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Fat body Ire1 regulates lipid homeostasis through

the Xbp1s-FoxO axis in Drosophila

Peng Zhao,"” Ping Huang,”’+® Tongfu Xu,”’:” Xiaoxiang Xiang,® Ying Sun,” Jingqi Liu,” Cheng Yan,'°

Lei Wang,” Jiamei Gao,” Shang Cui,® Xiangdong Wang,® Lixing Zhan,? Haiyun Song,”'" Jingnan Liu,”

Wei Song,*'?* and Yong Liu™-3*

SUMMARY

The endoplasmic reticulum (ER)-resident transmembrane protein kinase/RNase
Ire1 is a conserved sensor of the cellular unfolded protein response and has
been implicated in lipid homeostasis, including lipid synthesis and transport,
across species. Here we report a novel catabolic role of Ire1 in regulating lipid
mobilization in Drosophila. We found that Ire1 is activated by nutrient depriva-
tion, and, importantly, fat body-specific Ire1 deficiency leads to increased lipid
mobilization and sensitizes flies to starvation, whereas fat body Ire1 overexpres-
sion results in the opposite phenotypes. Genetic interaction and biochemical
analyses revealed that Ire1 regulates lipid mobilization by promoting Xbp1s-
associated FoxO degradation and suppressing FoxO-dependent lipolytic pro-
grams. Our results demonstrate that Ire1 is a catabolic sensor and acts through
the Xbp1s-FoxO axis to hamper the lipolytic response during chronic food depri-
vation. These findings offer new insights into the conserved Ire1 regulation of
lipid homeostasis.

INTRODUCTION

Providing the energy supply constantly in response to environmental cues is a fundamental feature for both
vertebrates and invertebrates. Upon nutrient deprivation, lipid mobilization from body fat storage is an in-
tegral component of energy homeostasis, providing energy fuels to meet the body’s physiological demand
during starvation. Defects in lipid mobilization have been extensively associated with excess fat accumu-
lation and obesity in fly, mice, and humans (Langin et al., 2005).

The endoplasmic reticulum (ER) is the largest organelle in eukaryotic cells and the major site for protein
folding and lipid processing in metabolic tissues. Nutrient excess or deprivation alters the state of pro-
tein folding within the ER, leading to ER stress and activation of the adaptive unfolded protein responses
(UPRER) (Huang et al., 2019). The inositol requiring enzyme 1 (IRE1) is a conserved ER stress sensor from
yeast to insects and mammals (Walter and Ron, 2011). Upon activation through trans-autophosphoryla-
tion and dimerization or oligomerization during ER stress (Cox et al., 1993; Sidrauski and Walter, 1997;
Walter and Ron, 2011), IRE1 splices the X-box-binding protein 1 (XBP1) mRNA to produce XBP1s, the
active spliced form of this transcription factor, and induces gene expression involved in protein folding
and degradation and ER biogenesis for restoring ER homeostasis (Yoshida et al., 2001). IRE1 also de-
grades certain mRNAs via a process known as regulated Ire1-dependent decay (RIDD) to alleviate the
protein load into the ER (Han et al., 2009; Hollien and Weissman, 2006; Maurel et al., 2014). In addition
to the well-recognized role of IRET in resolving typical ER stress for cell survival, we and others have also
demonstrated that in mammals, IRE1a functions as a metabolic sensor during cellular handling of
nutrient stress (Huang et al., 2019). In particular, hepatic IRETa. phosphorylation is coupled to the
glucagon/PKA signaling and gluconeogenesis during fasting (Mao et al., 2011), and the hepatic IRE1-
a-XBP1 pathway modulates the adaptive shift of fuel utilization by enhancing PPARa regulation of fatty
acid B-oxidation and ketogenesis following long-term food deprivation (Shao et al., 2014). Hepatic IRE1a
was also reported to regulate lipogenesis and lipid secretion by both XBP1-dependent and XBP1-inde-
pendent mechanisms (Lee et al.,, 2008; So et al., 2012; Zhang et al., 2011). However, it remains largely
unclear whether IRE1 acts to control lipid homeostasis in the peripheral adipose tissues through evolu-
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The Drosophila has emerged as a powerful genetic model organism for studying the mechanisms of meta-
bolic homeostasis (Baker and Thummel, 2007), including identifying evolutionarily conserved molecules in
regulating UPRER and systemic lipid balance (Baumbach et al., 2014; Kuhnlein, 2012; Schlegel and Stainier,
2007). Drosophila Ire1 functions as the homolog of mammalian IRETa and regulates highly conserved
downstream signaling pathways, including Xbp1 splicing, JNK activation, and RIDD (Coelho et al., 2013;
Plongthongkum et al., 2007; Yan et al., 2019). Fly Ire1 was reported to control de novo lipogenesis in enter-
ocytes of midgut via Xbp1/Sug signaling to modulate intestinal and systemic lipid homeostasis (Luis et al.,
2016), and it was also shown to regulate lipid transport in photoreceptor cells via RIDD degradation of fatty
acid transport protein (Fatp) in terms of photoreceptor differentiation (Coelho et al., 2013).

The transcription factor Forkhead box O (FoxO) in Drosophila has been established as a pivotal coordinator
in systemic energy balance and nutrient sensing by transcriptionally regulating multiple metabolic path-
ways involved in food intake control and mobilization of energy stores (Demontis and Perrimon, 2010;
Hong et al., 2012; Wang et al., 2011). Particularly, FoxO has been documented to directly promote the
expression of Brummer (bmm), which encodes the homolog of human adipose triglyceride lipase
(ATGL), and regulate both basal and stimulated lipolysis (Barthel et al., 2005; Kang et al., 2017). Bmm
mutant flies have defective fat mobilization with increased TAG storage (Gronke et al., 2005). Therefore,
transcriptional activation of lipolysis by FoxO is a critical autonomous determinant of TAG homeostasis
in the fat body of Drosophila (Barthel et al., 2005; Kang et al., 2017). Notably, the FoxO-Bmm signaling
is tightly controlled through post-translational modifications of FoxO, such as phosphorylation and acety-
lation, by the insulin and adipokinetic hormone (Akh) pathways, respectively (Kang et al., 2017; Wang et al.,
2011), thereby balancing lipid levels in response to nutrient availability and developmental cues.

