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inhibition of mtorc1 by astrin and Stress granules prevents 
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contribution chapter 3 
In this study, we identified a novel function of the mitotic-spindle-associated pro-
tein astrin as an inhibitor of mTORC1 upon stress. We demonstrated that astrin 
mediates the sequestration of the mTORC1 component raptor into stress gran-
ules. Thereby astrin disrupts the mTOR-raptor complex which in turn prevents 
mTORC1 hyperactivation and apoptosis. Astrin is found frequently upregulated 
in tumors where it potentially inhibits cell death and mediates therapy resistance.

My contribution to this study comprised data acquisition as well as data analysis of 
immunoblot experiments, immunoprecipitations, apoptosis assays and proximity 
ligation assays (PLA). As I was working in parallel to this study on the characteriza-
tion of the stress granule marker protein G3BP1 (see chapter 4), I contributed my 
expertise in studying stress granules and mTORC1 to analyze the effects of stress 
on mTORC1 in immunoblot and immunoprecipitation experiments. In addi-
tion, I helped establishing the apoptosis assay, and I performed the image analysis 
determining the time point of apoptotic membrane blebbing (Wickman et al., 
2012). Furthermore, I successfully established the PLA technique (Leuchowius et 
al., 2011; Soderberg et al., 2006; Soderberg et al., 2008) in our group which I had 
learned during an internship in the laboratory of Prof. Dr. Michael Reth at the 
Max Planck Institute for Immunology and Epigenetics (Freiburg).
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Summary
Mammalian target of rapamycin complex 1 (mTORC1) controls growth and 
survival in response to metabolic cues. Oxidative stress affects  mTORC1 via 
inhibitory and stimulatory inputs. Whereas downregulation of TSC1-TSC2 
activates mTORC1 upon oxidative stress, the molecular mechanism of mTORC1 
inhibition remains unknown. Here, we identify astrin as an essential negative 
mTORC1 regulator in the cellular stress response. Upon stress, astrin inhibits 
mTORC1 association and recruits the mTORC1 component raptor to stress 
granules (SGs), thereby preventing  mTORC1-hyperactivation-induced apopto-
sis. In turn, balanced mTORC1 activity enables expression of stress factors. By 
identifying astrin as a direct molecular link between mTORC1, SG assembly, and 
the stress  response, we establish a unifying model of mTORC1 inhibition and 
activation upon stress. Importantly, we show that in cancer cells, apoptosis sup-
pression during stress depends on astrin. Being frequently upregulated in tumors, 
astrin is a potential clinically relevant target to sensitize tumors to apoptosis.

highlights

• Astrin is a negative regulator of mTORC1 signaling
• Astrin recruits the mTORC1 component raptor to SGs
• Astrin restricts mTORC1 association and activity upon metabolic and redox 

stimuli
• Astrin mediates antiapoptotic SG functions by preventing mTORC1 hyperac-

tivation
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introduction
The mammalian target of rapamycin (mTOR) kinase is a central regulator of 
growth and metabolism (Polak and Hall, 2009, Laplante and Sabatini, 2012). 
mTOR occurs in two multiprotein complexes, mTOR complex 1 (mTORC1), 
containing the specific binding proteins raptor and PRAS40, and mTORC2 
containing rictor and other binding partners. mTORC1 responds to insulin and 
amino acids (aa) to control growth and protein homeostasis via translation and 
autophagy. mTORC1 has been also reported to respond to redox stress (Bae et al., 
1999, Huang et al., 2002), but the interplay of inhibitory and activating redox 
inputs, as well as the molecular identity of inhibitory redox signals and their 
relevance for cellular stress survival, remain unclear.

In contrast, the mechanisms of mTORC1 induction by insulin and aa are 
relatively well understood. In response to aa, the rag GTPases induce mTORC1-
translocation to lysosomes. Here, mTORC1 can be further activated by insulin 
via the insulin receptor (IR) and the insulin-receptor-substrate (IRS), which 
activates class I-phosphoinositide 3-kinases (PI3K). PI3K enables Akt-T308 
phosphorylation by phosphoinositide-dependent protein kinase 1 (PDK1). 
Akt inhibits the tuberous sclerosis complex 1/2 (TSC1-TSC2) dimer, which is 
the inhibitory GTPase-activating protein for the small GTPase Rheb. The best 
characterized mTORC1 substrates are ribosomal protein S6 kinase 1 (S6K1), 
the 4E-binding protein 4E-BP1, and PRAS40. A negative-feedback loop (NFL) 
inhibits PI3K-Akt signaling upon mTORC1 activation. This NFL is mediated via 
IRS phosphorylation by S6K1 and Grb10 phosphorylation by mTORC1.

Under oxidative stress, downregulation of the TSC1-TSC2 complex mediates 
mTORC1 activation (Yoshida et al., 2011), whereas AMP-activated protein kinase 
(AMPK) activation (Mihaylova and Shaw, 2011) inhibits mTORC1 (Alexander 
et al., 2010, Li et al., 2010). Recent evidence suggests that stress granules (SGs) 
also play a role in inhibition of mTOR (Luo et al., 2011, Takahara and Maeda, 
2012, Talarek et al., 2010, Wippich et al., 2013). Oxidative stress induces SGs 
and P bodies (PBs) (Thomas et al., 2011). PBs are sites of mRNA decay, whereas 
SGs are sites of mRNA storage and triage during stress. SGs consist of monosomal 
nontranslating mRNAs and self-associating proteins, e.g., the RasGAP SH3-
binding protein G3BP1, whose overexpression can be sufficient to induce SGs 
(Tourrière et al., 2003). SGs are also sites of translation initiation (Buchan and 
Parker, 2009), and SGs protect cells against apoptosis by sequestering signaling 
molecules (Arimoto et al., 2008).
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In this study, we describe astrin as a novel raptor interactor that mediates mTORC1 
inhibition under stress. We show that astrin is a critical component of mTORC1 
signaling, coupling mTORC1 inhibition and SGs. We demonstrate that astrin 
inhibits mTOR-raptor association and recruits raptor to SGs to restrict mTORC1 
activation upon metabolic challenge and redox stress. By preventing mTORC1 
hyperactivation under stress, astrin mediates antiapoptotic SG functions. At the 
same time, TSC1-TSC2 controls astrin expression, and balanced mTORC1 activ-
ity is needed to enable expression of stress response proteins. Thus, we provide 
a unifying model in which loss of TSC1-TSC2 mediates mTORC1 activation 
by stress to allow stress factor expression, and astrin in a SG-dependent manner 
prevents mTORC1 hyperactivation to protect the cell from undergoing apoptosis.

reSultS

astrin is a Specific raptor interactor which inhibits mtorc1 association

To identify novel mTOR regulators, we immunopurified endogenous mTOR, 
raptor, and rictor from HeLa cells and analyzed the immunoprecipitates (IPs) by 
mass spectrometry (MS). We identified astrin in raptor IPs (Figure S1A available 
online), but not in mTOR or rictor IPs. This suggested that astrin binds to raptor, 
when the latter is not in a complex with mTOR.

Astrin (UniProtKB: Q96R06) has two isoforms of 160 and 140  kDa. High 
astrin mRNA levels correlate with negative prognosis in breast and lung cancer 

figure 1. astrin binds to raptor and prevents mtorc1 assembly
(A) Astrin-FLAG overexpression induces raptor levels.
(B) Astrin-FLAG coimmunoprecipitates with raptor, but not with mTOR or rictor.
(C) Endogenous astrin coimmunoprecipitates with raptor, but not with mTOR or rictor.
(D) Rapamycin does not alter raptor-astrin binding.
(E) Astrin siRNA induces mTOR-raptor co-IP.
(F) Relative quantitation of mTOR co-IP with raptor (E). Ratio mTOR/raptor for n = 5 experiments. 
Data normalized to 1 for siControl, and represented as mean ± SEM.
(G) Astrin siRNA induces mTOR-raptor association in situ. Nuclei were stained with DAPI (blue), 
and PLA was performed for raptor and mTOR (red).
(H) Relative quantitation of mTORC1 assembly in situ without and with astrin siRNA (G). Dots/cell 
on control and astrin siRNA slides. Data represented as median, 25th–75th percentile (box), 5th–95th 
percentile (whiskers). See Figure S1C for quantitation of fluorescence intensity.
Experiments performed in HeLa cells. Data representative of at least three independent experiments. 
See also Figure S1.
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(Buechler, 2009, Välk et al., 2010). We analyzed astrin protein expression in three 
breast cancer cell lines. Astrin protein levels positively correlated with Akt activ-
ity, and negatively correlated with phosphorylation of the mTORC1 substrates 
PRAS40-S183 and S6K1-T389 (Figure S1B); raising the question whether astrin 
exerts an inhibitory effect on mTORC1.

