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SUMMARY
The ability to feed on a sugar-containing diet depends on a gene regulatory network controlled by the intra-
cellular sugar sensor Mondo/ChREBP-Mlx, which remains insufficiently characterized. Here, we present a
genome-wide temporal clustering of sugar-responsive gene expression in Drosophila larvae. We identify
gene expression programs responding to sugar feeding, including downregulation of ribosome biogenesis
genes, known targets of Myc. Clockwork orange (CWO), a component of the circadian clock, is found to
be amediator of this repressive response and to be necessary for survival on a high-sugar diet. CWO expres-
sion is directly activated by Mondo-Mlx, and it counteracts Myc through repression of its gene expression
and through binding to overlapping genomic regions. CWO mouse ortholog BHLHE41 has a conserved
role in repressing ribosome biogenesis genes in primary hepatocytes. Collectively, our data uncover a
cross-talk between conserved gene regulatory circuits balancing the activities of anabolic pathways tomain-
tain homeostasis during sugar feeding.
INTRODUCTION

Changes in nutrient intake are reflected to organismal meta-

bolism, in part through transcriptional control by nutrient-

responsive transcription factors (TFs). High-sugar feeding

activates so-called intracellular sugar sensing, mediated by the

conserved basic-helix-loop-helix (bHLH) TF Mondo (paralogs

ChREBP and MondoA in mammals), heterodimerized with

Mlx.1 Mondo-Mlx controls metabolic pathways, including the

activation of genes involved in glycolysis, pentose phosphate

pathway, and de novo lipogenesis, which collectively promote

the conversion of sugars into triacylglycerols.2 Impaired activa-

tion of Mondo/ChREBP-Mlx leads to lethality on high-sugar

diet in Drosophila and mouse.3,4

In addition to nutrient-mediated control of lipid metabolism,

protein biosynthesis is tightly regulated by nutrient status, for

example through transcriptional control of ribosome biogenesis.

A key regulator of ribosome biogenesis is the bHLH TF hetero-

dimer of Myc and Max, which control their target genes through

binding to E-box motifs.5–7 Myc and Max are closely related to

Mondo/ChREBP and Mlx, collectively referred to as the

‘‘extended Myc network.’’8,9 In Drosophila, Myc acts down-

stream of the amino acid-sensing protein kinase mTORC1, acti-
This is an open access article und
vating genes involved in ribosome biogenesis and consequently

promoting tissue growth.5,10 mTORC1 inhibition by amino acid

deprivation leads to downregulation of Myc expression, thus re-

pressing ribosome biogenesis gene expression.5,11

Despite the parallel roles as drivers of distinct nutrient-respon-

sive metabolic processes, Mondo-Mlx and Myc-Max are func-

tionally interconnected. Myc cooperates with both ChREBP

and MondoA by jointly promoting the expression of a subset of

target genes.12,13 In mouse liver, ChREBP cooperates with

Myc to promote the expression of ribosomal protein genes.13

Myc is also known to antagonize the function of MondoA, for

example by downregulating the expression of theMondoA target

gene Txnip in triple-negative breast cancer.12 In Drosophila,

mondo and myc mutants display a synthetic lethal phenotype,

implying a joint function.14 Despite the evidence of functional

interplay between Mondo/ChREBP and Myc, it remains to be

determined how Mondo and Myc regulate each other’s function

in a changing nutrient landscape.

Circadian changes in animal physiology are controlled by the

core circadian clock, a conserved gene regulatory network,

which includes an E-box binding heterodimer of the bHLH TFs

Clock and Cycle.15 Circadian gene expression is modulated by

nutrition, and there is tight interplay between the circadian clock
Cell Reports 42, 112739, July 25, 2023 ª 2023 The Author(s). 1
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and nutrient sensing.16 For example, the expression of Cabut/

Kr€uppel-like factor 10 is activated by Mondo/ChREBP-Mlx,

and it modulates metabolic gene expression output of the circa-

dian clock.17,18 Clockwork orange (CWO) is a transcriptional

repressor that regulates the core circadian clock by binding to

common E-box motifs with Clock and Cycle, thus counteracting

their function.19–22 CWO has two mammalian orthologs,

BHLHE40/DEC1 and BHLHE41/DEC2, and they both display

repressive roles in the circadian clock,23,24 similar to that of

CWO in Drosophila. Moreover, BHLHE40/DEC1 is a direct target

of ChREBP in mammalian cells, with a proposed role as a nega-

tive regulator of lipogenesis.25 The metabolic functions of CWO

and its contribution to global gene regulation in response to die-

tary sugar remain to be established.

Here, we identify a regulatory circuit that functionally couples

Mondo-Mlx-mediated intracellular sugar sensing and Myc-

dependent control of ribosome biogenesis. Following temporal

clustering of sugar-responsive gene expression output, we iden-

tify a transient sugar-induced repression of genes involved in

ribosome biogenesis. Computational prediction of candidate

TFs and subsequent experimental analyses uncovered the

Mondo-Mlx target TF CWO as a mediator of this repressive

response. CWO negatively regulates myc gene expression as

well as counteracts Myc function through binding of overlapping

genomic E-box motifs. Loss of CWO impaired survival on a

high-sugar diet along with depletion of uridine diphosphate

N-acetylglucosamine (UDP-GlcNAc), a metabolite consumed

during ribosome biogenesis. Mammalian orthologs of CWO

and BHLHE40 and -41 were identified as direct targets of

ChREBP in mouse liver. BHLHE41, but not BHLHE40, negatively

regulates ribosome biogenesis gene expression in mouse pri-

mary hepatocytes. In conclusion, our data identify a conserved

mechanism for cross-talk between major regulators of nutrient-

responsive gene expression in multicellular animals.

RESULTS

Temporally and functionally distinct transcriptional
outputs to high-sugar feeding
Feeding on a high-sugar diet (HSD) triggers a global transcrip-

tional response in Drosophila larvae, which reprograms the

metabolic homeostasis of the animals.2,26 We hypothesized

that biologically different transcriptional programs follow distinct

activation/attenuation kinetics. Hence, we utilized timed sugar

feeding along with unsupervised clustering to identify biological

functions for sugar-responsive genes in Drosophila.

Larvae of the w1118 genotype were reared on a low-sugar diet

(LSD; 10% yeast) for 24 h and subsequently transferred to an

LSD (10% yeast) for 8 h and an HSD (10% yeast + 20% sucrose)

for 4, 8, and 16 h, respectively. Subsequently, RNA sequencing

(RNA-seq) was performed, and differentially expressed genes

were identified (Figure 1A). Genome wide, 3,085 genes were

differentially expressed between animals exposed to an LSD

and an HSD, respectively (adjusted p value [adj.p.value] < 0.05;

log2 fold change > 0.5 or < �0.5; Table S1). Unsupervised clus-

tering of the genes based on their transcript levels after 4, 8, and

16 h of HSD exposure allowed us to divide the genes into 14 clus-

ters, 7 of which showed general up- (‘‘UP1–7’’) and downregula-
2 Cell Reports 42, 112739, July 25, 2023
tion (‘‘DN1–7’’) after sugar feeding, respectively (Figures 1B and

S1). The gene activation patterns included a sustained sugar-

induced expression (UP3), a rapid transient upregulation (UP7),

and a late response (UP1). Our previous studies have shown

the important role of Mondo-Mlx in sugar-induced gene expres-

sion.2 Interestingly, the Mondo-Mlx-dependent target genes

were highly (>40%) represented in the UP3 cluster with a sus-

tained sugar-activation pattern but displayed low representation

(<5%) in the clusters with transient (UP7) and late (UP1) sugar re-

sponses (Figure S2A). This implies that kinetically distinct gene

groups are regulated by different TFs.

Cluster UP3 contained genes involved in glycolysis and pyru-

vate metabolism (Figure 1C), which is in line with the finding of a

high percentage of Mondo-Mlx targets (Figures S2A and S2B).