In this study, we utilized the Drosophila model to characterize the physiological function of Ire1 in lipid ho-
meostasis. We found that nutrient deprivation results in metabolic activation of the Ire1/Xbp1 pathway. Our
genetic and biochemical studies provided in vivo evidence suggesting that fat body Ire1 regulates lipid
mobilization during starvation response through Xbp1-mediated degradation of FoxO.

RESULTS
Drosophila Ire1 is activated by food deprivation and regulates starvation sensitivity

We first examined the expression patterns of Irel in w'""® flies. Quantitative RT-PCR (gRT-PCR) analysis
revealed that Ire1 is ubiquitously expressed at all developmental stages, with higher expression levels de-
tected in early embryos, pupae, and adults (Figure STA). We also observed ubiquitous IreT mRNA expres-
sion in multiple tissues of both larval and adult flies (Figure STA). To test whether Ire1 is activated by nutrient
deprivation, we determined its phosphorylation using a commercial antibody that was able to specifically
detect the phosphorylation of fly Ire1 at Ser’®® (Figure S1B), a conserved residue corresponding to Ser’?* of
murine IRE1a located within the kinase activation loop (Korennykh et al., 2009; Song et al., 2017). Indeed,
we observed a significant increase of phosphorylated Ire1in male adult flies following a 48-h starvation (Fig-
ure 1A), along with prominently decreased Akt phosphorylation as well as increased expression of 4EBP
and InR owing to suppression of insulin signaling (Figures 1A and 1B). XbpT mRNA splicing, as detected
by either gPCR or a high-gain GFP indicator (Sone et al., 2013), was also elevated upon food deprivation
(Figures 1B and Figure S1C). In contrast, we did not observe a strong induction of elF2a phosphorylation
(Figure 1A), another typical ER stress indicator, under starvation (Figures 1A and 1B). These results indicate
that the Ire1/Xbp1 pathway is selectively activated in response to starvation in Drosophila.

Similar to mammals, lipid reserves in flies are primarily stored as triglyceride (TAG) in the lipid droplet of the
fat body, which is functionally analogous to mammalian adipose tissue. Under starvation, reserved TAG is
mobilized by lipolysis into glycerol and free fatty acids, which can be further delivered to other tissues as
energy supplies. We then asked if Ire1 has a physiological role in mediating the starvation response by sys-
temically diminishing Ire T expression. Because genomic Ire disruption led to embryonic lethality (data not
shown), we knocked down Ire expression in the whole flies by crossing an UAS-Ire1-RNAi line (v395617) to
the tub-GAL4 driver line to generate tub-GAL4/UAS-Ire1-RNAi-v39561 (tub>Ire1-i-v) flies. gRT-PCR assess-
ment showed that Ire1 mRNA levels were reduced by ~60% (Figure 1C). Ire1 deficiency resulted in a signif-
icant decrease in Xbp1 mRNA splicing in both feeding and starvation conditions (Figure 1C). Importantly,
when compared with survival curves of control flies during starvation, both male and female tub>Ire1-i-v
flies lived much shorter and exhibited ~37% and ~46% decreases in their median survival rates, respec-
tively (Figure 1D). Moreover, flies with global knockdown of Ire T expression (tub>Ire 1-i-HMC) using another
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Figure 1. DrosophilaIre1 is a crucial sensor of nutrient deprivation.

(A and B) Starvation activates the Ire1-Xbp1 pathway in Drosophila. 3-day-old male adult w'"’® flies were ad libitum fed or starved for 48 h. Immunoblot
analysis of phosphorylation of Ire1, Akt, and elF2a in protein extracts of flies using the indicated antibodies (n = 30 flies/group, 15 flies pooled per sample) (A,
left). Relative levels of p-Ire1/Tubulin, p-Akt/Akt, and p-elF2a/Tubulin were quantified (A, right). (B) Quantitative PCR (qPCR) analysis of 4EBP, InR,
Xbp1s/Xbp1t, and IreT mRNA abundances (n = 40 flies/group, 10 flies pooled per sample). Gene expression levels were normalized to RpL32.

(C) Efficiency of IreT knockdown and Xbp 1 splicing in male adult tub>Ire1-i-vflies when compared with tub>+ controls (n = 40 flies/group, 10 flies pooled per
sample). 3-day old male adult tub>+ and tub>Ire1-i-v flies were fed or starved for 48 h.

(D) Global knockdown of Ire 1 expression increases sensitivity to starvation. Survival rate was measured for male and female adult tub>+ and tub>Ire1-i-vflies
during food deprivation (3 days of age; n = 160 flies/group). x* = 153.7 for males and x* = 173.7 for females, P < 0.0001 by log rank test.

(E) Relative whole-body TAG levels under fed or 48-h starved condition were measured and normalized to total protein levels (80 flies/group, 20 flies pooled
per sample).

(F and G) Nile red staining of lipid droplets (LDs) in isolated fat bodies from adult flies; scare bars, 50 um (F) and quantification of LD diameter (G, 12 images/
group). Each point represents a single LD. All data are shown as the mean + SEM. *p < 0.05, **p < 0.001, ***p < 0.0001 by Student’s t test or two-way
ANOVA.

RNAI line (HMCO05163) phenocopied this starvation sensitivity (Figure S1D). These results indicate that
global Ire1 deficiency sensitizes flies to food deprivation.

Following a 48-h starvation, control male adult flies (tub>+) showed a potent loss of whole-body TAG stor-
ages (Figure 1E). Interestingly, the TAG content was significantly decreased by ~15% under the fed state,
and ~50% after starvation, in tub>Ire1-i-v flies relative to the tub>+ control flies (Figure 1E). Nile Red stain-
ing revealed much fewer and smaller lipid droplets in the abdominal fat body of tub>Ire1-i-vflies following
starvation (Figures 1F and 1G). Thus, these data demonstrate that Ire1 is a catabolic sensor implicated in
maintaining appropriate lipid mobilization in response to food deprivation.

iScience 24, 102819, August 20, 2021 3
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Figure 2. Fat body Ire1 regulates lipid mobilization and starvation resistance

(A) gPCR analysis of Ire1 mRNA abundances in the abdomens of fed male Cg>+ versus Cg>Irel-i-v flies.

