
PNAS  2023  Vol. 120  No. 15  e2220770120� https://doi.org/10.1073/pnas.2220770120   1 of 12

RESEARCH ARTICLE | 

Significance

The E2F transcription factor 
regulates the expression of a 
large panel of genes, but some of 
these remain largely unexplored. 
Our current knowledge on how 
E2F regulates gene expression is 
based on in vitro assays, such as 
luciferase reporters, 
electrophoretic mobility shift 
assay, and chromatin 
immunoprecipitation assay. The 
limitation of these approaches is 
that they may not reflect how E2F 
regulates gene expression 
in vivo, in a particular tissue and 
developmental context. Here, the 
CRISPR/Cas9 technology allowed 
us to examine the relevance of 
E2F regulation of the 
endogenous E2F targets. This 
approach could also be applied 
to study the function of other 
transcription factors showing 
pleiotropic phenotypes.
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The canonical role of the transcription factor E2F is to control the expression of cell 
cycle genes by binding to the E2F sites in their promoters. However, the list of puta-
tive E2F target genes is extensive and includes many metabolic genes, yet the signif-
icance of E2F in controlling the expression of these genes remains largely unknown. 
Here, we used the CRISPR/Cas9 technology to introduce point mutations in the 
E2F sites upstream of five endogenous metabolic genes in Drosophila melanogaster. 
We found that the impact of these mutations on both the recruitment of E2F and 
the expression of the target genes varied, with the glycolytic gene, Phosphoglycerate 
kinase (Pgk), being mostly affected. The loss of E2F regulation on the Pgk gene led 
to a decrease in glycolytic flux, tricarboxylic acid cycle intermediates levels, aden-
osine triphosphate (ATP) content, and an abnormal mitochondrial morphology. 
Remarkably, chromatin accessibility was significantly reduced at multiple genomic 
regions in PgkΔE2F mutants. These regions contained hundreds of genes, including 
metabolic genes that were downregulated in PgkΔE2F mutants. Moreover, PgkΔE2F 
animals had shortened life span and exhibited defects in high-energy consuming 
organs, such as ovaries and muscles. Collectively, our results illustrate how the plei-
otropic effects on metabolism, gene expression, and development in the PgkΔE2F 
animals underscore the importance of E2F regulation on a single E2F target, Pgk.

E2F transcription factor | Drosophila | metabolism | Retinoblastoma protein |  
Phosphoglycerate kinase (Pgk)

The E2F transcription factor is a heterodimeric complex between E2F and DP subunits, 
which has been initially characterized by its binding to a short 8 bp degenerative sequence 
in the adenovirus E2 promoter. These, so-called E2F-binding sites, are also present in the 
promoters of many cell cycle genes and mediate their transcriptional activation in a cell 
cycle–dependent manner. The activity of the E2F transcription factor is negatively regu-
lated by the Retinoblastoma tumor suppressor protein (pRB). The pRB binds to E2F and 
masks its transactivation domain. The inhibition of E2F by pRB is released in late G1, as 
cyclin-dependent kinases phosphorylate pRB, thus dissociating E2F–pRB complexes and 
releasing free E2F that activates the transcriptional program for G1-S transition and drives 
the entry to S phase (1–5).

The model of how pRB regulates E2F-dependent transcription served as a framework 
for follow-up studies that revealed a much more complex picture. Unexpectedly, the list 
of E2F target genes extends far beyond cell cycle genes (6–12). Among the E2F targets 
are genes involved in differentiation programs, metabolism, mitochondrial function, apop-
tosis, and others. Many of these transcriptional programs appear to be cell-type–specific 
illustrating that E2F may have unique functions in different contexts (13, 14). Collectively, 
these observations support the idea that E2F-dependent transcription is a key aspect of 
E2F function and, thus, highlight the significance of E2F sites that mediate the recruitment 
of E2F to its target genes.

Given that E2F regulates thousands of genes, one of the important questions is how 
many among them are the key effector genes. Is the function of E2F the net result of E2F 
controlling hundreds of genes with either many of them being important or only a few 
being rate-limiting? Earlier studies in both flies and mammals showed that the overex-
pression of cyclin E can rescue defects in S phase entry in E2F-deficient cells (15, 16), 
thus, leading to the idea that cyclin E is the key downstream target of E2F. The other key 
target is thought to be string, encoding Cdc25, which can drive E2F mutant cells through 
G2/M transition (17). One limitation of these experiments is that genes are overexpressed 
at nonphysiologically high levels and that the rescue is incomplete as cells are unable to 
sustain normal proliferation. Later genetic experiments demonstrated that the list of key 
cell cycle targets is likely to be much larger, as haploinsufficiency for half of E2F-target 
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genes modified the E2F-dependent phenotype (18). Although 
these experiments provided a glimpse at the potential rate-limiting 
E2F targets, they did not address the functional importance of 
E2F binding sites in their promoters. Another complexity arises 
from E2F participating in multiple tissue-specific transcriptional 
programs. Thus, the relative importance of E2F targets likely varies 
between different cell types, and therefore, this question cannot 
be easily addressed in cell lines.

Model systems, such as Drosophila, which has a streamlined 
and highly conserved version of the Rb pathway, are advantageous 
in exploring context dependency of E2F-dependent transcription 
during animal development (19). In flies, there are two E2F genes, 
E2f1 and E2f2, a single Dp gene, and an Rb ortholog, Rbf. Since 
Dp is required for both E2Fs to bind to DNA, inactivation of Dp 
either by RNA interference (RNAi) or by genetic mutations has 
been often used to explore the consequence of the loss of E2F 
regulation (20, 21). Surprisingly, Dp-deficient animals develop 
relatively normally until late pupal stages when the lethality occurs 
due to defects in metabolic tissues, such as muscle and fat body 
(22, 23). A common feature in both Dp-deficient tissues is a 
change in carbohydrate metabolism, which, at least partially, 
accounts for animal lethality (24). Integrative analysis of pro-
teomic, transcriptomic, and chromatin immunoprecipitation assay 
with sequencing (ChIP-seq) data suggest that E2F/Dp/Rbf 
directly activates the expression of glycolytic and mitochondrial 
genes during muscle development (12). Given the importance of 
this transcriptional program, and that many of these metabolic 
genes contain E2F binding sites, we aimed to study how these 
genes are regulated by E2F.

Using CRISPR/Cas9 technology in Drosophila, we systemat-
ically edited putative E2F binding sites in five metabolic genes. 
We determined the impact of these mutations on the recruitment 
of E2F/Dp/Rbf to the regulatory regions of these genes, the 
expression of the target genes, and the impact on fly physiology. 
Collectively, our data illustrate that E2F-dependent regulation is 
a complex combination of both direct and indirect effects.

