
J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

The sirtuin SIRT6 regulates stress granule formation in
C. elegans and mammals

Monika Jedrusik-Bode1,*, Maja Studencka1, Christian Smolka2, Tobias Baumann3, Henning Schmidt4,
Jan Kampf1, Franziska Paap1, Sophie Martin5, Jamal Tazi5, Kristian M. Müller6, Marcus Krüger2, Thomas Braun2
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Summary
SIRT6 is a NAD+-dependent deacetylase that modulates chromatin structure and safeguards genomic stability. Until now, SIRT6 has
been assigned to the nucleus and only nuclear targets of SIRT6 are known. Here, we demonstrate that in response to stress, C. elegans

SIR-2.4 and its mammalian orthologue SIRT6 localize to cytoplasmic stress granules, interact with various stress granule components

and induce their assembly. Loss of SIRT6 or inhibition of its catalytic activity in mouse embryonic fibroblasts impairs stress granule
formation and delays disassembly during recovery, whereas deficiency of SIR-2.4 diminishes maintenance of P granules and decreases
survival of C. elegans under stress conditions. Our findings uncover a novel, evolutionary conserved function of SIRT6 in the

maintenance of stress granules in response to stress.

Key words: C. elegans, G3BP, SIRT6, Sirtuins, Stress, Stress granules

Introduction
All organisms sense and respond to environmental and

physiological stress by inducing dynamic changes within the

nucleus and cytoplasm. Stress responses are complex processes,

which are essential for cellular survival. The physiological

relevance is reflected in elaborate control mechanisms, which

manage stress responses at different levels, including transcription,

translation and stability of RNAs and proteins (Kourtis and

Tavernarakis, 2011). Cellular stress in eukaryotic cells in response

to heat shock, nutrient deprivation or oxidative damage often leads

to the formation of cytoplasmic RNA–protein complexes, which

are referred to as stress granules (Anderson and Kedersha, 2009).

Stress granules contain non-translating mRNAs and many proteins

involved in translation (Anderson and Kedersha, 2006). They have

been linked to apoptosis, aging and development of degenerative

diseases; however, their exact biological function is still a subject

of controversy (Buchan and Parker, 2009).

Silent information regulator 2 (SIR-2) proteins, also termed

sirtuins, are highly conserved NAD+-dependent protein

deacetylases that regulate various cellular activities, in particular

during cellular stress and disease processes. Decisive functions of

sirtuins have been described in different cellular pathways

regulating transcriptional repression, aging, metabolism, cell

defences against DNA damage and apoptosis (Haigis and

Guarente, 2006). Sirtuins are active in the nucleus as well as in

the cytoplasm as part of a salvatory response to stress, resulting in

cell survival and extended lifespan in yeast, worms, flies and mice

(Tissenbaum and Guarente, 2001; Rogina and Helfand, 2004;

Kanfi et al., 2012).

Seven SIR2 homologs (SIRT1–SIRT7) have been identified in

mammals. They share the conserved sirtuin domain but vary in

subcellular localization and function. SIRT1, SIRT6 and SIRT7

localize to the nucleus; SIRT3, SIRT4 and SIRT5 are mitochondrial,

whereas SIRT2 is predominantly cytoplasmic (Haigis and Guarente,

2006). The mammalian SIRT6 recapitulates many of the biological

functions of SIR-2 and its homologues in fly and worm. At the

molecular level, SIRT6 regulates the expression of a large number

of stress-responsive and metabolism-related genes, promotes

genomic stability (Kawahara et al., 2009; Mostoslavsky et al.,

2006) and stimulates base excision (Mostoslavsky et al., 2006) as

well as repair of double-strand breaks in DNA (McCord et al., 2009;

Kaidi et al., 2010). To date, most of the molecular functions of

SIRT6 have been ascribed to its deacetylase activity and are linked

to SIRT6 chromatin-modifying activities; SIRT6 is known to

deacetylate H3K9 (Michishita et al., 2008), H3K56 (Michishita

et al., 2009) and CtIP in vivo (Kaidi et al., 2010). Recently, it has

also been reported that SIRT6 mono-ADP ribosylates PARP1 to

stimulate DNA repair in response to oxidative stress (Mao et al.,

2011). A role of sirtuins in stress granule assembly and survival has

not been examined so far.
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The genome of C. elegans encodes four different SIR-2

variants (sir-2.1, sir-2.2/2.3 and sir-2.4) with high sequence

similarities to mammalian sirtuins (SIRT1, SIRT4 and SIRT6).

SIR-2.1 is the best characterized protein of the four C. elegans

SIR-2 variants and is involved in germline silencing of multicopy

transgenic arrays, modulation of transcription of genes in

response to stress, as well as extension of life span (Jedrusik

and Schulze, 2003; Tissenbaum and Guarente, 2001). SIR-2.4, a

SIRT6 orthologue, was recently identified as a new factor in

stress resistance and regulator of DAF-16 (FoxO transcription

factor) acetylation by inhibition of the acetyltransferase CBP1

(Chiang et al., 2012).

Here, we investigated the role of C. elegans SIR-2.4 and its

mammalian orthologue SIRT6 in the formation and function of

stress granules. We found that SIRT6 translocates into the

cytoplasm under stress and regulates formation as well as

disassembly of stress granules. Importantly, we showed that the

deacetylase activity of SIRT6 promotes dephosphorylation of

G3BP at serine 149 (Ser149), thereby influencing assembly of

stress granules and cell viability. The SIRT6 orthologue in C.

elegans, SIR-2.4, is necessary for efficient formation of P

granules and extended survival under heat stress. Our results

uncover a novel, evolutionary conserved function of SIRT6 in

mechanisms of stress protection.

Results
SIR-2.4 regulates the stress response

Previous results from our laboratory and others suggested that

knockdown or knockout of sir-2.4 renders C. elegans

hypersensitive to heat shock (Chiang et al., 2012). Incubation

of animals at a non-permissive temperature (36.5 C̊) confirmed

that sir-2.4-depleted 3-day-old hermaphrodites lived for a shorter

time (32%; P,0.0001) than wild-type hermaphrodites (Fig. 1).

To examine whether sir-2.4 regulates stress response and

longevity in a cell-autonomous manner, we inactivated sir-2.4

specifically in the germline of C. elegans using the rrf-1(pk1417)

strain, which permits RNAi activity in the germline but not in

somatic cells (Sijen et al., 2001). We found that knockdown of

sir-2.4 in rrf-1 (pk1417) mutant animals (22%, P,0.0001)

decreased lifespan after heat stress compared with control

animals, implying an important role of SIR-2.4 in the
regulation of the stress response in the germline (Fig. 1).

SIR-2.4 interacts with K08F4.2, an orthologue of the
mammalian G3BP
To gain mechanistic insights into the function of SIR-2.4 we

performed a yeast two-hybrid screen (Y2HS) using SIR-2.4 as bait.
Unexpectedly, we found that SIR-2.4 interacted with K08F4.2,
which represents the C. elegans orthologue of the mammalian Ras-

GTPase-activating protein G3BP (79% amino acid homology).
G3BP is a component of mammalian stress granules that form in
response to heat shock or oxidative stress (Tourrière et al., 2003;

Anderson and Kedersha, 2006). In addition, G3BP plays an
important role in the regulation of cell proliferation and survival,
and links signal transduction to RNA metabolism (Irvine et al.,
2004).

