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ABSTRACT Stress granules (SGs) are large macromolecular aggregates that contain
translation initiation complexes and mRNAs. Stress granule formation coincides with
translational repression, and stress granules actively signal to mediate cell fate deci-
sions by signaling to the translation apparatus to (i) maintain translational repres-
sion, (ii) mount various transcriptional responses, including innate immunity, and (iii)
repress apoptosis. Previous work showed that G3BP1 is phosphorylated at serine
149, which regulates G3BP1 oligomerization, stress granule assembly, and RNase ac-
tivity intrinsic to G3BP1. However, the kinase that phosphorylates G3BP1 was not
identified, leaving a key step in stress granule regulation uncharacterized. Here, us-
ing chemical inhibition, genetic depletion, and overexpression experiments, we show
that casein kinase 2 (CK2) promotes stress granule dynamics. These results link CK2
activity with SG disassembly. We also show that casein kinase 2 phosphorylates
G3BP1 at serine 149 in vitro and in cells. These data support a role for casein kinase
2 in regulation of protein synthesis by downregulating stress granule formation
through G3BP1.
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tress granules (SGs) are macromolecular aggregates that assemble in response to

stressors that impair translation (1). In most cases, stress granules assemble in
response to translational repression mediated by eukaryotic initiation factor 2« (elF2)
phosphorylation at serine 51 (2-4). However, elF2a-independent stresses that inhibit
the activity of other translation initiation factors also induce SG assembly. These
stresses include elF4A inhibition by either pateamine A or hippuristanol, elF4G deple-
tion or cleavage during viral infection, and inhibition of elF4E-elF4G interactions during
hydrogen peroxide stress (5-8). Many components of the translational machinery,
poly(A)-containing mRNAs, and RNA-binding proteins concentrate in stress granules (9,
10). Some proteins, such as Ras-GAP SH3-binding protein (G3BP1), T-cell intracellular
antigen 1 (TIA1), and fused in sarcoma (FUS), are considered to be nucleating RNA-
binding proteins that can induce stress granule formation when overexpressed, inde-
pendent of exogenous stressors. These proteins are proposed to mediate stress granule
assembly dependent on transient oligomerization (11-13), and posttranslational mod-
ifications are likely to regulate changes in protein phases underlying the process (9,
14-16).

Much work on stress granules has focused on proteins that may promote assembly
of SGs. With the exception of one or two studies that describe how posttranslational
modifications might affect SG assembly, relatively few studies have investigated effec-
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tor proteins that regulate SG assembly and disassembly. Casein kinase 2 (CK2) has been
described as a stress-activated protein kinase initially identified based on its activity on
the milk protein casein (17). Casein kinase 2 is a heterotetramer composed of 2 catalytic
(a and/or a') subunits and 2 regulatory (B) subunits. The substrate specificity of CK2 is
complicated because of differential expression of its subunits among tissues and the
constitutively active nature of the kinase. CK2 catalytic subunits are active in cells
without the regulatory B subunits, but substrate specificity changes when the regula-
tory subunits associate. Much work has focused on the CK2 heterotetramer, but activity
of catalytic dimers and a noncatalytic role for the B subunit have been previously
described (18-20). Several translation factors are phosphorylated by CK2, including
subunits of eukaryotic initiation factors elF3 and elF5 (21, 22). While it is not clear how
CK2-mediated phosphorylation of elF3 regulates protein synthesis, phosphorylation of
elF5 has been associated with increased initiation of protein synthesis (23). CK2-
mediated phosphorylation of elF5 promotes cell cycle transition at the G,/M boundary.
These pathways for regulating protein synthesis help explain the correlation between
CK2 activity and elevated rates of cell proliferation.

Stress granule assembly is driven by complex interactions between many RNA-
binding proteins containing islands of low amino acid complexity (9, 11, 16, 24). Since
they are very dynamic structures where many incorporated proteins quickly exchange
with cytoplasmic pools of those proteins (25-27), posttranslational modifications are
implicit in regulating these protein-protein associations. A recent report indicated that
the SG nucleating proteins are exchanged more rapidly than those that are incapable
of inducing SG aggregation (i.e, ZBP1 and YB1) (25). What regulatory mechanisms
promote stress granule disassembly and resumed protein synthesis during the post-
stress recovery phase is not well understood. However, the difference in dynamics
between nucleating proteins and other SG-resident proteins highlights the principle
that understanding posttranslational and epigenetic modification of SG nucleating
proteins is critical to understanding SG dynamics.

G3BP1 is a well-studied SG nucleating protein. Several posttranslational modifica-
tions of G3BP1 are known, but their consequences for SG dynamics are mostly
uncharacterized. For example, G3BP1 has been shown to be phosphorylated, ubiquiti-
nated, methylated, acetylated, and poly(ADP) ribosylated (28-33). G3BP1 phosphory-
lation is the best-characterized posttranslational modification of G3BP1. Originally,
G3BP1 was identified as a phosphorylation-dependent regulator of Ras signaling (33),
although recent work has called regulation of Ras signaling by G3BP1 into question and
has shown that RasGAP does not affect stress granule assembly (34). Three G3BP1
phosphorylation sites were identified in the original study that were hyperphosphory-
lated in quiescent cells in comparison to dividing cells (33). The same group later
showed that the three sites correspond to serines 149 and 232, with an additional site
as yet unidentified (12). They also linked S149 phosphorylation of G3BP1 with reduced
ability to dimerize and concentrate in SGs; however, these conclusions were based on
an apparent 50% change in S149 phosphorylation during arsenite stress (12). No
change was observed at either S232 or the third, unidentified phosphorylation site.
These observations suggest that another posttranslational modification(s) works in
concert with S149 to affect G3BP1 function in stress granules. Indeed, we have recently
shown that rapid demethylation of G3BP1 promotes SG assembly (35). Phosphorylation
at $S149 was also shown to regulate G3BP1 endoribonuclease (RNase) activity (36),
which illustrates the importance of S149 phosphorylation in a range of G3BP1 activities
(37-40). However, G3BP1 endoribonuclease activity was later unlinked from RasGAP
(34). Thus, some confusion exists regarding the role of phosphorylation events in SG
formation and other RNA-regulatory activities of G3BP1, and no group has identified
the kinases responsible for modifying S149 or S232 of G3BP1.

