s eLife

Reviewed Preprint

Published from the
original preprint after
peer review and
assessment by elLife.

About eLife's process

Reviewed preprint
posted
July 5, 2023 (this version)

Sent for peer review
February 27, 2023

Posted to bioRxiv
January 4, 2023

Genetics and Genomics

Dietary Restriction Impacts Peripheral Circadian
Clock Output Important for Longevity in Drosophila

Dae-Sung Hwangbo, Yong-Jae Kwon, Marta Iwanaszko, Peng Jiang, Ladan Abbasi, Nicholas Wright,
Sarayu Alli, Alan L. Hutchison, Aaron R. Dinner, Rosemary I Braun, Ravi Allada

Department of Neurobiology, Northwestern University, Evanston, IL 60208 , USA « Center for Sleep & Circadian
Biology, Department of Neurobiology, Northwestern University, Evanston, IL 60208 , USA « NSF-Simons Center for
Quantitative Biology, Northwestern University, Evanston, IL 60208 , USA « Department of Biology, University of
Louisville, Louisville, 40292, KY , USA + Biostatistics Division, Department of Preventive Medicine, Northwestern
University, Chicago, IL 60611, USA « Department of Engineering Sciences and Applied Mathematics,
Northwestern University, Evanston, IL 60208 , USA « James Franck Institute, Department of Chemistry, Institute

for Biophysical Dynamics, University of Chicago, Chicago, IL 60637, USA

(https://en.wikipedia.org/wiki/Open_access)
(https://creativecommons.org/licenses/by/4.0/)

Abstract

Circadian clocks may mediate lifespan extension by caloric or dietary restriction (DR). We
find that the core clock transcription factor Clock is crucial for a robust longevity and
fecundity response to DR in Drosophila. To identify clock-controlled mediators, we
performed RNA-sequencing from abdominal fat bodies across the 24 h day after just 5 days
under control or DR diets. In contrast to more chronic DR regimens, we did not detect
significant changes in the rhythmic expression of core clock genes. Yet we discovered that
DR induced de novo rhythmicity or increased expression of rhythmic clock output genes.
Network analysis revealed that DR increased network connectivity in one module comprised
of genes encoding proteasome subunits. Adult, fat body specific RNAi knockdown
demonstrated that proteasome subunits contribute to DR-mediated lifespan extension. Thus,
clock control of output links DR-mediated changes in rhythmic transcription to lifespan
extension.

elLife assessment

This study describes important findings on how a core component of the circadian
clock impacts the effect of dietary restriction (DR) on longevity and fecundity in
Drosophila, which lead the authors to postulate rhythmic control of proteostasis in
the fat body as a critical aspect of DR effects. The evidence presented is still
incomplete, not fully supporting the conclusions of the study, as alternative
hypotheses/explanations have not yet been systematically explored. The work will
nevertheless be of substantial interest to researchers working in circadian and cell
biology, metabolism, and aging, with an interesting hypothesis to be explored
further.
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Introduction

Circadian (~24 h) clocks regulate a wide range of rhythmic metabolic, physiological and
behavioral parameters to acclimate to environmental changes in light, temperature, and
food availability (Patke et al., 2020). Circadian clock disruption has been implicated in

2022; Mc Auley, 2022). Yet, the molecular mechanisms by which DR delays aging are not fully
understood. Understanding how the clock impacts aging and DR sensitivity may provide
novel avenues to understanding aging.

The circadian clock consists of a widely conserved transcriptional feedback loop that drives
24 h molecular oscillations. In flies, the heterodimer transcription factor CLK/CYC forms the
positive arm of the loop and activates their repressors, PER and TIM. The PER-TIM complex
functions as the negative arm of the loop and inhibits CLK-CYC activity (Allada and Chung,

over seven minutes showed a higher mortality rate than the mice with less deviated periods
(Libert et al., 2012). However, whether the altered circadian period is correlated with or
causes the increased mortality is not clear. Genetic inactivation of CYC ortholog Bmall as

et al., 2010; Fu et al., 2002; Kondratov et al., 2006; Lee et al., 2010). Yet when Bmall knockout
was restricted to adulthood, lifespan was normal (Yang et al., 2016). While a lifelong DR did
not significantly extend lifespan of Bmall knockout mice (Patel et al., 2016a), chronic (~2 mo)
DR exposure increased core clock amplitude in mice (Patel et al., 2016b; Sato et al., 2017).
This suggests that the circadian clock may be among the molecular mechanisms of DR.
However, mice under DR restrict their feeding behavior to a narrow temporal window
(Acosta-Rodriguez et al., 2017). Thus, DR induced changes in core clocks may instead be due
to the well-known effects of time-restricted feeding (Hatori et al., 2012). Indeed, core clock
genes are important for age-dependent cardiac function and lifespan extending effects of
time-restricted feeding (Gill et al., 2015; Ulgherait et al., 2021). A recent study revealed that a
basal level lifespan extension by DR is further increased when DR is temporally aligned with
mice’s natural meal timing (i.e., during the night) {Acosta-Rodriguez, 2022 #117}. Thus, it
remains unclear whether disruption of the circadian clock itself or other factors, such as a
defect during development, results in lifespan reduction and is responsible for the lack of DR
response.

