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RESEARCH ARTICLE

Activation of IRE1, PERK and salt-inducible kinases leads to
Sec body formation in Drosophila S2 cells
Chujun Zhang1, Wessel van Leeuwen1, Marloes Blotenburg1, Angelica Aguilera-Gomez1, Sem Brussee1,
Rianne Grond1, Harm H. Kampinga2 and Catherine Rabouille1,2,3,*

ABSTRACT
The phase separation of the non-membrane bound Sec bodies
occurs in Drosophila S2 cells by coalescence of components of the
endoplasmic reticulum (ER) exit sites under the stress of amino acid
starvation. Here, we address which signaling pathways cause Sec
body formation and find that two pathways are critical. The first is the
activation of the salt-inducible kinases (SIKs; SIK2 and SIK3) by Na+

stress, which, when it is strong, is sufficient. The second is activation
of IRE1 and PERK (also known as PEK in flies) downstream of ER
stress induced by the absence of amino acids, which needs to be
combined with moderate salt stress to induce Sec body formation.
SIK, and IRE1 and PERK activation appear to potentiate each other
through the stimulation of the unfolded protein response, a key
parameter in Sec body formation. This work shows the role of SIKs in
phase transition and re-enforces the role of IRE1 and PERK as a
metabolic sensor for the level of circulating amino acids and salt.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Phase separation, Drosophila S2 cells, Sec body,
Amino acid starvation, Salt stress, Unfolded protein response

INTRODUCTION
Cell compartmentalization is not only mediated by membrane-bound
organelles. It also relies on non-membrane bound biomolecular
condensates (so-called membraneless organelles) that populate the
nucleus and the cytoplasm.
The formation of membraneless organelles has been shown

to occur through phase separation, which can be driven by stress
(such as ER, oxidative, proteostatic or nutrient stress), resulting in
the formation of stress assemblies (van Leeuwen and Rabouille,
2019). Those are mesoscale coalescence of specific and defined
components that phase separate. For instance, nutrient stress leads to
the formation of many biocondensates. Most of them are RNA
based, such as stress granules and P-bodies (van Leeuwen and

Rabouille, 2019), but some are not. This is the case for glucose-
starved yeast where metabolic enzymes foci (Munder et al., 2016;
Petrovska et al., 2014) and proteasome storage granules (Peters
et al., 2013; van Leeuwen and Rabouille, 2019) form, as well as
Drosophila S2 cells that form Sec bodies under conditions of amino
acid starvation (Zacharogianni et al., 2014).

Sec bodies are related to the inhibition of protein secretion in the
early secretory pathway. The early secretory pathway comprises the
endoplasmic reticulum (ER), where newly synthesized proteins
destined to the plasma membrane and the extracellular medium
are synthesized. Proteins exit the ER at the ER exit sites (ERES) to
reach the Golgi. The ERES are characterized by the concentration
of COPI-coated vesicles whose formation requires six proteins,
including Sec12 and Sar1, the inner coat proteins Sec23 and Sec24,
and the outer coat proteins Sec13 and Sec31 (Gomez-Navarro and
Miller, 2016). In addition, a larger hydrophilic protein called Sec16,
has been identified as a key regulator of the ERES organization and
COPII vesicle budding (Sprangers and Rabouille, 2015). Many
additional lines of evidence support the role of Sec16 in optimizing
COPII-coated vesicle formation and export from the ER (Farhan
et al., 2010; Joo et al., 2016; Wilhelmi et al., 2016).

Upon the stress of amino acid starvation in Krebs Ringer
bicarbonate buffer (KRB), the ERES of Drosophila S2 cells are
remodeled into large round non-membrane bound phase-separated
Sec bodies. They are typically observed by immunofluorescence
after staining of endogenous Sec16, Sec23 and expressed Sec24–
GFP (Zacharogianni et al., 2014) (see Fig. 1A,A′). Importantly,
Sec bodies are very quickly resolved upon stress relief (addition of
growth medium). Finally, they appear to protect the components of
the ERES from degradation (Zacharogianni et al., 2014) and they
help cells to survive under conditions of amino acid shortage
(Aguilera-Gomez et al., 2016; Zacharogianni et al., 2014).

Phase separation has been shown to be driven by specific
components, the so-called drivers, either RNAs or proteins
harboring structural features that become exposed or modified
under certain conditions. In the case of Sec bodies, Sec24AB
(Aguilera-Gomez et al., 2016; Zacharogianni et al., 2014) and
Sec16 have been shown to drive Sec body coalescence (Aguilera-
Gomez et al., 2016) in a manner that depends on a small stretch
of 44 residues in Sec16 and on the mono-ADP-ribosylation enzyme
by PARP16 (Aguilera-Gomez et al., 2016). This illustrates the
critical role of post-translational modifications in phase separation
(Bah and Forman-Kay, 2016; Owen and Shewmaker, 2019).

In parallel, changes in cytoplasmic biophysical properties have
also been shown to be important in phase separation (Rabouille and
Alberti, 2017), such as a drop of cytoplasmic pH within minutes,
without post-translational modifications (Munder et al., 2016;
Peters et al., 2013; van Leeuwen and Rabouille, 2019).

Here, we seek out to (1) identify the pathways elicited in S2 cells
upon incubation in the starvation medium KRB that lead to Sec body
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formation, and (2) to assess whether changes in the cytoplasmic
biophysical properties play a role in the phase transition leading to
Sec body formation. We show that amino acid starvation in KRB

stimulates ER stress and activation of two downstream kinases, IRE1
and PERK (also known as PEK in flies) leading to the stimulation of
the unfolded protein response (UPR) (Boyce and Yuan, 2006;Walter

Fig. 1. Salt stress activates the SIKs, which are involved in Sec body formation. (A,A′) Immunofluorescence (IF) visualization of endogenous Sec16 in S2
cells growing in Schneider’s medium (Sch) and in cells incubated in KRB (A). Note the difference in the Sec16 pattern; Sec16 is at ER exit sites in growing cells
and in Sec bodies in cells incubated in KRB. Upon KRB incubation, ERES remodel into larger structures, the Sec bodies, that are brighter than ERES. (B) IF
visualization of Sec body formation (marked by Sec16) in cells incubated in Schneider’s medium supplemented with 10 mM sodium bicarbonate and 150 mM of
NaCl (SCH150) for 4 h at 26°C. (C) Quantification of Sec body formation (marked by Sec16) in cells incubated in Sch, KRB, KRBwith lower NaCl (containing only
60 mMNaCl) and SCH150 for 4 h at 26°C aswell as SCH150 and then in Sch for 1 h (reversion), showing that SCH150-induced Sec bodies are formed reversibly.
(D,D′) Western blot of S2 cells protein extract after incubation in Schneider’smedium (Sch), KRB and SCH150 with and without HG-9-91-01 (5 µM) for 4 h at 26°C
blotted for HDAC4-p and α-tubulin. Quantification of the ratio HDAC4-p to α-tubulin (D′). (E,E′) IF Visualization (E) and quantification (E′) of Sec body formation
(marked by Sec16) in cells incubated in SCH150 supplemented or not with the SIK inhibitor HG-9-91-01 (HG, 5 µM), the Src inhibitor dasatinib (Da, 20 µM) and
the p38 MAPK inhibitor SB203580 (SB, 30 µM) for 4 h at 26°C. Scale bars: 10 µm. Errors bars: s.e.m.
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and Ron, 2011). However, the sole activation of the IRE1 and PERK
does not lead to Sec body formation. To form Sec bodies in KRB,
IRE1 and PERK activation needs to be combinedwith amoderate salt
stress. Accordingly, KRB incubation is faithfully mimicked by cell
incubation with dithiothreitol (DTT) and addition of 100 mM NaCl.
Interestingly, a high-salt stress addition of 150 mM NaCl, which
activates the salt-inducible kinases (SIKs; SIK2 and SIK3), is
sufficient to efficiently drive Sec body formation. Importantly, we
found that a decrease in the cytoplasmic ATP concentration, a general
RNA degradation and the stimulation of the UPR are factors strongly
correlated to Sec body formation.