Here, we show that inhibition of CK2 chemically or with small interfering RNAs
(siRNAs) impairs recovery from arsenite stress. We show that the catalytic subunits
associate with stress granules while the regulatory B subunit does not. These findings
led us to identify G3BP1 as a target of CK2 both in vitro and in cells. We found that CK2
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modifies S149 of G3BP1, which is a well-characterized signal to disassemble stress
granules. Although phosphorylation of S149 was shown to antagonize stress granules,
the kinase responsible remained unidentified until now. Superresolution microscopy
revealed that CK2a« is buried deep within a stress granule, in contrast to protein kinase
R (PKR), which is generally located at the surface of the stress granule, consistent with
CK2 activity on key SG components buried deep within a stress granule. We utilized
proximity ligation assays to demonstrate that CK2-G3BP1 foci increase during arsenite
stress and through an hour of recovery from arsenite stress. Considering the important
role of SGs in regulating protein synthesis and cell growth, these findings support a
new mechanistic role for CK2 as a regulator of cellular stress and proliferation by
promoting SG disassembly and, thus, continued protein synthesis.

RESULTS

CK2 regulates SG disassembly during stress recovery. Since stress granules are
tightly linked to translational control, we are interested in delineating pathways that
converge on stress granules and regulate their assembly. Therefore, we pretreated cells
with the specific CK2 inhibitor tetrabromocinnamic acid (TBCA) prior to arsenite stress
and investigated the proportion of cells with SGs during arsenite stress and recovery.
We found that TBCA did not alter SG formation but that continuous treatment with
TBCA during recovery from arsenite stress caused an increase in the number of cells
with residual stress granules relative to the vehicle control (Fig. 1A and B). At 2 h of
recovery, cultures treated with TBCA had twice as many cells retaining stress granules
as the controls. TBCA treatment alone did not induce stress granules under the
conditions of our experiments (Fig. 1C). Although these results were not statistically
significant, they were reproducible in HelLa cells and suggested CK2 may play a role in
SG disassembly (data not shown). Since chemical kinase inhibitors nonspecifically
inhibit other kinases, we tested 5-oxo-5,6-dihydroindolo-(1,2-a)quinazolin-7-yl acetic
acid (IQA) (41), another CK2 inhibitor, for its ability to repress stress granule disassem-
bly. After 2 h of recovery from arsenite stress in both HeLa and U20S cells treated with
IQA, there was a 2-fold increase in cells with SGs (Fig. 1D). This is similar to what we
observed with TBCA, except that there seemed to be a biphasic response not observed
with TBCA, where early time points of recovery (1 h) showed no difference but later
time points (2 h) had more cells with stress granules when treated with IQA. This
indicates that off-target effects of the chemical inhibitors and/or the function of CK2 in
regulation of SGs is complicated. To evaluate whether CK2 is important in resolving SGs
formed in response to other stressors, we examined SGs that form in response to PKR
activation. To activate PKR, we used Mengo virus with mutated L protein (Mengo-Zn),
rendering the virus ineffective in antagonizing SGs, as previously reported (42).
Mengo-Zn infection has been shown to induce SGs by activating PKR due to accumu-
lation of double-stranded RNA (dsRNA) (43). Pretreatment of cells with IQA caused a
2.5-fold increase in the percentage of cells with SGs 10 h postinfection, further
supporting a role for CK2 as a regulator of SG dynamics (Fig. 1E).

To further explore if CK2 activity promotes SG disassembly and recovery, we
genetically depleted CK2 and then examined SGs during arsenite treatment and the
recovery period. We used this approach in case the effects observed with TBCA
treatment were due to off-target effects often observed with chemical inhibitors of
kinases. SGs were monitored by immunofluorescence microscopy (IF) after depletion of
all three CK2 subunits. We found that U20S cells treated with control siRNAs (siControl)
displayed normal stress and recovery kinetics, while 50% more cells treated with siRNA
to deplete CK2 (siCK2) still contained SGs after 1 h of recovery (Fig. 2A and B). Since
G3BP1 and its homolog G3BP2 are considered key SG components and are known to
be critical for SG assembly (44), we also depleted G3BP1 and G3BP2 individually.
Depletion of either G3BP1 or G3BP2 resulted in 50% fewer cells containing SGs after 1
h of recovery than in the control siRNA-treated group (Fig. 2B). CK2 depletion also
increased the number of SGs per cell, similar to the results obtained for the percentage
of cells with SGs (Fig. 2B). Western blot analysis of cells depleted of CK2«, G3BP1, or
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FIG 1 Chemical inhibition of CK2 slows recovery from arsenite stress. (A) U20S cells were pretreated with vehicle alone (Veh) or the CK2 inhibitor TBCA, followed
by arsenite stress (Ars) or arsenite stress and recovery for either 1 h (1 h rec) or 2 h (2 h rec). The cells were fixed and stained for TIA1 (green) and G3BP1 (red).
(B) Cells with stress granules were quantified and are presented as percentages. Over 150 cells were counted. (C) U20S cells were treated with TBCA for 2 h
without arsenite stress and stained for TIAT (green) and G3BP1 (red). (D) HeLa or U20S cells were treated with IQA for 2 h and then either treated with arsenite
or treated with arsenite and allowed to recover for the indicated times. Cells with stress granules were quantified as for panel B. (E) HeLa cells were treated
with IQA for 2 h and infected with Mengo-Zn, a picornavirus containing two point mutations in the L protein previously shown to induce SGs through PKR
activation (42, 43), at an MOI of 10. Ten hours postinfection, the cells were fixed and stained for stress granule assembly. Percentages of cells with stress granules
were quantified as for panel B. A chi-square test was performed on the data in panels B and E, and the results are indicated; ns, not significant; ***, P < 0.001.
The error bars represent standard errors between fields of cells.

G3BP2 confirmed efficient reduction in protein levels (Fig. 2C). Taken together, these
results demonstrate that depletion of stress granule nucleating proteins themselves is
not sufficient to completely impair SG formation in our system and help to put the
effects of CK2 inhibition in perspective.