Results

E2F Binding Sites Contribute to the Transcriptional Activation 
of Metabolic Genes in Reporter Assays In Vitro. E2F/Dp has an 
essential role in adult skeletal muscle (23). Unlike its canonical role 
in the regulation of the cell cycle genes, E2F/Dp together with Rbf 
directly activates the expression of metabolic genes during the late 
stages of muscle development (12). To understand the mechanisms 
by which E2F regulates this process, we examined the function 
of the cis-regulating elements located on the vicinity of E2F-
target genes that mediate the recruitment of E2F/Dp/Rbf. We 
took advantage of available proteomic and transcriptomic profiles 
for Dp- and Rbf-deficient muscles (24), respectively, as well as 
muscle-specific ChIP-seq for both Dp and Rbf (12). Since the 
loss of Dp results in severe changes in carbohydrate metabolism, 
we first focused on analyzing genes encoding for proteins involved 
in glucose metabolism (Fig. 1A), in which the protein levels were 
reduced in Dp-depleted muscles (Fig. 1B, ref. 24). Then, from 
this list, we selected genes that were downregulated upon Rbf-
depletion using the RNA-seq dataset for Rbf-deficient muscles 
and defined a set of genes in which both Dp and Rbf are needed 
for their transcriptional activation (Fig. 1C, ref. 12). Finally, we 
mined ChIP-seq for Dp and Rbf to identify genes with closely 
matching summits of both Dp and Rbf peaks in the vicinity 
of their transcription start sites [TSS, (12)]. Using these three 
stringent criteria, we selected three glycolytic genes, Aldolase 1 
(Ald1), Phosphoglycerate kinase (Pgk), and Pyruvate kinase (Pyk), 

and one gene linking glycolysis to triglyceride synthesis, Glycerol-3-
phosphate dehydrogenase 1 (Gpdh) (Fig. 1A). To broaden the list of 
candidates, we also included the citrate synthase, knockdown (kdn), 
of the tricarboxylic acid (TCA) cycle and Cytochrome c proximal 
(Cyt-c-p) of the electron transport chain in our analysis (Fig. 1A). 
In sum, all selected genes encoding for metabolic enzymes are 
strongly downregulated in both Dp- and Rbf- depleted muscles 
and have closely matching Dp and Rbf peaks in the vicinity of 
their TSSs (Fig. 1 E–J), thus implying that E2F could be directly 
activating the expression of these genes.

Next, we analyzed the sequences encompassing the Dp and Rbf 
summits to identify putative E2F sites. We used the degenerative 
motif WKNSCGCSMM that was previously identified by de novo 
discovery motif as an E2F site in the flight muscles (12). For each 
gene, a single or multiple predicted E2F sites were found (Fig. 1 
E–J). As an initial test, we generated six luciferase constructs con-
taining the corresponding genomic regions for each gene (visual-
ized as a blue rectangle) and tested the ability of a sole Drosophila 
E2F activator, E2f1, to activate these reporters in S2R+ cells in 
transient transfection assays. As expected, the transfection of the 
E2f1 expression plasmid led to a 10-fold activation of the 
PCNA-luc reporter, a well-known E2F reporter (Fig. 1D) (26). 
The generated luciferase constructs responded differently to the 
same amount of transfected E2f1. Pgk-luc, Gpdh-luc, and kdn-luc, 
were activated 3- to 10-fold by E2f1 and largely matched the 
activity of the PCNA-luc reporter (Fig. 1 D, F, H, and I). To 
determine whether E2f1-dependent activation is mediated 
through E2F binding sites, point mutations in the core of the E2F 
motif for each predicted E2F site were introduced (blue labels, 
Fig. 1 F, H, and I). The GpdhΔE2F-Luc and kdnΔE2F-Luc report-
ers no longer responded to E2f1 (Fig. 1 H and I). Mutating E2F 
binding sites in the PgkΔE2F-luc significantly reduced but did not 
completely abrogate the ability of E2f1 to activate the reporter 
(Fig. 1F). Unlike Pgk-luc, Gpdh-luc, and kdn-luc, the luciferase 
reporters for Ald1, Pyk, and Cyt-c-p failed to be activated by E2f1 
(Fig. 1 E, G, and J). Overall, these data indicate that E2F regulates 
the transcription of several metabolic genes, including Gpdh, Pgk, 
and kdn, in vitro.

The E2F Binding Sites Recruit the Transcriptional Complex E2F/Dp/
Rbf for Full Activation of Gene Expression In Vivo. To understand 
the role of the newly identified E2F binding sites in the regulation 
of the endogenous metabolic genes in vivo, we introduced precise 
point mutations in the core elements of E2F motifs via genome 
editing using CRISPR/Cas-9-catalyzed homology-directed repair. 
We generated flies carrying such mutant alleles. For Pgk, Gpdh, and 
kdn, the point substitutions are identical to the mutated sequences 
of the luciferase reporters PgkΔE2F-Luc, GpdhΔE2F-Luc, and 
kdnΔE2F-Luc (Fig. 1 F, H, and I). For the exception of Pyk, we 
successfully generated GpdhΔE2F, PgkΔE2F, kdnΔE2F, Ald1ΔE2F, and 
Cyt-c-pΔE2F mutant alleles. The mutations in E2F sites labeled 
in blue (Fig. 1 E–J) were confirmed by sequencing. In order to 
eliminate off-target effects of CRISPR/Cas-9 gene editing, all ΔE2F 
site-edited lines were backcrossed en masse to the wild-type strain 
w1118 for six consecutive generations and at least two independent 
lines for each allele were established. The GpdhΔE2F, PgkΔE2F, kdnΔE2F, 
Ald1ΔE2F, and Cyt-c-pΔE2F alleles were homozygous viable.

