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Abstract

Blood progenitors are regulated by a variety of signals from their environment. In the
Drosophila lymph gland (LG), the Posterior Signalling Center (PSC) acts as a stem cell niche
striking a balance between progenitors and differentiated blood cells. While the response of
blood progenitors to extrinsic signals is well characterized, their ability to respond to cell
intrinsic cues is unexplored. Autophagy is one such intrinsic cellular process that maintains
cellular homeostasis by removing unnecessary or dysfunctional cell components through
autophagic degradation and recycling. Here, we show that autophagy plays a critical role in
regulating blood cell homeostasis in the lymph gland. General control non-derepressible 5
(Gcn5), a histone acetyltransferase is expressed in all the cellular subsets of the LG and
modulation of Gcn5 levels in various cellular subsets of the LG perturbs LG homeostasis.
Gcn5 through its known non-histone acetylation target, TFEB controls autophagic flux
thereby regulating hematopoiesis. Additionally, we demonstrate that modulation of mTORC1
activity can perturb hematopoiesis. We show that Gcn5 acts as a nutrient sensor and mTORC1
activity regulates Gcn5. mTORC1 over-rides the effect exerted by Gcn5 in regulating LG
hematopoiesis. Together, our findings indicate that Gcn5 – mTORC1 – TFEB signaling axis
mediated control of autophagy is required for maintaining blood cell homeostasis in
Drosophila.

eLife assessment

This manuscript shows that manipulating the expression of the histone
acetyltransferase Gcn5 affects blood cell homeostasis in the Drosophila larval
hematopoietic organ. The data suggest a link between autophagy and the mTOR
pathway, as could be expected from the literature. The authors use several genetic
manipulations as well as some chemical modulators to generate solid evidence
supporting most of their conclusions, but some of the analyses are inadequate and
would benefit from improvement.

Reviewed Preprint

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

About eLife's process

Reviewed preprint version 1
January 10, 2024 (this version)

Posted to preprint server
August 24, 2023

Sent for peer review
August 23, 2023

https://doi.org/10.7554/eLife.91615.1
https://en.wikipedia.org/wiki/Open_access
https://elifesciences.org/
https://elifesciences.org/peer-review-process


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 2 of 26

Introduction

Drosophila hematopoiesis occurs in two different waves: the first wave occurs in the embryonic
stages and the second wave of definitive hematopoiesis occurs in the lymph gland (LG), the larval
hematopoietic organ (1     ). The larval lymph gland can be divided into functionally distinct
regions: the Posterior Signaling Center (PSC), which acts as the stem cell niche producing signals
that are not only required for maintaining the prohemocytes but also for priming them towards
differentiation. The Medullary Zone (MZ) is made up of prohemocytes (hematopoietic progenitors)
that are capable of differentiating into three differentiated blood cell types namely plasmatocytes,
crystal cells and lamellocytes. The Cortical Zone (CZ) houses the differentiated blood cell
population (2     ). Single cell sequencing efforts have identified heterogeneity amongst the
developing hemocytes in the lymph gland and have discovered previously unreported hemocyte
types like adipohemocytes, stem-like prohemocytes, intermediate prohemocytes, early
lamellocytes etc. (3     ). These recent single cell sequencing based studies show that the lymph
gland is a complex organ with multiple hemocyte types and consists of an intricate array of signals
that regulate them (3     ,4     ).

The cellular fate of prohemocytes in the medullary zone is intricately controlled by a set of
extrinsic and intrinsic signals. Multiple signaling pathways like the JAK/STAT, Hedgehog, Wingless,
Dpp have been reported to play an important role in prohemocyte maintenance (5     –13     ). Stem
cell and tissue homeostasis is closely linked to the nutritional status of the organism. There is
increasing evidence indicating the involvement of nutrient signals in stem/progenitor cell fate
(14     –17     ). However, how these systemic signals are sensed by the prohemocytes to regulate cell
fate determination is not clearly understood. Extrinsic signals often coordinate with cell intrinsic
pathways to exert their effects. One such cell intrinsic cellular process that is responsive to
extrinsic signals like nutritional status and stress is autophagy (18     ). Autophagy is a catalytic
process that ensures cellular homeostasis by removing intracellular waste material, replaces old
and damaged organelles and sustains cell survival during nutrient deprivation (19     ). One of the
key nutrient sensing molecules, mTOR (molecular target of rapamycin) is an important regulator
of autophagy. mTORC1 inhibits autophagy in nutrient replete conditions by targeting either
initiation, expansion or termination of autophagy (20     ). Several studies indicate that autophagy
is essential for the maintenance of hematopoietic stem cells (21     –23     ). There have been several
reports that investigate the role of key autophagy genes in hematopoiesis and show that mice
lacking functional autophagy genes like Atg7, Atg12 or FIP200 lead to an exhaustion of the HSC
pool especially long term HSCs thus showing that autophagy is critical for HSC maintenance (22     ,
24     -25     ). Furthermore, HSCs lacking Atg12 displayed phenotypes similar to aged HSCs viz.
increased mitochondrial content, heightened metabolic activity, myeloid differentiation bias
(23     ). Mis-regulation of the autophagic process can lead to leukemogenesis (26     ). Though the
role of autophagy has been explored in mammalian hematopoiesis, its role during Drosophila
hematopoiesis is unexplored. There are various nutrient sensors that can sense systemic nutrient
signals and regulate cellular processes like autophagy. In this study, we report that General control
non-depressible 5 (GCN5), a histone acetyltransferase, regulates the process of autophagy during
hematopoiesis through its non-histone acetylation target, TFEB.

General control non-depressible 5 (GCN5) is the first nuclear histone acetyltransferase (HAT) to be
identified with function in transcriptional regulation by serving as a key subunit in transcriptional
coactivator complexes like SAGA (Spt-Ada-Gcn5-acetyltransferase) and ATAC (Ada-2A-containing)
(27     –29     ). The transfer of acetyl group to the lysine residues of histones mediates HAT activity
(30     ). The primary acetylation site of Gcn5 is lysine 14 of Histone 3 (H3K14) whereas other lysine
residues of Histone 3 like H3K9, H3K18, H3K23, H3K27 are also found to be acetylated by Gcn5
(31     ). Recent studies reported the additional role of Gcn5 in histone succinylation as well as
crotonylation (32     –34     ). Gcn5 has important functions in the extension of lifespan (35     ),
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metabolism (36     ), cellular differentiation (37     ), cell proliferation and growth (38     ), neuronal
apoptosis (39     ) and DNA damage response (40     ). GCN5 acts as an oncoprotein in cancer and its
inhibition can rescue cancer phenotypes in various cancers namely hepatocellular carcinoma,
glioma, non-small cell lung carcinoma (41     –43     ). Gcn5 is over-expressed in Acute Myeloid
Leukemia (AML) and is needed for the survival of AML cell lines (44     ). Aberrant acetylation of
H3K9 by GCN5 leads to all-trans Retinoic acid (ATRA) resistance in non-APL AML, thereby
preventing the maturation of myeloid blasts and maintaining them in a leukemic state (45     ).
GCN5 plays a role in drug resistance in the leukemic early drug resistant population (EDRP) where
it interacts with ATM thereby recruiting ATM to the DNA damage site (46     ). With an evolutionary
well conserved structure and function, the significance of Gcn5 in different cellular processes can
be studied using a variety of model organisms (33     ). Drosophila has only one homolog of Gcn5
(dGCN5), hence making it an efficient model to study the functions of Gcn5 (47     ). In Drosophila,
loss of Gcn5 function affects developmental processes like oogenesis, metamorphosis (48     ). Gcn5
plays an important role in germline stem cell maintenance (49     ). Other than the developmental
processes, Gcn5 was shown to regulate a cellular process like autophagy by targeting TFEB, a non-
histone acetylation target of Gcn5 that activates genes responsible for autophagosomal and
lysosome biogenesis (50     ). mTORC1 regulates autophagy not only through the initiator kinase,
Ulk1 arm but also through inhibitory phosphorylation of TFEB (51     ).

