and 515 nm
Multiline Argon Laser was used to excite YFP. Emission wavelength
parameters of each were matched to the appropriate bandpass emission
filters, and where more than one fluorescent channel was examined in a
single cell, the possibility of bleed through fluorescence was excluded prior
to evaluation. Confocal images were processed with Fluoview A-1000

software and Microsoft Office 2013. Quantification of plasma and endo-
membrane RGS4 localization was performed by a researcher who was blind
to the identity of sample (for capture of data and during data analysis), with
membrane:cytosol ratios measured using the Image J software package and
the Pearson correlation coefficient (PCC) for each endosome was calculated
by the Fluo-View software; regions of interest containing RGS4-YFP
endosomes were manually selected to quantify the PCC between each RGS4
and TGN38 endosomes (not as whole cell/field).

Immunofluorescence

A 40 pul volume of HEK 293 cells were plated in each well of BD-Falcon
#354108. Transfection using Fugene (Roche #11988 387 001) was
performed simultaneously following manufacturer’s instructions. The next
day, the cells were rinsed once using 1 M PBS (containing Mg?* and Ca?"
for this whole protocol) (Sigma #D8662). Then they were fixed using 4%
paraformaldehyde for 15 min at room temperature. Two rinsings were
applied using PBS. Membranes were permeabilized using 0.2% Triton X-
100 diluted in PBS, for 10 min at room temperature. 5% BSA and 0.1%
Triton X-100 were used for overnight blocking at 4°C. Then one rinsing was
applied using pre-chilled PBS. Primary antibody was a mouse anti-HA
antibody (Roche # 11 666 606 101), dilution 1:1000 was applied overnight
at 4°C. Six rinsings were applied using pre-chilled PBS. Then a goat anti
mouse secondary antibody (Invitrogen #A21049) was used at a dilution
1:500 at room temperature for 30 min. Prolong gold antifade reagent was
applied to the slide prior to microscopy (Invitrogen #P36930).

Animals

All experiments conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996), Institutional Guidelines and the Canadian Council
on Animal Care. The RGS4 knockout/LacZ-reporter mouse was reported
previously (Cifelli et al., 2008). Briefly, an Rgs4-null locus was created with
an IRES LacZ-Neo cassette inserted to delete 58 bp of coding sequence and
the entire first intron. Both female and male mice were used and were of 10—
16 weeks of age.

LacZ staining

Adrenal glands were isolated rapidly from euthanized animals and washed
in pre-chilled PBS. Samples were equilibrated by 30% (w/v) sucrose and
immersed in OCT compound before freezing in liquid nitrogen.
Cryosections (15-20 um) were mounted on surface-treated glass slides,
post-fixed briefly, stained with nuclear fast red and photographed on a
Nikon Eclipse E-600 dissecting microscope and a Hamamatsu Digital
Camera C4742-95 and Simple PCI Version 5.3.0.1102 (Compix, Inc Imaging
Systems). In adrenal gland preparation samples, slices were fixed in 10%
formalin post cryosectioning for 15 min on ice. Development of the LacZ
stain was achieved with appropriate incubation time at 37°C with X-gal
solution [0.2% X-gal (4-chloro-5-bromo-3-indolyl-B-galactopyranoside),
2 mM MgCl,, 0.02% Nonidet P-40, 0.01% SDS, 5 mM K;3Fe(CN)6 and
5 mM K4Fe(CN)g]. Slices were placed in a humidified chamber at 37°C until
desired color development, washed in PBS and counterstained with Nuclear
fast Red. Prior to mounting, samples were then washed three times repeatedly
in PBS, and dehydrated with an ethanol series followed by three successive
treatments with Xylene.

Long-lived protein assay

HEK?293 cells were transiently transfected with the indicated clones. Intact
adrenal glands (two per genotype per experiment) were extracted as
described above and treated similarly to HEK293 cells as follows. Cells or
tissues were labeled overnight with 0.2 uCi/ml of ['*C]leucine (Perkin
Elmer Cat. # NEC291EU050UC) in DMEM-F12-10% FBS medium.
Following four PBS washes to eliminate the excess of label, cells or tissues
were incubated for 1 h at 37°C with EBSS containing 0.1% BSA, 0.1% FBS
and 10 mM cold valine (chase medium) to allow for degradation of short-
lived proteins. Next, the chase medium was added again with and without
10 mM 3-MA for an additional 24 h for HEK293 cells and 6 h for adrenal
glands to allow for degradation of long-lived proteins. Medium and cell
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fractions were collected separately. Cells or tissues were washed once on ice
with PBS to remove most traces of medium containing radioactivity
remaining. Then both medium and cells or tissues were treated with ice-cold
trichloroacetic acid (TCA; 10%) and tungstenic acid (1%) were added to
both medium and cell fractions. The TCA-soluble fraction was collected as
the long-lived protein degraded fraction, whereas the insoluble material was
collected as the non-degraded fraction. Liquid scintillation counting was
performed using EcoscintA Cat. # LS-273 from National Diagnostics. The
ratio of the soluble:insoluble *C counts was used as an indicator of the rate
of long-lived protein degradation.

Data collection, management and statistical analysis

At the outset of each series of microscopy experiments, the experimenter
was blind to the identity of the transfectants until data collection and analysis
were completed. Where indicated, Student’s #-test analysis, or one-way and
two-way ANOVA with Tukey’s post-hoc analysis were used to analyze the
experimental results. *P<0.05 was considered significant. Error bars depict
standard errors of the mean (s.e.m.) for all graphs.
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