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A distinct Acyl-CoA binding protein (ACBP6)
shapes tissue plasticity during nutrient
adaptation in Drosophila
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Nutrient availability is a major selective force in the evolution of metazoa, and
thus plasticity in tissue function and morphology is shaped by adaptive
responses to nutrient changes. Utilizing Drosophila, we reveal that distinct
calibration of acyl-CoA metabolism, mediated by Acbpé6 (Acyl-CoA binding-
protein 6), is critical for nutrient-dependent tissue plasticity. Drosophila
Acbpé6, which arose by evolutionary duplication and binds acyl-CoA to tune
acetyl-CoA metabolism, is required for intestinal resizing after nutrient
deprivation through activating intestinal stem cell proliferation from quies-
cence. Disruption of acyl-CoA metabolism by Acbpé6 attenuation drives aber-
rant ‘switching’ of metabolic networks in intestinal enterocytes during nutrient
adaptation, impairing acetyl-CoA metabolism and acetylation amid intestinal
resizing. We also identified STAT92e, whose function is influenced by acetyl-
CoA levels, as a key regulator of acyl-CoA and nutrient-dependent changes in
stem cell activation. These findings define a regulatory mechanism, shaped by
acyl-CoA metabolism, that adjusts proliferative homeostasis to coordinately

regulate tissue plasticity during nutrient adaptation.

Evolutionary diversity in body size across metazoan taxa, and some-
times even within species, is generated through changes in organ size
and organ distribution relative to a complex body plan'. Consistently,
organ size is determined by nutrition. Even after developmental
growth, organs in adult metazoa dynamically remodel structure, size,
and function in response to nutrient fluctuation*’. This remodeling,
often defined as tissue plasticity, is facilitated by changes in cell
growth, cell polyploidization, cell differentiation, and cell proliferation
(such as the ability of proliferative cells to shift between active,
quiescent, senescent, and dormant states)* . Tissue plasticity is likely
critical for acute and chronic maintenance of metazoan fitness.
Organ resizing and tissue remodeling can be influenced by an
array of evolutionarily conserved and nutrient-dependent metabolic
signaling pathways’®. For example, signaling pathways dictated by
insulin or target-of-rapamycin (TOR) can affect energy substrate
availability and/or cell function to shape organ size across taxa’.
However, nutrient fluctuations also drive adaptive changes in succinct,
and often tissue-specific, metabolic networks—adjusting glucose vs. fat

vs. amino acid usage to redistribute cellular pools of metabolic
substrates" ™, Beyond energy homeostasis, these substrates, like
acetyl-coenzyme A (acetyl-CoA), nicotinamide adenine dinucleotide
(NAD+), and S-adenosyl-methionine, are essential for cellular
function™ 8, This is due to their role in a wide-variety of molecular
processes, from nucleotide/chromatin alterations to post-translational
modification of proteins to facilitating enzymatic reactions'®. Thus, it is
critical to understand how unique metabolic pathways influence these
distinct substrate pools to shape various cellular functions and control
nutrient-dependent tissue plasticity.

Acetyl-CoA in particular is a crucial metabolic substrate for both
histone and general protein (pan-)acetylation, able to subsequently
adjust gene expression and cell signaling in response to nutrient
cues” . The acetyl-CoA substrate pool used for acetylation is gen-
erally derived from carbohydrate sources through glycolysis, via
mitochondria and the tricarboxylic acid (TCA) cycle’**. However,
nutrient fluctuations can drive the use of alternative sources for
maintaining acetyl-CoA levels**?. For example, the breakdown of
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stored lipids into fatty acids can provide acetyl-CoA for histones in
order to modify chromatin during nutrient deprivation®®. Moreover,
nutrient availability will also influence the activity of enzymatic dea-
cetylases and acetylases, concurrently with acetyl-CoA levels, which
control cytoplasmic and nuclear protein acetylation patterns to dictate
cellular function”. Expectedly, metabolic substrates such as acetyl-
CoA often act as rheostats to fine-tune regulation of tightly controlled
processes required for tissue plasticity, including cell proliferation and
growth?, Specific metabolic pathways that adapt metabolic substrate
pools to nutrient changes in order to shift cellular functions likely
represent key ‘sensors’ and ‘regulators’ of nutrient-dependent tissue
plasticity.

Acyl-coenzyme A (acyl-CoA) is one such substrate that is central to
metabolic pathways which influence acetyl-CoA pools®. Acyl-CoA is
generated by activation of fatty acids (fatty acyl-CoA), which are sus-
ceptible to oxidation and promote acetyl-CoA formation in mitochon-
dria, driving oxidative phosphorylation (OXPHOS) and energy
production®°, Selective partitioning and movement of acyl-CoA relies
on Acyl-CoA-binding proteins (Acbps)™. These proteins are evolutiona-
rily conserved across eukaryotic kingdoms, and can bind acyl-CoA esters
of various chain lengths®. Acbps have diverse functions, from acting as a
neuropeptide (or diazepam-binding inhibitor [DBI]) to dictating food
intake and systemic metabolism*¥. Furthermore, Acbps can also reg-
ulate cellular lipid metabolism and beta-oxidation of fatty acids, pro-
tecting acyl-CoA from hydrolysis to maintain partitioned acyl-CoA
substrate pools®. To this end, mammalian ACBP binding to acyl-CoAs
has been shown to facilitate fatty acid oxidation and cell proliferation (as
opposed to senescence) in tumor formation based on nutrient avail-
ability and metabolic reprogramming within these tumorigenic cells®*’.
Specific metabolic pathways such as those dictated by Acbp function
and acyl-CoA metabolism have the potential to uniquely regulate cell
fate decisions by adjusting both energy metabolism and metabolic
substrate pools (like acetyl-CoA) to nutrient changes*®*. Exploring the
various (and sometimes tissue-specific) regulatory nodes that integrate
cellular metabolism during nutrient adaptation is likely key to under-
standing how unique metabolic pathways calibrate substrate pools to
shape nutrient-dependent tissue remodeling.

Invertebrate genetic models provide unique advantages to
explore the integration of cellular metabolism, nutrient availability,
and tissue plasticity>*°*2, Here, we exploited multiple aspects of the
fruit fly Drosophila melanogaster model and uncovered that acyl-CoA
metabolism, distinctly mediated by Acbpé6 (Acyl-coenzyme A binding-
protein 6) rather than other Acbp paralogs, is critical for nutrient-
dependent tissue remodeling. Leveraging phylogenetic and genetic
analysis, we found that Acbpé arose from a specific gene expansion
event in Drosophila evolution. Acbpé6 is specifically expressed in the
Drosophila melanogaster intestine (and more specifically the midgut),
a tissue with regenerative capacity that encompasses key nutrient-
sensing and metabolic-regulatory functions*. We uncovered that
Acbpé is a key integrator of mitochondrial-dependent metabolic net-
works during essential nutrient adaptative events, specifically feeding-
fasting-refeeding transitions. Nutrient-dependent changes in Acbp6
function and acyl-CoA metabolism influence acetyl-CoA metabolism
and global cellular lysine acetylation in intestinal enterocytes, func-
tionally differentiated epithelial cells that have nutrient-sensing and
storage capabilities. The integration of these metabolic pathways in
enterocytes is subsequently required for intestinal regrowth and
remodeling (resizing) after nutrient deprivation and during refeeding
through activating intestinal stem cell proliferation from quiescence.
Dietary acetate supplementation can circumvent the need for Acbp6 in
modulating acetyl-CoA metabolism, maintaining proliferative home-
ostasis to shape nutrient-dependent tissue remodeling. We also iden-
tified the STAT92e-Upd3 (cytokine) signaling axis, whose activity is
influenced by acetyl-CoA levels and acetylation, as a key regulator of
acyl-CoA and nutrient-dependent changes in stem cell quiescence and

proliferation. These findings highlight that distinct calibration of acyl-
CoA metabolism is crucial to adjust proliferative homeostasis and
regulate tissue plasticity during nutrient adaptation.

Results

Acbpé6, an integrative metabolic regulatory hub, was generated
by gene expansion in the Drosophila genus with specialized
expression in the midgut

In order to identify unique metabolic pathways or networks that could
act as integrative regulatory nodes in tissue plasticity, we employed a
small-scale meta-analysis of accessible Drosophila melanogaster tran-
scriptomes. These transcriptomes highlight global gene expression
changes in response to internal (such as aging) or external (such as
infection) cues that are known to induce general tissue
remodeling**~*%, Exploiting these datasets, we found acyl-CoA binding-
protein 6 (Acbp6) expression to be uniquely regulated in response to
all of these stimuli (Supplementary Fig. 1a). Moreover, whole-genome
expression analyses in Drosophila have also uncovered changes in
Acbp6 expression in response to starvation and high-sugar diet
treatment®’, suggesting that Acbpé is regulated by dietary and/or
nutritional cues. Acbpé6 is part of a family of proteins with evolutio-
narily conserved ACB (acyl-CoA binding) domains, allowing for acyl-
CoA binding and transport®. After exploring genomic sequences
across insecta orders, we found that species within the Drosophila
genus have more Acbp genes compared to other insects (Fig. 1a and
Supplementary Fig. 1b). Eight Achp genes were identified in Drosophila
melanogaster, and phylogenetic analysis revealed that Acbp genes
underwent a remarkable extension during evolution (Fig. 1a). More-
over, Acbpé is tandemly arrayed with Acbp2, Acbp3 and Acbp4 within
the Drosophila melanogaster genome. The expansion of the Acbp gene
family in Drosophila also underlies specialized gene expression. Using
available expression data resources for flies, we learned that Acbps
expression is divergent, as Acbpl, Acbp2, Anox, and CG8814 are widely-
expressed across tissues, while Acbp3, Acbp4, Acbps, and Acbp6 are
specifically expressed in the adult fly midgut and hindgut (Fig. 1b). The
midgut, part of the larger gastrointestinal tract, is the major site of
food digestion, nutrient absorption, and energy substrate storage, and
to this end displays a high degree of plasticity in response to nutri-
tional changes®*°. Combined with the phylogenetic evidence, these
analyses suggest that Acbp6 may represent a key metabolic regulatory
node in the evolution of nutrient adaptation.

Acbpé6 distinctly regulates midgut tissue plasticity during
nutrition adaptation by adjusting proliferative homeostasis

In order to further explore Acbp6 expression/regulation in the Dro-
sophila midgut during nutrient adaptation, we generated an in vivo
expression reporter (using a 1,000 base pair promoter region
upstream of Acbp6 transcription start site, linked to red fluorescent
protein [RFP]; Acbp6-RFP). Acbp6-RFP reporter activity is relatively
low when flies are fed ad libitum (Fig. 1c). However, RFP intensity in the
posterior midgut is increased in response to nutrient deprivation
(2 days fasting), and subsequently normalized by refeeding (2 days,
Fig. 1c, Supplementary Fig. 2a). Acbp6 reporter activity is mainly
restricted to the large, polyploid cells of the midgut epithelium
(functionally differentiated enterocytes; NP1Gal4, UAS-nIsGFP+ cells,
ECs, Supplementary Fig. 2b), which project microvilli into the lumen
and drive nutrient absorption. This nutrient-dependent pattern of
Acpb6-RFP reporter activity is specific to the posterior midgut, the
region where the intestinal stem cells are most active during regen-
eration, as reporter activity does not change in the anterior or middle
midgut, the other regions that display Acbp6-RFP reporter activity
(Supplementary Fig. 2a-d). To confirm reporter accuracy, we mon-
itored Achpé6 transcription in dissected posterior midguts (via qRT-
PCR) during fasting-refeeding transitions, and again found that Achp6
transcript is induced during fasting and normalized upon refeeding
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(Supplementary Fig. 2e). Finally, we generated an Acbp6"-ACBP6"Y
transgenic fly expressing a C-terminal V5-tagged ACBP6 protein under
the control of an Acbpé promoter/enhancer region (Acbpé®, similar to
the RFP reporter). Immunostaining confirmed that ACBP6-V5 protein
level is up-regulated during fasting (with localization in the cytoplasm
of posterior midgut enterocytes) and normalized upon refeeding
(Supplementary Fig. 2f, g). Altogether, these data provide evidence
that Acbpé6 is dynamically regulated during nutrient adaptation.

