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The PI3K and MAPK/p38 pathways control stress granule
assembly in a hierarchical manner
Alexander Martin Heberle1,*, Patricia Razquin Navas1,2,*, Miriam Langelaar-Makkinje1, Katharina Kasack3,4,
Ahmed Sadik5,6 , Erik Faessler7 , Udo Hahn7, Philip Marx-Stoelting8, Christiane A Opitz5,9 , Christine Sers3,4 ,
Ines Heiland10 , Sascha Schäuble7,11 , Kathrin Thedieck1,2,12

All cells and organisms exhibit stress-coping mechanisms to
ensure survival. Cytoplasmic protein-RNA assemblies termed
stress granules are increasingly recognized to promote cellular
survival under stress. Thus, they might represent tumor vul-
nerabilities that are currently poorly explored. The translation-
inhibitory eIF2� kinases are established as main drivers of
stress granule assembly. Using a systems approach, we identify
the translation enhancers PI3K and MAPK/p38 as pro-stress-
granule-kinases. They act through the metabolic master regu-
lator mammalian target of rapamycin complex 1 (mTORC1) to
promote stress granule assembly. When highly active, PI3K is the
main driver of stress granules; however, the impact of p38
becomes apparent as PI3K activity declines. PI3K and p38 thus
act in a hierarchical manner to drive mTORC1 activity and stress
granule assembly. Of note, this signaling hierarchy is also present
in human breast cancer tissue. Importantly, only the recognition of
the PI3K-p38 hierarchy under stress enabled the discovery of p38’s
role in stress granule formation. In summary, we assign a new pro-
survival function to the key oncogenic kinases PI3K and p38, as they
hierarchically promote stress granule formation.
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Introduction

Stress granules are cytoplasmic RNA-protein assemblies, which in a
dynamic, reversible process create a non-membranous compartment
(Kedersha & Anderson, 2007) that recruits mRNAs and signaling

proteins under stress (Kedersha et al, 2013). Thus, stress granules
serve as a stress-driven signaling hub (Kedersha et al, 2013; Heberle
et al, 2015), which buffers translation and promotes survival
(Arimoto et al, 2008; Tsai & Wei, 2010; Thedieck et al, 2013). In recent
years, stress granules have emerged as critical determinants of
cancer cell survival. Stress granule components are often up-
regulated in tumor cells and promote their survival under en-
dogenous and therapeutic stresses (Anderson et al, 2015; Heberle
et al, 2015). Stress granule assembly is initiated by a variety of stress
signals that stall translation (Heberle et al, 2015). The best known
regulators of stress granule assembly are eukaryotic translation
initiation factor 2� (eIF2�) kinases (Anderson et al, 2015), which
inhibit eIF2� to reduce global cap-dependent translation (Holcik,
2015). The subsequent release of monosomal mRNA bound to
noncanonical preinitiation complexes enables the recruitment of
RNA-binding proteins leading to stress granule formation
(Anderson et al, 2015; Panas et al, 2016).

Next to eIF2� kinases, the serine–threonine kinase mechanistic/
mammalian target of rapamycin complex 1 (mTORC1) also has been
suggested to impinge on stress granules, with opposite hypotheses
on the mode of regulation. On the one hand, mTORC1 inhibition has
been proposed to induce stress granules (Hofmann et al, 2012;
Panas et al, 2016). mTORC1 is a master activator of translation
(Saxton & Sabatini, 2017), and therefore translation arrest through
mTORC1 inhibition by small molecule compounds, nutrient dep-
rivation, or stresses has been suggested to promote stress granule
formation. mTORC1 is embedded in a network of oncogenic kinases,
often up-regulated in tumors (Saxton & Sabatini, 2017). Although
triggering tumor metabolism and growth, oncogenic signaling to
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mTORC1 might counteract stress granule assembly, thereby re-
ducing tumor cell survival.

