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SUMMARY

EGFR-RAS-ERK signaling promotes growth and proliferation in many cell types, and genetic 

hyperactivation of RAS-ERK signaling drives many cancers. Yet despite intensive study of 

upstream components in EGFR signal transduction, the identities and functions of downstream 

effectors in the pathway are poorly understood. In Drosophila intestinal stem cells (ISC) the 

transcriptional repressor Capicua (cic) and its targets, the ETS-type transcriptional activators 

Pointed (pnt) and Ets21C, are essential downstream effectors of mitogenic EGFR signaling. Here 

we show that these factors promote EGFR-dependent metabolic changes that increase ISC mass, 

mitochondrial growth, and mitochondrial activity. Gene target analysis using RNA- and DamID-

sequencing revealed that Pnt and Ets21C directly up-regulate not only DNA replication and cell 
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cycle genes, but genes for oxidative phosphorylation, the TCA cycle, and fatty acid beta-oxidation. 

Metabolite analysis substantiated these metabolic functions. The mitochondrial transcription factor 

B2 (mtTFB2), a direct target of Pnt, was required and partially sufficient for EGFR-driven ISC 

growth, mitochondrial biogenesis and proliferation. MEK-dependent EGF signaling stimulated 

mitochondrial biogenesis in human RPE-1 cells, indicating conservation of these metabolic 

effects. This work illustrates how EGFR signaling alters metabolism to coordinately activate cell 

growth and cell division.

Abstract

In Brief

Zhang et al. show that through its downstream transcriptional effectors Cic, Pnt, and Est21C, 

EGFR signaling upregulates mtTFB2, and β-oxidation, OXPHOS, and TCA cycle genes. These 

transcriptomic effects drive mitochondrial biogenesis and increase mitochondria activity to 

facilitate intestinal stem cell growth and proliferation.
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INTRODUCTION

The EGFR signaling pathway can promote cell proliferation, differentiation, survival, and/or 

migration in many animal cell types. Although the receptor-proximal elements of this highly 

conserved signaling pathway are well characterized, the downstream effectors that mediate 

EGFR’s effects on cell growth and proliferation are less well understood. An extensive 

literature confirms that the downstream kinases, RAF (a MAP3K), MEK (a MAP2K) 

and ERK (a MAPK) are essential signaling transducers, but ERK is a broad-spectrum 

serine-threonine kinase with many nuclear and cytoplasmic targets. Understanding what 

these targets are and how they direct growth-associated cellular functions can advance our 

understanding of development, tissue maintenance and regeneration, and reveal potential 

targets for cancer therapy.

Genetic studies in Drosophila show that EGFR/Ras/Raf/Erk signaling robustly induces 

intestinal stem cell (ISC) proliferation in the adult midgut (intestine)1–4. The pathway is 

required for ISC proliferation and maintenance in the fly’s midgut, but has little if any 

role in regulating cell differentiation in this context3,4. In these respects the functions of 

EGFR signaling in Drosophila and mammalian ISCs are nearly identical5–9. Upon damage 

or stress, visceral muscle, progenitor cells, and enterocytes (EC) in the gut produce the 

neuregulin-type EGFR ligands Vn, Spi, and Krn, respectively. These signals activate EGFR 

signaling in ISCs and post-mitotic enteroblasts (EBs), promoting the division of ISCs and 

the growth and DNA endoreplication of EBs, thus driving gut epithelial regeneration2,3,10. 

In this study, we used over-expression of a secreted form of Spi (sSpi)11, or Krn, or enteric 

infection with Pseudomonas entomophila (P.e.), to trigger EGFR signaling in vivo in the 

fly’s midgut3.

ETS family transcription factors are known downstream effectors of EGFR signaling, and 

some are directly phosphorylated by ERK. All ETS transcription factors share a conserved 

ETS DNA binding domain, and ~30% have a PNT domain, which mediates Erk signaling 

regulation via a MAPK phosphorylation site12. Pointed (Pnt), the Drosophila homolog 

of human ETS1 and ETS2, regulates stem cell proliferation in adult tissues including 

Drosophila ISCs13, renal and nephric stem cells14, female germline stem cells15, and neural 

stem cells16,17. Ets21C, the closest paralog of Pnt and a homolog of human ERG, is also 

important for Drosophila ISC proliferation13,18. Ets21C and Pnt share a predicted DNA 

binding site seed sequence (ACCGGAAAT), suggesting that their gene targets overlap. 

Previous studies demonstrated that Ets21C can be activated by the JNK pathway during 

infections19,20,21,22, and promotes epithelial renewal in the Drosophila midgut downstream 

of JNK signaling.

In an earlier study we reported that Pnt and Ets21C were up-regulated by the ERK-

dependent inactivation of the transcriptional repressor Capicua (Cic). Cic, Pnt, and Ets21C 

are each required for and sufficient to regulate ISC proliferation13. Consistent with these 

findings in Drosophila, studies in mammals found CIC and several ETS factors to be 

transcriptional regulators of EGFR/Ras/MAPK pathway genes23–25 and showed that CIC 

downregulation and ETS factor upregulation can confer resistance to RAF and MEK 

inhibitors in cancer26,27. Yet despite being critical nuclear mediators of EGFR/Ras/Erk 
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signaling in cell proliferation and tumor progression, the transcriptional regulatory network 

comprising Cic, Pnt, and Ets21C has not been thoroughly investigated, and the identities 

of their downstream target genes remain unclear. Moreover, the mechanisms via which 

EGFR/Ras/Raf/Erk signaling promotes cell growth are poorly understood in any cell type. 

In this study we investigate the functions and gene targets of Pnt and Ets21C in adult 

Drosophila ISCs, in order to understand how they promote cell growth and proliferation.

RESULTS

EGFR signaling regulates ISC growth and division via Pnt and Ets21C

To activate EGFR/Erk signaling specifically in Drosophila ISCs, we used a temperature-

dependent ISC-specific Gal4 driver (esg-Gal4 UAS-2xEYFP; Su(H)GBE-Gal80 tub-Gal80ts; 

henceforth referred to as esgts; Su(H)-Gal80) to induce UAS-linked target genes28. 

Activating EGFR signaling in ISCs by inducing the activated EGFR ligand, sSpi, strongly 

promoted ISC divisions after as few as 8 hours (Figures 1A and 1B). We also tested 

the downstream ETS-type transcription factors Pointed (Pnt) and Ets21C13. Pnt has two 

splice isoforms, PntP1 and PntP229, which are equivalent to the Pnt-PC and Pnt-PB 

isoforms, respectively. PntP1 and P2 have the same DNA binding domain, but the shorter 

PntP1 isoform lacks the PNT domain, which contains a regulatory MAPK phosphorylation 

site30,31. A sequential activation model from Drosophila eye discs proposed that Erk 

signaling activates pre-existing PntP2 by phosphorylation, and that PntP2 in turn activates 

PntP1 transcriptionally. Auto-feedback of PntP1 can then provide lasting Pnt transcription 

factor activity in response to transient Erk activation32. In our experiments, overexpressed 

PntP1 or PntP2 both caused significant ISC proliferation within 8 hours of induction in 

ISCs, with more robust increases observed after 24h (Figures 1A and 1B). Consistent 

with the sequential activation model above, PntP1 could promote ISC divisions when 

co-expressed with MEKRNAi, whereas PntP2 could not (Figures S1A-S1C). Of the two 

Ets21C protein isoforms, only the longer Ets21C-PC isoform promoted ISC division when 

over-expressed (Figures S1D-S1E). We performed further experiments only with Ets21C-

PC, referred to hereafter simply as Ets21C.

In addition to driving ISC divisions, activation of EGFR signaling by sSpi, Pnt, or Ets21C 

also increased ISC size (Figures 1A, 1C, S1F). RNAi-mediated knockdown of Cic in ISCs 

also increased ISC size (Figure S1G). Conversely, disrupting EGFR signaling by expressing 

RNAi’s against Egfr, Pnt, or Ets21C reduced ISC size (Figure S1G). When midguts were 

infected with Pseudomonas entomophila (P.e.), which activates EGFR signaling and ISC 

proliferation3, ISC size also increased significantly (Figures 1D–1F). Knockdown of Egfr 
completely abolished the P.e.-dependent activation of ISC division and cell growth, while 

knockdown of Ets21C or Pnt partially suppressed these effects (Figures 1D–1F). Thus, ISC 

growth caused by P.e. infection requires EGFR signaling and its downstream transcriptional 

effectors, Pnt and Ets21C.

To determine whether cellular growth driven by EGFR signaling is dependent on cell 

division, an RNAi against string (stg), a Cdc25C homolog, was used to specifically 

block ISC mitoses. Progenitor cells expressing Krn along with stgRNAi for 4 days were 

significantly larger than control cells (Figures 1G, 1I). In addition, RNAi targeting MEK 
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(Dsor1) completely blocked ISC proliferation caused by Krn (Figures 1G–1H). Progenitor 

cells co-expressing Krn and MEKRNAi were smaller than those expressing Krn and stgRNAi 

(Figures 1G, 1I). Furthermore, growth and endoreplication in polyploid enteroblasts (EB) 

could be blocked by MEKRNAi (Figures S6G-S6H). Thus, ISC and EB growth driven by 

EGFR signaling can occur without cell division, and is dependent on MEK activity.

Gene targets of EGFR signaling

To understand how EGFR signaling promotes ISC growth and proliferation, we performed 

mRNA sequencing (mRNA-Seq) on FACS-sorted ISCs after overexpressing PntP1, PntP2, 

Ets21C, or sSpi in ISCs for 8 or 24hr, using the esgts; Su(H)-Gal80 driver (see33,34 for 

method). To determine the DNA binding profiles of Pnt and Ets21C, we also performed 

ISC-targeted DNA adenine methylase Identification-DNA Sequencing (DamID-Seq) by 

expressing Dam-Pnt or Dam-Ets21C fusion proteins in ISCs (see13,35 for methods). “Direct 

targets” of Pnt and Ets21C were defined as genes that were significantly up or down 

regulated (adjusted p < 0.05, absolute log2 fold change > 0.5) as determined by mRNA-Seq, 

and which also had one or more significant DamID-Seq peaks assigned to the gene body or 

known cis regulatory modules (Tables S1, Data S1-S2).