To determine the effect on the recruitment of E2F/Dp/Rbf 
in response to mutating E2F sites, we performed ChIP-qPCR 
using anti-Dp and anti-Rbf antibodies and nonspecific antibod-
ies. A known E2F target gene, Arp53D, was used as a positive 
internal control to assess the level of Dp and Rbf enrichment 
in each chromatin immunoprecipitation (Fig. 2 A–H and 
SI Appendix, Fig. S1A). Chromatin was prepared from third 
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Fig. 1. E2F target genes involved in metabolism. (A) Simplified illustration of the enzymes Ald1, Pgk, and Pyk in the glycolytic pathway, Gpdh connecting triglyceride 
synthesis with glycolysis, kdn in the TCA cycle, and Cyt-c-p in the electron transport chain. (B) Protein levels quantified by TMT-MS in flight muscles of Mef2>mCherry-
RNAi and Mef2>Dp-RNAi, scatter dot plots with bars, mean ± SD, Mann–Whitney U test, *P < 0.05, n = 4. (C) Heatmap depicting selected transcripts levels measured 
by RNAseq in Mef2>mCherry-RNAi and Mef2>Rbf-RNAi. Abs count normalized and scaled, n = 2 samples/genotype. (D–J) Left panel: ChIPseq for Rbf, Dp, and input 
visualized with Integrative Genomics Viewer browser for the genomic regions surrounding the genes. The most predominantly expressed transcript in adult flies, 
based on the FlyAtlas 2 profile (25), is displayed; n = 2 samples/condition. Read scales and genomic scales included on top left and top right, respectively. GroupAuto 
scale. Right panel: Dual luciferase reporter assay in S2R+ cells for (D) PCNA-Luc, (E) Ald1-Luc, (F) Pgk-Luc, (G) Pyk-Luc, (H) Gpdh-Luc, (I) kdn-Luc, and (J) Cyt-c-p-Luc. Values 
for Firefly Luciferase luminescence normalized to Renilla luminescence. Fold change relative to control (no E2f1 expression). Mutated E2F sites are indicated as ΔE2F. 
Scatter dot plots with bars, mean ± SD, (F, H, and I) One-way ANOVA followed by Tukey’s multiple comparisons test, (D, E, G, and J) Unpaired t test, ns P > 0.05, ****P < 
0.0001, n = 2 replicates/group, N = 2 independent experiments. Bottom panel: E2F binding sites identified using degenerated motif WKNSCGCSMM. Mutations on 
the core are indicated in blue as ΔE2F. Blue rectangles indicate regions amplified and cloned upstream luciferase reporter. Positions are relative to transcription 
start site (TSS). Green bars indicate different sites amplified by ChIP-qPCR in Fig. 2 C–F and SI Appendix, Fig. S1A. Full genotypes: (B) w-;Mef2-GAL4/UAS-mCherry-RNAi 
(white bar) and w-;UAS-Dp-RNAi;Mef2-GAL4 (gray bar) (C) w-, UAS-Dicer2;+;Mef2-GAL4/UAS-mCherry-RNAi, and w-, UAS-Dicer2;+;Mef2-GAL4/UAS-Rbf-RNAi
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Fig. 2. The requirement of the E2F binding sites for the recruitment of E2F/Dp/Rbf and gene expression regulation in vivo. (A–H) Chromatin from third instar 
larvae immunoprecipitated with anti-Dp (Left), anti-Rbf (Right), and nonspecific control antibodies (IgG and anti-Myc on the Left and Right panel, respectively). 
Recruitment measured by qPCR flanking the E2F binding sites of the following genes (A and B) Gpdh, (C and D) Pgk, (E and F) kdn, and (G and H) Ald1. The negative 
site (NS) does not contain predicted E2F-binding sites. Scatter dot plots with bars, mean ± SD, fold enrichment relative to the positive site, Apr53D, for each ChIP 
sample. N = 2 independent experiments. Genomic location of primers amplifying site1 and site2 are indicated in Fig. 1 F, I, and J. (I–L) The expression of the 
genes (I) Gpdh, (J) Ald1, (K) kdn, and (L) Pgk measured by RT-qPCR in whole animals staged at third instar larva, mid pupa, pharate, and 1-d-old adults. Fold change 
relative to control. Scatter dot plots with bars, mean ± SEM, N = 3 samples/group, multiple unpaired t tests followed by corrected FDR method (Benjamini and 
Yekutieli), q-value for each comparison is indicated in the plot. Full genotypes: (A–L) w1118, (A, B, and I) w1118;GpdhΔE2F;+, (C, D, and L) w1118;PgkΔE2Fline12;+, (E, F, and K)  
w1118,kdnΔE2F;+; +, (G, H, and J) w1118;+;Ald1ΔE2F
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instar larva of the wild type, w1118, along with GpdhΔE2F, PgkΔE2F, 
kdnΔE2F, Ald1ΔE2F, and Cyt-c-pΔE2F homozygous mutant animals. 
Remarkably, with the exception of Cyt-c-pΔE2F, the recruitments 
of both Dp and Rbf were severely reduced when E2F sites were 
mutated (Fig. 2 A–H and SI Appendix, Fig. S1A). We noticed 
that the extent of reduction in the occupancies of Dp and Rbf 
varied among the mutant alleles. For example, there was a 
3-to-4-fold reduction in Dp and Rbf recruitment to the 
GpdhΔE2F and kdnΔE2F alleles while mutating E2F sites in Ald 
and Pgk resulted in much stronger effects. Remarkably, the bind-
ing of Dp and Rbf was completely lost in PgkΔE2F as the enrich-
ments for Dp and Rbf at Pgk_site1 were indistinguishable from 
that of the negative control site (NS) (Fig. 2 C and D). Notably, 
the binding to Pgk_site2, another E2F target site in the vicinity 
of Pgk-A TSS that is about 4 kb downstream from where muta-
tions were introduced (Fig. 1F), and the binding to Ald1, an 
E2F target site for another glycolytic gene, were not affected 
(Fig. 2 C and D). Thus, our data suggest that the engineered 
mutations prevent the recruitment of E2F/Dp/Rbf in a highly 
specific manner.

To determine how the changes in the recruitment of E2F/Dp/
Rbf impact the expression of the endogenous genes, RNA was 
isolated from w1118 control and from homozygous mutant 
GpdhΔE2F, PgkΔE2F, kdnΔE2F, Ald1ΔE2F, and Cyt-c-pΔE2F animals 
that were staged at midpupa and pharate. The expression of the 
corresponding genes was determined by RT-qPCR. There was no 
reduction in Cyt-c-p expression in cyt-c-pΔE2F (SI Appendix, 
Fig. S1B), which was expected given that recruitment of Dp was 
not affected (SI Appendix, Fig. S1A). In the GpdhΔE2F and Ald1ΔE2F 
lines, the expression of Gpdh and Ald1 genes were slightly reduced 
respectively, even though the changes were not statistically signif-
icant for Ald1 (Fig. 2 I and J). The level of the kdn messenger 
RNA (mRNA) showed a greater reduction in its expression in the 
kdnΔE2F line. However, it was accompanied by larger variation 
among the replicates and, therefore, the difference in the expres-
sion of kdn between the wild type and the kdnΔE2F line was not 
statistically significant (Fig. 2K).

The strongest effect on gene expression was observed in the 
PgkΔE2F line. The expression of Pgk was reduced several folds in 
PgkΔE2F at both midpupal and pharate stages (Fig. 2L). We expanded 
the analysis and examined Pgk expression at larval and adult stages 
and found it to be similarly reduced (Fig. 2L), thus suggesting that 
mutating E2F binding sites affects the level of Pgk mRNA through-
out development. We confirmed that Pgk expression was reduced 
using another, independently generated, PgkΔE2F line (line 23, 
SI Appendix, Fig. S1C) (for details see: Materials and Methods). To 
exclude the possibility that mutations on the E2F site in PgkΔE2F 
affect the expression of the neighboring gene Bacc, the level of Bacc 
mRNA was measured by RT-qPCR. We found these to be relatively 
unaffected between control and PgkΔE2F (SI Appendix, Fig. S1D).