(B) Immunoblot of Ire1-V5 protein in the abdomens of Cg>+ versus Cg>Ire1-V5 flies.

(C-G) 3-day old male adult Cg>+, Cg>Irel-i-v, or Cg>Ire1-V5 flies were ad libitum fed or subjected to a starvation for 48 h. (C) gPCR analysis of the body
Xbp1 mRNA splicing in flies (40 flies/group, 10 flies pooled per sample). (D) Relative TAG content in the whole body (80 flies/group, 20 flies pooled per
sample). (E) Survival rate of male adults flies during starvation (n = 180 flies/group). X2 =119.3 for Cg>+ versus Cg>Irel-i-v, and x? = 65.45 for Cg>+ versus
Cg>lrel, P<0.0001 by log rank test. (F) Nile red staining of LDs in isolated fat bodies from adult flies; scare bars, 50 um. (G) Quantification of LD diameter on
the right. Each pointrepresents a single LD (12 images/group). Results are shown as the mean + SEM. *p < 0.05, **p < 0.001, ***p < 0.0001 by Student’s t test
or two-way ANOVA.

Fat body Ire1 regulates lipid mobilization and survival during starvation

We next asked whether Ire1 regulates lipid mobilization and starvation sensitivity by acting in the fat body,
the major metabolic organ sensing nutrient stresses and integrating metabolic regulatory signals. We per-
formed loss- and gain-of-functions studies by knocking down Ire 1 expression or overexpressing a wild-type
Ire1 protein specifically in the fat body using the Cg-GAL4 driver (Figures 2A and 2B). Cg-GAL4-mediated
Ire1 knockdown in the fat body significantly decreased IreT mRNA level, as well as Xbp1 splicing, in the
abdomen containing large amounts of attached fat bodies, as well as other relatively minor tissues such
as the gut, oenocytes, and genitals, in Cg>Irel-i-vflies (Figures 2A and 2C and Figure S2B). Cg>Ire1-i-vflies
exhibited higher sensitivity to starvation stress (an ~31% decrease in the median survival rate), along with
lower TAG storage and smaller lipid droplets in the fed or starved state (Figures 2D-2G). Taking into
consideration the potential leaking expression or off-target effects, we also knocked down Ire1 expression
using two additional fat body driver lines, R4-GAL4 and Lpp-GAL4 (Figure S2A), as well as another Irel
RNAI line (HMS03003) with a higher knockdown efficiency (Figure S2B). Consistently, these lines showed
similar decreases of TAG levels and sensitivity to starvation (Figure S2C-S2H). Notably, Ire1 knockdown
in the oenocytes using the Bo-Gal4 driver had no significant effect on starvation sensitivity (Figure S2I).

Conversely, overexpression of a wild-type Ire1 in the fat body of Cg>Ire1 flies (Figure 2B), obtained by

crossing UAS-Ire1-V5 transgenic flies with the Cg-GAL4 driver, resulted in increased XbpT mRNA splicing
in the abdomens of adult flies (Figure 2C), significantly elevated TAG levels (Figure 2D), and higher survival
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Figure 3. Fat body Xbp1s contributes to Ire1 regulation of the starvation response

(A and C) Survival rate of starved male adult flies of the indicated genotypes (3 days of age; 160 flies/group). X% = 2644 for
Cg>+versus Cg>Xbp1-i-v, and x? = 75.09 for Cg>+ versus Cg>Xbp s, p < 0.0001 by log rank test. x> = 72.80, p < 0.0001
for Cg>+ versus Cg>Irel-i-vand x? = 0.005, p = 0.94 for Cg>+ versus Cg>Irel-i+Xbp1s by log rank test.

(B and D) Relative TAG content in 3-day old male adult flies of the indicated genotypes following a 48-h starvation

(80 flies/group, 20 flies pooled per sample). Results are shown as the mean + SEM. *p < 0.05, **p < 0.001 by two-way
ANOVA.

rates under starvation (Figure 2E, by ~23% in median values), along with enlarged lipid droplets in their
abdominal fat bodies (Figures 2F and 2G). Moreover, at the larval stage, Ire1 deficiency or overexpression
in the fat body also showed similar impacts upon lipid droplets and TAG content (Figure S3). Together,
these results reveal that Ire1 can act specifically in the fat body to regulate lipid mobilization and survival
during food deprivation.

Fat body Xbp1 mediates Ire1’s metabolic effects

We then determined whether fat body Ire1 exerts its regulatory effects through its downstream effector
Xbp1. We generated Cg>Xbp1-i and Cg>XbpTs flies, in which the expression of Xbp1 was knocked
down and the spliced form Xbp1s was overexpressed specifically in the fat body, respectively (Figure S4A
and S4B). Knockdown of Xbp 1 expression markedly decreased the survival rate (by ~73% in median values)
and whole-body TAG content of starved flies, whereas Xbp1s overexpression resulted in the opposite phe-
notypes (Figures 3A and 3B). Moreover, fat body overexpression of Xbp1s in the context of Ire T knockdown
was able to rescue the effects of Ire1 deficiency upon starvation sensitivity and lipid mobilization in adult
Cg>lrel-i-v+Xbp1s flies, exhibiting comparable survival rate and TAG content relative to the control
Cg>+flies during starvation (Figures 3C and 3D). These data indicate that fat body Xbp1s mediates, at least
in large part, Irel’s regulatory actions in lipid mobilization during the starvation response.