Although we showed the same results with chemical inhibition and siRNA-mediated
depletion of CK2, many siRNAs have nonspecific targets, and it is possible that one or
multiple subunits of CK2 influence the observations we report here. Therefore, we used
siRNAs against either the catalytic « or &' subunit and two totally independent groups
of siRNAs targeting the three CK2 subunits together (siCK2-1 and siCK2-2) to address
this possibility (Fig. 2D). We found that CK2« is important for the dissolution of stress
granules, while depletion of CK2a" had a weaker effect on SGs when the percentage of
cells with stress granules was examined. However, depletion of both catalytic subunits,
CK2a and CK2a', more potently impaired stress granule disassembly during recovery
from arsenite stress than siCK2« alone (Fig. 2D). When we counted stress granules per
cell to measure recovery, it was clear that both CK2a and CK2a' are involved in
recovery, as we observed more SGs per cell with both siRNA treatments than under the
siControl condition (Fig. 2E). Most importantly, when two independent siRNA groups
were used to deplete the entire CK2 complex (including CK2p), stress granule disso-
lution was impaired, indicating that off-target effects of our siRNAs were not respon-
sible for the effects we observed, consistent with the chemical inhibition experiments
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FIG 2 Genetic depletion of CK2 delays SG recovery. (A) U20S cells were treated with either nontargeting (siControl), CK2 (siCK2), G3BP1
(siG3BP1), or G3BP2 (siG3BP2) siRNA, followed by arsenite treatment (Ars) or recovery from arsenite stress for 1 h (1 h Rec) or 2 h (2 h Rec).
The cells were then fixed and stained for G3BP1 (green) and TIA1 (red). (B) Each condition was quantified by counting over 150 cells. The
percentages of cells with SGs (top) and average SGs per cell (bottom) are shown, with error bars denoting standard errors. A chi-square
test was performed on the data, and the results are indicated; *, P =< 0.01; **, P =< 0.05; ***, P = 0.001. (C) Depletion of G3BP1, G3BP2, and
CK2a was confirmed by Western blotting. Knockdown efficiency was evaluated using ImageJ. Normalized band intensities are shown
under each Western blot. IB, immunoblot. (D) U20S cells were depleted of CK2«, CK2a', both CK2« and CK2¢a’, or two independent groups
of siRNAs targeting the whole CK2 complex (a, @', and B; siCK2-1 and siCK2-2), as indicated. The cells were stained as for panel A and
quantified as for panel B for both percentages of cells with stress granules (left) and numbers of stress granules per cell (right). (E) Western
blot analysis of the conditions in panel D showing efficient depletion of the catalytic CK2a and CK2a' subunits.

described above (Fig. 2D). These results were statistically significant. In separate exper-
iments where individual CK2 subunits were depleted, we also saw reduced recovery
from arsenite stress when only the regulatory CK28 subunit was depleted (data not
shown). Western blot analysis showed efficient depletion of the catalytic subunits in
these experiments (Fig. 2F).

To probe the roles of individual CK2 subunits and the effects of elevated CK2 activity
on SGs, we expressed individual CK2 subunits or the three subunits together. When
overexpressed, the « and o' subunits of CK2 colocalized with stress granules during
arsenite stress and during recovery (Fig. 3A and C). The overexpressed regulatory 8
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FIG 3 Overexpression of CK2 subunits impairs stress granule formation. (A) U20S cells were transfected with constructs expressing
HA-tagged CK2« or CK2a' or myc-tagged CK2p, as indicated (green). The cells were allowed to express the transgene for approximately
16 h prior to stress treatment. The cells were subsequently stressed with 500 uM arsenite or stressed and allowed to recover for 90 min,
followed by processing for immunofluorescence assay (IFA). The cells were counterstained for G3BP1 or TIA1 (red) to stain stress granules
and with DAPI (4',6-diamidino-2-phenylindole) (blue) to stain DNA. The boxed areas are enlarged on the right. (B) U20S cells treated as
for panel A with the addition of a group containing overexpression of all three («, «’, and B) CK2 subunits. The cells were imaged, and
SGs were quantified in over 50 cells per condition. A chi-square test was performed on the data, and the results are indicated; ns, not
significant; **, P =< 0.05; ***, P < 0.001. The error bars represent standard errors between fields of cells. Both 500 uM arsenite-stressed (Ars)
and 90-min recovery (Rec) conditions are shown. (C) Cells transfected as for panels A and B were Western blotted for HA-tagged CK2a
or CK2a' or myc-tagged CK2B (a-HA and a-myc, respectively), CK2a’, and elF3C as a loading control to confirm similar levels of
overexpression in the experiments. (D) Cells expressing GFP alone were either left untreated (Untreated) or stressed with 500 uM arsenite
(Ars). The cells were quantified as for panel B.

subunit of CK2 did not colocalize with stress granules during stress or recovery (Fig. 3A).
To determine whether overexpression of CK2 subunits alters SG dynamics, we quanti-
fied SGs in IF and compared cells expressing CK2 subunits with adjacent, untransfected
cells that were not expressing the CK2 transgenes during arsenite stress and recovery.
Strikingly, the « and B subunits of CK2 repressed SG formation under arsenite stress
conditions at statistically significant levels compared with untransfected adjacent cells
(Fig. 3B). The trend was similar during expression of the «’ subunit, but it was not
statistically significant. Expression of all 3 subunits of CK2 was equally effective in
comparison to the individual « and B subunits in reducing SG abundance during
arsenite treatment (Fig. 3B). We also analyzed stress granule formation in cells trans-
fected with green fluorescent protein (GFP). In untreated cells, GFP transfection in-
duced stress granule formation in a small percentage of cells, while stress granules were
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rarely observed in untransfected cells (Fig. 3D). These results are consistent with
previous findings from our laboratory (45). When GFP-transfected samples were treated
with arsenite, nearly 100% of the cells contained stress granules regardless of whether
they expressed GFP (Fig. 3D). This observation was opposite to what we observed when
CK2 subunits were expressed, indicating the specificity of regulation of stress granules
by CK2. We confirmed expression of the subunits by Western blotting with elF3C as a
loading control (Fig. 3C). The a and «’ subunits were expressed at levels similar to each
other, but it was not possible to compare the levels of these subunits with those of the
B subunit because they were expressed with different tags in the experiments.

To confirm that CK2 catalytic activity is required for stress granule disassembly, we
performed stress recovery experiments with wild-type and dominant-negative catalytic
subunits (CK2a or CK2a') (46). In these experiments, stress granule disassembly was
similar in transfected and adjacent untransfected cells when wild-type CK2a or CK2a'
was expressed (Fig. 4). There was a slight yet not statistically significant decrease in cells
with SGs when wild-type CK2a was expressed, and often the cells had smaller stress
granules (Fig. 4A and C). However, there were roughly 10-fold more cells with stress
granules during the recovery period when the dominant-negative mutant CK2a K68M
was expressed compared to adjacent untransfected cells (Fig. 4). We did not see a
difference in the percentage of cells with stress granules when looking at dominant-
negative CK2a' K69M, consistent with our results shown in Fig. 3, suggesting that CK2«
activity is more important in SG dissolution (Fig. 4). However, it is worth noting that
expression of either wild-type or dominant-negative CK2a' in these experiments
reproducibly elevated levels of endogenous CK2a, making the effects of the CK2a'
transgene difficult to interpret (Fig. 4D).

CK2 subunits colocalize with stress granules and can be found buried deep in
stress granules. To investigate the subcellular localization of the three CK2 subunits
during stress, we performed IF on U20S cells treated with arsenite. We observed that
endogenous CK2a concentrated in SGs together with G3BP1 (Fig. 5A). CK2a'" was also
present in stress granules marked by TIA1, but CK23 was not observed within stress
granules under the conditions of our experiments (Fig. 5A). These results further
support a role for CK2 in regulation of SG dynamics and are consistent with colocal-
ization of overexpressed CK2 subunits in these cells (Fig. 3A).