Circadian clocks have also been implicated in aging and the DR longevity response in flies as
well. DR mortality effects are rapid, fully evident within just 2 ~ 4 days of a diet shift in flies
(Mair et al., 2003; McCracken et al., 2020), making them an attractive model organism for DR
studies. Loss-of-function mutants in the activator and repressor complexes that “fix” the
clock at different points in the cycle have tested the functional significance of the clock in
aging and DR. Inhibition of neuronal Clk appears to reduce the lifespan extending DR effects,
where flies were tested for DR effects with two (ad libitum and DR) diets (Hodge et al., 2022).
However, this observation is inconclusive to the role of Clk for DR effects as inhibition of
neuronal Clk decreases food intake {Xu, 2008 #103}. Reduction of food intake can decrease
lifespan under DR while increasing lifespan under ad libitum, masking the true DR response
{Flatt, 2014 #74}. per®! and tim°! mutant flies exhibit inconsistent DR longevity responses
p"e"ffi?a"ﬁé“aﬁe to differences in microbial content (Katewa et al., 2016; Ulgherait et al., 2020;
Ulgherait et al., 2016; Ulgherait et al., 2021). Thus, the role of core clock genes in mediating
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DR effects could be further clarified. Notably, the rhythmic amplitude of core clock genes of
flies is enhanced after chronic (>10 days) DR (Katewa et al., 2016). Knockdown of modestly
CLK- and DR-regulated genes in the eye modulate lifespan without apparent effects on DR-
dependent longevity (Hodge et al., 2022). tim overexpression increased the amplitude of core
clock oscillations and extended lifespan under control but not DR diets (Katewa et al., 2016).
While clock oscillation amplitudes between tim overexpression on a control diet and wild-
type flies under DR are comparable, their lifespan remain quite different, suggesting that
core clock effects may not be required for lifespan extension (Katewa et al., 2016). Thus, it
remains unclear if lifespan extension functions via the circadian clock or instead through
clock output genes and what the role of specific clock output genes is in DR-dependent
longevity. Using multiple diets, we demonstrate that Clk mutants suppress DR longevity and
fecundity responses, providing more definitive demonstration of the role of the core clock.
Nonetheless, using a shorter-term DR strategy, we reveal that primary DR effects on the
circadian transcriptome spare core clock genes, suggesting a primary effect on circadian
clock output. Network analysis suggests that a diet-dependent effect on a gene module
containing proteasome subunit genes. Moreover, suppression of proteasome subunit
expression, predominantly in the abdominal fat body, limits lifespan extension by DR. These
results provide crucial genetic evidence that circadian clock output pathways, specifically
those involving the proteasome, link DR-mediated changes in rhythmic transcription to
lifespan extension. These studies raise the possibility of using chronotherapy to combat
aging and age-related diseases.

Results

The Effects of Dietary Restriction on Lifespan and
Fecundity Is Dramatically Suppressed in Mutants of the
Core Clock Transcription Factor Clk

To tease apart the role of the circadian clock in the DR longevity response, we first evaluated
the roles of the positive and negative arm of the feedback loop by testing per01 as in prior
reports (Katewa et al., 2016; Ulgherait et al., 2020; Ulgherait et al., 2016), and Clk]rk, a
dominant negative allele of Clk (Allada et al., 1998), which had not been previously examined
for DR studies. We applied a common DR regimen where the concentration of both yeast and
sucrose are diluted (whole food dilution: Control: 15% [w/v] Sucrose and Yeast, 15SY; DR: 5%
[w/v] Sucrose and Yeast, 5SY) in 12hr light: 12hr dark (LD) cycles (Bass et al., 2007; Kabil et al.,

observed robust lifespan extension by DR in wild-type is0o31 (w!118, 29%) and comparable
extension in per01 flies (25%) (Fig. S1; diet*genotype interaction p > 0.05 between iso31 and
per®). These results are consistent with one report which showed that per?! flies display
normal DR extension effects (Ulgherait et al., 2016). However, only ~ 10% lifespan extension
by DR was observed in CIK™ mutants (Fig. S1; diet*genotype interaction p < 0.0001 between
is031 and CIKI™%). Interestingly, the DR responses in per?! and CIK Tk flies were significantly
different from each other (Fig. S1; diet*genotype interaction p < 0.0001 between per01 and
CIK™). We hypothesize that CIK™ and perm arrest the clock at opposite points in the cycle,
only one of which impacts the DR response. Although the DR response is typically tested by
comparing lifespan with just two diets (Solovev et al., 2019), it can potentially mis-assign the
effects of DR or diet (Flatt, 2014; Tatar, 2007). For example, chico mutants show little effect of
DR looking at just two diet concentrations but showed an almost identical response if their
lifespan was measured across seven diet concentrations (Clancy et al., 2002). To distinguish
between this possibility and a “true” DR response, we performed a reaction norm analysis
by comparing the mean lifespan of CIK/ Tk flies to that of wild-type over serially diluted diets
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(1, 5, 10, 15, and 20SY) (Bass et al., 2007; Flatt, 2014; Tatar, 2007). As expected in wild-type
flies, we observed a reduction of lifespan as food concentration increased from 5SY to 20SY.
A reduction of lifespan was also observed when going from 5SY to 1SY, presumably due to
malnutrition (Fig. 1A & C). However, mean lifespan of CIK™ mutant flies showed a more
flattened reaction curve to diets (Fig. 1C, diet*genotype interaction p < 0.0001 between wild-
type iso31 and CIK/' rky, suggesting that Clk is a “true” DR gene. For example, CIK™ flies only
show a 14% increase in lifespan between 5SY and 15SY while is031 flies show a 34%
increase. In addition, while CIK flies are short-lived relative to wild-type at 5SY, they
significantly outlived wild-type flies in 1SY (Fig. 1 & S2, p < 0.0005 by log-rank test). Similar
results were obtained in an independent trial (Fig. S2). It has been suggested that a whole
food dilution may cause dehydration effects, especially on high concentrations of yeast (Ja et

response to diet. To eliminate this possibility, we additionally tested the DR response of CIk/ rk
mutant flies using the yeast-restriction strategy, where varying yeast concentration with a
fixed sucrose concentration(Bass et al., 2007; Ja et al., 2009; McCracken et al., 2020). We first
tested the DR response of CIK™ mutant flies using the same experimental diets used for Fig.1
and Fig. S3 except with a fixed sucrose concentration at 5%. Although the reaction pattern of
CIK™ flies in this yeast-restriction DR regimen was qualitatively somewhat different from
that of whole food dilution, we confirmed that the DR response of the mutants was strongly
suppressed as in whole food dilution protocols (Fig. 1 and Fig. S2). We then further
confirmed this observation using a different yeast-restriction protocol where purified yeast
extract is used (Katewa et al., 2016; Ulgherait et al., 2016) instead of whole-cell lysates of yeast
(McCracken et al., 2020; Min et al., 2007). Although overall mean lifespan and lifespan
response to the yeast extract diets (Fig. S4, Table S1) was qualitatively different from those of
whole food restriction (Fig. 1 and S2) and whole cell lysates yeast restriction (Fig. S3), DR
response of CIK/ K mutant flies in yeast extract diets was significantly impaired compared to
wild-type iso31 control flies. Thus, across several diet conditions, these data indicate that
cllk robustly suppresses the DR longevity response. While increasing diet concentration
has a negative impact on lifespan, it has a strong positive correlation with female fecundity
(e.g., egg laying) primarily due to increased protein sources in yeast (Bass et al., 2007;
Skorupa et al., 2008). To determine if CIK™ also impacted this diet response, we measured
egg laying in both iso31 and CIK™® mutant flies over 7 days. As expected, iso31 flies increased
egg production with increased diet concentrations (Fig. 2). However, egg production was
strongly decreased in CIK/ K mutant flies (Fig. 2, p < 0.0001 by regression analysis). More
importantly, diet-dependent increases in egg laying were significantly suppressed in CIKT*
mutants (Fig. 2, p < 0.01 for pair-wise comparison in each diet by t-test). A similar trend was
observed in an independent trial (Fig. S5). Taken together, these data indicate that cllk
strongly disrupts how flies respond to DR at both levels of longevity and fecundity.
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Fig. 1.