Fat body Ire1-Xbp1 pathway regulates FoxO-associated gene expression

Both Bmm and Hsl are critical lipolytic enzymes in lipid mobilization and TAG storage in the fat body
under starvation (Kuhnlein, 2012). To determine if the Ire1/Xbp1 pathway is involved in controlling the
expression of these two lipases, we performed gPCR analysis and found that Ire1 deficiency significantly
increased starvation-induced upregulation of bmm, but not hsl, in the abdomen of adult Cg>Irel-i-vflies,
whereas Ire1 overexpression effectively reduced bmm expression in Cg>lre1 flies (Figure 4A). Bmm has
been established as the target gene of transcriptional factor FoxO that is activated during starvation
response (Kang et al., 2017). Similarly, Ire1 deficiency enhanced, whereas Ire1 overexpression blunted,

iScience 24, 102819, August 20, 2021
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Figure 4. The Ire1-Xbp1 pathway suppresses starvation-responsive gene expression program

(A) Male adult Cg>+, Cg>Irel-i-v, and Cg>Irel flies were fed or subjected to a 48-h starvation (3 days of age; 40 flies/group, 10 flies pooled per sample).
Relative abdomen mRNA abundance of starvation-responsive genes, including bmm, hsl, 4EBP, and InR, was assessed by gPCR. Shown are gene expression
levels after normalization to the internal control RpL32.

(B and C) Gene expression levels in (B) male adult Cg>+, Cg>Xbp1-i, and Cg>Xbp1sflies and in (C) male adult Cg>+, Cg>Irel-i, and Cg>Irel-i+XbpTsflies
following a 48-h starvation (3 days of age; 40 flies/group, 10 flies pooled per sample). All data are presented as the mean + SEM (n = 4 independent
experiments). *p < 0.05, **p < 0.001, ***p < 0.0001 by one-way or two-way ANOVA.

the induction of two typical FoxO-target genes, 4EBP and InR (Song et al., 2010), in the abdomen of
starved adult flies (Figure 4A). Moreover, fat body Xbp1 knockdown and Xbp1s overexpression in adult
Cg>Xbp1-i and Cg>XbpTs flies largely phenocopied, respectively, the effects of Ire1 manipulation upon
the expression of these starvation responsive genes following food deprivation (Figure 4B). In accor-
dance with Xbp1s acting as an effector downstream of Irel, fat body overexpression of Xbpls was
able to sufficiently blunt the augmented expression of bmm, as well as 4EBP and InR, resulting from
Ire1 knockdown in starved Cg>lrel-i-v+XbpTs flies (Figure 4C). These results suggest that fat body
Ire1/Xbp1 pathway may constitute a negative control loop in governing FoxO-directed gene expression
program under starvation.
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Figure 5. Ire1/Xbp1 axis regulates proteasome-associated FoxO degradation

(A-D) S2 cells were transiently transfected for 48 h with the plasmids expressing a V5-tagged Ire1 (A, B) or Myc-tagged Xbp1s (C, D), together plasmids
expressing a GFP-tagged FoxO (A, C) or neutral GFP (B, D), a negative control. Cell extracts were analyzed by immunoblotting with the GFP or V5 antibody.
(E-G) S2 cells were transiently transfected or co-transfected as indicated for 48 h. Cells were then treated with DMSO (—) or CHX (30 uM) for 1-2 h (E and F) or
MG132 (10 uM) for 8 h (G) before immunoblot analysis. (F) Relative FoxO-GFP protein levels were quantified as FoxO-GFP/Tubulin ratios using ImageJ.
(H and 1) 5-day-old adult flies with indicated genotypes were fed or starved for 24 h. The whole flies were dissected for immunoblot analysis.

(J) S2 cells were transfected or co-transfected for 48 h as indicated. The mRNA abundance of bmm, 4EBP, and InR was analyzed by gPCR. Values were
normalized to the internal control RpL32 (n = 3). Data are shown as the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA.

The Ire1/Xbp1 pathway regulates FoxO protein degradation

Upon food deprivation, FoxO shuttles to the nucleus and initiates the transcriptional activation of starva-
tion-responsive genes (Song et al., 2010; Wang et al., 2011). Suppression of 4EBP, InR, and bmm expression
(Figure 4) indicates that the Ire1/Xbp1 pathway might decrease FoxO expression and/or activity. We first
found that genetic manipulation of Ire1 or Xbp1 in the fat body had no statistically significant effects on
foxO mRNA levels in Cg>Irel-i-v or Cg>Xbp1-iflies (Figures S4C and S$4D), excluding the possibility of
the transcriptional regulation. We then tested if Ire1 or Xbp1s regulates FoxO via post-transcriptional
mechanisms. Indeed, co-expression of FoxO together with Ire1 or Xbp1s in Drosophila S2 cells potently
decreased FoxO protein level in a dose-dependent manner (Figures 5A and 5C), whereas co-expression
of Ire1 or Xbp1s showed no effect on a neutral GFP protein (Figures 5B and 5D). To further determine if
Xbp1s affects the stability of FoxO protein, we blocked protein synthesis in S2 cells with cycloheximide
(CHX) and observed a gradual decline of FoxO protein, and co-expression of Xbp1s prominently promoted
this process (Figures 5E and 5F). Moreover, addition of MG132, a proteasome inhibitor of protein degra-
dation, largely blocked Xbp1s-mediated decrease of FoxO protein in S2 cells (Figure 5G). Xbp1s overex-
pression also results in an increase in ubiquitination of FoxO protein (Figure S5A). These data indicate that
the Ire1/Xbp1s pathway acts to enhance the proteosomal degradation of FoxO protein. Next, we examined
whether Ire1/Xbp1s axis could regulate FoxO protein stability in vivo by specifically overexpressing a GFP-
tagged FoxO in adult fat body. Interestingly, chronic starvation (24 h) significantly decreased FoxO-GFP
level in the fat body (Figure 5H). Ire 1 deficiency potently abolished starvation-induced FoxO decline under
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starvation hardly affecting FoxO level at fed conditions (Figure 5H). Xbp1s overexpression in the fat body, in
contrast, phenocopied starvation-induced FoxO degradation even under fed conditions (Figure 5I). Similar
results were observed in R4>FoxO-GFP larvae, as Xbp1s overexpression remarkably reduced FoxO-GFP
expression levels in the larval fat body cells (Figure S5B). Note that, Xbp1s does not significantly abolish
the nuclear translocation of FoxO under starvation (Van Der Heide et al., 2004) (Figure S5B and S5C).
Furthermore, co-expression of Xbp1sin S2 cells, at least in large part, suppressed FoxO-dependent upre-
gulation of bmm, InR, and 4EBP (Figure 5J). These results collectively indicate that Ire1/Xbp1s axis regu-
lates the protein stability of FoxO.