In the context of hematopoiesis, Gcn5 is necessary for T-cell development and function, and
deletion of Gcn5 could affect the development of immune cells in vertebrates (37     ). Gcn5
expression increases during the differentiation phase of human CD34 cells indicating an
important role of Gcn5 in erythroid differentiation (52     ). Although there are studies
demonstrating the role of Gcn5 in leukemogenesis there is paucity of information on its role in
physiological hematopoiesis. In Drosophila, a study reported that loss of a HAT like Gcn5 or
Chameau phenocopies the differentiation defect seen upon loss of function of molecules
regulating fatty acid oxidation (53     ). There are no other studies that have explored the role of
Gcn5 during normal hematopoiesis in Drosophila. Here, we show that Gcn5 plays an essential role
in regulating blood cell homeostasis in the Drosophila lymph gland. Analysis of gcn5 mutants,
cellular subset specific modulation of Gcn5 levels in the LG and by utilizing structure function
approaches in the LG, we show that Gcn5 function is important for developmental hematopoiesis.
Our results demonstrate that modulation of Gcn5 levels alter blood cell homeostasis via its
regulation of autophagy. We show that autophagy plays a critical role in the lymph gland by
controlling blood cell differentiation. Gcn5 acts as a nutrient sensor and negatively regulates
autophagy through its non-histone acetylation target, TFEB. Additionally, our findings indicate that
modulation of mTORC1 activity can regulate Gcn5 levels and perturb LG hematopoiesis. mTORC1
over-rides the effect exerted by Gcn5 in regulating LG hematopoiesis. Taken together, we suggest
that the Gcn5 – mTORC1 – TFEB signaling axis mediated control of autophagy is required for
maintaining blood cell homeostasis in Drosophila.

Results

Gcn5 is expressed in all the cellular
subsets of the primary lymph gland lobe
General control non-depressible 5 (GCN5) is a histone acetyltransferase involved in transcriptional
regulation. Gcn5 has been previously reported to be overexpressed in acute myeloid leukemias
(AML) and is required for the survival of AML cells (44     –46     ). In Drosophila, Gcn5 has been
shown to play an important role during metamorphosis and in the maintenance of germline stem
cells (48     , 49     ). However, its role in Drosophila hematopoiesis is unknown. We first set out to
understand the expression of Gcn5 in the Drosophila lymph gland where the primary lobe is the
main site of active hematopoiesis. The primary lobe consists of various developmental zones
housing different cell populations with identifiable markers (Fig. 1A, B     ). Gcn5 expression
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analysis shows that Gcn5 is expressed in all cellular subpopulations of the lymph gland including
the Posterior Signalling Center (PSC, Fig 1C-E’     ), Medullary Zone (MZ, Fig 1D-F’     ), Cortical Zone
(CZ, Fig 1G-I’     ) and with HHLT-GFP positive pan hemocyte marker (Fig 1H-J’     ).

Whole animal gcn5 mutants show defective blood cell homeostasis
Since Gcn5 is expressed in all the cellular subpopulations of the lymph gland, we were interested
to know if hematopoiesis gets affected in the whole animal gcn5 mutants. We first characterized
the hematopoietic phenotypes of the gcn5 null allele, gcn5[E333st] and the hypomorphic allele,
gcn5[C137Y] in heterozygous conditions. We observed that the Antennapedia positive PSC cell
numbers were not affected in the gcn5[C137Y/+] or gcn5[E333st/+] heterozygous mutants
compared to wildtype (Fig S1A-D). Complete blockage of P1 (NimRodC1) positive plasmatocyte
differentiation was observed in the gcn5[E333st/+] mutant whereas no significant change was seen
in the gcn5[C137Y/+] mutant compared to wildtype (Fig S1E-H). In contrast, a significant increase
in Hindsight positive Crystal cell differentiation and gamma-H2Ax positive DNA damage foci were
observed in both gcn5[C137Y/+] and gcn5[E333st/+] mutants, compared to wildtype (Fig S1I-P).

We then combined these alleles in homozygous and trans-heterozygous combinations. While gcn5
[C137Y] hypomorphic allele yielded viable homozygous larvae, the null allele gcn5 [E333st] was
embryonic lethal in homozygous conditions. We also generated gcn5 [C137Y]/gcn5 [E333st]
transheterozygotes in order to study the hematopoietic phenotypes of the gcn5 mutants. Our
analysis reveals that the PSC cell numbers were reduced in the gcn5[E333st/C137Y]
transheterozygous mutant whereas no change was observed in the gcn5[C137Y/C137Y]
homozygous mutant, compared to wildtype (Fig 2A-D     ). Plasmatocyte differentiation was
significantly increased in the gcn5[C137Y/C137Y] homozygous mutant, whereas no significant
change was observed in gcn5[E333st/C137Y] transheterozygous mutant compared to wildtype (Fig
2E-H     ). A significant increase in crystal cell differentiation and DNA damage was observed in
both gcn5[C137Y/C137Y] and gcn5[E333st/C137Y] mutants, compared to wildtype (Fig 2I-P     ).

Lymph gland cellular subset-specific modulation
of Gcn5 levels results in aberrant hematopoiesis
The observations from gcn5 mutants led us to question if the modulation of Gcn5 levels in
different cellular populations of the lymph gland affects hematopoiesis. In order to modulate Gcn5
levels, we have depleted or over-expressed Gcn5 in different cellular subsets of the lymph gland.
Validation of Hml-Gal4 mediated knockdown or overexpression of Gcn5 has been done using
immunostaining with Gcn5 antibody (Fig S2A-C’). The FLAG-tagged Gcn5 overexpression construct
has been validated using the anti-FLAG tag antibody by immunostaining (Fig S2D-E’). Validation of
Gcn5 knockdown was also validated using protein expression analysis by western blotting (Fig
S2F).

Since the balance between the prohemocyte population and the differentiated blood cells is a
determinant of the homeostasis conditions in the lymph gland, we first depleted or overexpressed
Gcn5 in the prohemocytes using Dome-Gal4. We observed that the PSC population remained
unperturbed upon Gcn5 modulation in the prohemocytes as compared to wildtype (Fig 3A-C’     
and M). Over-expression of Gcn5 using Dome-Gal4 led to a significant increase in both
plasmatocyte and crystal cell differentiation whereas knockdown of Gcn5 did not affect blood cell
differentiation compared to wildtype (Fig 3D-I’     , N and O). An increase in DNA damage marked
by Gamma H2Ax was observed upon knockdown of Gcn5 in the Dome population, whereas
overexpression of Gcn5 did not lead to any change in DNA damage, as compared to wildtype (Fig
3J-L’      and P). Since PSC is known to produce signals that are required not only for maintaining
the prohemocytes but also for priming them towards differentiation we modulated Gcn5 levels in
the PSC using Collier-Gal4. Over-expression of Gcn5 in the PSC led to a cell-autonomous increase in
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Figure 1.

Gcn5 is expressed in all compartments of the Drosophila larval lymph gland

Cartoon of the third instar larval lymph gland, indicating the anterior primary lobes and the posterior lobes (A). The primary
lobe of the lymph gland depicting different subpopulations: the Posterior Signaling Centre (PSC: blue) functioning as the
niche, Medullary zone (MZ: green) houses the progenitors, Intermediate progenitor zone (IZ: yellow) which contains the cells
transitioning from progenitors to specific lineages, and the Cortical zone (CZ: brown) containing the differentiated hemocytes
population – plasmatocytes and crystal cells (B). Gcn5 expression in different compartments of lymph gland (C-J) Gcn5 (red)
expression in the - Posterior Signaling Centre (PSC) using Collier-GFP (green) (C-C’, E-E’), Medullary zone prohemocytes using
Dome-GFP (green) (D-D’, F-F’), Differentiated hemocytes in the Cortical zone using HmlΔ-GFP (green) (G-G’, I-I’), and the
Whole Lymph Gland using HHLT-GFP (green) (H-H’, J-J’). Nuclei are stained with DAPI (blue). GFP (green) is driven by
respective Gal4 drivers. Scale Bar: 50µm (C-D’, G-H’) and 30µm (E-F’, I-J’)
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Figure 2.