To gain further insight into finer localization of CK2« in SGs during arsenite stress,
we used superresolution microscopy to measure colocalization of CK2a with G3BP1. As
a control, we also imaged dsRNA-dependent protein kinase (PKR) because it was
previously shown to colocalize with arsenite-induced SGs and we recently reported a
mechanism for SG-dependent activation (42). Images were captured, and three-
dimensional (3D) reconstruction was performed with an x/y resolution of 20 nm and
approximately 50-nm resolution in the z direction, which is the limit of the instrument.
Strikingly, CK2a fluorescence was buried within SGs. In contrast, the PKR control
was found mostly closely adjacent to arsenite-induced SGs (Fig. 5B). However,
enrichment of CK2« in the SG was only partial, which is consistent with our other
experiments (Fig. 3A).

CK2 recognizes S149 of G3BP1. Because S149 phosphorylation of G3BP1 appears
to play a role in SG dynamics in our system and others (12), we considered whether CK2
exerts its effects on stress granules by modification of S149 on G3BP1. The CK2
consensus site contains many acidic residues, consistent with the presence of the
known S149 phosphorylation site in a heavily acidic stretch of amino acids within
G3BP1 (Fig. 6A). We performed an in silico search using MIT’s Scansite to identify
potential kinases that have consensus sites matching the S149 phosphorylation site.
CK2 was the only kinase out of 70 kinases examined predicted to target S149 of G3BP1
(47). To confirm whether CK2 can phosphorylate G3BP1, we used purified G3BP1 and
a CK2 tetramer in in vitro kinase assays with [y-32P]JATP. Our G3BP1 protein is over 90%
pure as measured by Coomassie staining of acrylamide gels but migrates as three
bands because it is C-terminally processed in bacteria (Fig. 6B, asterisks). The highest-
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molecular-mass band is full-length G3BP1 protein. Indeed, we saw three bands marked
with 32P in autoradiography from in vitro kinase assays using purified G3BP1 (Fig. 6B).
Since CK2 was originally identified based on its activity on the protein casein in rat liver
(48), we used dry milk as a control and, as expected, observed modification of both
caseins « and . Strong modification of caseins « and 3 was not observed in dry milk
because over 70% of casein is already phosphorylated, leaving relatively few sites
available for modification with 32P. In contrast to G3BP1 and caseins « and B, the
RNA-binding proteins PTB and PABP were not modified by CK2 under the conditions
we employed, even after long incubations where G3BP1 phosphorylation had peaked
(Fig. 6B).

The role of $232 phosphorylation in regulating G3BP1 function is not known (36).
Our in silico analysis did not predict that S232 is modified by CK2. However, we sought
to confirm that CK2 modifies S149 and not another site (i.e., $232) within G3BP1. We
purified mutants of G3BP1 containing serine-to-alanine substitutions at S149 and $232
(S149A and S232A, respectively) and performed in vitro kinase assays on the purified
proteins. The G3BP1 mutants migrated as three bands, similar to wild-type G3BP1. In
our experiments, the ST49A mutant was not labeled as efficiently as wild-type or S232A
protein (Fig. 6C). In fact, mutation of S232 resulted in somewhat stronger 32P modifi-
cation, raising the possibility of coordinate phosphorylation of S232 and S149. In
contrast, PTB and PABP were not labeled by CK2, and dephosphorylated casein was
strongly modified (Fig. 6C). The fact that residual labeling of S149A G3BP1 by CK2
occurred indicates that an additional CK2 phosphorylation site may exist, or it could
result from promiscuous labeling in vitro. These results indicate that CK2 can phos-
phorylate purified G3BP1 in solution and support other data (Fig. 1 to 4) that suggest
CK2 may help regulate SG formation.

To investigate whether CK2 can phosphorylate G3BP1 in cells, U20S cells stably
expressing GFP-G3BP1 were treated with siRNAs to deplete the CK2 «, o', and B
subunits together (siCK2). All three subunits were codepleted because our previous
results were more consistent with a role for the heterotetramer than with individual
subunits regulating stress granules. The cells were then either left untreated,
stressed with arsenite, or stressed and then allowed to recover in the presence of
[32P]orthophosphoric acid. The cells were lysed, and G3BP1 was immunoprecipitated
under stringent conditions prior to SDS-PAGE and autoradiography or Western blotting.
This procedure yielded two bands, representing phosphorylation levels of endogenous
G3BP1 and expressed GFP-G3BP1. The bands from autoradiography were normalized to
the equivalent bands from Western blots to account for slight differences in immuno-
precipitated material during the procedure. Using this approach, we found that wild-
type GFP-G3BP1 was phosphorylated most strongly under normal growth conditions
and that phosphorylation decreased by approximately 30% with the addition of
arsenite and continued to decrease through the 90-min recovery phase. The 30 to 50%
decrease in phosphorylation is similar to that in previous work (12) (Fig. 7A, compare
lane 1 with lanes 2 and 3). Phosphorylation of endogenous G3BP1 followed the same
trend, decreasing during arsenite stress and further during recovery (Fig. 7A, graph of
densitometry). Depletion of CK2 resulted in less G3BP1 phosphorylation in control cells
and under all conditions of arsenite treatment (Fig. 7A, compare lanes 1 and 4, 2 and
5, 3 and 6), consistent with CK2 phosphorylation of G3BP1 at only one site. However,
G3BP1 was still partly radiolabeled, indicating that other kinases likely phosphorylate
G3BP1.