Approximately 20% of DamID binding sites were associated with genes showing altered 

mRNA levels after PntP1, PntP2, or Ets21C overexpression, indicating significant overlap 

(Figures S2A-S2C). DamID binding peaks aligned strongly with Transcription Start Sites 

(TSS) and Cis-Regulatory Modules (CRM) as defined by the Red Fly Database (Figures 

S2D-S2I). For both Pnt and Ets21C, ~half of the direct targets were down-regulated, 

suggesting that these ETS factors might act as both transcriptional activators and repressors 

(Figures 2A, 2B, see also36,37). Many genes that were up-regulated by Ets21C, PntP1, or 

PntP2 had DamID binding sites for these factors (41.36%, 35.58%, 37.43%, respectively; 

Figures 2A, 2B). PntP1 and PntP2 had very similar transcriptional regulatory effects 

(Figures S2J-S2N), showing a ~60% overlap in DamID sites (Figures S2N), with PntP1 

affecting more genes than PntP2 (Figures S2J-S2K). Indeed, the majority of PntP2 targets 

were also PntP1 targets.

Cross-comparisons of our mRNA-Seq data showed that genes which responded to Ets21C 

and Pnt strongly overlapped with sSpi responding genes (Figures 3G, S3A-S3C), although 

sSpi modulated the expression of a larger set of genes and its transcriptional output was 

dynamic in time (Figures S2O and S2P). For instance, Pnt- and Ets21C-regulated genes 

made up 56% of genes affected by sSpi at 8h, of which 51% were Pnt and/or Ets21C 

direct targets based on DamID. Together with epistasis tests (Figures S1A-S1C), this strong 

overlap of targets confirms that Pnt and Ets21C are important effectors of EGFR signaling 

in ISCs. The DamID binding gene targets of Pnt and Ets21C also strongly overlapped with 

those of the ERK-dependent repressor Capicua (Cic; p≈0)(Figure S3D), suggesting that 

ERK may have a dual action on its gene targets, simultaneously relieving Cic-mediated 

repression and promoting the binding of ETS transcriptional activators.
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EGFR signaling regulates genes in DNA replication, cell cycle, cell death, cell adhesion, 
and chromatin remodeling

From Gene Ontology (GO) analysis “DNA replication” and “cell cycle” or “mitotic cell 

cycle” were the most significantly enriched GO biological processes amongst Pnt, Ets21C 

and sSpi up-regulated genes. Many genes in these sets were direct Pnt and/or Ets21C targets 

by DamID-Seq (Figures 2C–2F); CycB, CycE, and cdk2 were direct targets of PntP1 and 

PntP2; Cdk1, cdk4, CycA, and aurB were direct targets of PntP1; stg was a direct target 

of Ets21C (Figure 2F). These genes were also upregulated by sSpi (Data S1). These highly 

significant effects help explain the activation of the ISC cell cycle by EGFR signaling. 

“Programmed cell death” or “cell death” was one of the most significant GO processes 

amongst PntP1, PntP2, and sSpi downregulated genes (Figure 2E, 3B, Data S3-S4), many 

of which were DamID targets (Data S2). This suggests a role for EGFR signaling in ISC 

survival. Cell adhesion and axon guidance were enriched biological processes amongst 

Ets21C and sSpi downregulated genes and most of these had Dam-Ets21C binding sites. 

Such targets may help explain ETS-TF functions during tumor progression and metastasis.

We also noted evidence of signaling crosstalk. PntP1 and PntP2 both up-regulated three 

ligands in FGF signaling (bnl, ths, pyr). Of these bnl is known to be pro-proliferative for 

ISCs38,39. sSpi, Pnt, and Ets21C all up-regulated the cytokine upd3, indicating crosstalk 

between EGFR signaling and Jak-STAT signaling. Additionally, sSpi, Pnt, and Ets21C each 

altered the expression of many components (Figure S3E) and feedback regulators in the 

EGFR signaling pathway itself, and Pnt and Ets21C bound many of these targets by DamID 

(Figure S3F). This is likely an indication of positive and negative feedback interactions 

within the pathway, as previously characterized in other contexts40.

Of the early responders to sSpi, “chromatin remodeling” was an enriched biological process 

(Figure 3A). Several genes in the Brahma complex, nucleosome remodeling factors, and 

histone modifiers were up-regulated (Data S4). This rapid, transient expression of chromatin 

remodelers in response to EGFR activation may prepare the genome for transcriptional 

changes that facilitate ISC proliferation or daughter cell fate determination. Consistently, 

brm is required for ISC proliferation and damage-induced midgut regeneration41.

EGFR signaling up-regulates oxidative phosphorylation and TCA cycle genes

Tellingly, GO term enrichment analysis showed that EGFR signaling upregulated numerous 

metabolic processes related to mitochondrial function (Figures 2C–2E, 3D-3F, Data S4). For 

instance, “nucleotide metabolism”, “oxidative phosphorylation” (OXPHOS), “mitochondrial 

ATP biogenesis”, “acetyl-CoA biogenesis”, and “oxidation-reduction” were among the most 

significant biological processes consistently up-regulated by sSpi at both 8h and 24h (Figure 

3B). A large fraction of genes used in OXPHOS (mitochondrial electron transport chain) 

and the TCA cycle were upregulated by sSpi, Pnt and/or Ets21C, and many of these 

bound Pnt and/or Ets21C by DamID (Figures 3D and 3E). Late positive responders to 

sSpi included genes falling under “oxidation-reduction” and “glutathione metabolic process” 

GO terms, suggesting that the up-regulation of OXPHOS might increase ROS levels. The 

up-regulation of “lipid oxidation” genes at 24h suggested that fatty acid β-oxidation may 

be commandeered to fuel OXPHOS and ATP synthesis after prolonged sSpi stimulation 
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(Figure 3C). Consistent with our GO analysis, gene set enrichment analysis (GSEA) showed 

that OXPHOS, TCA, and pyruvate metabolism genes were significantly up-regulated 

by sSpi (Figure 3F). sSpi also upregulated a number of genes encoding mitochondrial 

factors including the mitochondrial pyruvate transporter Mpc1, mitochondrial TOM complex 

elements, and clueless (Figure S4C).

EGFR signaling reconfigures midgut metabolism

To determine whether the expression of genes for mitochondrial functions actually altered 

ISC metabolism, we performed metabolite profiling on whole midguts. sSpi was over-

expressed in esg+ progenitor cells for 4 days prior to analysis. Compared to controls, 

sSpi-expressing midguts had decreased levels of glucose, mannose, fructose, glucose-6P, 

fructose-6P, and pyruvate (Figure 4A). We also detected depletions of fatty acids and fatty 

acid esters, the TCA cycle intermediate α-ketoglutarate, and the pentose phosphate pathway 

intermediate sedoheptulose-7P. These decreases in glycolytic intermediates, fatty acids and 

their derivatives are indicative of increased glycolysis and fatty acid oxidation, and could 

be due to the high demand for substrates like nucleotides and amino acids, and for energy 

(ATP), during cell proliferation. Interestingly, we did not observe decreases in ATP/ADP, 

NADH/NAD, or NADPH/NADP ratios (Figure 4F), indicating that cellular energy levels 

were maintained. However, process enrichment analysis indicated that fatty acid biogenesis, 

β-oxidation, fructose and mannose degradation, and glycolysis were all significantly altered 

by EGFR signaling (Figure 4B).

Lipidomics data revealed a significant increase of total acylcarnitines. (Figure 4C). 

Synthesized by the carnitine palmitoyltransferase, CPT1, at the outer mitochondrial 

membrane, acylcarnitines are an intermediate in the carnitine shuttle system used to 

transport long-chain fatty acids into mitochondria for β-oxidation. Increased acylcarnitine 

therefore indicates an increase in β-oxidation, as also suggested by the depletion of various 

fatty acids (Figures 4A–4C). Consistent with this, our mRNA-Seq data showed that the 

mRNA encoding fatty acid binding protein (fabp), used to transport fatty acids, was 

up-regulated by sSpi, Ets21C, and Pnt (Figure S4A), and that expression of β-oxidation 

enzymes including Acsl, Mtpalpha, Mtpbeta, yip2, ACOX1, Fdh and Aldh was up-regulated 

by sSpi (Figure S4B).

To test whether EGFR-driven ISC proliferation required fatty acid β-oxidation, we 

treated the flies with Etomoxir, an inhibitor of CPT1. Etomoxir significantly reduced 

ISC divisions in response to sSpi OE (Figure 4D), and effectively blocked the increase 

in mitochondrial membrane potential induced by sSpi (Figure 4E). Thus, sSpi-induced 

increases in mitochondrial activity and ISC proliferation require β-oxidation. The observed 

depletions of sugars, glycolytic intermediates, and fatty acids could result from increased 

consumption, or decreased uptake. To distinguish these possibilities, we used flow cytometry 

to measure the uptake of 2NB-DG (a fluorescent glucose analog) or BODIPY (a fluorescent 

dodecanoic acid analog) in cells dissociated from midguts. Midgut cells with 2C, 4C, and 8C 

DNA content all showed large, highly significant increases in 2NB-DG and BODIPY uptake 

following in vivo exposure to sSpi for 24h (Figures 4G–4H). This suggests that the observed 
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decreases in sugars, glycolytic intermediates, and fatty acids were consequences of increased 

consumption.