Previous studies have reported that Xbp1-FoxO protein interaction contributes to FoxO degradation in
cultured cells (Kishino et al., 2017; Zhou et al., 2011). We wondered whether similar regulation occurs in
the fat body by performing immunoprecipitation in Cg>FoxO-GFP+Xbp1s adult flies. However, we failed
to observe Xbp1-FoxO binding (data not shown), probably due to insufficient FoxO proteins caused by
Xbp1s-induced degradation. On the other hand, in a few fat body cells with remaining FoxO protein
expression, we did not observe intranuclear co-localization of FoxO and Xbp1s under starvation as well
(Figure S5D). We thus speculate that fat body Xbp1s might regulate FoxO degradation in a manner inde-
pendent of protein interaction.

FoxO mediates Xbp1 regulation of lipid metabolism during starvation response

Finally, we investigated the physiological importance of the Xbp1s/FoxO axis. Xbp T knockdown in the fat
body markedly sensitized Cg>Xbp1-i flies to starvation (Figure 3A), whereas fat body foxo knockdown in
the context of Xbp 1 knockdown (Figure S4A) partially, but significantly, reversed Xbp1 deficiency-associ-
ated starvation sensitivity of adult Cg>Xbp1-i+foxo-i flies (Figure 6A, left). Similar results were also ob-
tained when genetic manipulation in the fat body was performed only in adult flies using a Cg-Gal4,
tub-Gal80™ (Cg"®>) line, the temperature-sensitive driver for the fat body (Figure 6A, right). Moreover,
foxo knockdown significantly blunted the decreases, as a result of Xbp1 deficiency, in lipid droplet sizes
and TAG levels, as well as the induction of starvation-responsive genes, in Cg>Xbp 1-i+foxo-iflies (Figures
6B-D).

To affirm that the Xbp1-FoxO axis cell-autonomously exerts its regulatory actions, we utilized clonal anal-
ysis in the fat body to avoid potential systemic feedback effects. We crossed the UAS-Xbp 1-RNA: line to
the yw, hs-FLP;, Act>CD2>Gal4, UAS-GFP line and generated Xbp1-deficient fat body cell clones
following heat shock (Song et al., 2019). Interestingly, clones bearing Xbp1 RNAi were much smaller
and contained smaller lipid droplets relative to their control clones (Figure S6A), and foxo RNAI resulted
in a reversal of XbpT RNAi-elicited decreases in fat body cell and lipid droplet sizes (Figure S6A). More-
over, FoxO overexpression also caused smaller fat body cell clones and lipid droplets (Figure S4B and
S6C). Consistent with Xbp1s-associated suppression of FoxO, overexpression of Xbp1s significantly
restored the sizes of fat body cell and lipid droplet in the context of gain of function of FoxO (Figure S6B
and S6C). These results suggest that FoxO is critically involved in mediating Xbp1 regulation of lipid ho-
meostasis and starvation responses. Additionally, FoxO has been reported to regulate fly development
besides cell growth and lipid metabolism. In line with this, we observed that FoxO overexpression in the
fat body resulted in smaller larval size and delayed pupal development (Figure S6D and S6E). Interest-
ingly, these developmental defects were largely rescued by Xbpls overexpression (Figure S6D and
S6E). Taken together, our data demonstrate that FoxO serves as the downstream effector to mediate
the regulatory actions of the Ire1/Xbp1 pathway not only in lipid metabolism but also in growth and
development in the fruit fly.

DISCUSSION

Maintaining energy homeostasis is a fundamental aspect of animal physiology, and multiple evolutionarily
conserved mechanisms are at work to achieve this highly regulated function. Mobilization of lipid storage
during nutrient deprivation constitutes a critical component of catabolism that is under many layers of con-
trol mechanisms. Using Drosophila as a model organism with multiple conserved hormonal regulatory net-
works as well as the ER stress response pathways we identified the Ire1 branch in the fat body that links the
UPRER to systemic lipid homeostasis and starvation response. Our findings demonstrate that the Ire1/Xbp1
cascade responds to nutrient availability and regulates starvation-associated lipid mobilization by
modulating FoxO protein stability.
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Figure 6. Fat body Xbp1s-FoxO axis regulates starvation sensitivity and lipid mobilization

(A) Survival rates of starved male adult flies bearing indicated RNAI lines throughout all developmental stages (left) or only at adult stage (right) (3 days of
age; n = 160 flies/group). + versus Xbp1-i (left, XZ = 241.5; right, XZ =170.5), >+ versus Xbp1-i + foxo-i (left, x2 = 65.55; right, XZ =79.9), and Xbp1-i versus
Xbp1-i+foxo-i (left, x* = 127.2; right, X2 = 94.47) are all statistically significant. p < 0.0001 by log rank test.

(B-D) Male adult flies at 3 days of age were fed or starved for 24 h. (B) Nile red staining of LDs in isolated fat bodies from adult flies; scare bars, 100 um. (C)
Relative TAG levels in both fed and starved flies (80 flies/group, 20 flies pooled per sample). (D) gPCR analysis of the mRNA abundances of the indicated
genes in starved flies with RpL32 used as the internal control for normalization (40 flies/group, 10 flies pooled per sample). Data are shown as the mean +
SEM. *p < 0.05 by two-way ANOVA.