To determine if Acbp6 and potentially acyl-CoA metabolism play a
role in nutrient-dependent tissue plasticity, we monitored midgut size
during these nutrient adaptive responses (fasting-refeeding

transitions). The adult Drosophila midgut is extremely malleable, and
can shrink and regrow/remodel (tissue resizing) in response to exter-
nal cues, including nutrient fluctuations or dietary changes’. In con-
trol flies, we found that the midgut dramatically shrinks in response to
nutrient deprivation (reducing length by approximately 30% after
2 days fasting), but resizes, back to normal length, 3-4 days after
refeeding (Fig. 1d and Supplementary Fig. 3a, b). However, attenuating
Acbpé in enterocytes utilizing RNAi (NP1Gal4>UAS-Acbp6™™*) limits
midgut resizing only during refeeding (Fig. 1d and Supplementary
Fig. 3a-c), suggesting Acbp6 plays a key role in midgut plasticity
during nutrient adaptation.
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Fig. 1| Acbp6 regulates midgut tissue plasticity during nutrition adaptation by
adjusting proliferative homeostasis. a Histogram depicting the number of Acbp
genes per genome of various insects. Left y-axis label displays species, right y-axis
label displays orders. b Expression pattern of Drosophila melanogaster Acbp genes
in different adult tissues; log transformed values from modEncode datasets.

¢ Acbp6 expression pattern in dissected posterior midguts from w1118; Acbp6-RFP/
Acbp6-RFP transgenic flies during nutrient adaptation; stained with DAPI (blue);
RFP (red) (n=3 independent experiments). d—f Quantification of d midgut length
(from left to right, bars represent n=14, 15, 16, 14, 15, 18, 19, 17, 13, 20, 15, and 20
independent samples), e phospho-Histone (H3) positive cells (per whole dissected
midgut, from left to right, bars represent n=13, 13, 14, 14, 10, 19, 14, 10, 23, 14, 17,
and 18 independent samples), and f Delta positive cells (per field, posterior midgut)
upon enterocyte-specific depletion of Acbp6 during nutrient adaptation (from left
to right, bars represent n=12, 13, 12, 13, 14, and 14 independent samples).

Genotypes; wi118; NP1Gal4/+ (controls, Ctrl.), w1118; NP1Gal4/UAS-Acbp6 RNAi.
g-i Quantification of g midgut length (from left to right, bars represent n =30, 28,
30, 34, 29, 35,17, 23, 22, 15, 18, and 16 independent samples), h phospho-Histone
(H3) positive cells (per whole dissected midgut, from left to right, bars represent
n=11,11, 11,11, 11, 11, 19, 15, 17, 18, 13, and 11 independent samples), and i Delta
positive cells (per field, posterior midgut) in acbpé mutant flies (acbp64I) or con-
trols (wild-type, WT; revertant) during nutrient adaptation (from left to right, bars
represent n=16, 17, 12, 11, 10, and 14 independent samples). Bars represent

mean + SEM (unpaired 2-tailed Student’s t-test) d-i. The exact p values are provided
in figure. Source data are provided as a Source Data file. Fasting represents 2 days of
nutrient deprivation, and Refeeding represents 2 days of refeeding unless other-
wise indicated. Diagram in panels d, e, g, and h represent an Acbpé reporter
induction strength timeline. Scale bars, 10 pm.

The midgut epithelial layer mainly contains four types of cells:
intestinal stem cells (ISCs), enterocytes, secretory enteroendocrine
cells (EEs), and enteroblasts (EBs, a postmitotic cell that can differ-
entiate as an EC)*°. ISC activation promotes midgut regeneration of
functional enterocytes (through ISC proliferation/asymmetric division
and differentiation of EBs) after tissue damage or significant EC loss,
and ECs can non-autonomously dictate the proliferative status of ISCs
through a variety of cues®*. ISCs can be identified by the expression
of Delta (DI), a ligand for the Notch receptor, which activates the Notch
signaling pathway in neighboring EBs to promote differentiation®>,
Midgut plasticity is thus shaped by epithelial remodeling, balancing
cell gain and cell loss through control of ISC proliferative homeostasis.
To this end, we uncovered that in control flies midgut ISCs adjust from
inactive (quiescent) to active during the transition from fasting to
refeeding, realized by increases in ISC proliferation (phospho-Histo-
neH3 [pH3]+ cells), and activation of ISC division and expansion (DI+
cells) during the first 2-3 days of refeeding, before ISCs eventually start
to return to quiescence (Fig. 1e, f and Supplementary Fig. 3d). Resizing
of the midgut in response to nutrient adaptation is thus coupled to
proliferative homeostasis. Similar to the changes in midgut length,
Acbpé6 function in enterocytes is required for ISC activation during
refeeding, as attenuating Acbp6 (NP1Gal4>UAS-Acbp6™*) blocks
increases in ISC proliferation and number (Fig. 1e, f and Supplementary
Fig. 3d). Comparable results were obtained utilizing a temperature
sensitive driver to attenuate Acbpé6 only in the adult enterocytes
(NP1Gal4,TubGal80" > UAS-Acbp6™#, Supplementary Fig. 3e-f), and
RNAi-mediated Acbp6 knockdown does not influence food intake
rates during fasting-refeeding transitions (Supplementary Fig. 3g).

Furthermore, we generated an Acbp6 mutant fly line using
CRISPR-Cas9 genome engineering in order to precisely target Acbp6
(leading to a distinct frameshift mutation in Acbp6; acbp641, Supple-
mentary Fig. 4a-c). This mutant is viable, producing fertile homo-
zygote adults (Supplementary Fig. 4d, e). acbp641 homozygote
mutant flies also display a deficiency in midgut plasticity in response to
nutrient adaptation, highlighted by attenuation of both midgut resiz-
ing and ISC activation uniquely during fasting-refeeding transitions
compared to revertant wild-type controls (Fig. 1g-i). acbp641 hetero-
zygote mutant flies display similar (although attenuated) phenotypes
compared to homozygote mutants (gene-dosage effect), and re-
expressing Acbp6 (UAS-Acbp6) can rescue the loss of ISC activation in
acbp6A4l heterozygote mutants (Supplementary Fig. 4f-i). This high-
lights that these plasticity phenotypes are, indeed, influenced by
Acbpé6 function.

These loss-of-function phenotypes also underlie specificity in
Acbpé6 function during refeeding and resizing, as Acbp6 does not
influence adult midgut sizing from development (ad libitum) or
shrinkage during fasting (Fig. 1d, g). Acbpé6 also does not influence
shifts in proliferative homeostasis from steady-state (ad libitum) to
nutrient deprivation, as ISCs appear to revert to a further state of
inactivity in response to fasting (Fig. le, f, h and i).

Related to other Acbp paralogs specifically expressed in the
Drosophila intestine, attenuation of Acbp3 or AcbpS specifically in
enterocytes (NP1Gal4>UAS-Acbp3™ or UAS-Acbp5™) did not
impede ISC proliferation during refeeding, whereas Acbp4 function in
enterocytes is essential for pupal-adult developmental transitions
(eclosion; NP1Gal4>UAS-Acbp4™, Supplementary Fig. 5a—c). These
data indicate that enterocyte-derived Acbpé likely plays a distinct role
in regulating midgut remodeling during nutrient adaptation. To this
end, we explored potential nutrient-dependent regulators of Acbp6
expression. By performing a comparative analysis of the promoter/
enhancer regions of the Acbp3, Acbp4, AcbpS, and Acbpé6 genes, we
identified a DNA binding motif (characterized as CTACCAA) for the
transcriptional regulator Schlank located uniquely in the upstream
promotor region of Acbpé (Supplementary Fig. 5d). Schlank is a con-
served ceramide synthase, which functions as both an enzyme and a
nutrient- and homeodomain-dependent transcriptional regulator,
often acting as a sensor for lipid levels to subsequently modulate gene
expression’®. Reducing Schlank function in enterocytes strongly
decreases Acbp6-RFP reporter activity in the posterior midgut during
fasting conditions (Acbp6-RFP, NP1Gal4>UAS-Schlank®™; Supple-
mentary Fig. 5d, e). We also found that attenuation of Schlank
(NP1Gal4>UAS-Schlank™") impedes ISC proliferation during fasting-
refeeding transitions (Supplementary Fig. 5f). Finally, investigating the
transcriptional regulatory role of Schlank on different Acbp paralogs
revealed that only Acbp6 expression is diminished following Schlank
attenuation in enterocytes (Supplementary Fig. 5g). Collectively, these
findings indicate that the ceramide synthase Schlank serves as an
upstream regulator of Acbp6 during nutrient adaptation in the midgut.

Taken together, our results reveal that Acbpé function in enter-
ocytes is essential for midgut tissue plasticity during nutrient adapta-
tion. Specifically, Acbpé is required for intestinal resizing after nutrient
deprivation (fasting-refeeding transitions) through activating intest-
inal stem cell proliferation from quiescence and thus adjusting pro-
liferative homeostasis. These data also show that Acbpé induction
(during fasting through nutrient-responsive transcriptional regulators)
precedes its functional requirement for tissue resizing after refeeding
(Fig. 1d-i), suggesting that distinct spatio-temporal calibration by
Acbpé is critical for nutrient-dependent midgut plasticity.

Nutrient-dependent metabolic networks in the midgut are
shaped by Acbpé6 function

We next wanted to explore how Acbp6 and acyl-CoA metabolism
influences nutrient-dependent metabolic networks in midgut enter-
ocytes that could subsequently drive changes in tissue remodeling and
proliferative homeostasis. Acbps are involved in selective partitioning
of acyl-CoA, and can thus dictate acyl-CoA utilization for beta-
oxidation in mitochondria or de novo lipid synthesis metabolic path-
ways in the cytoplasm® (Fig. 2a). In control flies, we found that changes
in midgut neutral lipid storage (indicative of lipid synthesis) are
minimal during fasting-refeeding transitions (Fig. 2b, Supplementary
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Fig. 6a). This is also true of Fatty acid synthase 1 (FASNI1) levels, a rate-
limiting enzyme in lipid synthesis, which decrease during fasting and
are restored to normal during refeeding (Fig. 2c, Supplementary
Fig. 6b-c). However, attenuating Acbp6 in enterocytes (NP1Gal4>UAS-
Acbp6™) leads to increases in neutral lipid storage and elevated
FASNI levels in large, polyploid enterocytes, most prominently chan-
ged after refeeding (2 days, Fig. 2b, ¢, Supplementary Fig. 6a, b).