EGFR signaling promotes mitochondrial biogenesis in Drosophila ISCs

Finding that EGFR signaling up-regulated a broad array of genes involved in mitochondrial 

function prompted us to investigate mitochondrial biogenesis as a potential effector of 

EGFR-driven cell growth. Using the mitochondrial dye MitoTracker and live imaging, we 

determined that mitochondria/cell area ratios increased significantly after sSpi, Ets21C, 

PntP1 or PntP2 OE, and decreased after expressing EgfrRNAi (Figures 5A–5B). These 

phenotypes were confirmed by transmission electron microscope (TEM; Figures S5A-S5C). 

Thus, mitochondrial biogenesis rates exceed cell growth rates after EGFR signaling 

activation. By expressing a mito-GFP marker in esg+ cells, we determined that sSpi 
expression or P.e. infection increased mitochondrial volume threefold (Figures 5C–5D). 

We also assayed ISC mitochondrial volumes and membrane potential (as a metric 

of mitochondrial OXPHOS activity) using flow cytometry and the MitoTracker and 

Tetramethylrhodamine (TMRM) dyes, respectively. EGFR signaling increased not only 

mitochondrial volumes, but also mitochondrial activity as assayed by TMRM accumulation, 

on a per-cell basis (Figure 5E). Conversely, EgfrRNAi decreased mitochondrial volumes 

and activity (Figure 5E). Similarly, P.e. infection promoted ISC mitochondrial biogenesis 

and activity, and this effect required Egfr, Ets21C, and Pnt (Figure 5G). To test whether 

mitochondrial biogenesis required cell division, stgRNAi was co-expressed along with the 

Egfr ligand Krn, to block ISC mitosis. Flow cytometry of 4C esg+ cells showed that the 

Krn-dependent increases in cell size and mitochondrial mass were not affected by blocking 

mitosis with stgRNAi (Figure 5F, see also Figure 1I). However, MEKRNAi did suppress 

Krn-dependent increases in cell size, mitochondrial mass and activity (Figures 5F, S6I-S6K), 

showing that these EGFR-dependent effects are mediated by MEK.

Consistent with these results, the mitochondrial DNA content of ISCs more than doubled 

after 24h induction of sSpi, Ets21C, or PntP1 (Figure 5H). PntP2 over-expression for 24h 

or Cic knockdown for 3 days also increased mitochondrial DNA copy number. Consistently, 

Pnt and Ets21C knockdown significantly reduced mitochondrial DNA content. P.e. infection 

also strongly increased ISC mitochondrial DNA content, and depletion of Egfr by RNAi 

suppressed this increase. These data show that EGFR signaling via Cic, Pnt, and Ets21C is 

required for and sufficient to promote mitochondrial biogenesis.

EGFR signaling regulates mitochondrial biogenesis in human cells

To test whether the metabolic effects of EGFR signaling are conserved, we investigated 

hTERT immortalized human Retinal Pigment Epithelial-1 (RPE-1) cells. EGFR signaling 

promotes RPE-1 cell proliferation, survival, and migration through the activation of ERK 

and AKT42–45, and RPE-1 cells do not carry any known mutations in the EGFR pathway. 

In our study, RPE-1 cells were synchronized by 20h serum starvation, forcing 85–90% of 

cells into G1 arrest. Human EGF (50ng/ml), MEK inhibitor (Binimetinib 500nM), or both 

were then added to basal media for 24h. After 24h of EGF stimulation, mitochondrial 

mass and activity were significantly increased as compared to controls (Figures S5D-

S5F). Interestingly, MEK inhibition blocked the mitochondrial biogenesis effect of EGF 
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(Figures S5G-S5H), but failed to suppress the EGF-dependent increase in mitochondrial 

membrane potential (Figures S5G and S5I). These data indicate that, as in Drosophila 
ISCs, mitochondrial biogenesis is regulated by the EGFR/MEK/ERK cascade. However, in 

contrast to what we found in Drosophila ISCs, MEK was not required for EGF to stimulate 

mitochondrial activity in RPE-1 cells. Thus, other effectors of EGFR signaling, for instance 

PI3K/AKT, may be more potent in regulating mitochondria activity, at least in human cells.

Pnt promotes mitochondrial biogenesis via mtTFB2

Despite these profound effects on mitochondrial biogenesis, the mRNA expression of known 

master transcriptional regulators of mitochondrial biogenesis like Spargel (PGC-1α), ewg 
(NRF-1), Ets97D (NRF-2), and TFAM (mitochondrial transcription factor A/mtTFA) was 

not significantly changed by EGFR signaling activation (Figure S4C). PGC-1α and NRF-1 

might be regulated postranslationally46–49, and this could not be ruled out. We noted, 

however, that many of the OXPHOS and TCA cycle genes up-regulated by EGFR signaling 

were detected as Pnt and/or Ets21C binding targets by DamID (Figure 3D), suggesting direct 

regulation.

A second mechanism was suggested by sequence analysis showing that Pnt and Ets21C 

are homologs of the GABPα subunit of human Nuclear Respiratory Factor 2 (NRF-2). 

The closest Drosophila homolog of GABPα is Ets97D, but Pnt and Ets21C are very 

similar, having highly conserved ETS DNA binding and PNT domains, and nearly identical 

predicted DNA binding seed sequences (Figure 6A). Drosophila Ets97D, PntP2, and Ets21C 

have a percent coverage (aligned amino acids) of 95.6%, 87.0%, and 75.8% of human 

GABPα, and percent identity (amino acids) of 38%, 21%, and 27%, respectively (EMBL-

EBI Multiple Sequence Alignment). Ets97D is dispensable in the gut, where Pnt and/or 

Ets21C might fulfill its function50. Indeed, Ets97D is poorly expressed in the midgut, 

whereas Pnt and Ets21C are highly expressed (Data S1)33.

Human NRF-2 regulates mitochondrial biogenesis by controlling the mitochondria 

transcription factors B1 and B2 (mtTFB1 and mtTFB2)51. Drosophila mtTFB2 is required 

for larval development, and mtTFB2RNAi severely impairs transcription of the mtDNA, 

suppressing OXPHOS and promoting anaerobic glycolysis in larvae52. mtTFB1 shows 

very low expression in all cell types of the gut epithelium33, and was not induced by 

EGFR signaling (Data S1). mtTFB2, however, was significantly up-regulated by PntP1 and 

PntP2 (Figure 6D; Data S1). sSpi stimulation also up-regulated mtTFB2 although not as 

significantly (adjusted P = 0.064). PntP1 and PntP2 had DamID binding sites 3kb upstream 

of the mtTFB2 gene transcript (Figure 6B). Between these binding sites and the mtTFB2 

coding sequence, there is another gene (CG3909) on the same strand, which was also 

up-regulated by PntP1 and PntP2 (Figures 6B and 6C). These observations suggest that Pnt 

activates an enhancer up-stream of mtTFB2.

Overexpressed mtTFB2 was sufficient to mildly induce ISC proliferation and increase 

the number of esg+ progenitor cells (Figures 6E and 6F). Flow cytometry confirmed the 

increase in progenitors, and revealed that mtTFB2 increased esg+ cell size, mitochondrial 

size, and mitochondrial activity (Figure 6H). Consistently, mtTFB2 overexpression increased 

mitochondrial DNA content (Figure 6G). However, mtTFB2 overexpression failed to 
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promote proliferation when EGFR signaling was blocked, indicating that EGFR has other 

targets required for proliferation (Figure S6A). Thus, Pnt promotes mitochondrial biogenesis 

and ISC growth and proliferation in part by up-regulating mtTFB2.

mtTFB2, TFAM and mitochondrial biogenesis are required for ISC proliferation

We next tested the requirement of mtTFB2. Expression of mtTFB2RNAi in esg+ cells 

completely blocked their ability to proliferate in response to Krn or P.e. infection (Figures 

6I–6M). Progenitor cells lacking mtTFB2 also showed reduced size, mitochondrial mass, 

and mitochondrial activity despite the activation of EGFR signaling (Figure 6J). Flow 

cytometry of 8C and 16C esg+ enteroblasts showed the mtTFB2RNAi also suppressed the 

EGFR-dependent growth and endoreplication of these postmitotic progenitors (Figures S6G-

S6H). Thus, mtTFB2 is required for cell growth and mitochondrial biogenesis driven by 

EGFR signaling.

To test the long-term effect of mtTFB2 knockdown, we used the esgts F/O driver53. 

ISC clones expressing mtTFB2RNAi arrested as single cells, whereas control clones grew 

profusely and populated most of the epithelium in the R4 region within 21 days (Figure 6N). 

In some guts mtTFB2RNAi caused progenitor cell loss, probably due to the failure of stem 

cell self-renewal. Midguts expressing mtTFB2RNAi in esg+ progenitor cells were shrunken in 

aged flies, and these animals died earlier than controls (Figure 6O).

Previous investigations found that TFAM (mtTFA) and mtTFB2 are the only DNA 

binding proteins required for transcription of the mitochondrial genome54, and are both 

indispensable for mitochondrial biogenesis. Hence, we also investigated TFAM. As with 

mtTFB2, esg+ cells expressing TFAMRNAi failed to proliferate in response to P.e. 
infection or Krn expression (Figures 6I, 6K-6M, S6D-S6F). However, esg+ cells expressing 

TFAMRNAi showed only modest decreases in size under normal conditions, and were able 

to grow and increase their mitochondrial mass in response to EGFR activation by Krn 

(Figures 6I, 6K, S6B-S6C). However, TFAMRNAi decreased the mitochondrial membrane 

potential both at homeostasis and after EGFR activation, as assayed by TMRM staining 

(Figures S6B-S6C). These results indicate that TFAM and mtTFB2 have distinct functions 

in mitochondrial biogenesis, but are both required for mitochondrial activity and ISC 

proliferation. To summarize, we report that EGFR signaling via Cic, Pnt, Ets21C, and 

mtTFB2 alters stem cell metabolism to facilitate cell growth and proliferation, and that 

this works through promoting mitochondrial biogenesis and activity by increasing fatty acid 

β-oxidation, the TCA cycle and OXPHOS (Figure 7).