To further analyze the astrin-raptor interaction, we overexpressed astrin-FLAG. 
Astrin-FLAG overexpression increased the level of raptor (Figure 1A). Further-
more, astrin-FLAG coimmunoprecipitated with raptor, but not with mTOR or 
rictor (Figure 1B), confirming our MS data. Also endogenous astrin coimmuno-
purified with raptor, but not with mTOR or rictor (Figure 1C). Thus, astrin is a 
specific interactor of the mTORC1 component raptor.

To test whether mTORC1 activity affects astrin-raptor association, we used the 
allosteric mTORC1 inhibitor rapamycin and followed astrin-raptor binding by 
co-IP. Expectedly, rapamycin inhibited S6K1 phosphorylation, and raptor dissoci-
ated from the mTOR-raptor-complex (Sarbassov et al., 2006), but no effect on 
astrin-raptor binding was observed (Figure 1D). Thus, mTORC1 inhibition does 
not affect raptor-astrin binding. In contrast, astrin inhibition affects mTORC1 
assembly, as siRNA knockdown of astrin (siAstrin) resulted in increased mTOR 
amounts in raptor IPs (Figures 1E and 1F). To analyze the association of raptor 
with its binding partners by a complementary approach, we used proximity liga-
tion assays (PLA) (Söderberg et al., 2008). PLA involves single-cell detection of 
two proximal proteins in situ. In contrast, IP results represent the average protein 
binding in several millions of lysed cells. The physiological environment and 
higher number of analyzed events may yield stronger observable effects in PLAs. 
We used PLA here, to the best of our knowledge for the first time, to analyze 
mTOR complex dynamics, and this approach revealed enhanced mTOR-raptor 
association upon astrin knockdown (Figures 1G and 1H), which appeared much 
stronger, as compared to IP. mTOR-raptor association in PLA was quantified 
by two different techniques (dot counting, Figure  1H, and overall intensity 
determination, Figure  S1C), which yielded comparable results. We also tested 
whether astrin overexpression reduces mTOR-raptor binding (Figure S1D), but 
the increased raptor levels in astrin overexpressing cells did not allow a clear 
result. In contrast, siAstrin did not affect raptor levels (Figure 1E). Thus, based 
on increased mTOR-raptor association in siAstrin cells, measured by both IP and 
PLA, we conclude that astrin competes with mTOR for raptor binding, resulting 
in increased mTORC1 formation in the absence of astrin.
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astrin inhibits mtorc1 Signaling

Astrin has been described as a regulator of mitotic progression (Chang et al., 2001, 
Gruber et al., 2002, Mack and Compton, 2001). mTORC1 has also been proposed 
to have a role in mitosis (Gwinn et al., 2010, Nakashima et al., 2008, Ramírez-
Valle et al., 2010). We therefore tested whether astrin deficiency alters mTORC1 
activity during mitosis. We arrested HeLa cells at G2/M with nocodazole and 
found that S6K1-T389 was only weakly phosphorylated and remained unaltered 
upon astrin knock down (Figure 2A). In contrast, astrin deficiency induced S6K1-
pT389 in nonsynchronized cells (Figure 2A, lane 1 and 3, and Figure S2A, left), 
suggesting a regulatory role of astrin toward mTORC1 outside of mitosis. To 
rule out that astrin siRNA itself might increase the number of mitotic cells, we 
analyzed histone H3-S10 phosphorylation and polo-like-kinase 1 (Plk1) levels. 
None of these mitotic markers were induced by siAstrin (Figure S2B), consistent 
with findings of others (Halim et al., 2013). To ensure that astrin knockdown re-
produces the described mitotic effects (Thein et al., 2007), we confirmed that also 
in our hands, nocodazole-induced histone H3-S10 phosphorylation was increased 
by astrin deficiency. We also tested five different shRNA clones against astrin and 
comparable results were obtained (Figure S2C). Of note, astrin-raptor binding was 
lost in nocodazole-arrested mitotic cells (Figure S2D), further pointing toward a 
function of the raptor-astrin complex outside of mitosis. We conclude that astrin 
deficiency in nonsynchronized cells induces phosphorylation of the mTORC1 
substrate S6K1-T389, and this effect is independent of astrin’s mitotic functions.

figure 2. astrin deficiency induces mtorc1 and a negative-feedback loop toward the insulin 
receptor Substrate irS-1
(A) Astrin deficiency does not alter S6K1 phosphorylation in mitotic cells but induces p70-S6K1-
pT389 in nonsynchronized cultures. HeLa cells were synchronized at G2/M, or left nonsynchronized. 
See Figure S2A for relative quantitation of S6K1-T389 without and with siAstrin under basal condi-
tions.
(B) Astrin-deficiency-induced S6K1 phosphorylation is inhibited by the mTOR inhibitors rapamycin 
and PP242. HeLa cells serum/aa starved; treated with PP242, rapamycin, or carrier (DMSO); and 
induced with insulin/aa.
(C) Astrin deficiency induces IRS-1 phosphorylation. Treatment as in Figure 2B.
(D) The dynamic of mTORC1 (S6K1 phosphorylation) induction and NFL activation (IRS-1 phos-
phorylation) is accelerated by astrin deficiency. Treatment as in Figure 2B. See Figure S2A for relative 
quantitation of S6K1-T389.
(E) Astrin deficiency induces mTOR-raptor association in response to insulin/aa. Treatment as in Fig-
ure 2B. Nuclei stained with DAPI (blue); PLA performed for raptor and mTOR (red).
(F) Relative quantitation of mTORC1 assembly in situ in response to insulin/aa without and with 
astrin siRNA (E). Dots/cell were counted. Data represented as mean ± SEM.
Data representative of at least three independent experiments. See also Figure S2.
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To further investigate the role of astrin in mTORC1 signaling, we examined in-
sulin induction of mTORC1 in cells lacking astrin. Astrin knockdown enhanced 
S6K1-T389 phosphorylation (Figure 2B and S2A, right). The mTORC1-specific 
inhibitor rapamycin and the mTORC1/2 inhibitor PP242 (Benjamin et  al., 
2011), both potently inhibited S6K1-pT389 in astrin-deficient cells. Thus, astrin’s 
inhibitory effect on S6K1-pT389 is mTORC1 dependent.

S6K1 phosphorylates IRS1-S636/639 to inhibit IRS1 (i.e., the NFL). In line with 
activated mTORC1 and S6K1 upon astrin deficiency, we found IRS1-pS636/639 
induced by astrin siRNA  (Figure  2C). Time course experiments upon insulin 

figure 3. astrin and raptor relocalize to Sgs upon oxidative Stress
(A) GFP-astrin localizes into granular structures that are visible by light microscopy. GFP-astrinfull length 
in HeLa cells was detected by confocal microscopy. Left: GFP-astrin (green) and Hoechst (blue). 
Cross-section through the horizontal and vertical plane. Right: light microscopy of granular GFP-
astrin structures.
(B) The C-terminal coiled-coil domains of astrin mediate its distinct localization. GFP-astrinfull length, 
GFP-astrin1-481, GFP-astrin482-1193 (green), Hoechst (blue); detection by fluorescence microscopy.
(C) The N-terminal head domain of astrin binds to raptor. Cells expressing GFP-astrinfull length, GFP-
astrin1-481, GFP-astrin482-1193, or GFP were used for raptor IPs.
(D) GFP-astrin colocalizes with the SG/PB marker p54/DDX6. GFP-astrin (green), p54/DDX6 (ma-
genta), Hoechst (blue). Insert: blow-up of square. See Figure S3B for IB detection of GFP-astrin and 
p54/DDX6 expression.
(E) GFP-astrin does not colocalize with the lysosomal marker Lamp2. GFP-astrin (green), Lamp2 
(magenta), Hoechst (blue). Insert: blow-up of square. See Figure S3B for IB detection of GFP-astrin 
expression.
(F) IB analysis of cells in (G) for astrin and G3BP1 expression, and oxidative stress induction (eIF2α-
pS51).
(G) Astrin localizes under arsenite stress into G3BP1 positive SGs. HeLa cells cultivated in control 
and stress conditions (arsenite); astrin (magenta), G3BP1 (green), and Hoechst (blue). White arrows: 
astrin-G3BP1 colocalization.
(H) IB analysis of cells in (J) for mTOR, astrin, and G3BP1 expression and oxidative stress induction 
(eIF2α-pS51).
(I) HA-raptor colocalizes with astrin into G3BP1 positive SGs under arsenite stress. Columns 1-3: 
Cells transfected with HA-raptor, arsenite stressed, and stained against astrin, G3BP1, and HA. In-
sert: blow-up of square (points of colocalization: magenta arrow heads). Columns 4-6 (left to right): 
Triple overlay (white) of HA-raptor (blue), astrin (magenta), G3BP1 (green); double overlay (white) 
of astrin (green) and HA-raptor (magenta); double overlay (white) of G3BP1 (green) and HA-raptor 
(magenta). Insert: blow-up of square. See Figure S3E for control in unstressed cells.
(J) mTOR does not colocalize with astrin or G3BP1 under arsenite stress. Arsenite-stressed cells. 
mTOR (magenta), G3BP1 (green), with Hoechst (blue). Insert: blow-up of square.
Data representative of at least three independent experiments. See also Figure S3.
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induction (Figure 2D) revealed that astrin deficiency accelerates the phosphoryla-
tion induction of the mTORC1 substrates S6K1-T389 and PRAS40-S183 (5 min 
after induction in siAstrin versus 7 min in control cells, respectively). siAstrin also 
accelerated the onset of the NFL (IRS1-pS636/639), resulting in suppression of 
S6K1-pT389 (decline at 7 min after induction in siAstrin cells, as compared to 
steady state induction up to 20 min after induction in control cells). PLA analysis 
revealed an initial drop of mTOR-raptor association, which remained low in con-
trol cells but increased in siAstrin cells from 5 min after induction on (Figures 2E 

