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A B S T R A C T

Regulator of G protein signaling 2 (RGS2) is upregulated by multiple forms of stress and can augment trans-
lational attenuation associated with the phosphorylation of the initiation factor eIF2, a hallmark of several stress-
induced coping mechanisms. Under stress-induced translational inhibition, key factors, such as ATF4, are se-
lectively expressed via alternative translation mechanisms. These factors are known to regulate molecular
switches that control cell fate by regulating pro-survival and pro-apoptotic signals. The molecular mechanisms
that balance these opposing responses to stresses are unclear. The present results suggest that RGS2 may be an
important regulatory component in the cellular stress response through its translational control abilities.
Previously, we have shown that RGS2 can interact with the translation initiation factor, eIF2B, and inhibit de
novo protein synthesis. Here, we demonstrate that the expression of either full length RGS2 or its eIF2B-inter-
acting domain (RGS2eb) significantly increases levels of ATF4 and CHOP, both of which are linked to stress-
induced apoptosis. Furthermore, we show that these effects are translationally regulated and independent of
eIF2 phosphorylation. The present results thus point to a novel function of RGS2 in the stress response directly
related to its ability to reduce global protein synthesis.

1. Introduction

Cells are exposed to a constantly changing environment which may
include stressful stimuli such as nutrient deprivation, temperature
fluctuations, hypoxia, oxidative damage, exposure to toxins or ultra-
violet radiation, mechanical damage, and viral or bacterial infections,
any of which can affect important cellular processes and lead to dys-
function. Appropriate responses to stress therefore must be in place to
prevent or ameliorate aberrant processes. The cellular or integrated
stress response (ISR) is a highly conserved mechanism coordinating
gene expression and protein translation to serve as an adaptive response
to alleviate the stressful state [1,2]. A key component of the ISR is a
decrease in protein synthesis, typically achieved via the phosphoryla-
tion of the heterotrimeric translation initiation factor, eIF2, as a means
to conserve energy and resources under states of stress. Phosphoryla-
tion at the conserved serine residue of the α-subunit of eIF2 (eIF2α)
converts it to a competitive inhibitor of the guanine nucleotide ex-
change factor, eIF2B, impeding the initiation step in translation and
resulting in reduced protein synthesis [3–5]. During translational at-
tenuation, preferential increases in the expression of components of the
stress proteome are observed through alternative translation

mechanisms associated with reduced initiation, such as the use of in-
ternal ribosome entry sites (IRESs) or the bypass of inhibitory upstream
open reading frames (uORFs) [6–8]. Notably, activating transcription
factor 4 (ATF4) is translationally upregulated under states of decreased
protein synthesis. Translation of ATF4 mRNA is limited by inhibitory
uORFs and is conserved across many species, where these regions of the
ATF4 transcript under normal conditions inhibit initiation at the start
codon of the main ATF4 ORF [9–12]. Under states of stress leading to
the phosphorylation of eIF2α, decreased abundance of activated eIF2
results in the delay of the formation of competent ribosomal complexes,
bypassing ATF4 uORFs, and instead facilitates ribosome initiation at the
main ORF to produce functional ATF4 [10,13]. ATF4 further regulates
the transcription of downstream genes that can promote both cell re-
covery and cell death in response to stress [14–19].

Studies from our lab have identified Regulator of G protein signaling
2 (RGS2) as a component in the repertoire of proteins involved in
translational control in addition to its canonical functions in regulating
G protein-mediated signaling [20]. Specifically, we discovered a short
37 amino acid residue domain within the conserved RGS domain
(herein termed RGS2eb) that mediates the binding of RGS2 to the ε-
subunit of eIF2B, blocking its ability to activate eIF2 for translation
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initiation and thus resulting in the inhibition of protein synthesis [20].
Notably, RGS2 is upregulated by many of the same forms of stress that
trigger eIF2 phosphorylation [21–25], suggesting that it may be an
important modulator in the stress response. We have shown that the
stress-induced upregulation of RGS2 serves to arrest de novo protein
synthesis via a mechanism that is independent of eIF2α phosphoryla-
tion [26]. However, it is unclear how this inhibitory effect of RGS2 on
the initiation of translation might impact other facets of the stress re-
sponse, for example the synthesis of stress proteins via alternative
translation mechanisms. Here we hypothesize that the effects of RGS2
in the ISR may complement and fine-tune changes triggered by eIF2α
phosphorylation.