DISCUSSION

EGFR signaling activates Drosophila intestinal stem cells (ISC) for growth and division, 

and enteroblasts (EB) for growth and DNA endoreplication. Together, these effects drive 

gut epithelial regeneration1–4,10. In this study we report that the EGFR ligand Spitz (Spi) 

and the downstream transcription factors Pnt and Ets21C not only up-regulate cell cycle 

genes, but also a large set of genes used for mitochondrial biogenesis, the TCA cycle, 

oxidative phosphorylation, and fatty acid oxidation. Many of these genes are bound by Pnt 

and/or Ets21C, indicating direct regulation. EGFR signaling-dependent gene expression is 
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sufficient to increase both uptake and usage of sugars and fatty acids, a combination that can 

in principle enhance the synthesis of nucleotides and amino acids without throttling energy 

supplies (ATP, NADH), thus potentiating anabolic cell growth. Our findings align well with 

results reported by Mundorf et al., who also assessed Ets21C target genes in Drosophila 
midgut18, as well as studies of ErbB signaling in the mouse intestine6.

Early studies of proliferation in cultured cells show that growth factors trigger a stepwise 

temporal program of gene expression that culminates in DNA replication and, later, 

mitosis55. Transcriptional activation of primary responder (“immediate early”) genes relies 

on pre-existing receptors and transcriptional regulators and can occur without de novo 
protein synthesis, whereas secondary responder (“delayed early”) genes require new 

expression of additional transcription factors55–58. To assess this growth factor stimulation 

process in a physiological context, we assayed ISC transcriptomes after 8h and 24h of sSpi 
induction. We found that many more genes were affected after 24h, indicating that the 

transcriptional output of EGFR signaling is dynamic. In Drosophila ISCs, Cic appears to 

act as an central pre-existing primary transcription regulator controlled directly by ERK 

phosphorylation13. PntP2, which can be activated by phosphorylation, may share this 

function. PntP1 and Ets21C appear to function as required “immediate early” responders 

that activate downstream target genes. Both the Pnt- and Ets21C-regulated transcriptomes 

shared a high degree of overlap with the transcriptional profile triggered by sSpi, confirming 

the centrality of Pnt and Ets21C to EGFR signaling transcriptional output.

EGFR signaling is essential for ISC maintenance and proliferation in Drosophila, mice, 

and humans. In the mammalian gut, ligands for the EGFR/ErbB-type receptors are secreted 

by cells in the crypt-localized stem cell niche, namely Paneth cells and the subepithelial 

mesenchyme7,8. EGFR is expressed in ISCs and transit amplifying cells (TA)8,9, whereas 

ErbB2, and ErbB3 are expressed throughout the crypt-villus axis6. These receptors are 

required for crypt basal cell proliferation5,6. Consistent with our results, mammalian ISCs 

deprived of EGFR/ErbB signaling downregulate metabolic processes such as glycolysis, 

oxidative phosphorylation, and cholesterol metabolism5. NRG1, a neuregulin type ligand 

that activates ErbB2/ErbB3, is the principal driver of proliferation in mouse intestinal 

crypts6. Mammalian ISCs maintain a mitochondrial state distinct from their differentiated 

progeny. They express high levels of the mitochondrial biogenesis genes TFAM and NRF-1, 

and have higher mitochondria content, membrane potential, and PDK1 expression than 

differentiated intestinal epithelial cells59. This aligns with our proposal that proliferative 

ISCs and TAs require mitochondrial biogenesis and high levels of mitochondrial activity 

to maintain their functions in gut epithelial regeneration. It is also noteworthy that RAS 

signaling promotes mitochondrial biogenesis in Schwann cells and that, consistent with our 

results, this requires ERK signaling60.

We found that EGFR signaling promoted mitochondrial biogenesis, fatty acid oxidation, 

the TCA cycle, and oxidative phosphorylation by up-regulating ETS factor target genes, 

activating Drosophila ISCs from quiescence to cycling. Glucose and fatty acid uptake were 

also increased by EGFR activation, and ATP and NADH levels were maintained even as 

stored lipids and sugars were depleted. A similar increase in OXPHOS gene expression, 

mitochondrial content and activity has been observed in muscle stem cells transitioning 
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from quiescence to an adaptive state for rapid re-entry into the cell cycle61. In Drosophila 
ISCs this up-regulation is evidently required, since impairing mitochondrial biogenesis by 

knockdown of either mtTFB2 or TFAM caused ISC arrest. We find it notable that mtTFB2, 

a target of EGFR signaling and Pnt, was not only required, but also sufficient to stimulate 

a modest amount of ISC proliferation when overexpressed. This suggests that the metabolic 

changes resulting from EGFR activation may be instructive for ISC activation.

Our metabolomics data from EGFR-activated intestines showed depletions of sugars, 

glycolysis intermediates and fatty acids, despite increased uptake of glucose and fatty 

acid, suggesting that glycolysis and fatty acid β-oxidation were both activated by EGFR 

signaling. Hence we suggest that, following EGFR activation, glycolysis may be more 

heavily utilized for generating metabolic intermediates required for rapid cell proliferation, 

namely nucleotides for nucleic acid synthesis and amino acids for growth, whereas fatty 

acid β-oxidation may be preferentially used to provide acetyl-CoA to the TCA cycle to 

provide the energy intermediates NADH and ATP. A recent study using genetic tools to 

visualize ATP/ADP ratios in vivo in ISCs reported that ATP levels decreased transiently 

during rapid ISC proliferation, but rapidly rebounded when ISCs returned to quiescence62. 

Another study highlighted an ISC-specific requirement for lipolysis63. These results support 

the notion that rapid ISC proliferation increases the demand not only for biosynthesis, but 

also for energy, and therefore requires a re-structuring of metabolism that favors fatty acid 

catabolism. Future studies of how mitochondrial fuel selection and metabolite flux change as 

cells get activated for proliferation should prove interesting.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Bruce A. Edgar 

(bruce.edgar@hci.utah.edu).

Materials availability—All unique/stable reagents generated in this study are available 

from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability

• RNA-seq data and Dam-seq data have been deposited at GEO and are publicly 

available, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181583.

• All original code used for Dam-seq analysis and image processing is available 

from the lead contact upon request.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We maintained Drosophila melanogaster stocks on standard cornmeal food at 18°C. Fly 

stocks used in this study are listed in the key resources table.
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METHOD DETAILS

Generation of transgenic flies—UAS-Dam-PntP1, UAS-Dam-PntP2, and UAS-Dam-
Ets21C-PC were generated in our lab. Total RNA was extracted from adult fly midgut 

and converted to cDNA. The cDNA of each TF was cloned and inserted into the pUAST 

attB-LT3-NDam vector (gift from Andrea Brand lab)35 and then integrated into the attB site 

on the Drosophila third chromosome.

Primers for UAS-Dam-PntP1, UAS-Dam-PntP2, and UAS-Dam-Ets21C-PC cloning are in 

KEY RESOURCES TABLES.

UAS-Ets21C-PB and UAS-Ets21C-PC also have versions generated in our lab. Ets21C-PC 

and Ets21C-PB coding sequence without stop codon was amplified from cDNA library 

prepared from midgut by using Phusion DNA polymerases (Thermo Fisher Scientific). 

Poly-A tails were added to the purified PCR products via Tag polymerase (Thermo 

Fisher Scientific) at 72°C for 10min. Then the A-tailed PCR products were sub-cloned 

to pCRTM8/GW/TOPO vector (Invitrogen). Through LR recombination reaction, they were 

inserted into pUASg-attB-HA vector65. For the insertion, the constructs were prepared with 

Qiagen Maxi prep kit, sent to Genetic Services, and injected into attp2 line to generate 

transgenic flies.

Primers for UAS-Ets21C-PB and UAS-Ets21C-PC cloning are in KEY RESOURCES 

TABLES.

UAS-mtTFB2-Flag-HA was generated using UFO03038 vector from Drosophila Genetics 

Resource Center BDGP Tagged ORF Collection. This vector has the mtTFB2 cDNA 

followed by one Flag and one HA tag on the C terminal and was inserted in the attP2 

site of third chromosome. The injection and selection were done by BestGene Inc.

Cell-type specific mRNA Seq—Cell type specificity was achieved by using an ISC-

specific temperature-sensitive driver (esgts; Su(H)-Gal80). The over-expression of ectopic 

Pnt, Ets21C, or sSpi was spatio-temporally controlled by esgts; Su(H)-Gal80 system. With 

this system, UAS driven transgene only expresses in esg positive and Su(H) negative ISCs 

and only at temperatures above 29°C. For this experiment young female flies were selected 

three days post-eclosion and shifted to 29°C for 8 or 24 hours, allowing ectopic protein 

expression in ISCs. In the control group, for each replicate, 120 guts were dissected right 

after induction. Due to EGFR signaling activated guts having more ISCs than controls, 

around 90 guts were dissected in each experimental group to get an equal number of 

ISC. Experimental groups had the same genetic background, sex, and treatment with 

control groups. After 1h collagenase digestion, ISCs were sorted by flow cytometry and 

collected into lysis buffer with RNAse inhibitor, as previously described34. YFP positive and 

Propidium Iodide (PI) negative single small cells were collected. Total RNA from ISC was 

extracted using Arcturus picoPure RNA Isolation Kit (Cat.No. 12204–01) in an RNAse free 

environment. All of the total RNA samples had an RNA Integrity Number (RIN) greater 

than 8.5. Library preparation had been carried out by Illumina TruSeq Stranded mRNA Kit 

according to its protocol. This kit used oligo-dT beads to capture and enrich RNA species 
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containing a polyA tail. Sequencing was performed by Illumina High Seq 2500, with a 

single-end (1 × 50 cycle) high output run mode.