Whole animal gcn5 mutants show defective lymph gland homeostasis

Posterior Signaling Center (PSC) cell numbers marked by Antennapedia (red) in gcn5[C137Y/C137Y] (B-B’) and
gcn5[E333st/C137Y] (C-C’) as compared to wildtype (A-A’). Graphical representation of PSC cell numbers of the gcn5 mutants as
compared to the wildtype (D), n=24 for wildtype, n=38 for gcn5[E333st/C137Y], and n=20 for gcn5[E333st/C137Y] for PSC cell
number quantification. Plasmatocyte differentiation was marked by P1 (red) in gcn5[C137Y/C137Y] (F-F’) and
gcn5[E333st/C137Y] (G-G’) as compared to the wildtype (E-E’). Graphical representation of plasmatocyte differentiation index
of the gcn5 mutants compared to wildtype (H), n=20 for wildtype, n=29 for gcn5[C137Y/C137Y], and n=26 for gcn5[E333st/C137Y]
for quantification. Crystal cell differentiation marked by Hnt (red) in gcn5[C137Y/C137Y] (J-J’) and gcn5[E333st/C137Y] (K-K’) as
compared to wildtype (I-I’). Graphical representation of the number of crystal cells for gcn5 mutants compared to wildtype (L),
n=22 for wildtype, n=26 for gcn5[C137Y/C137Y], and n=31 for gcn5[E333st/C137Y] for quantification. Cells undergoing DNA
damage marked by γH2AX (red) in gcn5[C137Y/C137Y] (N-N’) and gcn5[E333st/C137Y] (O-O’) as compared to wildtype (M-M’).
Graphical representation of γH2AX positive cells undergoing DNA damage in the gcn5 mutants compared to the wildtype (P),
n=24 for wildtype, n=54 for gcn5[C137YC137Y], and n=31 for gcn5[E333st/C137Y] for quantification. Nuclei are stained with DAPI
(Blue). n represents the number of individual primary lobes of the Lymph Gland. Individual data points in the graphs
represent individual primary lobes of the Lymph Gland. Values are mean ± SD, and asterisk marks statistically significant
differences (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001, Student’s t-test with Welch’s correction). Scale Bar: 50µm (A-O’)
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PSC cell numbers whereas knockdown had no change in the PSC population as compared to the
wildtype (Fig S3A-C’ and M). Plasmatocyte differentiation was reduced upon PSC-specific
knockdown of Gcn5 whereas over-expression of Gcn5 did not affect plasmatocyte differentiation
as compared to the wildtype (Fig S3D-F’ and N). Crystal cell differentiation remained unaffected
upon modulation of Gcn5 in the PSC as compared to wildtype (Fig S3G-I’ and O). An increase in
DNA damage was observed upon knockdown of Gcn5 in the PSC whereas over-expression did not
lead to any change in DNA damage as compared to the wildtype (Fig S3J-L’ and P).

Since over-expression of Gcn5 in the prohemocyte population resulted in an increase in blood cell
differentiation we wanted to understand if perturbing Gcn5 levels in the differentiated blood cell
population using Hmldelta-Gal4 alters blood cell differentiation cell-autonomously. A non-cell-
autonomous increase in the PSC population was observed upon knockdown or over-expression of
Gcn5 using Hmldelta-Gal4 as compared to wildtype (Fig S4A-C’ and M). Plasmatocyte
differentiation remained unaffected upon modulation of Gcn5 levels in the Hmldelta positive
population compared to wildtype (Fig S4D-F’ and N), whereas a cell-autonomous increase in the
crystal cell differentiation was observed upon overexpression of Gcn5 in the Hmldelta positive
population whereas knockdown of Gcn5 did not affect the crystal cell differentiation compared to
wildtype (Fig S4G-I’ and O). An increase in DNA damage was observed upon knockdown or over-
expression of Gcn5 levels in the Hmldelta population, compared to wildtype (Fig S4J-L’ and P).
Overall, our analysis shows that modulation of Gcn5 levels in various sub-populations of the LG
affects blood cell homeostasis.

Prohemocyte-specific expression of Gcn5 domain
deletion constructs alters the hematopoietic
program and results in increased DNA damage
Gcn5 is an important component in the SAGA complex containing four different domains – the
HAT, Pcaf, Ada, and Bromodomain (Fig.4A     ). We were further interested in investigating the
functional role of each of the Gcn5 domains. In order to understand if any of the domain deletion
constructs of Gcn5 perform a dominant negative function during hematopoiesis, we expressed
Gcn5 lacking either the HAT, Pcaf, Ada or Bromodomain in the Drosophila prohemocytes using
tep4-Gal4. A significant cell non-autonomous reduction in the PSC cell numbers was observed
upon expression of Gcn5 domain deletion constructs in the prohemocyte population (Fig 4B-G     ).
The tep4-GFP positive prohemocyte population was reduced upon expression of Bromo or Ada
deletion constructs of Gcn5 using tep4-Gal4, whereas no change was observed upon expression of
HAT or Pcaf domain deletion, compared to wildtype (Fig 4B’-F’      and H     ). A significant decrease
in plasmatocyte differentiation was seen upon expression of Pcaf domain deletion construct of
Gcn5, whereas, expression of Bromo or Ada domain deletion constructs of Gcn5 led to a significant
increase in plasmatocyte differentiation. On the other hand, expression of Gcn5 lacking HAT
domain using tep4-Gal4 did not have any significant change in plasmatocyte differentiation (Fig
4B”-F”      and I     ). An increase in crystal cell differentiation was observed upon expression of
HAT, Bromo, or Ada domain deletion of constructs of Gcn5, whereas expression of Gcn5 lacking
Pcaf domain using tep4-Gal4 did not affect crystal cell differentiation, compared to wildtype (Fig
4B”’-F”’      and J     ). A significant increase in DNA damage was also observed upon expression of
all domain deletion constructs of Gcn5 using tep4-Gal4, compared to wildtype (Fig S5A-F).

Autophagic flux in the Drosophila blood
cells is negatively regulated by Gcn5
Increasing evidence suggests that Gcn5 can regulate gene expression programs linked to cellular
metabolism (54     ). Autophagy is a cellular process that is closely associated with cell metabolism
regulation and intracellular quality control as it is involved in the turnover of undesired cellular
components, damaged or dysfunctional organelles (18     -19     , 55     ). Autophagic flux is regulated
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Figure 3.

Modulation of Gcn5 levels in the prohemocytes alters blood cell homeostasis in the lymph gland

Posterior Signalling Center (PSC) population marked by Antennapedia (red) upon Dome-Gal4 mediated knockdown (B-B’) or
over-expression (C-C’) of Gcn5 as compared to wildtype (A-A’). Plasmatocyte differentiation marked by P1 (red) upon Dome-
Gal4 mediated knockdown (E-E’) or over-expression (F-F’) of Gcn5 as compared to wildtype (D-D’). Crystal cell differentiation
marked by Hnt (red) upon Dome-Gal4 mediated knockdown (H-H’) or over-expression (I-I’) of Gcn5 as compared to wild type
(G-G’). Cells undergoing DNA damage marked by γH2AX (red) upon Dome-Gal4 mediated knockdown (K-K’) or over-
expression (L-L’) of Gcn5 as compared to wild type (J-J’). Graphical representation of PSC numbers upon modulation of Gcn5
levels in the Dome positive population compared to wildtype (M), n=28 for wildtype, n=28 for Gcn5 knockdown, and n=20 for
Gcn5 over-expression. Graphical representation of plasmatocyte differentiation index upon modulation of Gcn5 levels in
dome population compared to wildtype (N), n=35 for wildtype, n=23 for Gcn5 knockdown, and n=25 for Gcn5 over-expression.
Graphical representation of numbers of Crystal cells upon modulation of Gcn5 levels in the dome population compared to
wildtype (O), n=37 for wildtype, n=21 for Gcn5 knockdown, and n=33 for Gcn5 over-expression. Graphical representation of
γH2AX positive cells upon modulation of Gcn5 levels in the dome population compared to wildtype (P), n=33 for wildtype,
n=27 for Gcn5 knockdown, and n=38 for Gcn5 over-expression. Nuclei are stained with DAPI (blue). Dome>GFP positive
population (Green) indicates the expression domain of Dome-Gal4 activity in the LG. n represent the number of individual
primary lobes of the Lymph Gland. Individual data points in the graphs represent individual primary lobes of the Lymph
Gland. Values are mean ± SD, and asterisk marks statistically significant differences (**p<0.01; ***p<0.001; ****p<0.0001,
Student’s t-test with Welch’s correction). Scale Bar: 50µm (A-L’)
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Figure 4.