We concluded that E2F binding sites in PgkΔE2F are required 
for the recruitment of E2F/Dp/Rbf to the Pgk gene and mediate 
the full activation of Pgk expression throughout development. The 
effects associated with targeted mutations in the PgkΔE2F allele are 
highly specific. Given that among the five generated alleles that 
targeted the E2F sites, the PgkΔE2F allele had the strongest effect 
on both recruitment of E2F/Dp/Rbf and gene expression, we 
selected PgkΔE2F for further analysis.

Mutation of E2F Sites in PgkΔE2F Lines Severely Reduced Levels 
of Glycolytic and TCA Cycle Intermediates. Pgk catalyzes one 
of the final steps in glycolysis. The reduction of Pgk expression 
in PgkΔE2F mutant raises the question whether it leads to an 
alteration in metabolic homeostasis. To address this question, 

we measured the steady-state levels of the glycolytic and TCA 
cycle intermediates (Fig. 3A). We collected 5-d-old PgkΔE2F and 
w1118 control males that were reared in identical noncrowded 
conditions and determined the levels of selected metabolites by gas 
chromatography–mass spectrometry (GC-MS) (Fig. 3B). Given 
that PGK is a glycolytic enzyme we first examined the level of 
lactate that is commonly used as a readout of glycolytic activity. 
Lactate pool size was strongly reduced in PgkΔE2F mutant animals 
(Fig. 3B). The level of dihydroxyacetone phosphate (DHAP) that 
is interconverted with glycose-3-phosphate (G3P) and, thus, can 
be used as a proxy for the G3P level, was also reduced. Our results 
suggest that the glycolytic intermediates both downstream of Pgk 
(lactate) and upstream of Pgk (DHAP) are reduced. Thus, our 
findings indicate that the activity of the glycolytic pathway is 
perturbed in PgkΔE2F mutants.

Pyruvate, the end product of glycolysis, shuttles into mitochon-
dria to fuel the TCA cycle and, thus, serves as a major substrate 
for the generation of mitochondrial adenosine triphosphate (ATP) 
through oxidative phosphorylation. Accordingly, we found a 
severe reduction in the total levels of several TCA cycle metabolites 
in PgkΔE2F mutants, specifically, alpha-ketoglutarate (alpha-KG), 
malate and fumarate, and to a less extent succinate and citrate 
(Fig. 3B). To determine whether low levels of TCA intermediates 
are due to reduced glycolytic activity in PgkΔE2F mutant, we used 
13C-glucose to measure the incorporation of the [U-13C] into the 
glycolytic and TCA cycle metabolites. Adult flies were fed on a 
13C-glucose diet for 12 h and then harvested, and the samples 
were processed to measure isotope-labeled metabolites by GC-MS. 
Consistent with the reduction in the steady-state levels of glyco-
lytic and TCA cycle intermediates (Fig. 3B), the 13C-labeled 
DHAP and lactate (m+3 isotopologue) were reduced in PgkΔE2F 
mutant compared to control (Fig. 3C). Strikingly, there was a 
corresponding decrease in the 13C fraction for several TCA cycle 
intermediates. The 13C-labeled (m+3) citrate, alpha-KG, succinate, 
fumarate, and malate were significantly lower than in wild type, 
thus pointing to a reduction in the glucose flux into the TCA cycle 
(Fig. 3C). To determine whether abnormal TCA cycle would lead 
to defects in ATP production, we measured the ATP level using 
the bioluminescent assay for the quantitative determination of 
ATP. The levels of ATP were strongly reduced in the PgkΔE2F 
mutant (Fig. 3D), and these findings were confirmed in another 
independent line with the PgkΔE2F allele (line 23, SI Appendix, 
Fig. S2).

Our data show that mutating the E2F sites in the PgkΔE2F line 
leads to a reduction in glycolytic activity and disruption of the 
TCA cycle. Consequently, the generation of ATP is significantly 
reduced. Thus, we concluded that the loss of E2F regulation on 
Pgk gene expression induces severe metabolic defects.

The Loss of E2F Regulation on Pgk Gene Expression Leads to 
Mitochondrial Defects. We reasoned that the tissues expressing 
high levels of Pgk mRNA will likely be more sensitive to reduced 
Pgk expression. To determine which organ has the highest 
expression of Pgk, RNA was extracted from different tissues 
dissected from adult female flies. The level of Pgk mRNA across 
ovaries, dorsal abdomen containing fat body, and head and flight 
muscles was measured by RT-qPCR. Notably, the Pgk mRNA 
was approximately 15-fold higher in flight muscles than in other 
organs (Fig.  4A). Since the expression of the glycolytic genes 
is coordinately regulated during development, we extended 
our analysis beyond Pgk and compared relative expression of 
other glycolytic genes among these tissues. Indeed, the levels of 
phosphoglucose isomerase (Pgi), phosphofructokinase (Pfk), enolase 
(Eno), and Pyk transcripts were 10-fold to 20-fold higher in flight 

http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
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muscles than in other tissues, and the increase was almost 100-
fold for Ald1 expression (Fig.  4A). These results are consistent 
with high energy demand in the muscles and the major role of 
glycolysis in energy metabolism and ATP generation to sustain 
muscle function (27).

The indirect flight muscles are the largest muscles among the 
thoracic muscles, and their main role is to provide power to fly. 
We used a flight test assay to quantitatively assess muscle function 
in the PgkΔE2F mutant flies. In this test, flies are tapped into a 
cylinder coated with mineral oil. Wild-type animals land in the 
top part of the cylinder, while flies with dysfunctional flight muscle 
land in the lower part or at the bottom of the cylinder. The flight 
test revealed that the muscle function is compromised in the 
PgkΔE2F mutant flies, as significantly less PgkΔE2F mutant animals 
landed in the top part of the cylinder in comparison to control 
flies (Fig. 4B). This result was confirmed with the independent 
PgkΔE2F mutant line (line 23, SI Appendix, Fig. S3A). Given the 
significance of these findings, we confirmed that the expression 
of Pgk, measured by RT-qPCR specifically in flight muscles, was 
significantly reduced in PgkΔE2F mutants (SI Appendix, Fig. S3B). 
Thus, defects in the flight test are likely a direct result of low Pgk 
expression in PgkΔE2F flight muscles.