In contrast, other reports suggest that mTORC1 enhances stress
granule assembly through phosphorylation of its substrates ri-
bosomal protein S6 kinase �-1 (p70-S6K) (Sfakianos et al, 2018)
and eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) (Fournier et al, 2013). This would suggest that rather than
mTORC1 inhibition, its activation under stress is required to en-
able stress granule formation. If so, stress signals, which activate
mTORC1, could not only enhance tumor cell growth but also sur-
vival. Thus, inhibitors of the kinase network converging on mTORC1,
used as targeted drugs in cancer therapy (Porta et al, 2014; Saxton &
Sabatini, 2017), might disrupt stress granules. Therefore, stress
granules could serve as a novel surrogate marker for therapy
response.

If mTORC1 activity is needed for stress granule assembly, this
implies that mTORC1 is active under stress. Inhibitory stress inputs
to mTORC1 have been reported in much detail (Demetriades et al,
2016; Saxton & Sabatini, 2017; Su & Dai, 2017), but only little is known
about activating stress signals to mTORC1 (Heberle et al, 2015; Su &
Dai, 2017). Furthermore, it is unknown whether such activating
signaling cues inhibit or promote stress granule assembly. To tackle
this gap in our knowledge, we used a combined experimental and
computational modelling approach to systematically identify ki-
nases, which activate mTORC1 upon stress. We identify the onco-
genic kinases phosphoinositide 3-kinase (PI3K) and MAPK p38
(MAPK/p38) as main stress-driven activators of mTORC1. We also
addressed their hierarchy and found that when highly active, PI3K is
the main driver of mTORC1 activity; however, the impact of p38
becomes apparent as PI3K activity declines.

Importantly, we report that both PI3K and p38 promote stress
granule formation. So far, translation-inhibitory cues have been
recognized to mainly drive stress granule assembly (Panas et al,
2016; Protter & Parker, 2016). In contrast, we establish here that the
two major translation activators, PI3K (Robichaud & Sonenberg,
2017; Saxton & Sabatini, 2017) and p38 (Gonskikh & Polacek, 2017;
Robichaud & Sonenberg, 2017), enhance stress granule assembly by
activating mTORC1 under stress. Thus, we assign a new function to
the key oncogenic kinases PI3K and p38: not only do they promote
tumors by enhancing their metabolism and growth but they also
concomitantly enhance stress granule formation, likely increasing
tumor cell survival. We coin the term of pro-stress-granule-kinases
for them and we anticipate that future studies will add further
oncogenic kinases to this family.

Results

mTORC1 activity is required for stress granule formation

The carcinogenic metalloid arsenite is a frequently used tool
compound to study stress granules (Kedersha & Anderson, 2007;
Anderson et al, 2015; Turakhiya et al, 2018). Arsenite induces acute
stress by interference with thiol groups of numerous proteins, such
as, glutathione, glutathione reductase, and thioredoxin reductase,
thus leading to oxidative stress and ultimately translation arrest

(Hughes, 2002; McEwen et al, 2005). In agreement with previous
studies (White et al, 2007; Fournier et al, 2013), we found that in
MCF-7 breast cancer cells, arsenite exposure led to stress-induced
translation arrest, as determined by the phosphorylation of eIF2� at
serine 51 (eIF2�-S51) (Fig 1A and B). Furthermore, arsenite induced
stress granule assembly (Fig 1C), as monitored by the appearance of
cytoplasmic foci, positive for the bona �de stress granule marker
G3BP1 (Ras GTPase-activating protein-binding protein 1). Arsenite
exposure did not affect G3BP1 levels (Fig S1A and B), indicating that
the differences in immuno�uorescence were due to granule
localization.