Reduced longevity response to DR in
CIK"™ mutant flies

(A-B) Survival curves of wild-type control flies (iso37)
and CIK™ homozygous mutant flies in 1%, 5%, 10%,
15%, and 20% Sucrose-Yeast (SY) diets (total
dilution). (C) Mean lifespan plots of iso37 and CIK™
flies across different concentrations of SY diets. Basic
survival parameters from the Kaplan-Meier method
for each diet and genotype are in Table S1. P values
represent diet*genotype interaction effects from Cox
proportional hazards analysis. Independent replica-
tion of the experiment is presented in figure S2 and
Table S1.

Fig. 2.

Reduced fecundity response to diets
in CI/"K mutant flies

(A & B) Cumulative and daily average number of
eggs produced per fly for 7 days in wild-type control
flies (is037) and CIK™ homozygous mutant flies in
5%, 10%, 15%, and 20% Sucrose-Yeast (SY) diets. (C)
Cumulative number of eggs produced per fly over 7
days. ** p < 0.01 by t-test for specified pair-wise
comparison. All error bars represent SEM.

Shorter Term Dietary Restriction Selectively Reprograms
Circadian Output Genes in the Abdominal Fat Body

Given the role of CIK/™ in mediating responses to DR, we then asked how the circadian
transcriptome responds to DR. A recent RNA-Seq analysis using whole-fly lysates of female
flies after seven days of DR or ad libitum diets (a yeast extract restriction protocol) suggested
that DR alters the circadian transcriptome in whole flies (Hodge et al., 2022). We focused our
studies on the fat body, an analog of the mammalian liver and adipose tissue, given its
critical role in mediating the effect of DR (Bai et al., 2012; Banerjee et al., 2012; Dobson et al.,
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2018; Katewa et al., 2016). Importantly, the fat body also has its own core clock system,
including Clk, regulating energy metabolism, feeding, and egg-laying (Xu et al., 2011; Xu et al.,
2008). To assess DR-dependent circadian rhythms, we performed a fine scale (every 2 h over

2009; Xu et al., 2011; Xu et al., 2008) of young (8 days old) iso31 females. To prepare dissected
fat body samples for RNA-Seq analysis, we entrained flies for ~ 5 days under 12h:12h light-
dark (12LD) cycles on either control or DR diets. Previous studies showed that ~ 3 days in LD
cycles are sufficient to entrain the fat body clock in Drosophila (Erion et al., 2016; Xu et al.,
2011; Xu et al., 2008). Moreover, DR reshapes mortality of flies within 2 ~ 4 days of diet shift
in flies (Mair et al., 2003; McCracken et al., 2020). We also observed that 5 days on DR diet was
sufficient to affect metabolism and physiology evidenced by changes in fecundity (Fig. 2 &
$3). Thus, our environmental settings in light schedule and diet are sufficient to capture
significant diet- and circadian-dependent transcriptional changes important for lifespan
extension by DR. We then analyzed the samples from control and DR diets separately to
examine if and how DR changes the circadian gene expression pattern in the fat body. For
this diet-dependent analysis, we used Boote]JTK (Hutchison et al., 2018) to identify rhythmic
genes, using a fold-change threshold > 1.5 at an FDR < 0.25. This cutoff corresponds to p
values of 0.011 and 0.014 for control and DR, respectively, making the p value cutoff for this
study similar to or more stringent than several recent studies (Abruzzi et al., 2017; Eckel-
Mahan et al., 2013; Kuintzle et al., 2017; Sato et al., 2017). We found a significant
reorganization of the circadian transcriptome by DR (Fig. 3B-C, Fig. 3E-G). Collectively, we
identified 623 oscillating in either one or both conditions, of which 136 cycle in both
conditions, 188 cycle only in the control diet, and 299 cycle in the DR diet. Thus, there is a net
increase of 50% in cycling genes under DR (Fig. 3B-C). Remarkably, core clock genes were not
significantly impacted by DR in both phase and peak expression (using thresholds FDR < 0.1
and log2 (fold change) > 0.5 from differential analysis, see methods) (Fig. 3D). This indicates
that rhythmicity of core clock genes is largely resistant to short term (~5 days) diet changes.
Although peak phases of common rhythmic genes remained largely unaffected (Fig. 3D), DR
significantly, albeit modestly, increased overall expression (10-70% in TPM) of many of these
common cyclers, although notably none of the core clock genes were increased (Fig. 3D, F &
G). From an averaged expression comparison across all time points between control and DR
in the 136 common rhythmic genes, 54 genes were significantly increased (t-test, FDR < 0.05)
while only one was downregulated (Fig. 3E-G). It shows that short-term DR (5 days) increases
expression of robustly rhythmic genes without affecting expression of the core clock genes,
arguing that DR impacts rhythmic output while sparing core clocks.
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Weighted Gene Coexpression Network Analysis Identifies a
DR-Specific Cycling Proteasome Module