The pentose phosphate pathway was enriched in cluster UP3

(Figures 1C and S2B), earlier found to be targeted by Mondo-

Mlx.2 Clusters independent of Mondo-Mlx included the tran-

siently sugar-activated cluster UP7, containing genes involved

in endocytosis and autophagy (Figure S2D), and the late-acti-

vated cluster UP1, including genes of the electron transport

chain (Figures 1C and S2E). A strong enrichment for processes

such as ‘‘cellular response to starvation,’’ ‘‘positive regulation

of multicellular organism growth,’’ and ‘‘ribosome biogenesis in

eukaryotes’’ was found in the transiently downregulated clusters

DN1 and DN3 (Figures 1C, S2F, and S2G). Cluster DN7, with

gradual downregulation of genes upon sugar feeding, included

genes involved in fatty acid and amino acid catabolism (Figures

1C and S2H). Taken together, the temporal clustering of sugar-

regulated genes revealed biologically distinct gene groups,

including both Mondo-Mlx-dependent and -independent gene

groups.

CWO controls sugar-induced ribosome biogenesis gene
regulation
To identify TFs in sugar-responsive gene regulation, we made

use of the DREME algorithm,27 which we set to search for short

TF binding motifs enriched in promoter regions of the genes pre-

sent in the 14 clusters. A strong enrichment of the ‘‘CACGTG’’

E-box motif was observed exclusively in the transiently downre-

gulated gene clusters DN1 and DN3. Comparison with the exp-

erimentally validated TF binding sites28 using TOMTOM29 pre-

dicted CWO as a possible candidate TF binding to these E-box

motifs (Figure 1D). Considering the data linking the mammalian

ortholog of CWO to sugar-responsive gene regulation,25 we

wanted to test whether CWO is indeed involved in the regulation

of genes in clusters DN1 and DN3. Control and cwo-null mutant

(cwoB920) larvae were exposed for 8 h to an LSD and an HSD,

respectively, and RNA-seq was performed to identify CWO-

dependent transcriptional changes. A strikingly high percentage

of genes in DN1 and DN3were found to be repressed by sugar in

a CWO-dependent manner (Figures 1E, S2I, and S2J). CWO tar-

gets were found in much lower percentages in other downregu-

lated clusters and in sugar-activated clusters (Figure S2K).

cwo is necessary for sugar tolerance and maintenance
of UDP-GlcNAc pools
Known regulators of sugar-dependent gene expression in-

clude Mondo-Mlx, which directly controls the expression of



Figure 1. Feeding on high-sugar diet induces temporally distinct gene expression programs

(A) Workflow for the temporal clustering of sugar-responsive gene expression and prediction of TFs involved. Larvae (w1118) were exposed to an LSD and a high-

sugar diet (HSD) for 4, 8, and 16 h, respectively (n = 4; 10 larvae/sample; LSD = 10% yeast; HSD = 10% yeast + 15% sucrose), followed by RNA-seq. Differentially

regulated genes are listed in Table S1.

(B) Up- and downregulated clusters of HSD-responsive gene expression programs (Fuzzy clustering; adj.p.value < 0.05 in any comparison, LFC<�0.5/LFC>0.5).

Genes belonging into each cluster are listed in Table S1. The line depicts the median log2CPM, and the colored line is SEM (standard deviation of mean).

(C) Biological processes enriched in the sugar-regulated gene clusters (gene set enrichment analysis [GSEA]). Red boxes denote pathways that were generally

upregulated, and blue boxes downregulated, on an HSD. Genes belonging into each cluster are listed in Table S1.

(D) Enrichment of E-box-like motifs (DREME) in the promoters of genes in clusters DN1 and DN3 as putative binding sites of CWO (TOMTOM). Significant CWO

motifs are plotted with the lowest E.value across all clusters.

(E) Enrichment of DN1 and DN3 among genes downregulated by sugar in a CWO-dependent manner. RNA-seq of larvae of the control (ctrl; w1118) and cwoB9

genotypes exposed for 8 h to an LSD or an HSD, respectively (n = 4; 10 larvae/sample; LSD = 10% yeast; HSD = 10% yeast + 15% sucrose). RNA-seq identified

cwo-dependent and sugar-regulated genes (adj.p.value < 0.05). These genes were overlapped with the previously identified 14 clusters revealing a significant

overlap with clusters DN1 (64%, adj.p.value = 9.1e�89) and DN3 (71%, adj.p.value = 1.2e�128).
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other sugar-responsive TFs, such as Sugarbabe, Cabut, and

Grain.2,3,17,30 We therefore wanted to test whether cwo is also

a downstream target of Mondo-Mlx or a parallel regulator of

sugar-responsive gene expression. The mRNA expression of

cwo was found to be elevated upon sugar feeding, and this in-

creasewas blunted inMlx-deficient larvae (Figure 2A).Moreover,

chromatin immunoprecipitation (ChIP)-qPCR experiments in

Drosophila S2 cells provided evidence for direct, glucose-stimu-

lated binding of Mlx to the cwo promoter (Figure 2B).17 Further-
more, a putative carbohydrate response element (ChoRE) was

identified 1,368 bp upstream of the transcription start site of

cwo (Figure S3A). Kinetic analysis of cwo expression revealed

that the sugar-induced expression was elevated at 4 and 8 h

time points but attenuated at the 16 h time point (Figure 2C).

This might be due to negative autoregulation, supported by the

finding that cwo mRNA expression was strongly upregulated in

the cwoB9 mutant, which encodes a severely truncated version

of the CWO protein (Figure S3B). Indeed, reanalysis of
Cell Reports 42, 112739, July 25, 2023 3



Figure 2. CWO is necessary for sugar tolerance and maintenance of UDP-GlcNAc pools on HSD

(A) cwo expression is upregulated upon sugar feeding in anMlx-dependent manner. RNA-seq of ctrl (w1118) andmlx1 mutant larvae exposed to an LSD or an HSD

for 1.5 or 8 h, respectively (n = 3–4, 10 larvae/sample).

(B) Glucose-inducible binding of Mlx to the cwo promoter. Chromatin immunoprecipitation-qPCR in Drosophila S2 cells using anti-Mlx antibodies (aMlx) or

preimmune serum (preim) in the presence (+Glc) or absence (�Glc) of 50 mM glucose for 6 h (n = 3). Student’s t test was used for statistics.

(C) Temporal pattern of cwo expression in response to HSD feeding (RNA-seq). Larvae (w1118) were exposed to an LSD and an HSD for 4, 8, and 16 h,

respectively.

(D) Delayed pupariation and impaired survival of cwo mutant larvae on HSD. Pupariation kinetics of ctrl (w1118) and cwo-null mutant (cwoB9) larvae reared on an

LSD and an HSD, respectively (n = 5, 30 larvae/sample).

(E) CWO-GFP nuclear localization was observed in the proventriculus and fat body but not in the midgut. CWO-GFP (green), DAPI (magenta), and LipidTOX (lipid

droplets, gray) are displayed. Scale bars: 50 mm.

(F) Transgenic CWO in the fat body partially rescues the survival of cwomutant larvae on HSD. Pupariation of cwo-deficient ctrl larvae (CG>, cwoB9) and larvae

expressing the cwo transgenes in the fat body (CG>cwo rescue, CG-Gal4>UAS-cwo, cwoB9), reared on an LSD and an HSD, respectively (two independent

experiments combined; n = 7–10, 30 larvae/sample; CG, CG-Gal4).

(legend continued on next page)
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ModENCODE ChIP-seq data on Drosophila embryos uncovered

strong binding of CWO to its own gene region (Figure S3C). Two

perfect E-boxes were found upstream of the cwo transcriptional

start site (�1,426 and �929 bp) and six in the first intron (+2,194

to +6,142 bp), consistent with the CWO ChIP-seq data.

The cwoB9-null mutants are viable with no known larval pheno-

types.20 As Mondo-Mlx and its targets are necessary for growth

and survival on an HSD, we analyzed pupariation of cwoB9

mutant larvae on an HSD vs. an LSD. On an LSD, they survived

to a similar degree as control larvae, only showing a minor devel-

opmental delay (Figure 2D; Table S3). On an HSD, however, the

cwoB9 mutants displayed a significant developmental delay and

only 50% survival to pupal stage (Figures 2D and S3D; Table S3).