Prohemocyte-specific expression of Gcn5 domain deletion constructs affects LG homeostasis

Schematic of the SAGA HAT complex containing different modules – Sgf29, Ada2, Gcn5, and Ada3. Gcn5 is an 813 aa protein in
Drosophila containing the Pcaf homology domain, HAT domain, Ada domain, and Bromodomain (A). Posterior Signalling
Center (PSC) numbers marked by Antennapedia (red) upon expression of different Gcn5 domain deletion constructs in the
tep-GFP (green) population using tep4-Gal4 (C-F), compared to wildtype (B). Progenitor index marked by tep (green) upon
expression of different Gcn5 domain deletion constructs (C’-F’), compared to wildtype (B’). Plasmatocyte differentiation
marked by P1 (red) upon expression of different Gcn5 domain deletion constructs in the tep-GFP population using tep4-Gal4
(green) (C”-F”), compared to wildtype (B”). Crystal cell differentiation marked by Hnt (red) upon expression of different Gcn5
domain deleted constructs in the tep-GFP population using tep4-Gal4 (green) (C”’-F”’), compared to wildtype (B”’). Graphical
representation of PSC numbers upon expression of Gcn5 domain deletion constructs, compared to wildtype (G), n=40 for
wildtype, n=29 for Gcn5ΔHAT expression, n=35 for Gcn5ΔPcaf expression, n=33 for Gcn5ΔBromo expression, and n=26 for
Gcn5ΔAda expression in the tep population. Graphical representation of Prohemocyte index upon expression of Gcn5 domain
deletion constructs, compared to wildtype (H), n=24 for wildtype, n=24 for Gcn5ΔHAT expression, n=34 for Gcn5ΔPcaf
expression, n=24 for Gcn5ΔBromo expression, and n=24 for Gcn5ΔAda expression in the tep population. Graphical
representation of Plasmatocyte differentiation index upon expression of Gcn5 domain deleted constructs, compared to
wildtype (I), n=38 for wildtype, n=30 for Gcn5ΔHAT expression, n=29 for Gcn5ΔPcaf expression, n=27 for Gcn5ΔBromo
expression, and n=27 for Gcn5ΔAda expression in the tep population. Graphical representation of Crystal cell numbers upon
expression of Gcn5 domain deleted constructs, compared to wildtype (J), n=23 for wildtype, n=35 for Gcn5ΔHAT expression,
n=26 for Gcn5ΔPcaf expression, n=26 for Gcn5ΔBromo expression, and n=26 for Gcn5ΔAda expression in the tep population.
Nuclei are stained with DAPI (blue). n represent the number of individual primary lobes of the Lymph Gland. Individual data
points in the graphs represent individual primary lobes of the Lymph Gland. Values are mean ± SD, and asterisk marks
statistically significant differences (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, Student’s t-test with Welch’s correction).
Scale Bar: 50µm (B-F’’’)
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by a number of molecules, one of them is Transcription Factor EB (TFEB) which is a known non-
histone acetylation target of Gcn5. TFEB regulates expression of genes related to autophagosome
formation and lysosome production which are critical for autophagy. Mammalian cell culture
based studies show that acetylation of TFEB by Gcn5 decreases TFEB transcriptional activity by
disrupting its dimerization thereby affecting autophagy. Studies done in the Drosophila fat body
indicate that Gcn5 negatively regulates formation of Atg8a puncta in starved conditions (50     ).

Hence we sought to determine if Gcn5 regulates autophagic flux in Drosophila blood cells. We
genetically modulated Gcn5 levels using a pan hemocyte driver, Hml-Gal4 and probed the lymph
gland hemocytes for Ref(2     )P/p62, an adaptor protein that is itself cleared during autophagy and
Atg8 (homologue of human LC3). Our results indicate that there are no p62 puncta upon
knockdown of Gcn5, whereas over-expression of Gcn5 led to an increase in p62 puncta, compared
to wildtype (Fig 5A-C     ). Analysis of p62 levels using Western blotting also shows that Gcn5
knockdown leads to a reduction in p62 levels, whereas over-expression of Gcn5 results in an
increase in p62 levels, compared to wildtype (Fig 5D     ). On the contrary, immunostaining with
Atg8 showed an increase in Atg8 puncta upon knockdown of Gcn5, whereas over-expression of
Gcn5 leads to a significant reduction in the Atg8 puncta compared to wildtype (Fig 5A’-C’     ). In
corroboration with these results, we observed an increase in Atg8 levels upon Gcn5 knockdown,
whereas over-expression of Gcn5 led to a reduction in Atg8 levels as compared to the wildtype (Fig
5E     ). We also looked at the transcript levels of a panel of Atg genes involved during autophagy
upon over-expression of Gcn5 and our results indicate that Gcn5 over-expression using pan
hemocyte driver, Hml-Gal4 leads to a reduction in transcript levels of a panel of Atg genes (Fig S6)

Genetic and chemical ablation of autophagy boosts blood
cell differentiation in the primary lymph gland lobe
Autophagy has been shown to regulate cellular homeostasis of all hematopoietic lineages in
mammals (56     ). Mis-regulation of autophagy in hematopoietic stem cells (HSC) leads to
dysfunction and loss of HSCs with age (23     ). Transcription factors that are considered to be
master regulators of hematopoiesis have been shown to transcriptionally control autophagy
related genes (21     , 57     ). In Drosophila, Atg6 has been shown to play a role in multiple vesicle
trafficking pathways and hematopoiesis (58     ).

Since we found that Gcn5 negatively regulates autophagy in Drosophila hemocytes, we asked the
question whether key autophagy related genes regulate lymph gland hematopoiesis. Since Gcn5
regulates autophagy via TFEB, a key regulator in autophagosome and lysosome biogenesis, we
perturbed TFEB and several autophagy effector genes like Atg8a, Atg5, or Atg18a specifically in the
Drosophila prohemocytes using tep4-Gal4. We observed that depleting TFEB or the autophagy
effector genes in the tep population led to a drastic increase in both plasmatocyte and crystal cell
differentiation in the lymph gland (Fig 6A-L     ). In addition to the genetic perturbation based
analysis, Chemical inhibition of autophagy by treating the larvae with autophagy inhibitor,
chloroquine (CQ) also leads to a significant increase in blood cell differentiation in the lymph
gland (Fig 6M-R     ).

Chemical modulation of mTORC1 activity
controls blood cell differentiation
mTOR signaling, specifically mTORC1 has been shown to play a significant role in hematopoietic
lineage commitment in mice (59     ). mTORC1 acts as a master regulator of autophagy and controls
various steps of the autophagic process (20     ). In nutrient replete conditions, mTORC1
phosphorylates ULK1, a key initiator kinase in autophagy thereby disrupting its interaction with
AMPK and ULK1 activation by AMPK (60     –63     ). Similarly, mTORC1 phosphorylates TFEB in
nutrient availability conditions at residues - S142 and S211 subjecting TFEB to localize in the
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Figure 5.

Autophagic flux in Drosophila blood cells is negatively regulated by Gcn5

p62 (red) labeling the autophagy adaptor protein upon Hml-Gal4 mediated Gcn5 knockdown (B), or overexpression (C) as
compared to wildtype (A). Atg8 (red), the autophagosomal marker upon Hml-Gal4 mediated Gcn5 knockdown (B’) or over-
expression (C’) as compared to wildtype (A’). Nuclei were stained with DAPI (blue). Immunoblot showing p62 (62kDa) protein
levels upon knockdown or over-expression of Gcn5 in the Hml population, compared to wildtype (D). Immunoblot showing
ATG8 (14kDa) protein levels upon knockdown or over-expression of Gcn5 in the Hml population, compared to wildtype (E). β-
actin (42kDa) was used as the loading control. Scale Bar: 20µm (A-E’)
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https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 12 of 26AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 12 of 26

Figure 6.

Genetic and chemical ablation of autophagy leads to aberrant blood cell differentiation

Plasmatocyte differentiation marked by P1 (red) upon tep4-Gal4 mediated knockdown of TFEB (C-C’), Atg8a (E-E’), Atg5 (G-G’),
or Atg18 (I-I’) in the tep population (green) as compared to wildtype (A-A’). Crystal cell differentiation marked by Hnt (red)
upon tep4-Gal4 mediated knockdown of TFEB (D-D’), Atg8a (F-F’), Atg5 (H-H’), or Atg18 (J-J’) in the tep population (green) as
compared to wildtype (B-B’). Graphical representation of Plasmatocyte differentiation index upon knockdown of TFEB (n=33),
Atg8a (n=28), Atg5 (n=24), or Atg18 (n=22) in the tep population, compared to the wildtype (n=22) (K). Graphical
representation of Crystal cell numbers upon knockdown of TFEB (n=21), Atg8a (n=44), Atg5 (n=30), or Atg18 (n=58) in the tep
population, compared to the wildtype (n=28) (L). Plasmatocyte differentiation (red) upon Chloroquine treatment (N) as
compared to control (M). Crystal cell differentiation upon Chloroquine treatment (P) as compared to control (O). Graphical
representation of Plasmatocyte Differentiation Index upon Chloroquine treatment (n=30), compared to control (n=25) (Q).
Graphical representation of Crystal Cell numbers upon Chloroquine treatment (n=25), compared to control (n=31) (R). Nuclei
are stained with DAPI (blue). n represents the number of individual primary lobes of the Lymph Gland. Individual data points
in the graphs represent individual primary lobes of the Lymph Gland. Values are mean ± SD, and asterisk marks statistically
significant differences (*p<0.05; ***p<0.001; ****p<0.0001, Student’s t-test with Welch’s correction). Scale Bar: 50µm (A-P)
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cytoplasm rendering it inactive (64     ). Since mTORC1 regulates critical nodal points that control
autophagy we were curious to know if modulating mTORC1 activity alters blood cell homeostasis
in the LG.