In order to identify novel genes and pathways that are associated with or even causal to the
lifespan extension under DR and also to understand circadian transcriptomic organization
in the fat body under DR, we took a network approach (Zhang et al., 2013). First, we
performed Weighted Gene Coexpression Network Analysis (WGCNA) to reconstruct gene
coexpression networks from our time-series RNA-Seq data collected under DR diet (See
Methods). We identified 41 network modules of co-regulated genes (Table S2). Notably, 12
modules (29%) were “cycling modules”, i.e., those enriched with rhythmic genes (FDR < 0.05).
Genes in each of these “cycling modules” exhibited highly similar phases and waveforms,
revealing coordinated circadian gene expression. In order to further examine how the
transcriptomic organization is altered by DR, we computed the modular differential
connectivity (MDC) (Zhang et al., 2013), which was expressed as a ratio to reflect the
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difference in gene co-expression strength (i.e., network connectivity) of a module between
DR and control diets (see Methods and Supplementary Information). At FDR < 0.05, we
identified 14 network modules among the 41 that gained connectivity (MDC > 1) and one
network module that lost connectivity (MDC < 1) under DR diet compared to control diet
(Table S2). Importantly, three of the differentially connected modules were also cycling
modules identified from WGCNA (Fig. S6 A-B), exhibiting higher network connectivity under
DR. This suggests that DR may increase the circadian coordination of gene expression in
these modules. One of these modules, which we term the “proteasome module”, was of
special interest, as the protein products from many of the genes in this module are the core
and auxiliary components of the proteasome complex (Fig. 4A-C), showing a dramatically
higher pathway enrichment scores than the other two modules (Fig. S6C). This observation
also agrees with the primary analysis (Fig. 3B, 3C) that, out of the 33 subunits of the
proteasome complex in Drosophila (Belote and Zhong, 2009), one and 12 proteasome
subunits were defined as cycling (fold-change in TPM > 1.5 at an FDR < 0.25 Boote]JTK
analysis) on control and DR diets, respectively. The proteasome complex functions as one of
the major proteolytic degradation machines (von Mikecz et al., 2008). Remarkably, 25 of the
33 subunit genes that comprise the proteasome complex (Belote and Zhong, 2009) were
found in this cycling module which gained network connectivity under DR, suggesting a DR-
specific circadian coordination in the gene expression. In addition to differential
connectivity, DR mildly (~20%) but significantly elevated the expression of 21 genes (FDR <
0.05) in the proteasome module (Fig. 4D). Thus, this observation suggests that circadian
clocks modulate daily proteasome subunit gene expression in a nutrition-dependent
manner.
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.org) and visualized using the Cytoscape program. (D) Increased overall expression of proteasome subunits by DR. Time-
averaged expression in control and DR was compared by t-test with Benjamini-Hochberg correction (Padj < 0.05). All error
bars represent SEM.

Knockdown of proteasome subunit genes in fat body
limited normal lifespan and the effects of dietary
restriction

Our finding of DR-induced changes in proteasome gene expression and cycling suggests a
potential mechanism by which the clock could mediate DR effects. Loss of protein
homeostasis (proteostasis) is a hallmark of aging and can determine lifespan in both humans
and model organisms, including flies (Kaushik and Cuervo, 2015; Koyuncu et al., 2021; Meller
and Shalgi, 2021; Santra et al., 2019; Yang et al., 2019; Yu and Hyun, 2021). The proteasome
plays a central role in proteostasis by clearing, recycling, and breaking down up to ~ 90% of
cellular proteins (Jang, 2018; von Mikecz et al., 2008). In multiple animal models, activation of
the proteasome system extends lifespan and healthspan (Anderson et al., 2022;
Chondrogianni et al., 2015; Kruegel et al., 2011; Munkacsy et al., 2019; Tonoki et al., 2009;
Vilchez et al., 2012). For example, in Drosophila, global overexpression of rpnl1, a regulatory
subunit of the proteasome complex, extends lifespan while knock-down of rpn11 decreases
lifespan (Tonoki et al., 2009). Similarly, adult-specific ubiquitous overexpression of pros65, a
catalytic subunit of the proteasome, extends lifespan in flies (Nguyen et al., 2019). Moreover,
pharmacological inhibition of the proteasome reduces lifespan in a dosage-dependent
manner (Tsakiri et al., 2013). Intriguingly, a recent study in worms shows that DR extends
lifespan through promoting proteostasis, suggesting a link between DR and the proteasome
(Matai et al., 2019). However, in flies, whether fat body proteasome function is linked to
ééiﬁé'aﬁa/'af the DR response has not been reported. To gain insight into the role of the fat
body proteasome, we used the mifepristone (RU486)-inducible GAL4/UAS Gene-Switch (GS)
system (Osterwalder et al., 2001; Roman et al., 2001) to knockdown the expression of 11
proteasome subunits predominantly in the adult abdominal fat body using the S106-GS-Gal4
driver (Bai et al., 2012; Jin et al., 2020; Poirier et al., 2008; Roman et al., 2001; Taylor et al.,

robust (>25% change) effects on lifespan, we focused on two genes, prosfi3 and rpn7. While
we observed some variability among independent trials (Fig. S8), which has previously been
observed in longevity assays in Drosophila (Bai et al., 2015; Katewa et al., 2016), we found
significant reductions in lifespan as well as suppressions of DR-mediated lifespan extension
for knockdown of both of these subunits (p < 0.0001 and p = 0.0222 for prosf3 and rpn7,
respectively for the gene*diet interaction effect from pooled data)(Fig. 5 & S8, Table S1). In
the case of prosp3, three out of the four trials demonstrated statistically significant gene*diet
interactions (Table S1). Although the S106-GS-Gal4 is the most widely used inducible fat body
driver, it also mis-expresses in the digestive system (Poirier et al., 2008). To test whether the
reduced DR response by prosf3 and rpn7 knockdown with S106-GS-Gal4 is solely from the
abdominal fat body or in the intestine or both, we performed two rounds (trial 1 and 2) of
adult- and tissue-specific knockdown experiments using the gut-specific inducible TIGS-2
(TIGS-Gal4) (Poirier et al., 2008; Ulgherait et al., 2020). Although the DR effect was weaker in
TIGS-Gal4 control flies (without RU486) compared to other wild-type control flies tested in
this study (Fig.1, S2, S3, S7, S8), presumably due to genetic background effects (Jin et al., 2020;
Liao et al., 2013; Wilson et al., 2020), knockdown of prosf33 and rpn7 in the gut cgﬁgi'g{éﬁﬁi; """"
displayed a stronger lifespan extension by DR (Fig. S9 and Table S1) despite some variation
in the lifespan pattern between the two trials. Notably, compared to S106-GS-Gal4
experiment (Fig. 5 and S8), flies with either of the subunits knocked down in the gut suffered
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much stronger reductions in lifespan regardless of diet types (Fig. S9), implying that the
$106-GS-Gal4 results are not significantly affected by leaky misexpression in the gut. Thus,
our data indicate that proteasome function in the adult abdominal fat body is important for
DR-mediated lifespan extension.