Cell-type specific DamID Seq—DamID-Seq (DNA Adenine Methyltransferase 

Identification via Sequencing) was used to identify the binding profiles of Ets21C and Pnt 

on the ISC genome. Dam protein from E.coli can methylate the N6-position of adenine 

in the sequence GATC of the eukaryote genome. Adenine methylation is common across 

bacterial phyla, but is mostly absent in eukaryotic cells. In the Drosophila genome GATC 

sites occur on average every 200–300bp66. In this experiment, Dam protein was fused 

with PntP1, PntP2, and Ets21C-PC isoforms at the N-terminus. The cDNA of each TF 

was inserted into the pUAST attB-LT3-NDam vector (from Andrea Brand lab) and then 

integrated into the attB site on the Drosophila third chromosome35. This transgene is 

expressed at a very low level when Gal4 is present due to a non-coding primary ORF 

introduced in front of Dam-TF fusion ORF, which causes the ejection of ribosomes from 

the mRNA35. In our experiment, Dam-TF fusion proteins or Dam control protein were 

only expressed in ISC at a very low dose for 24h to achieve specific DamID without 

toxicity, thus avoiding damage-dependent EGFR activation. For all of the TFs, the binding 

profiles were revealed under physiological condition. Dam or Dam-TF fused proteins were 

expressed for 24 hours in ISC of newly enclosed females. Around 100 midguts were 

dissected right after Dam or Dam-TF induction for DNA extraction. For each experiment, 

there were at least three biological replicates for Dam control and Dam-TF fusion proteins. 

The previously described DamID protocol was used to extract genomic DNA, process 

and amplify methylated DNA fragments67. Libraries for DNA sequencing were prepared 

by TruSeq DNA PCR-Free Sample Preparation kit (Ilumina FC-121–3001), following its 

protocol.

Flow cytometry—Midguts were dissected in nuclease free cold PBS. While dissecting, 

hindgut and malpighian tubules were carefully removed from the midgut. Midguts were 

transferred to 1.5 ml Eppendorf tube with 500 µl nuclease/RNAse free PBS on ice. 

Collagenase I (1:1000 of 100U/µl stock solution, Gibco 17018029) and EDTA (final 

concentration of 2mM) were then added and samples were incubated for 1 hour at 29°C 

in thermomixer with 450 rpm. Samples were vigorously pipetted 30 times using a cut tip 

every 15 mins to help dissociation. After dissociation, samples were centrifuged at 600 g 

for 10 mins. Supernatant was discarded and 500 µl of cold fresh nuclease free PBS with 

Propidium Iodide (PI) (Invitrogen™ P1304MP) were added. Cells were re-suspended and 

pipetted onto a 40um strainer cap FACS tube, tapping gently to help flowing through. BD 

FACSAria cell sorter was used to sort and collect YFP positive and PI negative single ISC.

For cell cycle analysis, Hoechst dye 10μM (Thermo Scientific™ 62249) added to the 

dissociation buffer was used to quantify DNA content. Since ISC did not easily incorporate 

Hoechst, a high concentration was necessary. For mitochondria volume and activity, 

MitoTracker Deep Red FM 100nM (Invitrogen™ M22426) and Tetramethylrhodamine 

40nM (Invitrogen™ T668) were used to stain mitochondria. These dyes were added in 

the dissociation buffer and incubated with the cells for 60 mins.
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For glucose uptake assay, 2NB-DG (Invitrogen™, catalog number: N13195) at working 

concentration 250μM was added into the dissociation buffer and incubated with the cells 

for 30mins and Hoechst 10μM for 60mins. For fatty acid uptake assay, cells were incubated 

with Hoechst 10μM for 60mins while dissociating, then with BODIPY (QBT™ Fatty Acid 

Uptake Assay Kit from Molecular Devices) 1:10 of the loading buffer suggested by its 

protocol for 5 mins after dissociation. Cells were centrifuged to remove BODIPY buffer, 

then re-suspended for FACS. We reduced the loading concentration and incubation time of 

BODIPY, since the accumulation was quick and the fluorescent intensity was high in the 

cells. CytoFLEX analyzer was used to perform the cell cycle, mitochondria activity, glucose 

and fatty acid uptake assays.

Immunofluorescence staining—Female adult flies were dissected in cold PBS. 

Midguts were fixed in PBS with 4% paraformaldehyde (PFA) at room temperature for 

30 minutes or 4°C overnight. Midguts were then washed in PBS with 0.1% Triton x-100 

(PBST) for 3×10 minutes each. Samples were blocked in PBST with 3% BSA and 10% 

Normal Goat Serum (NGS) for 30 min at room temperature. All samples were incubated 

with primary antibodies overnight at the following dilutions: rat anti-HA (1:500; Roche 

3F10), rabbit anti-PH3 (1:1000, Millipore 06–570), chicken anti-GFP (1:1000, Invitrogen™ 

A10262), and mouse anti-Pnt (1:500, a gift from Christian Klambt lab)30. After washing 

3×10 minutes in PBST, samples were incubated with secondary antibodies for at least 2 

hours at room temperature at a dilution of 1:1000. DNA was stained with DAPI (0.1mg/ml, 

Sigma), diluted 1:200.

Mito-DNA content assays—Real Time quantitative PCR (RT-qPCR) was used 

to determine the ratio between Mito-DNA and Chromatin-DNA. This ratio reflects 

mitochondrial DNA copy number in a cell. YFP positive ISCs were dissociated and isolated 

from freshly dissected female midguts by FACS. Total DNA, including mitochondrial DNA, 

was extracted from ISC using QIAamp DNA Micro Kit, according to its protocol. The 

total DNA sample was diluted to desired concentration for RT-qPCR. Two pairs of primers 

targeting genomic DNA and two pairs of primers targeting mitochondrial DNA were used. 

Primers are listed below:

Ets21C Forward: CCCTGACTATCTCGGGTGAA

Ets21C Reverse: CACTTCACTTTGGCCCTGTT

PRODUCT SIZE: 143bp. This pair of primers targeting 5’UTR region of Ets21C and will 

not recognize UAS:Ets21C-HA (FlyORF F000624) in the Ets21C OE flies.

β-tub56D Forward: ACATCCCGCCCCGTGGTC

β-tub56D Reverse: AGAAAGCCTTGCGCCTGAACATAG

PRODUCT SIZE: 120bp. Last exon of β-Tub56D.

CO1 Forward: TGACTTCTACCTCCTGCTCT
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CO1 Reverse: GCAATTCCAGCGGATAGAGG

PRODUCT SIZE: 104bp

CO3 Forward: TCACAGAAGTTTATCACCCGC

CO3 Reverse: TGGTGGGCTCAAGTTACAGT

PRODUCT SIZE: 141bp

For data analysis, the two genomic DNA genes were considered as controls, since the copy 

number of genomic genes should be consistent in all ISC except those in S, G2, and early 

M phase of cell cycle. Delta delta Ct analysis was used to calculate the relative content of 

mitoDNA in comparison to the W1118 control.

Metabolomics and lipidomics—Flies were dissected in cold PBS and their explanted 

intestines flash frozen in liquid nitrogen. For each replicate, 100 or 40 intestines were 

collected for metabolomics and lipidomics analyses, respectively.

For metabolite extraction, each sample was transferred to 2.0 mL ceramic bead mill tubes 

(Qiagen Catalog Number 13116–50). 450 μL of cold 90% methanol (MeOH) solution 

containing the internal standard d4-succinic acid (Sigma 293075) was added to each sample. 

The samples were then homogenized in an OMNI Bead Ruptor 24. Homogenized samples 

were then incubated at −20 ˚C for 1 hr. After incubation the samples were centrifuged 

at 20,000 x g for 10 minutes at 4 °C. 400 μl of supernatant was then transferred from 

each bead mill tube into a labeled, fresh microcentrifuge tubes. Another internal standard, 

d27-myristic acid, was then added to each sample. Pooled quality control samples were 

made by removing a fraction of collected supernatant from each sample. Process blanks 

were made using only extraction solvent and went through the same process steps as actual 

samples. Everything was then dried en vacuo.

All GC-MS analysis was performed with an Agilent 7200 GC-QTOF fit with an Agilent 

7693A automatic liquid sampler. Dried samples were suspended in 40 µL of a 40 mg/mL 

O-methoxylamine hydrochloride (MOX) (MP Bio #155405) in dry pyridine (EMD Millipore 

#PX2012–7) and incubated for one hour at 37 °C in a sand bath. 25 µL of this solution was 

added to auto sampler vials. 60 µL of N-methyl-N-trimethylsilyltrifluoracetamide (MSTFA 

with 1%TMCS, Thermo #TS48913) was added automatically via the auto sampler and 

incubated for 30 minutes at 37 °C. After incubation, samples were vortexed and 1 µL of the 

prepared sample was injected into the gas chromatograph inlet in the split mode with the 

inlet temperature held at 250 °C. A 10:1 split ratio was used for analysis for the majority of 

metabolites. Any metabolites that saturated the instrument at the 10:1 split were analyzed at 

a 50:1 split ratio. The gas chromatograph had an initial temperature of 60 °C for one minute 

followed by a 10 °C/min ramp to 325 °C and a hold time of 10 minutes. A 30-meter Agilent 

Zorbax DB-5MS with 10 m Duraguard capillary column was employed for chromatographic 

separation. Helium was used as the carrier gas at a rate of 1 mL/min. Below is a description 

of the two-step derivatization process used to convert non-volatile metabolites to a volatile 

form amenable to GC-MS.
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Sample extraction protocol for lipidomics based on Matyash et al. J Lipid Res 49(5) (2008) 

1137–1146.