To verify the interaction between SIR-2.4 and K08F4.2, we
expressed tagged proteins in NIH3T3 mouse embryonic
fibroblasts (MEFs) and performed colocalization and

coimmunoprecipitation experiments. We observed that SIR-
2.4::GFP and K08F4.2::mCherry were diffusely distributed in
NIH3T3 cells before stress, but were recruited to the same bright

cytoplasmic foci in response to heat shock (Fig. 2A). We found
that K08F4.2 and SIR-2.4 fusion proteins efficiently co-
precipitated in extracts prepared from unstressed and stressed

cells (Fig. 2B). Another known C. elegans SIR-2 variant, the
SIR-2.2 fusion protein did not associate with K08F4.2::mCherry
under the same experimental conditions (Fig. 2B).

To investigate whether SIR-2.4::GFP foci represent stress

granules (Fig. 2A), we stained NIH3T3 cells for G3BP, the
mammalian counterpart of K08F4.2. G3BP decorated SIR-2.4-
positive cytoplasmic aggregates, suggesting that SIR-2.4 is

recruited into mammalian stress granules upon heat shock
(Fig. 2C). In similar conditions, GFP alone did not localize into
G3BP foci (supplementary material Fig. S1).

SIR-2.4 is localized to P granules, which are related to
mammalian stress granules

Because P granules in C. elegans encompass properties of
mammalian stress granules (Anderson and Kedersha, 2006) and
SIR-2.4 colocalizes with the stress granule marker G3BP in heat-

shock-treated NIH3T3 cells (Fig. 2C), we assumed that SIR-2.4
would also localize to P granules in C. elegans. In fact, we
detected SIR-2.4 in small cytoplasmic granules of germline cells
colocalizing with PGL-1, PGL-3 and GLH-1.2, which are all

constitutive components of the germline-specific P granules
independent of temperature (Fig. 2D). In addition, we identified
endogenous and GFP-tagged SIR-2.4 in the nucleus, where it

predominantly localized to the nuclear envelope (Fig. 2D;
supplementary material Fig. S2) and the nuclear pore complex
(supplementary material Fig. S2B).

SIR-2.4 regulates the formation of P granules
Because SIR-2.4 confers resistance to heat shock, and

cytoplasmic P granules in oocytes are induced by multiple
environmental stresses and by aging (Jud et al., 2008; Pitt et al.,
2000), we investigated the relationship between P granule

formation in pachytene-stage germ cells and survival of wild-
type and sir-2.4-depleted mutant animals under heat-shock
conditions (36.5 C̊). Interestingly, depletion of sir-2.4 caused a

Fig. 1. Loss of SIR-2.4 causes increased stress sensitivity.

Thermotolerance assay of 3-day-old hermaphrodites (mean values of three

independent experiments, 120 worms used in each analysis). Constitutional

and germline-specific knockdown of SIR-2.4 decrease survival under heat

stress.

SIRT6 influences stress granule assembly 5167



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

28% reduction of the number of P granules in gonad arms (2062/

nucleus) in contrast to wild-type animals at 25 C̊ (2862/nucleus;

32 hermaphrodites were examined in triplicate) (Fig. 2E;

supplementary material Fig. S3A; for sir-2.4RNAi efficiency,

see supplementary material Fig. S3B). Heat-shock treatment

resulted in decreased numbers of P granules (52%) in sir-2.4-

depleted compared with wild-type cells. The reduced viability

together with the reduced number of P granules in sir-2.4-

depleted animals suggests that sir-2.4 is instrumental to confer

resistance to environmental stress probably by regulation of P

granule formation, thereby enabling enhanced survival rates.

Mammalian SIRT6, an orthologue of SIR-2.4, interacts with

stress granule components and relocalizes to the

cytoplasm upon stress

To investigate whether mammalian SIRT6, which shares a 95.5%

homology with SIR-2.4, fulfils a similar role as SIR-2.4, we

analyzed the function of SIRT6 in stress granule formation.

Immunoprecipitation of SIRT6::YFP stably expressed in SILAC-

labeled human embryonic kidney 293 (HEK293) cells followed

by quantitative mass spectrometry identified several proteins

previously reported to be components of stress granules as an

interaction partner of SIRT6. Among the interactors, we found

G3BP (an orthologue of C. elegans K08F4.2) with 16 unique

peptides and 43% sequence coverage, USP-10 (ubiquitin C-

terminal hydrolase 10) with 21 peptides and 20% sequence

coverage, Caprin-1 (Cytoplasmic activation- and proliferation-

associated protein 1) with 12 peptides and 18% sequence

coverage as well as PABP-1 (polyadenylate-binding protein 1)

with 19 peptides and 10% sequence coverage. Specificity of the

interaction between SIRT6::YFP with endogenous stress granules

components such as G3BP and PABP1 was validated by

coimmunoprecipitation (Fig. 3A). Immunoprecipitation of total

cell extracts using GFP antibody recovered G3BP and PABP1

with SIRT6::YFP fusion protein (Fig. 3A). The specificity of the

interaction between SIRT6 and G3BP was demonstrated by the

Fig. 2. C. elegans SIR-2.4 interacts

with K08F4.2/G3BP and localizes

to stress granules. (A) Distribution

pattern of GFP-tagged SIR-2.4 and

mCherry-tagged K08F4.2 proteins in

unstressed (no HS, no heat shock) and

heat shocked (HS) NIH3T3 cells.

Arrowheads indicate the

colocalization of SIR-2.4- and

K08F4.2-tagged proteins. (B) Co-

immunoprecipitation of SIR-2.4 (or

SIR-2.2)- and K08F4.2-tagged

proteins overexpressed in NIH3T3

cell line at 37 C̊ and 42 C̊ (heat

shock); nc, normal condition; hs,

heat-shock condition. GAPDH was

used as a loading control.

(C) Colocalization of SIR-2.4::GFP

with G3BP (arrowheads), a marker

for stress granules in stressed

NIH3T3 cells. (D) Representative

images presenting colocalization of

endogenous SIR-2.4 with components

of P granules in arrested oocytes

using anti-PGL-1/-3 and/or in

pachytene-stage germ cells using

anti-GLH-1.2 (arrowheads).

(E) Number of P granules found in

ten nuclei of pachytene stage germ

cells of hermaphrodites growing for

5 hours at 36.5 C̊. Results are mean

values 6 s.d. of three independent

experiments; *P,0.01 versus wild

type at 25 C̊ or 36.5 C̊. Scale bars:

10 mm.

Journal of Cell Science 126 (22)5168



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

lack of binding between G3BP and the other member of the sirtuin

family, SIRT2 (Fig. 3A, bottom panel). In addition, we detected

endogenous SIRT6 and G3BP in a coimmunoprecipitation assay as

evidence of the physiological interaction between SIRT6 and

G3BP at 37 C̊ (normal condition) and 42 C̊ (stressed condition)

(Fig. 3B). Furthermore, colocalization studies of endogenous

SIRT6 and G3BP proteins in unstressed and heat-shock-treated

cells revealed that SIRT6 is mainly present in the nucleus of

unstressed cells (supplementary material Fig. S4). Exposure to

high temperature (42 C̊) leads to relocalization of SIRT6 and

formation of SIRT6-positive cytoplasmic patches throughout the

cytoplasm, which also contain other stress granule markers G3BP

or PABP1 (Fig. 3C).