figure 4. oxidative Stress induces astrin-raptor association in Sgs and reduces raptor-mtor 
association
(A) Raptor associates with G3BP1 in situ, and the association is induced by arsenite. DAPI (blue), and 
PLA for raptor and G3BP1 (red).
(B) Relative quantitation of (A), raptor-G3BP1 association without and with arsenite stress. Dots/
cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile (whiskers). See 
Figure S4A for quantitation of fluorescence intensity.
(C) Relative quantitation of coimmunoprecipitated G3BP1 with raptor, without and with arsenite 
stress. IPs detected by IB (representative example in Figure S4B). G3BP1 signals quantified and nor-
malized to the raptor signal for n = 3 experiments. G3BP1/raptor ratio set to 1 for arsenite treatment. 
Data represented as mean ± SEM.
(D) Astrin associates with G3BP1 in  situ, and the interaction is induced by arsenite stress. DAPI 
(blue), PLA with anti-astrin antibody (rat, clone 8B2) and G3BP1 (red). See also Figures S4D and 
S4E.
(E) Relative quantitation of (D), astrin-G3BP1 association without and with arsenite stress. Dots/
cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile (whiskers). See 
Figure S4C for quantitation of fluorescence intensity.
(F) Arsenite stress induces raptor-astrin association in  situ. PLA for astrin and raptor (red); DAPI 
(blue).
(G) Relative quantitation of (F), raptor-astrin association without and with arsenite stress. Dots/cell 
counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile (whiskers). See 
Figure S4F for quantitation of fluorescence intensity.
(H) Astrin co-IP with raptor is induced upon arsenite stress. IPs detected by IB (representative example 
shown in Figure S4G). Astrin signals quantified and normalized to the raptor signal for n = 3 experi-
ments. astrin/raptor ratio set to 1 for arsenite treatment. Data represented as mean ± SEM.
(I) Decreased raptor-mTOR (mTORC1) association in situ upon arsenite stress. PLA for mTOR and 
raptor (red); DAPI (blue).
(J) Relative quantitation of (I), raptor-mTOR (mTORC1) assembly. Dots/cell counts. Data repre-
sented as median, 25th–75th percentile (box), 5th–95th percentile (whiskers).
(K) mTOR co-IP with raptor (mTORC1) is reduced upon arsenite stress. IPs detected by IB (repre-
sentative example shown in Figure S4B). mTOR signals quantified and normalized to the raptor signal 
for n = 3 experiments. mTOR/raptor ratio set to 1 for control treatment. Data represented as mean 
± SEM.
Data representative of at least three independent experiments. See also Figure S4.
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and 2F).Thus, overall mTORC1 network dynamics are accelerated in the absence 
of astrin, and this correlates with an increase in mTOR-raptor association.

the astrin-raptor complex localizes to Sgs

To address the cellular localization of the astrin-raptor complex  we generated 
recombinant GFP-astrin fusion constructs. The modular structure of astrin with 
its N-terminal globular head domain and the two C-terminal coiled-coil domains 
(Gruber  et  al., 2002) led us to generate constructs for full-length astrin (GFP-
astrinfull length), the N-terminal head domain (GFP-astrin1-481), and the C-terminal 
coiled-coil domains (GFP-astrin482-1193) (depicted in Figure  S3A). GFP-astrin-
full length localized to cytoplasmic granular structures that were also visible by light 
microscopy (Figure 3A). Of note, C-terminal GFP-astrin482-1193 localized to similar 
structures, whereas N-terminal GFP-astrin1-481 showed a diffuse cytosolic localiza-
tion (Figure  3B). GFP-astrinfull length and N-terminal GFP-astrin1-481 copurified 
with raptor, whereas C-terminal GFP-astrin482-1193 only weakly associated with 
raptor (Figure 3C). This suggests that astrin’s N-terminal head domain mediates 
primarily raptor binding, whereas astrin’s C-terminal coiled-coil domains mediate 
mainly its localization.

The granular GFP-astrin assemblies resemble the patterns seen with overexpres-
sion of PB or SG components (Anderson and Kedersha, 2009). Being in constant 

figure 5. astrin is required for raptor recruitment to Sgs upon redox Stress
(A) Astrin siRNA reduces raptor-G3BP1 co-IP under arsenite stress. IPs detected by IB (representative 
example shown in Figure S5A). G3BP1 signals quantified and normalized to the raptor signal for n = 
3 experiments. G3BP1/raptor ratio set to 1 for control treatment. Data represented as mean ± SEM.
(B) Relative quantitation of (D), raptor-G3BP1 association without and with astrin siRNA and arse-
nite stress. Dots/cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile 
(whiskers). See Figure S5B for quantitation of fluorescence intensity.
(C) Relative quantitation of (D), combined arsenite and astrin siRNA effects on mTORC1 assembly 
(raptor-mTOR). Dots/cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th 
percentile (whiskers). See Figure S5C for quantitation of fluorescence intensity.
(D) Oxidative stress induced by H2O2 reproduces the effects of arsenite stress on astrin-G3BP1, as-
trin-raptor, raptor-mTOR, and raptor-G3BP1 complexes without and with astrin siRNA. PLA (red); 
DAPI (blue).
(E) Astrin mediates raptor binding to the SG marker and translation initiation factor eIF3 in un-
stressed and arsenite-stressed cells. PLA (red); DAPI (blue).
(F) Relative quantitation of (E), raptor-eIF3 association without and with astrin siRNA and arsenite 
stress. Dots/cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile 
(whiskers).
Data representative of at least three independent experiments. See also Figure S5.
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exchange with each other, SGs and PBs share several components including the 
protein p54/DDX6. GFP-astrinfull length (expression efficiency shown in Figure S3B) 
colocalized with p54/DDX6 (Figure  3D). The active mTOR-raptor complex 
localizes to lysosomes (Sancak et  al., 2010). In contrast, GFP-astrinfull length did 
not colocalize with the lysosomal marker Lamp2 (Figure 3E), strengthening the 
notion that mTOR and astrin bind raptor in a mutually exclusive manner.

To analyze whether endogenous astrin localizes to SGs upon stress, we treated cells 
with with arsenite (500 μM, 30 min). As reported, arsenite induced an inhibitory 
phosphorylation of the translation initiation factor eIF2α at S51 (Farny et  al., 
2009) (Figure 3F). The commercial astrin antibody used in this study detected 
GFP-astrin by immunofluorescence (IF) (Figure  S3C), and it detected astrin 
in mitotic cells at the spindle (Figure S3D), corresponding to astrin’s published 
localization (Thein et al., 2007). In nonstressed cells, endogenous astrin showed a 
microtubuli pattern (Figure 3G, top and insert), as reported (Mack and Compton, 
2001). Upon arsenite the SG marker G3BP1 (Tourrière et al., 2003) localized to 
granular cytoplasmic structures, i.e., SGs, and astrin partially colocalized with 
G3BP1 (Figure 3G, bottom and insert). HA-raptor colocalized with astrin and 
G3BP1 upon arsenite (Figure 3I), whereas no colocalization in granular structures 
was observed in unstressed cells (Figure  S3E). mTOR did not colocalize with 
G3BP1 upon arsenite treatment (Figure 3J; levels of all three proteins shown in 

figure 6. astrin is required for raptor recruitment to Sgs upon redox Stress
(A) Astrin siRNA reduces raptor-G3BP1 co-IP under arsenite stress. IPs detected by IB (representative 
example shown in Figure S5A). G3BP1 signals quantified and normalized to the raptor signal for n = 
3 experiments. G3BP1/raptor ratio set to 1 for control treatment. Data represented as mean ± SEM.
(B) Relative quantitation of (D), raptor-G3BP1 association without and with astrin siRNA and arse-
nite stress. Dots/cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile 
(whiskers). See Figure S5B for quantitation of fluorescence intensity.
(C) Relative quantitation of (D), combined arsenite and astrin siRNA effects on mTORC1 assembly 
(raptor-mTOR). Dots/cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th 
percentile (whiskers). See Figure S5C for quantitation of fluorescence intensity.
(D) Oxidative stress induced by H2O2 reproduces the effects of arsenite stress on astrin-G3BP1, as-
trin-raptor, raptor-mTOR, and raptor-G3BP1 complexes without and with astrin siRNA. PLA (red); 
DAPI (blue).
(E) Astrin mediates raptor binding to the SG marker and translation initiation factor eIF3 in un-
stressed and arsenite-stressed cells. PLA (red); DAPI (blue).
(F) Relative quantitation of (E), raptor-eIF3 association without and with astrin siRNA and arsenite 
stress. Dots/cell counts. Data represented as median, 25th–75th percentile (box), 5th–95th percentile 
(whiskers).
Data representative of at least three independent experiments. See also Figure S5.
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Figure 3H). Thus, upon arsenite, astrin and raptor, but not mTOR, colocalize 
with SGs.