Lipid extracts were separated on an Acquity UPLC CSH C18 column (2.1 × 100 mm; 

1.7 µm) coupled to an Acquity UPLC CSH C18 VanGuard precolumn (5 × 2.1 mm; 

1.7 µm) (Waters, Milford, MA) maintained at 65 °C connected to an Agilent HiP 1290 

Sampler, Agilent 1290 Infinity pump, and Agilent 6545 Accurate Mass Q-TOF dual AJS-

ESI mass spectrometer (Agilent Technologies, Santa Clara, CA). Samples were analyzed in 

a randomized order in both positive and negative ionization modes in separate experiments 

acquiring with the scan range m/z 100 – 1700. For positive mode, the source gas temperature 

was set to 225 °C, with a drying gas flow of 11 L/min, nebulizer pressure of 40 psig, sheath 

gas temp of 350 °C and sheath gas flow of 11 L/min. VCap voltage is set at 3500 V, nozzle 

voltage 500V, fragmentor at 110 V, skimmer at 85 V and octopole RF peak at 750 V. For 

negative mode, the source gas temperature was set to 300 °C, with a drying gas flow of 11 

L/min, a nebulizer pressure of 30 psig, sheath gas temp of 350 °C and sheath gas flow 11 

L/min. VCap voltage was set at 3500 V, nozzle voltage 75 V, fragmentor at 175 V, skimmer 

at 75 V and octopole RF peak at 750 V. Mobile phase A consisted of ACN:H2O (60:40 

v/v) in 10 mM ammonium formate and 0.1% formic acid, and mobile phase B consisted 

of IPA:ACN:H2O (90:9:1 v/v/v) in 10 mM ammonium formate and 0.1% formic acid. For 

negative mode analysis the modifiers were changed to 10 mM ammonium acetate. The 

chromatography gradient for both positive and negative modes started at 15% mobile phase 

B then increased to 30% B over 2.4 min, it then increased to 48% B from 2.4 – 3.0 min, 

then increased to 82% B from 3 – 13.2 min, then increased to 99% B from 13.2 – 13.8 min 

where it’s held until 16.7 min and then returned to the initial conditions and equilibrated for 

5 min. Flow was 0.4 mL/min throughout, with injection volumes of 1 µL for positive and 10 

µL negative mode. Tandem mass spectrometry was conducted using iterative exclusion, the 

same LC gradient at collision energies of 20 V and 27.5 V in positive and negative modes, 

respectively.

Etomoxir treatment—Etomoxir was mixed with freshly made fly food (Bloomington 

Formulation) at a final concentration of 25μM. Flies were fed with Etomoxir 36h prior to 

dissection, and were flipped into flesh Etomoxir food every 12 hours.

Transmission electron microscopy—Posterior midguts were dissected and fixed in the 

fixative solution [2.5% Glutaraldehyde, 1.25% Paraformaldehyde, and 0.03% picric acid in 

0.1 M sodium cacodylate buffer (pH 7.4)] at 4°C overnight, washed in 0.1M cacodylate 

buffer and postfixed with 1% osmiumtetroxide (OsO4) in 1.5% potassium ferrocyanide 

(KFeCN6) for 1 hour, washed 2 times in water, 1 time in Maleate buffer (MB) and incubated 

in 1% uranyl acetate in MB for 1 hour followed by 2 washes in water and subsequent 

dehydration in grades of alcohol (10min each; 50%, 70%, 90%, 2×100%).

The samples were then incubated in propylene oxide for 30 minutes and infiltrated in a 1:1 

mixture of propylene oxide and TAAB Epon (Marivac Canada Inc. St. Laurent, Canada). 

The following day the samples were embedded in TAAB Epon and polymerized at 60°C for 

48 hr. Ultrathin epoxy resin sections (∼60nm) were cut on a Reichert Ultracut-S microtome, 

placed on copper grids, and contrasted with 0.3% lead citrate. Grids with the resin sections 
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were imaged using a JEOL 1200-EX transmission electron microscope operating at 80 kV 

with an AMT 2k CCD camera.

RPE-1 live cell imaging—Human RPE-1 cells were seeded on µ-Slide 8 Well (iBiDi 

80826), 1.2×105 cells / well. RPE-1 cells were grown in complete medium (DMEM F12, 

10% FBS, 50U/mL Penicillin-Streptomycin, and 0.01 mg/ml hygromycin B) for 6h until 

fully adherent. Medium was then changed to starvation medium (DMEM F12, 50U/mL 

Penicillin-Streptomycin, and 0.01 mg/ml hygromycin B) for 20h to synchronize the cells in 

G1 phase. Following arrest, human EGF (50ng/ml), MEK inhibitor (Binimetinib 500nM), 

or both were added to basal medium for 24h. For Fig. 7A-7C, 2μM Hoechst and 100nM 

MitoView™ 650 (Biotium Catalog no. 70075), 2μg/mL JC-1 Dye (Invitrogen™ T3168) were 

used to stain nuclei and mitochondria for 30mins prior to live-imaging. For Fig. 7D-7F, 

2μM Hoechst and 100nM MitoTracker Deep Red FM (Invitrogen™ M22426) and 100nM 

Tetramethylrhodamine (Invitrogen™ T668) were used to stain nuclei and mitochondria for 

30 mins prior to live-imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

mRNA Seq—Samples were aligned to recent genome assembly (BDGP 6.94) with STAR. 

Aligned reads were then assigned to genes using HTSeq with mode “Union”. Raw counts 

were then used for a Differential Expression Analysis using the DESeq2 algorithm. Genes 

having absolute Log2 Fold Change > 0.5 and adjusted p-value < 0.05 were then selected as 

significantly differently expressed.

Gene ontology enrichment analysis—Gene Ontology biological process terms 

enrichment analyses were conducted using the R package topGO68 and the Drosophila 
melanogaster annotation file released on 2019–07-01 from the Gene Ontology Consortium 

website.

DamID-Seq—For each sequencing sample, using Bowtie 2, raw reads were aligned to 

the Drosophila genome. Aligned reads with a quality score ≥ 30 were extended 5’ to 

3’ to a length of 350bp and mapped to the genome subdivided into 75bp contiguous 

fragments. The number of reads mapping to each fragment were quantified and statistically 

significant differential binding was computed with DESeq2, using default settings and a 

paired design between DAM-fusion and DAM-control samples, which reduced the noise 

from random DAM binding and PCR bias. Bound fragments with an adjusted p-value ≤ 0.01 

and log2 Fold-Change between DAM-fusion and DAM-control samples > 0 were selected 

as significant. Adjacent significant fragments were then joined together into peaks, and their 

score recalculated as the log2 of the mean of each original log2 score elevated to the power 

of 2. Peaks were annotated using Bedtools Intersect command (“-wao” option) to Drosophila 
annotated genome (BDGP6.94) and to known cis regulatory modules experimentally defined 

in vivo (CRM) (RedFly 5.5.1), independently. Peaks falling outside of gene regions and 

associated CRM were extended 500bp on both 5’ and 3’ ends and re-annotated. Peaks 

annotated to the Drosophila annotated genome or the RedFly database were marked as 

“gene” and “regulatory region”, respectively, in the “Element Type” field of Data S2.
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Venn diagrams—In-scale Venn diagrams were generated using the R package 

VennDiagram69. Significance of overlaps was calculated by hypergeometric test.

Dot-plots—Significantly enriched Gene Ontology terms were plotted using the R package 

ggplot2 (https://ggplot2.tidyverse.org/)70. Dot plots were based on the design from the R 

package clusterProfiler71.

Heatmaps—Heatmaps were generated using the heatmap.2 function from the R package 

gplots (https://cran.r-project.org/package=gplots). Raw reads were converted to Transcripts 

Per Million (TPM), z-score normalized, manually grouped and ordered, and plotted without 

unsupervised clustering.

GSEA—Gene Set Enrichment Analyses were performed using the algorithm from the 

official website (http://www.gsea-msigdb.org/)72. Genes from RNASeq data were ranked 

according to their log2 fold-change and tested for enrichment of specific metabolic gene sets 

downloaded from the KEGG database.

LC-MS Data Processing—For data processing, Agilent MassHunter (MH) Workstation 

and software packages MH Qualitiative and MH Quantitative were used. The pooled QC 

(n=8) and process blank (n=4) were injected throughout the sample queue to ensure the 

reliability of acquired lipidomics data. For lipid annotation, accurate mass and MS/MS 

matching was used with the Agilent Lipid Annotator library and LipidMatch (See Ref 

below). Results from the positive and negative ionization modes from Lipid Annotator were 

merged based on the class of lipid identified. Data exported from MH Quantitative was 

evaluated using Excel where initial lipid targets are parsed based on the following criteria. 

Only lipids with relative standard deviations (RSD) less than 30% in QC samples are used 

for data analysis. Additionally, only lipids with background AUC counts in process blanks 

that are less than 30% of QC are used for data analysis. The parsed excel data tables are 

normalized based on the ratio to class-specific internal standards, then to tissue mass and 

sum prior to statistical analysis.

Metabolomics and lipidomics data analysis—Peaks data was analyzed using the 

MetaboAnalyst software. Log2 fold-changes were calculated on raw peaks values. Prior to 

statistical analysis, raw peaks were log10-transformed, then, for each metabolite, peaks were 

mean-centered and divided by the square root of their standard deviation (Pareto scaling).

Immunofluorescence staining image analysis—All images were processed using 

ImageJ. Cell sizes were measured using a freehand selection tool to outline individual cells. 

Similarly, pixel intensity was measured as the average within the selection.