Inhibition of protein synthesis is a hallmark response to alleviate
stress, however, the benefit of this is diminished by the fact that in-
hibition of initiation can drive the preferential upregulation of pro-
apoptotic proteins, and indeed one study has shown RGS2 to promote
stress-induced apoptosis [25]. In this study, we show evidence that
RGS2 expression can upregulate the expression of ATF4 and CHOP, all
in a manner that is independent of eIF2α phosphorylation per se. Fur-
thermore, we show that the effects of RGS2 on the enhanced expression
of stress response factors are translationally regulated rather than
through transcription. Our current study extends the known mechan-
isms involved in stress response mediated in part by RGS2.

2. Materials and methods

2.1. Cell culture

NIH-3T3 fibroblasts were used to assess the effects of RGS2 ex-
pression on cellular stress. Cells were maintained in Dulbecco's
Modified Eagle Medium (Gibco Life Technologies) supplemented with
10% (v/v) fetal bovine serum (Gibco Life Technologies) and incubated
at 37 °C with 5% CO2.

2.2. Reagents

Cells were subjected to stress via treatment with tunicamycin (TM)
or thapsigargin (TH) as positive controls in the expression of stress
markers. Dimethyl sulfoxide (DMSO, 0.1% v/v) vehicle controls were
run in parallel. Tunicamycin (Sigma-Aldrich T7765) was diluted to the
indicated experimental concentrations from a 10mg/m1 stock solution
in DMSO. Thapsigargin (TOCRIS Bioscience 1138) was diluted to the
indicated concentrations from a 5mM stock solution in DMSO.

2.3. Recombinant adenoviruses

Replication-defective adenoviruses encoding Green Fluorescent
Protein (Ad-GFP), full-length His6-tagged human RGS2 (Ad-RGS2), and
the 37 amino acid eIF2Bε binding domain of RGS2 (Ad-RGS2eb) were
generated in our lab as previously described [20,27]. Titring of the
adenoviral constructs was carried out following the procedures de-
scribed in Franceschi and Ge [28]. Infection efficiency in 3T3 fibro-
blasts was monitored through fluorescence microscopy for GFP. Ad-
ditionally, sample cell lysates were immunoblotted with rabbit anti-6×
His tag ChIP grade antibody (1:1000, Abcam ab9108), chicken anti-
RGS2 antibody (1:1000, Sigma-Aldrich GW22245F), or mouse anti-GFP
(1:1000, Clontech 632381) to assess viral infection and levels of protein
expression. Expression of polyhistidine-tagged RGS2eb in cells via in-
fection was verified in previous studies via immunofluorescent staining
and dot blot analysis of whole cell lysates [27,29].

2.4. Adenoviral infection of 3T3 fibroblasts

Cells were seeded in 12 well plates and grown to 60–70% con-
fluency (approximate cell density of 5.8× 105 cells/ml) on the day of
infection. Cells were infected for 48 h with Ad-RGS2, Ad-RGS2eb, Ad-

GFP (as an infection control), or left uninfected (NI), under 4 h of serum
deprivation, after which medium was removed and replaced with
complete cell culture medium. 48 h post-infection, cells were treated
with a chemical stressor at indicated concentrations and durations as
positive control for the expression of stress markers or subjected to a
vehicle control.

2.5. Protein isolation and immunoblotting

Cell lysates were prepared by washing with ice-cold 1× phosphate-
buffered saline (137mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4) and scraping into 200 μl of ice-cold lysis buffer
(250mM NaCl, 50mM Tris pH 8, 5mM EDTA, 0.5% NP-40 (IGEPAL),
phenylmethylsulfonyl fluoride protease inhibitor tablet (Roche), 20mM
Na4P2O7, 10mM NaF, and 20mM Na3VO4). Cells were incubated in
lysis buffer with rocking for 30min at 4 °C. Cell lysates were homo-
genized by vigorous pipetting through a 1.5mm pipette tip followed by
three freeze-thaw cycles with liquid nitrogen. Cell pellets were sedi-
mented by centrifugation at 11,000×g for 15min at 4 °C. Supernatants
were collected and protein concentrations were determined using
Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific)
and protein (bovine serum albumin) standard curve calculations.