Additionally, the pupal volume of cwoB9 animals on an HSD, but

not on an LSD, was reduced (Figure S3E). Adult emergence was

moderately compromised on an LSD and severely on an HSD

(Figure S3F). An independent loss-of-function strategy, i.e.,

RNAi-mediated ubiquitous knockdown of cwo, replicated the

sugar-intolerance phenotype. cwo knockdown on an LSD did

not affect larval survival, while a strong developmental delay

and impaired survival was observed when the animals were

exposed to an HSD (Figures S3G and S3H; Table S3).

To characterize the function of CWO further, we utilized the

CWO-GFP under the endogenous promoter, allowing detection

of tissue-specific expression and localization of CWOby fluores-

cence microscopy. To avoid autofluorescence caused by yeast-

based diets, we exposed third instar CWO-GFP/+ larvae for 6 h

to a holidic diet, followed by dissection and imaging of the larval

tissues. CWO-GFP signals were found in the midgut and the fat

body, important tissues formaintaining sugar tolerance. Interest-

ingly, however, CWO displayed nuclear localization in the fat

body but not in enterocytes (Figure 2E), consistent with tran-

scriptional activity in the fat body but not in enterocytes. Indeed,

a genetic rescue experiment revealed that its function in the en-

terocytes was not sufficient to rescue sugar intolerance of cwo

mutants (Figure S3I). In contrast, transgenic cwo expression in

the fat body led to a partial rescue: while only 60% of cwoB9

mutant animals pupariated on an HSD, a statistically significant

increase of pupariation rate was observed (Figures 2F and

S3J; Table S3). However, the developmental delay was not

rescued by fat body-specific CWO expression, indicating that

a yet unidentified additional organ might contribute to CWO-

dependent sugar tolerance.

As the genes enriched in clusters DN1 and DN3 are involved in

promoting growth and are downregulated by nutrient starvation,

we tested whether the sugar-intolerance phenotype of cwo mu-
(G) Sugar intolerance of cwomutants is aggravated by reduction of dietary yeast.

yeast (left panel) and 6% yeast (right panel) diet in the presence or absence of 15%

yeast + 15% sucrose; 6Y, 6% yeast; 6YS, 6% yeast + 15% sucrose.

(H) UDP-GlcNAc levels are downregulated in cwomutants on diet with low yeast

low-yeast diet in the presence or absence of 15% sucrose for 24 h (n = 5; 20 larvae

used for statistics.

(I) Inhibition of the hexosamine pathway in the larval fat body (FB>gnpnat1RNAi) le

Val20 ctrl, Bl.#36303) and larvae expressing a Gnpnat1 RNAi in the FB (FB>Gnpn

sample; FB, FB-Gal4).

CPM, counts per million; LSD, 10% yeast; HSD, 10% yeast + 15% sucrose. Data

comparisons are displayed as *p < 0.05, **p < 0.01, and ***p < 0.001; all p values

index data can be found in Table S3.
tants was affected by changes in the availability of dietary yeast,

containing nutrients essential for growth. Indeed, the sugar-intol-

erance phenotype caused by 15% dietary sucrose was strongly

exacerbated on a diet with low (6%) yeast compared with a high-

yeast (20%) diet (Figure 2G; Table S3). In contrast, survival of

control animals on a low-yeast diet was improved by the addition

of sucrose (Figures 2G, S3K, and S3L; Table S3) due to reasons

that remain to be elucidated. To further characterize the role of

CWO in physiological adaptation to an HSD, we analyzed meta-

bolic phenotypes and feeding behavior. Loss of CWO did not

cause significant changes in total triacylglycerol levels (Fig-

ure S3M) or food intake (Figure S3N). Global metabolomics anal-

ysis of polar metabolites was conducted on conditions of low

(6%) yeast supplemented, or not, with 15% sucrose (Figures

S3O and S3P). Prominent accumulation of urate, a breakdown

product of purine nucleotides, was observed (Figure S3Q).

Moreover, levels of UDP-GlcNAc were strongly reduced in cwo

mutants, specifically on an HSD (Figure 2H), implying that

CWO is necessary to maintain sufficient UDP-GlcNAc pools on

an HSD. Does maintenance of UDP-GlcNAc pools contribute

to sugar tolerance? To test this, we inhibited the hexosamine

biosynthesis pathway by fat body-specific (FB-GAL4>) knock-

down of glucosamine-phosphate N-acetyltransferase (Gnpnat).

Indeed, Gnpnat knockdown strongly impaired the survival of

larvae on an HSD (Figure 2I; Table S3).

CWOand itsmouse orthologs regulate the expression of
ribosome biogenesis genes
Our larval RNA-seq analysis demonstrated a role for CWO in the

sugar-responsive repression of growth-promoting genes, many

of which are involved in ribosome biogenesis. Interestingly, ribo-

some biogenesis is known to be dependent on cellular UDP-

GlcNAc pools, and the enzymes that conjugate and deconjugate

O-GlcNAc are associated with the ribosomes, and several ribo-

somal proteins are modified by O-GlcNAcylation.31 Thus, it is

possible that CWO maintains UDP-GlcNAc pools by controlling

the activity of ribosome biogenesis. Consistent with the

clustering data, gene set enrichment analysis of the cwoB9

RNA-seq data revealed significant enrichment of ‘‘ribosome

biogenesis in eukaryotes.’’ The genes involved in ribosome

biogenesis displayed a strong downregulation upon sugar

feeding, which was significantly compromised, albeit not

completely prevented, in cwo mutants (Figure 3A). Expression

of several ribosome biogenesis genes is inhibited upon nutrient

starvation or rapamycin treatment, including Nop60B,Mat89Ba,

and ppan.5,11Nop60B,Mat89Ba, and ppanwere studied further,
Pupariation of ctrl (w1118) and cwo-null mutant (cwoB9) larvae reared on a 20%

sucrose, respectively (n = 3–5; 30 larvae/sample). 20Y, 20% yeast; 20YS, 20%

(6%) and high sucrose (15%). Ctrl (w1118) and cwoB9 larvae were exposed to a

/sample; 6Y, 6% yeast; 6YS, 6% yeast + 15% sucrose). Two-way ANOVAwas

ads to impaired pupariation on HSD. Pupariation of ctrl larvae (FB>ctrl; ctrl, Trip

at1 RNAi, Bl.#50616) on an LSD and an HSD, respectively (n = 3–4; 30 larvae/

are shown as individual data points and mean ± standard deviations; selected

for comparisons displayed can be found in Table S2. Statistics for pupariation

Cell Reports 42, 112739, July 25, 2023 5



Figure 3. CWO and its mouse ortholog BHLHE41 repress ribosome biogenesis genes

(A) Sugar-induced downregulation of ‘‘ribosome biogenesis in eukaryotes’’ (KEGG) is partially blunted in cwomutant larvae (GSEA). The row-wise clustering was

performed using correlation distance. Color key displays scaled log2 gene expression.

(B) cwo loss of function suppressed the sugar-induced downregulation of ribosome biogenesis genes Nop60B,Mat89Ba, and ppan. RNA-seq of ctrl (w1118) and

cwoB9 larvae (n = 4; 10 larvae/sample).

(C) Ubiquitous overexpression of cwo (Tub>cwoOE [overexpression]) on LSD leads to reduced expression of Nop60B, Mat89Ba, and ppan (n = 4–5, 10 larvae/

sample). Student’s t test was used for statistics.

(D) ChREBP and BHLHE40 binding near the Bhlhe40 gene locus in liver via ChIP-seq of C57Bl/6 male mice (n = 2 for ChREBP, BHLHE40, and input ctrl,

respectively). Merged ChIP-seq binding profiles and called peak locations (q value < 0.05) are displayed. Pink: ChREBP, turquoise: BHLHE40.