In this study, we found that starvation activates the Ire1/Xbp1 pathway, as indicated by Ire1 phosphory-
lation and Xbp1 mRNA splicing. This reveals Ire1 as a conserved metabolic sensor across species,
because similar activation of the IRE1a-XBP1 branch has also been observed in the liver during pro-
longed starvation of mice (Shao et al.,, 2014). Although Ire1 activation in metabolic organs has been
well documented under nutrient stress conditions including fluctuations of carbohydrates and lipids
(Huang et al., 2019), exactly how nutrient deprivation triggers physiological ER stress and adaptive UPRER
activation remains largely unclear. It is interesting to note that a recent mouse model study indicated that
a low-protein diet could induce IRE1a activation in cancer cells in association with anticancer immune
responses (Rubio-Patino et al., 2018), whereas in Drosophila, Ire1 deficiency in the adult intestine was
shown to potently abolish lifespan extension caused by a low-protein diet (Luis et al., 2016). This sug-
gests that changes of amino acids or proteins could contribute to Ire1 activation. In addition, metabolic
hormones and other endocrine factors could also serve as Ire1 activators. For instance, we have previ-
ously shown that Akh, a vital neuroendocrinal hormone in the control of systemic carbolipid metabolism
in Drosophila, was able to trigger the cAMP/PKA signaling and result in phosphorylation of Ire1 in the fat
body under starvation (Song et al., 2017).
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Fat body in the fruit fly functions as a key metabolic organ that modulates the balance between lipid stor-
age and mobilization under nutrient-deprivation conditions. Although our results indicate that Ire1 in the
fat body has a critical role in regulating lipid mobilization during starvation, it is worth noting that fat body
Ire1 knockdown led to a weaker extent of starvation sensitivity than global Ire1 deficiency, suggesting the
existence of Ire1 metabolic actions in other organs. In this regard, we excluded a role for Ire1 in oenocytes,
which have been implicated in degrading circulating lipids downstream of the fat body (Gutierrez et al.,
2007), since oenocyte Irel knockdown did not affect starvation sensitivity. In enterocytes of the gut that
are involved in dietary lipid absorption, de novo lipogenesis, and lipid delivery (Song et al., 2014), Ire1
was reported to promote enteric lipid synthesis and suppress systemic lipid turnover (Luis et al., 2016).
Therefore, it remains to be unraveled how Ire1 in the fat body as well as in other metabolic tissues, such
as the intestine and brain, act together to orchestrate its integrative control on systemic lipid homeostasis.

Given that overexpression of Xbp1s could fully restore the lipid homeostasis and starvation response in
Ire1-deficient flies, our results suggest that Ire1 controls lipid mobilization primarily through Xbp1 splicing
in the fat body. Furthermore, Irel-catalyzed Xbp1 splicing generated Xbp1s to destabilize FoxO protein
and thus suppress FoxO-dependent lipolytic gene expression program. In accordance, another group
also observed a link between Xbp 1 deficiency and the induction of FoxO-target gene 4EBP in Drosophila
through unclear mechanisms (Huang et al., 2017). Xbp1s appeared to specifically degrade FoxO, but not a
neutral GFP, which could be blocked by a proteasome inhibitor MG132. This indicates that Xbp1s employs
a proteasome-dependent mechanism for FoxO degradation, the molecular details of which have yet to be
fully deciphered. Notably, it was shown that in the state of obesity, disruption of XBP1s-depndent degra-
dation of FoxO1 in the liver contributes to hyperglycemia in diabetic mouse models (Zhou et al., 2011).
Thus, Xbp1s-mediated control of FoxO protein stability may represent an evolutionarily conserved mech-
anism linking the Ire1 branch to ER stress-related pathological processes. However, in contrast to in vitro
overexpression assays in cultured cells (Kishino et al., 2017; Zhou et al., 2011), we did not observe Xbp1s-
FoxO interaction in adult fat body under chronic starvation. The discrepancy could be explained by the
distinct context of fat body tissue. On the other hand, foxo deficiency only partially alleviates starvation
sensitivity associated with Xbp1 knockdown, indicating potential FoxO-independent effects downstream
of Xbp1s. Previous studies reported that Xbp1s also directly regulates transcriptions of several metabolic
genes regarding lipid turnover and synthesis (Luis et al., 2016; Martinez et al., 2020). It would be worthy to
investigate the comprehensive signaling networks downstream of Xbp1s in the future.

Emerging evidence from research in our group as well as many others has uncovered Ire1 as an evolution-
arily conserved regulator linking UPRER to multiple physiological processes in both fly and mammals. Both
fly Ire1 and mammalian IRE1a have been connected to glucagon/cAMP/PKA signaling, thereby modulating
carbohydrate production following a short-term starvation (Mao et al.,, 2011; Song et al., 2017). Excessive
activation of fly Ire1/mouse IRETa was also documented to decrease neuronal survival and contribute to
neurodegeneration (Ni et al., 2018; Yan et al., 2019). Mammalian IRE1a has been well established as an
important regulator in hepatic lipid metabolism, including fatty acid synthesis, B-oxidation, ketogenesis,
as well as lipid secretion (Huang et al., 2019), whereas whether IRE1a. is involved in modulation of lipid ho-
meostasis in peripheral adipose tissues remains much less understood. Although the IRE1a-XBP1s
signaling branch has been implicated in adipocyte differentiation in vitro from cultured pre-adipocytes
(Sha et al., 2009), adipocyte XBP1 abrogation in mice was reported to have no apparent impact on lipid
metabolism in adipose tissue except during lactation (Gregor et al., 2013). Interestingly, adipose XBP1s
overexpression was shown to significantly decrease adiposity by enhancing thermogenesis in both normal
and obese mice (Deng et al., 2018). In this scenario, it remains unclear whether Ire1-directed suppression
via the Xbp1s-FoxO axis of lipid mobilization may operate in distinct types of adipocytes in mammalian ad-
ipose tissues. Nonetheless, our findings herein highlightIre1 as an ancient catabolic sensor that contributes
to the delicate homeostatic control of lipid metabolism.
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Antibodies

Rabbit anti-p-lre1a Novus Biologicals Cat: NB100-2323, RRID: AB_10145203
Rabbit anti-p-Akt Cell Signaling Cat: 4056S, RRID: AB_331163