Because G3BP and PABP1 are mRNA binding proteins, we

also examined whether RNA is required for binding to SIRT6.

Interestingly, coimmunoprecipitation followed by RNase

treatment revealed that SIRT6 efficiently bound to PABP1 only

in the absence of ribonuclease A, whereas the binding of G3BP to

SIRT6 did not depend on RNA (Fig. 3D). The effectiveness of

the RNase treatment was also assessed on agarose gel

(supplementary material Fig. S5A). Furthermore, we used in

vitro translated PABP1 as a negative control to demonstrate that

Fig. 3. SIRT6 co-immunoprecipitates components of mammalian stress granules. (A) SIRT6::YFP fusion protein co-precipitates endogenous G3BP and

PABP-1. SIRT2::FLAG, negative control; GAPDH, loading control. (B) Co-immunoprecipitation of endogenous G3BP using SIRT6 antibody and total cell

extracts obtained from wild-type MEFs. SIRT6KO MEFs served as a negative control. (C) Colocalization study of endogenous SIRT6 and markers of stress

granules: G3BP or PABP-1 in heat-shocked cells. Scale bars: 10 mm. (D) Verification of SIRT6 interaction partners by co-immunoprecipitation before and after

RNase A treatment. (E) In-vitro-translated G3BP and SIRT6 exhibit reciprocal co-immunoprecipitation as shown in western blots. (F) Western blot analysis

showing co-immunoprecipitation of FLAG-tagged G3BP and SIRT6::YFP-fusion proteins expressed in NIH3T3. nc, normal condition; hs, heat-shock

condition. SIRT2, control. (G) SIRT6-G3BP association in cytoplasmic and nuclear fraction using heat-shocked NIH3T3 cell lysates which were transfected with

G3BP and SIRT6 fusion proteins, fractionated and immunoprecipitated.

SIRT6 influences stress granule assembly 5169
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SIRT6 binds to PABP1 in an RNA-dependent manner
(supplementary material Fig. S5B). Additionally, co-
immunoprecipitation of in vitro translated SIRT6 and G3BP

indicated that binding of both proteins is most likely direct
(Fig. 3E).

To verify whether the relocalization of SIRT6 to stress
granules is restricted only to specific forms of environmental

stress or is a phenomenon of a specific cell line, we
overexpressed SIRT6-tagged protein in NIH3T3 or U2OS cells
and used sodium arsenite (AS) treatment or exposure to heat
shock. We observed that SIRT6 was recruited into stress granules

under all stress stimuli and in both cell lines used in this study
(supplementary material Fig. S6). Unexpectedly, the interaction
between SIRT6::GFP and G3BP::FLAG appeared to be

independent of stress because both proteins efficiently co-
precipitated in non-stressed and stressed conditions (Fig. 3F).
Biochemical fractionation experiments revealed that SIRT6 and

also G3BP are present in the nuclear and cytoplasmic fractions
after stress and that they can be found in complex together in both
cellular compartments (Fig. 3G).

Cytoplasmic localization of SIRT6 is partially dependent
on G3BP

To find out whether the interaction between G3BP and SIRT6
regulates recruitment of SIRT6 to stress granules, we
overexpressed SIRT6-tagged protein in G3BPKO MEF cells

(Fig. 4A). As previously reported, cells lacking G3BP induced
significantly fewer large cytoplasmic stress granules as visualized
by TIA-1 immunofluorescence (Fig. 4A). Accordingly, we found

that these granules also expressed SIRT6 and their number was
decreased in G3BPKO MEFs compared with wild-type MEFs.
These results suggest that the subcellular redistribution of nuclear

SIRT6 to cytoplasmic stress granules undergoes similar regulatory
constrains as other proteins typically present in stress granules and
that this process is at least partially dependent on G3BP.

We further determined whether new protein synthesis was
involved in the heat-shock-induced increase of cytoplasmic

SIRT6. Therefore, we preincubated the NIH3T3 cells for
30 minutes with the protein synthesis inhibitor cycloheximide
or in control medium (DMSO). Cycloheximide leads to a strong

reduction of stress granules, inhibits translational elongation and
blocks the disassembly of polysomes (Kedersha et al., 2000). We
observed that cycloheximide clearly decreased the fluorescence

density of cytoplasmic SIRT6, with respect to those of control
conditions. As expected, addition of cycloheximide to stressed
cells resulted in partial stress granule disassembly, suggesting

that polysome disruption is important for stress granule assembly
and incorporation of SIRT6 to these foci (Fig. 4B).

SIRT6 undergoes structural rearrangements upon
exposure to elevated temperatures

In response to heat shock, many proteins become partially

unfolded or misfolded and are retrotranslocated to the cytoplasm,
where they are ubiquitylated and degraded by the proteasome
(Werner et al., 1996). Because different cell lines were subjected

to a continuous 42 C̊ heat shock in most of our experiments, we
investigated the influence of temperature on the thermal stability
and enzymatic activity of the SIRT6 protein in vitro. Fig. 5A

shows the thermal denaturation profile of human recombinant
SIRT6 as determined by intrinsic tryptophan fluorescence. With
the exception of Trp69 (supplementary material Fig. S7), the

other four tryptophan residues of human SIRT6 are located close

to the protein surface as evident from protein crystal structures

(PDB ID:3K35, 3ZG6; P. W. Pan, A. Dong, J. Min, C.

Arrowsmith and A. Edwards, unpublished data; Jiang et al.,

2013). Assuming a two-state transition from native to unfolded

protein, the thermally induced unfolding reached its midpoint at

41.860.3 C̊ for protein concentrations of 0.05 and 0.1 mg/ml,

respectively. As observed for many proteins, especially those of

Fig. 4. G3BP partially regulates SIRT6 recruitment to stress granules.

(A) The presence of large SIRT6::YFP granules in cytoplasm of heat-shocked

wild-type MEFs in contrast to G3BP KO MEFs. TIA-1, stress granule marker.

Scale bars: 6 mm. The graph shows the average size of SIRT6::YFP granules

in MEFs. Analysis was based on ten transfected cells. The large class of

granules was identified on the basis of size (large, 31–230 pixels2). Results

are means 6 s.d. (B) Effect of cycloheximide on cytoplasmic SIRT6

aggregations during heat shock. NIH3T3 cells were exposed to heat shock in

the presence of cycloheximide (CHM) or DMSO (control). Representative

cells showing partial inhibition of stress granule formation by cycloheximide

and the absence of effect by DMSO are depicted. a-tubulin (tub), control for

immunostaining efficiency. Scale bars: 10 mm.
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more than 150 amino acids in length, the thermal unfolding

process was irreversible (Sanchez-Ruiz, 2010; Ganesh et al.,

1997). Consequently, no thermodynamic description was

performed. In order to follow the unfolding of the protein core,

SIRT6 was further subjected to thermal unfolding in the presence

of the fluorescent dye Sypro Orange. Differential scanning

fluorimetry revealed an onset of thermal unfolding at 41–42 C̊,

with an apparent midpoint at 45.760.2 C̊ (Fig. 5B). Again, and

typical for this dye-binding assay, thermal unfolding was

irreversible (Phillips and de la Peña, 2011). Relative to changes

in the fluorescence characteristics of tryptophan residues,

differential scanning fluorimetry is able to detect the exposure

of hydrophobic patches during the unfolding of the protein core

(Uniewicz et al., 2010). It is thus conceivable that the midpoint of

this process is reached at later stages of thermal unfolding

relative to the solvent exposure of the tryptophan residues.