(E) ChREBP and BHLHE40 binding near the Bhlhe41 gene in mouse liver. Merged ChIP-seq binding profiles and called peak locations (q value < 0.05) are

displayed. Pink: ChREBP, turquoise: BHLHE40.

(F) Knockdown of ChREBP in primary mouse hepatocytes reduced the expression (qPCR) of known ChREBP target genes Txnip and Bhlhe40. Primary mouse

hepatocytes with siControl or siChREBP were exposed to 0.25 or 25 mM glucose (glc) for 8 h (n = 4). mRNA expression displayed as relative expression to

siControl 0.25 mM glc. One-way ANOVA + Tukey post hoc test was used for statistics.

(G) Knockdown of ChREBP in primary mouse hepatocytes reduced the expression (qPCR) of Bhlhe41. Primary mouse hepatocytes with siControl or siChREBP

were exposed to 0.25 or 25 mM glc for 8 h (n = 3–4). mRNA expression was displayed as relative expression to siControl 0.25 mM glc. One-way ANOVA + Tukey

post hoc test was used for statistics.

(H) Knockdown and overexpression of BHLHE40 in primary mouse hepatocytes resulted in a transcriptional (qPCR) up- and downregulation, respectively, of

Bhlhe41. Primary mouse hepatocytes with siControl and siBhlhe40 or infected with adenoviruses expressing GFP or BHLHE40 were exposed to 25 mM glc for

72 h (n = 4). Student’s t test (two-tailed) was used for statistics.

(legend continued on next page)
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serving as examples for the behavior of this class of genes. They

were found to be downregulated on an HSD in control animals,

but the downregulation was partially blunted in cwo mutants

(Figure 3B), while overexpression of CWO on an LSD led to sig-

nificant downregulation (Figure 3C), implicating CWO as a tran-

scriptional regulator of Nop60B, Mat89Ba, and ppan. Although

the expression of ribosome biogenesis genes was also inhibited

upon full starvation32 (Figures S4A and S4B), this occurred inde-

pendently of cwo upregulation (Figure S4C). Thus, CWO-medi-

ated inhibition of ribosome biogenesis genes is specific to an

HSD and is not likely to reflect reduced intake of amino acids.

In order to address the possible conservation of CWO’s regu-

lation and function, we analyzed mouse liver and primary murine

hepatocytes. Drosophila CWO has two mammalian orthologs,

BHLHE40 and BHLHE41. ChIP-seq on mouse liver revealed

genomic-binding sites of ChREBP, the ortholog of Drosophila

Mondo, and also of BHLHE40 up- and downstream of the

Bhlhe40 locus (Figure 3D). Moreover, both ChREBP and

BHLHE40bind regions upstreamof theBhlhe41gene (Figure 3E).

To investigate the hierarchical relationship between these fac-

tors in more detail, small interfering RNA (siRNA)-mediated

knockdown was performed in mouse primary hepatocytes. Fig-

ure 3F shows the expected ChREBP-dependent induction of

Txnip expression by high-glucose concentrations.33 Consistent

with earlier findings,25 expression of Bhlhe40 was inhibited by

knockdown of ChREBP. Moreover, knockdown of ChREBP led

to downregulation of Bhlhe41, in line with our ChIP-seq data

onmouse livers (Figure 3G). AsBhlhe41was identified as a direct

target of BHLHE40, we wanted to functionally test the role of

BHLHE40 in the regulation of Bhlhe41 expression. Consistent

with a repressive role of BHLHE40 on Bhlhe41, as shown earlier

by BHLHE40 overexpression in the 293T cell line,34 knockdown

ofBhlhe40 increased and overexpression decreased expression

of Bhlhe41, respectively (Figure 3H). Despite the observed

repressive function of BHLHE40 on Bhlhe41, the downregulation

of Bhlhe40 was not sufficient to prevent the downregulation of

Bhlhe41 upon ChREBP knockdown (Figure 3G). Since BHLH40

and BHLHE41 have been reported to have partially overlapping

functions in immune cells, like activated macrophages35,36 and

T cells,37–39 we tested whether either factor controls ribosomal

gene expression. We found that knockdown of Bhlhe41, but

not of Bhlhe40, caused an upregulation of ribosomal gene

expression (Figure 3I), many of which were found to be direct tar-

gets of BHLHE41 (Figure 3J). Taking into account the upregula-

tion of Bhlhe41 upon BHLHE40 knockdown, we conclude that

BHLHE41 is necessary, but not sufficient, to repress ribosomal

gene expression.

Taken together, our results suggest that both Bhlhe40 and

Bhlhe41 are downstream targets of ChREBP and that BHLHE40
(I) Knockdown of BHLHE41, but not BHLHE40, led to an induction of ribosoma

patocytes transfected with siBhlhe40 or siBhlhe41 were exposed to 25 mM glc

siControl = 1. One-way ANOVA + Tukey post hoc test was used for statistics.

(J) BHLHE41 binding near selected ribosome biogenesis genes in mouse B-1a c

cations (q value < 0.05) are displayed.

(K) A model for ChREBP-BHLHE40-BHLHE41 interactions and the regulation of

CPM, counts per million; LSD, 10% yeast; HSD, 10% yeast + 15% sucrose. Data

comparisons are displayed as *p < 0.05, **p < 0.01, and ***p < 0.001; all p value
has a repressive effect on Bhlhe41. BHLHE41, but not

BHLHE40, negatively regulates ribosomal gene expression in

murine hepatocytes (Figure 3K), similar to the function of CWO

in Drosophila.

CWO functionally antagonizes MYC
To further address the mechanism of CWO-mediated repression

of ribosome biogenesis genes, we turned our attention to Myc, a

known positive regulator of ribosome biogenesis.5 Interestingly,

our reanalysis of ModENCODE ChIP-seq data showed promi-

nent binding of CWO in the first intron of themyc gene, suggest-

ing that myc is a direct target of CWO (Figure 4A). Moreover,

overexpression of cwo in the LSD condition led to a significant

decrease ofmyc transcript levels comparedwith the control (Fig-

ure 4B). Consistently, myc expression was upregulated in cwo

mutants on both dietary conditions (Figure 4C) while being

modestly downregulated in a sugar-dependent manner in con-

trols but not cwo mutant flies (Figure 4C). In contrast to

Drosophila Myc, the expression of mouse Myc was unchanged

upon knockdown of BHLHE41, and we found no evidence for

mouse BHLHE41 binding near the myc gene (Figures S4D and

S4E; Table S3). To test the role of Myc expression on larval sugar

tolerance, we exposed larvae overexpressingmyc in the FB to an

LSD and an HSD, respectively (Figure 4D; Table S3). The myc-

overexpressing animals displayed a delayed development on

the HSD, reduced pupariation, and adult emergence (Figures

S4F and S4G), demonstrating that high Myc expression in the

FB is sufficient to sensitize larvae to an HSD (Figure 2D). Given

the modest transcriptional downregulation of the myc gene

upon sugar feeding, we wanted to test whether transcriptional

regulation of myc is sufficient to explain all of the observed inhi-

bition of ribosome biogenesis genes. We utilized a genetic setup

with the endogenousmyc gene replaced by a transgenic version

and observed that ribosome biogenesis genes displayed down-

regulation on the HSD even in the transgenic rescue lines

(Figure S4H).