Rabbit anti-Akt Cell Signaling Cat: 9272S, RRID: AB_329827

Rabbit anti-p-elF2a Cell Signaling Cat: 9721S, RRID: AB_330951

Mouse anti-Tubulin Sigma-Aldrich Cat: T6199, RRID: AB_477583

Mouse anti-V5 Invitrogen Cat: R96025, RRID: AB_159313

Mouse anti-GFP Abclonal Cat: AE012

Mouse anti-poly-ubiquitination Enzo Life Sciences Cat: BM-PW8805, RRID: AB_10541434
Mouse anti Myc Cell Signaling Cat: 2276S, RRID: AB_331783

Experimental Models: Cell Lines

Drosophila S2R+ cell Gift from Norbert Perrimon NA
Experimental Models: Organisms/Strains

Drosophila, w1118 Bloomington 3,605
Drosophila, tub-GAL4 Bloomington 5,138
Drosophila, Cg-GAL4 Bloomington 7,011
Drosophila, R4-GAL4 Bloomington 33,832
Drosophila, Lpp-GAL4 Song et al., 2019 NA
Drosophila, Tub-GAL8O Song et al., 2019 NA
Drosophila, UAS-Ire1-i-HMC05163 Bloomington 62,156
Drosophila, UAS-Ire1-i-HMS03003 Bloomington 36,743
Drosophila, UAS-Xbp1.HG Bloomington 60,730
Drosophila, UAS-Ire1-i VDRC v39561
Drosophila, UAS-Xbp1-i VDRC v109312
Drosophila, UAS-foxo-i VDRC v107786
yw,hs-Flp;Act>CD2>GAL4 Song et al., 2019 NA
Drosophila, UAS-GFP Song et al. (2010) NA
Drosophila, UAS-Xbp1s This Paper NA
Drosophila, UAS-Ire1 Yan et al. (2019) NA
Drosophila, UAS-foxo Gift from Lei Xue lab NA
Drosophila, UAS-foxo-GFP Gift from Lei Xue lab NA
Drosophila, Bo-Gal4 Gift from Alex P. Gould lab NA
Chemicals, Peptides, and Recombinant Proteins

TRizol reagent Sigma-Aldrich Cat: T9424
BSA Sigma-Aldrich Cat: A7030-1KG
iScript Reverse Transcription mix Vazyme Cat: R333-01
iQ SYBR Green Supermix Vazyme Cat: Q111-02/03
Nile Red Santa Cruz Cat: 7385-67-3
Protease inhibitor cocktail Sigma Cat: P8340
Phosphatase inhibitor cocktail Sigma Cat: P2850
MG132 Sigma-Aldrich Cat: M7449

(Continued on next page)
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Cycloheximide Sigma-Aldrich Cat: 5087390001
Triglyceride reagent Sigma-Aldrich Cat: 72449
Glycerol standard Sigma-Aldrich Cat: G7793-5ML
Free glycerol reagent Sigma-Aldrich Cat: F6428
Bacterial and Virus Strains

DH5a TIANGEN Cat: CB101
Software and Algorithms

Photoshop Adobe NA

Excel Microsoft NA

ImageJ NIH NA

GraphPad Prism 6 GraphPad NA

Others

OLYMPUS-FV1200 OLYMPUS microsystems NA

Carl Zeiss Zeiss microsystems NA

Oligonucleotides

Primers for Drosophila Ire7 gPCR

F: CTGAAGCGACAGGCCAACA

R: CCGATACAACGAGCTGGAGG
Primers for Drosophila Xbp1s qPCR
F: TGGATCTGCCGCAGGGTAT,

R: GCGCTTGACGTCGAACTCTT

Primers for Drosophila Xbp1t gPCR
F: AGAAGGCACGCATGGAGG
R: AGCAGTGACTCGTTGATGGC

Primers for Drosophila foxo qPCR

F: CCACCGACGAGTTGGACAGTA,
R: TGCGACGCGATGAGTTCTT
Primers for Drosophila bmm gqPCR
F: CAGGGTGGTGAACGAAGCTC
R: CCGCTTGTGAGCATCGTCT

Primers for Drosophila 4EBP qPCR

F: CTCCTGGAGGCACCAAACTTATC
R: TTCCCCTCAGCAAGCAACTG
Primers for Drosophila InR gPCR

F: ACAAAATGTAAAACCTTGCAAATCC
R: GCAGGAAGCCCTCGATGA
Primers for Drosophila hsl gPCR

F: AGTGATGAGTGGCTTTCCCAAC
R: AAATTTAGGAATCCGTGCGGC
Primers for Drosophila RpL32 gPCR

F: GCTAAGCTGTCGCACAAATG

R: GTTCGATCCGTAACCGATGT

RESOURCE AVAILABILITY
Lead contact

All requests for reagent and resources should be directed to the Lead Contact, Dr. Wei Song (songw@whu.

edu.cn).
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Materials availability statement

Available through lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains and culture

Flies were raised on yeast-cornmeal-agar standard food medium (20 g yeast powder Instant Dry Yeast, Yi-
chang, China), 60 g corn flour, 10 g agar, 100 g sucrose, and 15 mL 10% Tegosept (Apex, USA) in ethanol per
liter) at 25°C with 50% humidity under 12-hr light-dark cycles, and 5-day old male adult flies for these ex-
periments. The w1118 (#3605), tub-GAL4 (#5138), Cg-GAL4 (#7011), R4-GAL4 (#33832), Irel1-RNAI-
HMCO05163 (#62156), Ire1-RNAi-HMS03003 (#36743), UAS-Xbp1.HG (#60730) lines were obtained from
the Bloomington Stock Centre. The IreT-RNAi (v39561), Xbp1-RNAi (v109312) and foxo-RNAI (v107786)
lines were obtained from the Vienna Drosophila RNAi Center. The transgenic lines, generated by the
Core Facility of Drosophila Resource and Technique, SIBCB, CAS, were backcrossed for >5 generations
into the w1118 background. The yw, hs-Flp; Act>CD2>GAL4, UAS-GFP, Lpp-GAL4, tub-GAL8O™
and UAS-Ire were described previously (Song et al., 2010, Song et al., 2019; Yan et al., 2019). UAS-foxo
and UAS-foxo-GFP line were kind gifts from Dr. Lei Xue from Tongji University. Bo-Gal4 was a kind gift
from Dr. Alex P Gould.