Although inhibitory or activating effects of arsenite on mTOR
have been reported (Chen & Costa, 2018), we found in MCF-7 breast
cancer cells that arsenite stress activated mTORC1, as monitored by
the phosphorylation of p70-S6K at threonine 389 (p70-S6K-T389)
and 4E-BP1 at threonine 37/46 (4E-BP1-pT37/46) (Fig 1A and B). Note
that the 4E-BP1 protein is present in three forms with different
phosphorylation states. The hypophosphorylated � and � forms run
at a lower molecular size than the hyperphosphorylated � form
(Yamaguchi et al, 2008). All three forms can be phosphorylated by
mTORC1 at T37/46, and thus phosphorylation of all 4E-BP1 forms
has to be considered to assess mTORC1 activity. Stress-induced
phosphorylation of p70-S6K-T389 and 4E-BP1-T37/46 was mediated
by mTORC1, as both events were prevented by the allosteric
mTORC1 inhibitor everolimus (Sedrani et al, 1998; Kirchner et al,
2004), and by the ATP-competitive mTOR inhibitor AZD8055 (Chresta
et al, 2010) (Fig 1D and E).

mTORC1 inhibition (Hofmann et al, 2012; Panas et al, 2016) or
activity (Fournier et al, 2013; Sfakianos et al, 2018) has been sug-
gested to mediate stress granule assembly. We found that both
everolimus and AZD8055 decreased the numbers of G3BP1-positive
foci without affecting G3BP1 levels, suggesting that stress granule
formation was inhibited (Fig 1D, F, and G). Thus, we conclude that
mTORC1 activity is required for stress granule formation.

PI3K promotes stress granule formation

To investigate which pathways promote stress granule assembly
through mTORC1, we �rst monitored the stress-induced phos-
phorylation dynamics across the network upstream of mTOR. For
this purpose, we performed time course experiments upon ar-
senite stress for up to 60 min (Fig S1C and D). Already after 5 min,
arsenite acutely enhanced phosphorylation of the AGC kinase Akt
at T308 (Akt-T308), which remained high throughout the time
course. Class I PI3Ks have been proposed to mediate Akt activation
upon stress (Chen & Costa, 2018). In agreement, stress-induced
Akt-T308 phosphorylation was prevented by the pan-PI3K in-
hibitor wortmannin (Arcaro & Wymann, 1993) and the class I PI3K-
speci�c inhibitor GDC-0941 (Folkes et al, 2008) (Fig 2A and B). Upon
insulin, the phosphoinositide-dependent protein kinase PDK1
mediates Akt activation downstream of PI3K, but it is unknown
whether this is also the case under stress. We found that the PDK1
inhibitor GSK2334470 (Najafov et al, 2011) blocked stress-induced
Akt-T308 and reduced p70-S6K-T389 phosphorylation (Fig 2C and
D), demonstrating that PDK1 transduces stress signals to Akt and
mTORC1.
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Figure 1. Stress activates mTORC1 to promote stress granule formation.
(A) Arsenite stress enhances phosphorylation of eIF2�-S51 and mTORC1 substrates. MCF-7 cells were serum-starved and treated with arsenite. p70-S6K-pT389, 4EBP1-pT37/46,
and eIF2�-pS51 were monitored by immunoblot. Data represent six biological replicates. (B) Quanti�cation of data shown in (A). eIF2�-pS51, p70-S6K-pT389, and
4E-BP1-pT37/46 levels were compared between control and arsenite-treated cells using a two-tailed t test across six biological replicates. Data represent the mean ± SEM.
**P � 0.01; ***P � 0.001. (C) Arsenite induces stress granules. MCF-7 cells were serum-starved and exposed to arsenite for 30 min. Stress granules were visualized by
immuno�uorescence staining of G3BP1. Data represent three biological replicates. Nuclei were visualized using Hoechst 33342. Scale bar: 10 �m. (D) mTOR mediates induction of
p70-S6K-pT389 and 4EBP1-pT37/46 by stress. MCF-7 cells were serum-starved and treated with arsenite in the presence of carrier (DMSO), everolimus (100 nM, mTORC1
inhibitor), or AZD8055 (100 nM, mTOR inhibitor). p70-S6K-pT389, 4E-BP1-pT37/46, G3BP1, and eIF2�-pS51 were monitored by immunoblot. Data represent four biological
replicates. (E) Quanti�cation of data shown in (D). p70-S6K-pT389 and 4E-BP1-pT37/46 levels were compared between the different treatments using a two-tailed t test across
four biological replicates. Data represent the mean ± SEM. ns, not signi�cant; *P � 0.05; **P � 0.01. (F) mTOR inhibition reduces stress granule numbers. MCF-7 cells were serum-
starved and treated with arsenite for 30 min in the presence of carrier (DMSO), everolimus (100 nM, mTORC1 inhibitor), or AZD8055 (100 nM, mTOR inhibitor). Stress granules were
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In the presence of growth factors and nutrients, Akt inhibits
the heteromeric tuberous sclerosis complex (TSC) (Switon et al,
2016) by phosphorylating its component TSC2 at T1462 (Manning
et al, 2002). Consequently, the TSC complex detaches from ly-
sosomes (Cai et al, 2006; Menon et al, 2014), the platform at which
mTORC1 is active (Saxton & Sabatini, 2017). The TSC is the GTPase-
activating protein for the small GTPase Rheb, which activates
mTORC1 at the lysosome (Manning & Cantley, 2003). Thus, the TSC
acts as an insulin and amino acid–sensitive lysosomal mTORC1
suppressor (Demetriades et al, 2014; Menon et al, 2014). Under
stress, TSC activation and localization to lysosomes has been
proposed as a universal response to cellular stress (Demetriades
et al, 2016). In contrast, we observed enhanced phosphorylation
of TSC2-T1462 upon arsenite stress (Fig S1C and D). Thus, we
report that stress-induced Akt inhibits the TSC. PI3K inhibition
reduced TSC2-T1462 phosphorylation and p70-S6K-pT389 (Fig 2A
and B), demonstrating that under stress, PI3K and Akt signal
through the TSC to activate mTORC1. Thus, we conclude that TSC
inhibition upon stress contributes to mTORC1 activation. We
propose that the TSC acts as an integrator of activating and
inhibitory stress cues, rather than being a universal mediator of
inhibitory stress signals.