As transcriptional regulation of endogenousmyc gene was not

sufficient to fully explain the observed sugar-responsive repres-

sion, we further analyzed the interplay between CWO andMyc at

the promoters of ribosome biogenesis genes. Consistent with

the fact that both Myc and CWO bind to E-box motifs, we found

a strong enrichment of predicted Myc binding sites in CWO

target clusters, DN1 and DN3 (E value [E.val] < 0.01). Myc is

known to directly regulate Nop60B,Mat89Ba, and ppan,5 which

we found to be regulated by CWO (Figures 3B and 3C). There-

fore, we systematically compared genomic-binding sites of

CWO with MYC in the available ChIP-seq data on Drosophila

embryos. This analysis revealed a striking overlap of CWO and

Myc genomic-binding sites, even with a highly stringent
l gene expression (qPCR) in primary mouse hepatocytes. Primary mouse he-

for 72 h (n = 3–4). mRNA expression was displayed as relative expression to

ells (GEO: GSE93764). Merged ChIP-seq binding profiles and called peak lo-

ribosomal gene expression.

are shown as individual data points and mean ± standard deviations; selected

s for comparisons can be found in Table S2.
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Figure 4. CWO functionally antagonizes Myc

(A) CWO binding tomyc gene locus. Reanalysis of Drosophila embryo ChIP-seq data (ENCODE: ENCSR900TNL). Data are displayed as average signal intensity,

MACS2-called peaks marked as pink bars (n = 3). Merged ChIP-seq binding profiles and called peak locations (q value < 0.05) are displayed.

(B) Ubiquitous cwo OE downregulates myc expression in larvae on LSD. Ctrl larvae (Tub>ctrl; ctrl, FlyORF ctrl) and cwo overexpressing larvae (Tub>cwoOE;

cwoOE, FlyORF F000668) on an LSD (qPCR; n = 4–5, 10 larvae/sample). Student’s t test was used for statistics (Tub, tubulin-Gal4).

(C) Upregulation of myc expression in cwo mutant larvae. RNA-seq of ctrl (w1118) and cwoB9 larvae (n = 4; 10 larvae/sample).

(D)mycOE in the larval FB (FB>mycOE) delayed pupariation and reduced survival on HSD. Representative pupariation kinetics of ctrl larvae (FB>ctrl; ctrl, FlyORF

ctrl) and larvae overexpressing myc in the FB (FB>mycOE) were reared on an LSD and an HSD, respectively (n = 3; 30 larvae/sample; FB, FB-Gal4).

(E) CWO andMYC share 1,775 highly overlapping (>50%) genomic-binding sites. Raw data derived from ENCODE (CWO dataset: ENCSR900TNL, MYC dataset:

ENCSR999ZCR, n = 3).

(F) Examples of overlapping CWO andMYCbindingmotifs in the enriched pathway ‘‘ribosome biogenesis in eukaryotes’’ (KEGG). Reanalysis of publicly available

ChIP-seq data (CWO: ENCSR900TNL; MYC: ENCSR999ZCR). Merged ChIP-seq binding profiles and called peak (q value < 0.05) locations are displayed. Pink:

ChREBP, turquoise: BHLHE40.

(G) Pupariation of animals overexpressingmyc in the FB (FB>mycOE), displaying either an increase of (FB>mycOE; cwoOE) or being deficient (FB>mycOE;cwoB9)

in cwo expression. Larvae were reared on an LSD (left) and an HSD (right), respectively (n = 3–5, 30 larvae/sample; FB, FB-Gal4).

(H) A model of CWO-Myc interplay in controlling the transcription of ribosome biogenesis genes.

CPM, counts per million; LSD, 10% yeast; HSD, 10% yeast + 15% sucrose. Data are shown as individual data points and mean ± standard deviations; selected

comparisons are displayed as *p < 0.05, **p < 0.01, and ***p < 0.001; all p values for comparisons displayed in this figure and Figures S3 and S4 are shown in

Table S2. Statistics for pupariation indexes are displayed in Table S3.
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requirement of 50% overlap between the peaks (Figure 4E). The

analysis of a number of individual binding sites of CWO andMYC

at the promoters of ribosome biogenesis genes revealed almost

completely overlapping peaks (Figure 4F), consistent with over-

lapping binding sites. To functionally test whether CWO can

modify the phenotype of Myc, independently of its endogenous

expression, we overexpressed transgenic Myc in the FB in the

cwo mutant as well as upon CWO overexpression. Loss of

CWO led to striking enhancement of the Myc gain-of-function

phenotype on both the HSD and the LSD (Figure 4G; Table

S3), while overexpression of CWO prominently suppressed the

Myc phenotype. These data are consistent with the model that

CWO functionally antagonizes Myc function in addition to the

negative regulation of endogenous myc gene expression in

Drosophila (Figure 4H).

DISCUSSION

This study uncovers CWO, a bHLH TF, as a sugar-induced

repressor of ribosome biogenesis genes. CWO serves as a reg-

ulatory link between the intracellular sugar sensor Mondo-Mlx

and the growth-promoting regulator of ribosome biogenesis

Myc. These findings extend the previous literature on the com-

plex cross-talk between Mondo/ChREBP-Mlx and Myc as well

as the previous findings of Myc as a regulator of carbohydrate

metabolism.40 In light of the findings reported by Parisi and co-

workers, showing Myc-dependent control of carbohydrate and

lipid metabolism, it will be interesting to expand the analysis of

Mondo-Mlx and Myc cross-talk to explore the contribution of

Myc in sugar-responsive control of energy metabolism.

Our findings also strengthen the previously identified connec-

tion between intracellular sugar sensing and the circadian

clock.17 Myc expression is regulated in a circadian manner,41

and high Myc expression disrupts the circadian clock in tumor

cells42 as well as in Drosophila, where Myc expression can upre-

gulate the expression of CWO.43 Together with our data, these

findings suggest a two-way interplay between Myc and CWO

and indicate that the nutrient-induced control of the CWO-Myc

axis might contribute to the adjustment of the circadian clock.

Our findings on CWO’s ability to counteract Myc function, as

well as the widespread overlap between genomic-binding sites

of CWO and Myc, raise the possibility for the involvement of

CWO in other Myc-dependent processes, including clonal cell

competition,44 which remains to be explored. Experiments in

mouse hepatocytes revealed both CWO orthologs (BHLHE40

and BHLHE41) as ChREBP (Mondo ortholog) targets. While

BHLHE40/DEC1 has been suggested earlier as a negative feed-

back regulator of ChREBP-mediated lipogenesis,25 our gene

expression data on CWO do not support functional conservation

of this role in Drosophila. Instead, we observed that BHLHE41/

DEC2 serves as a negative regulator of ribosome biogenesis in

mouse hepatocytes, consistent with functional conservation be-

tween CWO and BHLHE41. Notably, ribosome biogenesis gene

expression is controlled by the circadian clock in the mouse

liver.45 It will be interesting to explore whether the role of

ChREBP-mediated sugar sensing through the control

BHLHE41 is able to modulate circadian control of ribosome

biogenesis.
Inhibition of ribosome biogenesis by nutrient deprivation is

well established.5,46 Our findings on the inhibition of ribosome

biogenesis upon acute increase of dietary sugar might seem

counterintuitive. However, earlier studies have uncovered an un-

expected coupling between ribosome biogenesis and lipid ho-

meostasis. Impaired ribosome biogenesis leads to accumulation

of lipid droplets in C. elegans.47 In obese mice, nucleomethylin

inhibits ribosomal RNA expression in the liver, which is neces-

sary for the biosynthesis and accumulation of hepatic lipids.48

Considering the acute need to increase lipid biosynthesis during

high-sugar feeding, it might be necessary to downregulate

other energy-consuming anabolic pathways, such as ribosome

biogenesis, to secure the supply of key metabolites. One such

metabolite is UDP-GlcNAc, which is heavily conjugated to ribo-

some subunits and regulators of ribosome biogenesis31,49–51

and, based on our data, is necessary for maintaining larval sur-

vival on an HSD. In conclusion, this study uncovers dynamic

genome-wide interplay between conserved bHLH TFs, which

contributes to metabolic homeostasis and viability upon chang-

ing dietary sugar intake.

Limitations of the study
Although our data show that CWO controls the output of Myc-

dependent ribosome biogenesis on an HSD by inhibiting myc

gene expression as well as directly binding to overlapping

genomic sites, the molecular details of their interaction on target

promoters remain to be resolved. The current in vivo work fo-

cuses on Drosophila larvae. Whether the Mondo-Mlx-mediated

control of CWO and its influence on the output of Myc contrib-

utes to the physiology of adult animals is yet unresolved. Loss

of CWO activity leads to depletion of UDP-GlcNAc on an HSD.