Protein samples were prepared using 5× Laemmli loading (sample)
buffer (60mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercap-
toethanol, 0.02% bromophenol blue) and balanced with 1× sample
buffer for equal protein concentration. Protein samples were heated to
99 °C for 5min prior to loading and gel electrophoresis. Equal amounts
of protein (5 or 10 μg per lane) were separated by 10–12% SDS-PAGE
and wet transferred onto nitrocellulose membranes (Whatman Protran).
Membranes were incubated in blocking buffer (Tris-buffered saline,
0.1% Tween-20, 5% skim milk) and rocked for 1 h at room temperature
before overnight incubation with rocking at 4 °C with respective pri-
mary antibodies to assess targeted endpoint proteins associated with
the stress response: anti-phospho-eIF2α (1:1000, Cell Signaling 9721),
anti-CREB-2/ATF4 (1:5000, Santa Cruz sc-200X), and anti-CHOP
(1:1000, Cell Signaling 5554). Anti-RGS2 (1:1000, Sigma-Aldrich
GW22245F) and anti-GFP (1:1000, Clontech 632381) were used to
assess adenoviral infection and expression of RGS2 and GFP, respec-
tively. Purified His6-tagged RGS2 protein samples (50 ng) were loaded
into SDS PAGE gels as a positive control for expression of RGS2.
Membranes were then incubated for 1 h at room temperature with
appropriate horseradish peroxidase-conjugated secondary antibodies:
anti-rabbit IgG (1:3000, Pierce 31463), anti-mouse IgG (1:3000, Pierce
31437), or anti-chicken IgY (1:3000, Pierce SA1-72012). Immunoblots
were visualized with SuperSignal West Pico chemiluminescent sub-
strate (Thermo Scientific) and digitally imaged using Bio-Rad VersaDoc
camera and Quantity One program (Bio-Rad, model GS-700).
Immunoblots were stripped using Restore Western blot stripping buffer
(Thermo Scientific) and re-probed to assess total protein species of
stress markers such as anti-eIF2α (1:1000, Cell Signaling 9722). Anti-β-
tubulin (1:1000, Pierce PA5-16863) was used to verify that protein
loading was consistent across experimental conditions.

2.6. Densitometry

Relative protein expression levels from immunoblots were quanti-
fied and analyzed by densitometry (Quantity One, Bio-Rad). Relative
densitometric signal of target protein bands were determined with
subtraction of background signal of immunoblots. For phosphorylated
proteins, densitometric ratios of phosphorylated to total species were
taken. Data are presented as means ± SEM.

2.7. RNA isolation and quantitative RT-PCR

Cells were seeded in 24 well plates and grown to 60–70% con-
fluency (approximate cell density of 5.8× 105 cells/ml) on the day of
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infection. Cells were infected for 48 h with Ad-RGS2, Ad-RGS2eb, Ad-
GFP (as an infection control), or left uninfected (NI), under 4 h of serum
starved conditions then replaced with complete cell culture medium.
After 48 h of infection, cells were treated with chemical stressors or
vehicle control at the indicated concentrations and durations. Total
RNA was then extracted from cells using TRIzol reagent (Invitrogen)
following the manufacturer's protocol. RNA purity and concentrations
were quantified through spectrophotometry (NanoDrop Lite, Thermo
Scientific). RNA samples with an absorbance ratio (A260 nm/A280 nm) of
1.8–2.2 were determined to be sufficiently pure for use in downstream
PCR applications. RNA samples (2 μg) were reverse transcribed (RT-
PCR) to generate first strand cDNA using a High Capacity cDNA Reverse
Transcription kit (Applied Biosystems) on a T100 Thermal Cycler
(BioRad). Primer sets directed against target genes of interest were
designed using the National Center for Biotechnology Information
Nucleotide sequences database (www.ncbi.nlm.nih.gov/nuccore) and
Invitrogen's OligoPerfect Designer primer designing tool (www.
thermofisher.com/oligoperfect/). Primers were custom manufactured
by and purchased from Sigma-Aldrich Custom DNA Oligos (Table 1).
Quantitative analyses of mRNA expression levels of ATF4 and CHOP
were determined through qPCR carried out in 384 well plates using
fluorescent nucleic acid dye SensiFAST SYBR Green No-ROX kit (Bio-
line) based assays, following manufacturer's protocol. Reactions were
carried out on CFX384 Real Time PCR Detection System and analyzed
using CFX Manager 3.0 program (BioRad). The cycle threshold was set
so that exponential increases in amplification were approximately level
between all samples at the linear phase of the amplification curves.
Relative mRNA levels of respective target genes were quantified using
standard curves generated from five-fold serial dilutions of pooled
cDNA samples, then normalizing all values to the geometric means of
two reference genes (GAPDH and β2 microglobulin) measured in par-
allel. Reference genes were stable across experimental conditions to
allow comparative assessments on the relative change in the expression
of targeted genes of interest under indicated experimental conditions.