In order to determine the temperature dependence of SIRT6

enzyme activity, the deacetylation of a human p53 substrate peptide

by human recombinant SIRT6 was analyzed in the presence of

NAD+ after heat shock at various temperatures (Fig. 5C). Control

samples incubated on ice yielded the same signal of converted

substrate as those incubated at 20 C̊, which implies that SIRT6 was

sufficiently stable for the time period of the assay. Furthermore, a

heat shock at 55 C̊ in the absence of SIRT6 protein did not lead to

marked substrate conversion, confirming the stability of the labeled

peptide. Although it remained constant at 25–38 C̊, SIRT6

deacetylase activity decreased at a heat-shock temperature above

38 C̊. For the irreversible functional inactivation of the enzyme, a

half-inactivation temperature of 43.060.2 C̊ was determined.

As evident from biochemical analysis, human recombinant SIRT6

underwent structural rearrangements upon exposure to elevated

temperatures and retained ,72% enzymatic activity after a heat

shock at 42 C̊. Apparently, detectable small structural changes took

place around 24 C̊, which could be interpreted as increased protein

compactness, which was indicated by increased tryptophan

fluorescence (Fig. 5A) and decreased extrinsic dye fluorescence

(Fig. 5B). However, the detailed nature and consequences of these

structural changes remain unknown; SIRT6 deacetylase activity does

not appear to be affected (compare Fig. 5C).

Deacetylase activity of SIRT6 is important for G3BP

granule formation

Next, we tested whether SIRT6 deficiency affects assembly of

G3BP-containing stress granules in stressed cells. In fact, loss of

SIRT6 caused changes in the formation of endogenous and

overexpressed G3BP foci (Fig. 6A,B). In particular, G3BP::GFP

granules had a more diffuse pattern in SIRT6KO MEFs, and

showed a size reduction as well as less-defined and more-

irregular morphology than wild-type MEFs (Fig. 6B). To analyze

whether the ability of SIRT6 to induce formation of G3BP-

containing stress granules depended on its enzymatic activity, we

used nicotinamide (NAM), which blocks deacetylase and mono-

ADP-ribosylase activities of SIRT6. NAM altered the size of

G3BP granules in a similar manner as the absence of SIRT6

(Fig. 6B,C). The analysis of G3BP::GFP expression at the

cellular level by immunoblotting verified that the exogenous

G3BP::GFP was expressed at a similar level in SIRT6KO MEFs,

wild-type MEFs and MEFs treated with NAM (Fig. 6D).

Fig. 5. Thermostability and thermoactivity of

human recombinant SIRT6. The thermal stability of

SIRT6 was analyzed using intrinsic tryptophan

fluorescence (A) and differential scanning fluorimetry,

where the fluorescent dye Sypro Orange was used to

detect hydrophobicity changes in the protein solution

(B). Owing to the relatively weak change in relative

fluorescence units (RFU) during the temperature ramp,

intrinsic fluorescence experiments were also performed

using a protein concentration of 0.1 mg/ml. To

determine a SIRT6 thermoactivity profile, deacetylation

of a labeled human p53 peptide was monitored after

heat shock at various temperatures (C). Error bars

represent the s.d. of triplicate samples. Signals of

control samples are shown on the right (same scale; RT,

room temperature). In all three panels, dotted lines

indicate deduced transition midpoints according to a

two-state model, which were 41.8 C̊ (A), 45.7 C̊ (B) and

43.0 C̊ (C).
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To determine whether deacetylase or mono-ADP-ribosylase

activities of SIRT6 are required for SIRT6-dependent assembly

of stress granules, we overexpressed several SIRT6 deletion

mutants in stressed and non-stressed NIH3T3 cells. Analysis of

various point mutations that disrupt either the deacetylase

(H133Y, R65A) or the mono-ADP-ribosyltransferase activity

(S56YG60A) of SIRT6 revealed that the deacetylase activity and

especially the His133 residue is important for G3BP granule

formation (supplementary material Figs S8, S9). Similarly, the

ability of C. elegans SIR-2.4 to induce stress granule formation in

the NIH3T3 cell line also depended on its deacetylase activity

(data not shown), indicating that the evolutionary conserved

mechanism that regulates formation of G3BP-containing stress

granules requires the deacetylase activity of SIRT6.

To provide more evidence that the deacetylase activity of SIRT6 is

important for stress granule formation, we attempted to rescue

SIRT6KO MEF cells with wild-type SIRT6::GFP and mutated

SIRT6H133Y::GFP fusion proteins. We observed that the restoration

of wild-type SIRT6 levels by expression of SIRT6::GFP rescued the

number of large stress granules (Fig. 7A,B). Importantly, the

enzymatically-inactive SIRT6H133Y::GFP failed to efficiently

rescue the number of stress granules in SIRT6KO MEFs,

suggesting that the deacetylase activity of SIRT6 is necessary to

regulate the formation of stress granules (Fig. 7A,B). The analysis of

SIRT6::GFP and SIRT6H133Y::GFP expression at the cellular level

by immunoblotting of the transfected SIRT6KO MEFs verified that

the exogenous SIRT6::GFP and SIRT6H133Y::GFP constructs were

both expressed at similar levels (Fig. 7C).

SIRT6 does not influence the acetylation status of G3BP

Because G3BP is acetylated at Lys376 (Choudhary et al., 2009),

we wanted to determine whether SIRT6 controls assembly of

stress granules by deacetylation of G3BP; we therefore analyzed

the acetylation status of G3BP under different conditions by mass

spectrometry. However, neither the absence of SIRT6 nor the

inhibition of SIRT6 by NAM affected acetylation of G3BP

(supplementary material Fig. S10A). In addition, use of the

acetylation-deficient mutant of G3BP yielded stress granules of

similar sizes and in similar numbers as wild-type G3BP

(supplementary material Fig. S10B), indicating that assembly

of stress granules does not depend on the acetylation status of

G3BP.

SIRT6 influences phosphorylation of G3BP at Ser149

Next, we examined whether the absence of SIRT6 affects

phosphorylation of G3BP at Ser149, which has been shown to

inhibit stress granule assembly after arsenite treatment and heat

shock (Tourrière et al., 2003). Strikingly, SIRT6-deficient MEFs

showed increased phosphorylation of G3BPSer149 under

physiological and heat-shock conditions (Fig. 7D). Addition of

the SIRT6 inhibitor NAM to wild-type MEFs also increased

phosphorylation of G3BPSer149, whereas NAM had little effect

in SIRT6KO MEFs (Fig. 7D). Because our data indicate that

deacetylase activity of SIRT6 is important for induction of G3BP

foci, we asked whether it also affects G3BP phosphorylation.