We modulated mTORC1 activity by chemical modulation. We used 3BDO for mTOR activation and
Rapamycin for mTOR inhibition. Upon treatment with the mTOR activator – 3BDO, a significant
increase in both plasmatocyte and crystal cell differentiation was observed as compared to the
control treatment (Fig 7A-F     ), whereas treatment with mTOR inhibitor – Rapamycin led to a
decrease in plasmatocyte and crystal cell differentiation, compared to the control treatment (Fig
7G-L     ).

Gcn5 acts as a nutrient sensor and is regulated by mTORC1
Enzymatic activity of Gcn5 is regulated by the cellular and metabolic energy state which in turn
controls gene expression programs (54     ). Gcn5 is capable of sensing Acetyl Co-A which is a
central metabolic intermediate (65     ). Since Gcn5 levels are critical in controlling gene expression
programs and transcriptional noise (66     ), we tested if Gcn5 levels are responsive to altered
nutrient conditions. We subjected Drosophila larvae to different dietary conditions viz. Fed,
starved and high fat diet (HFD) and probed for Gcn5 levels in these conditions. Our results indicate
that there is a decrease in Gcn5 levels upon starvation whereas an increase in high fat diet (HFD)
conditions (Fig 7M     ). mTOR is known to control protein translation in response to nutrient stress
signals; under nutrient deprivation, mTOR is inhibited thereby inducing autophagy. There are few
studies that have linked mTOR to histone acetyltransferase Gcn5 and therefore nutrient response
(50     , 67     ). To further determine if Gcn5 levels are regulated by mTORC1 activity, we treated
larvae with mTOR inhibitor Rapamycin and probed for Gcn5 levels. We found that there was a
decrease in Gcn5 levels upon mTOR inhibition as compared to control (Fig 7N     ).

mTORC1 overrides the effect of Gcn5 in regulating
blood cell homeostasis in the lymph gland
mTORC1 regulates autophagy at multiple nodal points for example by phosphorylation of initiator
kinase ULK1 or by phosphorylating TFEB preventing its nuclear translocation. On the other hand,
Gcn5 regulates autophagy by acetylation of TFEB preventing its dimerization and nuclear
translocation thereby inhibiting autophagy (50     ). Since both mTORC1 and Gcn5 converge on and
exert their effect over TFEB by phosphorylation or acetylation respectively, we wanted to
investigate if one can override the effector function of the other. Since our results indicate that
mTOR activity can regulate Gcn5 levels, we wanted to test if mTORC1 can override the effect of
Gcn5 modulation in controlling LG hematopoiesis. Activation of mTOR by treatment with 3BDO in
tep4-Gal4 mediated prohemocyte specific Gcn5 knockdown genetic background led to increased
plasmatocyte and crystal cell differentiation as compared to the tep4-Gal4 mediated prohemocyte
specific Gcn5 knockdown control (Fig 8A-D’, I      and J     ). Similarly, inhibition of mTOR by
Rapamycin treatment in the dome-Gal4 mediated prohemocyte specific Gcn5 over-expression
genetic background resulted in a significant reduction in plasmatocyte and crystal cell
differentiation as compared to the dome-Gal4 mediated prohemocyte specific Gcn5 over-
expression control (Fig 8E-H’, K      and L     ). Taken together, our results demonstrate that a fine
balance between mTORC1 mediated phosphorylation of TFEB and Gcn5 mediated acetylation of
TFEB maintains the autophagic flux. Nutrient conditions, mTORC1 activity and Gcn5 levels are key
determinants of autophagic flux in the LG. Maintenance of the autophagic flux and turnover is
critical for regulating blood cell homeostasis in the LG. Thus, Gcn5-mTOR-TFEB signaling axis
controls autophagy thereby regulating Drosophila blood cell homeostasis in the LG (Fig 9     ).

https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 14 of 26AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 14 of 26

Figure 7.

Modulation of mTORC1 activity regulates blood cell differentiation in the Lymph gland

Plasmatocyte differentiation marked by P1 (red) upon 3BDO treatment (B-B’) as compared to control (A-A’). Crystal cell
differentiation marked by Hnt (red) upon 3BDO treatment (D-D’) compared to control (C-C’). Graphical representation of
Plasmatocyte Differentiation Index upon 3BDO treatment (n=28) compared to control (n=24) (E). Graphical representation of
Crystal cell numbers upon 3BDO treatment (n=27) compared to control (n=24) (F). Plasmatocyte differentiation marked by P1
(red) upon Rapamycin treatment (H-H’) compared to control (G-G’). Crystal cell differentiation marked by Hnt (red) upon
Rapamycin treatment (J-J’) compared to control (I-I’). Graphical representation of Plasmatocyte Differentiation Index upon
Rapamycin treatment (n=28) compared to control (n=20) (K). Graphical representation of Crystal cell numbers upon
Rapamycin treatment (n=25) compared to control (n=20) (L). Immunoblot showing GCN5 (93 kDa) protein levels in different
diet conditions – fed, starved, and high-fat diet (M). Immunoblot showing GCN5 (93 kDa) protein levels upon Rapamycin
treatment compared to wildtype (N). β-actin (42kDa) was used as the loading control. Nuclei are stained with DAPI (blue). n
represent the number of individual primary lobes of the Lymph Gland. Individual data points in the graphs represent
individual primary lobes of the Lymph Gland. Values are mean ± SD, and asterisk marks statistically significant differences
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, Student’s t-test with Welch’s correction). Scale Bar: 50µm (A-J’)
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Figure 8.

mTORC1 can override the effect of Gcn5 level modulation over autophagy

Plasmatocyte differentiation marked by P1 (red) upon 3BDO treatment in tep4-Gal4 mediated (green) Gcn5 knockdown
background (B-B’) compared to control treatment in the same genetic background (A-A’). Crystal cell differentiation marked
by Hnt (red) upon 3BDO treatment in the tep-mediated (green) Gcn5 knockdown background (D-D’) compared to control
treatment in the same genetic background (C-C’). Plasmatocyte differentiation marked by P1 (red) upon Rapamycin
treatment in Dome-mediated (green) Gcn5 over-expression background (F-F’) compared to control treatment in the same
genetic background (E-E’). Crystal cell differentiation marked by Hnt (red) upon Rapamycin treatment in Dome-Gal4 mediated
(green) Gcn5 over-expression background (H-H’) as compared to control treatment in the same genetic background (G-G’).
Graphical representation of Plasmatocyte Differentiation Index upon 3BDO treatment (n=21) and control treatment (n=20) in
the tep-mediated Gcn5 knockdown background (I). Graphical representation of Crystal cell numbers upon 3BDO treatment
(n=20) and control treatment (n=24) in the tep-mediated Gcn5 knockdown background (J). Graphical representation of
Plasmatocyte Differentiation Index upon Rapamycin treatment (n=27) and control treatment (n=21) in the Dome-mediated
Gcn5 over-expression background (K). Graphical representation of Crystal Cell numbers upon Rapamycin treatment (n=42)
and control treatment (n=24) in the Dome-mediated Gcn5 over-expression background (L). Nuclei are stained with DAPI
(blue). n represent the number of individual primary lobes of the Lymph Gland. Individual data points in the graphs represent
individual primary lobes of the Lymph Gland. Values are mean ± SD, and asterisk marks statistically significant differences
(**p<0.01; ***p<0.001, Student’s t-test with Welch’s correction). Scale Bar: 50µm (A-H’)
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Figure 9

Gcn5-mTORC1-TFEB signaling axis regulates autophagy to control blood cell homeostasis

A cartoon summarizing how Gcn5-mTORC1-TFEB signaling axis regulates autophagy to control blood cell homeostasis in the
Drosophila Lymph Gland.
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Discussion

Gcn5 is highly expressed in acute myeloid leukemia (AML). It helps in the maintenance of
immature leukemic blasts and contributes to All-Trans Retinoic Acid (ATRA) resistance in non-APL
AML (non-acute promyelocytic leukemia AML) (45     –46     ). While its function in the context of
leukemia is well studied, the molecular function of Gcn5 during physiological hematopoiesis is
unexplored. Here, we employ Drosophila as a model to understand Gcn5 role during normal
physiological hematopoiesis. Our work shows that Gcn5, a histone acetyltransferase plays an
important regulatory role during Drosophila lymph gland hematopoiesis. We find that Gcn5 is
expressed in all the cellular subsets in the LG and its levels are critical for controlling
hematopoiesis. We investigated the role of Gcn5 in the LG prohemocytes primarily as the
medullary zone prohemocyte population is critical for maintaining blood cell homeostasis in
Drosophila. Structure-function analysis of Gcn5 and its constituent domains shows that expression
of Gcn5 lacking any of its constituent domains in wild type genetic background results in a
dominant negative phenotype in the LG. Our results indicate that optimum levels of Gcn5 have to
be maintained in the prohemocytes as excess Gcn5 levels lead to increased blood cell
differentiation and loss of blood cell homeostasis. Further, we find that Gcn5 acts as a nutrient
sensor and its levels are critical for controlling the autophagic flux in the LG. In order to
investigate whether autophagy players regulate LG hematopoiesis, we carried out a systematic
genetic perturbation analysis of key autophagy regulatory genes and our results indicate that
disrupting autophagy abrogates LG hematopoiesis. Increased Gcn5 levels in the hemocytes led to a
decrease in the autophagic flux whereas depleting Gcn5 resulted in increased autophagy which
also correlates with the corresponding hematopoietic phenotypes in the LG.