Additionally, Acbp6 attenuation also leads to transcriptional upregu-
lation, in the midgut and uniquely during refeeding, of genes essential
for lipid synthesis from acyl-CoA pools (Fig. 2d-e, Supplementary
Fig. 6c). These data suggest that Acbpé inhibition in the midgut
potentially limits mitochondria-related metabolic activity, but induces
ectopic lipid synthesis and lipid accumulation. To this end, we also
uncovered that attenuating Acbpé6 in enterocytes limits mitochondrial
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Fig. 2 | Nutrient-dependent metabolic network in the midgut is shaped by
Acbpé6 function. a Diagram of select genes and metabolites involved in lipid
synthesis and mitochondrial function. G3P, glycerol-3-phosphate; LPA, lysopho-
sphatidic acid; PA, phosphatidic acid; DAG, diacylglycerol; TAG, triacylglycerol.
b-k Nutrient-dependent changes in metabolic network upon enterocyte-specific
depletion of Acbpé. b Neutral lipid/lipid droplet fluorescent staining of dissected
posterior midguts during nutrient adaptation; stained with Bodipy (red, reduced
state). ¢ FASN immunostaining of dissected posterior midguts during nutrient
adaptation, stained with anti-FASN (red) and DAPI (nuclei, blue).

d-e Transcriptional changes (measured by qRT-PCR) of Lipin d and Gpat e in dis-
sected whole midguts during nutrient adaptation. d From left to right, bars
represent n=3, 3, 4,3, 3 and 3 independent samples. e n =3 independent samples.
f Mitochondrial ATPSA immunostaining of dissected posterior midguts during

nutrient adaptation, stained with anti-ATP5A (red) and DAPI (nuclei, blue).

g Representative images of TMRE fluorescent histochemistry (red) of dissected
posterior midguts during nutrient adaptation; TMRE (red). h-k Transcriptional
changes (measured by qRT-PCR) of representative mitochondria genes, h SdhA,

i Nd51,j MtpB, and k Cptl, in whole dissected midguts during ad libitum (al) feeding,
or fasting (F), or refeeding (RF). h From left to right, bars represent n=3, 3,4, 3,3
and 4 independent samples. i n =3 independent samples. j From left to right, bars
represent n =3, 3, 3, 3, 4 and 3 independent samples. k n =3 independent samples.
Bars represent mean + SEM (unpaired 2-tailed Student’s t-test). The exact p values
are provided in figure. Source data are provided as a Source Data file. Fasting
represents 2 days of nutrient deprivation, and Refeeding represents 2 days of
refeeding. All genotypes are as follows; w1118; NP1Gal4/+ (controls, Ctrl.) and
wlIl118; NP1Gal4/UAS-Acbp6 RNAI. Scale bars, 10 pm.

dynamics during nutrient adaptation. While control flies are able to
maintain mitochondrial homeostasis in the midgut during fasting-
refeeding transitions, NP1Gal4>UAS-Acbp6™™ flies display a severe
loss of mitochondria number and intensity (monitoring ATP synthase-
« subunit [ATP5A] immunostaining, Fig. 2f, Supplementary Fig. 6d, f)
and mitochondrial membrane potential/function (TMRE, Fig. 2g,
Supplementary Fig. 6e, g), mainly in midgut enterocytes. This loss of
mitochondrial homeostasis starts during fasting and is sustained dur-
ing refeeding (2 days). We also leveraged mito-GFP (a human mito-
chondrial import sequence [hCox8A] fused to GFP) as a marker of
mitochondrial number and density, and found in controls that mito-
chondrial numbers decrease during fasting and increase upon
refeeding, reflecting the dynamics of mitochondrial adaptation to
nutrient availability in the midgut (Supplementary Fig. 6h-i). Fur-
thermore, inhibiting Acbp6 function in enterocytes (UAS-mito-GFP,
NP1Gal4>UAS-Acbp6™") impedes the recovery of mitochondrial
numbers after refeeding, suggesting a critical role for Acbpé in reg-
ulating mitochondrial number/density in response to nutrient fluc-
tuations (Supplementary Fig. 6h-i). Acbpé6 inhibition also leads to
transcriptional downregulation of genes (in the midgut) required for
mitochondrial electron transport chain (ETC) function and OXPHOS,
as well as crucial beta-oxidation enzymes/substrate carriers (Fig. 2a,
h-k). These data highlight the impact of Acbp6 function on mito-
chondrial dynamics and proper regulation of metabolic pathways in
the posterior midgut during nutrient adaptation. Likely related to this
metabolic adaptation, Acbpé6 function in midgut enterocytes is both
necessary and sufficient to dictate organismal sensitivity to starvation
(Supplementary Fig. 6j-k).

We confirmed this aberrant ‘switching’ of metabolic networks
(elevated lipid synthesis and attenuation of mitochondrial function) in
acbp641 mutant flies during fasting-refeeding transitions. Also, re-
expressing Acbp6 (UAS-Acbp6) can rescue these phenotypes in
acbp6A41 heterozygote mutants, restoring mitochondrial numbers and
function, as well as limiting lipid accumulation, in midgut enterocytes
(Supplementary Fig. 7a—f, Supplementary Fig. 8a-e).

Our data suggest that Acbpé6, induced in midgut enterocytes
during nutrient deprivation when fatty acid activation and usage are
enhanced, is required to partition acyl-CoA towards mitochondria,
preserving mitochondrial homeostasis during nutrient adaptation
(fasting-refeeding transitions).

Acbpé6 function tunes acetyl-CoA metabolism and protein
acetylation to regulate midgut tissue plasticity during nutrition
adaptation

We hypothesized that aberrant ‘switching’ of metabolic networks in
the absence of Acbpé6 is likely to influence more than just energy
output from mitochondria during nutrient adaptation. Beta-oxidation
of fatty acids (via acyl-CoA), which boosts acetyl-CoA and citrate levels
to feed the TCA cycle, can sustain mitochondrial OXPHOS and energy
production, primarily ATP (adenosine triphosphate) (Figs. 2a and 3a).
Moreover, citrate can be exported from mitochondria into the

cytoplasm, where it freely diffuses into and out of the nucleus and can
be converted into acetyl-CoA via ATP citrate lyase (ACLY)" (Fig. 3a).
Through fatty acid activation/oxidation, acyl-CoA can presumably
tune acetyl-CoA metabolism and nuclear/cytoplasmic acetyl-CoA
pools. To this end, we found that ubiquitous over-expression of
Acbpé6 (DaGal4>UAS-Acbp6) can elevate not only ATP levels, but also
boost citrate synthase activity and acetyl-CoA levels (Fig. 3b-d).

As previously mentioned, acetyl-CoA metabolism can dramati-
cally influence cellular signaling and cellular transcriptional outputs
through impacting acetylation of histones and non-histone
proteins®’. We uncovered that Acbpé6-mediated changes in metabo-
lism are required to promote general protein acetylation during
nutrient adaptation in the midgut. In control flies, we found that
general (pan-) lysine acetylation (an evolutionarily conserved post-
translational modification) is strongly reduced in the midgut in
response to nutrient deprivation (2 days fasting), but is restored 2 days
after refeeding (Figs. 3e and 4e). Pan-lysine acetylation is revealed
throughout midgut cell types, but is most prominent in enterocyte
nuclei (minimally in enterocyte cytoplasm, Fig. 3e and Supplementary
Fig. 9a). Conversely, attenuating Acbpé6 in enterocytes utilizing RNAi
(NP1Gal4>UAS-Acbp6™™) completely limits the restoration of pan-
lysine acetylation only during refeeding (Figs. 3e, 4e, Supplementary
Fig. 9b). Similar changes in midgut pan-lysine acetylation were found
in acbp6A41 heterozygote mutant flies during fasting-refeeding transi-
tions (Supplementary Fig. 9c-e).

These data suggest, at least, that general protein acetylation in
midgut enterocytes, shaped by Acbpé6-dependent changes in acetyl-
CoA metabolism, plays a role in nutrient-dependent tissue plasticity.
Consequently, we first explored whether key enzymes that shape
acetyl-CoA metabolism are required for Acbp6-dependent effects on
midgut proliferative homeostasis during nutrient adaptation. We tar-
geted both ACLY (ATP citrate lyase) and CPT1 (Carnitine palmitoyl-
transferase 1), a mitochondrial enzyme that promotes the movement
of acyl carnitine (generated through acyl-CoA) from the cytosol into
the mitochondria to drive beta-oxidation of fatty acids (Fig. 3a).
Attenuating Acly or Cptl, utilizing RNAI, in enterocytes that over-
express Acbp6 (NP1Gal4>UAS-Acbp6, UAS-Acly™* or UAS-Cpt1®™)
strongly inhibits midgut ISC activation during the transition from
fasting to refeeding (2 days, monitored by increases in pH3+ cells and
DI+ cells, Fig. 3f, g and Supplementary Fig. 10a). While ACLY and CPT1
are required for genetically induced Acbp6-dependent (UAS-Acbp6)
increases in ISC activation during refeeding, these enzymes are also
generally required (compared to increases in control flies, Fig. 3f).
Thus, Acbp6-mediated metabolic adaptation likely plays a pivotal role
in shaping nutrient-dependent tissue plasticity by modulating pro-
liferative homeostasis through the regulation of acetyl-CoA metabo-
lism. This dynamic interplay allows for the fine-tuning of cellular
processes and ensures proper adaptation to changing nutrient con-
ditions. To this end, ACLY and CPT1 are also required for Acbp6-
dependent changes in general protein acetylation in the midgut during
fasting-refeeding transitions (Fig. 3h).
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Next, we wanted to further substantiate the integration of Acbp6
function, acetyl-CoA metabolism, and acetylation in the midgut during
nutrient adaptation. We therefore tested whether dietary acetate
supplementation can bypass the requirement for Acbpé in shaping
metabolic network that influence acetyl-CoA metabolism. Indepen-
dent of mitochondria, acetate can be directly converted to acetyl-CoA

through the enzyme Acetyl-CoA synthetase™*® (ACS, Fig. 3a), and we
found that acetate supplementation within food can dose-
dependently increase pan-lysine acetylation in the midgut during
refeeding (in control flies, monitored by the number of acetylated
lysine+ cells or acetylated lysine fluorescence intensity per area (within
a section of the posterior midgut, Fig. 4a—c). Utilizing a non-saturating
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Fig. 3 | Acbp6 regulates acetyl-CoA metabolism and protein acetylation to
adjust midgut proliferative homeostasis during nutrition adaptation.

a Diagram of select genes and metabolites involved in acyl-CoA metabolism, acetyl-
CoA metabolism, and acetylation. b-d Changes in various metabolite levels after
whole-body upregulation of Acbpé6 function. Genotypes; w1118; Daughterless (Da)
Gal4/+ (controls, Ctrl.) and wI118; UAS-Acbpé/+; DaGal4/+. (5 whole flies per sam-
ple, n =5 independent samples.) b Quantification of ATP (adenosine triphosphate)
levels. ¢ Quantification of citrate synthesis activity. d Quantification of acetyl-CoA
levels. e Acetylated (Ac)-lysine immunostaining of dissected posterior midguts
upon enterocyte-specific depletion of Acbpé during nutrient adaptation, stained
with anti-Ac-Lysine (green) and DAPI (nuclei, blue). Genotypes; w1118; NP1Gal4/+
(controls, Ctrl.) and wI118; NP1Gal4/UAS-Acbp6™. f-h Genetic requirement of
ACLY and CPT1 in Acbp6-dependent control of proliferative homeostasis during
nutrient adaptation. f Quantification of phospho-Histone (H3) positive cells (per

whole dissected midgut; from left to right, bars represent n=15,15, 14,17, 15,14, 15,
16, 12, 15, 17 and 16 independent samples), and immunostaining to detect g Delta
positive cells in dissected posterior midguts (anti-Delta [red] and DAPI [nuclei;
blue]), and h acetylated-lysine in dissected posterior midguts (stained with anti-Ac-
Lysine (green) and DAPI (nuclei, blue) upon enterocyte-specific upregulation of
Acbpé6 or upregulation of Acbp6 and concurrent depletion of ACLY or CPT1 during
nutrient adaptation (n = 3 independent experiments). Genotypes; w1118; NP1Gal4/+
(controls, Ctrl.), and w1118; NP1Gal4/UAS-Acbpé6, and wII18; NP1Gal4, UAS-Acbpé/
UAS-CPTI*™A, and w1118; NP1Gal4, UAS-Acbp6/UAS-ACLY®™ i, Bars represent
mean + SEM (unpaired 2-tailed Student’s t-test). The exact p values are provided in
figure. Source data are provided as a Source Data file. Fasting represents 2 days of
nutrient deprivation, and Refeeding represents 2 days of refeeding. Scale

bars, 10 pm.

dose (50 mM) that doesn’t impact pan-lysine acetylation in the midgut
when flies are fed ad libitum or fasting (Fig. 4b, c, Supplementary
Fig. 9b, Supplementary Fig. 10b), acetate supplementation can restore
pan-lysine acetylation in NP1Gal4>UAS-Acbp6™™ flies during refeeding
(2 days, Fig. 4d, e, Supplementary Fig. 9b). Furthermore, acetate sup-
plementation can also re-establish, in part, ISC activation/proliferation
and restore midgut resizing during refeeding (2 days), different from
ad libitum feeding or fasting, which is limited when Acbpé6 is atte-
nuated in midgut enterocytes (Fig. 4f, g, Supplementary Fig. 10c, d).