Therefore, we analyzed the phosphorylation status of G3BP at

Ser149 in SIRT6KO MEFs after overexpression of wild-type and

Fig. 6. SIRT6 impacts G3BP assembly. (A) Representative

images of wild-type MEFs and SIRT6KO MEFs in heat-shock

condition. Stress granules were detected by antibody raised

against G3BP. Scale bar: 10 mm. (B) Wild-type MEFs (with or

without NAM treatment) and SIRT6KO MEFs transfected with

G3BP::GFP and analyzed for heat-shock-induced stress granule

formation. Arrowheads indicate large stress granules. Scale

bars: 10 mm. (C) The graph shows the average size of

G3BP::GFP granules in MEFs. Analysis was based on 50

transfected cells. The large class of granules was identified on

the basis of size (large, 31–230 pixels2). Results shown are mean

values of three independent experiments. Results are means 6

s.d. (D) The cellular level of G3BP::GFP in cells used in B. H3

served as a loading control.
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catalytically inactive form of SIRT6::GFP fusion protein (Fig. 7E).

Although overexpression of wild-type SIRT6 in SIRT6KO MEFs

decreased G3BPSer149 phosphorylation, addition of the SIRT6

inhibitor NAM abolished this effect. This indicates that the

deacetylase activity of SIRT6 is important for both G3BP foci

formation and its de-phosphorylation at Ser149. The phosphorylation

status of G3BP at Ser149 did not affect the association of SIRT6 and

G3BP because both the phosphorylation-mimetic (S149E) and the

phosphorylation-deficient (S149A) G3BP mutants interacted to the

same extent as wild-type G3BP with SIRT6 in NIH3T3 cells

(Fig. 7F). Similarly, the catalytic activity of SIRT6 was dispensable

for the interaction of SIRT6 with G3BP, as indicated by efficient

coimmunoprecipitation of G3BP with the acetylase-deficient

SIRT6H133Y mutant (supplementary material Fig. S11).

SIRT6 affects disassembly of stress granules

To assess whether SIRT6 affects disassembly of stress granules

during stress recovery, we examined the size of G3BP::GFP foci at

various time points after release from heat shock. We observed that

the SIRT6KO MEFs recovered poorly after stress release when

compared with wild-type cells, indicating that SIRT6 also promotes

G3BP disassembly after stress (Fig. 8A; supplementary material Fig.

S12). Interestingly, the disaggregation of stress granules after removal

of the stressor is important for the recovery of cellular functions after

stress and shows age-related changes (Gallouzi, 2009).

SIRT6 increases cell survival

Because sequestration of highly expressed mRNAs and proteins

in stress granules enhances cell viability (Lavut and Raveh,

2012), we examined whether impaired stress granule formation in

SIRT6KO MEFs correlates with lower cell survival. In fact,

SIRT6KO MEFs showed strongly decreased viability (ca. 30%)

compared with wild-type cells under stress and non-stressed

conditions (Fig. 8B). A decreased cell viability of SIRT6KO

MEFs reflects a conserved role of mammalian SIRT6 and SIR-

2.4 in C. elegans in preserving cell survival. The enzymatic

activity of SIRT6 is important for efficient stress granule

induction and for inhibition of G3BPSer149 phosphorylation;

we therefore analyzed whether transfection of wild-type SIRT6

and its catalytic mutant differentially affect survival of SIRT6KO

Fig. 7. Deacetylase activity of SIRT6

influences stress granule assembly and the

level of G3BP phosphorylation.

(A) SIRT6::GFP but not SIRT6H133Y::GFP

expression in SIRT6KO MEFs restores the

number of large stress granules (arrowheads).

Scale bar: 10 mm. (B) Quantification of the

number of large stress granules based on size

(large, 31–230 pixels2). Analysis was based

on 50 transfected cells (two independent

experiments; means 6 s.d.) (C) The

exogenous, mutated form of

SIRT6H133Y::GFP is expressed at

comparable level to the SIRT6::GFP wild-

type form. (D) Phosphorylation level of

G3BP in non-stressed and heat-shock-

stressed wild-type and SIRT6KO MEFs with

or without NAM treatment. nc, normal

condition; hs, heat-shock condition. Bar

graph for the quantitative comparison among

protein expression level is shown below. The

signal intensity of a protein band and its

surrounding background were scanned from

images derived from two independent

western blot experiments for each protein and

quantified by using Scanalytics IPLAB 3.6

(Rockville, MD). The resultant background-

subtracted values of G3BPSer149 were

normalized to those of G3BP and then plotted

as the relative protein levels for each protein

at each condition in each cell line with or

without NAM treatment. (E) Phosphorylation

level of G3BP in stressed SIRT6KO MEFs

cells rescued with SIRT6 wild-type and

SIRT6-mutated form. MEFs sorted by FACS

were used for western blot analysis.

(F) Western blot analysis showing co-

immunoprecipitation of FLAG-tagged

SIRT6 and GFP-tagged wild-type G3BP and

G3BP carrying point mutations of the

phosphorylation site (S149E or S149A).
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MEFs. Indeed, we were able to detect increased survival of

SIRT6KO MEFs cells expressing wild-type SIRT6, but not

mutated SIRT6 (Fig. 8B).

Taken together, our data suggest that SIRT6 deacetylase

activity regulates assembly and disassembly of stress granules,

probably by promoting dephosphorylation of G3BP at Ser149.

Reduced formation of stress granules and delayed recovery after

stress will enhance sensitivity to environmental stressors in cells

lacking SIRT6 or in sir-2.4 mutant animals (Fig. 8C).

Discussion
We have shown that SIRT6 is not only a chromatin-associated protein

and a regulator of transcription factors, histones and PARP activities,

but also translocates into the cytoplasm upon stress, interacts with

G3BP and regulates stress granule assembly and disassembly

(Michishita et al., 2008; Michishita et al., 2009; McCord et al.,

2009; Kawahara et al., 2009; Mao et al., 2011). Although SIRT6 is

found almost exclusively in the nucleus (Mostoslavsky et al., 2006;

Kawahara et al., 2009; Tennen et al., 2010), some fraction of SIRT6 is

present in secretory organelles, such as the endoplasmic reticulum

(Jiang et al., 2013). In C. elegans, we observed binding of SIR-2.4 to

structures located near the nucleoplasmic side of the nuclear

envelope, suggesting that the intranuclear SIR-2.4 plays an

important role in this structure. Our data using mammalian cell

cultures showed clearly that the cytoplasmic SIRT6 fraction

participates in the formation of stress granules, despite the fact that

the SIRT6 protein contains a functionally active nuclear localization

signal (NLS) (Tennen et al., 2010). We propose that the shift in the

nuclear and cytoplasmic distribution of SIRT6 upon stress might be

accompanied by binding to G3BP and/or SIRT6 protein stability

changes, which modify the secondary structure in a way that leads to

masking of the NLS. This speculation is consistent with our

biophysical data showing that human recombinant SIRT6 is

functional at 37 C̊ and changes its stability above a temperature of

40 C̊. We cannot exclude the possibility that at temperature stress

conditions in vivo, SIRT6 is misfolded and/or degraded by

proteasomes. However, it is also conceivable that misfolded SIRT6

protein escapes degradation as a result of interactions with heat-shock

proteins such as HSP-70 (M.J-B., unpublished results). Consistent

with this idea, we showed in cell culture that SIRT6 protein manifests

functionality by enhanced viability of the rescued SIRT6 KO MEFs

after heat-shock recovery (Fig. 8B).