Since mTORC1 is a known molecular player regulating autophagy in response to nutrient
conditions, we investigated whether modulating mTORC1 activity affects hematopoiesis. Our data
elucidates that modulating mTORC1 activity can regulate hematopoiesis and these effects on
hematopoiesis are consistent with our observations obtained upon genetically modulating the
regulators of autophagy. Modulating mTORC1 activity by inhibition using Rapamycin results in the
down-regulation of Gcn5 levels establishing a regulatory link between mTORC1 and Gcn5. One of
the common molecular nodal points through which both mTORC1 and Gcn5 could potentially
regulate autophagy is through Transcription factor EB (TFEB), a member of the microphthalmia-
associated transcription factor/transcription factor E (MiTF/TFE) family (68     ). Our results
demonstrate that mTORC1 can override the effect exerted by Gcn5 in regulating LG hematopoiesis.
Overall, in this study we demonstrate that the Gcn5-TFEB-mTORC1 signaling axis plays an
important role in regulating Drosophila LG hematopoiesis via its control over autophagy.

Expression analysis of Gcn5 in the LG indicates that Gcn5 is expressed in all the cellular sub-
populations of the LG. Since Gcn5 is ubiquitously found, it prompted us to look at the whole
animal mutants of Gcn5. gcn5 mutants display loss of blood cell homeostasis resulting in increased
blood cell differentiation in the LG. Increase in plasmatocyte or crystal cell differentiation could be
due to a contribution of systemic signals that are altered upon loss of Gcn5 in the entire organism
as the lymph gland is capable of responding to external stimuli (69     ). gcn5 mutant alleles either
in homozygous or trans-heterozygous conditions show an increased accumulation of DNA damage
indicative of its role in DNA damage repair pathways (40     , 70     ). Modulation of Gcn5 levels in
specific cellular subsets of the LG results in a number of hematopoietic phenotypes. Prohemocyte
specific genetic perturbation of Gcn5 indicates that over-expression of Gcn5 leads to increased
plasmatocyte as well as crystal cell differentiation whereas depletion of Gcn5 levels has no
significant effect on differentiation. Hmldelta-Gal4 mediated Cortical Zone (CZ) specific over-
expression of Gcn5 resulted in a cell autonomous increase in crystal cell differentiation whereas
Gcn5 knockdown had no effect. These results show that optimum levels of Gcn5 are important for
maintaining blood cell homeostasis in the LG. Higher levels of Gcn5 skews the balance towards
increased blood cell differentiation. Higher Gcn5 expression has been observed previously in
many carcinomas and leukemia promoting cell proliferation, growth and cancer progression
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(41     –46     ). We also performed structure function analysis of Gcn5 by expressing domain
deletion mutants of Gcn5 in wild type genetic background in the LG prohemocyte population. Our
analysis shows that expression of Gcn5 lacking the Bromo or Ada domain in the wild type genetic
background results in a dominant negative phenotype in terms of the maintenance of
prohemocyte population itself and plasmatocyte differentiation whereas expression of Gcn5
lacking HAT or Bromo or Ada results in a dominant negative effect on crystal cell differentiation
indicating that the constituent domains of Gcn5 might be playing specific functions in regulating
various aspects of LG hematopoiesis by aiding in interactions with specific molecules that are
involved in hematopoiesis.

Gcn5 has been shown to be responsive to changes in cellular energetic and metabolic states
(54     ). Gcn5 via its non-histone acetylation target, Transcription factor EB (TFEB) is capable of
regulating an intracellular process called autophagy which is directly linked to the nutritional
status of the cell. TFEB acetylation by Gcn5 is inhibitory for TFEB as it prevents its dimerization
and hence nuclear translocation. Upon nuclear translocation, TFEB activates genes responsible for
autophagosome and lysosome biogenesis (50     ). In order to probe whether Gcn5 mediated
regulation of hematopoiesis is due to its control over autophagy, we probed whether perturbing
Gcn5 expression has any effect on the autophagic flux in the hemocytes. Our results suggest that
depletion of Gcn5 leads to an upregulation of autophagy increasing the flux whereas over-
expression of Gcn5 results in downregulation of autophagy lowering the autophagic flux. These
observations were intriguing as this establishes an important role of autophagy in maintaining the
homeostasis paradigm in the LG. We investigated this further to find out if there is a direct link
between autophagy regulators (Atg genes) including TFEB in controlling LG hematopoiesis.
Genetic perturbation of the autophagy pathway regulators or TFEB in the prohemocytes leads to
an increase in blood cell differentiation. Chemical inhibition of autophagy induced by Chloroquine
also recapitulates this phenotype. There is literature indicating a critical role for autophagy in
development of the blood system, self renewal of HSCs and their mobilization (23     –26     ). Our
observations on the role of autophagy in Drosophila LG hematopoiesis support these findings. We
then moved on to test if mTORC1 could regulate hematopoiesis in order to investigate other
possible molecules that could control autophagy in this context. Chemical modulation of mTORC1
activity which is a master molecule that regulates autophagy alters LG hematopoiesis. mTORC1
activity regulates Gcn5 levels as inhibition of mTORC1 activity resulted in lower levels of Gcn5.

mTORC1 regulates autophagy via two arms - One arm is where it regulates the initiator kinase,
Ulk1 in response to either nutrient depletion or replete conditions via inhibitory phosphorylation
of TFEB (61     –63     ). TFEB phosphorylation by mTORC1 subjects it to degradation thereby
inhibiting autophagy (71     ). Since TFEB is the common molecular nodal point that is regulated by
both mTORC1 and Gcn5, we were curious to understand whether one is epistatic to the other in
controlling hematopoiesis. We performed experiments to delineate the mechanism and our
analysis shows that mTORC1 can override the effect exerted by Gcn5 in controlling hematopoiesis.
We speculate that during normal physiological hematopoiesis a balance is struck between
phosphorylation and acetylation of TFEB mediated by mTORC1 and Gcn5 respectively in order to
regulate and fine tune levels of autophagy. Perturbation of Gcn5 levels or mTORC1 activity could
disturb this balance thereby deregulating hematopoiesis. Our findings shed light on the
importance of non histone acetylation function of Gcn5 in a vital process like hematopoiesis. This
could especially be important as the LG prohemocytes are known to respond to cell intrinsic and
extrinsic nutrient signals (72     ). The nutrient state can in turn determine the activation or
inhibition of a cellular process like autophagy thereby dictating the differentiation trajectory of
the precursor cells. Since Gcn5 is highly expressed in acute myeloid leukemia and is responsible
for providing chemoresistance to leukemic cells (45     , 46     ) it becomes important to understand
how Gcn5 level is regulated and what cellular processes Gcn5 is capable of regulating in order to
control tissue homeostasis. Our work sheds novel insights on the role of Gcn5 during normal
hematopoiesis and the cellular processes it regulates in order to control hematopoiesis. Our results
illustrate that Gcn5 in the LG is capable of sensing and responding to external stimuli by
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calibrating the levels of autophagy in blood cells. We show that Gcn5 fine tunes autophagy in
conjunction with mTORC1 where mTORC1 activity is capable of regulating Gcn5 and can override
its function in modulation autophagy. Our analysis indicates that the process of autophagy is
critical for controlling the hematopoietic program. It would be interesting to further understand
how an optimal balance of phosphorylation or acetylation of TFEB by mTORC1 or Gcn5
respectively modulates the resultant autophagic flux in order to control various cellular functions
like stem cell homeostasis. Overall, our work uncovers a novel Gcn5-mTORC1-TFEB signaling axis
that regulates Drosophila hematopoiesis via its control over autophagy (Figure 9     ).