A S106-GS > prosf3RNAi B S106-GS > rpn7 RNAi
1.0 e 1.0 oumymg Cgm _D<|§
o +RU & O
2
2
205 A 0.5 -
2
=)
(7]
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0 20 40 60 80 100 O 20 40 60 80 100
Age (days) Age (days)

Fig. 5.

Reduced longevity response to DR by prosp3 and rpn7 knockdown
in the abdominal fat body.

(A-B) Survival curves of the flies with prosB3 and rpn7 knockdown (+RU) in the adult abdomi-
nal fat body (S106-GeneSwitch (GS) driver) and their controls (- RU) in control and DR diets.
Survival curves were pooled from 3~4 independent trials (See also Fig. S6 and Table S1 for sur-
vival curves and detailed statistical analysis for the independent trials). p < 0.0001 and p =
0.0169 for prosp3 and rpn7, respectively for the gene*diet interaction effects from Cox propor-
tional hazards analysis.

Discussion

While circadian rhythms dampen during aging, environmental and genetic perturbations
leading to high-amplitude circadian rhythms correlate with many health benefits (Froy,
2018; He et al., 2016). Here we demonstrate that the master circadian clock transcriﬁﬁéh
factor Clk is important for DR effects on lifespan and fecundity. We also discovered that DR
acutely (~ 5 days) alters the circadian transcriptome in the fat body while sparing the core
clock suggesting that the primary effects of DR are on circadian output genes. Using adult-
and tissue-specific RNAi, we show that diet sensitive clock-controlled proteasome subunit
genes in the abdominal fat body are important for the lifespan extending effects of DR. Our
data suggest a role of the clock in DR effects on lifespan and reveal a molecular pathway, the

proteasome, through which the clock may exert some of these effects.

Our data demonstrate a profound role for the transcription factor Clk in mediating the
effects of DR on two independent phenotypes: lifespan and fecundity. The effects of CIK/ K on
DR-mediated lifespan expansion were robust, replicable, and, importantly, exhibited across
a wide range of diets. Testing DR effects by using just two diets can mask a shift in the diet-
dependent lifespan curve (Clancy et al., 2002; Flatt, 2014), for example, due to changes in
feeding. The fact that we observe a suppressed response to DR across a wide range of diets
suggests a strong DR phenotype. In fact, Clk is one of just a handful of fly genes (Banerjee et

al., 2012; Katewa et al., 2016; Ulgherait et al., 2016; Wang et al., 2009; Zid et al., 2009) for which
this more rigorous standard has been achieved, suggesting a unique and central role of Clk
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in DR. CIK™ mutants are also not simply adversely affected by restricted nutrient intake, as
may be the case for Bmall mutant mice (Kondratov et al., 2006), as CIK™ mutants are much
more long-lived than iso31 flies under the 1SY and 1Y malnutrition diet (Fig. 1, S2, S3).
Female fecundity in Drosophila is strongly correlated with diet concentration (Bass et al.,

at higher diet concentrations (Fig. 2, S5), resulting in a reduced fecundity response to a range
of diets. These data suggest a more general role for Clk in dietary sensitivity beyond lifespan.
Reduction of fecundity in female CIK/ K mutants is consistent with previous observations
under standard diets (Beaver et al., 2002). While we observed reduced DR effects in CIK™*
mutants, we observed a relatively robust DR lifespan response in arrhythmic per®? mutants.
Notably, our results reproduced one of the prior reports (Ulgherait et al., 2016) with per?L.
Loss of the major activator (Clk) and repressor (per) stop the clock at different stages of the
cycle (Claridge-Chang et al., 2001; Emery et al., 1998; Glossop et al., 1999). As a result,per and
Clk mutants can often yield distinct, even opposing, phenotypes (Keene et al., 2010). While
we cannot exclude the possibility that CIk/™ k may not act via control of oscillatory gene
expression (see (McDonald and Rosbash, 2001)), we favor the idea that the clock drives daily
oscillations between DR-sensitive (low PER) and DR-insensitive (low CLK) states which may
be adapted to daily feeding (Xu et al., 2008) and/or the sleep/wake rhythm.

In addition to demonstrating a critical role for Clk in mediating the effects of DR on lifespan,
we also find that DR reprograms the circadian transcriptome, not by changing core clocks,
but rather by inducing or altering rhythmicity of a key set of clock-controlled output genes.
In accordance with the recent guidelines (Hughes et al., 2017), we collected samples every 2
h from two independent cycles of 24 h (every 2h for 48 h), increasing the statistical power
for rhythm detection, and computed the false discovery rate. To determine how the
circadian clock may mediate DR effects we assessed the circadian transcriptome under DR
conditions in the fat body, a tissue important for metabolism, longevity, and DR. Importantly
we assessed the transcriptome after just 5 days of DR sufficient time for DR to induce
changes in mortality rate (Mair et al., 2003; McCracken et al., 2020). We found that this short-
term DR was sufficient to produce ~ 35% more rhythmic genes in total compared to control
diet. DR also increases overall expression of the rhythmic genes in the control diet that
remain rhythmic under DR (common rhythmic genes) (Fig. 3B-F). This is consistent with the
observation in mouse liver that DR increases the number of rhythmic genes as well as their
amplitude (Sato et al., 2017), indicating this feature of circadian DR sensitivity is widely
conserved. é&ﬁﬁﬁéﬁuﬁfﬁaugh we discovered that DR for 5 days is sufficient to initiate
reprogramming of the circadian transcriptome, core clocks remained virtually unaffected
(Fig. 3D), a time at which DR mortality effects are observed (Whitaker et al., 2014). In
contrast, increased amplitudes of core clocks in mice liver is seen after 2~ 6 months of DR
(Patel et al., 2016b; Sato et al., 2017) and in flies after 10 days (Katewa et al., 2016).