Does relocalization of the astrin-raptor complex to SGs under oxidative stress 
reduce mTOR-raptor association? To test this, we analyzed whether raptor binds 
G3BP1. G3BP1 associated with raptor in situ, which was increased by arsenite 
stress (Figures 4A, 4B, and S4A). We confirmed this finding by G3BP1-raptor co-
IP (Figures 4C and S4B), which was induced by arsenite stress. Second, we tested 
astrin-G3BP1 association in  situ, which was also increased by arsenite (Figures 
4D, 4E, and S4C). We confirmed this result with an astrin antibody of different 
clonality (Figures S4D and S4E). Third, also astrin association with raptor was 
increased by arsenite in situ (Figures 4F, 4G, and S4F) and in co-IPs (Figure 4H 
and S4G). Thus, formation of the raptor-astrin complex and its association with 
SGs is induced by arsenite.

figure 7. Sgs are required for mtorc1 inhibition by astrin under oxidative Stress, and Sg and 
astrin-dependent mtorc1 repression protects cells from oxidative Stress-induced apoptosis
(A) Cycloheximide (chx) prevents arsenite-induced SG formation. Fluorescence microscopy, G3BP1 
(green), Hoechst (blue).
(B) Chx suppresses the astrin shRNA effect on S6K1-pT389 induction under arsenite stress.
(C) Chx prevents H2O2-induced SG formation. Fluorescence microscopy, G3BP1 (green), Hoechst 
(blue).
(D) Chx suppresses the astrin shRNA effect on S6K1-pT389 induction under H2O2 stress.
(E) siAstrin sensitizes cells to apoptosis, which is prevented by mTORC1 inhibition. HeLa cells, 
cleaved PARP = apoptosis marker.
(F) siAstrin sensitizes breast cancer cells to apoptosis in the presence but not in the absence of SGs. 
MCF-7 cells, cleaved PARP = apoptosis marker. See also Figure S7E.
(G) siAstrin sensitizes breast cancer cells to mTORC1-dependent apoptosis. MCF-7 cells; cleaved 
PARP, cleaved caspase-3 = apoptosis markers.
(H) siAstrin leads to early onset of apoptosis in the presence but not in the absence of SGs. MCF-7 
cells analyzed by live-cell imaging; mean time point of blebbing onset indicated. Data represented as 
mean ± SEM. See also Movie S1.
(I) Early onset of apoptosis in siAstrin cells is suppressed by mTORC1 inhibition (rapamycin). MCF-7 
cells analyzed by life cell imaging; mean time point of blebbing onset indicated. Data represented as 
mean ± SEM. See also Movie S2.
(J) Schematic representation of astrin- and SG-mediated mTORC1 inhibition and apoptosis suppres-
sion.
Data representative of at least three independent experiments. See also Figure S7.
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astrin inhibits mtor-raptor association and recruits raptor to Sgs

As astrin competes with mTOR for raptor binding (Figures 1E–1H), stress 
conditions that induce the astrin-raptor complex (Figures 4F–4H) may reduce 
mTORC1 levels. Indeed arsenite reduced raptor-mTOR association, in  situ 
(Figures 4I and 4J) and in co-IPs (Figures 4K and S4B). This is in agreement with 
earlier studies (Sarbassov and Sabatini, 2005, Yoshida et al., 2011) reporting that 
oxidative stress disassembles mTORC1. We conclude that raptor-astrin associa-
tion with SGs correlates with mTOR-raptor disassembly.

Is astrin responsible for raptor recruitment to SGs and for reduced mTOR-raptor 
association? Indeed, astrin inhibition under arsenite stress reduced raptor-G3BP1 
association in co-IPs (Figures 5A and S5A) and in situ (Figures 5B, 5D, and S5B), 
and astrin knockdown induced the mTOR-raptor complex (Figures 5C, 5D and 
S5C). Thus, astrin is required for raptor recruitment to SGs.

We next tested whether these effects were also observable using another SG-
inducing stressor. Hydrogen peroxide (H2O2) induces SGs (Emara et al., 2012). 
We repeated the above experiments with 2  mM H2O2, which reproduced the 
results obtained with arsenite (Figure 5D). We also further confirmed the astrin 
dependency of raptor-SG association by monitoring another SG marker, eukary-
otic initiation factor 3 (eIF3) (Kedersha and Anderson, 2007) (Figures 5E and 
5F). In agreement with the data for G3BP1 (Figures 5A, 5B, and 5D), arsenite 
induced raptor-eIF3 association, which was ablated by astrin knockdown (Figures 
5E and 5F). We also analyzed which fraction of cellular raptor is bound to mTOR 
or astrin. We found by PLA that in control cells (Figures S5D and S5E) or arse-
nite stressed cells (Figures S5F, S5G–S5I) roughly one third of the cellular raptor 
molecules associated with mTOR or astrin, respectively, contributing to mTOR 
complex stoichiometry.

astrin-mediated inhibition of mtorc1 under Stress is Sg dependent

What is the function of astrin-mediated raptor recruitment to SGs? SG formation 
(Figure 6A) and G3BP1 expression (Figure 6B) still occurred in the absence of 
astrin. Also in raptor-deficient cells we did not detect an apparent reduction of 
SG formation (Figures 6C and 6D). Hence, under the conditions tested here, SG 
formation did not require astrin or mTORC1. Next, we analyzed whether astrin 
and SGs exert an inhibitory effect on mTORC1. Whereas loss of TSC1-TSC2 
induces mTORC1 kinase activity upon stress (Yoshida et al., 2011), the here-ob-
served mTOR-raptor dissociation may be a compensatory mechanism to prevent 
mTORC1 hyperactivation. In agreement with this hypothesis and published data 
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(Wang and Proud, 1997), arsenite per se induced S6K1-T389 phosphorylation, 
which was inhibited by rapamycin (Figure  6E) or raptor shRNA (Figure  6F). 
Astrin inhibition further induced S6K1-T389 phosphorylation upon arsenite 
(Figure 6G) by 37% (Figure S6A), which was inhibited by PP242 (Figure 6H) or 
rapamycin (Figure S6B). Thus, astrin inhibition induces mTORC1 upon oxida-
tive stress. A time course analysis revealed that astrin deficiency led to stronger and 
more sustained S6K1-pT389 induction, whereas stronger induction of the other 
mTORC1 substrate 4E-BP1-pT37/46 became apparent from 40 min after induc-
tion on (Figure 6I). This is in line with recent studies reporting that mTORC1 
substrates respond to mTORC1 induction with differential context-dependent, 
temporal dynamics (Dennis et  al., 2013, Rapley et  al., 2011). We found that 
also heat shock, an alternative SG-inducing stress, led to enhanced S6K1-pT389 
induction in astrin-deprived cells (Figure S6C). Thus, astrin prevents mTORC1 
hyperactivation under conditions that induce SGs.

Because mTORC1 is active at lysosomes, we tested whether astrin affects raptor-
Lamp2 association. Astrin knockdown induced raptor-Lamp2 association in 
control cells (Figures 6J and 6K), which was in line with mTORC1 induction 
by siAstrin under basal conditions or insulin/aa stimulation (Figures 2 and S2A). 
Arsenite decreased raptor-Lamp2 association, and this remained unchanged in 
siAstrin cells (Figures 6J and 6K). This finding is in agreement with a recent study 
reporting the loss of raptor-lysosome colocalization under stress (Wippich et al., 
2013). Thus, mTORC1 under stress may be active at a site other than lysosomes, 
raising the possibility of a novel yet unknown mechanism of mTORC1 activation.