RESULTS
Salt stress is necessaryandsufficient forSecbody formation
In an attempt to understand Sec body formation upon incubation in
the starvation buffer KRB (Fig. 1A,A′), we noticed that the salt
concentration of the Schneider’s medium, in which S2 cells are
grown, is much lower than that in mammalian tissue culture media
[such as Dulbecco’s modified Eagle’s medium (DMEM)] and
KRB, which is used as a starvation medium [for instance, 3-fold
lower for Na+ (i.e. 51 mM in Schneider’s medium and 138 mM
in KRB); Table 1]. Accordingly, we found that lowering the
concentration of NaCl in KRB (to 60 mM instead of the 120 mM in
normal KRB (78 mM instead of 138 mMNa+, Table 1) resulted in a
decrease in Sec body formation (Fig. 1C), showing that NaCl is
necessary for their formation. Conversely, the addition of 150 mM
NaCl together with 10 mM sodium bicarbonate (SCH150, resulting
in 211 mMNa+; Table 1) to Schneider’s medium led to a substantial
formation of reversible Sec bodies, as efficiently as incubating the
cells in KRB (Fig. 1A–C).
Osmotic shock has been reported to trigger the formation of

different stress assemblies, such as stress granules (Aulas et al., 2017;
Bounedjah et al., 2012) and P-bodies (Jalihal et al., 2020; Kilchert
et al., 2010). However, addition of 0.4–0.6 M sucrose does not elicit
Sec body formation (Fig. S1C), even though the cell diameter
significantly decreased by 22% (Fig. S1A,B). This shows that the
shrinkage of the cell volume is not a factor leading to Sec body
formation. Furthermore, neither the addition of 150 mM of KCl nor
of sodium acetate instead ofNaCl led to a substantial formation of Sec
bodies (Fig. S1C). Taken together, these results suggest that
increasing the Na+ concentration in Schneider’s medium by 4-fold
(referred to as salt stress), but not osmotic shock or K+ increase
(Table 1), triggers a pathway that leads to Sec body formation.
To test this further, we aimed to increase cytoplasmic Na+

concentration and assess whether that was sufficient for Sec body
formation by manipulating the abundant NaK ATPase present at the
plasma membrane. NaK ATPase extrudes three Na+ ions against
two K+ ions, and is the main pump that maintains the intracellular
Na+ concentration low and compatible with cellular function. We
found that the localization of NaK ATPase changes dramatically

from intracellular puncta for cells in Schneider’s medium to a strong
plasma membrane localization in cells in SCH150 (Fig. S1D)
together with a strong increase in its protein level (Fig. S1E),
suggesting its involvement. Accordingly, incubation of cells
with the NaK ATPase inhibitor ouabain in the growing medium
SCH100 (161 mM Na+, Table 1) led to a robust Sec body
formation (Fig. S1F,F′), presumably because the cytoplasmic Na+

concentration increases, as Na+ can no longer be extruded. This
shows that increasing Na+ in the cytoplasm is sufficient to drive Sec
body formation, perhaps by mobilizing the NaK ATPase.

We then asked which pathway is activated downstream of
increased Na+. An increase in intracellular Na+ concentration is
known to activate the SIKs, and in this regard, two SIKs (SIK2
and SIK3) are expressed in Drosophila (Teesalu et al., 2017; Wehr
et al., 2013). To test this, we monitored the phosphorylation of
a known SIK target, Histone Deacetylase 4 (HDAC4), which is
phosphorylated upon SIK2 and SIK3 activation, and found that it
was also strongly (4-fold) activated in SCH150. Importantly, this
SCH150-induced phosphorylation is 97% inhibited by addition of a
pan-SIK inhibitor HG-9-91-01 (HG) (Fig. 1D,D′).

We then used HG to test the role of SIK activation in Sec body
formation. Addition of HG reduces Sec body formation in 85% of
the cells incubated in SCH150 (Fig. 1E,E′). As HG can also inhibit
p38 MAPKs and Src (Clark et al., 2012), we used specific inhibitors
for these two groups of kinases and assessed their potential to inhibit
Sec body formation with SCH150. Neither the p38MAPK inhibitor
SB203580 nor the Src inhibitor Dasatinib, inhibited Sec body
formation (Fig. 1E,E′), showing that the effect of HG can be
attributed to SIK inhibition.

The above results not only show that S2 cells are fully responsive
to HG, but also that SIK activation by increased NaCl concentration
in the medium (inducing Na+ stress) is a key pathway for Sec body
formation.

In addition to salt stress, amino acid starvation activates
other pathways necessary for Sec body formation
The data above opens the possibility that the formation of Sec
bodies in the starvation medium KRB is simply be due to an
elevated salt concentration (Table 1), unrelated to the absence of
amino acids. However, this is not the case. When the Na+

concentration in Schneider’s medium and KRB are set to the
same values (around 140 mM, KRB versus SCH84, Table 1),
Sec bodies form very efficiently in KRB but not at all in SCH84
(Fig. 2A′). The major difference between these two media is that
SCH84 contains 78 mM amino acids and serum, whereas KRB
contains none. Since we have demonstrated previously that serum
(that was dialyzed to remove free amino acids) does not play a role in
Sec body formation (Aguilera-Gomez et al., 2016; Zacharogianni
et al., 2014), this indicates that the presence of amino acids prevents
Sec body formation even upon a moderate Na+ stress.

Table 1. Ion concentrations in the different cell incubation media and buffers

Total Schneider’s (Sch) KRB KRB lower NaCl SCH84 SCH100 SCH150 Sch buffer DMEM

Na+ (mM) 51 138 (×2.7)* 78 (×1.52) 144 (×2.8) 161 (×3.15) 211 (×4.13) 56 (×1) 151 (×2.9)
Cl− (mM) 67 126 (×1.9) 66 (×1) 151 (×2.3) 168 (×2.5) 218 (×3.3) 87 (×1.3) 126 (×2.2)
K+ (mM) 21 4.5 (×0.2) 4.5 (×0.2) 21 (×1) 21 (×1) 21 (×1) 21 (×1) 4.5 (×0.2)
HCO3− (mM) 5 15 (×3) 15 (×3) 15 (×3) 15 (×3) 15 (×3) 15 (×3) 29 (×6)
Glucose (mM) 11 10 10 11 11 11 10 25
Amino acids (mM) 78 - - 78 78 78 – 10.4
Serum 10% - - 10% 10% 10% – 10%
Sec bodies No Yes No No No Yes No

*The (×) in bracket indicates the fold difference over the concentration in Schneider’s medium.
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To demonstrate this further, cells were incubated with KRB
supplemented or not with amino acids. Addition of 5–40 mM amino
acids to KRB strongly prevented Sec body formation (Fig. 2A,A′),
and led to the reversion of KRB-triggered Sec bodies back to ERES
(Fig. 2A,A′), almost as efficiently as the reversion in Schneider’s
medium (Zacharogianni et al., 2014). This suggests that, for an
equivalent salt concentration, the presence of amino acids indeed
prevents Sec body formation. This shows that amino acid starvation
is instrumental to Sec body formation by potentiating Na+ stress.
Alternatively, the presence of salt might potentiate pathways
induced by amino acid starvation leading to Sec body formation,
perhaps through SIK activation. To test this, we incubated cells in
KRB in the presence of the SIK inhibitor HG, and found that Sec
body formation was inhibited by 38% (Fig. 2B), suggesting their
involvement.

However, HDAC4 (the SIK target mentioned above) does not
appear to be phosphorylated upon incubation in KRB (Fig. 1D,D′).
As above, to rule out an unspecific inhibition of other kinases by
HG, we tested p38 MAPK and Src inhibitors, but found that these
inhibitors do not affect KRB-induced Sec body formation (Fig. 2C).
Furthermore, as SIKs are member of the AMPK family, we tested
whether known inhibitors of AMPK affect KRB-induced Sec body
formation. However, neither Dorsomorphin (compound C) (Weiss
et al., 2010), nor ON123300 (Zhang et al., 2014) affected this
(Fig. 2C), as was also the case for SCH150, showing that salt stress
is largely mediated by SIKs. Furthermore, addition of the AMPK
agonist AICAR (Ducommun et al., 2014) to Schneider’s medium,
even in the absence of amino acids (Sch buffer), did not lead to Sec
body formation. This suggests that no AMPK family members other
than SIKs are required for Sec body formation in cells incubated in

Fig. 2. Amino acid starvation enhances cell salt stress-induced Sec body formation. (A,A′) Immunofluorescence (IF) visualization (A) and quantification
(A′) of Sec body formation (marked by Sec16) in cells incubated in SCH84, KRB, KRB supplemented with 5–40 mM amino acids (AA) for 4 h at 26°C, as well as
KRB for 4 h followed by addition of 5 mM amino acids for 1 h at 26°C. (B) Quantification of Sec body formation (marked by Sec16) in cells incubated in KRB and
SCH150 with or without the SIK inhibitor HG-9-91-01(5 µM). (C) Quantification of Sec body formation (marked by Sec16) in cells incubated in KRB and SCH150
with or without the Src inhibitor dasatinib (Da, 20 µM), the p38 MAPK inhibitor SB203580 (SB, 30 µM), Dorsomorphin (1 µM) and ON123300 (10 µM) for 4 h at
26°C, as well in cells incubated in Schneider’s medium (Sch) and Schneider’s medium buffer supplemented with or without the AMPK activator AICAR (1 mM).
‘d’ indicates the mean±s.e.m. decrease in Sec body formation when compared to the absence of inhibitors. Scale bars: 10 µm. Errors bars: s.e.m.
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KRB. Either HDAC4 is not a SIK target in KRB, or the HADC4
protein is degraded in KRB, making the increased phosphorylation
difficult to show experimentally.
As HG only inhibits KRB-triggered Sec body formation by 38%,

not 80% as seen with SCH150 (Fig. 2B), these results show that the
Sec body formation in KRB is the result of an interplay between Na+

stress (through increased NaCl concentration in the medium) and
the absence of amino acids that triggers another stress. We therefore
investigated which other pathways are triggered upon amino acid
starvation in KRB.