Genetic induction of rhythmic amplitude of the core clock gene timeless altered lifespan in a
DR-sensitive manner (Katewa et al., 2016). Yet, this tim induction was not accompanied by
downstream changes in other components of the feedback loop, suggesting the core clock
per se was not involved. Thus, we hypothesize that on the time scale of DR-induced changes
in mortality rate, core clocks are not affected and that later changes in core clocks reflect an
indirect and delayed effect of DR. It will be of interest to determine if short-term DR in
mammals also spares core clock genes. Together, we postulate that core clocks are resistant
to amplitude changes by short-term DR regimens while a longer term, depending on species,
gradually increases their amplitude, which can further reprogram diet-dependent CCGs. This
also implies that the length of DR shapes the pattern of circadian transcriptome
reprogramming. Our data suggest a model by which the circadian clock gates the response to
dietary restriction to control the complement and amplitude of clock regulated gene
expression (Fig. 6). First, the circadian clock rhythmically controls the daily expression of
multiple components of the proteasome. Second, DR increases the expression levels and
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enhances coordinated rhythmic expression of proteasome subunit genes. WGCNA followed
by MDC analysis discovered that the transcriptomic organization in the proteasome module
was altered by DR. This change is due to enhanced and coordinated rhythmic expression of
proteasome subunits by DR (Fig. 4A-C & S6). In addition, DR mildly but significantly
increased average expression (t-test with the time-averaged expression analysis, FDR < 0.05)
of many of the proteasome subunits (Fig. 4D). In line with the observation by Katewa et al
that amplitude changes by DR in core clocks is gradual and requires a minimum of 6 ~ 10
days in a yeast restriction DR (Katewa et al., 2016), we speculate that acute DR-responsive
genes/pathways can enhance CLK driven rhythmic processes. Importantly, we provide in
vivo evidence that the diet and clock sensitive subunits of the proteasome in the fat body are
important for diet sensitive effects on lifespan, providing a pathway of linking clocks, DR,
and aging. Although it is well-established in multiple species that proteasome activity

2022; Chondrogianni et al., 2015; Huang et al., 2019; Kruegel et al., 2011; Nguyen et al., 2019;
Pickering et al., 2015; Tonoki et al., 2009; Vilchez et al., 2012), little is known about its tissue-
specific contribution to aging and the link to DR. We found that the knock-down of several
cycling proteasome subunits predominantly in the adult fat body, using the S106-GS gal4
(Poirier et al., 2008), significantly reduces lifespan, consistent with whole organism
manipulations (Fig. S7). Moreover, further testing for potential DR effects with two selected
subunits (prosf3 and rpn7) revealed that knock-down of these subunits reduced DR effects,
providing evidence that suppression of proteasome function in the fat body limits DR-
mediated lifespan extension (Fig. 5). While some variability was observed, perhaps due to
inconsistent delivery of RU486 to flies (Yamada et al., 2017), in the case of prosf3, significant
effects on DR response were observed in three out of four trials. Moreover, combined data
from independent trials confirmed knockdown of these subunits reduces the DR effect. We
favor the idea that impaired proteasome function contributes to amino acids imbalance,
which is known to be critical for DR-mediated lifespan extension in flies (Grandison et al.,

intervention to delay aging, the work presented here has important implications for
integrating timing into anti-aging therapies. In conjunction with our observations, a recent
study also demonstrated that the beneficial effects of time-restricted feeding on longevity is
strongly abolished in core clock mutant flies including CIKX flies (Ulgherait et al., 2021),
emphasizing the roles of circadian clocks in dietary interventions for health and longevity.
We propose that time-of-day activation of proteasome may, at least partially, mediate the
beneficial effect of DR. Thus, the daily timing of anti-aging therapies may be crucial for
lifespan and healthspan extension.
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Model for how clock and diet impact proteasome expression to
regulate lifespan

Materials and Methods

Fly Rearing and Media

All the flies used for experiments were raised on a standard yeast-cornmeal-molasses based
diet under a light-dark (LD) 12:12h cycle. The following flies were used in this study. CIk/ Tk
and perm flies were backcrossed to the wild type (w!118) {5031 line (Bloomington stock
number: 5905) 6 times. S106-GeneSwitch (S106-GS) (Bloomington stock number: 8151) and
RNAI lines were obtained from Bloomington stock center (See Table S1).

Lifespan and Fecundity Assay

For the lifespan assay, young adult female flies (~ 48 hours cohorts) were separated under
light CO, anesthesia after mating with males for ~ 2 days in food bottles. Separated female
flies were kept in groups of 20~25 flies in plastic vials on the Sucrose-Yeast (SY) diet and
transferred to fresh food vials every 2~3 days. For the lifespan experiment with Mifepristone
(RU486)-inducible GeneSwitch system, flies were kept in the vials containing either vehicle
(1% EtOH) or RU486 (200 uM). Dead flies were recorded at each transfer. For the fecundity
assay, single females (~ 3 days old) were placed with two males of similar age in vials
containing different SY diets. Vials were changed daily at ZT0 (8 AM) for 7 days and stored at
4°C until the eggs were counted. Vials with dead females or sterile females (no eggs laid)
during the assay were removed from the analysis. For both lifespan and fecundity assays,
flies were kept at 25°C, 12hr light : 12 dark (12L:12D) and 60% relative humidity.

Survival Statistics

Survival analysis, log-rank test to evaluate statistical differences between survival curves,
and Cox proportional hazards analysis to evaluate ability of tested genes to modify lifespan
in the specified range of diets were performed with JMP® statistical package (version 14,
SAS Institute Inc.) with data from replicate vials combined. P values from the Cox
proportional hazards analysis represent the probability of main (Gene (G) as a nominal
variable and Diet (D) as a continuous variable) and interaction effects (G x D) by the
likelihood ratio chi-square test.
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Fat Body Dissection

Young mated female flies (~ 3 day old) were entrained under either DR diet (5SY) or control
diet (15SY) for 5 days in 12L:12D cycles at 25°C. At every 2 hours, flies were directly dissected
without dry ice to harvest fat tissues in the abdomen. Pinned flies were cut to remove organs
in the abdomen (intestine, ovaries, malpighian tubules, etc). Fat tissues attached to the
epidermis were collected (DiAngelo and Birnbaum, 2009; Katewa et al., 2016; Xu et al., 2011;
Xu et al., 2008). Fat body from ~ 10 flies were harvested within 10 minutes for each time

point of RNA-Seq analysis.