To determine whether the weakness in muscle function of the 
PgkΔE2F mutants was due to an overall defect in muscle structure, 
we dissected the indirect flight muscles and stained these with 
phalloidin and anti-Kettin antibody to visualize sarcomeres, as 

well as anti-ATP5A antibody to label mitochondria. The wild-type 
muscles displayed a regular array of sarcomeres and the shape of 
their mitochondria was globular and highly elongated (Fig. 4 C, 
Left). While the sarcomere structure of the PgkΔE2F mutant mus-
cles was largely indistinguishable from the wild type, the mito-
chondrial morphology was highly abnormal. Specifically, the shape 
of mitochondria was highly fragmented and round (Fig. 4 
C and D), which is indicative of mitochondrial disfunction (28). 
We confirmed the results using a second independently established 
PgkΔE2F mutant line (line 23, SI Appendix, Fig. S3 C and D). 
Furthermore, defective mitochondria morphology was accurately 
phenocopied by knocking down the expression of Pgk using an 
UAS-Pgk-RNAiGL00101 line driven by the flight muscle driver 
Act88F-GAL4 (Fig. 4 E and F). Thus, our data strongly suggest 
that the reduced expression of Pgk in PgkΔE2F mutants results in 
dysfunctional mitochondria, consistent with low ATP generation, 
and thus consequently, leads to defective muscles.

The PgkΔE2F Allele Reduces Chromatin Accessibility That 
Is Accompanied by Low Expression of Metabolic Genes. 
Accumulating evidence suggests that many metabolites serve as 
cofactors for histone-modifying enzymes that play a central role in 
epigenetic regulation (29–31). One of the striking consequences of 
the loss of E2F regulation of the Pgk gene is the severe reduction 
in several glycolytic and TCA cycle intermediates raising the 
possibility that these defects may lead to epigenetic changes. 
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Fig. 3. Metabolic changes in PgkΔE2F. (A) Glucose flux in the stable isotope tracing experiment showing the fate of 13C from 13C-glucose through glycolysis and TCA 
cycle. (B) Steady-state levels of lactate, dihydroxyacetone phosphate (DHAP), citrate, alpha-ketoglutarate (alpha-KG), succinate, fumarate, and malate measured 
by GC-MS in w1118 and PgkΔE2F 5-d-old males. Scatter dot plots with bars, mean ± SD, unpaired t test: *P < 0.05, ***P < 0.01. (C) Contribution of 13C glucose to 
DHAP, lactate, citrate, α-ketoglutarate, and malate after 12 h of treatment. M + 3 and M + 2-labeled fractions of pool representing direct flux of 13Cglucose into 
glycolysis and TCA cycle, respectively. Box plot, whiskers min to max values, line at mean, unpaired t test: *P < 0.05, **P < 0.01. n = 3 samples/group, N = 2 
independent experiments. (D) ATP levels measured in 5-d-old males by luminescence. Total µmol ATP normalized to g protein. Scatter dot plot with bars, mean 
± SEM, unpaired t test, **P < 0.01, n = 3 samples/genotype, N = 2 independent experiments. Genotypes: w1118 and w1118;PgkΔE2Fline12;+

http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
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To test this idea, we analyzed the global epigenetic landscape 
in PgkΔE2F mutants using the assay for transposase-accessible 
chromatin with high-throughput sequencing (ATAC-seq). 
Nuclei from flight muscles of pharate animals were collected and 
treated with Tn5 transposase followed by PCR to map chromatin 
accessibility genome-wide (32). Genomic regions displaying active 
chromatin regions are open, not densely packed by nucleosomes, 
and are therefore amplified and sequenced. Over twenty-five 
thousand regions peaks were identified as open chromatin 
regions (Dataset S1). Each peak was annotated to promoter, 5′ 
untranslated region , 3′ untranslated region, exon, intron, or 
intergenic region and assigned to the closest TSS using ChIPseeker 
package (33) (Dataset S2).

Next, we compared the chromatin accessibility among sites 
in common between PgkΔE2F and control animals using DiffBind 
(34). We identified a subset of 513 genomic regions showing a 
significant reduction in peak intensity in PgkΔE2F mutants and 
only seven genomic regions with a significant increase (False 
Discovery Rate (FDR) < 0.05, Fig. 5 A and B and SI Appendix, 
S4A). Peaks showing significant changes in chromatin accessi-
bility were annotated to the nearest TSS using ChIPSeeker (33). 
Only 3.5% of peaks were in distal intergenic regions, while 
29.4% were mapped to the gene and 67.1% were located at the 
promoter site (Fig. 5 C and D and Dataset S3). A gene set 
enrichment analysis was performed using clusterProfiler (35) to 