Real time data are reported as mean ± SEM.

2.8. Statistical analysis

Grouped data are presented as mean ± SEM, where n represents
the number of independent experiments. Differences between groups
were determined using one-way ANOVA followed by Dunnett's post-hoc
test. Statistical significance in experiments assessing the possible effects
of either the infection condition (i.e., Ad-RGS2, Ad-RGS2eb, Ad-GFP, or
uninfected cells) or stress treatment was determined using two-way
ANOVA, followed by Bonferroni post-hoc tests. Between-group differ-
ences in total protein levels were analyzed using linear regression by
constraining the y-intercept to a shared value for all data sets and
comparing differences in the slopes of the fitted data. The level of
statistical significance was set at α=0.05, where a p value< 0.05 was
considered statistically significant throughout. All statistical analyses
were performed using GraphPad Prism® 5.01.

3. Results

3.1. Expression of RGS2 reduces total cellular protein levels

Previously, our lab has shown that RGS2 can bind to eIF2B at its ε-
subunit and inhibit protein synthesis [20]. Here, we show that the ex-
pression of RGS2 consistently results in significantly lower total cellular
protein concentrations, an effect which increases with the multiplicity
of virus infection (Fig. 1, linear regression analysis, p=0.0063). Cell
confluency (80–90%) was consistent across all experimental conditions
after a 48 h period of infection, assessed by light microscopy, and thus
the loss of total protein does not appear to reflect decreased cell num-
bers. The proportional decrease observed here is consistent with re-
ported changes in protein synthesis in response to either overexpression
or loss of RGS2 [20,26,27,30], although possible minor effects of RGS2
expression on cell number cannot be strictly ruled out in the present
study. Overall, the ability of RGS2 to inhibit protein synthesis suggests a
role in mediating the cell stress response through the regulation of
protein translation, wherein such inhibition may augment the effects of
eIF2 phosphorylation by stress-activated kinases.

3.2. RGS2 promotes increases in ATF4 and CHOP protein levels

The expression level of various stress-induced proteins is tightly
regulated by the efficiency of the translational machinery. We therefore
hypothesized that the translational control abilities of RGS2 may affect
expression of key factors of the stress response regulated by alternative
translational mechanisms, such as ATF4. Indeed, we found that ATF4
protein levels increased with increasing expression of RGS2 (Fig. 2A).
This effect was specific to RGS2 overexpression and no increase in ATF4
was detected in control cells infected with an adenovirus encoding GFP.
RGS2 overexpression resulted in significantly increased cellular levels
of ATF4 (two-way ANOVA, p < 0.0001), and such levels were ob-
served at multiplicities of infection of 50 and 100 (Fig. 2B, Bonferroni
post-hoc tests, ***p < 0.001). Additionally, the expression of CHOP
significantly increased in RGS2 expressing cells (Fig. 2C, two-way
ANOVA, p < 0.0001), similar to the pattern observed with ATF4 ex-
pression.

Table 1
Primers (Mus musculus) used in qPCR reactions to assess for changes in gene expression of stress response targets.