PH3 counts statistical analysis—PH3+ cells were manually counted. Each dot 

indicates the PH3 count for a single intestines. All analyses were performed using Prism 9 

(GraphPad Software, San Diego, CA). Statistical significance was assessed using t-test, with 

appropriate corrections and modifications for multiple testing between all samples (Tukey’s 

method) or between samples and a shared control (Dunnett’s test).
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Highlights

• EGFR signaling promotes intestinal stem cell (ISC) growth, division, and 

mitochondrial biogenesis

• Mitochondrial biogenesis is required for EGFR-dependent ISC proliferation

• Uptake of glucose and fatty acids by ISCs are increased upon EGFR 

activation

• EGFR signaling upregulates β-oxidation to increase mitochondrial membrane 

potential
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Figure 1. EGFR signaling regulates ISC growth and division.
(A) Confocal images of posterior midguts, showing the induction of ISC proliferation and 

growth by EGFR signaling. Guts were stained with Phosphorylated Histone H3 (PH3) 

and DAPI. Top panels: 8h transgene induction in ISCs, showing a very low level of YFP 

fluorescent protein accumulation. Bottom panels: 24h induction. From left to right: control 

(w1118), sSpi OE, Ets21C-PC OE, PntP1 OE, and PntP2 OE. Scale bar is 50μM. (B) 

Quantification of PH3+ mitotic cells in whole guts. Both 8h and 24h activation of EGFR 

signaling led to significantly increased mitotic cell numbers, with 24h activation having a 

more robust proliferative effect. (C) Flow cytometry unit distribution of Forward Scatter 

(FSC) Area of YFP+ ISCs upon 24h activation of EGFR signaling by EGF ligand sSpi or 

downstream transcription factors Pnt and Ets21C. ISC cell size was increased by EGFR 

activation. (D-F) The requirements of EGFR signaling and downstream transcription factors 

Pnt and Ets21C for ISC proliferation and growth during tissue repair. (D) Confocal images 

of posterior midguts infected with Pseudomonas entomophila (P.e.). Guts were stained 

for PH3 and with DAPI. (E) The increase of mitotic cell numbers upon P.e. infection is 
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dependent on EGFR signaling. (F) Flow cytometry unit distribution of FSC-Area of YFP+ 

ISCs in response to P.e. infection. EGFR signaling and transcription factors Pnt and Ets21C 

are required for ISC growth. (G-I) The growth effect of EGFR signaling is independent of 

proliferation, and depend on MEK-ERK cascade. (G) Confocal images of posterior midguts. 

Scale bar is 50μM. (H) Both Stg and MEK knockdown blocked ISC proliferation, (I) but 

only MEK knockdown blocked cellular growth. Violin plot showing ISC cell size. Thick 

line represents the median and thin lines represent quartiles. See also Figure S1. (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001; ns, not significant)

Zhang et al. Page 27

Curr Biol. Author manuscript; available in PMC 2023 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Pnt and Ets21C directly upregulate DNA replication and cell cycle genes.
(A-B) Heatmap showing the genes differentially expressed by 24h of (A) Ets21C-OE, 

(B) PntP1-OE or PntP2-OE in ISCs. Genes marked as “bound” (~40% of differentially 

expressed genes) had DamID peaks falling in the gene body (from transcription start site to 

termination site) or known regulatory regions (experimentally defined in vivo and collected 

in the RedFly database) of that gene. Transcripts per million (TPM) values were z-score 

normalized along rows before plotting. Genes were manually grouped by category. Within 

each category, genes were ordered based on decreasing average expression across samples. 

See also Table S1, Data S1 and Data S2. (C-E) Dot plots of selected Gene Ontology 

Biological Process Terms (GO-terms) enriched in response to Ets21C, PntP1, or PntP2 OE 

in ISC. For the full list of enriched GO-terms, see Data S3. Red labels indicate terms 

for significantly up-regulated genes, while green ones indicate terms for significantly down-

regulated genes. The size of the dot indicates the gene count for the GO-terms, and the 

color indicates the proportion of genes in the GO term that are significantly differentially 

expressed. (F) Heatmap of Log2FC of cell cycle and DNA replication genes regulated by 

PntP1, PntP2, and Ets21C. Blue boxes indicate the presence of a direct DamID binding site 

or sites on the gene. See also Figure S2.
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Figure 3. EGFR signaling up-regulates oxidative phosphorylation and TCA cycle genes in ISCs.
(A-C) Dot plot of selected enriched GO-terms of early, consistent, and late responder genes 

to sSpi over-expression, which are the genes significantly changed only at 8h, only at 24h, or 

at both 8h and 24h (with the same trend), respectively. For the full list of enriched GO-terms, 

see Data S4. Red indicates significantly enriched terms for the up-regulated gene set, while 

green indicates significantly enriched terms for the down-regulated gene set. The size of 

the dot indicates the gene count for the GO-term, and the color indicates the proportion 

of genes in the GO term that are significantly differentially expressed. (D-E) Heatmap 

of (D) OXPHOS and (E) TCA cycle genes after sSpi and Ets21C 24h over-expression. 

All genes with known function involved in metabolic pathways (KEGG dme00190 and 

dme00020) and expressed in ISCs were included. Black boxes on the right of the heatmaps 

indicate DamID binding for the specified TF. Transcripts per million (TPM) values were 

z-score normalized along rows before plotting. Genes were manually ordered. (F) Gene 
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Set Enrichment Analysis of sSpi 24h differentially expressed genes showing OXPHOS, 

TCA, and Pyruvate Metabolism were significantly up-regulated. (G) Venn diagram shows 

that Pnt and Ets21C differentially expressed genes are essential for EGFR signaling early 

activation, making up to 56.35% of sSpi 8h transcription output. The overlap is significant, 

P=1.24e-276. See also Figure S3.
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Figure 4. EGFR signaling reprograms ISC metabolism.
(A) GC-MS metabolomics profiling from 3×100 control midguts or midguts overexpressing 

sSpi in esg+ cells for 4 days. Heatmap of top 35 altered metabolites (Top 35 by P value). 

Raw data was log transformed and normalized by Pareto scaling, and then Z-scores were 

calculated across all samples. Each row represents one metabolite. For complete data see 

Data S5. (B) Enrichment analysis results of metabolomics following sSpi overexpression, 

from MetaboAnalystR. (C) Differences in abundance of major lipid classes after sSpi 

overexpression for 4 days. Y-axis represents log2 fold-changes between sSpi and control 

samples. For each class, mass-spectrometry peaks belonging to lipids in the class were 

summed. Values from control and sSpi-overexpression biological replicates were then 

compared via t-test. Significance is depicted by the bars’ color, with grey bars indicating 

that differences are not significant (p>0.05). Circles on top of the bar-plot depict the relative 

abundance of each lipid class in sSpi overexpression samples. For the full list of lipids, see 

Data S5. (D) EGFR signaling-induced ISC proliferation was repressed by CPT1 inhibition. 

Etomoxir (25μM), a CPT1 inhibitor, was mixed in fly food and fed to flies 36h prior 

to dissection. Etomoxir had no effect on control guts, but reduced mitotic cell number 

in sSpi-overexpressing guts. (E) Flow cytogram showing that EGFR signaling increased 
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ISC mitochondrial membrane potential (TMRM staining), which was repressed by CPT1 

inhibition. (F) The Ratios of redox and energy upon 2 days EGFR signaling activation by 

targeted metabolomics, NADPH/NADP+ was found to be increased. For complete data see 

Data S5. (G-H) Flow cytogram showing that EGFR signaling increased 2NE-DG (G) and 

BODIPY uptake; (H) fluorescent dodecanoic acid uptake in 2C, 4C, and 8C cells of midgut 

epithelial. See also Figure S4.

Zhang et al. Page 32

Curr Biol. Author manuscript; available in PMC 2023 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. EGFR signaling regulates ISC growth by controlling mitochondrial biogenesis.
(A-B) Live-imaging of ISCts >YFP ISC cells (green), stained with Hoechst dye (blue), and 

MitoTracker dye (red). Scale bar is 5μM. The ratio of MitoTracker area to ISC-YFP area 

across all Z-slices of an ISC cell was calculated. Compared to controls, ISCs expressing 

sSpi, Ets21C, PntP1, or PntP2 for 24h had more MitoTracker stained areas relative to their 

cell size, while the ISCs expressing EgfrRNAi had less. (C-D) Mitochondria of progenitor 

cells marked by esgts >mito-GFP. The 3D re-construction of gut epithelia showed that 

after 24h P.e. infection or sSpi OE, the mitochondrial volume in the progenitor cells 

was significantly increased. Scale bar is 10μM. (E) Flow cytometry unit distribution of 

MitoTracker-Area and TMRM-Area of YFP positive ISCs upon activation or repression 

of EGFR signaling. In ISCs, sSpi, PntP1, PntP2, and Ets21C over-expression increased 

mitochondrial area and activity; EGFR knockdown decreased mitochondria area and 

activity. (F) Flow cytometry unit distribution of FSC-Area, MitoTracker-Area, and TMRM-
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Area of 4C state esg>GFP cells. The mitochondrial biogenesis effect of EGFR signaling 

is independent of proliferation, and dependent on MEK-ERK cascade. (G) Flow cytometry 

unit distribution of MitoTracker-Area and TMRM-Area of YFP positive ISCs. P.e. infection 

promoted mitochondria growth and activity, and required EGFR, Ets21C, and Pnt. (H) 

EGFR signaling affects Mitochondria DNA content in ISCs. Relative mitoDNA content was 

calculated using the DNA level of two mitochondria genes (CO1 and CO3) relative to two 

chromosomal genes (Ets21C and β-tub56D). qPCR was performed on total DNA samples 

extracted from sorted ISCs. Error bar represents SEM. See also Figure S5.
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Figure 6. mtTFB2, a transcriptional target of Pnt, is required for ISC proliferation and cellular 
growth.
(A) COBALT Constraint-based multiple alignment (https://www.ncbi.nlm.nih.gov/tools/

cobalt/cobalt.cgi) of human NRF2, Drosophila Ets97D, PntP2, and Ets21C protein showing 

the conserved Pnt and ETS domains. This is a column-based method that highlights highly 

conserved and less conserved columns based on amino acids’ relative entropy threshold. 