We next asked which upstream cue activates PI3K upon stress.
The insulin receptor (IR) has been proposed to enhance PI3K
signaling upon oxidative stress (Mehdi et al, 2005). To test this, we
inhibited the insulin receptor substrate 1 (IRS1) (Fig 2E and F),
required for IR-mediated activation of PI3K (Razquin Navas &
Thedieck, 2017). Whereas IRS1 protein levels were signi�cantly
reduced by two siRNAs, Akt-T308 and p70-S6K-T389 phosphory-
lations were not altered (Fig 2E and F). Thus, the IR-IRS1 axis does
not enhance PI3K-PDK1 signaling nor mTORC1 activity upon ar-
senite stress. The super-oncogene RAS is another upstream
regulator of PI3K (Rodriguez-Viciana et al, 1994), known to respond
to growth factor receptors. RAS is a small GTPase, which is active
when GTP-bound. To test whether RAS is activated by arsenite
stress, we analysed GTP loading of RAS. For this purpose, we
performed pull-down experiments with a GST-coupled RAF-
RAS–binding domain (RBD), which speci�cally binds active, GTP-
bound RAS but not inactive, GDP-bound RAS. RBD-bound RAS was
detected using a pan-RAS antibody. Arsenite stress enhanced
RAS-GTP levels, as determined by increased RBD-bound RAS (Fig
2G and H), whereas total RAS remained constant (Fig S1E and F).
Thus, arsenite stress enhances RAS activity, which may promote
PI3K signaling to mTORC1.