The sole inhibition of mTORC1 is neither sufficient nor
necessary to trigger Sec body formation
Mechanistic Target of Rapamycin Complex 1 (mTORC1) is the
major sensor of amino acid level in the circulating medium (Kim
and Guan, 2019). When amino acids are absent or low, the complex
is inhibited, resulting in the inhibition of many anabolic pathways,
and the activation of the degradative pathway of autophagy. We
have previously shown that in S2 cells incubated with KRB, protein
synthesis is inhibited very quickly, and the mTORC1 target S6
Kinase is no longer phosphorylated (Fig. S2A), and the autophagic
pathway is activated (Zacharogianni et al., 2014). We also showed
that the sole inhibition of mTORC1 by Rapamycin (Zacharogianni
et al., 2014) and Torin (Fig. S2B,B′) is not enough to trigger the
formation of Sec bodies. Similarly, depleting Raptor, the main
subunit of mTORC1, does not trigger Sec body formation in
growing cells (Zacharogianni et al., 2014). Finally, overexpression
of TCS1, an endogenous inhibitor of mTORC1 (Condon and
Sabatini, 2019) also failed to trigger the formation of Sec bodies
(Fig. S2C). Taken together, although amino acid starvation does
inhibit mTORC1 in S2 cells, Sec body formation is not a
consequence of its sole inhibition.

KRB incubation leads to oxidative stress but oxidative stress
alone is not enough to trigger Sec body formation
In order to determine which other pathways are stimulated by
amino acid starvation in KRB, we performed bulk RNA sequencing
and compared the results to those of cells grown in Schneider’s
medium. We detected 15,679 genes, including 1070 downregulated
and 1635 upregulated (Fig. S3A, Table S1; see GEO: GSE143810).
Interestingly, the strongest GO term associated with upregulated
genes is oxidoreductase activity, including 20 genes expressing
glutathione-S-transferase that are unregulated as well as a strong
reduction in peroxiredoxin expression, suggesting that KRB could
elicit oxidative stress (Fig. S3B), perhaps through reactive oxygen
species (ROS) production.
To visualize the ROS production upon KRB incubation, we used

DCF fluorescence measurements. KRB incubation elicits a specific,
robust and steady increase of ROS production that is significantly
inhibited by the ROS inhibitor N-acetyl-L-cysteine (NAC)
(Fig. S3C). However, this does not prevent Sec body formation
(Fig. S3D′). Furthermore, generating oxidative stress with arsenite
(Fig. S3D,D′), ammonium persulfate (APS), or H2O2 (data not
shown) in growing cells in Schneider’s medium does not lead to
Sec body formation. Taken together, ROS are produced during
KRB incubation but this is not sufficient to trigger Sec body
formation.

KRB incubation stimulates IRE1 activation
Since Sec bodies are linked to the inhibition of the exit of newly
synthesized proteins out of the ER, we investigated whether
incubation in KRB stimulates ER stress, which is known to activate

one or more of the three known downstream signaling pathways
mediated by IRE1, PERK and ATF6 (Hetz, 2012; Korennykh et al.,
2009; Moore and Hollien, 2012).

IRE1 is an ER transmembrane protein that, when activated,
dimerizes in the plane of the ER membrane, resulting in the
autophosphorylation of its kinase domain (Walter and Ron, 2011).
Cells incubated in the starvation medium KRB display a clear
phosphorylated IRE1 (IRE1-p) signal when compared to cells in
Schneider’s medium, which is as strong as that seen upon addition
of DTT, a known IRE1-activating agent (Fig. 3A). In the absence of
antibodies to Drosophila IRE1, we tested whether the expression
level of the kinase was modified by KRB treatment by monitoring
the level of its mRNA by PCR, but this is not increased by this
treatment (Fig. 3B). Importantly, we tested whether IRE1 activation
was modulated by the presence of amino acids in the medium. We
found that IRE1 is 34% less phosphorylated when KRB was
replenished with amino acids than in KRB alone (Fig. 3A), partly
sustaining the notion that amino acid starvation activates IRE1.
Importantly, addition of the IRE1 kinase attenuator AMG18 (see
below) completely prevented its phosphorylation (Fig. 3A).

The autophosphorylation of IRE1 in turn stimulates its nuclease
activity, leading to the specific splicing of xbp1 mRNA that is
then translated into a potent transcription factor transcriptionally
upregulating molecular machineries that resolve the overload of
misfolded proteins in the ER (Walter and Ron, 2011), such as the
UPR. IRE1 nuclease activity also triggers IRE1-dependent decay of
mRNA (RIDD), a less-specific degradation of mRNAs that are
largely associated to the ER (Hollien et al., 2009), which is also
likely to relieve the ER burden of translocation and protein folding.

Both incubation in KRB and addition of DTT to Schneider’s
medium led to a clear spliced xbp1 [xbp1s, representing 40% of the
total in KRB, and 69% in DTT when compared to in Schneider’s
medium (Fig. 3C)]. In agreement with the decrease in IRE1-p, xbp1
splicing in KRB was also 25% less pronounced in the presence of
amino acids (Fig. 3C). This confirms that amino acid starvation
leads, at least partly, to the activation of IRE1. Accordingly,
inhibition of IRE1 nuclease activity by 4u8C totally inhibited xbp1
splicing in KRB (Fig. 3C), suggesting that IRE1 is involved and that
the drug works efficiently in S2 cells.

To test whether activation of IRE1 triggers the UPR, we first
monitored the Bip (also known as Hsc70-3 in flies) protein level,
and found that this was increased 4-fold upon DTT addition (as
expected) and 2.3-fold upon KRB, suggesting that the UPR is
stimulated via IRE1 activation (Fig. 3D,D′). However, we found
that 4u8C was only moderately powerful in suppressing Bip
upregulation, suggesting that other pathways are likely to promote
the UPR (such as that mediated by PERK, Fig. 4E, see below).
Indeed only the combined inhibition of IRE1 and PERK suppressed
Bip upregulation (Fig. 3D′). Surprisingly, we also found that
incubating S2 cells in high salt (SCH150) also triggered an increase
in Bip protein level, suggesting a yet-to-be-elucidated interplay
between salt stress and the UPR stimulation (Fig. 3D′). This appears
to be independent of SIK activation, as HG addition did not modify
the observed Bip upregulation (Fig. 3D′).

To further test the stimulation of the UPR in KRB, we also
monitored the level of UPR RNA targets, such as bip RNA, xbp1
itself and gadd45 (Fig. 3C, Fig. S4A,D). All were elevated upon
addition of DTT, as expected (Fig. S4A,D), but not in KRB. In fact,
except for gadd45, which did not change, the level of both bip and
xbp1 mRNAs were only 70% of the level in Schneider’s medium,
suggesting that these RNAs are partially degraded (Fig. S4A,D),
making it difficult to precisely evaluate the stimulation of the UPR.
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To test RIDD, we monitored the mRNA level of three RIDD
targets, indy, PIG-Wa and sparc (Gaddam et al., 2012; Hollien and
Weissman, 2006). We found that both indy and PIG-Wa (but not
sparc) expression was lower in cells incubated in KRB when

compared to cells in Schneider’s medium (Fig. S4B,D). These
results suggest that KRB incubation leads to IRE1 activation in turn
activating the UPR, but also to RNA degradation, perhaps via
RIDD.

Fig. 3. See next page for legend.
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If RIDD is the mechanism underlying the observed decreased
level of these RNAs, it should be inhibited in the presence of 4u8C.
We therefore monitored bip and indy RNA levels under this
condition, but this treatment did not strongly rescue the bip and indy
level (Fig. S4C,D) suggesting that the overall RNA degradation
observed in KRB is likely not to occur via RIDD. In parallel, we
tested the effect of the amino acid starvation on the degradation of
these mRNAs (UPR and RIDD targets), and found that they all are
rescued by addition of 5 or 40 mM amino acids (Fig. S4A,B,D).
These results indicate that RNA degradation is downstream of the
amino acid starvation but does not occur not via RIDD. Altogether,
we conclude that KRB activates IRE1, the UPR and a non RIDD
general pathway of RNA degradation that is strongly modulated by
the absence of amino acids.