Taken together, these results highlight that Acbp6 and acyl-CoA
metabolism in midgut enterocytes can dictate general (pan-) lysine
acetylation, correlated with changes in ISC proliferative homeostasis,
by tuning acetyl-CoA metabolism during nutrient adaptation. Dis-
tinctively, Acbp6 induction is thus linked with fatty acid activation
during nutrient deprivation, providing acyl-CoA-dependent substrates
for metabolic networks that presumably shape acetyl-CoA levels. This
nutrient-dependent calibration of acetyl-CoA metabolism likely pro-
motes rapid increases in general protein acetylation during refeeding,
as well as tissue resizing, that dictate plasticity.

Nutrient-dependent acyl-CoA metabolism targets STAT func-
tion to dictate midgut tissue plasticity
Subsequently, we wanted to more deeply investigate the mechanistic
link between Acbpé6-dependent changes in acetylation and pro-
liferative homeostasis (i.e., activating intestinal stem cell proliferation
from quiescence) during nutrient adaptation. We observed that
Acbp6-dependent and histone-specific changes in lysine acetylation
(as opposed to general protein pan-lysine acetylation, Fig. 3e and
Supplementary Fig. 9a, c¢) are minimal during fasting-refeeding tran-
sitions, and are not robustly changed in large, polyploid enterocytes
(monitored by pan-histone [H3-K9/K14/K18/K23/K27] lysine acetyla-
tion, Supplementary Fig. 11a). In totality, our data at least suggest that
non-histone protein acetylation in midgut enterocytes, directed by
acyl-CoA metabolism, is influencing cell signaling pathways and fur-
ther impacting ISC activation during fasting-refeeding transitions. In
order to identify such pathways, and in the absence of distinct mole-
cular tools, we decided to perform biased functional genetic screening
of signaling pathways that have been shown to both; (I) be directly or
indirectly influenced by acetylation-dependent post-translation mod-
ifications, and (II) control ISC quiescence-activation (and vice versa)
transitions. We selected 7 transcription factors to genetically target,
including; STAT92e (the only STAT in Drosophila), Foxo, Relish (Dro-
sophila NF-kB), HNF4, Nrf2, PGClalpha, and Myc, as well as one
receptor, Egfr. Utilizing RNAi, we found that attenuating STAT92e in
midgut enterocytes (NP1Gal4>UAS-STAT92e™) could uniquely phe-
nocopy Acbpé loss-of-function effects on ISC activation, blocking both
increases in ISC proliferation (Fig. 5a) and increases in stem cell
number (DI+ cells, Fig. 5b) during refeeding (2 days).

Signal transducers and activators of transcription 92e (STAT92e)
is a transcription factor directed by the Jak/STAT signaling pathway’*.

This pathway has been shown to regulate critical homeostatic pro-
cesses in germline and somatic stem cells in Drosophila, as well as
regenerative processes in several tissues***°, Furthermore, in mam-
mals, acetylation of various members of the STAT family of genes is
known to impact transcription factor activity, localization, and
stability®’. In control flies, we found that STAT92e activity is strongly
enhanced in the midgut during fasting-refeeding transitions (using an
in vivo 10XSTAT-GFP reporter, Fig. 5c). STAT-GFP reporter activity is
maintained in stem/progenitor cells, but increased in large, polyploid
enterocytes during refeeding (2 days, Fig. 5c and Supplementary
Fig. 11b). However, attenuating Acbpé6 in enterocytes (NP1Gal4>UAS-
Acbp6™) restricts this nutrient-dependent STAT activation, indicat-
ing by the withdraw of STAT-GFP intensity in large, polyploid enter-
ocytes (Fig. 5c). STAT92e activity is also sensitive to acetyl-CoA
fluctuations, as acetate supplementation can further increase STAT-
GFP reporter activity in enterocytes uniquely during refeeding, which
correlates with elevated pan-lysine acetylation (Fig. 5d). These data
suggest that STAT92e in midgut enterocytes is a crucial regulator
downstream of Acbp6 and acyl-CoA-mediated acetyl-CoA metabolism
that non-autonomously directs ISC proliferative homeostasis during
nutrient adaptation.

An Acbp6-STAT92e-cytokine signaling axis adjusts proliferative
homeostasis during nutrient adaptation

We next wanted to identify mitogenic signals, released from enter-
ocytes, that could non-autonomously regulate this nutrient-
dependent ISC activation and tissue plasticity. We uncovered that an
Unpaired (Upd) cytokine ligand, specifically Upd3, is required for
shaping ISC proliferative homeostasis during nutrient adaptation. Upd
cytokine ligands generated in enterocytes have been shown to be
sufficient to stimulate ISC proliferation through activating the Jak/
STAT signaling pathway in ISCs***%. We found that Upd3 transcription,
but not UpdI or Upd2, is impaired during refeeding (2 days) when
Acbpé is attenuated in midgut enterocytes (NP1Gal4>UAS-Acbp6™™A,
Fig. 6a). Additionally, Upd3 transcription is also impaired when
STAT92e is attenuated in midgut enterocytes (NP1Gal4>UAS-
STAT92e™) in response to refeeding (2 days), whereas inhibiting
Relish or Egfr in enterocytes (NP1Gal4>UAS-Relish®™ or UAS-EgfrRNAT)
cannot repress Upd3 transcription during fasting-refeeding cycle
(Fig. 6b, Supplementary Fig. 11c). These data suggest that both Acbp6
and STAT92e are upstream of Upd3 regulation during nutrient adap-
tation. Furthermore, utilizing Upd3Gal4>UAS-GFP transgenic flies as
an expression reporter, we observed that GFP induction and intensity
is increased in midgut enterocytes uniquely during refeeding (2 days,
Fig. 6¢). Attenuating Acbpé6 in this genetic background (i.e. in Upd3-
expressing enterocytes; UAS-GFP, Udp3Gal4>UAS-Acbp6™) limits
GFP induction during nutrient adaptation (Fig. 6¢). Similar to STAT92e,
Upd3 induction is also sensitive to acetyl-CoA fluctuations, as acetate
supplementation can further increase this GFP induction during
refeeding (Fig. 6d). These data suggest that STAT92e regulation of
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Fig. 4 | Dietary acetate supplementation can bypass the requirement for Acbp6
in shaping acetyl-CoA metabolism and proliferative homeostasis. a-c Effects of
dietary acetate supplementation on pan-protein acetylation in the midgut during
nutrient adaptation. a Acetylated (Ac)-lysine immunostaining of dissected poster-
ior midguts in control flies (w1118; [controls, Ctrl.]) during nutrient adaptation and
with dose-dependent dietary acetate supplementation, stained with anti-Ac-Lysine
(green) and DAPI (nuclei, blue). Quantification of b acetylated-lysine positive cells
in dissected posterior midguts (per field; n=10 independent samples) and

c acetylated-lysine fluorescence intensity/area within dissected posterior midguts
(per field; A.U. [Arbitrary Units]; n =10 independent samples) with dose-dependent
dietary acetate supplementation during refeeding (RF). Datain b, c are presented as
box plots, with the boxes representing the mean values (center line), and upper and
lower quartiles values (box limits), and the whiskers indicating the range.

d Acetylated (Ac)-lysine immunostaining of dissected posterior midguts upon
enterocyte-specific depletion of Acbpé during nutrient adaptation and with dietary

acetate supplementation (50 mM) during ad libitum and refeeding conditions,
stained with anti-Ac-Lysine (green) and DAPI (nuclei, blue). Genotypes; wiliS8;
NP1Gal4/+ (controls, Ctrl.) and w1118; NP1Gal4/UAS-Acbp6 RNAi.

e-g Quantification of e acetylated-lysine fluorescence intensity/area in dissected
posterior midguts (per field; A.U. [Arbitrary Units]; from left to right, bars represent
n=11,12, 12, 13,19, 15, 15, 12, 17 and 14 independent samples), f phospho-Histone
(H3) positive cells (per whole dissected midgut; from left to right, bars represent
n=7,6,9,9,10,13,10, 8,11, 9,11 and 12 independent samples), and g midgut length
measurement during refeeding with dietary acetate supplementation (50 mM)
(from left to right, bars represent n =18, 15,16 and 15). Genotypes; w1118; NP1Gal4/+
(controls, Ctrl.) and w1118; NP1Gal4/UAS-Acbp6™. Bars represent mean + SEM
(unpaired 2-tailed Student’s t-test). The exact p values are provided in figure.
Source data are provided as a Source Data file. Fasting represents 2 days of nutrient
deprivation, and Refeeding represents 2 days of refeeding. Scale bars, 10 um.

Upd3 in enterocytes, ultimately driving Jak/STAT-mediated prolifera-
tion in intestinal stem cells, is required for nutrient-dependent changes
in ISC proliferative homeostasis. To this end, attenuating STAT92e or
Upd3, utilizing RNAi, in enterocytes that over-express Acbp6

(NP1Gal4>UAS-Acbp6, UAS-STAT92e™4 or UAS-Upd3™) strongly
inhibits midgut ISC activation during the transition from fasting to
refeeding (2 days, monitored by increases in pH3+ cells and DI+ cells,
Fig. 6e-g). Moreover, our findings demonstrate that the specific
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function of STAT92e in enterocytes is not essential for bacterial
infection-induced midgut regenerative responses, as shown in Sup-
plementary Fig. 11d-g. This observation suggests that enterocyte-
derived STAT92e is not required to handle all external stresses but
rather might play a slightly more specific role in nutrient adaptation
processes.

These data highlight an Acbpé/acyl-CoA - STAT - Upd3 reg-
ulatory axis that shapes ISC proliferative homeostasis, tissue resizing,
and plasticity during nutrient adaptation. Nutrient-dependent cali-
bration of acetyl-CoA metabolism and general protein acetylation,
tuned by Acbpé, also underlie this regulatory axis through influencing
STAT activation in midgut enterocytes.

Discussion
In totality, our findings revealed that Acbp6, which arose by evolu-
tionary expansion in Drosophila with specialized expression in func-
tionally differentiated midgut enterocytes, is a critical regulator of
nutrient-dependent tissue remodeling. Our findings also add to the
diversity of Acbp and Acbd (Acyl-CoA binding domain containing
proteins) function across kingdoms, including physiological and
pathophysiological conditions in humans, highlighting that acyl-CoA
metabolic networks are evolutionarily conserved ‘hubs’ in metabolic
control®***,

Nutrient availability is a critical determinant in animal (and
population) survival, as nutritional deficiencies attenuate growth and
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Fig. 5 | Acbp6-mediated acetyl-CoA metabolism dictates STAT92e function to
regulate midgut proliferative homeostasis during nutrient adaptation.

a Biased functional genetic screening to identify key regulators of Acbp6-
dependent changes in proliferative homeostasis during nutrient adaptation.
Quantification of phospho-Histone (H3) positive cells (per whole dissected midgut)
upon enterocyte-specific depletion of various transcription factors or receptors
during nutrient adaptation (utilizing RNAi, from left to right, bars represent n=11,
13,13,15,18,18,17,15,19,18,13,18,13, 16, 15, 18, 18, 15, 15, 15, 15, 20, 14, 15,13, 19, 18,
20, 22 and 20 independent samples). Genotypes; w1118; NP1Gal4/+ (controls, Ctrl.)
and wiII18; NP1Gal4/UAS-GeneX *™, White RNAi was used as an additional control
(w1118; NP1Gal4/UAS-White ®4). b Immunostaining to detect Delta positive cells in
dissected posterior midguts upon enterocyte-specific depletion of STAT (STAT92e)
during nutrient adaptation; anti-Delta (red) and DAPI (nuclei; blue) (n = 3 inde-
pendent experiments). Genotypes; wi118; NP1Gal4/+ (controls, Ctrl.) and wiIi8;