We next performed similar [32P]orthophosphate-labeling analysis of cells expressing
G3BP1-S149A. In this case, we did not see significant changes in G3BP1 phosphoryla-

FIG 4 Legend (Continued)
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granules, and DAPI (blue). (B) Both transfected cells (black bars) and adjacent untransfected cells (gray bars) were imaged, and SGs were
quantified in over 50 cells per condition. A chi-square test was performed on the data, and the results are indicated; ***, P =< 0.001. The
error bars represent standard errors between fields of cells. Both 500 uM arsenite stressed (Ars) and 90-min recovery (Rec) conditions are
shown. (C) Western blotting of Flag-tagged CK2 transgenes, total CK2q, total CK2a', G3BP1, and GAPDH, as indicated, from the conditions

shown in panel A. Endogenous and transgenic CK2 subunits are indicated.
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FIG 5 Subunits of CK2 differentially colocalize with arsenite-induced stress granules. (A) U20S cells were
stressed with 500 uM arsenite for 45 min, fixed, and stained for the indicated CK2 subunits (red). The cells
were counterstained for stress granules with either G3BP1 or TIA1, as indicated (green), and nuclei (DAPI)
(blue). (B) U20S cells were stressed, fixed, and stained for CK2a or PKR (red) as for panel A. CK2«a was
counterstained for G3BP1 (green), while PKR was counterstained for TIA1 (green) to mark stress granules.
The cells were examined using superresolution microscopy, and 3D reconstructions were performed with
SR GSD 3D (Leica Microsystems) algorithms. Two stress granules are shown with CK2a and G3BP1
staining, with slices taken along the z axis of the 3D reconstruction. The slice progression for each SG is
shown in a row from left to right. One stress granule is shown for the PKR control. The arrows show CK2«
or PKR foci that are buried within or adjacent to the green stress granules.
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FIG 6 Casein kinase 2 phosphorylates G3BP1 on serine 149. (A) The casein kinase 2 consensus recogni-
tion sequence was aligned with the amino acid sequence surrounding serine 149. The amino acid
composition surrounding S149 fits the acidophilic preference of CK2. (B) In vitro kinase assays using
purified G3BP1 (full length) (arrows) and CK2 with [y-32P]JATP. The asterisks indicate truncated forms of
G3BP1 produced in Escherichia coli. In this experiment, dry milk was used as a positive control for CK2
activity, but ~70% of milk casein is already phosphorylated. As such, the positive control was weaker
than expected. (C) In vitro kinase assays as for panel B, but phospho-null mutants (S149A and S232A)
were included for the indicated times. Previous reports indicated that both S149 and S232 are phos-
phorylated in cells (36), so mutants of those sites were investigated. Dephosphorylated casein was used
as a positive control in this experiment in contrast to panel B, resulting in more robust labeling of casein
a and B (arrows). (B and C) The negative controls were PTB1 and PABP1 (expected molecular masses, 57
and 70 kDa, respectively).

tion when CK2 was depleted (Fig. 7B, compare lane 1 to lane 2 and lane 3 to lane 4) or
when cells entered the recovery phase (Fig. 7B, compare lane 1 to lane 2 and lane 3 to
lane 4), as we observed with wild-type GFP-G3BP1 (Fig. 7A). S149A GFP-G3BP1 was still
phosphorylated in both control and CK2 knockdown cells, confirming that there are
other phosphorylation sites, as previously established (12, 33), that are not responsive
to CK2 depletion. We were surprised to see that endogenous G3BP1 phosphorylation
did not decrease significantly when the S149A GFP-G3BP1 was expressed.

Since at least one other phosphorylation site on G3BP1 (S232) is known, analysis of
32P labeling of G3BP1 is an indirect measure of S149 phosphorylation. To more directly
assess the role of CK2 in phosphorylating G3BP1 in cells, we used liquid chromatog-
raphy (LC)-mass spectrometry (MS) to quantify phosphopeptides under each condition.
We examined untreated U20S cells, arsenite-stressed cells, and cells allowed to recover
from arsenite stress for 90 min. G3BP1 protein was immunoprecipitated, resulting in
recovery of 93% of the pool of G3BP1 under each condition prior to mass spectrometry.
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FIG 7 CK2 phosphorylates G3BP1 in U20S cells. (A) (Top) U20S cells stably expressing wild-type GFP-G3BP1 were treated with control
(siCon) or CK2 (siCK2) siRNA. Subsequently, the cells were either left untreated (U), stressed with 500 uM arsenite (A), or stressed and
allowed to recover for 90 min (R) in the presence of [32P]Jorthophosphate. Lysates were prepared and Western blotted (WB) for CK2a/',
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Analysis of phosphopeptides containing S149 and S232 with LC-MS (Fig. 7D and E)
showed ~60% reduction in S149 phosphorylation during arsenite treatment, consistent
with 32P-labeling experiments. Phospho-S149 peptides strongly rebounded after re-
covery from arsenite stress, similar to what was previously published (12) (Fig. 7Q).
Strikingly, depletion of CK2 reduced phospho-S149 peptides to ~32% of the levels in
the control, untreated cells, strongly supporting a role for CK2 in regulating S149
phosphorylation (Fig. 7C). In contrast, analysis of peptides containing phospho-5232
did not significantly change during arsenite stress and was only modestly reduced
upon CK2 depletion. Unlike in control siRNA-treated cells, there is no rebound of S149
phosphopeptide during recovery under CK2 knockdown conditions (Fig. 7C). The
reduction in S149 phosphopeptide during CK2 depletion was statistically significant
and reproducible in three experiments. lon chromatograms showed the S149 and S232
phosphopeptides produced from trypsin digestion and that these peptides were
successfully identified (Fig. 7D and E).

We evaluated CK2 knockdown efficiency by Western blotting of the «’ subunit of
CK2 and by quantitative PCR (gPCR) (Fig. 7A, B, and F). As expected, the &’ subunit was
reduced in siCK2 samples. The « subunit of CK2 was also reduced by Western blotting
under all of these conditions (data not shown). mRNA levels for «, ', and B subunits
were all reduced under these conditions when gPCR was used to assess knockdown
efficiency (Fig. 7F). Together, these results indicate that casein kinase 2 is linked to
G3BP1 phosphorylation at only the S149 site.

CK2 and G3BP1 move into close proximity during arsenite stress and recovery.
Our results indicate that CK2 interacts with G3BP1 and may be a coregulator of SGs. To
examine whether CK2 and G3BP1 interact coincident with arsenite stress, we performed
proximity ligation assays (PLA) with antibodies against G3BP1 and the « or 8 subunit
of CK2 (Fig. 8A and B or C and D, respectively). This method relies on recognition of two
epitopes within 40 nm of each other, followed by amplification and detection of a
nucleic acid conjugated to the antibody-epitope pairs (49, 50). Instances of close
proximity are highlighted by red dots in IF. PLA was performed in U20S cells under the
following conditions: untreated, arsenite treated, and 1 h of recovery and 2 h of
recovery from arsenite. PLA foci marking adjacent CK2a and G3BP1 molecules in-
creased over baseline untreated conditions during arsenite stress and further increased
at 1 h of recovery (Fig. 8A and B). PLA foci returned to baseline at 2 h of recovery. These
results are statistically significant and consistent with SG disassembly kinetics (Fig. 1A).
PLA foci marking adjacent CK2B and G3BP1 decreased during arsenite stress and
remained low through the recovery phase (Fig. 8C and D). Although analysis of
CK2pB was not statistically significant, these results may reflect lack of colocalization
of CK2 in arsenite-induced SGs. Using nonspecific IgG controls instead of G3BP1 or
CK2B antibodies in the CK2a and CK2B PLA experiments did not show PLA foci
reporting close proximity of G3BP1 and CK2, suggesting our assay is specific to
G3BP1 and CK2 epitopes (Fig. 8E).