We propose that failure of the inhibition of ribosome biogenesis

might contribute to this depletion, but this hypothesis remains to

be tested in future studies.
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Rabbit anti-BHLHE40 Novus Bio RRID:AB_10000524

Guinea pig anti-Mlx Havula et al.3 N/A

Chemicals, peptides, and recombinant proteins

m-Cresol purple Sigma/Merk #2303-01-7

Critical commercial assays

Pierce BCA Protein Assay Kit ThermoFisher #23225

Triglyceride Reagent Sigma Aldrich #T2449

Free Glycerol Reagent Sigma Aldrich #F6428

Bradford reagent Sigma Aldrich #B6916

Deposited data

ChREBP & BHLHE40 ChIPseq
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RNAseq of cwo mutant
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This paper GSE207199 (sub series GSE207197)
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Experimental models: Cell lines

D. melanogaster: Cell line S2 ThermoFisher R69007

Experimental models: Organisms/strains
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D. melanogaster: UAS-cwo The Zurich ORFeome Project FlyORF #F000668

D. melanogaster: UAS-cwo This paper N/A

D. melanogaster: FB-Gal4; cwoB9 This paper N/A

D. melanogaster: CG-Gal4; cwoB9 This paper N/A

D. melanogaster: NP1-Gal4; cwoB9 This paper N/A

D. melanogaster: UAS-cwo; cwoB9/TM3,GFP This paper N/A

D. melanogaster: CWO-GFP Bloomington Drosophila Stock Center BDSC #66745

D. melanogaster: myc expression on myc
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P{aTub84B(FRT.Myc)GAL4.Bb}1/FM7i;
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Bloomington Drosophila Stock Center BDSC #64766

D. melanogaster: w1118 Bloomington Drosophila Stock Center BDSC #6326

Mus musculus: Wild Type: B6 The Jackson Laboratory RRID:IMSR_JAX:000664
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qPCR primers This paper, Table S4 N/A
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Software and algorithms

MetaboAnalyst (5.0) Pang et al.52 N/A

R/Bioconductor R Core Team https://www.bioconductor.org/

MEME Suite command line tools Bailey et al.53 N/A

BWA (v.0.7.17) Li and Durbin,54 N/A

samtools (v.1.4) Li et al.55 N/A

picard (v2.18.10) Broad Institute https://broadinstitute.github.io/
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Tophat (v.2.1.0) Trapnell et al.58 N/A
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GraphPad (8.4.2) GraphPad Software https://www.graphpad.com/

Inkscape (1.2.2) Inkscape Project https://inkscape.org

ImageJ NIH http://imagej.net

Other

Fly_aa holidic diet Piper et al.60 N/A

Thermo Q Exactive Focus Quadrupole Orbitrap

mass spectrometer coupled with a Thermo

Dionex UltiMate 3000 HPLC system

Thermo Fisher Scientific N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ville Hie-

takangas (ville.hietakangas@helsinki.fi).

Materials availability
All unique materials generated in this study are available from the lead contact.

Data and code availability
d RNAseq and ChIPseq datasets generated in this study are available in GEO, accession: GSE207199

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila lines and husbandry
The Drosophila stocks were maintained on a standard lab diet (contents: 6.5% malt (w/v), 3.2% semolina (w/v), 1.8% dry baker’s

yeast (w/v), 0.6% agar (w/v), 0.7% propionic acid (v/v), 2.5% Nipagine (methyl paraben) (v/v)), at 25�C and a light-dark cycle of

each 12 h. All experimental diets contained 0.5% agarose (w/v), 0.7% propionic acid (v/v) and 2.5% Nipagine (v/v)). The yeast diets

additionally contained 20%, 10% or 6% dry baker’s yeast (w/v), while the high sugar diets contained the aforementioned yeast plus

15% sucrose (w/v).

Fly_aa holidic diet was prepared as previously described with small modifications.60 Agar concentration was 0.7% for improved

larvae feeding and digging, and to reduce autofluorescence due to high agar level in the intestine. Sucrose concentration was slightly
14 Cell Reports 42, 112739, July 25, 2023
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reduced from 1.7% to 1.5%, matching the standard low sugar control diet. Fly_aa diet was supplemented with 0.15% m-Cresol

purple (Sigma/Merk#2303-01-7) to detect feeding larvae. A master mix with all the components of the Fly_aa medium except

agar, sucrose, cholesterol, and m-Cresol was prepared and stored in aliquots at �20�C. Fully prepared Fly_aa medium was also

stored at �20�C in closed tubes for long term storage (>1 month), which had no effects on larval growth and pupariation efficiency

(data not shown).

The cwoB9 mutant was generated in.20 Themyc expressing line onmycmutant background was obtained from Bloomington stock

center, BDSC #64766, as well as the CWO-GFP line (BDSC #66745), and the w1118 stock (BDSC #6326). RNAi and Gal4-driver lines

were obtained from Bloomington stock center, unless marked otherwise: Trip Val20 control BDSC #36303, kk control BDSC #60100,

cwo BDSC #26318; Gnpnat1 BDSC #50616, FB-Gal4 FLYB:FBti0013267, CG-Gal4 BDSC #7011, Tub-GAL4 BDSC #5138, NP1-

Gal4 FLYB:FBti0159208. UAS-myc BDSC #9674 and UAS-cwo FlyORF #F000668 were obtained from The Zurich ORFeome Project.

The following recombinant lines were generated in-house: FB-Gal4; cwoB9, CG-Gal4; cwoB9, NP1-Gal4; cwoB9.

To generate UAS-cwo, cwoB9 flies, full-length cwo cDNAwas PCR amplified and cloned into a pUAST vector using Not1 and Kpn1

restriction sites. Transgenic UAS-cwo flies were obtained from Genetivision, where the construct was injected into the attP2 site

(chromosome 3). In-house, the transgenic line was recombined with the cwoB9 line to obtain UAS-cwo, cwoB9. Controls containing

the UAS-cwo element, but not the cwoB9 mutation and vice versa, were generated in the same recombination scheme.

Mouse hepatocyte culture and treatments
Primary hepatocyte isolation frommice and siRNA-mediated knockdowns were performed as previously described.61 In short, livers

of anesthetized male WTmice were perfused with digestion buffer containing 5000 units of collagenase (Worthington). After filtration

and separation by Percoll gradient centrifugation (GE Healthcare), cells were seeded on 12-well plates in Dulbecco’s modified Ea-

gle’s medium (DMEM) without pyruvate containing 25 mM glucose, 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin.

For glucose sensing experiments, cells were cultured for 48 h in glucose free DMEM, 10% FBS, and 1% penicillin/streptomycin fol-

lowed by 8 h in 0.25 or 25mMglucose as indicated. For siRNA-mediated knockdown, cell culturemedia of attached hepatocyteswas

replaced by 500 mL of DMEM without supplements, and cells transfected with 1 nmol of siRNA (Eurogentec) and 4 mL of Lipofect-

amine 2000 (Thermo Fisher) per 12-well overnight. Adenoviral overexpression was performed by incubation of hepatocytes with

equal titers of Ad5-CMV-GFP or Ad5-CMV-mBHLHE40 (Vector Biolabs) overnight. The next morning, cells were washed with

PBS, supplemented with DMEM and supplements, and harvested at indicated times.

METHOD DETAILS

Analysis of pupariation and growth
For the RNAi and overexpression experiments, virgin females of the respective driver line were crossed with males from the RNAi or

UAS line, respectively. Egg laying occurred for 24 h on apple juice plates (33.33% apple juice (v/v), 1.75% agar (w/v), 2.5% sugar

(w/v), 2.0%Nipagin (v/v)), supplemented with dry yeast, at 25�C. After additional 24 h, 30 1st instar larvae were collected to vials con-

taining yeast or high sucrose diet, respectively, and kept at 25�C. Pupariation was scored every 24 h, and eclosion at the end of the

observation period. To determine the growth phenotype of cwoB9 mutants, flies of the w1118 and cwoB9 genotypes were allowed to

lay eggs onto apple juice plates, supplemented with dry yeast, and for 24 h at 25�C. First instar larvae were carefully staged, i.e. only

animals of the same physical size indicating the same developmental stage, and collected to vials with LSD and HSD, respectively,

and maintained at 25�C until pupariation. Pupal volume was determined by measuring the length and the width of 30–50 pupae per

genotype and diet using ProgRes Capture Pro 2.8.8. software (Jenoptik), and calculating the volume using the following formula: 4/3

p(L/2) (W/2)2 (L, length; W, width).