Our data indicate that SIRT6 indirectly regulates

dephosphorylation of G3BPSer149, which is an important step

during stress granule formation. The exact mechanism by which

SIRT6 mediates G3BP dephosphorylation at Ser149 is unknown

and requires further investigation. G3BPSer149 is phosphorylated

in a p120RasGAP-dependent manner, but the mechanism by which

RasGAP maintains phosphorylation has not been explored (Parker

et al., 1996; Gallouzi et al., 1998; Tourrière et al., 2001). It seems

likely that SIRT6 deacetylates and regulates components of the

enzymatic machinery that controls the phosphorylation status of

Fig. 8. SIRT6 deficiency impacts disassembly of stress

granules and influences cell viability. (A) Size of G3BP

foci after heat shock release. SIRT6+/+ and SIRT62/2 cells

heat-shocked for 30 minutes were then incubated for

90 minutes or 4 hours at 37 C̊ (recovery). The size of

G3BP::GFP granules were analyzed directly after heat shock

and after 90 minutes or 4 hours of recovery at 37 C̊ (n5100

cells in ten random fields, quantification as a percentage,

means 6 s.d.). The two classes of granules were identified

on the basis of size (small, 1–30 pixels2; large, 31–230

pixels2). (B) MTT assay demonstrating an increased

viability of SIRT6KO MEFs after transfection with

SIRT6::GFP but not with SIRT6H133Y::GFP (results shown

are mean 6 s.d. of two independent experiments; *P,0.05

versus wild-type MEFs or SIRT6KO MEFs rescued with

SIRT6::GFP or SIRT6H133Y::GFP, respectively).

(C) Hypothetical working model.
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G3BPSer149. A similar feedback loop has been described for the

regulation of eIF2-a phosphorylation by SIRT1 (Ghosh et al.,

2011). Because loss of SIRT6 did not completely abrogate

formation of G3BP foci after heat shock, we assume that SIRT6

is not the only important factor that regulates phosphorylation of

G3BP. Stress granules contain large numbers of post-

translationally modified proteins that affect assembly of granules

(Ohn and Anderson, 2010). Currently, we cannot exclude the

possibility that SIRT6 modifies additional proteins in the stress

granule multiprotein complex and therefore impacts stress granule

assembly by other mechanisms. Our results clearly document that

SIRT6 is instrumental for rapid stress responses not only in the

nuclear but also in the cytoplasmic compartment.

The enzymatic activity of SIRT6 offers quick, economical and

reversible means to adjust protein function during stress, analogous to

the histone deacetylase protein 6 (HDAC-6) (Kwon et al., 2007;

Kawaguchi et al., 2003). Our results reveal that the role of SIRT6 in

cytoplasmic stress granule formation is remarkably conserved during

evolution. Because assembly of stress granules in response to stress

and efficient disassembly during stress recovery are both important

prosurvival mechanisms that are impaired during aging (Gallouzi,

2009), it is tempting to speculate that SIRT6 affects age-related

processes not only in the nucleus but also in the cytoplasm by

regulating the structure and dynamics of stress granules. The

redistribution of nuclear SIRT6 to cytoplasmic stress granules

potentially reveals new connections between protein deacetylation

and global gene expression control. Future studies with regard to

detailed mechanistic insights of how SIRT6 is able to promote

dephosphorylation of G3BP are needed to provide a clearer

understanding of how SIRT6 is able to regulate the formation of

stress granules.

Materials and Methods
Trp fluorescence transition

Human recombinant SIRT6 (1–355 amino acids, N-terminally (His)6-tagged) was
obtained from Cayman Chemical (Ann Arbor, MI). The supplied 0.6 mg/ml protein
solution in 25 mM Tris-HCl, 100 mM NaCl, 20% glycerol, pH 8, was diluted to
0.05 or 0.1 mg/ml SIRT6, respectively, using buffer without glycerol. Intrinsic
tryptophan fluorescence intensity was monitored at a temperature ramp rate of 1 C̊/
minute using a FP-6500 spectrofluorometer (Jasco, Germany) equipped with an
ETC-273T Peltier device. Quartz cuvettes with a path length of 1 cm were used. The
excitation wavelength was set to 28063 nm and fluorescence emission was recorded
at 34165 nm. Under the assumption of a two-state transition, nonlinear least-
squares fitting was performed using SigmaPlot 12 (Systat Software) in order to
determine apparent midpoints of thermal unfolding. Linear pre- and post-transition
baseline corrections were applied as described (Allen and Pielak, 1998). The signal
of buffer solution without SIRT6 was ,6 RFU (data not shown).

Differential scanning fluorimetry

Human recombinant SIRT6 was probed for thermal stability in the presence of the
fluorescent dye Sypro Orange (Life Technologies). Similar to solutions containing
substances such as 1-anilinonaphthalene-8-sulfonic acid (ANS), this dye can
exhibit marked changes in its fluorescence properties upon protein unfolding
(Lavinder et al., 2009). Solutions contained 0.05 mg/ml protein and a dye
concentration of 56(relative to the supplied stock, absolute dye concentrations are
not disclosed by the manufacturer). Using the same equipment as above, dye
fluorescence upon excitation at 470 nm (3 nm bandwidth) was monitored at
563 nm (10 nm bandwidth) during a temperature ramp of 1 C̊/minute. In the
absence of SIRT6, the signal of Sypro Orange in buffer was 1.4360.03 RFU over
the temperature range tested (data not shown).

Temperature dependence of SIRT6 activity

SIRT6 Direct Fluorescent Screening Assay Kit (Cayman Chemical, Ann Arbor, MI)
was used to determine the temperature dependence of human recombinant SIRT6
deacetylase activity. Unless stated otherwise, experimental steps were performed as
recommended by the manufacturer and by using the supplied solutions. SIRT6 was
mixed with assay buffer prepared with glass-distilled water to yield samples of 35 ml.
Transferred into 0.2 ml thin-wall PCR tubes, triplicate samples were incubated for

10 minutes at various temperatures and subsequently brought to 20 C̊ using PCR
thermocyclers (peqSTAR 2X, Peqlab, Germany; Mastercycler personal and gradient,
both Eppendorf, Germany). Control reactions were incubated on ice. Subsequently,
15 ml substrate solution containing NAD+ and aminomethylcoumarin-labeled human
p53 peptide [Arg-His-Lys-Lys(e-acetyl)-AMC] was added to each sample. After
1 hour of incubation at 37 C̊ on a shaker, 50 ml Stop/Developer solution containing
nicotinamide was added, followed by 30 minutes of incubation at room temperature.
Individual samples were transferred into black 96-well half area black flat bottom
polystyrene NBS plates (Corning). Fluorescence intensity upon excitation at 360 nm
was measured at 460 nm using a SkanIT Varioskan Flash plate reader (Thermo
Scientific). Bandwidth and measurement time were set to 5 nm and 200 milliseconds,
respectively. The relative fluorescence signal of substrate solution in buffer without
SIRT6 (mean of room temperature and 55 C̊) was subtracted from all samples.