determine the overrepresentation of gene ontology terms among 
the 513 regions that showed a significant reduction in chromatin 
accessibility in PgkΔE2F mutants. The biological processes related 
to development, morphogenesis, and differentiation, including 
muscle development, were among the most significant GO terms 
(SI Appendix, Fig. S4B and Dataset S4). Concordantly, the cel-
lular compartment terms related to actin cytoskeleton and mus-
cles, such as fiber, sarcomere, and myofibril, were significantly 
enriched (SI Appendix, Fig. S4C and Dataset S4). Lastly, we 
found that numerous molecular function terms related to tran-
scription were also enriched (SI Appendix, Fig. S4D and 
Dataset S4), thus suggesting that changes in global gene expres-
sion are associated with an overall reduction in chromatin acces-
sibly in PgkΔE2F mutants. Interestingly, several metabolic genes 
displayed reduced chromatin accessibility. These included Pgk, 
Hexokinase A (Hex-A), and Ald1 from the glycolytic pathway 
and 1-Acylglycerol-3-phosphate O-acyltransferase 3 (Agpat3), Lipin 
(Lpin), minotaur (mino), and pummelig (puml) from lipid metab-
olism (Fig. 5 E and F and Dataset S3). We noticed that many 
other metabolic genes, such as Mitochondrial aconitase 1 (mAcon1), 
Pyk, Lipid storage droplet-2 (Lsd-2), Pfk, Isocitrate dehydrogenase 
(Idh), Acetyl-CoA carboxylase (ACC), and others, had apparent 
reduction in peak signal albeit with a higher FDR (FDR < 0.1, 
Dataset S3). Thus, ATAC-seq reveals that chromatin accessibility 
is broadly reduced in PgkΔE2F mutants.
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Fig. 4. Mitochondrial defects in PgkΔE2F led to dysfunctional muscles. (A) The expression of the glycolytic genes Hex-A, Pgi, Pfk, Ald1, Pgk, Gpdh, Eno, and Pyk 
measured by RT-qPCR in dissected ovaries, head, flight muscles, and dorsal abdomen containing fat body tissue in 2 to 3-d-old females. Fold change relative to 
control. Scatter dot plots with bars, mean ± SD, N = 3 samples/group. (B) Flight ability scored by quantifying the percentage of flies landing on top section of the 
column; 5- to 7-d-old males were tested. Scatter dot plots with bars, mean ± SEM, unpaired t test, *P < 0.05, N = 196 (w1118) and 158 (PgkΔE2F), N = 2 independent 
experiments. (C) Confocal section images of flight muscles in a sagittal view. Hemithorax sections of 5-d-old males stained with Phalloidin (blue), anti-kettin 
(red), and anti-ATP5A (green). (D) Quantification of percentage of hemithoraces displaying either normal morphology of mitochondria or fragmented shape 
(i.e., round). Stacked bars, N = 11 to 13 hemithoraces/group, (E) same as C, (F) same as D, N = 11 to 12 hemithoraces/group. Scale 10 μm. Genotypes: (A–D) w1118, 
(B–D) w1118;PgkΔE2Fline12;+, (E and F) Act88F-GAL4/Y;UAS-GFP-RNAi;+, and Act88F-GAL4/Y;+;UAS-Pgk-RNAiGL00101.
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http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
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Fig. 5. Reduction in chromatin accessibility and gene expression in PgkΔE2F (A) MA plot representing differential chromatin accessibility analyzed using DiffBind. The 
common 23,315 sites for ATAC-seq between PgkΔE2F and control animals plotted as a blue cloud. FDR < 0.05 cutoff (pink dots). The x axis values (“log concentration”) 
represent logarithmically transformed, normalized counts, averaged for all samples, for each site. The y axis values represent log 2 (fold change) values in PgkΔE2F relative 
to w1118. (B) Heatmaps showing the enrichment of ATAC reads in a 3,000 bp window centered on the summit for each peak. Scale is as indicated in the signal. Only 520 
sites with differential chromatin accessibility are included, in which seven sites show a gain in enrichment in PgkΔE2F and 513 show a loss (reduction). (C) Distribution 
of reads for ATAC-seq data in a 6,000 bp window centered on the TSS of the gene for each peak. Only the 520 sites with differential chromatin accessibility in PgkΔE2F 
are included. (D) Peak annotation pie chart for the 520 sites with differential chromatin accessibility in PgkΔE2F. (E and F) Differential chromatin accessibility determined 
by ATAC-seq visualized with Integrative Genomics Viewer browser for the genomic regions surrounding (E) the glycolytic genes: Pgk, Hex-A, and Ald1, and (F) the lipid 
metabolism genes: Agpat3, puml, and mino. The most predominantly expressed transcript in adult flies, based on the FlyAtlas 2 profile (25), is displayed; n = 2 samples/
genotype, each track is shown separately for each replicate. Read scales and genomic scales included on top right and top left, respectively. GroupAuto scale. **FDR 
< 0.05 in chromatin accessibility. (G–I) The expression of the metabolic genes measured by RT-qPCR in whole animals staged at pharate. (F) glycolytic genes: Hex-A, 
Hex-C, Pgi, Pfk, Ald1, Gapdh2, Pglym78, Eno, Pyk, and Ldh (G) TCA genes: kdn, mAcon1, Idh, Oxoglutarate dehydrogenase (Nc73EF), Succinyl-coenzyme A synthase, alpha 
subunit 1 (Scsalpha1), Succinate dehydrogenase, subunit C (SdhC), and Fumarase 1 (Fum1) (H) lipid metabolism genes: ACC1, Acylglycerol-3-phosphate O-acyltransferase 
2 (Agpat2), Agpat3, Glycerol-3-phosphate acyltransferase 4 (Gpat4), Lpin, mino, Lipid storage droplet-1 (Lsd-1), Lsd-2, Seipin, Hormone-sensitive lipase (Hsl), and Puml. Fold 
change relative to control. Scatter dot plots with bars, mean ± SEM, N = 3 samples/group, multiple unpaired t tests followed by corrected Holm–Šídák method for 
multiple comparison correction. *P < 0.05. Full genotypes: w1118 and w1118; PgkΔE2F line12;+.
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The reduced chromatin accessibility, particularly in promoter 
regions, indicates potential changes in the expression of the corre-
sponding genes. Therefore, we examined the expression of the met-
abolic genes that showed reduced ATAC peak intensity in PgkΔE2F 
mutants. RNA was isolated from animals staged at pharate, and gene 
expression was measured by RT-qPCR. Remarkably, the levels of 
metabolic genes mentioned above Hex-A, Ald1, Agpat3, Lpin, mino, 
and puml were significantly reduced in both PgkΔE2F mutant lines 
compared to w1118 (Fig. 5 G–I and SI Appendix, S4 E and F). 
Interestingly, there was also a reduction in the expression of mAcon1, 
Pyk, Lsd-2, Pfk, Idh, and ACC that had low chromatin accessibility, 
but with a higher FDR value (FDR < 0.1, Dataset S3). Next, we 
examined the rest of the glycolytic, TCA cycle, and lipid metabolism 
genes and found that, in total, almost half of them were significantly 
reduced, while the remaining genes exhibited a similar trend albeit 
the changes were not statistically significant (Fig. 5 G–I and 
SI Appendix, Fig. S4 E and F). Given that the recruitment of Dp and 
Rbf to the other metabolic targets, such as the Ald1 gene, was unal-
tered, as shown in Fig. 2 C and D, we concluded that the changes 
in gene expression in PgkΔE2F mutants, described above, are not due 
to abnormal recruitment of E2F/Dp/Rbf.

To confirm that the changes in the expression of metabolic genes 
were specific to PgkΔE2F mutants, we examined the expression of 
the same panel of genes in heterozygous flies carrying a hypomor-
phic mutant allele PgkKG06443. As expected, there was a two-fold 
reduction in the Pgk mRNA levels in PgkKG06443 heterozygotes 
(SI Appendix, Fig. S4G). However, unlike PgkΔE2F mutants, in 
which the Pgk expression is downregulated several folds, the 
expression of glycolytic and TCA cycle genes were indistinguish-
able between PgkKG06443 heterozygous and control animals 
(SI Appendix, Fig. S4 H and I).

In Drosophila, estrogen-receptor–related (ERR) directs a transcrip-
tional induction that promotes glycolysis, TCA cycle, and electron 
transport chain during pupal development (36). Interestingly, ERR 
expression was reduced in both PgkΔE2F mutant alleles but not in 
PgkKG06443 heterozygotes (SI Appendix, Fig. S4 J and K).

Thus, we concluded that the loss of E2F regulation on the Pgk 
gene results in a broad reduction in chromatin accessibility that 
may reflect changes in the global epigenetic profile. Importantly, 
many metabolic genes associated with decreased accessibility 
regions were expressed at low levels in PgkΔE2F mutants.