Alignment columns with no gaps are colored in red (highly conserved) or blue (less 

conserved). (B) DamID binding peaks (Significant peaks when compared to Dam alone 

control) of PntP1 and PntP2 upstream of mtTFB2 gene. (C-D) PntP1 and PntP2 up-regulated 

the expression of CG3909 and mtTFB2 by RNASeq. (E-F) mtTFB2 is sufficient to 

mildly induce ISC proliferation. Confocal images of posterior midgut. Guts were stained 

for GFP (green), PH3 (red), mtTFB2-HA (white), and with DAPI (blue). mtTFB2-HA 

protein localized distinctly in mitochondria. Scale bar is 50μM. (G) Over-expression of 

mtTFB2 increased mitochondria DNA content in ISCs. Relative mitoDNA content was 
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calculated using the DNA level of two mitochondria genes (CO1 and CO3) relative to 

two chromosomal genes (Ets21C and β-tub56D). qPCR was performed on total DNA 

samples extracted from sorted ISCs. Error bar represents SEM. (H) FACS showed mtTFB2 

OE increased the percentage of esgts>GFP cell in total single live cell. The FCS-Area, 

MitoTracker-Area, and TMRM-Area of esg+ cell over-expressing mtTFB2 were increased. 

(I) Knockdown of mtTFB2 or TFAM was sufficient to block proliferation induced by Krn. 

Confocal images of posterior midguts. Guts were stained for PH3 (red), GFP (green), and 

with DAPI (blue). Scale bar is 50μM. (J) Flow cytometry unit distribution of FSC-Area, 

MitoTracker-Area, and TMRM-Area of 4C state esgts>GFP cells. mtTFB2 knockdown 

impacted cell size, mitochondria size and activity in both physiological conditions and upon 

EGFR signaling activation. (K) mtTFB2 and TFAM are necessary for ISC proliferation 

induced by P.e. infection. Confocal images of posterior midguts, with and without P.e. 
infection. Scale bar is 50μM. (L-M) Quantification of PH3 positive cells in whole guts. (N) 

Image of esgts F/O driving mtTFB2 knockdown for 21 days, showing that clone formation 

requires mtTFB2. Scale bar is 50μM. (O) Survival assay showing that mtTFB2 knockdown 

in the esg lineage significantly reduced the life span of flies. See also Figure S6.
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Figure 7. Effects of EGFR signaling on ISC gene expression and metabolism.
We show the effects of upregulating EGFR signaling in the ISC nucleus (blue), 

mitochondrion (yellow), and cytoplasm (grey). Green arrows indicate example processes, 

gene products, and metabolites that are up-regulated by EGFR signaling in response to the 

EGFR-dependent transcription factors Cic, Pnt and Ets21C.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rat anti-HA Roche 3F10

rabbit anti-PH3 Millipore Sigma 06–570

chicken anti-GFP Invitrogen A10262

mouse anti-Pnt Christian Klambt lab N/A

 

Bacterial and virus strains

Pseudomonas entomophila Edgar lab N/A

 

 

 

 

Biological samples

 

 

 

 

 

Chemicals, peptides, and recombinant proteins

Phusion DNA polymerases Thermo Scientific F530

Collagenase I Gibco 17018029

Propidium Iodide Invitrogen P1304MP

Hoechst 33342 Thermo Scientific 62249

MitoTracker Deep Red Invitrogen M22426

Tetramethylrhodamine Invitrogen T668

2NB-DG Invitrogen N13195

Etomoxir Cayman Chemicals 11969

human EGF PeproTech AF-100–15

Binimetinib LC Laboratories N/A

MitoView™ 650 Biotium 70075

JC-1 Invitrogen T3168

 

Critical commercial assays

Arcturus picoPure RNA Isolation Kit Applied Biosystems Cat#12204–01

QBT™ Fatty Acid Uptake Assay Kit Molecular Devices PN:R8132

QIAamp DNA Micro Kit Qiagen Cat#56304

Illumina TruSeq Stranded mRNA Kit Illumina 20020594
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REAGENT or RESOURCE SOURCE IDENTIFIER

TruSeq RNA Single Indexes Set A Illumina 20020492

TruSeq DNA PCR-Free Sample Preparation kit Illumina FC-121–3001

 

Deposited data

mRNA Sequence, DamID Sequence, and analyzed sequencing data This paper https://
www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE181583

 

 

 

 

Experimental models: Cell lines

Human RPE-1 cell ATCC CRL-4000

 

 

 

 

Experimental models: Organisms/strains

D. melanogaster: esgts: esg-Gal4/Cyo; tubGal80tsUAS-GFP/TM6B Bruce Edgar Lab BAE418

D. melanogaster: esgtsF/O: esg-Gal4 tubGal80tsUAS-GFP/Cyo; UAS-
flp>CD2>Gal4/TM6B

Bruce Edgar Lab BAE419

D. melanogaster: esg ts ; Su(H)-Gal80: esg-Gal4 UAS-2XEYFP; Su(H)GBE-
Gal80 tub-Gal80 ts 

Bruce Edgar Lab CZ16

D. melanogaster: W 1118 Bloomington DSC BL3605

D. melanogaster: UAS-sSpi Bloomington DSC BL63134

D. melanogaster: UAS-PntP1 Bloomington DSC BL869

D. melanogaster: UAS-PntP2 Bloomington DSC BL399

D. melanogaster: UAS-Ets21C-PC FlyORF F000624

D. melanogaster: UAS-Krn FlyORF F002754

D. melanogaster: UAS-Egfr-RNAi Bloomington DSC BL31525

D. melanogaster: UAS-Pnt-RNAi Bloomington DSC BL31936

D. melanogaster: UAS-Pnt-RNAi Bloomington DSC BL35808

D. melanogaster: UAS-Ets21C-RNAi VDRC KK103211

D. melanogaster: UAS-MEK-RNAi VDRC KK107276

D. melanogaster: UAS-stg-RNAi (II) Kyoto Stock Center 1395R-1

D. melanogaster: UAS-mtTFB2-RNAi Bloomington DSC BL27055

D. melanogaster: UAS-TFAM-RNAi 164 Kyoto Stock Center 4217R-2

D. melanogaster: UAS-TFAM-RNAi 2 VDRC 37819

D. melanogaster: UAS-TFAM-RNAi 3 VDRC 10719

D. melanogaster: UAS-mito-HA-GFP (II) Bloomington DSC BL8442

D. melanogaster: UAS-mito-HA-GFP (III) Bloomington DSC BL8443
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REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: UAS-Dam-Ets21C-PC This paper CZ39

D. melanogaster: UAS-Dam-PntP1 This paper JYH182

D. melanogaster: UAS-Dam-PntP2 This paper JYH183

D. melanogaster: UAS-Ets21C-PB (II) This paper CZ51

D. melanogaster: UAS-Ets21C-PC (II) This paper CZ22

D. melanogaster: UAS-UAS-mtTFB2-Flag-HA This paper CZ229

Oligonucleotides

For Dam-PntP1 vector, PntP1 start: CCTC GAG 
ATGCCGCCCTCTGCGTTTTT. Templet cDNA from Drosophila midgut

This paper N/A

For Dam-PntP2 vector, PntP2 start: CCTC GAG 
ATGGAATTGGCGATTTGTAAAAC. Templet: cDNA from Drosophila 
midgut

This paper N/A

For Dam-PntP1 and Dam-PntP2 vectors, Pnt stop: CTCT AGA 
CTAATCCACATCTTTTTTCTCAA. Templet: cDNA from Drosophila midgut

This paper N/A

For Dam-Ets21C-PC vector, Ets21C-PC start: CCTC GAG 
ATGGCCATTCTACAGAATAGCC. Templet: cDNA from Drosophila midgut

This paper N/A

For Dam-Ets21C-PC vector, Ets21C stop: CTCT AGA 
TCAGTTGAATGCATTTGTGGTG. Templet: cDNA from Drosophila midgut

This paper N/A

For UAS-Ets21C-PB vector, Ets21C PB start: 
ATGAGCGTCAGCGTGGACGTG. Templet: cDNA from Drosophila midgut

This paper N/A

For UAS-Ets21C-PC vector, Ets21C PC start: 
ATGGCCATTCTACAGAATAGCC. Templet: cDNA from Drosophila midgut

This paper N/A

For UAS-Ets21C-PB and Dam-Ets21C-PC vectors, Ets21C rev (without stop 
codon): GTTGAATGCATTTGTGGTGG. Templet: cDNA from Drosophila 
midgut

This paper N/A

For Mito-DNA content assay, Ets21C Forward: 
CCCTGACTATCTCGGGTGAA

This paper N/A

For Mito-DNA content assay, Ets21C Reverse: 
CACTTCACTTTGGCCCTGTT

This paper N/A

For Mito-DNA content assay, β-tub56D Forward: 
ACATCCCGCCCCGTGGTC

This paper N/A

For Mito-DNA content assay, β-tub56D Reverse: 
AGAAAGCCTTGCGCCTGAACATAG

This paper N/A

For Mito-DNA content assay, CO1 Forward: TGACTTCTACCTCCTGCTCT This paper N/A

For Mito-DNA content assay, CO1 Reverse: GCAATTCCAGCGGATAGAGG This paper N/A

For Mito-DNA content assay, CO3 Forward: 
TCACAGAAGTTTATCACCCGC

This paper N/A

For Mito-DNA content assay, CO3 Reverse: TGGTGGGCTCAAGTTACAGT This paper N/A

Recombinant DNA

The UAS controlled overexpression vector for mtTFB2: UAS-mtTFB2-Flag-
HA

Drosophila Genetics 
Resource Center

UFO03038

 

 

 

 

Software and algorithms

Prism GraphPad SCR_002798
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji https://imagej.net SCR_002285

Bowtie 2 http://bowtie-
bio.sourceforge.net/

SCR_016368

STAR https://github.com/
alexdobin/STAR

SCR_004463

HTSeq https://pypi.org/project/
HTSeq/

SCR_005514

Bedtools https://github.com/
arq5x/bedtools2

SCR_006646

R www.r-project.org/ SCR_001905

Python www.python.org/ SCR_008394

GSEA www.gsea-msigdb.org/ SCR_003199

MetaboAnalyst www.metaboanalyst.ca/ SCR_015539

Other
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