Does the inhibitory effect of astrin toward mTORC1 under stress require SGs? 
To test this, we combined arsenite stress with short term (30 min) cycloheximide 
(chx) treatment, which stalls mRNA in polysomes and inhibits SG assembly 
(Kedersha and Anderson, 2007). We confirmed this in our system by cotreating 
cells with arsenite and chx, followed by IF analysis of G3BP1 (Figure 7A). Next, 
we tested the effect of SG inhibition on mTORC1 activity. Chx combined with 
arsenite strongly induced S6K1-pT389, and under these conditions, shAstrin 
failed to further induce mTORC1 activity (Figure 7B). Chx alone after 30 min 
did not have a stimulating effect on mTORC1. We repeated the experiment 
with H2O2 and obtained similar results (Figures 7C, 7D, and S6A, right). Thus, 
prevention of mTORC1 hyperactivation by astrin under oxidative stress is SG 
dependent. In addition, we tested emetine, another translation inhibitor that 
stabilizes polysomes and thereby inhibits SGs (Kedersha et  al., 2000) (Figures 
S7A and S7B). Like chx, also emetine further induced mTORC1 under oxidative 
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stress in siControl but not in siAstrin cells. As chx and emetine not only inhibit 
SGs but also translation, we tested hippuristanol (Bordeleau et  al., 2006) and 
puromycin (Kedersha et al., 2000), two translation inhibitors, which destabilize 
polysomes and thereby induce SG assembly (Anderson and Kedersha, 2008), for 
their effects on mTORC1 induction by shAstrin (Figures S7B, S7C, and S7D). 
Both hippuristanol and puromycin failed to further induce the mTORC1 readout 
S6K1-pT389 but rather inhibited mTORC1, ruling out that translational arrest 
alone induced mTORC1. It should be noted that astrin inhibition did not affect 
raptor levels and vice versa (Figure 7E), ruling out that altered raptor or astrin 
levels add to the observed effects. Thus, SGs are required for astrin’s inhibitory 
effect on mTORC1, to restrict mTORC1 activation by oxidative stress.

Sg and astrin-dependent mtorc1 repression protects cancer cells from oxidative 
Stress-induced apoptosis

Redox stress is a common condition in tumors, and tumor cells need to evade 
apoptosis in response to oxidative insults (Fruehauf and Meyskens, 2007, Sosa 
et al., 2013). Of note, hyperactive mTORC1 signaling sensitizes cells to apoptosis 
(Shah et  al., 2004, Lee et  al., 2007), and astrin deficiency facilitates apoptosis 
(Gruber et  al., 2002). Is enhanced apoptosis in astrin-deficient cells mediated 
by loss-of-astrin-induced mTORC1 hyperactivation? Indeed, siAstrin enhanced 
apoptosis in H2O2 treated HeLa cells, as measured by cleaved PARP (poly [ADP-
ribose] polymerase) (Figure 7E). Apoptosis induced by loss of astrin was inhibited 
by shRaptor (Figure 7E). We conclude that mTORC1 activity restriction by astrin 
protects HeLa cells against apoptosis. Does this finding translate to other cancer 
cells? siAstrin facilitated PARP cleavage also in several breast cancer cell lines 
(Figure S7E). In MCF-7 breast cancer cells apoptosis sensitization by astrin defi-
ciency was phenocopied by SG inhibition (Figure 7F), and mTORC1 inhibition 
prevented apoptosis in astrin-deficient cells (Figure  7G). SG inhibition by chx 
facilitated apoptosis, and under this condition, astrin depletion could not further 
enhance apoptosis (Figure 7F). Rapamycin suppressed apoptosis in siAstrin cells 
(Figure 7G). We confirmed this by live-cell imaging to determine the onset of 
apoptotic membrane blebbing (Wickman et al., 2012) (Figures 7H and 7I and 
Movies S1 and S2). Membrane blebbing occurred in siAstrin cells already at ca. 
100 min after H2O2, as compared to 200 min in control cells (Figure 7H and 
Movie S1). Chx reduced blebbing onset in control cells to 100 min, whereas no 
further reduction was observed in siAstrin cells. In contrast, rapamycin delayed 
the mean onset of blebbing in siAstrin cells by 50 min (Figure 7I and Movie S2). 
Our data are consistent with a model in which astrin in a SG-dependent manner 
restricts mTORC1 activity to prevent mTORC1 hyperactivation and apoptosis 
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upon oxidative stress. One mechanism for apoptosis suppression in cancer cells 
is Akt-mediated inhibition of the transcription factors FoxO1/3A (Myatt et al., 
2011); Akt is inhibited by the mTORC1-dependent NFL. In line with this, we 
observed that mTORC1 inhibition by rapamycin-induced FoxO1/3A phosphory-
lation and repressed oxidative stress and siAstrin-induced apoptosis (Figure 7G). 
In summary, astrin inhibits apoptosis in cancer cells by preventing mTORC1 
hyperactivation upon oxidative stress.

diScuSSion
Wippich et al. (2013) recently reported that SGs inhibit mTORC1 via sequestra-
tion of mTORC1 components. In this study, we identify astrin as a molecular link 
enabling mTORC1 regulation by SGs under oxidative stress in mammalian cells 
(summarized in Figure 7J). Already a decade ago Kim et al. (2002) observed that 
conditions that inhibit the mTORC1 pathway correlate with a stronger mTOR-
raptor association and vice versa. Our study reveals astrin as a key factor that 
inhibits mTORC1 association, and this mechanism restricts mTORC1 activity 
in metabolically challenged cells to prevent mTORC1 hyperactivation-induced 
apoptosis.

Redox activation of mTORC1 is mediated by inactivation of TSC1-TSC2, in 
a PI3K- and Akt-independent manner (Yoshida et  al., 2011). Accordingly, we 
observed that mTORC1 induction by arsenite stress and mTORC1 hyperacti-
vation by siAstrin still occurred when PI3K and Akt induction were inhibited 
(Figure S7F). Furthermore, TSC2 was downregulated upon arsenite stress, which 
correlated with induced S6K1-pT389 (Figure S7G). This supports TSC1-TSC2 
inhibition as a transducer of activating redox signals to mTORC1. Consequently, 
another component, i.e., astrin, needs to take over as an mTORC1 inhibitor, 
so that the cell retains mTORC1 under control. Notably, we found that TSC2 
deprivation induced astrin protein levels (Figure S7H). Therefore, TSC1-TSC2 
suppression may not only induce mTORC1 in response to redox; but TSC1-TSC2 
deficiency may also upregulate the levels of astrin thereby allowing to maintain 
mTORC1 in check.

Why does mTORC1 need to be active upon oxidative stress? Although overall cel-
lular translation is reduced, proteins required for the cellular stress response need 
to be expressed (Yamasaki and Anderson, 2008). Translation under stress depends 
on upstream open reading frames (uORF) and internal ribosomal entry sites 
(IRES) (Holcik and Sonenberg, 2005). mTORC1 induces both IRES-mediated 
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(Dai et al., 2011, Grzmil and Hemmings, 2012) and uORF-dependent transla-
tion (Ramírez-Valle et al., 2008), and both mTORC1 and SGs control transla-
tion of stress related factors (Buchan and Parker, 2009, Chou et al., 2012, Hsieh 
et al., 2012, Huo et al., 2012, Thoreen et al., 2012). Accordingly, we report that 
several stress related proteins (HSF1, hnRNP-A1, and Hsp70) require mTORC1 
for their expression upon arsenite stress (Figure  S7G). hnRNP-A1 mediates 
IRES-dependent translation in tumor cells (Rübsamen et  al., 2012), whereas 
HSF1 mediates transcriptional events, including Hsp70 expression (Chou et al., 
2012). In contrast, activating transcription factor ATF-4 (its mRNA containing 
two uORFs, Vattem and Wek, 2004) is repressed by mTORC1 under nonstress 
conditions, but constitutively expressed when raptor is absent (Figure S7G). Thus, 
mTORC1 differentially controls expression of stress related proteins.

One effect of astrin-mediated mTORC1 inhibition is the inactivation of the 
mTORC1-dependent NFL. In turn, Akt activation is well known to prevent 
apoptosis (Appenzeller-Herzog and Hall, 2012). In healthy cells astrin-mediated 
inhibition of apoptosis may be beneficial as it prevents cells from undergoing 
apoptosis upon transient stresses or metabolic challenge. In contrast, in cancer cells 
astrin-mediated mTORC1 and apoptosis suppression can become detrimental as 
it prevents overgrowing cells from undergoing apoptosis. Notably, astrin is highly 
expressed in tumor cells (Buechler, 2009, Välk et  al., 2010) and spermatocytes 
(Shao et al., 2001). Hence, astrin inhibition may allow modulation of mTOR net-
work activity specifically in tumor cells, opening new avenues to cancer therapy.

Of note, the growth factor insulin controls protein translation via SGs (Karimian 
Pour and Adeli, 2011), suggesting that SGs play a role beyond stress. Our data 
support a general role of SGs in so far as we have identified astrin as a raptor 
interactor in unstressed cells (Figure 1), astrin inhibition induces mTORC1 as-
sembly in both stressed and unstressed cells (Figure  5D), and the integral SG 
component eIF3 binds raptor also in unstressed cells in an astrin-dependent man-
ner (Figure 5E).