Materials and Methods

List of Drosophila stocks, antibodies used for immunofluorescence-based experiments have been
listed in a detailed manner in the Supplemental Information (SI). The experimental protocol for
lymph gland dissection, immunohistochemistry and image analysis have been mentioned in the
SI. The procedure for protein extraction, western blotting and quantitative real time PCR have
been mentioned in the SI along with the list of primers used for qRT experiments. The chemical
treatment procedure has been described in a detailed manner in the SI. Statistical analysis
performed for each of the experiments has been described in the statistical analysis section in the
SI.

Data, Materials, and Software availability
All the data related to this study are included in the article and/or in the SI.

Acknowledgements

We thank the Bloomington Drosophila Stock Center, Developmental Studies Hybridoma Bank and
the fly community for fly stocks and antibodies. We would particularly like to thank Clement
Carre, Lucas Waltzer and Bhupendra Shravage. We would like to thank the core central facilities
and the technical support staff at ACTREC – Tata Memorial Centre. We also thank our lab members
for critical discussions. This work was funded by Basic and Translational Research in Cancer grant
(No.1/3(7)/2020/TMC/R&D-II/8823 Dt.30.07.2021), Capacity Building and Development of Novel and
Cutting-edge Research Activities (No.1/3(4)/2021/TMC/R&D-II/15063 Dt.15.12.2021) from
Department of Atomic Energy (DAE), Government of India.

Author contributions

Conceptualization: AAR and RJK; Methodology: AAR, SM and LK; Validation: AAR; Formal analysis:
AAR, SM and LK; Investigation: AAR, SM and LK; Resources: RJK ; Data curation: AAR; Writing -
original draft: AAR and RJK; Writing - review & editing: AAR and RJK; Visualization: AAR and RJK;
Supervision: RJK; Project administration: RJK; Funding acquisition: RJK

Competing interests

The authors declare no competing interest

https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 20 of 26

References

Evans C.J., Hartenstein V., Banerjee U. (2003) Thicker than blood: conserved mechanisms in
Drosophila and vertebrate hematopoiesis Dev Cell 5:673–690

Jung S.H., Evans C.J., Uemura C., Banerjee U. (2005) The Drosophila lymph gland as a
developmental model of hematopoiesis Development 132:2521–2533

Cho B., et al. (2020) Single-cell transcriptome maps of myeloid blood cell lineages in
Drosophila Nat Commun 11

Girard J.R., et al. (2021) Paths and pathways that generate cell-type heterogeneity and
developmental progression in hematopoiesis Elife 10

Mandal L., Martinez-Agosto J.A., Evans C.J., Hartenstein V., Banerjee U. (2007) A Hedgehog-
and Antennapedia-dependent niche maintains Drosophila haematopoietic precursors
Nature 446:320–324

Sinenko S.A., Mandal L., Martinez-Agosto J.A., Banerjee U. (2009) Dual role of wingless
signaling in stem-like hematopoietic precursor maintenance in Drosophila Dev Cell
16:756–763

Krzemień J., et al. (2007) Control of blood cell homeostasis in Drosophila larvae by the
posterior signalling centre Nature 446:325–328

A. Sinha R.J., Khadilkar V.K.S, Sinha A. Roychowdhury, Inamdar M.S. (2013) Conserved
regulation of the Jak/STAT pathway by the endosomal protein asrij maintains stem cell
potency Cell Rep 4:649–658

Khadilkar R.J., et al. (2014) ARF1-GTP regulates Asrij to provide endocytic control of
Drosophila blood cell homeostasis Proc Natl Acad Sci U S A 111:4898–4903

Dey N.S., Ramesh P., Chugh M., Mandal S., Mandal L. (2016) Dpp dependent Hematopoietic
stem cells give rise to Hh dependent blood progenitors in larval lymph gland of
Drosophila Elife 5

Khadilkar R.J., Vogl W., Goodwin K., Tanentzapf G. (2017) Modulation of occluding junctions
alters the hematopoietic niche to trigger immune activation Elife 6

Khadilkar R.J., Tanentzapf G. (2019) Septate junction components control Drosophila
hematopoiesis through the Hippo pathway Development 146

Khadilkar R.J., Ho K.Y.L., Venkatesh B., Tanentzapf G. (2020) Integrins Modulate Extracellular
Matrix Organization to Control Cell Signaling during Hematopoiesis Curr Biol 30:3316–3329

Amcheslavsky A., Jiang J., Ip Y.T. (2009) Tissue damage-induced intestinal stem cell division
in Drosophila Cell Stem Cell 4:49–61

Chell J.M., Brand A.H. (2010) Nutrition-responsive glia control exit of neural stem cells from
quiescence Cell 143:1161–1173

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 21 of 26

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

Sousa-Nunes R., Yee L.L., Gould A.P. (2011) Fat cells reactivate quiescent neuroblasts via
TOR and glial insulin relays in Drosophila Nature 471:508–512

Lu G., et al. (2022) Autophagy in health and disease: From molecular mechanisms to
therapeutic target MedComm (2020) 3

Das G., Shravage B.V., Baehrecke E.H. (2012) Regulation and function of autophagy during
cell survival and cell death Cold Spring Harb Perspect Biol 4

Dossou A.S., Basu A. (2019) The Emerging Roles of mTORC1 in Macromanaging Autophagy
Cancers (Basel) 11

Warr M. R., et al. (2013) FOXO3A directs a protective autophagy program in
haematopoietic stem cells Nature 494:323–327

Mortensen M., et al. (2011) The autophagy protein Atg7 is essential for hematopoietic stem
cell maintenance J Exp Med 208:455–467

Ho T. T., et al. (2017) Autophagy maintains the metabolism and function of young and old
stem cells Nat. 2017 5437644 543:205–210

Liu F., et al. (2010) FIP200 is required for the cell-autonomous maintenance of fetal
hematopoietic stem cells Blood 116:4806–4814

Gomez-Puerto M.C., et al. (2016) Autophagy Proteins ATG5 and ATG7 Are Essential for the
Maintenance of Human CD34(+) Hematopoietic Stem-Progenitor Cells Stem Cells 34:1651–
1663

Koschade S.E., Brandts C.H. (2020) Selective Autophagy in Normal and Malignant
Hematopoiesis J Mol Biol 432:261–282

Brownell J. E., et al. (1996) Tetrahymena histone acetyltransferase A: a homolog to yeast
Gcn5p linking histone acetylation to gene activation Cell 84:843–851

Grant P. A., et al. (1999) Expanded lysine acetylation specificity of Gcn5 in native complexes
J. Biol. Chem 274:5895–5900

Nagy Z., Tora L. (2007) Distinct GCN5/PCAF-containing complexes function as co-activators
and are involved in transcription factor and global histone acetylation Oncogene 2007
2637 26:5341–5357

Pearson K. J., et al. (2008) Resveratrol delays age-related deterioration and mimics
transcriptional aspects of dietary restriction without extending life span Cell Metab 8:157–
168

Kuo Y. M., Andrews A. J. (2013) Quantitating the Specificity and Selectivity of Gcn5-
Mediated Acetylation of Histone H3 PLoS One 8

Kollenstart L., et al. (2019) Gcn5 and Esa1 function as histone crotonyltransferases to
regulate crotonylation-dependent transcription J. Biol. Chem 294:20122–20134

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 22 of 26

Wang L., et al. (1997) Histone acetyltransferase activity is conserved between yeast and
human GCN5 and is required for complementation of growth and transcriptional
activation Mol. Cell. Biol 17:519–527

Wang Y., et al. (2017) KAT2A coupled with the α-KGDH complex acts as a histone H3
succinyltransferase Nature 552:273–277

Huang B., et al. (2020) Inhibition of histone acetyltransferase GCN5 extends lifespan in
both yeast and human cell lines Aging Cell 19

Lerin C., et al. (2006) GCN5 acetyltransferase complex controls glucose metabolism
through transcriptional repression of PGC-1alpha Cell Metab 3:429–438

Gao B., et al. (2017) The Histone Acetyltransferase Gcn5 Positively Regulates T Cell
Activation J. Immunol 198:3927–3938

Downey M., et al. (2013) Gcn5 and sirtuins regulate acetylation of the ribosomal protein
transcription factor Ifh1 Curr Biol 23:1638–1648