FIG 7 Legend (Continued)

G3BP1 (to detect both GFP-G3BP1 transgene and endogenous G3BP1, as labeled), GAPDH, and GFP (to detect the GFP-G3BP1 transgene),
as indicated. Furthermore, the lysates were used in autoradiography to detect phospho-labeled proteins. The lysates were also subjected
to immunoprecipitation to capture G3BP1 under stringent conditions. The immunoprecipitated material was subjected to autoradiog-
raphy. (Bottom) Bands representing immunoprecipitated 32P-labeled GFP-G3BP1 and endogenous (endo) G3BP1 were quantified and
normalized to the respective bands in the G3BP1 Western blot. (B) The experiment shown in panel A was performed on U20S cells stably
expressing S149A GFP-G3BP1. (C) G3BP1 was pulled down from U20S cells treated as for panel A and subjected to LC-MS analysis. Levels
of $149 and S232 phosphopeptides are shown in graphical form. The phosphopeptide levels were normalized to total G3BP1 peptides
to account for variations in G3BP1 entering the machine. The error bars indicate standard errors of the mean from the results of 3
independent experiments with two technical replicates. Student’s t test was performed to score significance; NS, not significant; *, P =
0.05; ***, P = 0.001. (D and E) Fragment ion (tandem mass spectrometry [MS-MS]) spectra isolated from excised G3BP1 bands from
peptides containing phospho-5149 (D) and phospho-5232 (E). (F) To confirm efficient knockdown of CK2 subunits under the conditions
of the experiments shown in panels A to C, mRNA from U20S cells treated with siCon or siCK2 was isolated and mRNAs for CK2a, CK2a',
and CK2B were analyzed by quantitative reverse transcription (qRT)-PCR relative to 18S rRNA controls.
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FIG 8 CK2a and G3BP1 move into close proximity during arsenite stress and recovery. (A) PLA for CK2a and G3BP1 under
endogenous concentrations in U20S cells were conducted during arsenite stress (Ars) with 500 uM arsenite, 1-h recovery (1hr
rec), and 2-h recovery (2hr rec). PLA signal (red) and DAPI (blue) are shown. (B) PLA foci were quantified from several fields
and over 50 cells per condition. The error bars represent standard errors, and Student’s t test was performed to compare
treatments; **, P < 0.01; ***, P =< 0.001. The indicated treatments are compared against untreated cells (un). (C) PLA was
performed for CK23 and G3BP1 as for panel A. (D) PLA foci were quantified as for panel B. (E) Nonspecific rabbit IgG or mouse
1gG controls were used in place of G3BP1 or CK2 in the assays shown in panels A and C, respectively. The PLA foci shown
here represent background for these conditions.

DISCUSSION

Recent progress in understanding the basis of RNA granule assembly has focused on
liquid phase condensation based on short-term, low-affinity interactions between key
RNA-binding proteins, often involving islands of low amino acid complexity (9, 24).
Many components of SGs have very short residence times within stress granules
(seconds), despite the long-term persistence of the SG itself (minutes to hours), creating
challenges to explain these properties (25, 26). Posttranslational modifications are
commonly found on key SG nucleating proteins; thus, attention is turning to how such
modifications may influence SG dynamics. G3BP1 is among the strongest SG nucleating
proteins, and previous work indicated that G3BP1 phosphorylation at S149 restricts
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stress granule assembly by partly inhibiting G3BP1 oligomerization, but a kinase was
not identified (12).

Here, we report that casein kinase 2 recognizes S149 of G3BP1 both in vitro and in
cells, and that CK2 affects SG assembly in multiple assays, including CK2 subunit
overexpression, depletion of CK2 subunits with siRNAs, and chemical inhibition of CK2.
The magnitude of these effects on SGs is consistent with the 50% reduction in S149
phosphorylation observed by Tourriere (12), yet the author conjectured that this
decrease was sufficient to promote stress granule disassembly (12). Both radioimmu-
noprecipitation and LC-MS data confirmed that $S149 phospho-G3BP1 is reduced only
~50% upon arsenite treatment. While total G3BP1 phosphorylation continues to
decrease during recovery from arsenite stress, as indicated by our radiolabeling exper-
iments, S149 phosphorylation itself increases, as indicated by our LC-MS experiments
and previous work by others (Fig. 7C) (12). Tourriere did not investigate phosphoryla-
tion of G3BP1 during the recovery phase of stress or identify a kinase responsible for
modifying G3BP1. We did not observe a reduction in G3BP1 phosphorylation as a
consequence of CK2 depletion when the S149A mutant was expressed. The reduction
in phosphorylation expected from CK2 depletion was also not observed when endog-
enous G3BP1 was examined in cells expressing the S149A mutant, suggesting, but not
proving, that CK2 could act on G3BP1 monomers (since S149A promotes G3BP1
oligomerization). However, there was still a strong phospho-G3BP1 signal, in line with
the earlier results from Tourriere documenting multiple phosphorylation sites (12).
Three phosphorylation sites were initially reported, but only two were assigned amino
acid locations (i.e., S149 and S232).

CK2 may affect SG assembly at different levels. First, CK2 can directly phosphorylate
a nucleating protein of SGs (G3BP1), thus promoting SG disassembly. Second, CK2 can
phosphorylate and enhance the activity of translation initiation factors, thereby push-
ing the equilibrium toward translational activation and disassembly of SGs (51). Our
results showing that CK2 recognizes G3BP1 are consistent with a phosphoproteome
CK2 substrate screen in Jurkat cells (52). Phosphorylation of G3BP1, which desensitizes
cells to SG formation, is expected to favor cell growth and proliferation by allowing
ongoing protein synthesis. Consistent with this expectation, previous work showed that
the catalytic &' subunit of CK2 is induced upon serum stimulation, coincident with
G3BP1 phosphorylation (18, 36). Third, it is possible that CK2 influences SG formation
independently of kinase activity. Our unpublished data show that depletion of the
regulatory B subunit by itself can alter SG dynamics, similar to what we see when the
catalytic subunits are depleted. Therefore, CK2 likely regulates SG dynamics through
G3BP1 phosphorylation and the sum of other factors.