NP1Gal4/UAS-STAT *™4, ¢ STAT92e activity (using 10X STAT-GFP transgenic
reporter flies) in dissected posterior midguts during nutrient adaptation; stained
with DAPI (nuclei, blue); GFP (green) (n = 3 independent experiments). Genotypes;
wi118; 10X STAT-GFP, NP1Gal4/+ (controls, Ctrl.) and w1118; 10X STAT-GFP,
NP1Gal4/UAS-Acbp6 RNAI. d Acetylated (Ac)-lysine immunostaining, and mon-
itoring STAT92e activity, of dissected posterior midguts during nutrient adaptation
and with dietary acetate supplementation (50 mM) during ad libitum and refeeding
conditions, stained with anti-Ac-Lysine (green) and DAPI (nuclei, blue); GFP (green);
w1118; 10X STAT-GFP/+ (controls, Ctrl.) flies (n = 3 independent experiments). Bars
represent mean + SEM (unpaired 2-tailed Student’s t-test). The exact p values are
provided in figure. Source data are provided as a Source Data file. Fasting repre-
sents 2 days of nutrient deprivation, and Refeeding represents 2 days of refeeding.
Scale bars, 10 pm.

fecundity. Nutrients and the highly conserved nutrient-responsive
Target of Rapamycin (TOR) signaling are also key factors in other
somatic stress responses (such as viral infection), as mTOR activation
can promote natural killer cell effector function to destroy virus-
infected cells®. To this end, animals have evolved sophisticated
molecular and metabolic mechanisms to adapt to complex environ-
ments. Metabolic flexibility is likely dependent, at least in a small part,
on gene family expansion followed by expressional/functional diver-
gence. Gene duplication (expansion) can facilitate metabolic flexibility
through gene dosage, and neo- or sub-functionalization (tissue-spe-
cific functionalization)***®. Previous studies have uncovered that
around 23-25% of the gene families, after gene duplications, display
tissue-specific expression partitioning or complementation of genes®’.
Similar to Decay-accelerating factors (DAFs) in mice or zinc finger with
KRAB- and SCAN-domain proteins (ZKSCANs) in humans®’, Acbps
represent a gene family in Drosophila melanogaster emerged by gene
duplication events with a diversified expression pattern. This may
reflect sub-functionalization of Acbps in some insect species during
evolution to enhance metabolic flexibility, thus fulfilling unique energy
requirements to environmental challenges.

Additionally, duplicated Acbps evolved two different expression
patterns in Drosophila melanogaster. Four Acbp gene family members
display expression in many tissues, while four other Achps (including
Acbpé) are specifically expressed in gastrointestinal tract. This likely
highlights a heightened requirement for Acbps and acyl-CoA meta-
bolism in the Drosophila midgut. Beyond nutrient absorption, the
midgut and gastrointestinal tract also acts as a primary barrier epi-
thelium that is further required to maintain systemic energy
homeostasis’. Previous studies have revealed that the adult midgut
can dynamically remodel its structure in response to oral infection,
injury, or mating by adjusting epithelium renewal’**>”, Further high-
lighting insect midgut plasticity, other studies have revealed that
nutrient deprivation leads to midgut shrinkage through a variety of
mechanisms®>**°, while refeeding can promote midgut regrowth by
boosting intestinal stem cell number and activating asymmetric stem
cell division though systemic endocrine signaling®*°. Here, we uncov-
ered an acyl-CoA/acetyl-CoA-centric mechanism regulating midgut
remodeling during nutrient adaptation, through mediating
quiescence-activation transitions of intestinal stem cells. Our data
suggest that Acbp- and nutrient-dependent calibration of acetyl-CoA
metabolism is also crucial for tissue plasticity. Recently, Drosophila
intestinal stem cells were revealed to autonomously use the hex-
osamine biosynthesis pathway to monitor nutrient levels (in coordi-
nation with hormonal insulin-signaling) and accordingly adjust
division rates’>. Thus, it is likely that coordination of enterocyte
metabolic networks (such as those tuned by acyl-CoA/acetyl-CoA
metabolism) and ISC metabolism (such as hexosamine biosynthesis)
underly nutrient sensing and metabolic adaptation in tissue
remodeling.

Besides glycolysis, lipids, through fatty acid oxidation, canactas a
major source of acetyl-CoA used for histone acetylation and sub-
sequent transcriptional regulation®. However, before fatty acid
B-oxidation, lipids must be activated (as fatty acyl-CoAs) and transited
into mitochondria. Acbp proteins, as intracellular acyl-CoA transpor-
ters, have been increasingly implicated in the trafficking and reg-
ulatory properties of fatty acyl-CoA**”*, Here, we found that Drosophila
Acbpé6 is required to maintain a balance between lipogenesis and
mitochondrial function, and Acbpé6 depletion, which will impair acyl-
CoA flux into mitochondria, likely leads to attenuation of acetyl-CoA
production. Similar Acbpé6-dependent changes metabolic pathways
are observed in human gliomagenesis, as Acbp depletion blocks fatty
acid oxidation and mitochondrial metabolic rate in glioblastoma
cells®. In addition, depletion of Acbl (ACBP in the fission yeast Schi-
zosaccharomyces pombe) can lead to mitochondrial fragmentation,
impaired oxygen consumption rate and obstructed cell proliferation”.
Our work, together with other previously published studies, support
an evolutionarily conserved and integral role for Acbps in the regula-
tion of mitochondrial homeostasis.

Acyl-CoA- and mitochondria-dependent metabolic networks are
also essential for generating acetyl-CoA pools, and acetyl-CoA is a rate-
limiting metabolite for histone and non-histone protein acetylation®*.
Our data define a role for Acbpé in tuning acetyl-CoA metabolism and
protein acetylation, and we further identified STAT92e (the only STAT
in Drosophila) as signaling node impacted by Acbp6-mediated acetyl-
CoA metabolism (directly or indirectly). Numerous studies have
revealed that STAT transcription factors play a key role in the signal
transduction of cytokines and growth factors, and acetylation of
STAT1, STAT2, STAT3, STAT5b and STAT6 in mammals has been
shown to induce transcriptional activation and enhance DNA binding
affinity®™”. In Drosophila, the JAK/STAT signaling pathway has been
intensively studied as a key regulator of midgut regeneration and
proliferative homeostasis. Infection or tissue damage can induce
secretion of cytokines (Upd2 and Upd3) in enterocytes and entero-
blasts that can activate JAK/STAT signaling in intestinal stem cells to
drive proliferation®**>. However, we found that STAT activation in
enterocytes, induced by Acbp6-dependent changes in acyl-CoA/acetyl-
CoA metabolic processes, is also required to adjust intestinal stem cell
proliferative homeostasis. This suggests that STAT92e may be directly
acetylated by Acbp6-dependent acetyl-CoA abundance and sequential
acetylation to transcriptionally regulate Upd3 expression and secre-
tion. This regulatory mechanism seems distinct in nutrient-dependent
tissue remodeling, as it is dispensable during pathogenic infection, and
potentially underlies differential metabolic control of STAT activation
that could broaden function of the single STAT gene in Drosophila. In
addition to influencing JAK/STAT signaling, our small-scale meta-ana-
lysis also suggests that Acbp6 may potentially have a role in chronic
stress conditions, such as aging. JAK/STAT signaling has previously
been implicated in Drosophila midgut aging and mortality through
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controlling aspects of midgut regeneration’®, suggesting that nutrient- Methods

dependent control of proliferative homeostasis through acyl-CoA
binding proteins may also influence tissue plasticity during aging.

Overall, our data thus define a divergent regulatory mechanism,
shaped by Acbp6-mediated acyl-CoA metabolism, that is required to
adjust stem cell quiescence and activation, and therefore drive tissue
plasticity during nutrient adaptation.

Drosophila husbandry and strains

The following strains were obtained from the Bloomington Drosophila
Stock Center: w1118 (#3605), Daughterless (Da)-Gal4 (#55851), UAS-
nuclear localization sequence (nls)-GFP (#4775), UAS-GFP (derived
from #39760), and Tubulin (tub)-Gal80 (temperature sensitive)-ts
(#65406), UAS-mito-HA-GFP (#8443), UAS-Acbp3™™ (#58343). The
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Fig. 6 | Acbp6 can adjust midgut proliferative homeostasis through a STAT92e-
Upd3 signaling axis during nutrient adaptation. a Transcriptional changes
(measured by qRT-PCR) of Upd1, Upd2 and Upd3 upon enterocytes-specific Acbpé
depletion during nutrient adaptation (n =3 independent samples). Genotypes;
wllI18; NP1Gal4/+ (controls, Ctrl.) and w1118; NP1Gal4/UAS-Acbp6™™A,

b Transcriptional changes (measured by qRT-PCR) of Upd3 upon enterocyte-
specific STAT (STAT92e) depletion during nutrient adaptation (from left to right,
bars represent n=3, 4, 3, 3, 3, and 4 independent samples). Genotypes; wIII8;
NP1Gal4/+ (controls, Ctrl.) and w1118; NP1Gal4/UAS-STAT®™, ¢ Upd3 expression
patterns (using Upd3Gal4/UAS-GFP transgenic flies) in dissected posterior midguts
during nutrient adaptation; stained with DAPI (nuclei, blue); GFP (green) (n = 3
independent experiments). Genotypes; w1118; UAS-GFP, Upd3Gal4/+ (controls,
Ctrl.) and wil18; UAS-GFP, Upd3Gal4/UAS-Acbp6™4, d Acetylated (Ac)-lysine
immunostaining, and monitoring Upd3 induction, of dissected posterior midguts
during refeeding and with dietary acetate supplementation (50 mM), stained with
anti-Ac-Lysine (green) and DAPI (nuclei, blue); GFP (green); (n = 3 independent

experiments); w1118; UAS-GFP, Upd3Gal4/+ (controls, Ctrl.) flies. e-g Genetic
requirement of STAT92e and Upd3 in Acbpé6-dependent control of proliferative
homeostasis during nutrient adaptation. e Immunostaining of Delta positive cells in
dissected posterior midguts (anti-Delta [red] and DAPI [nuclei; blue]), and quanti-
fication of f Delta positive cells in dissected posterior midguts (per field; from left to
right, bars represent n=15, 14, 14, 12, 14, 14, 14, 13, 15, 15, 13 and 15 independent
samples) and g phospho-Histone (H3) positive cells (per whole dissected midgut;
from left to right, bars represent n=14, 17, 15, 14, 22, 18, 15, 15, 15, 15, 14, and 17
independent samples) upon enterocyte-specific upregulation of Acbpé or upre-
gulation of Acbp6 and concurrent depletion of STAT or Upd3 during nutrient
adaptation. Genotypes; w1118; NP1Gal4/+ (controls, Ctrl.), and w1118; NP1Gal4/UAS-
Acbpé6, and wi118; NP1Gal4, UAS-Acbp6/UAS-STAT™, and w1118; NP1Gal4, UAS-
Acbp6/UAS-Upd3 "™, Bars represent mean + SEM (unpaired 2-tailed Student’s
t-test). The exact p values are provided in figure. Source data are provided as a
Source Data file. Fasting (F) represents 2 days of nutrient deprivation, and
Refeeding (RF) represents 2 days of refeeding. Ad libitum; al. Scale bars, 10 pm.

following strains were obtained from Vienna Drosophila RNAi Center:
UAS-Acbp6™ (#104642), UAS-Acbp4™A (#109198), UAS-Acbp5™™
(#23586), UAS-Acly™A  (#30282); UAS-CPTI™A  (#4046); UAS-
Schlank®™A  (#33897), UAS-STAT92e™M  (#43866); UAS-Foxo™™
(#106097); UAS-Relish™" (#49413); UAS-HNF4™ (#12692); UAS-
Nrf2RW (#37673); UAS-PGCLo™ (#103355), UAS-Egfr®™i (#107130),
UAS-dMyc®™A (#2947), and UAS-White®™ (#30033). esgGal4 was
kindly provided by H. Jasper. NP1Gal4 was kindly provided by D. Fer-
randon, and 10xSTAT-GFP was kindly provided by E. Bach. Upd3Gal4
and UAS-Upd3™ was kindly provided by N.Perrimon.