IRE1 activation is necessary for Sec body formation
but not sufficient
We then asked whether IRE1 activation is necessary for Sec body
formation. To test this, we used to the IRE1 kinase activity
attenuator AMG18 and 4u8C to monitor KRB-induced Sec body
formation. Both inhibitor treatments substantially inhibited Sec
body formation (49% for AMG18 and 69% for 4u8C) (Fig. 3E),
indicating that IRE1 activity is necessary for Sec body formation. Of
note, AMG18 is fully functional on Drosophila IRE1. Indeed, the
kinase site ofDrosophila IRE1 is very similar to the human enzyme
(Fig. S4E). Furthermore, using AMG18 at either 10, 20 or 50µM
during the KRB incubation inhibits Sec body formation to the same
extent (Fig. S4F). Finally, the drug is 84% effective at blocking
IRE1-p formation induced by thapsigargin (Fig. S4G). These results
show that AMG18 is fully active in S2 cells.
The above results show that IRE1 activation is necessary for Sec

body formation. However, it is not sufficient. First, activating IRE1
(through incubation with DTT) does not lead to Sec body formation
(Fig. 4A,B). This is further supported by the finding that expression
of a constitutive active form of IRE1 in which the three serine
residues of the catalytic site have been mutated to aspartic acid
(S703D, S705D and S708D) (Chang et al., 2018b; Yan et al., 2019)
also does not lead to Sec body formation (Fig. 4B,C). This indicates
that in addition to IRE1 activation, other pathways are stimulated.
As mentioned above, ER stress can also activate PERK (Hetz,

2012). In this regard, we found that eIF2α, an important PERK
target that regulates translation, is strongly phosphorylated in cells

in KRB, as much with addition of DTT to Schneider’s medium
(Fig. 4D). We then tested whether PERK activity was required for
Sec body formation. Both PERK depletion by RNAi and PERK
pharmacological inhibition by GSK2606414 led to a 50% reduction
of Sec body formation upon KRB incubation (Fig. 4E). On the other
hand, ATF6, the third pathway downstream of ER stress is not
involved, as of ATF6 depletion by RNAi did not modify the degree
of KRB-induced Sec body formation (Fig. 4E). This suggests that,
parallel to IRE1 activation, PERK activity (but not ATF6) is also
necessary for Sec body formation. This is also supported by the fact
that combined inhibition of IRE1 and PERK in KRB leads to an
84% inhibition of Sec body formation (Fig. 4E). This is in line with
the combined inhibition of PERK and IRE1 inhibiting the
stimulation of the UPR (Fig. 3D′).

A combination of moderate salt stress with IRE1 and PERK
activation leads to Sec body formation
Although addition of DTT to Schneider’s medium activates both
IRE1 and PERK, it still does not lead to Sec body formation (Fig. 4A,
D). Given the effect of the SIK inhibitor HG on KRB-stimulated Sec
body formation (suggesting of SIKs activation) (Fig. 2B), we tested
whether Sec body formation in KRB is recapitulated by activating
IRE1 and PERK activation through DTT (5 mM) together with
applying a moderate salt stress [SCH100 (161 mM Na+), equivalent
to KRB (138Mm Na+); Table 1]. Strikingly, we found that SCH100
plus DTT (Fig. 4F,F′) is as efficient as KRB in inducing the formation
of largely reversible Sec bodies. To assess further the equivalence
between SCH100 plus DTT and KRB, we again used AMG18 and
4u8C (Fig. 3E), combined with the SIK inhibitor HG. AMG18 and
4u8C incubation resulted in a similar decrease in the Sec body
response in both KRB and SCH100 plus DTT (∼45%). When IRE1
and SIK were inhibited together, the Sec body formation was also
similarly strongly inhibited (Fig. 3E).

Taken together, Sec body formation in KRB is largely
recapitulated by a moderate salt stress activating SIKs combined
with ER stress triggered by amino acid starvation, which activates
IRE1 and PERK (SCH100 plus DTT).

The cytoplasm acidifies upon KRB incubation
Asmentioned in the introduction, signaling pathways and/or change
in the biophysical properties of the cytoplasm (Rabouille and
Alberti, 2017; van Leeuwen and Rabouille, 2019) are critical for
phase separation leading to the formation of stress assemblies. We
therefore questioned how the biophysical cytoplasmic features are
affected by the activation of these two pathways.

In glucose-starved yeast, the phase separation of proteasome
subunits into proteasome storage granules and the formation of
metabolic enzymes foci have been shown to occur through a drop in
the cytoplasmic pH in a necessary and sufficient manner (Munder
et al., 2016; Peters et al., 2013; van Leeuwen and Rabouille, 2019).
We hence asked whether the cytoplasmic pH of the S2 cell
cytoplasm also changed upon incubation in KRB and whether this is
relevant to Sec body formation.

To do this, we used a cell-based assay to estimate the ratio of
intensity of pHluorin versus mCherry in cells transfected with a
pHluorin–mCherry cytoplasmic probe (Brett et al., 2005;Miesenböck
et al., 1998). pHluorin is a pH-sensitive GFP mutant that changes its
fluorescent spectrum at certain pHs. Upon KRB incubation, we
observed that the cytoplasmic pH decreased, illustrated by a decrease
in the ratio of pHluorin to mCherry when compared to cells grown in
Schneider’s medium where it remains largely constant (Fig. S5A,A′).
We estimate that the cytoplasm of growing cells is at pH 6.8, whereas

Fig. 3. KRB incubation activates IRE1. (A) Western blot visualization of
IRE1-p (using the anti IRE1-p antibody, Genentech) in cells in Schneider’s
medium (Sch), Sch+DTT (5 mM), KRB, KRB+amino acids (AAs) (5 mM) and
KRB+AMG18 (10 µM) for 4 h after blotting. Note that KRB incubation elicits
IRE1-p more strongly than Sch+DTT, and that addition of AAs to KRB partially
reverses this phosphorylation. Addition of the IRE1 kinase attenuator AMG18
(10 µM) strongly inhibits IRE1-p formation. Quantification underneath is the
ratio of IRE1-p (middle band) to α-tubulin for the blot shown. (B) Visualization of
the PCR products of ire1 and h2a mRNAs from cells incubated in Sch, KRB
and SCH100+DTT for 4 h at 26°C. (C) Visualization of spliced (xbp1s) and
unspliced (xbp1u) PCR products of xbp1 upon conditions indicated on the
panel. (D,D′) Immunofluorescence visualization (D) of the protein Bip in cells
incubated in the conditions indicated on the panel. Quantification is in D′. Note
that the UPR is stimulated in KRB and many other conditions. (E)
Quantification of Sec body formation (marked by Sec16) in cells incubated in
KRB, SCH150 or SCH100+DTT with or without 4u8C (30 µM), AMG18
(10 µM), HG (5 µM) or AMG18+HG. ‘d’ indicates the mean±s.e.m. decrease in
Sec body formation when compared to the absence of inhibitors. P-value
(SCH150 and SCH150+AMG18) is 0.104 and the P-value (KRB and
KRB+HG) is 0.0019. The other differences are highly significant (<10−4).
Errors bars: s.e.m. Scale bar: 10 µm.
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the pH of the cytoplasm of KRB-incubated cells is 6 (Fig. S5A,A′),
suggesting a drop of nearly 1 pH unit. Interestingly, this result
suggests that, similar to what occurs in yeast, nutrient starvation leads
to a reduction of the cytoplasmic pH pointing to a conserved
mechanism (Rabouille and Alberti, 2017; van Leeuwen and
Rabouille, 2019). However, we found that arsenite treatment of S2
cells also leads to a similar pH drop. Given that this treatment does not
lead to Sec body formation and this indicates that the decrease in pH is
likely not to be a prime driver for Sec body formation.

Sec body formation is largely associated to a drop in the
cytoplasmic ATP concentration
In glucose-starved yeast, the pH drop has been shown to be the
consequence of a decrease in the intracellular ATP concentration
(due to a reduction of glycolysis) (Munder et al., 2016). Using a

luciferase-based assay, we therefore measured the intracellular ATP
concentration in S2 cells in KRB. The intracellular concentration
steadily and specifically decreases after 1 h incubation in KRB-
incubated cells (Fig. 5A). We estimate the intracellular ATP
concentration to be 1.7 mM (Fig. 5B) in growing cells, a
concentration that decreases by 50% after 3 h incubation in KRB
(Fig. 5A,B). These results show that the sharp decrease in
intracellular ATP concentration correlates with Sec body formation.