Cell lines and transfection

NIH3T3, U2OS, SIRT6 knockout (SIRT62/2), G3BP knockout (G3BP2/2) and
wild type (SIRT6+/+ or G3BP+/+) MEFs were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum, and grown at 37 C̊ in 5%
CO2. Transfections were performed with FuGENE HD Transfection Reagent
(Roche) following the manufacturer’s protocol. Cells were transfected with
following constructs: SIRT1::YFP, SIRT1::CFP, SIRT6::YFP, SIRT6::GFP,
SIRT6H133Y::GFP, SIRT6R65A::GFP, SIRT6S56YG60A::GFP, SIRT6::CFP,
SIRT6::FLAG, SIRT7::CFP, G3BP::GFP, G3BP::FLAG, G3BPS149E::GFP,
G3BPA149A::GFP, SIR-2.4::GFP or K08F4.2::RFP. SIRT6 domains in pEGFP-
N2-FLAG backbone have been described previously (Tennen et al., 2010). For
stress granule formation, cells were heat shocked (20 minutes, 30 minutes or
1 hour at 42 C̊) or incubated with sodium arsenite (1 hour, 1 mM). Cycloheximide
(Sigma-Aldrich, Germany) was used at 10 mg/ml. The infected MEF cells were
expanded and sorted by FACS. GFP-positive cells were used for experiments.

MTT assay

Cells were allowed to recover from that point on for periods of 90 minutes or
4 hours. Cell viability was determined using MTT assays. For the MTT assay, PBS
containing 5 mg/ml MTT was added to cells. Cells were incubated for 2 hours in
the absence of light. The medium was removed, and precipitates were resuspended
in 50 ml DMSO. Absorbance at 570 nm was measured using a plate reader.
Experiments were performed in triplicate.

C. elegans strains

C. elegans strains were grown at 15 C̊ or 20 C̊. The wild-type strain was the N2
(Bristol) strain. The following mutant alleles and strains were used: rrf-1(pk1417)I and
mpgEx16[sir-2.4pr::sir-2.4::gfp rol-6(su1006)], translational fusion. For feeding, the
F1 generation was grown at 15 C̊ and L4 larvae were transferred on pre-warmed NGM
plates and incubated at 25 C̊. Three-day-old hermaphrodites were transferred from
25 C̊ on new pre-warmed plates and incubated at 36.5 C̊ for the next 12 hours.

Generation of sir-2.4::gfp transgenic strain

The reporter sir-2.4 gene construct with promoter was generated by a PCR from
cosmid C06A5 (The Sanger Centre, Cambridge, UK) using the primers
GGAATTCCGGGATTCAAGGCTCGTGAGTT (with EcoRI cut site) and
CGGGATCCAAACGTCAGCATGAATTGCAG (with BamHI cut site). The
PCR product was inserted into pEGFP-N1 (Clontech). For the cloning into
pPD118.25 vector (Addgene), sir-2.4 cDNA was amplified using following primer
pair: CGGGATCCTATCCATATGACGTCCCAGACTATGCCATGAAATCTG-
CAAAATACAAAACCG (with BamH1 cut site) and ATAAGAATGCGG-
CCGCGCTAATTTTCAATGGAATAGGCAC (with NotI cut site). To generate
sir-2.4 transgenic worms, 25 ng/ml or 10 ng/ml of the plasmid together with 75 ng/ml
or 90 ng/ml pRF4 plasmid carrying the dominant mutant rol-6(su1006) were injected
into wild-type worms according to published methods (Mello et al., 1991).
Transgenic worms displaying a roller phenotype were analyzed for GFP expression.
For the visualization of GFP fluorescence in live animals, worms were transferred to
a 10 ml drop of 2 mM NaN3 and mounted directly onto agarose (2%) pads.

Generation of cDNA encoding sir-2.4 or K08F4.2

A cDNA encoding sir-2.4 was cloned into pET3a vector (Invitrogen) or L4440
vector (Addgene) after RT-PCR amplification from total RNA of wild-type C.
elegans using Superscript II polymerase (Promega) according to the
manufacturer’s instructions. For the procedure, the following primer pair was
used: sir-2.4 cDNA forward primer, ATGAAATCTGCAAAATACAAAACCG
and sir-2.4 cDNA reverse primer, TTAGCTAATTTTCAATGGAATAGGCAC. A
cDNA of the K08F4.2 gene was identified using the Wormbase Website (http://
www.wormbase.org) and amplified by RT-PCR. K08F4.2 cDNA was cloned into
pmCherry-N1 (Addgene) and used for co-transfection.

RNA interference by feeding

In short, the feeding construct L4440-sir-2.4 (cDNA) was transformed into E. coli
strain HT115 (DE3). 50 ml of the bacterial culture incubated overnight at 37 C̊
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with constant shaking were spread on 40 mm NGM feeding plates containing
100 mg/ml ampicillin and 1 mM IPTG. Finally, plates were incubated 8 hours at
room temperature to grow a bacterial lawn and to induce dsRNA. Two
hermaphrodites in L3-larval stages were transferred on the plate and incubated
24 hours at 25 C̊. Every 12 or 24 hours, the hermaphrodites were transferred to
fresh feeding plates. The F1 generation as 3-day-old hermaphrodites was used for
the thermotolerance assay and immunostaining.

Thermotolerance assay

A total of 40 3-day-old hermaphrodites (in three independent experiments) were
transferred on pre-warmed NGM plates and incubated at 36.5 C̊ for 12 hours. The
survival was scored every hour at 36.5 C̊ as the number of animals that showed
touch-provoked movement. Animals that failed to display motility or pharyngeal
pumping were scored as dead.

Measurements of P granules number

P granules of 20 nuclei of pachytene-stage germline cells were counted manually
along Z-stack images for each genotype. The experiment was repeated three times.

Treatment with inhibitors

Transfected or co-transfected cells were treated with NAM inhibitor (final
concentration 5 mM, Sigma-Aldrich) and incubated for 16 hours.

Antibodies

The following antibodies were used in the study: anti-G3BP (ab56574), anti-
G3BPSer149 (Sigma, G8046), anti-H3 (ab1791), anti-PABP (ab21060), anti-
FLAG (M2, Sigma F1804), anti-GFP (clone 7.1 and 13.1 Roche), anti-GFP
(ab6556), anti-GAPDH (Pierce, MA1-22670), mouse monoclonal anti-PGL-1/
PGL-3 KT3 (Hybridoma Bank, University of Iowa), anti-GLH-1.2 (kindly
provided by Ch. Eckmann, Dresden), anti-tudorSN (sc-67128), anti-TIAL-1
(ab26257), anti-a-tubulin (1:5000, Sigma), anti-SIRT6 (ab62739), anti-SIRT6
(Cell Signaling, 2590); anti-SIRT2 (ab32829), anti-acetylK (Cell Signaling,
9441), anti-NPC(mAb414, ab24609) or anti-RFP (Chromotek, 5F8). For the
immunostaining procedure, the following secondary antibodies were used: Alexa
Fluor 568 goat anti-mouse (Life technologies, A-21124), Alexa Fluor 555 goat
anti-rabbit (Life technologies, A-21428), DyLight 488 anti-mouse (Thermo
Scientific, 35503) or DyLight 488 anti-rabbit (Thermo Scientific, 35553).