UAS-Acbpé6 transgenic flies, Acbp6-RFP transgenic reporter flies,
Acbp6°-ACBP6"* transgenic flies, and Acbp641 transgenic mutant flies
were generated for this study.

All flies were reared on a standard yeast and cornmeal-based diet
at 25°C and 65% humidity on a 12 hr light and dark cycle, unless
otherwise indicated. The standard lab diet (cornmeal-based) was made
with the following protocol: 14 g Agar, 165.4 g Malt Extract, 41.4 g Dry
yeast, 78.2g Cornmeal, 4.7ml propionic acid, 3g Methyl
4-Hydroxybenzoate and 1.5 L water. To standardize metabolic results,
fifty virgins were crossed to 10 males and kept in bottles for 2-3 days to
lay enough eggs. Progeny of crosses were collected for 3-4 days after
initial eclosion. Collected progeny (males and females) were then
transferred to new bottles, and allowed them to mate for 3 days
(representing unique populations fed ad libitum). All these flies were
reared on a standard lab diet at 25 °C and 65% humidity on a 12 hr light
and dark cycle, unless otherwise indicated. Next, post-mated females
(20 flies per vial/cohort) were sorted into individual vials for nutrient
deprivation (starvation media containing 9 mg Agar and 3ul propionic
per 1 mL water - used to maintain midgut integrity). After 2 days of
starvation, fly cohorts were transferred into vials containing a standard
lab diet (refeeding).

For dietary supplementation of acetate, diluted sodium acetate
(Sigma, #S2889) was incorporated into the standard lab diet or star-
vation media at various concentrations, resulting in 10 mM, 25mM,
50 mM, and 100 mM acetate concentration within food.

Post-mated female flies were used for all experiments, because of
sex-specific differences in midgut regeneration.

Transgenic lines were backcrossed 10 times into the w1118 back-
ground that was used as a control strain, with continued backcrossing
every 6-8 months to maintain isogeneity. All experimental genotypes
were assayed for developmental defects (developmental timing,
growth, fly size, and organ size), and no gross anatomical deficiencies
were noted in any genotype represented in the results.

Generation of transgenic flies

UAS-Acbpé6 transgenic flies were generated by PCR amplification of the
Acbp6 coding sequence from adult Drosophila (w1118) cDNA, with
specific primers (F: TAAGCGGCCGCATGCCCACCGTAAGTCTTAC, R:

TAAGGTACCTTATTCGTACTGGGGAGCGT), and then cloned into a
pUASt plasmid”. This plasmid was injected into wil118 embryos
(Rainbow Transgenic Flies).

Acbp6-RFP transgenic reporter flies were generated by PCR
amplification of an upstream Acbp6 promoter/enhancer sequence with
specific primers (F: TAAGCATGCGAGGCAGCCTTCTAAGCGA, R:
TAACTCGAGTTGGCAAACATGGCTCACA) from wi118 genomic DNA,
and cloned into a pB-RFP plasmid’®. pB-Acbp6-RFP was injected into
Drosophila wili8; attp40 embryos with a phiC31 integrase helper
plasmid (Rainbow Transgenic Flies).

Acbp6”-ACBP6" transgenic flies were generated by utilizing the
pB-Acbp6-RFP plasmid (described above) and replacing the RFP
sequence with an Acbhp6 cDNA sequence tagged with V5-His, generated
by gBlock:IDT. The new plasmid pB-Acbp6°-ACBP6"® was injected into
Drosophila wil18; attp40 embryos with a phiC31 integrase helper
plasmid (Rainbow Transgenic Flies). The Acbp6**1 gBlock sequence is
as follows: TAAACCGGTATGCCCACCTTTGAGGAGATCGTCGAGAAGG
CCAAGAACTTCAAGAACCTGCCTAGCAAGGAGGAGTTCCTCGAGTTC
TACGGCTACTACAAGCAGGCCACCGTCGGCGACTGCAACATCGAGGA
GCCGGAAGATGAGGAGAAGAAGGCCCGCTACAACGCCTGGAAGAGC
AAGGCCGGTCTGACCGCCGATGATGCCAAGGCCTACTACATCGAG
GTCTACAAGAAGTACGCTCCCCAGTACGAATTAGAGAGCCGAGGGC
CCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCT
ACGCGTACTGGGCATCATCACCATCACCATTGATCTAGAAAT.

acbp6A41 mutant Drosophila were generated by using CRISPR-
Cas9. Briefly, a transgenic fly line expressing Cas9 protein using the
ubiquitous promoter actin (BDSC: #79743) was crossed to a second fly
line expressing a custom achp6 guide RNA (gRNA sequence:
CTTCAAGAACCTGCCTAGCAAGG). The genetic cross produces off-
spring with an active Cas9-gRNA complex, which cleaves and mutates
the target site. acbp6 mutants were sequenced, and the acbp6A4l
mutant was identified and characterized. achp641 mutants were ver-
ified by using PCR and electrophoresis with specific primers (wildtype/
mutant-F: GAGGCAGCCTTCTAAGCGA, wildtype-R: CTCCTTGCTAGG-
CAGGTTC, acbp641-R: ACTCCTCCTGGCAGGTTC).

Conditional expression of UAS-linked transgenes

The TARGET system was used in combination with NP1Gal4 to con-
ditionally express UAS-linked transgenes in enterocytes (NP1Gal4, tub-
Gal80%)”. Flies were developed at 18 °C then shifted to 29 °C to induce
transgene expression post-eclosion (Day 5).

Transcriptomic meta-analysis

Previously generated transcriptomic datasets were used for a meta-
analysis to uncover over-lapping genes/gene networks. These datasets
include responses to septic infection/injury or fungal infection, viral
infection, enteric infection, microbiota changes, and aging in
Drosophila***®. Annotated and analyzed datasets, as presented in the
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referenced manuscripts, were utilized. Significantly upregulated genes
(with a cut-off at >2-fold upregulated) were selected from each dataset
to use in the analysis, and up-regulated genes common to more than
one group were analyzed and compared by using ImageGP*°.

Phylogenetic analysis

Using Acbp protein sequences as query sequences, a comprehensive
search of Acbp homologues in insects was performed in NCBI,
Ensembl, and FlyBase by TBLASTN. After removing the partial
sequences and redundant sequences, the final data set included 85
complete Acbp protein sequences. Multiple sequence alignments of
these homologues were conducted with MAFFT®, and a Maximum-
likelihood (ML) tree was reconstructed with PhyML (http://www.
phylogeny.fr/). A phylogenetic tree was visualized using Interactive
Tree of Life (iTOL) software (http://itol.embl.de).

Analysis of gene expression

The transcriptional pattern of Acbp family members in adult flies was
investigated using FlyAtlas2 Anatomy RNA-Seq data®. Expression was
recorded as TPKM (transcripts per kbp per million reads) followed by
Log2 transformation. Expression-based heat maps were performed
using Heatmapper (http://www.heatmapper.ca/expression/).

Total RNA from intact fly intestines, dissected posterior midgut or
whole flies was extracted using Trizol and complementary DNA syn-
thesized using Superscript Il (Invitrogen). Real-time PCR was per-
formed using SYBR Green, the Thermo Fisher QuantStudio 5 Real Time
PCR system, and the primers pairs described in the extended experi-
mental procedures (Table S1). Results are average + standard error of
at least three independent samples, and quantification of gene
expression levels calculated using the ACt method and normalized to
actin5C expression levels (plotted as relative expression).

Comparative analysis of promoter/enhancer regions of

Acbp genes

Upstream regulatory elements (approximately 1,000 bp) encompass-
ing putative promoter/enhancer regions of various Acbp genes (Acbp3/
4/5/6) was employed to determine the upstream transcriptional reg-
ulators influencing Acbpé. Determination of putative transcription
factor (TF) binding sites, and thus transcription factors, associated
with specific Acbhp gene promoter/enhancer regions was achieved
utilizing the Jaspar TF database, accessible through the UCSC Genome
Browser (genome.ucsc.edu). Through the identification of potential TF
binding sites, distinct regulatory factors governing the expression of
Acbhpé6 were ascertained.

Immunostaining and microscopy

Fly midguts were dissected in 1IxPBS and fixed for 30 min at room
temperature in gut fixation solution (100 mM Glutamic Acid, 25 mM
KCI, 20 mM MgSO,4, 4 mM Na2HPO4, 1 mM MgCl,; pH adjusted to 7.5
with 10N NaOH, 4% Formaldehyde). Subsequently, all incubations
were in PBS, 0.5% BSA, and 0.1% Triton-X at 4 °C. All primary antibodies
were applied overnight. The following primary antibodies were used:
rabbit anti-Acetylated lysine (Cell Signaling, #9441, 1:500), rabbit anti-
Acetyl-Histone H3-K9/K14/K18/K23/K27 (ABclonal, #A17917, 1:500),
rabbit anti-ATP5A (Abcam, #14748, 1:500), rabbit anti-V5 (Sigma
V8137), rabbit anti-phospho-Histone 3 (Cell Signaling, #9701, 1:500),
mouse anti-FASN1 (Dev. Studies Hybridoma Bank, 1:10), and mouse
anti-Delta (Dev. Studies Hybridoma Bank, 1:10). Fluorescent secondary
antibodies (Jackson Immunoresearch, 1:500) and 40,6-diamidino-2-
phenylindole (DAPI, 1:500) used to stain DNA was incubated at room
temperature for 2 h and 30 min, respectively. Confocal images were
collected using a Nikon Eclipse Ti confocal system (utilizing a single
focal plane) and processed using the Nikon software and Adobe Pho-
toshop. For quantitative analysis, images were analyzed using Image)/
Fiji software (https://imagej.net/software/fiji/).

Bodipy staining and microscopy

Fly guts were dissected in PBS, then fixed in 4% formaldehyde/PBS for
20 min at room temperature. After washing with PBS for 10 min (3
times), guts were incubated in 2uM Bodipy (Invitrogen #D3861)
solution for 1 h at room temperature. Then washed with PBS for 10 min
(3 times), and incubated in DAPI for 30 min. Guts were washed with
PBS for 10 min (3 times), then mounted with Mowiol media. Samples
were imaged by using Nikon Eclipse Ti confocal system (utilizing a
single focal plane).

Midgut length measurements

Drosophila midgut lengths were obtained by taking bright-field images
using a Leica M165 FluoCombi stereoscope system and processed
using Leica software. Measurements were made from proventriculus
to posterior midgut-hindgut junction.

TMRE (mitochondrial membrane potential) staining and
microscopy

For midgut TMRE (tetramethylrhodamine, ethyl ester) staining, dis-
sected in 1xPBS and fixed for 10 min at room temperature in gut fixa-
tion solution (100 mM Glutamic Acid, 25mM KCI, 20 mM MgSO,,
4 mM Na,HPO,, 1 mM MgCl,; pH adjusted to 7.5 with 10 N NaOH, 4%
Formaldehyde). Then incubated in 200 nm TMRE staining solution
(Abcam, #113852) for 20 min at room temperature. After staining,
samples were then rinsed once in wash solution (25 nm TMRE) for 30 s.
Samples were quickly mounted in the wash solution onto a slide, kept
overnight at 4 °C and imaged using identical setting on the confocal
microscope. Confocal images were collected using a Nikon Eclipse Ti
confocal system (utilizing a single focal plane) and processed using the
Nikon software and Adobe Photoshop.

Metabolite measurements

ATP measurement was conducted by using an ATP Determination Kit
(Invitrogen, #A22066)%. Briefly, five adult flies (without head, per
sample) were homogenized by using pellet pestle mixer on ice for
1min in 100 pl of homogenization buffer (6 M guanidine HCI, 100 mM
Tris (pH 7.8), 4 mM EDTA). Then samples were boiled for 5 min and
centrifuged for 3 min at 20,000 g (4 °C). Ten microliters of super-
natant were transferred into a 1.5ml Epp tube and diluted 1:75 by
adding dilution buffer, then added 10 pl of diluted supernatant to the
individual wells of a 96 well plate. One hundred microliters of luci-
ferase reaction mix were added to each well, and luminescence was
immediately determined by Multimode Plate Reader (Perkin Elmer).
ATP levels were normalized to weight.