To investigate further whether the decrease in cytoplasmic ATP
could be a driving factor in Sec body formation, we assessed the ATP
level in experimental conditions that induce Sec body formation
(Fig. 5B). In particular, incubation in SCH100 plus DTT induces a
severe drop in the intracellular ATP. Furthermore, incubation with
ouabain leads to anATP decrease (and Sec body formation; Fig. S1F).
Conversely, in cells incubated in KRB supplemented with 5 mM

Fig. 4. KRB incubation is mimicked
by a moderate salt stress combined
with activation of IRE1 and PERK.
(A–C) Immunofluorescence (IF)
micrographs of Sec16 in cells in
Schneider’s medium (Sch), KRB, Sch
supplemented with DTT (5 mM) and
thapsigargin (Thapsi, 2 µM) for 4 h at
26°C (A). Overexpression of the
constitutively active (CA) IRE1 mutant
tagged by V5 (in green) in cells
incubated in Sch and Schneider’s buffer
(C). A quantification of the percentage of
cells with Sec bodies is shown in
B. Trans, transfected. (D) Western blot
visualization of eIF2α-p in cells in Sch,
Sch+DTT (5 mM) and KRB.
(E) Quantification of Sec body formation
(marked by Sec16) upon PERK
depletion, PERK inhibition (5 µM),
combined inhibition of PERK and IRE1
kinase (AMG18), and PERK and IRE1
nuclease (4u8C), as well as ATF6
depletion upon KRB incubation for 4 h at
26°C. ‘d’ indicates the mean±s.e.m.
decrease in Sec body formation.
(F,F′) Visualization (F) of Sec body
formation (marked by Sec16) in cells
incubated in SCH100 and
SCH100+DTT (5 mM) for 4 h at 26°C.
Quantification in F′. Errors bars: s.e.m.
Scale bars: 10 µm.
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Fig. 5. The decrease of the intracellular ATP level is one driving factor for Sec body formation. (A) Luminescence intensity measuring the intracellular ATP
concentration of S2 cells during incubation in Schneider’smedium (Sch) and KRB. Note that the ATP concentration decreases by 48%after 4 h incubation in KRB.
ns, not significant; ***P<0.001. (B) Quantification of the change in the intracellular ATP concentration (percentage when compared to Sch, which is set to 100%)
after 4 h incubation in the different conditions presented on the panel (see Table 1 and Table S2). AA, amino acids; Iono, ionomycin; Ars, arenite. (C,C′)
Visualization of Sec16 (C) and quantification (C′) of Sec body formation (marked by Sec16) in cells supplemented by CCCP (25 µM), ionomycin (2.8 µM) and 2-
deoxyglucose (deoxG; 20 mM) for 4 h at 26°C. (D) Quantification of the change in the intracellular ATP concentration (percentage when compared to Sch, which
is set to 100%) upon SIK inhibition with HG-9-91-01 (HG, 5 µM) in KRB and SCH150. Scale bar: 10 µm. Errors bars: s.e.m.
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amino acids, where Sec body formation is largely inhibited, the
intracellular ATP concentration is not decreased (Fig. 5B). Similarly,
arsenite (which also does not lead to Sec body formation) also does
not cause a drop in ATP. Overall, the conditions where Sec bodies
form appear to be those where the ATP is the lowest.
To test whether a drop in intracellular ATP drives Sec body

formation, we used two approaches. We first inhibited the ATP
production of growing cells by blocking the mitochondrial OXPHOS
with CCCP and ionomycin (Fig. 5C,C′), as well as by blocking
glycolysis with 2-deoxyglucose. Strikingly, cells incubated in
SCH100 supplemented by either CCCP or ionomycin had a robust
Sec body formation, supporting the idea that a drop in intracellular
ATP induces the formation of Sec bodies (Fig. 5C,C′). Incubation

with 2-deoxyglucose also induced a consistent but small degree of
Sec body formation (Fig. 5C′), suggesting that S2 cells rely more on
mitochondrial respiration than on glycolysis.

Second, we developed a semi-intact cell (SIC) system using
digitonin to gently permeabilize the S2 cell plasma membrane
(Fig. 6A). The specific incubation of the permeabilized cells with
KRB at pH 7.4 for 2 h led to Sec body formation in 38% of the cells
(Fig. 6B). We confirmed that the pH of the buffer and the presence
of NaCl is critical, as KRB at pH 6 and replacing Cl− in the KRB
with acetate did not lead to Sec body formation (Fig. 6B). To test the
role of a low concentration of ATP in Sec body formation, KRBwas
supplemented with 0.5 mM ATP and this led to a strong inhibition
of Sec body formation (Fig. 6C,C′). This is specific for ATP, as

Fig. 6. Addition of ATP to semi-intact cells prevents Sec body formation. (A) Visualization of S2 cells permeabilization using the non-membrane permeant
TO-PRO-3 in intact cells in Schneider’s medium (Sch) and in semi-intact cells (SICs;+10 µg/ml digitonin,+1% dextran) incubated in Sch and KRB for 2 h at 26°C.
Note that TO-PRO-3 stains the nucleus only in the SIC system. (B) Effect of buffer composition in the formation of Sec bodies in SICs for 2 h at 26°C. Decreasing
the pH of KRB from 7.4 to 6 decreases the efficiency of Sec body formation. Replacing Cl− by acetate in the KRB and replacing KRB by the import buffer (20 mM
HEPES, 110 mM KAc, 2 mM MgAc and 0.5 mM EGTA) abolishes Sec body formation. (C,C′) Immunofluorescence visualization of Sec16 (red, C) and
quantification of Sec body formation (C′) (marked by Sec16) in the SIC system for cells incubated in Sch, in KRB and in KRB supplemented with 0.5 mM ATP,
0.5 mMAMP and 0.5 mMAdenosine. Cells in the white box are magnified 2.5 times. Scale bars: 10 µm. Errors bars: s.d. ns, not significant; *P<0.05, ***P<0.001.
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addition of AMP or adenosine did not lead to this strong inhibition
(Fig. 6C,C′). These two results indicate that the intracellular ATP
concentration modulates the phase separation of Sec bodies.
We then assessed whether the ATP drop is upstream or

downstream of ER stress (activation of both IRE1 and PERK
leading to UPR). To test this, we monitored the Bip protein level in
CCCP-treated cells (Fig. 3D′) and found that it was increased, as in
KRB. This suggests that lowering ATP cytoplasmic concentration
appears to be upstream of ER stress and UPR activation. Taken
together, the lowering in the cytoplasmic ATP concentration
appears to be a key factor driving Sec body formation.
However, in conditions of high-salt stress through SCH150, the

cytoplasmic concentration of cytoplasmic ATP does not change.
Furthermore, addition of the SIK inhibitor has also no effect on the
ATP change (Fig. 5D). This suggests that SIK activity is not
instrumental to this ATP drop, and that Sec bodies can form even
when the concentration of the ATP is not lowered.

RNA degradation
The above results show the decrease in the ATP cytoplasmic
concentration does not appear to be a common factor underlying Sec
body formation in both KRB and SCH150. In search for a
communality, we further investigated the overall decrease in RNA
levels that we observed in both cells incubated in KRB and SCH150
(Fig. S5C). This decrease was also more specifically measured for
bip, xbp1, indy and PIG-Wa (Fig. S4C). We therefore explored the
possibility that Sec body formation is linked to RNA degradation.
We first examined whether Sec bodies form to protect a set of RNAs
from degradation, similar to what is thought to be the case for stress
granules (Leung et al., 2006). We first monitored whether Sec
bodies contain full-length RNAs by performing single-molecule

fluorescence in situ hybridization (smFISH) using an oligo(dT)
probe. As expected, stress granules (which also form upon
incubation in KRB, marked here by the RNA-binding protein
FMR1; Aguilera-Gomez et al., 2016), strongly colocalize with
polyA-tailed RNAs, but Sec bodies are negative (Fig. S5D). This
indicates that Sec bodies do not contain polyA-tailed RNAs, at least
not in sufficient amounts to be detected by this method.

We then explored whether Sec bodies template around degraded
RNAs. To test this, we used the SIC system of cells incubated in
Schneider’s medium where Sec bodies do not form (Fig. 6C), to
whichwas added RNase 1 to degrade RNAs to nucleotides. However,
this did not lead to Sec body formation (not shown). Finally, we
added the total pool of RNAs from cells incubated in KRB to the SIC
system in Schneider’s medium. However, this also did not lead to Sec
body formation (not shown). Consequently, in our hand, RNA
degradation is not functionally linked to Sec body formation.

In conclusion, we propose that the UPR activation both by amino
acid starvation in KRB and salt stress in SCH150 is more likely to be
a key factor in Sec body formation.

DISCUSSION
Here, we show that the Sec bodies that form in Drosophila S2 cells
incubated in KRB are fully recapitulated by activation of SIKs,
IRE1 and PERK (through SCH100 plus DTT), leading to the
activation of a downstream UPR. Strikingly, the strong activation of
SIKs in (SCH150) also induces the UPR and leads to Sec body
formation. The resulting structures in each condition appear to be
similar in size and number, and their formation is reversible.
Whether their content is strictly similar has not been addressed here.