Two studies (Takahara and Maeda, 2012, Wippich et al., 2013) report association 
of TOR/mTOR itself with the late SG marker Pbp-1/PABP1 (Anderson and Ked-
ersha, 2008). The early SG marker G3BP1 did not colocalize with mTOR in our 
study. Thus, mTORC1 regulation by SGs may involve mTOR at later stages of 
SG assembly. In contrast to our data (Figure 6C), Fournier et al. (2013) reported 
that mTORC1 positively controls SG formation. The authors used a low arsenite 
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concentration that did not activate mTORC1, which may enable the observation 
of mTORC1-dependent SG assembly.

It has been suggested that astrin deficiency leads to mitotic delay, due to a defec-
tive spindle check point (Gruber et al., 2002, Thein et al., 2007). Notably, mitotic 
defects in astrin-deficient cells are only detectable upon prolonged nocodazole 
treatment (Manning et al., 2010). Accordingly, and in line with others (Halim 
et al., 2013), we did not detect increased mitotic markers in nonsynchronized, 
astrin-deficient cells (Figure  S2B). In turn, we observed mTORC1 induction 
by astrin knock down in nonsynchronized, but not in mitotic cells (Figure 2A). 
This suggests that astrin’s effects on mitosis and on mTORC1 are two separate 
functions. This is underlined by our finding that G3BP1 binding to raptor is 
lost in cells arrested at G2/M by nocodazole or the Plk1 inhibitor GW 843682X 
(Figure  S7I). We demonstrate in the present study that increased apoptosis in 
astrin-deficient cells can be suppressed by mTORC1 inhibition (Figure 7E, 7G, 
and 7I). Thus, our results unify and explain earlier reports on increased apoptosis 
upon astrin deficiency by showing that astrin-sensitive apoptosis is due to aberrant 
mTORC1 induction.

experimental procedureS

cell lines and tissue culture

Details on constructs and reagents can be found in the Extended Experimental 
Procedures. Insulin/aa induction was performed as described (Sonntag et  al., 
2012). Doxycycline (for shRNA induction) was removed over night prior to 
experiments. Prior to stress induction (500 μM arsenite or 2 mM H2O2), cells 
were starved for 16 hr in DMEM without glucose or fetal calf serum. SGs were 
analyzed after 30 min stress induction. Apoptosis was analyzed after 1–3 hr ar-
senite or H2O2. HeLa cells were synchronized with nocodazole (400 ng/ml) and 
subsequent mitotic shake off, and released as described (Thein et al., 2007).

mass Spectrometry

Identification of novel mTOR and raptor interactors was performed as described 
(Thedieck et al., 2007).

lysis, ip, and immunoblotting

Lysis, IP, and immunoblotting (IB) were described elsewhere (Dalle Pezze et al., 
2012;). See Extended Experimental Procedures for details on antibodies.



124

Chapter 3

if, fluorescence microscopy, and confocal microscopy

IF and PLA were performed as described (Thedieck et  al., 2007, Thein et  al., 
2007, Söderberg et al., 2008). Scale bars are 10 μm. See Extended Experimental 
Procedures for detailed protocols.

quantitations and Statistics

All experiments were performed in at least n  = 3 replicates. Comparison of 
two groups was analyzed by nonparametrical two-tailed Student’s t test assuming 
unequal variances. For multiple groups, statistical significance was analyzed by 
1-way ANOVA. See Extended Experimental Procedures for details.
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extended experimental procedureS

constructs and reagents

pCMV6-AC-FLAG-astrin (order #RC201783) was purchased from Origin, 
Rockville, MD, USA. The astrin full-length cDNA sequence was transferred into 
the following plasmids according to the manufacturer’s protocol: pCMV6-AC-
GFP, pCMV6-AN-GFP, pCMV6-AN-FLAG, pCMV6-entry.

Stably transduced inducible shRNA cell lines for raptor and TSC2 have been 
described (Dalle Pezze et al., 2012). Astrin siRNA was induced with ON-TAR-
GET plus SMARTpool siRNA (L-006839-00-0005), Thermo Fisher Scientific, 
Waltham, MA, USA. Lentiviral astrin shRNA (order #RHS4740) was obtained 
from Open Biosystems, Thermo Fisher Scientific, Waltham, MA, USA as induc-
ible shRNAmir gene set. HeLa α Kyoto cells were transduced with lentivirus 
according to the manufacturers protocol (clone A8, ID V2THS_203559; G9, 
ID V2THS_203218; D9, ID V3THS_361123; H8, ID V3THS_361121; B1, 
ID V3THS_361120). Target sequences for all siRNAs and shRNA clones were 
different.

Inhibitors were obtained from Calbiochem, Merck KGaA, Darmstadt, Germany 
and Sigma Aldrich, St.Louis, USA; dissolved in DMSO, and applied for 30 min 
prior to all induction regimens, at the following concentrations: rapamycin 
(100 nM), PP242 (250 nM), wortmannin (100 nM), cycloheximide (2 μg/ml), 
emetine (10 μg/ml), puromycin (10 μg/ml), hippuristanol (1 μM). Hippuristanol 
was obtained from Jerry Pelletier, McGill University, Montreal, Quebec, Canada.

DNA transfections were done with JetPEI, PolyPlus, Strasbourg, France as de-
scribed (Sonntag et al., 2012). siRNA transfection was done with Lipofectamine 
2000, Invitrogen, Carlsbad, CA, USA according to the manufacturers protocol. 
Experiments were performed in HeLa α Kyoto cells, and BT474, MDA-MB-231, 
MDA-MB-453, T-47D, MCF-7 breast cancer cell lines. Tissue culture protocols 
were described (Dalle Pezze et al., 2012). Cultivation of breast cancer cell lines 
T-47D, BT474, MDA-MB-231, and MDA-MB-453 was done in the following 
media: RPMI (PAA, Pasching, Austria) supplemented with 100 nM insulin, 10% 
FCS, and 1.5% glutamine. MCF7 cells were cultivated in the same medium 
without addition of insulin.
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antibodies

Antibodies are described elsewhere (Dalle Pezze et al., 2012, Sonntag et al., 2012). 
Further antibodies were from Bethyl, Montgomery, TX, USA against histone H3 
(A300-823A), histone H3-pS10 (A301-844A), and DDX6/p54 (A300-461A); 
from Cell Signaling Technology, Boston, MA, USA against cleaved PARP1 
(#9541), eIF3A (D51F4) (3411), ATF-4 (11815), hnRNP-A1 (8443), YB1 
(9744), HSP90 (4877), HSP70 (4867), HSF1 (4356); from Santa Cruz, CA, 
USA against LAMP-2 (H-207) (sc-5571), G3BP1 (sc-81940), astrin (sc-98605); 
and from Abcam, Cambridge, UK against Plk1 (ab17056). All antibodies were 
used according to the manufacturers’ instructions. Monoclonal antibodies for 
PLA were generated in mice or rats for astrin, mTOR, and raptor by Dr. Elisabeth 
Kremmer, Helmholtz Zentrum München, Institute of Molecular Immunology, 
Marchioninistrasse 25, 81377 Munich, Germany. Peptides for antibody raising 
were made by Peptide Specialty Laboratories (PSL), Heidelberg, Germany.

if, fluorescence microscopy, confocal microscopy, and life-cell imaging

Cells were fixed for 5 min with ice cold methanol at −20°C. GFP-transfected cells 
were fixed with 4% paraformaldehyde for 20 min at room temperature.

Fluorescence microscopy was performed with an Axioimager.Z1 compound 
microscope with an AxioCam MRm3 CCD camera; Axiovision software version 
4.8.1 (Carl Zeiss, Germany) was used for image analysis. Scale bars in all images 
are 10 μm.

Confocal imaging was performed with a LSM 510 Duo-Live microscope equipped 
with a 100×/1.45 NA Plan-Apochromate objective (both Carl Zeiss). Excitation 
of the fluorophores (Hoechst 33342, Alexa-488, Cy3, Cy5) was performed at 
405, 488, 561, and 633 nm respectively. For detection of the emission signal at 
specified ranges, the photomultiplier channels were used with BP filter 420-480, 
BP 505-530, BP 575-615, LP 650 nm. Confocal pinhole diameters were always 
adjusted to 1 μm sections. Scale bars in all images are 10 μm.