RNA-Seq

Dissected fat body tissues from ~8 days old mated female flies were homogenized in pH 7.4
PBS for 2 min using a Kontes motor and pestle, and were incubated TRIzol LS Reagent
(Thermo Fisher, Waltham, MA) for 15 min. RNA was extracted according to the
manufacturer’s instructions and residual DNA in the homogenized samples was removed by
RNAse free DNase I (Thermo Fisher Scientific). Quality of RNA samples were checked with
Agilent 2100 Bioanalyzer. cDNA library was constructed with poly(A) selected mRNA using
Truseq RNA library preparation kit and then sequenced at the Genomics Core Facility at the
University of Chicago on Illumina HiSeq 2000 System.

Quantification of Transcript, Normalization, and Batch
Correction

RNA-seq data were quantified at transcript level using Kallisto (Bray et al., 2016), reference
transcriptome used FlyBase_r6.14 (Gramates et al., 2017). Quant-i'ﬁ'éﬁ"ffgﬁéuc'ﬁﬁt‘é were
summed up to the gene level using tximport library (Soneson et al., 2015). The resulting gene
set was initially filtered based on the TPM level; genes with less than 1 TPM across more
than 40% of time points per condition (including replicates), were removed from the further

analysis. Quantified and filtered samples were normalized within condition with RUVSeq

negative controls (the least significantly DE genes based on a first-pass DE analysis
performed prior to RUVg normalization). Technical batch correction between conditions was
performed with EDASeq protocol, using upper-quartile (UQ) normalization (Risso et al.,

Rhythmicity Detection

Rhythm detection was performed using Boote]JTK (Hutchison et al., 2018) on filtered, TPM
level data, with parameters set to: period detection for 24 hr, sampling interval 2hr, model
function cosine, phases 00-22hr by 2 hr and asymmetries 02-22hr by 2 hr. Genes with FDR
corrected p-value < 0.25 and 1.5 > fold change in raw TPM were assumed to be cycling.
Rhythm detection was performed on the commonly expressed genes between analyzed
conditions (conditions pooled, 7772 IDs) for detection of the most robust cycling in fat body,
additionally condition specific detection was performed (2 replicates per conditions, 7937 in
control diet, 7865 in DR diet). Differential gene expression analysis was performed using
DESeq2 (Love et al., 2014).
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WGCNA and MDC

We reconstructed gene coexpression networks under the DR condition using the WGCNA/r
package (Langfelder and Horvath, 2008; Zhang and Horvath, 2005). Briefly, we first computed
the network adjacency matrix as kij = [0.5 * (1 — rij)] A B. kij is the network connectivity and
rij is the Pearson correlation coefficient between a pair of genes i and j. Soft power threshold
B was chosen so that the topology of the network was scale-free. A topological overlap
matrix (TOM) was then computed to evaluate the neighborhood similarities between genes
and to classify network genes into modules using hierarchical clustering and dynamic tree
cut. We used DAVID (v6.8) to functionally annotate the identified network modules. To
identify network modules that were organized by circadian rhythmicity, we tested the
enrichment of rhythmically expressed genes (FDR < 0.1 identified using concatenated data
from both DR and control diets) in network modules using fisher’s exact test. Since we
defined the network as a “signed” network (i.e., using kij = [0.5 * (1 - rij)] A B, instead of the
default choice of kij = |rij| ” B), genes in the cycling network modules shared highly similar
circadian phases (as opposed to also including genes with the exact opposite phases) as well
as cycling waveforms. To evaluate changes in network connectivity between DR and control
diets, we implemented in R a method to compute modular differential connectivity (MDC)
described by Zhang et al., 2013 (Zhang et al., 2013). MDC is defined as the ratio of the
summed pairwise connectivity among genes in a module under DR conditions and that of
the same genes under control conditions (i.e., MDC = ¥'i }j kijDR / i }'j kijcontrol). Statistical
significance was determined using a permutation-based FDR approach. Two types of FDR
estimates were computed, one based on randomly permuted samples to generate networks
with nonrandom nodes but random connections, and the other based on randomly
permuted gene labels to generate networks with random nodes but nonrandom connections.
The final FDR was determined as the larger of the two estimates. 1000 permutations were
computed for each type of FDR estimates, and FDRs for modules that gained connectivity
(MDC > 1) or lost connectivity (MDC < 1) under DR conditions were estimated separately as
described by Zhang et.al., 2013 (Zhang et al., 2013).

Differential Expression Analysis

Differential gene expression analysis was performed using DESeq2 library (Love et al., 2014).
We used est. count data generated by kallisto, and a union of pre-filtered geﬁ"éml':l'éféufaf"ﬁé;fﬂ'
conditions (gene lists were in agreement with the TPM level pre-filtering, as described
above) resulting in 8030 gene IDs. The full model included time, in a form of 3rd degree
polynomial, and diet type as factors. We assumed genes with FDR < 0.2 and absolute log2
fold change > 0.5 as differentially expressed between the two dietary conditions, DR (5SY)
and control (15SY) diets. Gene functional classification of differentially expressed genes was

performed using DAVID (v6.8) (Huang da et al., 2009).

Supporting information
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Reviewer #1 (Public Review):

The studies by Hwangbo et al. diligently attempt to account for many of the typically
neglected dietary and non-dietary factors.

Strengths:

* Work addresses many potential artifacts of dietary (e.g., dehydration stress, macronutrient
ratios, and protein source) and non-dietary (e.g., leaky expression of S106-GAL4)
manipulations-important factors that are too often overlooked.

* Balanced and complementary behavioral, molecular, and bioinformatic experiments

» Show necessity of proteostatic subunits in the fat body for DR-mediated longevity. The
findings in the current manuscript lay the ground for future studies that test sufficiency of
fat body prosB3 and rpn7, or necessity of other proteostatic genes in other tissues.

Weaknesses:
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* Could the lack of DR response in clock mutants across dietary concentrations be simply
because the clock mutants are better at compensatory feeding adjustments to dietary
dilutions? If this were the case, there are two major implications to the authors' conclusions:
a) The Clk mutants are differently responding to dietary dilutions, not to dietary restriction,
per se.

b) Nutritional intake was unaffected by the dietary manipulations. If the changes in fat body
proteostasis and lifespan were due to nourishment, it would be expected that the physiology
and lifespan do not change.

Accurate measurements of food consumption and the resulting protein intake could
potentially clarify this critical question.