Generation of antibody against SIR-2.4

The synthetic peptide SIR-2.4 (CHEKIVETAIHADVKL) was chemically
synthesized and coupled with sulfo-maleimidobenzoyl-N-hydroxysuccinimide
ester (WITA) to BSA. 500 mg of antigen were used for rabbit immunization in a
series of three injections. Antigen injections and resulting antiserum collections were
performed by SEMBID (Slovakia). Anti-SIR-2.4 antibody was affinity purified with
a SulfoLink (Pierce) column using 1 mg of the synthetic peptide. The specificity was
tested on western blot. In addition, to confirm that the observed SIR-2.4 signal is a
result of the interaction of the antibody with target antigen instead of non-specific
binding, pre-absorption with the blocking peptides was performed. For
preabsorption, SIR-2.4 antibody (diluted 1:80) was incubated with 1 mg peptide
for 1 hour at room temperature before incubation with C. elegans tissues.

Immunostaining of C. elegans

Worms from wild-type strain were fixed in 1% PFA (for staining using anti PGL-
1/-3) or with methanol and acetone (for anti-GLH-1.2 staining) and stained, as
previously described (Jedrusik and Schulze, 2007).

Immunostaining of cells

For each immunofluorescence analysis, cells were seeded in Lab-TekII Chamber
Slides (ThermoFisher), transfected or co-transfected with plasmid of interest and
incubated for 24 hours at 37 C̊. Cells were then washed with DPBS (Gibco),
incubated with 4% PFA for 15 minutes at room temperature. Next, cells were
washed three times for 5 minutes with DPBS and incubated for 15 minutes in
0.1% TritonX-100 diluted in DPBS. Finally, cells were blocked with 5% BSA in
DPBS for 1 hour and incubated with first antibody for 1 hour at room temperature.
After incubation, chamber slides were washed three times for 5 minutes in DPBS
and incubated with secondary antibody followed by DAPI counterstaining. After
final washing, the cells were closed with Vectashield mounting medium and
analyzed using Leica DMI 6000B fluorescence microscope.

Immunoprecipitation

For each experiment, NIH3T3 cells were seeded in 10 cm culture dishes, transiently
co-transfected with the plasmid of interest. Before harvesting, cells were washed twice
with 5 ml of ice-cold PBS buffer and incubated for 2 minutes with 300 ml NP40 lysis
buffer containing Complete, EDTA-free, Protease Inhibitor Cocktail tablet (Roche).
Next, cells were scraped using a cold plastic cell scraper and the cell suspension was
transferred and then incubated on a rotator for 30 minutes at 4 C̊ with constant

rotation. After centrifugation (15 minutes at 13,000 rpm) each supernatant was

transferred into a new 1.5 ml tube and incubated with an antibody or without (IgG

negative control) overnight at 4 C̊ with constant rotation [Optional-for RNase A

control, supernatant was treated with 100 mg/ml RNase A (Qiagen) before adjusting

the antibody]. In addition, the cell suspension was used for RNA isolation (PureLink
RNA Mini Kit, Ambion) and RNase treatment to demonstrate the integrity of the

rRNA on agarose gel. On the following day, 80 ml slurry of the Pierce Protein-G

agarose beads or antibody were added to cell lysates and incubated for 2 hours at 4 C̊

with constant rotation. For immunoprecipitation using RFP-tagged proteins, 50 ml of

RFP-TrapA slurry (Chromotek, Germany) was used. After incubation, lysates were

centrifuged for 2 minutes at 2800 rpm at 4 C̊, the supernatants were discarded and the

beads washed three times with fresh NP40 lysis buffer containing Complete, EDTA-

free, Protease Inhibitor Cocktail tablet (Roche). The beads were mixed with 46LDS
sample buffer, 106reducing agent and boiled for 5 minutes, and briefly centrifuged at

13,000 rpm. The supernatants were loaded on NuPage 4–12% Bis-Tris Gel 1.0 mm6
10 wells and run using NuPage4-MOPS SDS Running Buffer (206). For co-

immunoprecipitation, the following in vitro translated proteins were used: G3BP

(Abnova, H00010146) expressed in wheat germ expression system, PABP (ab92269)

and SIRT6 (Active Motif, 31336). These proteins were combined and incubated at

30 C̊ for 30 minutes. Co-immunoprecipitation was performed at 4 C̊ for 2 hours with

3 ml anti-G3BP or SIRT6-antibody-coupled resin. IgG (sample without antibody) was
used as a negative control. Eluted proteins were resolved using 4–20% SDS-PAGE

and visualized by autoradiography.

Fractionation

NIH3T3 cells were transfected as described above and subjected to nuclear and

cytoplasmic extraction as previously described (Dignam et al., 1983).

Quantification of cells containing stress granules and measurement of

stress granule size

For quantification, ten fields of each sample were randomly selected. The

percentage of cells containing stress granules was counted. For measurement of the

size of stress granules, 10 cells of each sample were randomly selected and the

relative size (pixels2) was determined from selected images taken at 406
magnification using Leica DMI 6000B fluorescence microscope. Granules were

defined using the threshold function in ImageJ (http://rsb.info.nih.gov/ij) according

to previously described procedure (Dolzhanskaya et al., 2011). The data were
imported into Excel for subsequent analysis. The average stress granule size of at

least 100 stress granules in 10 cells was presented. The number of stress granules

in each experiment was calculated using ten random fields each containing 10–20

cells. Data are represented as the means of three experiments 6 s.d. (error bars).

Yeast two-hybrid screen

The yeast strain AH109 was used for all yeast two-hybrid experiments. The full-length

cDNA of sir-2.4 was cloned in pGBKT7 and pGADT7 (Clontech). An autoactivation

test with these two vectors was negative. The sir-2.4 cDNA in pGBKT7 as prey was

used to screen a C. elegans cDNA library in the corresponding bait vector.

Transformants were selected on SD plates without Trp, Leu and His. In total about

26106 transformants were screened. Positive clones were retested and then sequenced.

Mass spectrometry analysis

Cells were transfected to express GFP-Sirt6, followed by immunoprecipitation

with anti-GFP antibody. Gel bands were excised and subjected to in-gel digestion
with trypsin (Shevchenko et al., 2006). The resulting tryptic peptides were

extracted with acetonitrile and desalted with reverse-phase C18 STAGE tips

(Rappsilber et al., 2007). Mass spectrometric experiments were performed on a

nano-flow HPLC system (Proxeon) connected to LTQorbitrap and Velos LTQ-

Orbitrap-XL instruments (Thermo Fisher Scientific) equipped with a

nanoelectrospray source (Proxeon) (Drexler et al., 2012). The RAW files were

analyzed with the MaxQuant software tool (Version 14.10) (Cox and Mann, 2008).

Statistical analysis

Data were analyzed by Student’s t-test. Statistical analyses of lifespan were performed

on Kaplan–Meier survival curves in GraphPad Prism 5 by log-rank tests. To compare

the interaction between genotype and RNAi, two-way ANOVA tests were used.
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