To analyze pupariation curve data, we calculated a pupariation index that incorporates both development time and the number of

individuals that complete the larval stage.62 Specifically, pupariation index is equal to the maximum of the pupation rate function (pu-

pae/hAEL) over the period of observation. Pupariation index was analyzed using ANOVAwithmain effects of genotype, diet, and their

interaction using JMP software (SAS Institute).

RNAseq and related data analysis
Crosses to obtain the required genotypes for the RNAseq experiments were placed into separate egg laying chambers with apple

juice plates, supplemented with dry yeast, and kept at 25�C for 24 h. Carefully staged 1st instar larvae, i.e. only animals of the

same physical size indicating the same developmental stage, were subsequently collected to plates with LSD at a controlled density

and kept at 25�C. 48 h after egg laying early 2nd instar larvae were transferred to plates containing either LSD (10% yeast) or HSD

(10% yeast+15% sucrose) containing 2%blue food dye to differentiate between feeding and non-feeding larvae. For the time course

RNAseq, 10 feeding larvae were collected and snap-frozen in liquid nitrogen after 4, 8, and 16 h of high sugar exposure, respectively.

For the cwoB9 RNAseq, 10 feeding larvae per sample were collected and snap-frozen after 8 h of high sugar exposure. The larvae

were homogenized in lysis buffer and total RNA was extracted using the Nucleospin RNA II kit (Macherey-Nagel #740955.250) in

accordance with the manufacturer’s instructions. RNAseq, and sample preparation was performed by the DNA Genomics and

Sequencing core facility at the University of Helsinki, Finland, as follows: cDNA libraries were prepared from rRNA depleted samples
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using the TruSeq Stranded mRNA kit (Illumina). RNAseq (75 bp single end reads; reverse) was run on 2 technical replicates per sam-

ple with an average depth of 30 million reads per sample on the Illumina NextSeq500 using the 75bp cycle kit (Illumina).

Raw sequencing data for all RNA-seq datasets was assessed with FastQC (v.0.11.2) (https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/). Trimmomatic (v.0.33)57 was used for read trimming. The reads were required to be minimum of 36 bases

long and scannedwith 4-base slidingwindowwithminimumquality score of 15 per base and 20 in both strands.Mapping to genomes

(D. melanogaster: Flybase R6.10;Mus musculus: NCBI GRCm38) was assessed with Tophat (v.2.1.0).58 HTSeq (v.2.7.6)59 was used

for strand-specific quantification of genes and reads below quality score 10 discarded. The differential expression analysis was per-

formed with R/Bioconductor package limma.63 Genes above CPM (counts per million) > 1 in at least 2/3 or 3/4 replicates in at least

one condition were kept. The Benjamini-Hochberg correction was used for adjusting p values [43]. After careful examination, some of

the samples were discarded as outliers (sugar dataset: WT_HSD_4_2, WT_HSD_8_1).

Previously published RNAseq data on control larvae fed (standard lab food) vs. starved (PBS +0.5% agarose food) was down-

loaded and processed as described earlier from GEO repository (GSE123901).

Temporal clustering of gene expression
Fuzzy clustering was performed with R/Bioconductor MFuzz package64 for differentially expressed genes in sugar dataset (ad-

j.p.val<0.05 in any comparison, LFC<�0.5/LFC>0.5). Means of log2CPM values were used for clustering. After multiple rounds of

testing, 14 clusters were defined to be found. The resulting clusters were divided into ‘‘upregulated’’ and ‘‘downregulated’’ based

on the directionality of the temporal expression (log2CPM).

Gene set enrichment
Gene set enrichment was performed with R/Bioconductor piano package.65 GSA with GSEA’s algorithm was used as enrichment

method with 1000 permutations. The enrichment was performed for manually downloaded databases for KEGG (https://www.

genome.jp/kegg/), Reactome (https://reactome.org/), Wikipathways (https://www.wikipathways.org/index.php/WikiPathways) and

GO (http://geneontology.org/). For cwo dataset, the enrichment was performed from all the expressed genes. For clusters, the

enrichment was performed for each time point for each cluster separately. The results of these enrichments were combined per clus-

ter by taking the minimum adjusted P.value of each significant pathway.

Prediction of candidate TF regulators
DREME27was used forde novomotif discovery for genes in each cluster. TOMTOM29was used formotif comparison and identification

with the database from Nitta et al.28 in addition to Drosophila TF motif databases provided by the MEME Suite.53 The Markov back-

ground model was created for each cluster by using MEME tools, respectively. FASTA sequences of +/� 1 kB up-/downstream of

TSS’s forgenes interestwere fetched fromD.melanogaster (v.FlybaseR6.10)byusingGenomicFeatures66package inR/Bioconductor.

ChIP and related data analysis
ChIP was performed as described previously.67 In short, small pieces of frozen liver tissue from ad libitum-fed male mice (Wildtype:

B6 obtained from the Jackson Laboratory (RRID:IMSR_JAX:000664) used for this and all other mouse experiments) were pulverized

in liquid nitrogen and underwent cross-linking in 1% formaldehyde for 15 min, followed by quenching with 1/20 volume of 2.5 M

glycine solution, and one wash with 13 PBS. Nuclear extracts were prepared by homogenizing in 20 mM HEPES, 0.25 M sucrose,

3 mMMgCl2, 0.2% NP-40, 3 mM b-mercaptoethanol; complete protease inhibitor tablet (Roche). Chromatin fragmentation was per-

formed by sonication in 50mMHEPES, 1%SDS, and 10mMEDTA, using a Bioruptor (Diagenode) for 20 cycles of 30 s at the highest

level. Proteins were immunoprecipitated in 50 mMHEPES/NaOH at pH 7.5, 155 mMNaCl, 1.1% Triton X-100, 0.11%Na-deoxycho-

late, and complete protease inhibitor tablet, using anti-ChREBP (Novus Bio NB400-135) or anti-BHLHE40 (Novus Bio NB100-1800)

antibodies. Antibodies were precipitated with a 33% slurry of precleaned protein A Sepharose beads in 0.5% BSA/PBS for 2 h.

Crosslinking was reversed overnight at 65�C and DNA isolated using phenol/chloroform/isoamyl alcohol. ChIPseq was performed

on DNA of 2 individual C57Bl/6 mice, released from the respective antibody (2 x BHLHE40, 2 x ChREBP, and 2x input control)

with an average depth of 20 million reads per sample, 75 bp single end reads at the DNA Genomics and Sequencing core facility

at the University of Helsinki, Finland. The samples were run on the Illumina NextSeq500 using the 75bp cycle kit (Illumina).