Target Forward primer Reverse primer

ATF4/CREB-2 5′-TCTTGGACTAGAGGGGCAAA-3′ 5′-GGGACAGATTGGATGTTGGA-3′
CHOP/GADD153 5′-TACACCACCACACCTGAAAG-3′ 5′-TTCTTCCTCTTCGTTTCCTG-3′
GAPDH 5′-GTTCCTACCCCCAATGTGT-3′ 5′-GGAGTTGCTGTTGAAGTCG-3′
β2 microglobulin 5′-ACGCAGAAAGAAATAGCAATG-3′ 5′-TGAGAAGTACAGAGGGTTTGG-3′

Fig. 1. Expression of RGS2 results in reduced total cellular protein levels.
Significantly lower total protein concentrations were observed from lysates of
RGS2-infected cells and the effect occurred in a concentration-dependent
manner with increasing RGS2. Slopes of the fitted linear regression analysis for
RGS2 (−2.67 ± 0.87) and GFP (0.12 ± 0.87) were statistically different
(p=0.0063). Data presented are mean ± SEM, n=8.
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3.3. RGS2 and RGS2eb induce ATF4 expression without eIF2α
phosphorylation

The eIF2α-ATF4 axis is activated upon stress within cells and leads
to changes in transcription and translation of downstream effectors.
Interestingly, the present results point to a novel mechanism to increase
cellular ATF4 levels that is independent of eIF2α phosphorylation. In
contrast thapsigargin, a robust inducer of stress, strongly increased
eIF2α phosphorylation in these experiments. To distinguish whether
the increase in stress-induced proteins associated with RGS2 stems from
its inhibitory effects on protein synthesis or from its inhibitory effects
on G protein-mediated signaling, we compared the effects of RGS2 to
those of its isolated eIF2B-binding domain (RGS2eb), which exhibits no
appreciable effect on signaling [20,27]. The data presented in Fig. 3
show that the expression of either full-length RGS2 or RGS2eb is suffi-
cient to significantly increase ATF4 expression without any detectable
change in the level of p-eIF2α. Translational control by RGS2 may
therefore provide an alternative or supplementary pathway to induce
the expression of stress response factors, in addition to their induction
via p-eIF2α. This may also consequently lead to changes in cellular
adaptability to stress. Consistent with this idea, increased ATF4 levels

with RGS2 and RGS2eb expression correlated with comparable increases
in its downstream target CHOP (Fig. 3A, D), suggesting that RGS2 may
modulate the ATF4-CHOP pathway and their effects. The implications
from this are significant as we report an alternative mechanism to up-
regulate ATF4 apart from the eIF2α-ATF4 pathway which extends the
repertoire of mechanisms involved in the cellular stress response.

3.4. ATF4 and CHOP mRNA levels are unchanged in RGS2-overexpressing
cells

The observed ability of RGS2 and RGS2eb to increase cellular pro-
tein levels of ATF4 and CHOP could reflect changes at the transcrip-
tional level, the translational level, or both, and thus we examined
mRNA levels of these genes by qPCR. As shown in Fig. 4, expression of
RGS2 or RGS2eb did not affect the relative mRNA levels of ATF4 in
contrast to the levels observed in the positive control conditions via
treatment with chemical stressors such as thapsigargin or tunicamycin.
This suggests that the upregulation of ATF4 mediated by the expression
of RGS2 and RGS2eb observed in our immunoblot data was not due to
increased transcript levels of ATF4. Rather, ATF4 would appear to be
regulated via the ability of RGS2 to affect the translational machinery
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A Fig. 2. Dose dependent increase in ATF4 and CHOP
protein levels with RGS2 expression. NIH-3T3 fi-
broblasts were infected with adenoviruses encoding
GFP (viral infection control) or full-length RGS2 at
the indicated range of multiplicity of infection (MOI)
for 48 h. Non-infected (NI) fibroblasts were then
treated with 2 μM thapsigargin (TH) for 2 h as a
positive control for the induction of eIF2α phos-
phorylation and ATF4, or were treated with 0.1%
DMSO (vehicle control). ATF4-specific protein band
is indicated by an arrowhead, NS= non-specific
band. (A) RGS2 expression significantly increased
ATF4 protein levels in an MOI-dependent manner
while no comparable increase was observed with
GFP expressing cells, and this was independent of
eIF2α phosphorylation. Levels of CHOP also sig-
nificantly increased with RGS2 expression, compar-
able to the ATF4 expression pattern. Corresponding
densitometric data are summarized in bar graphs as
mean ± SEM for (B) ATF4, n=8 and (C) CHOP,
n=7 protein levels. Statistical analysis was per-
formed using two-way ANOVA followed by
Bonferroni post-hoc test. ***, Significant difference
(p < 0.001).
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and delay initiation, resulting in increased ATF4 protein levels.
CHOP mRNA levels did not measurably increase with either RGS2