Taken together, our results show that Sec body formation requires
the stimulation of two main signaling pathways (Fig. 7). The first is

Fig. 7. Activation of SIK, IRE1 and PERK and SIK to
form Sec bodies. Blue pathway, Sec bodies can form
upon high-salt stress (SCH150) through SIK activation,
which, when strong is sufficient. A moderate salt stress
also activates SIKs, but it is not enough to stimulate Sec
body formation. Red pathway: amino acid starvation in
KRB leads to IRE1, PERK and SIK activation leading to
Sec body formation (mimicked by SCH100+DTT). IRE1
and PERK activation are necessary but not sufficient. In
green are features appearing upon KRB incubation, such
as cytoplasm acidification, a decrease in the cytoplasmic
ATP concentration and the stimulation of the UPR that we
propose to be a key factor in Sec body formation.
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the salt stress pathway (addition of 150 mM NaCl), which activates
the SIKs in a necessary and sufficient manner. It also does not lead
to a change in the cytoplasmic ATP concentration. It does induce
RNA degradation and it stimulates the UPR in an unexpected
manner, given that PERK and IRE1 inhibitors do not alter SCH150
driven Sec body formation (Fig. 7).
The second pathway is the activation of IRE1 and PERK (but not

ATF6), downstream of ER stress, which is partly induced by the
absence of amino acids in KRB. Activation of either IRE1 or PERK
is necessary but not sufficient. To form Sec bodies, this activation
needs to be combined with a moderate salt stress. We propose that
IRE1 and PERK activation combined with SIK activation occur in
KRB, which is recapitulated by SCH100 plus DTT. This is
associated with a decrease in the cytoplasmic concentration of ATP,
with RNA degradation and with a stimulation of the UPR.
Interestingly, both strong salt stress (SCH150) and KRB lead to

the activation of the UPR (measured by the increase in Bip protein
level), leading to the possibility that SIKs, IRE1 and PERK interact
with and/or activate, each other. Either IRE1 and/or PERK activate
the SIKs, or SIK activation activates IRE1 and/or PERK. This still
needs to be refined.

The prominent role of salt stress and SIKs in remodeling
the cytoplasm
Strong salt stress is induced by a 4-fold increase of Na+ in the
medium combined with bicarbonate. This triggers an increase of
Na+ in the cytoplasm that activates one or more SIK (as shown by
the phosphorylation of the SIK target HDAC4). Accordingly, SIK
inhibition decreases Sec body formation.
Keeping intracellular Na+ as near as possible to physiological

concentrations (5 mM) is critical for cellular life, and the cell spends
40% of its available ATP to extrude Na+ against K+ with the NaK
ATPase (Jaitovich and Bertorello, 2010). It is therefore not
surprising that Na+ stress would elicit a cytoprotective response,
such as prominent as Sec body formation (and stress granule
formation in mammalian cells; Yan et al., 2014). This will need to
be further elucidated, as many organisms and tissues are subjected
to increased circulating Na+. We show, however, that it is not
equivalent to an osmotic shock and that this addition of salt does not
lead to a decrease in a cell volume. In contrast to P-bodies in yeast
(Jalihal et al., 2020; Kilchert et al., 2010), osmotic stress does not
induce Sec bodies. Interestingly, Na+/salt stress has recently been
shown to induce the biogenesis of the lysosomal pathway (i.e. more
endo/lysosomes as well as an increase in its activity) via TFEB and
TOR (Lopez-Hernandez et al., 2020).
Increased Na+ activates the intracellular Na+-sensor network

revolving around the SIKs (Jaitovich and Bertorello, 2010). The
SIKs belong to the family of AMPKs, and have been shown to be
part of a nutrient-sensing mechanism so far revolving around
glucose (Wein et al., 2018) and unbalance of the ATP-to-ADP ratio.
In mammals, there are three genes encoding SIK (SIK1–SIK3) but
only 2 in Drosophila. Drosophila SIK2 is the ortholog of human
SIK1 and SIK2, and has been shown to have a link to the fly Hippo
pathway (Wehr et al., 2013), possibly linking nutrient to growth.
Drosophila SIK3 is required for glucose sensing in the fly (Teesalu
et al., 2017). Which SIK is involved in Sec body formation has not
been clarified, as overexpression of each SIK individually has not
proven enough to trigger Sec body formation, even when combined
to some excess salt (SCH84 or SCH100). However, at least two
SIKs appear to change their intracellular localization in KRB, that
is, SIK2 and the long SIK3 isoform, which appear to cluster near the
plasma membrane and localize to the nuclear envelope (data not

shown). The role of SIKs in the formation of stress assemblies (here
the Sec bodies) appears important and novel, and needs to be
investigated further. Other members of the AMPK family do not
appear to be involved and changing the ratio ADP-to-ATP did not
alter Sec body formation in our SIC system (not shown).

IRE1 and PERK activation combined to SIK activation
Although a high salt stress is sufficient to trigger Sec body
formation, the Sec body formation observed during incubation in
the amino acid starvation buffer KRB elicits another pathway, the
ER stress pathway, leading to the activation of both IRE1 and
PERK. Indeed, KRB-induced Sec body formation is entirely
mimicked by a moderate salt stress (SCH100, Table 1) combined
with activation of IRE1 and PERK induced by DTT (SCH100 plus
DTT).

UPR stimulation
Surprisingly, we find that salt stress as well as KRB induces
the UPR, which we find is a common downstream event in all
conditions inducing Sec body formation. How salt stress activates
the UPR and the exact role of IRE1 and PERK is still not fully
understood. It does not appear to be via SIKs, as HG does not
modulate the UPR, yet strongly reduces Sec body formation.
Conversely, IRE1 and PERK inhibitors do not influence
SCH150-induced Sec body formation, so the exact link between
IRE1, PERK, SIKs and the UPR remains to be further investigated.

How UPR stimulation induces Sec body formation is not
completely understood. It could occur through the clustering of
IRE1 and PERK, two membrane kinases, and them forming a
template in the plane of the ER membrane. In this regard, UPR
stimulation has been linked to the MARylation enzyme Drosophila
PARP16 (Jwa and Chang, 2012), which is also a transmembrane
protein of the ER that undergoes a remodeling in KRB (Aguilera-
Gomez et al., 2016). What other roles are played by events
downstream of the UPR, for example, Bip upregulation itself,
and cytoplasmic changes, remains to be elucidated in detail.
One interesting aspect is whether the activation of UPRmight affect
biophysical properties, membrane association dynamics, and
conformation and post-translational modifications of Sec16 and
COPII subunits, which would lead to their enhanced phase
separation properties under stress.

Lowering the cytoplasmic ATP concentration is one
parameter that induces Sec body formation
The lowering of the cytoplasmic ATP concentration occurs in KRB
and SCH100 plus DTT. Forcing this lowering or preventing it has a
strong incidence on Sec body formation. This finding is consistent
with the hydrotropic property of ATP, that is, it being able to prevent
phase separation in the cytoplasm. At least in vitro, addition of
8 mM ATP dissolves or prevents the phase separation of purified
FUS and TAF15 (Patel et al., 2017). This is a concentration
matching physiological range of ATP level in mammalian cells
(1–10 mM) (Traut, 1994) and that is also compatible with the S2 cell
ATP concentration (1.7 mM).

One possibility to explain the decrease of ATP concentration is
the activation of kinases (among them, IRE1, PERK and SIK) that
would consume the ATP pool. However, we propose that the
decrease in the intracellular ATP concentration is upstream of the
kinase activation. Indeed, incubating cells in KRB induces a ROS
shock (as we showed experimentally), which could damage
mitochondrial respiration, resulting, in turn, in ER stress, and
UPR activation. Taken together, although we unravel a strong
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causality between low ATP and Sec body formation, the noticeable
exception of such formation in SCH150 suggests other possibilities.
In conclusion, this work illustrates the complexity of amino acid

starvation, the number of pathways it activates and how they interact
with each other, as well as the different cellular cytoplasmic
biophysical parameters it affects. We propose that the formation of
Sec bodies depends on the activation of signaling pathways leading
to activation of SIKs, IRE1 and PERK, altogether leading to the
activation of the UPR, one of the common features of all pathways
leading to Sec body formation.

MATERIALS AND METHODS
Cell culture, KRB incubation, drug treatments and depletions by
RNAi
Drosophila S2 cells (R69007, Thermo Fisher Scientific) were cultured in
Schneider’s medium (Sch, S0146; Sigma) supplemented with 10% insect-
tested fetal bovine serum (F4135; Sigma) at 26°C. S2 cells (between
passages 5 and 18) were pelleted at 200 g in a microfuge for 3 min, washed
once in fresh Schneider’s medium, and diluted to 106/ml. 1 ml of cell
suspension were plated per well in a 12-well plate containing coverslips.
Cells were allowed to attach for 1.5 h before starting the treatment.