In summary, we report that stress activation of mTORC1 by PI3K is
mediated by PDK1, Akt, and the TSC. Yet, it is unknown whether PI3K
affects stress granule assembly. Therefore, we analysed stress
granule formation upon arsenite, in the absence or presence of the
PI3K inhibitor wortmannin. PI3K inhibition signi�cantly reduced the
number of arsenite-induced stress granules (Fig 2I and J). We,
therefore, conclude that PI3K is required for stress granule

assembly. Thus, we assign a novel function to PI3K as a driver of
stress granule formation, and its pro-stress granule activity might
contribute to PI3K’s oncogenic capacity.

Computational modelling predicts PI3K-independent stress
signals to Akt and mTORC1

Although PI3K and PDK1 inhibitors led to a decline in p70-S6K-pT389,
we observed that also in the presence of these inhibitors p70-S6K-T389
phosphorylation was still signi�cantly inducible by arsenite stress (Fig
2B and D). Also stress granule formation was signi�cantly reduced, but
still occurred under PI3K inhibition (Fig 2I and J). This suggests that next
to PI3K, there is another stress-induced signaling route, which promotes
stress granule assembly.

We went on to identify this cue. In principle, any molecule
downstream or independent of PI3K could be the transducer of the
additional stress signal(s) (Fig S2A). Rather than testing all possible
mediators one by one experimentally, we opted for a systematic
computational approach to guide subsequent experimental in-
vestigation. In the �rst attempt to comprehensively model the
dynamics of the mTOR network upon stress, we built an ordinary
differential equation–based computational model. We designed
our modelling strategy to systematically map stress-responsive
components across the mTOR network.

The initial network structure was based on literature knowledge
on molecules and mechanisms, known to signal to mTOR in re-
sponse to growth factors and nutrients. We then calibrated the
model on dynamic stress-time course data to systematically and
comprehensively identify the stress inputs to the network.

The initial network structure without stress inputs was as follows
(Fig S2A and B, see the Materials and Methods section for details):
amino acids directly activate mTORC1 (Saxton & Sabatini, 2017),
which is de�ned in our model by the phosphorylation of the
mTORC1 substrates p70-S6K-T389, 4E-BP1-T37/46, and PRAS40-S183
(proline-rich Akt substrate of 40 kD). Downstream of insulin and the
IR, PI3K activates PDK1, which in turn phosphorylates Akt (Akt �
Akt-pT308) (Alessi et al, 1997; Stephens et al, 1998). Akt activates
mTORC1 by inhibiting its endogenous suppressors TSC and PRAS40
through phosphorylation at TSC2-T1462 (Manning et al, 2002) and
PRAS40-T246 (Kovacina et al, 2003; Nascimento et al, 2010), re-
spectively (Akt � TSC2-pT1462; Akt � PRAS40-pT246). Akt and p70-
S6K belong to the family of AGC kinases, which are activated by
phosphorylation in their activation loop and the hydrophobic motif
(Pearce et al, 2010; Leroux et al, 2018). Although the kinase for the
activation loop is PDK1, the kinases phosphorylating the hydro-
phobic motif, historically termed PDK2, differ between AGC kinases
(Pearce et al, 2010; Leroux et al, 2018). The second mTOR complex,
mTORC2, is considered the main PDK2 for Akt. mTORC2 is struc-
turally and functionally distinct from mTORC1 and, in response to
activation by PI3K, phosphorylates Akt at S473 (Manning & Toker,
2017). mTORC1 is the PDK2 for p70-S6K (T389), which is also

visualized by immuno�uorescence staining of G3BP1. Nuclei were visualized with Hoechst 33342. Data represent three biological replicates. White squares indicate region
of insert and blue arrows highlight stress granules; scale bar 10 �m. (G) Quanti�cation of data shown in (F): number of stress granules (SGs) per cell (normalized to the arsenite
condition) across three biological replicates. Stress granule numbers were compared between the carrier and everolimus, or carrier and AZD8055-treated cells, using a two-
tailed t test across three biological replicates. Data represent the mean ± SEM. *P � 0.05.
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