or RGS2eb, (Fig. 5). This result was somewhat surprising given the
concurrent increases in ATF4 protein levels, which is a known tran-
scriptional activator of CHOP gene expression. Although CHOP gene
expression can be induced by ATF4 and other stress-induced tran-
scription factors, the CHOP gene also encodes multiple translation in-
itiation sites, and as with ATF4, the translation of functional CHOP
protein resulting from its proper open reading frame is enhanced by
eIF2α phosphorylation [11,31–34]. The present results do not support a

role for RGS2 in the transcriptional upregulation of either ATF4 or
CHOP and thus it would appear that their protein levels are likely in-
creased via the effects of RGS2 and RGS2eb on translation.

4. Discussion

We have previously shown that RGS2 is able to inhibit de novo
protein synthesis as a result of its interaction with eIF2B [20] and that
the induced expression of RGS2 contributes to reduced mRNA transla-
tion during the cellular stress response [26]. The results of the current
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Fig. 3. RGS2 and RGS2eb upregulate ATF4 protein levels independent of eIF2α phosphorylation. NIH-3T3 fibroblasts were infected with adenoviruses encoding GFP
(viral infection control), full-length RGS2, or the RGS2 eIF2Bε-binding domain (RGS2eb) at a multiplicity of infection of 50 for 48 h. Non-infected (NI) cells grown in
parallel were then treated with 2 μM thapsigargin (TH) for 2 h as a positive control for the induction of ATF4 and eIF2α phosphorylation, or treated with 0.1% DMSO
(vehicle control). ATF4-specific protein band is indicated by an arrowhead, NS=non-specific band. (A) RGS2 and RGS2eb expression resulted in significant increases
in cellular ATF4 levels (one-way ANOVA, p < 0.0001), while no comparable increase in levels of phosphorylated eIF2α was observed. A significant increase in
CHOP protein level was observed with RGS2 expression (one-way ANOVA, p=0.0132). Densitometric data are summarized in bar graphs as mean ± SEM for (B)
ATF4, (C) phosphorylated eIF2α, and (D) CHOP relative protein levels, n=3. Statistical analysis was performed using one-way ANOVA followed by Dunnett's post-
hoc test on each condition versus non-infected vehicle control condition. **, Significant difference (p < 0.01). ***, Significant difference (p < 0.001).
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study further show that via its eIF2B-interacting domain, RGS2 can
modulate pathways associated with the stress response. Specifically, we
present evidence that RGS2eb can promote the translation of ATF4 and

CHOP, both of which mediate cellular stress [19,35,36].
Translation is principally regulated at the initiation stage to allow

rapid, spatial control of gene expression [13] and it is well established
that protein synthesis is slowed as a result of the phosphorylation of
eIF2α by stress-activated kinases [4,5,33]. This promotes the transla-
tion of stress response proteins encoded by mRNA molecules with one
or more upstream open reading frames (through ribosome scanning) or
containing internal ribosome entry sites [6–8,37]. The present findings
with RGS2 imply that slowing the rate of mRNA translation via a me-
chanism independent of eIF2α phosphorylation can similarly foster the
production of stress-induced proteins through ribosome scanning.