CK2 is a heterotetramer composed of catalytic « and/or &' dimers and regulatory 8
dimers. CK2 is part of a unique, constitutively active class of kinases that do not require
autophosphorylation for activation. Instead, CK2 relies on association with the B
regulatory subunits and cofactors to regulate activity. A recent report described a
crystal structure of the CK2 holoenzyme in which tetramers form a ring structure and
the rings can stack on top of each other along an axis (53). Stacking of the rings is
proposed to act as an autoregulatory mechanism where half of the active sites are
precluded by steric hindrance and the other half are inhibited by binding an acidic loop
in the C terminus of the B subunit. This orientation is likely to be partially assembled
under physiological conditions and therefore suggests that adjusting the stoichiometry
of the subunits in cells could alter substrate recognition by influencing the proportion
of holoenzyme in the autoinhibitory conformation. CK2 recognizes and phosphorylates
serine/threonine residues flanked by acidic residues (22). The « and «’ subunits of CK2
have been shown to be active in the absence of the B subunit in vitro, and CK2 activity
in 3T3 mouse fibroblasts is at least partially accounted for by expression of the catalytic
a or o' subunit (18). Consistent with activity of « and/or ' subunits independently of
the B subunit on some substrates, calmodulin phosphorylation is actually inhibited by
addition of the regulatory B subunit (19). Although the results were not statistically
significant, CK23-G3BP1 PLA foci decreased upon arsenite stress and did not recover
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within the time frame of our experiments, suggesting that only the catalytic subunits
are required for recognition of G3BP1. Indeed, we saw the strongest impact on stress
granules when we manipulated the CK2a subunit, whether it was in siRNA depletion
experiments, expression of wild-type or dominant-negative CK2q, or PLA experiments,
suggesting it is a key regulator of SGs. The CK2a' subunit only weakly influenced SGs,
yet we observed changes in CK2a under some conditions, so we cannot rule out a role
for CK2a' in SG regulation.

Our colocalization experiments indicated that the catalytic a and «’ subunits
concentrate in arsenite-induced SGs. However, we were unable to detect the regulatory
B subunit in SGs. Although our results do not clarify whether CK2 activity is SG
associated or remains strictly cytoplasmic, it is tempting to speculate that homo- or
heterodimers of « and/or ' subunits act on G3BP1 similarly to specific activity on
calmodulin (19). Indeed, superresolution microscopy detected the « subunit of CK2
buried within arsenite-induced SGs. Previous work indicated that CK2 activity is in-
creased under arsenite stress and would therefore be available to act on G3BP1 to
disassemble stress granules once the stress subsided (17). Our PLA experiments support
the hypothesis that CK2 is activated during arsenite stress and promotes SG disassem-
bly, since CK2a PLA foci increased during arsenite stress and further increased early
during recovery from arsenite stress. SGs are extremely dynamic, with G3BP1 rapidly
cycling in and out. Thus, control of SG assembly and disassembly centering on G3BP1
is consistent with a key role for G3BP1 in SG dynamics.

While our results show that CK2 regulates G3BP1 activity in SGs by promoting
disassembly, they also implicate CK2 in other areas of biology dependent on
phosphorylation-dependent functions of G3BP1. For example, G3BP1 has been de-
scribed as a phosphorylation-dependent regulator of Ras signaling and RNase (33, 36).
Although regulation of Ras signaling by G3BP1 has been questioned (34), further
investigation is warranted to determine whether CK2 acts as an upstream regulator of
protein expression of targets on which G3BP1 has been shown to act. G3BP1 has also
been described as a phosphorylation-dependent RNase, suggesting CK2 may be im-
portant in RNA turnover of specific targets (33, 36).

Our results suggest that S149 is a major phosphorylation site affecting stress granule
dynamics, and the overall posttranslational code on G3BP1 is an important regulator of
SGs. G3BP1 has been identified in global methylome and acetylome screens, suggest-
ing it is methylated and acetylated (28, 29). Other work in our laboratory indicates that
G3BP1 demethylation coregulates stress granule assembly (35). S149 phosphorylation
may be an intermediate in a series of modifications, including methylation, that
influences stress granule assembly. G3BP1 is also poly(ADP) ribosylated and ubiquiti-
nated (31, 32). Identifying the posttranslational modification code that determines
G3BP1 function and how CK2 regulates that code through S149 phosphorylation is
important.

MATERIALS AND METHODS

Cell culture and plasmids. U20S cells stably transfected with either wild-type GFP-G3BP1, ST49A
GFP-G3BP1, or S149E GFP-G3BP1 were a kind gift from Nancy Kedersha (Brigham and Woman'’s Hospital,
Boston, MA). U20S cells were cultured under standard conditions in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS). Constructs used to express hemagglutinin (HA)-tagged
casein kinase 2 «, ', and myc-tagged B subunits (Addgene) were previously described (54). Constructs
used to express wild-type and dominant-negative Flag-tagged catalytic CK2 « and «’ subunits were a
kind gift from Mathias Montenarh (University of Saarlandes, Hamburg, Germany) (46).

Stress and recovery. Cells were stressed for 45 min with 500 uM sodium arsenite in conditioned
medium. For recovery experiments, the cell culture medium was removed, the cells were washed once
with PBS, and the medium was replaced with fresh medium equilibrated to 37°C. The cells were then
allowed to recover for the indicated times. For dsRNA stress using Mengo-Zn, cells were infected at an
MOI of 10 in 2% serum for 2 h prior to washing off the inoculum with PBS and adding fresh DMEM with
10% FBS. Cells were harvested as previously described (42).

CK2 assays. Purified His-tagged G3BP1, PTB1, and PABP1 were purified in accordance with standard
procedures and quantified using bicinchoninic acid (BCA) analysis (Pierce). Fifteen picomoles of G3BP1,
PTB1, or PABP1 was incubated with 5 units of purified CK2 (New England BioLabs) in CK2 reaction buffer:
50 mM Tris-HCl, pH 7.5, 10 mM MgCl,, 0.1 mM EDTA, 2 mM dithiothreitol (DTT), 0.01% Brij 35. One
hundred microcuries [y-32P]ATP was added to each reaction, which was conducted using a final volume
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of 10 wl. The reaction mixtures were incubated at 37°C for the indicated times and analyzed by SDS-PAGE
and autoradiography.