The Loss of E2F Regulation on Pgk Gene Has a Broad Impact on 
Adult Physiology. The data described above show that the low 
expression of Pgk in PgkΔE2F animals severely impacts the levels of 
glycolytic and TCA cycle intermediates and the generation of ATP, 
which impairs the function of high-energy consuming organs, 
such as muscles. These observations raise the question, what other 
physiological functions are affected in PgkΔE2F mutant? Given that 
previous studies of a temperature-sensitive allele Pgk allele, nubian, 
have shown that it shortens the life span (37), we measured the 
life span of PgkΔE2F animals and found it to be similarly affected. 
The median survival of PgkΔE2F males was significantly reduced 
in both independent lines carrying the PgkΔE2F allele compared to 
w1118 (Fig. 6A and SI Appendix, Fig. S5A). Additionally, we noticed 
that fewer larvae were hatching from eggs in both independent 
PgkΔE2F lines (Fig. 6B and SI Appendix, Fig. S5B), thus, indicating 
reduced embryonic viability in PgkΔE2F mutants. Given that this 
phenotype can be associated with poor oocyte quality (38), we 
explored oocyte production. We dissected ovaries from both 
PgkΔE2F-independent mutant animals and found that roughly 
30% of their ovaries were smaller than those in control animals 
(Fig. 6C and SI Appendix, Fig. S5C). Next, we stained PgkΔE2F 
and control ovarioles with anti-Arm, phalloidin, and DAPI to 
visualize the overall structure of the egg chambers. Remarkably, in 
agreement with the small size in ovaries, we consistently observed 
degenerated egg chambers at stages 7 to 8 in both PgkΔE2F-
independent mutant lines (Fig. 6D and SI Appendix, Fig. S5D). 
Degenerated egg chambers were evidenced by the condensation of 
the chromatin in nurse cell nuclei at midoogenesis, thus indicating 
that egg chambers were undergoing apoptosis at the onset of 
vitellogenesis. The choice between egg development or apoptosis 
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is determined by the midoogenesis checkpoint that relays on the 
nutritional status of the female and other hormonal signals (39). 
When PgkΔE2F egg chambers passed the midoogenesis checkpoint, 
the uptake of both lipid and glycogen, which was analyzed at 
stage 10 by staining ovarioles with Bodipy and Periodic acid 
Schiff, respectively, proceeded normally compared to control egg 
chambers (SI Appendix, Fig. S5 E and F).

The arrest in oogenesis could be indicative of insufficient ener-
getic storage required to meet the biosynthetic demands for egg 
production (40). As glycogen is a major source of energy storage, 
we measured its level in the whole animals and normalized the 
total glycogen content to the protein content. The level of glyco-
gens in both males and females were significantly reduced in the 
PgkΔE2F mutant compared to the control animals w1118 (Fig. 6E). 
This observation was confirmed in another line carrying the 
PgkΔE2F mutant allele (line 23, SI Appendix, Fig. S5G).

Thus, we concluded that the loss of E2F binding sites that 
contribute to activating the expression of the Pgk gene broadly 
impacts animal physiology and leads to shortening of life span. 
In addition, we found that it results in reduced embryonic sur-
vival, smaller ovaries, degenerated egg chambers, and reduced 
glycogen storage, which represent novel phenotypes associated 
with low Pgk levels. Collectively, these results illustrate a broad 
manifestation of the metabolic disbalance in the PgkΔE2F mutant 
at the organismal level.

Discussion

E2F regulates thousands of genes and is involved in many cellular 
functions (10, 12, 41–43). One of the central unresolved issues 
is whether E2F function is the net result of regulating all E2F 
targets or only a few key genes. However, the importance of indi-
vidual E2F targets cannot simply be deduced by either examining 
global transcriptional changes in E2F-deficient cells or analyzing 
ChIP-validated lists of E2F targets. The most straightforward 
approach is to mutate E2F sites in the endogenous E2F targets, 
yet this was done in very few studies (44–46). Genome editing 
tools provided us with the opportunity to begin addressing this 
question by systematically introducing point mutations in E2F 
sites of genes involved in the same biological process. Despite 
using the same stringent criteria in mining proteomic, transcrip-
tomic, and ChIP-seq to select E2F targets, we find that this knowl-
edge is largely insufficient to predict the functionality of E2F 
binding sites, as well as the contribution of E2F in controlling the 
expression of individual targets. Notably, we showed that among 
five, similarly high-confidence metabolic targets, the loss of E2F 
regulation is particularly important only for the Pgk gene (Table 1). 
Our findings underscore the value of this approach in dissecting 
the function of the transcription factor E2F.

The availability of orthogonal datasets for proteomic changes 
in Dp-deficient muscles combined with genome-wide binding for 
Dp and Rbf in the same tissue allowed us to select for target genes 
that should be highly dependent on E2F regulation. Surprisingly, 
we find significant variation in the recruitment of E2F/Dp/Rbf 
and the expression of the target gene upon mutating E2F sites 
among five metabolic genes (Table 1). Neither the number of E2F 
sites, their positions, nor the response of the luciferase reporter to 
E2F1 is sufficient to predict E2F regulation of the endogenous 
targets in vivo. Strikingly, although Cyt-c-p contained multiple 
E2F binding sites, the introduction of mutations in all these sites 
had no effect on the recruitment of E2F/Dp/Rbf and the expres-
sion of Cyt-c-p. For the remaining genes, mutations in the core 
element of the E2F binding sites reduced the recruitment of E2F/
Dp/Rbf and, consequently, the expression of the target gene albeit 
to various degrees. Our work illustrates that the contribution of 
E2F in gene expression regulation is highly context- and 
target-dependent and that one could not simply predict the func-
tionality of E2F binding sites or the importance of a target by 
relying on existing transcriptomic, proteomic, and ChIP-seq 
datasets.

One explanation for the partial loss of binding for Dp and Rbf 
in the GpdhΔE2F and kdnΔE2F lines is that since the whole animal 
was used for ChIP-qPCR, we cannot distinguish whether the 
reduction in the recruitment is due to the loss of E2F binding in 
either a subset of cells or across all cells, thus consistent with a 
tissue-specific role of E2F. Another possibility is that E2F still 
retains a weak affinity to the mutant sequence. It is also possible 
that E2F sites are not the only DNA elements that recruit E2F 
complexes to chromatin. Indeed, other DNA sequences, such as 
cell cycle homology region sites, were shown to help in tethering 
the E2F complex to DNA as a part of the MuvB complex (47). 
Additionally, it has been suggested that other DNA binding factors 
may facilitate E2F binding (14, 48). Overall, our results suggest 
that unlike in vitro assays with recombinant proteins, mutation 
of E2F sites does not always fully prevent the recruitment of E2F 
in vivo.

In Drosophila, the E2F activity is a net effect of the activator 
E2F1/Dp and the repressor E2F2/Dp complexes that work antag-
onistically at cell cycle promoters during development (49). One 
limitation of the approach described here is that it does not dis-
tinguish the relative contribution of activator and repressor E2Fs. 
In earlier studies, in which the roles of E2F1, E2F2, and Rbf were 
examined during flight muscles development (12, 23), we found 
that unlike E2F1, the loss of E2F2 is largely inconsequential, while 
Rbf acts as an activator. Given that the mutations in E2F sites did 
not lead to an increase in gene expression, our data are consistent 
with the idea that the repressive E2F2/Dp complex does not have 
a major contribution in this particular context for these genes.