Our current findings show that RGS2 increases ATF4 and CHOP
protein levels while having no measurable effect on eIF2α phosphor-
ylation. Recent studies have shown that other proteins that impact eIF2
function, including Obg-like ATPase 1 (OLA1) [38], eIF5, and eIF5
mimic protein (5MP) [39], may also promote ATF4 translation, how-
ever RGS2 appears unique in being a stress-induced protein that does so
in a manner independent of eIF2 phosphorylation. Both RGS2 and
RGS2eb substantially increased cellular protein levels of ATF4 and
CHOP with no apparent change in the transcription of either. RGS2 is
not known to affect protein degradation, but formally we cannot rule
out such effects on ATF4 or CHOP based on the present results. Still,
given that ATF4 and CHOP are encoded by mRNAs that contain up-
stream open reading frames that attenuate translation of functional
protein under normal conditions [9–13,31–34,40], whereas the trans-
lation of both proteins is enhanced via alternative mechanisms under
conditions of reduced global protein synthesis, the most reasonable
interpretation is that RGS2 increases these proteins via its effects on
translation. Additionally, the transcription of CHOP is known to be
regulated by ATF4 and other stress-activated transcription factors, such
as ATF6 and XBP1 [19,41]. It is possible that CHOP gene expression
may have been transiently upregulated by RGS2-promoted ATF4
translational upregulation in the present study but returned to baseline
during the relatively long infection period, as opposed to the acute
treatment times with thapsigargin and tunicamycin [42]. This could
explain the lack of an observable increase in CHOP transcription not-
withstanding that RGS2 significantly increased ATF4 protein levels.

Some elements of the ISR can contribute to both pro-survival and
pro-apoptotic processes, and the function of RGS2 may be similarly
context dependent. A previous report showed that RGS2 may be pro-
apoptotic in astrocytes under ischemic stress [25]. Intriguingly, a recent
study showed that miRNA-22, which targets RGS2 and several other
proteins, is diminished in Huntington's and Alzheimer's disease brains,
and that miRNA-22 overexpression resulted in reduced caspase acti-
vation and apoptosis and promoted survival in primary neuronal cul-
tures [43]. In contrast to the foregoing studies pointing to pro-apoptotic
functions of RGS2, Dong et al. (2017) showed that pancreatic β-cells
from RGS2-knockdown mice exhibited excessive glucose and exendin-
4-induced insulin secretion and had greater stress-induced β-cell death
while overexpression of RGS2 mitigated those effects [44]. Over-se-
cretion of insulin can engender β-cell exhaustion and lead to β-cell
death that could presumably be limited by RGS2. Whether the effects of
RGS2 on pancreatic islet cell mass and function occur via its ability to
regulate G protein signaling or translation is uncertain, however, the
results from the study show that RGS2 appears to be anti-apoptotic. The
determination between cell survival and cell death depends on the
duration and severity of the stress, with severe and prolonged stress
signals triggering the expression of pro-apoptotic factors farther down
the cell-death pathway that are generally less stable and rapidly de-
graded [42]. Gq- and Gs-mediated signals in many systems have been
found to promote apoptosis [45], and the ability of RGS2 to inhibit such
signaling [20,27,46,47] might tip the balance away from apoptosis
depending on the cellular context. RGS2 may potentially impede or
shorten the duration of such signals and thereby prevent G-protein
mediated apoptosis. Indeed, RGS2 overexpression reduces the potency
of isoproterenol to stimulate cellular cAMP levels [48], which is shown
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Fig. 4. Effect of RGS2 and RGS2eb on levels of ATF4 transcription. NIH-3T3
fibroblasts were infected with adenoviruses encoding GFP (viral infection
control), full-length RGS2, or the RGS2 eIF2Bε binding domain (RGS2eb) at a
multiplicity of infection of 50 for 48 h. To confirm ATF4 upregulation, non-
infected (NI) cells were treated with either 2 μM thapsigargin (TH) for 2 h, 3 or
10 μg/ml tunicamycin (TM) for 6 h, or 0.1% DMSO (vehicle control). All
stressors increased ATF4 mRNA levels, where treatment with thapsigargin and
tunicamycin resulted in a significant induction of ATF4 transcription. *,
Significant difference (p < 0.05). **, Significant difference (p < 0.01). RGS2
and RGS2eb expression did not result in an increase in ATF4 transcript levels.
Data presented are n=3, run in triplicate. Statistical analysis was performed
using one-way ANOVA followed by Dunnett's post-hoc test on each condition
versus non-infected vehicle control condition.
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Fig. 5. Effect of RGS2 and RGS2eb on levels of CHOP transcription. NIH-3T3
fibroblasts were infected with adenoviruses encoding GFP (viral infection
control), full-length RGS2, or the RGS2 eIF2Bε binding domain (RGS2eb) at a
multiplicity of infection of 50 for 48 h. To confirm CHOP upregulation, non-
infected (NI) cells were treated with either 2 μM thapsigargin (TH) for 2 h, 3 or
10 μg/ml tunicamycin (TM) for 6 h, or 0.1% DMSO (vehicle control). Treatment
with tunicamycin increased CHOP mRNA levels. ***, Significant difference
(p < 0.001). RGS2 and RGS2eb expression did not result in an increase in
CHOP transcript levels. Data presented are n=3, run in triplicate. Statistical
analysis was performed using one-way ANOVA followed by Dunnett's post-hoc
test on each condition versus non-infected vehicle control condition.
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to be needed to promote apoptosis in myocytes via sustained beta-
adrenergic receptor signaling [45,49].