Proximity ligation assays. Proximity ligation assays were performed as previously described (55).
Briefly, cells were stressed with arsenite, allowed to recover, and then fixed with 4% formaldehyde. The
cells were then permeabilized and hybridized with both rabbit anti-G3BP1 (56) and goat anti-CK2« (Santa
Cruz) or rabbit anti-CK2a' (Bethyl). Secondary antibodies were then hybridized, nucleic acids were
ligated, rolling-circle amplification was performed, and amplified DNA was detected in accordance with
the manufacturer’s instructions (Sigma).

siRNAs and chemical inhibition of CK2. Inhibition of casein kinase 2 was achieved by transfecting
a cocktail of siRNAs against all three subunits of CK2 (, &', and B). The siRNA sequences were as follows:
CK2a no. 1, GCACAGAAAGCUACGACUA[ATAT]; CK2a no. 2, GUGGAUUUAUAGUAGUUCA[ATAT]; CK2a'
no. 1, UACACGAACAUUGUACUCC[dTdT]; CK2a' no. 2, UAUCGUUGAAGUGUGGAU C[dTdT]; CK2j3 no. 1,
CTCAGAGGAGGTGTCCTGG [dTdT]; CK2B no. 2, GGUCCCUCACUACCGACAA [dTdT]; G3BP2 no. 1, GGAAC
AAGAAGAAAGACAACCIATAT]; G3BP2 no. 2, GAAAGAAAGUUUAUGCAAACCIATAT] (all from Sigma-
Aldrich). For some experiments, CK2a and G3BP1 depletion was accomplished with an siRNA smart pool
(Dharmacon). siRNAs were transfected as previously published using a Neon electroporation device (Life
Technologies) (42). CK2 activity was inhibited with the specific CK2 inhibitors IQA and TBCA (57). Cells
were pretreated for 2 h with 60 uM TBCA or 25 M IQA prior to arsenite stress experiments or Mengo
virus infection to ensure efficient inhibition of CK2.

Immunoprecipitation and 32P labeling of G3BP1 in cells. Imnmunoprecipitations were performed
essentially as previously described (42). The following modifications were made. U20S cells stably
expressing either wild-type GFP-G3BP1 or the phospho-null ST49A mutant (GFP-S149A) were depleted
of all CK2 subunits (siCK2) for 48 h. The cells were then incubated in phosphate-free medium for 2 h prior
to addition of 150 uCi of [32Plorthophosphoric acid for 1 h. The cells were then exposed to 500 uM
arsenite for 45 min or exposed to arsenite and allowed to recover in phosphate-free medium with
[32P]Jorthophosphoric acid for the indicated times, and cell lysates were prepared in radioimmunopre-
cipitation assay (RIPA) buffer with protease and phosphatase inhibitor cocktails (Thermo Fisher and
GBiosciences, respectively). Immunoprecipitations were performed using GFP-nAb magnetic resin (Allele
Biotechnology) in RIPA buffer with 1 mg total protein quantified using a BCA kit (Thermo Fisher). The
immunoprecipitated material was washed 5 times and eluted using Laemmli sample buffer prior to
SDS-PAGE and Western blotting.

Liquid chromatography-mass spectrometry. U20S cells were transfected with siRNAs and cultured
for 72 h prior to stress induction and recovery. The cells were stressed for 45 min with 500 uM sodium
arsenite in conditioned medium. The cells were then allowed to recover in conditioned medium prior to
harvesting. The cells were washed in ice-cold PBS and lysed on the plate in RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM KCl, 2 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate) and 0.1% sodium dodecyl sulfate
containing 1.5X phosphatase inhibitor and 1X protease inhibitor cocktail (GBiosciences and Thermo
Fisher, respectively). Four milligrams of lysate was added to each pulldown reaction mixture, and
endogenous G3BP1 was immunoprecipitated with approximately 500 ng antibody (Abcam) overnight at
4°C in the presence of protein A resin (Thermo Fisher). The supernatant was added to 2 pug G3BP1
antibody (Proteintech Group) in the presence of protein A resin for an additional night. The beads from
each pulldown were washed 5 times and eluted with Laemmli sample buffer. The combined eluates were
sent for mass spectrometry. This procedure resulted in recovery of 93% of the G3BP1 from the lysates.
G3BP1 peptides were generated by in-gel trypsin digestion and analyzed with an LTQ ion-trap mass
spectrometer equipped with a nano-LC electrospray ionization (ESI) source. Approximately 85% of total
G3BP1 peptide coverage was achieved in each independent experiment. Normalization for quantification
was achieved using nine other peptides from other regions of G3BP. These experiments were repeated
at least three times, one of which had technical replicates.

Western blotting. Cell lysates were prepared in RIPA buffer and resolved with SDS-PAGE. Protein
was transferred to nitrocellulose membranes and blocked with Seablock (Pierce). Secondary antibodies
were dye labeled (Cell Signaling) for infrared imaging. Secondary antibodies were used at 1:15,000,
followed by detection on the Odyssey CLx imaging system (Li-Cor Biosciences). The primary antibodies
used in Western blotting were as follows: rabbit anti-G3BP1 (56), goat anti-CK2« (Santa Cruz), rabbit
anti-caprin1 (Bethyl), rabbit anti-G3BP2 (Assay Biotech), mouse anti-GAPDH (anti-glyceraldehyde-3-
phosphate dehydrogenase) (Millipore), mouse anti-GFP (Santa Cruz), rabbit anti-CK2 «' (Bethyl), and
mouse anti-Flag (Sigma).

Microscopy. Microscopy was performed at the Integrated Microscopy Core at Baylor College of
Medicine, Houston, TX. For experiments studying the effects of G3BP1 S149 on SG dynamics and CK2
localization experiments, an Applied Precision DeltaVision image restoration microscope with conserva-
tive deconvolution algorithms was used. For experiments in which high resolution was not necessary, a
standard epifluorescence Nikon TE2000 microscope was used. Previously published procedures were
followed for sample processing (55, 58). The antibodies used for microscopy were as follows: goat
anti-CK2« (Santa Cruz), rabbit anti-CK2a’ (Bethyl), mouse anti-CK23 (Santa Cruz), goat anti-TIA1 (Santa
Cruz), rabbit anti-G3BP1 (56), rabbit anti-elF4G (59), rabbit anti-PKR (ProSci), and mouse anti-Flag (Sigma).
For superresolution microscopy, an SR GSD 3D microscope was used (Leica Microsystems). Standard
Alexa Fluor 647-conjugated secondary antibodies were used. Imaging was performed at 20-nm resolu-
tion in the lateral direction and approximately 50 nm in the vertical.

Image quantification and statistics. For PLA experiments, over 50 cells per condition were counted.
ImageJ was used to detect local maxima in the PLA channel. The number of local maxima was then
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normalized to the number of cells, and Student’s t tests were performed on the data to evaluate
statistical significance.
For experiments examining cells treated with CK2 inhibitors, images were preprocessed with a
bilateral filter in EMAN2 (60). Cytoplasmic stress granules and nuclei were identified and counted with
CellProfiler (61). For all other experiments in which cells with SGs were quantified, between 50 and 150
cells per condition were counted from at least 3 fields of view. Cells were considered positive if they had
at least 3 SGs. The percentages of cells with SGs were calculated, and a chi-square test was performed
on the data.
ImageJ was used to quantify bands generated from Western blotting using standard procedures.
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