Reviewer #2 (Public Review):

Dietary restriction (DR) increases lifespan, an effect that has been consistently observed in
several organisms, but we still lack a clear mechanism to explain this phenomenon. In this
work, Hwangbo et al. revisited the role of the circadian clock in DR-mediated lifespan
effects. They found that the increase in lifespan produced by DR is missing on a clock
mutant, a clock dependency that is also observed at the level of nutrient-dependent egg
laying. By conducting RNA-seq with an impressive temporal resolution, they showed that DR
triggers an increment in the number of cycling genes expressed in the fat body, the fly
functional analog of the mammalian liver. Interestingly, from these genes, a group of them
are de novo daily expressed genes, meaning that their expression was not rhythmic under
the control diet but appear rhythmically expressed under DR. Among those, genes encoding
proteasome subunits are enriched. The authors finally showed that adult-specific
knockdown of these genes in the fat body prevents the increase in lifespan under DR, further
supporting a role of the proteasome in this process. Overall, the conclusions are mostly
supported by the evidence presented, and the authors' discussion nicely frame their results
with other research in the field.

Strengths:

- Many studies have limited their observations of DR on lifespan to a few dietary conditions
which makes the reach of some previous conclusions somewhat limited. The dilution
strategy that the authors used in this work provides a strong indication that the effect of DR
on lifespan relies on clock expression regardless of the conditions used. Furthermore, the
inclusion of the egg-laying assay is a good addition to support this hypothesis.

- Because the strength of the rhythmicity statistics relies heavily on the number of data
points collected, the temporal resolution used for the RNA-seq experiments (every 2 hrs per
48hrs) is remarkable. This allows exquisite dissection of the phase of rhythmic genes in
different conditions. The dataset produced in this work might be of use to other groups
interested in weighting the role of other represented gene clusters in DR.

Weaknesses:

I see only minor flaws in this work, that if addressed, might strengthen the authors'
conclusions, particularly:

- The results of the lifespan assays are quite variable and in some instances contradictory
(Fig. S8) across trials, possibly because there are other unaccounted variables we still do not
understand. The fecundity assay, in contrast, seems to be a better readout (Fig. 2).
Confirming at least the two genes picked for the study (Fig. 5) would be good support for the
claim that the proteasome mediates the effects of DR.

- According to the model, the acute effect of DR on gene expression is related to CLOCK
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protein function. However, I am not sure how this link was established. It is tempting to
assume that CLOCK upstream is the reason for having an increase in rhythmic genes under
DR, but the experiments did not test this. The tests conducted either assessed the role of clk
or the effect of an impaired proteasome on DR-dependent extension of lifespan. Thus, it is
difficult to assert the authors' claims on the link between CLK and the changes in cycling
genes and to the proteasome upon DR.

Reviewer #3 (Public Review):

In this study, Hwangbo and co-workers investigate the extent to which the well-established
life extending effects of DR rely on the molecular circadian clock and how the landscape of
clock-controlled gene expression changes in the face of DR within the fat body of the fly, a
tissue that performs the functions associate with both the liver and adipose tissue of
mammals. The authors evidence that DR extends lifespan in a manner that depends on only
one of the two major limbs of the fly's molecular circadian clock, namely the positive limb,
that DR produces major changes in the identities of cycling clock output genes, and that
genes related to the proteosome represent a major component of DR-induced transcript
cycling. Though interesting, these conclusions are not strongly supported by the data and
there are two major reasons for this. First, the authors rely on only one loss of function
genotype each for the loss of positive and negative limb clock gene function. Second, though
they wish to address the "circadian transcriptome” under normal and DR conditions, the
authors conduct all their work under strong Light/Dark cycles, making it impossible to
address circadian phenomena. These shortcomings are problematic in the extreme, as they
leave open obvious alternative explanations for the results and fail to directly determine if
the rhythmic expression, they observe are clock controlled or merely driven by the
light/dark cycles, which themselves produce major effects on activity, feeding, etc., that may
be responsible for differentially driving rhythmic transcripts under normal and DR
conditions in the fat bodies.

Major Weakness One: The use of only genotype each for the loss of positive (CIkAJRK) and
negative (Per~01) limb of the circadian represents a major challenge for a central conclusion
of the study. Phenotypes caused by the loss of a single clock gene may be due to the loss of
circadian timekeeping, or they may represent a pleiotropic effect of the loss of function
mutant being used. There are multiple precedents for pleiotropic (non-circadian) effects of
clock gene mutants. It is, therefore, possible that the differences in the extent of DR mediated
life extension between CIk"JRK and Per”01 may not represent a difference between
breaking the positive and negative limbs of the clock but may simply reflect a pleiotropic
effect of the dominant negative CIk”AJRK. This possibility is acknowledged by the authors
(lines 343-344). This could be addressed quite easily by extending the analysis to other loss of
function mutants, for example, tim01 for the negative limb and cyc01 for the positive. Given
the central focus here on the "circadian transcriptome," leaving open this alternative
explanation for Clk's role in DR induced life extension represents a major weakness of the
study. Furthermore, given the fact that CIkA"JRK appears to be short lived on most of the
media tested in the study;, is it really surprising or informative that they would display lower
life extension under DR?

Major Weakness Two: The authors have not established that any of cycling transcripts they
have detected in the fat body under normal and DR conditions are driven by the circadian
clock. This is because: 1.) they have conducted their transcriptomic analysis on cells taken
from flies entrained to light dark cycles, which can themselves drive daily changes in
expression levels and 2.) they have not shown that the cycling measured on normal diet or
DR conditions depends on a functional circadian clock. The "significant reorganization of the
circadian transcriptome" is presented as a major conclusion of this study, but the authors
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have not addressed circadian control of transcription at all here, either by an examination of
transcription under free-running conditions and/or in loss of function clock mutants.

In addition, there is a logical gap in this study. The authors have shown that DR produces less
life extension in CIkAJRK mutants than Per”01 or wild-type controls. They then show that DR
produces changes in the rhythmic transcriptome when flies are place on DR. The central
model presented in Fig. 6 shows/concludes that CLK drives increases in proteome-related
transcript rhythms under DR. This conclusion could have been directly tested by asking if
the changes in rhythmic gene expression induced by DR are gone the loss of function Clk
mutants, or if the transcriptomic landscapes fail to differ between feeding conditions in
these mutants.

In conclusion, the study falls far short of directly testing the ideas it puts forth, greatly
limiting its impact and interest.
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