Temporally, the contribution of RGS2 to the stress response may
occur subsequently to the rapid effects of stress-activated kinases since
concurrent stress-induced RGS2 mRNA transcription [21–25] would
then need to be followed by RGS2 protein synthesis. Indeed, the effects
of RGS2 and stress-activated kinases may overlap, as the rate of heat
shock-induced RGS2 mRNA expression is accelerated in MEF cells
lacking the conserved eIF2α phosphorylation site targeted by these
kinases [26]. The ability of RGS2 to inhibit translation may reduce the
need for eIF2α phosphorylation and raises the possibility of RGS2 to
supplant or complement multiple aspects of the integrated stress re-
sponse. We thus examined whether RGS2 might influence the response
of cells to agents that induce stress. Using an intermediate level of in-
fection of RGS2 (MOI=10), we were not able to detect any clear de-
crease in either eIF2α phosphorylation in response to thapsigargin
(Supplementary materials, Fig. S1) or IRE1 activation in response to
tunicamycin (measured via RT-PCR for the amount of spliced XBP1
transcripts), an established hallmark of ER stress [50–53] (Supple-
mentary materials, Fig. S2). Attempts to detect RGS2-dependent in-
creases in ATF4 and CHOP protein levels above those triggered by si-
multaneous administration of tunicamycin were also unsuccessful (data
not shown). While the present results fail to show any appreciable di-
rect effects of RGS2 on pathways of the ISR, further studies may reveal
RGS2 effects on other stress-dependent biochemical changes and extend
on the repertoire of stress response mechanisms.

Overall, RGS2 may contribute to cell survival during stress by pro-
moting the conservation of energy and resources but conversely the
apparent translational upregulation of ATF4 and CHOP in the present
study implies an ability to trigger apoptotic signaling [25,53–57]. The
present findings overall support and further define a role for RGS2 in
the cellular stress response, consistent with its upregulation by stressful
stimuli. RGS2 is a ubiquitously expressed [58] multifunctional protein
[59,60] that has been implicated in multiple physiological and patho-
physiological processes, however it is not always clear which of its
biochemical properties underlie which of its biological effects. As well,
RGS2 is considered to be an immediate early gene [61] and its tran-
scription is induced by a wide array of stimuli including stress, G pro-
tein-mediated signaling, and developmental changes [20–25,46–48]. In
summary, our findings imply that RGS2 is able to drive alternative
translation-dependent mechanisms that activate the ATF4-CHOP
pathway associated with the ISR. More specifically, RGS2eb on its own
was sufficient to significantly upregulate cellular ATF4 and CHOP
protein levels. Previously, the activation of ATF4 was predominantly
known to be triggered by decreased eIF2 activation as a result of stress-
induced phosphorylation of eIF2α. Here we show that the upregulation
of ATF4 can occur without the phosphorylation of eIF2α and we present
a novel mechanism mediated in part by translational functions of RGS2.
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