Acetyl-CoA levels were measured by using an Acetyl-Coenzyme A
Assay Kit (Sigma-Aldrich, #MAKO039) according to the manufacturer’s
instructions. Briefly, five adult flies (without head) were homogenized
by using pellet pestle mixer on ice for 1 min in 100 pl of ice-cold Acetyl-
CoA Assay Buffer. Samples were centrifuged at 13,000 g for 10 min at
4°C, then the supernatant was used to do the measurement. Ten
microliters of the supernatant were brought to 50 ml per well with
Acetyl-CoA Assay Buffer. Reaction mix was added to each well of 96-
well plate, then measured with fluorescent spectrometry (530 nm for
excitation and 580 nm for emission) by using Multimode Plate Reader
(Perkin Elmer). Acetyl-CoA levels were normalized to weight.

Citrate synthase activity assay

Five adult flies (without head) were homogenized by using pellet pestle
mixer on ice for 1 min in 100 pl of extraction buffer (20 mM HEPES [pH
7.2], 0.1% Triton X-100, and 1 mM EDTA), then 400 pl extraction buffer
were added to each sample. CS activity was measured by using 1 pl
diluted cell lysate in a total of 150 pl reaction solution (0.1mM of
dithio-bis-nitrobenzoic acid [DTNB, Sigma-Aldrich], 0.3 mM acetyl-
CoA, 1mM oxaloacetic acid [Sigma-Aldrich], and 50 mM Tris-HCI [pH
8.0]). Absorbance was measured at 412 nm every 30 s for 30 min at
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25 °C by using Epoch plate reader (BioTek). CS activity was normalized
to weight.

Food intake and feeding measurements

Twenty flies were transferred to vials filled with identical medium
containing 0.5% brilliant blue (FD&C blue dye #1). Feeding was inter-
rupted and 5 flies each were transferred to 200 ml 1x PBS containing
0.1% Triton X-100 (PBST) and homogenized immediately for 1 min by
using pellet pestle mixer. Then samples were centrifuged at 4000 rpm
and remove the pellet. Blue dye consumption was quantified by mea-
suring absorbance of the supernatant at 630 nm (A630) by using
Epoch plate reader (BioTek).

Starvation sensitivity assay

Adult flies (20 flies per vial/cohort) were put into individual vials for
nutrient deprivation (starvation media containing 9 mg Agar and 3ul
propionic per 1 mL water - used to maintain midgut integrity), and flies
were flipped into new vials every 2 days. The number of dead flies in
each vial was recorded every 24 h, and data is presented as the mean
survival of cohorts.

Eclosion rate analysis

A total of 20 virgin flies were mated with ten males and placed in vials
for 3 days to ensure sufficient egg laying. Following this, the parent
flies were removed from the vials. The resulting progeny were allowed
to develop into the pupal and adult stages, and the number of pupae
and adult flies were counted to calculate the eclosion rate, repre-
senting the proportion of flies that successfully emerged from the
pupal stage into adulthood.

Oral infection assays

Pseudomonas entompophila (P.e.) was used for natural (oral) infec-
tions. Briefly, for oral infection, flies (7-10 d of age) were placed in a fly
vial with food/bacteria solution and maintained at 25°C. The food
solution was obtained by mixing a pellet of an overnight culture of
bacteria (ODggo = 50) with a solution of 5% sucrose (50/50) and added
to a filter disk that completely covered the surface of standard fly
medium. Midguts of infected flies were dissected 20 h after oral con-
tact with infected food. At least 3 vials (cohorts of 15 flies per vial) were
used for each genotype for subsequent analysis (immunostaining and
gRT-PCR).

Quantification and statistical analysis

Samples sizes were predetermined by the requirement for statistical
analysis, and at least 3 biological replicates were utilized for all
experiments. For all quantifications, n represents the number of
independent samples/biological replicates, and error bar represents
SEM. Statistical significance was determined using the unpaired Stu-
dent’s t-test in GraphPad Prism Software, and expressed as P values.
Exact values of all n’s can be found in Figure legends and individual
data points are represented in all histograms.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data supporting the findings of this study are available
within the article and its Supplementary Information/ Source Data files.
Published gene expression datasets used in this study can be find from
NCBI's Gene Expression Omnibus GSE36582 and GSE42726, Proc. Natl.
Acad. Sci. USA, 10.1073/pnas.261573998, Cell Host Microbe, 10.1016/
j.chom.2009.01.003, and Mbio, 10.1128/mbio.01117-14**"*%. Public
databases used in this study: FlyBase (https://flybase.org), FLYATLAS 2

(flyatlas2.org), JASPER TF database (https://jaspar.genereg.net),
Ensembl (https://ensemblgenomes.org/), NCBI (https://www.ncbi.nlm.
nih.gov/). Source data are provided with this paper.

References

1. Carroll, S. B. Chance and necessity: the evolution of morphological
complexity and diversity. Nature 409, 1102-1109 (2001).

2. O'Brien, L.E., Soliman, S. S, Li, X. &Bilder, D. Altered modes of stem
cell division drive adaptive intestinal growth. Cell 147, 603-614
(20m).

3.  Ameku, T., Beckwith, H., Blackie, L. & Miguel-Aliaga, I. Food,
microbes, sex and old age: on the plasticity of gastrointestinal
innervation. Curr. Opin. Neurobiol. 62, 83-91 (2020).

4. Richmond, C. A. et al. Dormant intestinal stem cells are regulated by
PTEN and nutritional status. Cell Rep. 13, 2403-2411 (2015).

5. Nagai, H., Miura, M. & Nakajima, Y. Cellular mechanisms underlying
adult tissue plasticity in Drosophila. Fly 16, 190-206 (2022).

6. Benjamin, D. I. et al. Fasting induces a highly resilient deep quies-
cent state in muscle stem cells via ketone body signaling. Cell
Metab. 34, 902-918.e6 (2022).

7. Bonfini, A. et al. Multiscale analysis reveals that diet-dependent
midgut plasticity emerges from alterations in both stem cell niche
coupling and enterocyte size. Elife 10, e64125 (2021).

8. Koyama, T., Mendes, C. C. & Mirth, C. K. Mechanisms regulating
nutrition-dependent developmental plasticity through organ-
specific effects in insects. Front Physiol. 4, 263 (2013).

9. Ikeya, T., Galic, M., Belawat, P., Nairz, K. & Hafen, E. Nutrient-
dependent expression of insulin-like peptides from neuroendocrine
cells in the CNS contributes to growth regulation in Drosophila.
Curr. Biol. 12, 1293-1300 (2002).

10. Jouandin, P. et al. Lysosomal cystine mobilization shapes the
response of TORC1 and tissue growth to fasting. Science 375,
eabc4203 (2022).

1. Katewa, S. D. et al. Intramyocellular fatty-acid metabolism plays a
critical role in mediating responses to dietary restriction in Droso-
phila melanogaster. Cell Metab. 16, 97-103 (2012).

12.  Wilinski, D. et al. Rapid metabolic shifts occur during the transition
between hunger and satiety in Drosophila melanogaster. Nat.
Commun. 10, 4052 (2019).

13. Obniski, R., Sieber, M. & Spradling, A. C. Dietary lipids modulate
notch signaling and influence adult intestinal development and
metabolism in Drosophila. Dev. Cell 47, 98-111.e5 (2018).

14. Kosakamoto, H. et al. Sensing of the non-essential amino acid tyr-
osine governs the response to protein restriction in Drosophila. Nat.
Metab. 4, 944-959 (2022).

15. Sivanand, S., Viney, |. & Wellen, K. E. Spatiotemporal control of
acetyl-CoA metabolism in chromatin regulation. Trends Biochem.
Sci. 43, 61-74 (2018).

16. Lozoya, O. A. et al. Mitochondrial nicotinamide adenine dinucleo-
tide reduced (NADH) oxidation links the tricarboxylic acid (TCA)
cycle with methionine metabolism and nuclear DNA methylation.
PLoS Biol. 16, e2005707 (2018).

17. Obata, F. et al. Nutritional control of stem cell division through
S-adenosylmethionine in Drosophila intestine. Dev. Cell 44,
741-751.e3 (2018).

18. Li, X., Egervari, G., Wang, Y., Berger, S. L. & Lu, Z. Regulation of
chromatin and gene expression by metabolic enzymes and meta-
bolites. Nat. Rev. Mol. Cell Bio 19, 563-578 (2018).

19. Pietrocola, F., Galluzzi, L., Bravo-San Pedro, J. M., Madeo, F. &
Kroemer, G. Acetyl coenzyme A: a central metabolite and second
messenger. Cell Metab. 21, 805-821 (2015).

20. Shi, L. & Tu, B. P. Acetyl-CoA and the regulation of metabolism:
mechanisms and consequences. Curr. Opin. Cell Biol. 33,

125-131 (2015).

Nature Communications | (2023)14:7599

15


https://flybase.org
https://jaspar.genereg.net
https://ensemblgenomes.org/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/

Article

https://doi.org/10.1038/s41467-023-43362-4

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Narita, T., Weinert, B. T. & Choudhary, C. Functions and mechanisms
of non-histone protein acetylation. Nat. Rev. Mol. Cell Biol. 20,
156-174 (2019).

Moussaieff, A. et al. Glycolysis-mediated changes in Acetyl-CoA
and histone acetylation control the early differentiation of
embryonic stem cells. Cell Metab. 21, 392-402 (2015).

Wellen, K. E. et al. ATP-citrate lyase links cellular metabolism to
histone acetylation. Science 324, 1076-1080 (2009).

He, A. et al. Acetyl-CoA derived from hepatic peroxisomal -
oxidation inhibits autophagy and promotes steatosis via mTORC1
activation. Mol. Cell 79, 30-42.e4 (2020).

Mews, P. et al. Acetyl-CoA synthetase regulates histone acetylation
and hippocampal memory. Nature 546, 381-386 (2017).
McDonnell, E. et al. Lipids reprogram metabolism to become a
major carbon source for histone acetylation. Cell Rep. 17,
1463-1472 (2016).

Chalkiadaki, A. & Guarente, L. Sirtuins mediate mammalian meta-
bolic responses to nutrient availability. Nat. Rev. Endocrinol. 8,
287-296 (2012).

Cai, L., Sutter, B. M., Li, B. & Tu, B. P. Acetyl-CoA induces cell growth
and proliferation by promoting the acetylation of histones at growth
genes. Mol. Cell 42, 426-437 (2011).

Grevengoed, T. J., Klett, E. L. & Coleman, R. A. Acyl-CoA metabolism
and partitioning. Annu Rev. Nutr. 34, 1-30 (2014).

Cooper, D.E., Young, P. A, Klett, E. L. & Coleman, R. A. Physiological
consequences of compartmentalized Acyl-CoA metabolism*. J.
Biol. Chem. 290, 20023-20031 (2015).

Alquier, T., Christian-Hinman, C. A., Alfonso, J. & Feergeman, N. J.
From benzodiazepines to fatty acids and beyond: revisiting the role
of ACBP/DBI. Trends Endocrinol. Metab. 32, 890-903 (2021).
Bouyakdan, K. et al. The gliotransmitter ACBP controls feeding and
energy homeostasis via the melanocortin system. J. Clin. Invest 129,
2417-2430 (2019).

Charmpilas, N. et al. Acyl-CoA-binding protein (ACBP): a phylo-
genetically conserved appetite stimulator. Cell Death Dis. 11,

7 (2020).

Alfonso, J., Le Magueresse, C., Zuccotti, A., Khodosevich, K. &
Monyer, H. Diazepam binding inhibitor promotes progenitor pro-
liferation in the postnatal SVZ by reducing GABA signaling. Cell
Stem Cell 10, 76-87 (2012).