METHOD DETAILS
Generation of Xbp1s transgenic flies

To generate the transgenic UAS-Xbp1s lines, the Xbp1s cDNA was amplified via the RT-PCR-based strat-
egy using total RNA extracts from w1118flies. The oligonucleotide primers for the RT-PCR were as follows.

Sense: 5-CGGGGTACCATGGCACCCACAGCAAACAC-3'
Antisense: 5-CTAGTCTAGATCAGATCAAACTGGGAAACA-3

The PCR fragment for Xbp1s was first inserted into pAc5.1/V5-His-B plasmid (V4110-20, Invitrogen) before
subcloning into the pUAST plasmid for the expression of V5-tagged Xbp1s protein. Following the standard
germ-line transformation procedures, three independent UAS-Xbp 1s transgenic lines were generated us-
ing the pUAS-Xbp1s plasmid.

Starvation resistance measurement

20 adult flies were cultured on 1% agar, and were transferred every two days to avoid fungal contamination.
The number of dead flies was recorded every 12 hr. Each measurement was performed with 5-6 replicates.

Immunoblotting and quantitative RT-PCR

Forimmunoblot analysis, protein extracts were prepared from flies (at 3-5 days of ages; 20 flies per group)
by homogenization in radicimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.5% so-
dium deoxycholate, 0.1% SDS, 50 mM Tris-HCl) using a tissue homogenizer (Tissernlyser-24, JingXin com-
pany, Shanghai, China). Protein concentration was determined using Bradford (Bio-Rad, Hercules, CA). The
extracts were analyzed by SDS-PAGE before immunoblotting using the desired antibody. The blots were
subsequently developed with an Amersham Biosciences ECL detection system. For quantitative RT-PCR
analysis, total RNA was extracted from flies with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). After
DNase treatment, total RNA (2 ng) was converted to cDNA using Moloney Murine Leukemia Virus
(MMLV) reverse transcriptase and random hexamer primers (Invitrogen). gPCR was then performed with
an ABI 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA) using SYBR green PCR master
mix (Applied Biosystems). Ribosomal protein L32 (RpL32) was used as the internal control.

Triglyceride content measurement

For measurement of the whole-body triglyceride (TAG) content, 20 flies per group were homogenized in
0.5 mL PBS. After sufficient mixing of 0.4-mL homogenates with 1.6 mL of CHCI3:CH3OH (2:1, vol/vol),
the suspension was centrifuged at 2,500 rom. for 10 min at room temperature. The lower organic phase
was transferred and air-driedovernight in a chemical hood. The residual liquid was re-suspended in
0.5 mL of 1% Triton X-100 in absolute ethanol, and the concentration of TAG was determined using the

iScience 24, 102819, August 20, 2021 15



¢? CellPress

OPEN ACCESS

serum triglyceride determination kit (triglyceride reagent T2449 and free glycerol reagent F6428, Sigma-
Aldrich, MO, USA).

Nile Red staining

Fat body were dissected from 3 rd instar larvae or male adults in PBS (Phosphate Buffered Salts, TaKaRa,
Japan) and fixed in 4% paraformaldehyde (Sigma-Aldrich)/PBS for 15 min. Tissues were rinsed three times
with PBST (PBS with 0.2% Triton), and then incubated for 30 min with Nile Red reagents (1-5 pg/mL in 75%
glycerol, Santa Cruz) and DAPI (1:10,000 diluted by PBS, Sigmal, D5964). After rinsing three times with
PBST, tissues were soaked in 60% glycerol (Sigma-Aldrich) for confocal microscopy analysis on Olympus
(BX61).

Mosaic analysis

The hs-Flp; Act>CD2>Gal4/UAS system was used to generate clones in larval fat body cells. At 6 hr after
egg deposition, transgenes were induced at 37°C for 30 min. Fat bodies were dissected from 3 rd instar
larvae and fixed with 4% formaldehyde (Sigma-Aldrich)/PBS for 15 min. For clonal analysis of cell sizes,
larval fat body cells were stained with Alexa Fluor 568 phalloidin (1:1,000, Invitrogen) or Nile Red after
blocking with 5% normal Donkey serum for 2 hr to visualize cell boundaries. For clonal analysis of lipid drop-
lets size, tissues were incubated with Nile red (0.5 pg/mL, Sigma) for 30 min. Samples were mounted using
Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA) and imaged by laser
confocal microscopy (Olympus, BX61).

Cell culture and transfection

Drosophila S2 cells were cultured at 26°C in Schneider’s medium (Invitrogen) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin. Transfection was performed using
Effectene (Qiagen), according to the manufacturer’s instructions. Transfected cells were treated with
10 uM MG132 or 30 uM CHX (Sigma-Aldrich) for the indicated time intervals. Cell protein lysates or total
RNA extracts were then prepared for further analysis.

Antibodies and chemicals

Antibodies are listed as follows: p-Akt (1:1,000, Cell Signaling, 4056), Akt (1:1,000, Cell Signaling, 9272), p-
elF2a (1:1,000, Cell Signaling, 9721), p-IRE1a. -S724 (1:1,000, Novus Biologicals, NB100-2323), GFP
(1:10,000, Abclonal, AEQ12), poly-ubiquitination (1:1,000, FK1 clone, Enzo, BML-PW8805), V5 (1:5,000, Invi-
trogen, R960-25), and a-Tubulin (1:8,000, Sigma, T6199). The secondary antibodies used are as follows:
goat anti-rabbit IgG-HRP (1:3,000, Santa Cruz) and goat anti-mouse IgG-HRP (1:3,000, Santa Cruz).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using unpaired two-tailed Student’s t-test, one-way or two-way analysis
of variance (ANOVA) followed by Bonferroni's posttest using GraphPad Prism 5.0. Log rank test was used to
analyze starvation-survival curves. Data are presented as the mean + SEM. P < 0.05 was considered as sta-
tistically significant.
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