Life cell imaging was performed in cake-dishes (IBIDI, Munich, Germany) using 
a Nikon Biostation IM (Nikon, Melville, USA), which includes a CO2 incubation 
chamber equipped with a heating unit and a motorized xy-table. The built in 20 x 
objective was used without zoom, resulting in a final xy-pixelsize of 0.44125 μm. 
Phase contrast images were recorded with 5 min intervals. Scale bars in all images 
are 10 μm. Data were analyzed using the Imaris software (Bitplane, Zurich, Swit-
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zerland). For each blebbing cell, the first time point at which blebs were clearly 
visible was recorded. 45 to 60 events per condition were recorded.

pla analysis

All reagents used for PLA analysis were from Olink Bioscience, Uppsala, Sweden, 
and all PLA reactions were performed following the manufacturer’s instructions 
in a dark humidity chamber with a sample volume of 20 μl per well. Briefly, cells 
were seeded on Teflon bordered PLA slides (Menzel-Gläser, Thermo Scientific) 
and cultured for two days at 37°C in 7.5% CO2. Cells were fixed with 100% 
Methanol −20°C for 5 min. After fixation cells were treated with 0.5% Saponin 
in PBS for 15 min at 4°C and 15 min at RT, and blocked in 5% BSA in PBS for 
60 min at 37°C. Cells were incubated with primary antibodies (self made against 
mTOR complex components and astrin, 1:50 dilution in antibody diluent) 
overnight at 4°C. Cells were incubated with the according PLA probes (second-
ary antibodies conjugated to unique DNA probes for anti-mouse, anti-rabbit, 
or anti-rat, respectively) for 60 min at 37°C. For ligation and circularization of 
the DNA-oligos, cells were incubated with ligase-solution for 30 min at 37°C. 
For rolling circle amplification cells were incubated with amplification-solution, 
containing a complementary Alexa 555-labeled DNA linker as detectable fluoro-
phore for 100 min at 37°C. Cells were mounted with a coverslip (24 × 60 mm) 
using a minimal volume of Duolink In Situ Mounting Medium  with DAPI 
and analyzed by confocal microscopy (Zeiss LSM 510 or LSM 780 META laser 
scanning microscope equipped with a 63×/1.4 oil DIC objective), (Zeiss, Jena, 
Germany). Pictures were taken with optimal frame size of 1024 × 1024 (1764 × 
1764) pixels, scan speed 7 for superior images and with dynamic range of 12 bit 
(8 bit). Amplifier offset and detector gain were adjusted first and never changed 
for an experimental session.

For quantification, the original raw confocal images were opened as .lsm files 
in the ZEN software and exported and converted to .tif files without any LZW 
compression and were analyzed without any further image processing. The signal-
per-cell ratio (numbers of red PLA spots per cell) was analyzed with the freely 
distributed BlobFinder software (Centre for Image Analysis, Uppsala University, 
Sweden), which counts PLA-signals and nuclei as defined pixel-size for each indi-
vidual cell. The overall fluorescence intensity was analyzed for each image with the 
ImageJ 1.46r software (NIH, USA) and was normalized to the number of DAPI 
nuclei per image.
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quantitations and Statistics

Signals in IBs were quantified and normalized as described (Dalle Pezze et  al., 
2012). Statistical analyses were performed using the GraphPad prism software 
for Windows, Version 6.02. For comparison of two groups of IB or PLA data, 
nonparametrical two-tailed Student’s t test was used assuming unequal vari-
ances. For multiple groups, statistical significance was analyzed by 1-way ANOVA 
(Bonferroni’s multiple comparison test). Statistical analysis was performed with 
a confidence interval of p < 0.05. The Standard Error of the Mean (SEM) was 
chosen to estimate the statistical variability. Box and whisker plots were com-
puted with the GraphPad Prism software. Percentiles were calculated according 
to the following formula: Result  = percentile x [n(values)+1/100]. Indicated is 
the median (50th percentile), the 25th to 75th percentile (box), and the 5th to 95th 
percentile (whiskers).
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movie S1. siastrin leads to early onset of apoptosis in a Sg-dependent manner, related to 
figure 7h
MCF-7 cells were transfected with control or astrin siRNA; pretreated with Chx or carrier; treated with 
H2O2; and analyzed by life cell imaging; recording started 49 min after H2O2 addition; images were 
acquired every 5 min; onset of blebbing was determined for single cells, marked with red stars, and 
recorded to calculate the mean time point of blebbing onset.

movie S2. early onset of apoptosis in siastrin cells is Suppressed by mtorc1 inhibition, re-
lated to figure 7i
MCF-7 cells were transfected with control or astrin siRNA; pretreated with rapamycin or carrier; 
treated with H2O2; and analyzed by life cell imaging; recording started 35 min after H2O2 addition; 
images were acquired every 5 min; onset of blebbing was determined for single cells, marked with red 
stars, and recorded to calculate the mean time point of blebbing onset.