Amino acid starvation was performed in Krebs Ringers bicarbonate
buffer (KRB) comprising 0.7 mM Na2HPO4, 1.5 mM NaH2PO4, 15 mM
NaHCO3 (sodium bicarbonate, BIC), 120.7 mM NaCl, 4.53 mM KCl,
0.5 mM MgCl and 10 mM flucose at pH 7.4 as reported in Zacharogianni
et al. (2014) (Table 1). SCH84, SCH100 and SCH150 correspond to Sch
supplemented with 84, 100 and 150 mMNaCl. KRB21 corresponds to KRB
supplemented to 21 mM KCl.

Wild-type Drosophila S2 cells were depleted by dsRNA, as previously
described (Kondylis and Rabouille, 2003). Cells were analyzed after
incubation with dsRNAs for 5 days, typically leading to depletion in more
than 90% of the cells. Primers for depletion used were: dsPERK forward,
5′-TAATACGACTCACTATAGGGAGCTGGAGCTGGCTGTTTT-3′;
dsPERK reverse, 5′- TAATACGACTCACTATAGGGTACTGGCGGATA-
TCGGCTTC-3′, dsATF6 forward, 5′- TAATACGACTCACTATAGGGA-
GCGGCATGTCATAGCTGTA-3′, dsATF6 reverse, 5′- TAATACGACTC-
ACTATAGGGTTGACGAGAAATGCAATCCA-3′.

Cell treatments
Drugs were used at the concentrations mentioned in Table S2, including the
IRE1 kinase inhibitor amgen small molecule 18 (AMG18) (Harrington et al.,
2015). Drug treatment was performed on the plated cells at 26°C for 4 h
incubated either in Schneider’s medium or in KRB or any of the modified
versions of these two media (Table 1). Heat shock was performed on 2×106

S2 cells plated on coverslip in 3 cm dish at 38°C in an incubator for 1 h.

Antibodies
For immunofluorescence, we used the rabbit polyclonal anti-Sec16 (1:800;
Ivan et al., 2008) to detect Sec16, mouse monoclonal antibody a5 (1:20,
deposited by Fambrough, D.M., DSHB) to detect NaK ATPase, mouse
monoclonal anti-FMR1 (1:20, deposited by Siomi, H. DSHB) and rabbit
polyclonal anti-GRP78 (Bip) (1:100, SPC-180, StressMarq) (Coelho et al.,
2013; Sunderhaus et al., 2019). Donkey anti-rabbit-IgG conjugated to Alexa
Fluor 568 (1:200, A10042, Invitrogen) and a goat anti-mouse-IgG
conjugated to Alexa Fluor 488 (1:200, A11001, Invitrogen) were used as
secondary antibodies.

For western blotting, we used a mouse monoclonal anti-phospho-p70 S6
Kinase (1:1000, 9206S, Cell Signaling), a rabbit monoclonal anti-human
IRE1-p (1:1000, gift from Genentech (Chang et al., 2018a), a mouse
monoclonal antibody anti NaK ATPase a5 (1:1000, deposited by
Fambrough, D.M., DSHB), a rabbit monoclonal anti-phospho-HDAC4/
HDAC5/HDAC7 (1:1000, 3424S, Cell Signaling), a rabbit monoclonal
antibody anti-Phospho-eIF2α (Ser51) (1:1000, 9721S, Cell Signaling) and a
mouse monoclonal anti-α-tubulin (1:2500, T5168, Sigma-Aldrich)
followed by anti-rabbit-IgG and mouse-IgG antibodies coupled to HRP
(1:2000, NA934, NA931, GE Healthcare).

Immunofluorescence
For immunofluorescence, cells were fixed with 4% paraformaldehyde in
PBS (pH 7.4) for 20 min. Cells were then washed three times with PBS and
subsequently quenched by incubation in 50 mM NH4Cl in PBS for 5 min.
Followed by permeabilization with 0.11% Triton X-100 for 5 min.
Thereafter, cells were washed three times in PBS and blocked in PBS
supplemented with 0.5% fish skin gelatin (G7765, Sigma-Aldrich) for
20 min. Cells were then incubated with the primary antibody (in blocking
buffer) for 25 min, washed three times with blocking buffer and incubated
with the secondary antibody (in blocking buffer) coupled to a fluorescent
dye for 20 min. Cells on the coverslip werewashed twice in milliQ water and
dried for 3 min on a tissue with cells facing up. Finally, each coverslip with
cells was mounted with Prolong antifade medium (+DAPI, P36935,
Invitrogen) on a microscope slide. Samples were viewed with a Leica SPE
confocal microscope using a 63× oil lens and 2× zoom.

Quantification of Sec body formation
Cells positive for Sec bodies contain at least two large (>0.5 µm) (typically
3–10) round Sec16-positive structures, whereas the typical ERES pattern
observed in Schneider’s medium has largely disappeared (see Fig. 1A,A′)
(Zacharogianni et al., 2014). For all conditions, immunofluorescence
analysis was performed three times or more unless otherwise stated and at
least four to five fields (∼25–30 cells per field) were recorded and analyzed
per experiment. The response per field was determined by dividing the total
amount of cells with Sec bodies by the total amount of cells. Finally, the
average between all the fields was calculated and statistical analyses was
performed using a one-tailed paired t-test.

Cell diameter measurement
After incubation with different buffers, S2 cells were stained with
phalloidin–TRITC 1: 4000 (P1951, Sigma-Aldrich) for 20 min to detect
F-actin. To measure the cell cross-sectional diameter, confocal images of
equatorial cell sections were taken. The diameter was drawn by hand and
measured using the ‘Measure’ function of ImageJ.

Cell fluorescence intensity measurement
To measure the Bip immunofluorescence intensity in the cells under
different conditions, confocal images of full projections were analyzed. The
measuring tool of ImageJ was used to measure the Bip immunofluorescence
intensity cell by cell. The intensity in Schneider’s medium was set as 1 and
the intensity of the other conditions was expressed relative to that in
Schneider’s medium.

XBP1/RIDD assay and IRE1 PCR
10×106 cells grown in Schneider’s medium and 20×106 cells incubated in
KRB for 4 h were spun down (5 min at 200 g) and washed in PBS-MilliQ
prior to RNA extraction. For each condition, RNA was extracted using the
RNeasy Mini Kit (Qiagen). The RNA concentrations were measured on
the NanoDrop ND-1000 UV-Vis Spectrophotometer (Thermo Scientific).
1 μg RNA were used to synthesize cDNA using the GoScript Reverse
Transcription System kit (Promega).

For each condition, a PCR was prformed using Taq polymerase (Promega)
and visualized on agarose gel to assess xbp1, bip, gadd45, sparc, indy, PIG-Wa,
ire1 and h2a (control) PCR product. Primers used were: xbp1 forward, 5′-
CAGATGCATCAGCCAATCCAAC-3′; xbp1 reverse, 5′-CACAACTTTCC-
AGAGTGAG-3′; bip forward, 5′-CTGCAGGTGATGCGCATCATCAA-3′;
bip reverse, 5′-CTTGCCCTTCTTCTTCTTGTACAGCTTGA-3′; gadd45
forward, 5′-ATGGTCGTCGAGGAGAACTGCAG-3′; gadd45 reverse, 5′-
CTCCAGCAGTACCTCGTGCATGT-3′; indy forward, 5′-CCATGAGCC-
TCAATACCAAATCGTTGGA-3′; indy reverse, 5′-TGTAGACCAACA-
TGGATGGCACCG-3′; PIG-Wa forward, 5′-TTCTGGCTGTGGATTTCCC-
TTCGTATC-3′; PIG-Wa reverse, 5′-TTTCGTGAATCCCAGTATGAAG-
AAGGCATT-3′; sparc forward, 5′-GTCGGACTGCTCTGTGTATC-3′;
sparc reverse, 5′-ATGGTCCTTGTTGGAGTCGC-3′; h2a forward, 5′-
GTGGAAAAGGTGGCAAAGTGAA-3′; h2a reverse, 5′-TTCTTGTTGT-
CACGAGCAGCAT-3′; ire1 forward, 5′-ATGAGAAGACGGACTGCACG-
3′; and ire1 reverse, 5′-GATCTGCTCGCCCTCCTTAC-3′.
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ROS detection assay
The stock solution of H2DCFDA (10 mM in DMSO) was diluted to 5 µM in
Schneider’s medium directly before usage. 106 cells/ml were incubated with
5 µM H2DCFDA in Schneider’s medium in the dark for 1 h (and up to 4 h)
at 26°C in a 48-well plate. After incubation, the cells were washed three
times with Schneider’s medium to remove excess H2DCFDA that might
be noncovalently associated with the extracellular leaflet of the plasma
membrane. The cells were then incubated in the treatment medium (as
described above) and the fluorescence intensity of the dye was immediately
recorded over a period of 1 h at 26°C using a Spark multimode microplate
reader (Tecan) with an excitation of 480 nm and an emission of 530 nm. The
fluorescence intensity of five fields of cells per condition was measured
every 5 min for a period of 1 h. Each experiment was performed at least
three times or more.