Christian, C. A. et al. Endogenous positive allosteric modulation of
GABAA receptors by Diazepam binding inhibitor. Neuron 78,
1063-1074 (2013).

Dumitru, ., Neitz, A., Alfonso, J. & Monyer, H. Diazepam binding
inhibitor promotes stem cell expansion controlling environment-
dependent neurogenesis. Neuron 94, 125-137.e5 (2017).

Pedro, J. M. B.-S. et al. Acyl-CoA-binding protein is a lipogenic factor
that triggers food intake and obesity. Cell Metab. 30, 754-767.e9
(2019).

Duman, C. et al. Acyl-CoA-binding protein drives glioblastoma
tumorigenesis by sustaining fatty acid oxidation. Cell Metab. 30,
274-289.e5 (2019).

Harris, F. T. et al. Acyl-coenzyme A-binding protein regulates beta-
oxidation required for growth and survival of non-small cell lung
cancer. Cancer Prev. Res. 7, 748-757 (2014).

McLeod, C. J., Wang, L., Wong, C. & Jones, D. L. Stem cell dynamics
in response to nutrient availability. Curr. Biol. 20, 2100-2105
(2010).

Malita, A. et al. A gut-derived hormone suppresses sugar appetite
and regulates food choice in Drosophila. Nat Metabolism 1-19
https://doi.org/10.1038/s42255-022-00672-z. (2022).

Kim, S. K., Tsao, D. D., Suh, G. S. B. & Miguel-Aliaga, |. Discovering
signaling mechanisms governing metabolism and metabolic dis-
eases with Drosophila. Cell Metab. 33, 1279-1292 (2021).

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

Zhao, X. & Karpac, J. The Drosophila midgut and the systemic
coordination of lipid-dependent energy homeostasis. Curr. Opin.
Insect Sci. 41, 100-105 (2020).

Doroszuk, A., Jonker, M. J., Pul, N., Breit, T. M. & Zwaan, B. J. Tran-
scriptome analysis of a long-lived natural Drosophila variant: a
prominent role of stress- and reproduction-genes in lifespan
extension. Bmc Genomics 13, 167 (2012).

Irving, P. et al. A genome-wide analysis of immune responses in
Drosophila. Proc. Natl Acad. Sci. USA 98, 15119-15124 (2001).
Buchon, N., Broderick, N. A., Poidevin, M., Pradervand, S. & Lemai-
tre, B. Drosophila intestinal response to bacterial infection: activa-
tion of host defense and stem cell proliferation. Cell Host Microbe 5,
200-211 (2009).

Huang, Z., Kingsolver, M. B., Avadhanula, V. & Hardy, R. W. An
antiviral role for antimicrobial peptides during the arthropod
response to alphavirus replication. J. Virol. 87, 4272-4280 (2013).
Broderick, N. A., Buchon, N. & Lemaitre, B. Microbiota-Induced
Changes in Drosophila melanogaster Host Gene Expression and
Gut Morphology. Mbio 5, e01117-14 (2014).

Zinke, I., Schitz, C. S., Katzenberger, J. D., Bauer, M. & Pankratz, M. J.
Nutrient control of gene expression in Drosophila: microarray ana-
lysis of starvation and sugar-dependent response. Embo J. 21,
6162-6173 (2002).

Miguel-Aliaga, I., Jasper, H. & Lemaitre, B. Anatomy and physiology
of the digestive tract of Drosophila melanogaster. Genetics 210,
357-396 (2018).

Ohlstein, B. & Spradling, A. The adult Drosophila posterior midgut
is maintained by pluripotent stem cells. Nature 439, 470-474
(2005).

Micchelli, C. A. & Perrimon, N. Evidence that stem cells reside in the
adult Drosophila midgut epithelium. Nature 439, 475-479 (2005).
Liang, J., Balachandra, S., Ngo, S. & O’Brien, L. E. Feedback reg-
ulation of steady-state epithelial turnover and organ size. Nature
548, 588-591 (2017).

Jiang, H. et al. Cytokine/Jak/Stat signaling mediates regeneration
and homeostasis in the Drosophila midgut. Cell 137,

1343-1355 (2009).

Ohlstein, B. & Spradling, A. Multipotent Drosophila intestinal stem
cells specify daughter cell fates by differential notch signaling.
Science 315, 988-992 (2007).

Sociale, M. et al. Ceramide synthase Schlank is a transcriptional
regulator adapting gene expression to energy requirements. Cell
Rep. 22, 967-978 (2018).

Choudhary, C., Weinert, B. T., Nishida, Y., Verdin, E. & Mann, M. The
growing landscape of lysine acetylation links metabolism and cell
signalling. Nat. Rev. Mol. Cell Bio 15, 536-550 (2014).

Jugder, B.-E., Kamareddine, L. & Watnick, P. I. Microbiota-derived
acetate activates intestinal innate immunity via the Tip60 histone
acetyltransferase complex. Immunity 54, 1683-1697.e3 (2021).
Herrera, S. C. & Bach, E. A. JAK/STAT signaling in stem cells and
regeneration: from Drosophila to vertebrates. Development 146,
dev167643 (2019).

Leatherman, J. L. & DiNardo, S. Germline self-renewal requires cyst
stem cells and stat regulates niche adhesion in Drosophila testes.
Nat. Cell Biol. 12, 806-811 (2010).

Zhuang, S. Regulation of STAT signaling by acetylation. Cell Signal
25, 1924-1931 (2013).

Buchon, N., Broderick, N. A., Chakrabarti, S. & Lemaitre, B. Invasive
and indigenous microbiota impact intestinal stem cell activity
through multiple pathways in Drosophila. Gene Dev. 23,
2333-2344 (20009).

Mills, J. D. et al. RNA-Seq analysis of the parietal cortex in Alzhei-
mer’s disease reveals alternatively spliced isoforms related to lipid
metabolism. Neurosci. Lett. 536, 90-95 (2013).

Nature Communications | (2023)14:7599

16


https://doi.org/10.1038/s42255-022-00672-z

Article

https://doi.org/10.1038/s41467-023-43362-4

64. Joseph, A. et al. Effects of acyl-coenzyme A binding protein (ACBP)/
diazepam-binding inhibitor (DBI) on body mass index. Cell Death
Dis. 12, 599 (2021).

65. Nandagopal, N., Ali, A. K., Komal, A.K. & Lee, S.-H. The critical role of
IL-15-PI3K-mTOR pathway in natural killer cell effector functions.
Front Immunol. 5, 187 (2014).

66. Voordeckers, K. et al. Reconstruction of ancestral metabolic
enzymes reveals molecular mechanisms underlying evolutionary
innovation through gene duplication. PLos Biol. 10,

1001446 (2012).

67. Olson-Manning, C. F. Elaboration of the corticosteroid synthesis
pathway in primates through a multistep enzyme. Mol. Biol. Evol.
37, 2257-2267 (2020).

68. Tanaka, K. et al. Multispecies analysis of expression pattern diver-
sification in the recently expanded insect Ly6 gene family. Mol. Biol.
Evol. 32, 1730-1747 (2015).

69. Farré, D. & Alba, M. M. Heterogeneous patterns of gene-expression
diversification in mammalian gene duplicates. Mol. Biol. Evol. 27,
325-335 (2010).

70. Colombani, J. & Andersen, D. S. The Drosophila gut: a gatekeeper
and coordinator of organism fitness and physiology. Wiley Inter-
discip. Rev. Dev. Biol. 9, €378 (2020).

71. White, M. A., Bonfini, A., Wolfner, M. F. & Buchon, N. Drosophila
melanogaster sex peptide regulates mated female midgut mor-
phology and physiology. Proc. Natl Acad. Sci. USA 118,
2018112118 (2021).

72. Mattila, J., Kokki, K., Hietakangas, V. & Boutros, M. Stem cell intrinsic
hexosamine metabolism regulates intestinal adaptation to nutrient
content. Dev. Cell 47, 112-121.e3 (2018).

73. Bouyakdan, K. et al. A novel role for central ACBP/DBI as a regulator
of long-chain fatty acid metabolism in astrocytes. J. Neurochem.
133, 253-265 (2015).

74. He, J. et al. The acyl-CoA-binding protein Acb1 regulates mito-
chondria, lipid droplets, and cell proliferation. FEBS Lett. 596,
1795-1808 (2022).

75. Lee, H. et al. Acetylated STATS is crucial for methylation of tumor-
suppressor gene promoters and inhibition by resveratrol results in
demethylation. Proc. Natl Acad. Sci. USA 109, 7765-7769 (2012).

76. Li, H., Qi, Y. & Jasper, H. Preventing age-related decline of gut
compartmentalization limits microbiota dysbiosis and extends
lifespan. Cell Host Microbe 19, 240-253 (2016).

77. Brand, A. H. & Perrimon, N. Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Develop-
ment 118, 401-415 (1993).

78. Chatterjee, N. & Bohmann, D. A versatile ®C31 based reporter
system for measuring AP-1 and Nrf2 signaling in Drosophila and in
tissue culture. PLoS ONE 7, e34063 (2012).

79. McGuire, S. E., Le, P. T., Osborn, A. J., Matsumoto, K. & Davis, R. L.
Spatiotemporal rescue of memory dysfunction in Drosophila. Sci-
ence 302, 1765-1768 (2003).

80. Chen, T., Liu, Y. & Huang, L. ImageGP: An easy-to-use data visuali-
zation web server for scientific researchers. Imeta 1, €5 (2022).

81. Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 30, 3059-3066 (2002).

82. Leader, D. P., Krause, S. A., Pandit, A., Davies, S. A. & Dow, J. A. T.
FlyAtlas 2: a new version of the Drosophila melanogaster expression
atlas with RNA-Seq, miRNA-Seq and sex-specific data. Nucleic
Acids Res. 46, gkx976 (2017).

83. Tennessen, J. M., Barry, W. E., Cox, J. & Thummel, C. S. Methods for
studying metabolism in Drosophila. Methods 68, 105-115 (2014).

Acknowledgements

This work was supported by the National Institute of Diabetes and
Digestive and Kidney Diseases (grant RO1 DK133294 and grant R56
DK108930 to J.K.).

Author contributions
X.L. designed and performed experiments, as well as wrote the manu-
script. J.K. designed experiments and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43362-4.

Correspondence and requests for materials should be addressed to
Jason Karpac.

Peer review information Nature Communications thanks Essi Havula,
Bruce Edgar and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7599

17


https://doi.org/10.1038/s41467-023-43362-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A distinct Acyl-CoA binding protein (ACBP6) shapes tissue plasticity during nutrient adaptation in Drosophila
	Results
	Acbp6, an integrative metabolic regulatory hub, was generated by gene expansion in the Drosophila genus with specialized expression in the�midgut
	Acbp6 distinctly regulates midgut tissue plasticity during nutrition adaptation by adjusting proliferative homeostasis
	Nutrient-dependent metabolic networks in the midgut are shaped by Acbp6 function
	Acbp6 function tunes acetyl-CoA metabolism and protein acetylation to regulate midgut tissue plasticity during nutrition adaptation
	Nutrient-dependent acyl-CoA metabolism targets STAT function to dictate midgut tissue plasticity
	An Acbp6-STAT92e-cytokine signaling axis adjusts proliferative homeostasis during nutrient adaptation

	Discussion
	Methods
	Drosophila husbandry and strains
	Generation of transgenic�flies
	Conditional expression of UAS-linked transgenes
	Transcriptomic meta-analysis
	Phylogenetic analysis
	Analysis of gene expression
	Comparative analysis of promoter/enhancer regions of Acbp�genes
	Immunostaining and microscopy
	Bodipy staining and microscopy
	Midgut length measurements
	TMRE (mitochondrial membrane potential) staining and microscopy
	Metabolite measurements
	Citrate synthase activity�assay
	Food intake and feeding measurements
	Starvation sensitivity�assay
	Eclosion rate analysis
	Oral infection�assays
	Quantification and statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