3

135

Inhibition of mTORC1 by Astrin and Stress Granules

figure S1. astrin identification as raptor interactor, related to figure 1
(A) Astrin amino acid sequence. Proteomic analysis of raptor interactors in HeLa cells reveals astrin. 
Depicted is the astrin full-length sequence. Peptides stretches identified by MS/MS are shown in red.
(B) Astrin expression in breast cancer cell lines correlates with Akt activation, and PRAS40 and S6K1 
inhibition. Lysates of the indicated breast cancer cell lines were detected by IB.
(C) Signal intensity quantitation of mTOR-raptor PLA (Figure 1G). This quantitation method yields a 
comparable result as the counted dots per cell (shown in Figure 1H). Data represented as mean ± SEM.
(D) mTOR-raptor co-IP in the presence of overexpressed astrin-FLAG. HeLa cells were transfected 
with astrin-FLAG; IPs were done with raptor or control antibodies, and detected by IB. This co-IP has 
been performed in parallel with the data shown in Figure 1A.
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figure S2. astrin deficiency does not induce mitotic markers in unsynchronized cells, related 
to figure 2
(A) Relative quantitation of S6K1-pT389 upon astrin knockdown under basal conditions (left, related 
to Figure 2A) and insulin/amino acid induction (right, related to Figures 2B and 2D). n = 3; data 
represented as mean ± SEM.
(B) Astrin siRNA does not induce mitotic markers in nonsynchronized cells. HeLa cells were trans-
fected with control or astrin siRNA; arrested with nocodazole at G/2M or left unsynchronized; and 
analyzed by IB; histone-H3-pS10, Plk1 = mitosis markers.
(C) Astrin shRNA does not induce mitotic markers in nonsynchronized cells. HeLa cells stably 
transduced with different inducible shRNA sequences against astrin were cultivated under control 
conditions or knockdown induction with doxycycline; arrested with nocodazole at G/2M or left 
unsynchronized; and analyzed by IB; histone-H3-pS10, Plk1  = mitosis markers; ns, nonsilencing; 
character-number designations, different clones with different shRNA sequences against astrin.
(D) raptor-astrin binding is ablated in mitotic cells. HeLa cells were synchronized at G2/M with 
nocodazole and released for 30 min, or left nonsynchronized; IPs were done with raptor, mTOR, and 
control antibodies and detected by IB.
Data are representative of at least three independent experiments.
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figure S3. gfp-astrin fusion constructs and Specificity test of anti-astrin antibody, related to 
figure 3
(A) Scheme of GFP-astrin fusion constructs. Similar constructs were made for N-terminal GFP fu-
sions. Results with N- and C-terminal GFP-astrin fusion proteins were similar.
(B) GFP-astrin and p54/DDX6 expression. IB analysis of cells in Figures 3D and 3E.
(C) Astrin antibody specifically detects GFP-astrin. Cells were transfected with GFP-astrinfull length, 
stained with commercial astrin antibody (Santa Cruz), and Hoechst, and detected by confocal mi-
croscopy. Left: GFP-astrin; 2nd image: commercial astrin antibody staining; 3rd image: overlay (white) 
of GFP-astrinfull length (green), commercial astrin antibody (magenta), and Hoechst (blue); 4th image: 
Insert: blow-up of square in 3rd image.
(D) Astrin antibody specifically detects astrin at the mitotic spindle. HeLa cells were synchronized 
at G2/M with nocodazole and released for 60 min; stained with commercial astrin antibody (Santa 
Cruz), and Hoechst; and detected by fluorescence microscopy; cells in prometaphase and metaphase 
are shown.
(E) In unstressed cells, HA-raptor, astrin, and G3BP1 do not colocalize in punctuate structures. Cells 
were transfected with HA-raptor; stained against astrin, G3BP1 and HA, and with Hoechst, and de-
tected by confocal microscopy. Control for Figure 3J.
Data are representative of at least three independent experiments.
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figure S4. astrin-g3bp1, raptor-g3bp1, and raptor-astrin interaction is induced by arsenite 
Stress, related to figure 4
mTOR-raptor interaction is reduced by arsenite stress. Confirmation of PLA result with antibody of 
different clonality, and representative IB results for Co-IP’s.
(A) Signal intensity quantitation of raptor-G3BP1 PLA (Figure 4A). This quantitation method yields a 
comparable result as the counted dots per cell (shown in Figure 4B). Data represented as mean ± SEM.
(B) The SG component G3BP1 coimmunoprecipitates with raptor, and the binding is induced by 
arsenite stress. In contrast, mTOR-raptor binding is released by arsenite stress. Cells were starved and 
treated for 30 min with arsenite or carrier. IPs were done with raptor or control antibodies, and de-
tected by IB. Representative example shown for quantitation in Figures 4C and 4K.
(C) Signal intensitiy quantitation of G3BP1-astrin PLA (Figure 4D). This quantitation method yields 
a comparable result as the counted dots per cell (shown in Figure 4E). Data represented as mean ± 
SEM.
(D) Independent detection of astrin association with G3BP1 in situ using an astrin antibody of differ-
ent clonality (rat, clone 5G6). HeLa cells were treated with arsenite or carrier, fixed, and stained with 
DAPI (blue), and PLA was performed with anti-astrin antibody and G3BP1 (red).
(E) Relative quantitation of (D), astrin-G3BP1 association without and with arsenite stress. Dots/cell 
were counted on control and arsenite treated slides. Data represented as median (50th percentile), 25th–
75th percentile (box), 5th–95th percentile (whiskers).
(F) Signal intensity quantitation of raptor-astrin PLA (Figure 4F). This quantitation method yields a 
comparable result as the counted dots per cell (shown in Figure 4G). Data represented as mean ± SEM.
(G) astrin co-IP with raptor is induced by arsenite stress. Cells were starved and treated for 30 min with 
arsenite or carrier. IPs were done with raptor or control antibodies, and detected by IB.
Data are representative of at least three independent experiments.
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figure S5. additional ip data and pla quantitations for raptor-g3bp1 and mtor-raptor com-
plexes; comparative pla analysis of raptor versus mtor-raptor and astrin complexes, re-
lated to figure 5
(A) The SG component G3BP1 coimmunoprecipitates with raptor, and the binding is induced by 
siAstrin. Cells were transfected with siAstrin or siControl; starved and treated for 30 min with arsenite 
or carrier. IPs were done with raptor or control antibodies, and detected by IB. Representative example 
shown for quantitation in Figure 5A.
(B) Signal intensity quantitation of raptor-G3BP1 PLA without and with astrin siRNA and arsenite 
stress (Figure 5D). This quantitation method yields a comparable result as the counted dots per cell 
(shown in Figure 5B). Data represented as mean ± SEM.
(C) Signal intensity quantitation of raptor-mTOR PLA without and with astrin siRNA and arsenite 
stress (Figure 5D). This quantitation method yields a mostly comparable result to the counted dots per 
cell (shown in Figure 5C); in difference to the dot counts, overall fluorescence shows an induction for 
mTOR-raptor in siAstrin/arsenite cells as compared to siAstrin/nonstressed cells. This relates to larger 
dot sizes in siAstrin/arsenite cells. Data represented as mean ± SEM.
(D) PLA Analysis of raptor and raptor-mTOR in nonstimulated cells. HeLa cells were glucose/FCS 
starved; PLA (red) was performed for raptor with two raptor antibodies from different species recog-
nizing different epitopes (Rabbit, Millipore and mouse, made in house), and for raptor-mTOR. DNA 
was stained with DAPI (blue).
(E) Relative quantitation of (D), raptor and raptor-mTOR in nonstimulated cells. Dots/cell were 
counted. Data represented as median (50th percentile), 25th–75th percentile (box), 5th–95th percentile 
(whiskers).
(F) PLA Analysis of raptor, raptor-astrin, and raptor-mTOR in astrin-deficient and control cells upon 
arsenite. HeLa cells were treated with arsenite for 30 min; PLA (red) was performed for raptor with 
two raptor antibodies from different species recognizing different epitopes (Rabbit, Millipore and 
mouse, made in house), for astrin-raptor, and for raptor-mTOR. DNA was stained with DAPI (blue).
(G) Relative quantitation of (F), raptor in astrin-deficient and control cells upon arsenite. Dots/cell 
were counted. Data represented as median (50th percentile), 25th–75th percentile (box), 5th–95th per-
centile (whiskers).
(H) Relative quantitation of (F), raptor-astrin in astrin-deficient and control cells upon arsenite. Dots/
cell were counted. Data represented as median (50th percentile), 25th–75th percentile (box), 5th–95th 
percentile (whiskers).
(I) Relative quantitation of (F), mTOR-raptor in astrin-deficient and control cells upon arsenite. Dots/
cell were counted. Data represented as median (50th percentile), 25th–75th percentile (box), 5th–95th 
percentile (whiskers).
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figure S6. siastrin induction of mtorc1 is prevented by the inhibitor rapamycin and occurs 
also in response to heat Stress, related to figure 6.
(A) Relative quantitation of S6K1-pT389 upon astrin knockdown under arsenite (left, related to Fig-
ure 6G) and H2O2 induction (right, related to Figure 7D). n = 3; data represented as mean ± SEM.
(B) The mTORC1 inhibitor rapamycin inhibits induction of S6K1-pT389 by arsenite stress and astrin 
siRNA. Cells were transfected with control or astrin siRNA; treated with rapamycin or carrier; sub-
jected to arsenite stress; and analyzed by IB.
(C) siAstrin induces mTORC1 upon arsenite and heat stress. Cells were transfected with control or 
astrin siRNA; treated with rapamycin or carrier; subjected to arsenite stress, or heat stress (30 min, 
43.5°C); and analyzed by IB.
Data are representative of at least three independent experiments.
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figure S7. the Sg inhibitory translation inhibitor emetine induces mtorc1 in shcontrol but not 
in shastrin cells upon Stress, whereas the Sg-inducing translation inhibitors hippuristanol and 
puromycin do not induce mtorc1, related to figure 7.
Astrin suppresses apoptosis in breast cancer cells, and mTORC1 induction by arsenite is PI3K inde-
pendent. Expression of stress response proteins and of TSC2 upon arsenite stress requires the activity 
of mTORC1, and TSC2 deficiency induces astrin protein levels.
(A) Emetine further induced S6K1-pT389 in shControl cells under H2O2 stress, but not in shAstrin 
cells. HeLa cells stably transduced with inducible shRNA against astrin (clone-D-9) were cultivated 
under control or knockdown conditions with doxycycline; pretreated with emetine or carrier; sub-
jected to 30 min H2O2 stress; and analyzed by IB.
(B) Chx and emetine prevent H2O2-induced SG formation, whereas the translational inhibitors pu-
romycin and hippuristanol do not inhibit SGs. HeLa cells stably transduced with inducible shRNA 
against astrin (clone-D-9) were cultivated under control or knockdown conditions with doxycycline; 
pretreated with chx, hippuristanol, puromycin, emetine, or carrier; subjected to 30 min H2O2 stress; 
stained for G3BP1 (green) and with Hoechst (blue); and analyzed by fluorescence microscopy.
(C) Hippuristanol does not induce mTORC1. HeLa cells stably transduced with inducible shRNA 
against astrin (clone-D-9) were cultivated under control or knockdown conditions with doxycycline; 
pretreated with hippuristanol or carrier; subjected to 30 min H2O2 stress; and analyzed by IB.
(D) Puromycin does not induce mTORC1. HeLa cells stably transduced with inducible shRNA 
against astrin (clone-D-9) were cultivated under control or knockdown conditions with doxycycline; 
pretreated with puromycin or carrier; subjected to 30 min H2O2 stress; and analyzed by IB.
(E) siAstrin facilitates apoptosis in several breast cancer cell lines. The indicated breast cancer cell lines 
were transfected with control or astrin siRNA; and analyzed by IB; cleaved PARP = apoptosis marker.
(F) Arsenite stress and astrin siRNA induce mTORC1 independently of PI3K and Akt. Cells were 
transfected with control or astrin siRNA; treated with wortmannin or carrier; subjected to arsenite 
stress; and analyzed by IB. Phosphorylation of the mTORC1 substrates S6K1-T389, and PRAS40-
S183 is induced by oxidative stress and astrin siRNA in the absence and presence of the PI3K inhibitor 
wortmannin.
(G) Expression of stress response proteins requires mTORC1. HeLa cells stably transduced with induc-
ible shRNA against raptor were cultivated under control or knockdown conditions with doxycycline; 
subjected to arsenite stress for the indicated times; and analyzed by IB. Several stress related targets 
(HSF1, hnRNP-A1, ATF-4, HSP70) are regulated in an mTORC1-dependent manner under arsenite 
stress, whereas others (HSP90, YB1) are not. Thus, mTORC1 differentially controls expression of 
stress related proteins under arsenite stress. Notably, TSC2 is downregulated by arsenite stress, which 
correlates with mTORC1-dependent S6K1-pT389 induction in response to arsenite stress.
(H) astrin expession is induced by TSC2 inhibition. HeLa cells stably transduced with inducible shR-
NA against TSC2 were cultivated under control or knockdown conditions with doxycycline; subjected 
to arsenite stress; and analyzed by IB. As expected, TSC2 inhibition leads to S6K1-pT389 induction, 
due to mTORC1 hyperactivation. The astrin protein level is increased when TSC2 is absent.
(I) raptor-G3BP1 binding is ablated in mitotic cells. HeLa cells were synchronized at G2/M with no-
codazole and/or the Polo-like-kinase inhibitor GW 843682X, or left nonsynchronized; IPs were done 
with raptor and control antibodies and detected by IB.
Data are representative of at least three independent experiments.
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