Raw ChIPseq data for D.melanogaster CWO (ENCSR900TNL) and MYC (ENCSR999ZCR) datasets were obtained from ENCODE

portal (https://www.encodeproject.org/). Mus musculus data for BHLHE40 and ChREBP were generated in-house, while raw

ChIPseq data for BHLHE41 was downloaded from GEO repository (GSE93764, Kreslavsky et al., 2017). Samples were mapped

to their genomes (D. melanogaster: Flybase R6.10; Mus musculus: NCBI GRCm38) with BWA (v.0.7.17).54 Reads below quality 5

were discarded, and maximum mismatches in seed were set to 2 with first 32 subsequences as seed. Unmapped, non-primary

and alignments below mapping quality 30 were discarded along duplicates using samtools (v.1.4)55 and picard (v2.18.10) (https://

broadinstitute.github.io/picard/index.html). Fragment sizes were estimated with R/Bioconductor phantompeaktools (https://

github.com/kundajelab/phantompeakqualtools). Peaks below q-value 0.05 were called for primary chromosomes with MACS2

(v.2.1.0).68 Empirical blacklist for mm10 was obtained from ENCODE.69 The blacklist for dm3 defined by ENCODE was converted

to match dm6 with USCS’s batch coordinate conversion tool.56 Peaks in all replicates were defined as expressed and annotated

to the nearest TSS from middle of the peak using respective genomes (D. melanogaster: Flybase R6.10; Mus musculus: NCBI
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GRCm38) with R/Bioconductor’s ChIPpeakAnno package.70 For visualization, the binding profiles were merged using samtools

merge.55 The peak visualizations were performed using by R/Bioconductor’s karyoploteR package.71

ChIP-qPCR was performed as described previously.17 In brief, chromatin immunoprecipitation was performed on Drosophila S2C

(Thermo Fisher R69007) cells incubated with guinea pig anti-Mlx,3 or guinea pig pre-immune serum in the presence or absence of

50 mM glucose for 6 h (n = 3). To determine the percentage of input pulled down qPCR was performed encompassing the predicted

ChoRE (�1345 bp to �1328 bp upstream of the cwo TSS, identified by searching for the motif ‘‘CATGCTCGGCTCGCGTG’’ in the

cwo genomic region). A two-tailed t test (heteroskedastic) was conducted to test for statistical significance between groups, with

a p value below 0.05 considered significant.

Metabolomics
One hundred-twenty 1st instar larvae of the control (w1118) and cwoB9 genotypes were collected to plates containing 6% yeast diet

and kept at 25�C for 24 h. 60 early 2nd instar larvae were then transferred plates containing 6% yeast diet with or without 15% su-

crose, respectively, and maintained at 25�C for 24 h. Subsequently, 20 larvae per sample (4 samples per group, 4 groups) were

collected onto MQ/PBS plates to remove residual food from larval bodies, and snap-frozen in liquid nitrogen to quench the meta-

bolism. Polar metabolite extraction was achieved by manual homogenization using pellet pestles in cold 80% acetonitrile buffer.

Samples were centrifuged 13000 rpm for 10 min at 4�C, and the supernatant was used for further analysis. Sample protein content

quantification was performed using the Pierce BCA Protein Assay Kit (Thermo Fisher #23225) following the manufacturer’s instruc-

tions. LC-MS analysis of polar metabolites was conducted as described previously30 on the Thermo Q Exactive Focus Quadrupole

Orbitrap mass spectrometer coupled with a Thermo Dionex UltiMate 3000 HPLC system (Thermo Fisher). For metabolomics data

analysis, the peak intensities were normalized to sample specific protein content. The open-source software MetaboAnalyst 5.052

was used to perform quality assessment of the data, including PCA (2D scores plot) and hierarchical clustering dendrogram (distance

measure: euclidean, clustering algorithm: ward), as well as to draw a histogram (distance measure: euclidian, clustering algorithm:

ward). Two-way ANOVA was used to identify statistically interactions between diet and genotype, and multiple comparisons to test

for pairwise differences. A p-value below 0.05 was considered statistically significant.

Triacylglycerol measurements
To determine the triacyglycerol content in control (w1118) and cwoB9 larvae reared on either LSD (10% yeast) or HSD (10% yeast+15

%sucrose) until 3rd pre-wandering stage. 10 larvae per sample, 3 samples per group were collected and flash frozen in liquid nitro-

gen. Larvae were homogenized on ice in 300 mL cold 1xPBS (+0.05% Tween 20), and subsequently heat inactivated at 70�C for

10 min. Triacylglyceride levels were measured using the coupled colorimetric assay (Triglyceride Reagent, #T2449 Sigma Aldrich;

Free Glycerol Reagent, #F6428 Sigma Aldrich), as described previously.72 Protein levels were determined with the Bradford reagent

(Sigma Aldrich #B6916) following the manufacturer’s instructions and used for sample normalization.

Analysis of food consumption
First instar larvae of control (w1118) and cwoB9 larvae were collected onto plates containing LSD (10% yeast) in a controlled density,

and maintained at 25�C for 24 h. Larvae were transferred to LSD (10% yeast) or HSD (10% yeast +15% sucrose), respectively, con-

taining 0.1% erioglaucine disodium salt, and maintained at 25�C for 3 h. Ten feeding larvae were collected and snap-frozen in liquid

nitrogen. Homogenates were prepared by manual disruption in 1 x PBS and centrifuged. The supernatant (1:1 diluted in 1 x PBS)

absorbance was measured at 629 nm. The erioglaucine content per sample was determined using a calibration curve, and the ob-

tained values were normalized to the respective sample protein content.

Quantitative RT-PCR
First instar larvae of Tub-Gal4>cwoOE and Tub-Gal4>FlyORF-control crosses were collected to plates with LSD (10% yeast) with or

without 15%sucrose andmaintained at 25�C for 24 h. 10 carefully staged early 2nd instar larvae, i.e. only animals of the same physical

size indicating the same developmental stage, per sample (4–5 samples per group) were cleaned from residual food on the larval

bodies using PBS, and flash-frozen in liquid nitrogen. For larvae expressing endogenous myc on myc deficient background (P

{hsFLP}12, w* Myc4 P{aTub84B(FRT.Myc)GAL4.Bb}1/FM7i; P{UAS-GFP.U}3) the following modifications to the same protocol

were applied: first instar larvae were collected to LSD (10% yeast +2% blue food dye) or HSD (10% yeast +15% sucrose +2%

blue food dye) for 4 h. Larvae were manually homogenized and total RNA extracted using the Nucleospin RNA II kit (Macherey-

Nagel #740955.250) according to the manufacturer’s instructions. The RNA was then reverse transcribed to cDNA with the

SensiFAST cDNA Synthesis kit (Bioline #BIO-65054) according to the manufacturer’s instructions. Quantitative RT-PCR was per-

formed using the SensiFAST SYBRNo-ROXKit (Bioline #BIO-98020) according to themanufacturer’s instructions on the Light Cycler

480 Real-Time PCR System (Roche) in three technical replicates. Data normalization occurred against Act42A, and expression anal-

ysis via the DDCT method. The primers used are presented in Table S4.

Microscopic analysis of tissues
CWO-GFP virgins were crossed withw1118 males, to avoid possible side effects due to CWO-GFP homozygosity, and allowed to lay

eggs for 24 h on apple juice plates supplemented with yeast paste in the center of the plate. Next day, uneaten yeast was removed,
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and the eggs were left to hatch for another 24 h. First instar CWO-GFP/+ larvae were transferred on 10% yeast diet at a controlled

density of 30 larvae per 5 mL food, in 213 72 mm vials. Early 3rd instar larvae were transferred to Fly_aa-mCresol holidic diet for 6 h

before sample. The short term holidic diet feeding was performed in 5 mL tubes containing 1 mL Fly_aa for 8–15 larvae per tube.

Feeding larvae were partially dissected in saline (0.9% NaCl) to expose visceral tissues and transferred to cold 4% formaldehyde

in PBS (Thermo Fisher #28908) for overnight fixation in cold with gentle rocking. Fixed larval tissue was blocked and stained in

PBS, 1% BSA, 0.1% Triton X-100. LipidTOX Deep Red (Invitrogen #H34477) was diluted 1:500 and incubated with the samples

for 30 min at room temperature. After a 15 min wash samples were incubated in Vectashield with DAPI (Vectashield #H-1200) over-

night in cold, followed by full dissection and flat mounting with a custom 60 mm spacer (Scotch Magic Tape 810). Images were ac-

quired with Aurox Clarity LFC HS microscope and processed in ImageJ.

Data analysis and visualization
Data other than RNAseq or ChIPseq were statistically analyzed and plotted using GraphPad Prism (8.4.2, GraphPad Software). Final

manuscript figures were assembled using InkScape (1.1.2, The InkScape Project).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details can be found in the relevant methods section and figure legends.
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