The difference in DCF intensity for each condition was calculated by
using the last value (1 h) minus the first value (0 h). The difference in
intensity of Schneider’s medium (usually very small, less than 10%) was
used and set as the baseline at the value of 1. The difference in any other
conditions was calculated as ‘Difference in DCF intensity (condition x)/
Difference in DCF intensity (Schneider’s medium)’. The fold difference
was then expressed as a fold change over this baseline.

Western blotting
A total of 4×106 cells per condition were treated as described above. After
treatment, the cells were harvested on ice and lysed in the following buffer
[50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X- 100, 50 mM NaF,
1 mM Na3VO4, 25 mM Na2-β-glycerophosphate supplemented with a
protease inhibitor tablet (11836153001, Roche)]. The lysates were cleared
by centrifugation at 20,000 g for 20 min at 4°C. Supernatants were collected
and the protein concentration was determined with a BCA protein assay kit
(Thermo Fisher Scientific). 50 µg of protein was mixed with 5× SDS
loading dye, boiled for 5 min and separated on an 8% SDS-PAGE gel. Then,
separated proteins were transferred to a PVDF membrane. Hereafter, the
PVDF membrane was blocked in TBS plus 0.05% Tween-20 and 5% BSA
(Sigma-Aldrich) (blocking buffer). Primary antibodies were added to
blocking buffer. After an overnight incubation at 4°C, the membrane was
washed three times in TBS plus 0.05% Tween-20 over 45 min and incubated
with secondary antibodies for 1 h at room temperature. The membrane was
washed three times washing in TBS+0.05%Tween-20 and developed by
enhanced chemiluminescence (Bio-Rad) with Image Quant™ LAS 4000.

Cytoplasmic pH measurement
The cytoplasmic pH was estimated by using the ratiometric fluorescent GFP-
mutant pHluorin2 (Mahon, 2011) attached to mCherry in a cell-based assay.
Cloning of pHluorin2-mCherry was performed by amplifying the fragment
out of pAG304GPD-ypHluorin2 [a gift from Simon Alberti, Biotechnology
Center (BIOTEC), Center for Molecular and Cellular Bioengineering
(CMCB), Technische Universität Dresden, Dresden, Germany] using
forward primer, 5′-GAGGGTACCATGGTGAGCAAGGGCG-3′
and reverse primer, 5′-CGACTCGAGTTATTTGTATAGTTCAT-
CCATGCCA -3′

The fragment was cloned into the pMT-V5 vector using KpnI and XhoI
restriction sites. pMT-pHluorin2-mCherry was transfected in S2 cells using
Effectene transfection reagent (Qiagen) with a 1:10 ratio of DNA to
Effectene Reagent. Upon acidification, pHluorin2 excitation wavelength
decreases, while the mCherry excitation signal remains largely unchanged.
The ratio was calculated from the fluorescence intensity of pHluorin2 and
mCherry determined using a Leica SP8 confocal microscope. The average
ratio was calculated from 120 cells over five viewing fields. A pH calibration
curve was made by incubating transfected cells for 30 min in buffers with a
different pH supplemented with 75 µMmonensin (M5273, Sigma-Aldrich),
10 µM nigericin (N7143, Sigma-Aldrich), 10 mM 2-deoxyglucose (D6134,
Sigma-Aldrich) and 10 mM NaN3 (10325720, Thermo Fisher Scientific) to
allow equilibration of the intracellular and extracellular pH. The ratio was
calculated as described above.

ATP measurement
To measure the ATP concentration, we used the CellTiter-Glo 2.0 kit
(Promega) and followed the manufacturer’s instruction. In brief, S2 cells
(8×104) were plated in a transparent 96-well plate and treated as indicated
above. Every treatment was performed at least in triplicate and each
experiment was performed two or three times. To determine the intracellular
ATP concentration, 100 μl of fresh incubation medium was added to the
treated cells and a 0.5× volume CellTiter-Glo 2.0 (Promega) was added to
each well. The background signal was determined by adding CellTiter-Glo
2.0 (Promega) to medium without cells. The total volume was transferred to
a 96-well Greiner flat white plate. Luminescencewas measured with a Tecan
Spark multimode microplate reader (emission wavelength 560 nm).

To determine the extracellular ATP level, the incubation medium was
transferred to a 96-well Greiner flat white plate and 0.5× volume CellTiter-
Glo 2.0 (Promega) was added to each well. The luminescence was measured
as above. AnATP calibration curvewas made bymeasuring different known
concentrations of ATP (Sigma-Aldrich) in Schneider’s medium.

Semi-intact cell assay
Wild-type S2 cells (1.5×106) were plated on coverslips and permeabilized
with 10 µg/ml digitonin (D141, Sigma-Aldrich) in KRB for 2 h at 26°C.
Subsequently, cells were fixed and Sec bodies were visualized by
immunostaining of Sec16. To test the effect of ATP, AMP or adenosine
on Sec body formation, the semi-intact cells were incubated in the presence
of 0.5 mM ATP (A1852, Sigma-Aldrich), 0.5 mM AMP (01930, Sigma-
Aldrich) or 0.5 mM adenosine (A9251, Sigma-Aldrich). Note that the
digitonin was not removed. The permeabilization efficiency was determined
by using the non-membrane-permeable dye TO-PRO-3 iodide (T3605,
Thermo Fisher Scientific) (Fig. 6A). The import buffer used in the SIC
system was 20 mM HEPES, 110 mM KAc, 2 mMMgAc, 5 mM NaAc and
0.5 mM EGTA (pH was set at either 6.0 or 7.4 with KOH). For the RNA
degradation experiment in the SIC system, we incubated S2 cells on
coverslips for 2 h at 26°C in Schneider’s medium containing 10 µg/ml
digitonin (Sigma-Aldrich) with or without 0.25 U/ul RNase 1 (EN0602,
Thermo Fisher Scientific).

RNA sequencing
A total of 10×106 S2 cells were incubated in KRB and in Schneider’s
medium for 4 h as described above. Two biological replicates were
performed. Total RNA was isolated using the RNeasy mini kit (Qiagen).
The Utrecht Sequencing Facility (USEQ) generated RNA libraries using a
RiboZero (Illumina) and TruSeq Stranded Total RNA Library Prep kit
(Illumina). Hereafter, libraries were sequenced on Illumina NextSeq500
1×75 bp high output. Read quality was checked using fastqc. Reads were
mapped to the Drosophila melanogaster Dm6 reference genome (UCSC)
using STAR (2.4.0.1) with default parameters (Dobin et al., 2013). We
generated the read count per transcript table with an in-house Python2.7
script using pysam (https://github.com/pysam-developers/pysam) and the
Dm6 annotation file (Ensembl). Differential expression between the
conditions was determined using EdgeR (3.24.3) analysis in the R
bioconductor package (Robinson et al., 2010). The DAVID web tool was
used for GO analysis with default parameters (https://david.ncifcrf.gov/
summary.jsp). The GEO accession number for the RNA-seq data reported in
this paper is GSE143810.

smFISH
Plated wild-type S2 cells were first treated with KRB (see above), and fixed
and labeled for endogenous FMR1 or Sec16 as described above in the
immunofluorescence section. After incubation with the secondary antibody,
cells were washed three times with PBS and cells were post-fixed in 4%
paraformaldehyde in PBS (pH 7.4) for 10 min. Following a washing three
times in PBS, cells were further incubated for 5 min in 10% formamide
(17899, Thermo Fisher Scientific) in DEPC-treated water. They were then
incubated overnight on a droplet containing one fluorescent smFISH probe
[125 nM in 1% dextransulfate (D8906, Sigma-Aldrich), 10% formamide in
DEPC-treated water at 37°C] in a moistened chamber to avoid drying. Cells
were washed twice for 30 min with 10% formamide in DEPC-treated water
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and mounted with Prolong antifade medium (plus DAPI) on a microscope
slide. The TMR-oligo(dT)30× was purchased from IDT. A widefield Leica
MM-AF microscope was used with a 100× lens for imaging.

Statistics
Significance of the data was calculated and made by using GraphPad
Prism 5.02. Statistical analyses were performed by using a one-tailed paired
t-test and denoted *P<0.05, **P<0.01, ***P<0.001. Error bars represent
s.e.m. except for Fig. 6B,C′, Figs S2B′ and S5A,A′,B where they represent
s.d.
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