Table 1. Summary of the effects on mutating E2F sites among five metabolic genes

Gene No. of E2F sites

Reduction in protein 
levels in Mef2>Dp-RNAi 
compared to control

Activation by E2f1 in  
luciferase reporter assays ΔE2F flies

WT-Luc ΔE2F-Luc
E2F/Dp/Rbf 
recruitment

Reduction in 
gene expression

Ald1 1 Yes No NA Loss Mild

Pgk 4 Yes Strong Mild Loss Strong

Gpdh 1 Yes Strong No Partial loss Mild

kdn >7 Yes Strong No Partial loss Mild

Cyt-c-p 4 Yes No NA No effect No effect

http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220770120#supplementary-materials
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Among five genes that we analyzed here, mutating E2F sites 
upstream Pgk gene completely prevents the recruitment of E2F/
Dp/Rbf and results in several-fold reduction in the expression of 
the Pgk gene. The neuron-specific Pgk knockdown markedly 
decreases the levels of ATP and results in locomotive defects (50). 
In another study, flies carrying a temperature-sensitive allele of 
Pgk, nubian, exhibit reduced lifespan and several-fold reduction 
in the levels of ATP (37). Thus, altered generation of ATP and 
shorten lifespan appear to be the hallmarks of diminished Pgk 
function in flies. Notably, the PgkΔE2F mutant animals show low 
glycolytic and TCA cycle intermediates and low ATP levels and 
die earlier, thus suggesting that in the absence of E2F regulation, 
the normal function of Pgk is compromised.

The loss of E2F function on the Pgk gene leads to defects in 
high energy–consuming organs, such as flight muscles and ovaries. 
The morphology of mitochondria is abnormal in PgkΔE2F and 
muscles are dysfunctional, as revealed by the flight test. The ovaries 
in PgkΔE2F females were smaller and contained a high number of 
degenerated egg chambers at the onset of vitellogenesis. 
Intriguingly, just like in the PgkΔE2F mutant animals, occasional 
degenerating early egg chambers (stage 8 and earlier) were previ-
ously described in the Dp and E2f1 mutants (51) raising the pos-
sibility that this aspect of the Dp mutant phenotype may be due 
to loss of E2F regulation on the Pgk gene. Interestingly, degener-
ating egg chambers have previously been associated with metabolic 
defects, including alteration in the TCA cycle intermediates (52), 
nutritional status (39, 40), and lipid transport (53). Egg chambers 
can degenerate before investing energy into egg production, in 
particular vitellogenesis. Given that multiple signals are integrated 
during the midoogenesis checkpoint, we reasoned that low levels 
of glycogen in PgkΔE2F mutants may contribute, at least to some 
extent, to egg chamber degeneration in PgkΔE2F mutants. 
Collectively, our data strongly argue that E2F is important for 
regulating the function of Pgk.

Recent studies revealed that metabolic intermediates can function 
as cofactors for histone-modifying enzymes by regulating their activ-
ities and therefore change chromatin dynamics. For example, 
alpha-KG is a cofactor for Jumonji C domain-containing histone 
lysine demethylases, and low alpha-KG levels can lead to histone 
hypermethylation (29, 30). In contrast, fumarate and succinate can 
serve as alpha-KG antagonists and inhibit lysine demethylases (31). 
Metabolic analysis of PgkΔE2F animals revealed a severe reduction 
in glycolytic and TCA cycle intermediates, including alpha-KG, 
succinate, and fumarate, thus, raising the possibility that activities 
for the histone demethylase are altered in PgkΔE2F mutants. Another 
metabolite affected in PgkΔE2F is lactate that serves as a precursor 
for a new histone modification known as lactylation that was shown 
to directly promote gene transcription (54). Our findings that the 
loss of E2F regulation on the Pgk gene is accompanied by changes 
in several metabolites, which can regulate the activity of multiple 
histone-modifying enzymes, raises the possibility that the epigenetic 
landscape may change. This idea is supported by altered chromatin 
accessibility at multiple loci in PgkΔE2F mutants, as revealed by 
ATAC-seq. Notably, it is accompanied by a reduction in the expres-
sion of several genes, including metabolic genes. The effect was 

specific to the loss of E2F regulation on the Pgk gene because it has 
been validated in two independent lines carrying the mutation on 
the E2F sites, while no changes in gene expression were observed 
in Pgk loss of function in heterozygous animals (hypomorph 
PgkKG06443). Interestingly, published microarray analysis for Pgknubian 
animals revealed changes in the expression of genes involved in 
glucose and lipid metabolism (37). In sum, our data suggest that 
abnormal flux through Pgk leads to changes in chromatin accessi-
bility and, subsequently, transcriptional changes.

Comparison of transcriptomes, proteomes, and metabolomes 
for Rbf-deficient animals led to unexpected conclusion that very 
few of these metabolic changes actually corresponded to matching 
transcriptional changes at direct Rbf targets (55). This result raised 
the question of the relative importance of transcriptional regula-
tion mediated by E2F/Rb function. Our observation that the loss 
of E2F regulation of a single glycolytic gene can affect chromatin 
accessibility and elicit broad transcriptional changes at numerous 
metabolic genes may provide an explanation for this discordance. 
Ironically, many glycolytic and mitochondrial genes that are mis-
expressed in PgkΔE2F mutants are E2F target genes based on 
ChIP-seq data. However, the changes in their expression occur 
without changes in E2F recruitment. Thus, the transcriptional 
changes observed in the E2F-deficient animals are indeed a com-
plex combination of both direct effects of E2F at the target genes 
and indirect, yet E2F-dependent, effects at other targets as exem-
plified by Pgk. These indirect effects were missed when an entire 
E2F/Rbf module was inactivated. This finding further highlights 
the value of mutating E2F binding sites in individual E2F target 
genes to dissect different tiers of E2F regulation.

Materials and Methods

Detailed materials on the fly stocks, luciferase vectors, and generation of the 
CRISPR lines are listed in SI Appendix. Gene expression and occupancy enrich-
ment measured by RT-qPCR, ChIP-qPCR follow standard procedures. Detailed 
methods are listed in SI Appendix, and primers are included in Dataset S5. The 
detailed methods and analysis for immunofluorescence, isotope labeling, ATAC-
Seq, and other physiological assays are listed in SI Appendix. Statistical analysis 
was done using GraphPad Prism v9.4. Details regarding data presentation and 
statistical analysis were included in legends to Figures.

Data, Materials, and Software Availability. ATAC-seq data from this pub-
lication have been deposited to the Gene Expression Omnibus (GEO) data-
base (https://www.ncbi.nlm.nih.gov/geo/) and assigned the identifier Series 
GSE217225 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217225) 
(56). All other data are included in the manuscript and/or SI Appendix.
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