Wu Y., et al. (2017) Loss of GCN5 leads to increased neuronal apoptosis by upregulating
E2F1- and Egr-1-dependent BH3-only protein Bim Cell Death Dis. 2017 81 8:e2570–e2570

Guo R., Chen J., Mitchell D.L., Johnson D.G. (2011) GCN5 and E2F1 stimulate nucleotide
excision repair by promoting H3K9 acetylation at sites of damage Nucleic Acids Res 39:1390–
1397

Mustachio L.M., Roszik J., Farria A.T., Guerra K., Dent S.Y. (2019) Repression of GCN5
expression or activity attenuates c-MYC expression in non-small cell lung cancer Am J
Cancer Res 9:1830–1845

Majaz S., et al. (2016) Histone acetyl transferase GCN5 promotes human hepatocellular
carcinoma progression by enhancing AIB1 expression Cell Biosci 6

Liu K., et al. (2015) GCN5 Potentiates Glioma Proliferation and Invasion via STAT3 and AKT
Signaling Pathways Int. J. Mol. Sci 16:21897–21910

Tzelepis K., et al. (2016) A CRISPR Dropout Screen Identifies Genetic Vulnerabilities and
Therapeutic Targets in Acute Myeloid Leukemia Cell Rep 17:1193–1205

Kahl M., et al. (2019) The acetyltransferase GCN5 maintains ATRA-resistance in non-APL
AML Leuk. 2019 3311 33:2628–2639

Salunkhe S., et al. (2018) Inhibition of novel GCN5–ATM axis restricts the onset of acquired
drug resistance in leukemia Int. J. Cancer 142:2175–2185

Smith E. R., et al. (1998) Cloning of Drosophila GCN5: conserved features among metazoan
GCN5 family members Nucleic Acids Res 26

Carré C., Szymczak D., Pidoux J., Antoniewski C. (2005) The histone H3 acetylase dGcn5 is a
key player in Drosophila melanogaster metamorphosis Mol Cell Biol 25:8228–8238

Liu T., et al. (2017) Gcn5 determines the fate of Drosophila germline stem cells through
degradation of Cyclin A FASEB J 31:2185–2194

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 23 of 26

Wang Y., et al. (2020) Acetyltransferase GCN5 regulates autophagy and lysosome
biogenesis by targeting TFEB EMBO Rep 21

Rabanal-Ruiz Y., Otten E.G., Korolchuk V.I. (2017) mTORC1 as the main gateway to
autophagy Essays Biochem 61:565–584

Woo A. J., Kim J., Xu J., Huang H., Cantor A. B. (2011) Role of ZBP-89 in human globin gene
regulation and erythroid differentiation Blood 118

Tiwari S.K., Toshniwal A.G., Mandal S., Mandal L. (2020) Fatty acid β-oxidation is required for
the differentiation of larval hematopoietic progenitors in Drosophila Elife 9

Mutlu B., Puigserver P. (2021) GCN5 acetyltransferase in cellular energetic and metabolic
processes Biochim Biophys Acta Gene Regul Mech 1864

Galluzzi L., Yamazaki T., Kroemer G. (2018) Linking cellular stress responses to systemic
homeostasis Nat. Rev. Mol. Cell Biol 19:731–745

Riffelmacher T., Simon A.K. (2017) Mechanistic roles of autophagy in hematopoietic
differentiation FEBS J 284:1008–1020

Kang Y.-A., et al. (2012) Autophagy driven by a master regulator of hematopoiesis Mol. Cell.
Biol 32:226–239

Shravage B.V., Hill J.H., Powers C.M., Wu L., Baehrecke E.H. (2013) Atg6 is required for
multiple vesicle trafficking pathways and hematopoiesis in Drosophila Development
140:1321–1329

Chen C., et al. (2008) TSC-mTOR maintains quiescence and function of hematopoietic stem
cells by repressing mitochondrial biogenesis and reactive oxygen species J. Exp. Med
205:2397–2408

Ianniciello A., Helgason G.V. (2022) Targeting ULK1 in cancer stem cells: insight from
chronic myeloid leukemia Autophagy 18:1734–1736

Ganley I. G., et al. (2009) ULK1·ATG13·FIP200 complex mediates mTOR signaling and is
essential for autophagy J. Biol. Chem 284:12297–12305

Jung C. H., et al. (2009) ULK-Atg13-FIP200 complexes mediate mTOR signaling to the
autophagy machinery Mol. Biol. Cell 20:1992–2003

Kim J., Kundu M., Viollet B., Guan K. L. (2011) AMPK and mTOR regulate autophagy through
direct phosphorylation of Ulk1 Nat. Cell Biol 13:132–141

Napolitano G., et al. (2018) mTOR-dependent phosphorylation controls TFEB nuclear export
Nat. Commun. 2018 91 9:1–10

Schuetz A., et al. (2007) Crystal structure of a binary complex between human GCN5
histone acetyltransferase domain and acetyl coenzyme A Proteins 68:403–407

Raser J. M., O’Shea E. K. (2004) Control of stochasticity in eukaryotic gene expression
Science 304:1811–1814

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

https://doi.org/10.7554/eLife.91615.1


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 24 of 26

Laboucarié T., et al. (2017) TORC1 and TORC2 converge to regulate the SAGA co-activator in
response to nutrient availability EMBO Rep 18:2197–2218

Song T.T., et al. (2021) The important role of TFEB in autophagy-lysosomal pathway and
autophagy-related diseases: a systematic review Eur Rev Med Pharmacol Sci 25:1641–1649

Shim J., Gururaja-Rao S., Banerjee U. (2013) Nutritional regulation of stem and progenitor
cells in Drosophila Development 140:4647–4656

Zhao M., et al. (2017) PCAF/GCN5-Mediated Acetylation of RPA1 Promotes Nucleotide
Excision Repair Cell Rep 20:1997–2009

Martina J.A., Chen Y., Gucek M., Puertollano R. (2012) MTORC1 functions as a transcriptional
regulator of autophagy by preventing nuclear transport of TFEB Autophagy 8:903–914

Shim J., Mukherjee T., Banerjee U. (2012) Direct sensing of systemic and nutritional signals
by haematopoietic progenitors in Drosophila Nat Cell Biol 14:394–400

Article and author information

AR Arjun
Stem Cell and Tissue Homeostasis laboratory, Advanced Centre for Treatment, Research and
Education in Cancer (ACTREC), Tata Memorial Centre, Kharghar, Navi Mumbai, Maharashtra,
410210, India, Champalimaud Research, Champalimaud Foundation, Avenida Brasília, 1400-038
Lisboa - Portugal

Suraj Math
Stem Cell and Tissue Homeostasis laboratory, Advanced Centre for Treatment, Research and
Education in Cancer (ACTREC), Tata Memorial Centre, Kharghar, Navi Mumbai, Maharashtra,
410210, India, Center for Genomic Medicine, Massachusetts General Hospital, 185 Cambridge
Street, Boston, MA 02114, USA

Laxmi Kata
Stem Cell and Tissue Homeostasis laboratory, Advanced Centre for Treatment, Research and
Education in Cancer (ACTREC), Tata Memorial Centre, Kharghar, Navi Mumbai, Maharashtra,
410210, India

Rohan Jayant Khadilkar
Stem Cell and Tissue Homeostasis laboratory, Advanced Centre for Treatment, Research and
Education in Cancer (ACTREC), Tata Memorial Centre, Kharghar, Navi Mumbai, Maharashtra,
410210, India, Homi Bhabha National Institute, Training School Complex, Anushakti Nagar,
Mumbai, 400085, India
For correspondence: rkhadilkar@actrec.gov.in
ORCID iD: 0000-0002-7297-2736

Copyright

© 2024, Arjun et al.

This article is distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use and redistribution provided that the original author and

67.

68.

69.

70.

71.

72.

https://doi.org/10.7554/eLife.91615.1
http://orcid.org/0000-0002-7297-2736
http://creativecommons.org/licenses/by/4.0/


AR Arjun et al., 2024 eLife. https://doi.org/10.7554/eLife.91615.1 25 of 26

source are credited.

Editors
Reviewing Editor
K VijayRaghavan
National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bangalore,
India

Senior Editor
K VijayRaghavan
National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bangalore,
India

Reviewer #1 (Public Review):

In their manuscript, Arjun et al. investigate the role of the histone acetyltransferase Gcn5 in
the control of drosophila blood cell homeostasis in the larval lymph gland. They use gcn5
zygotic mutants as well as targeted knock-down and over-expression of Gcn5 in various
lymph gland populations to show that these modulations impact (in a rather haphazard
manner) niche cell number, blood cell progenitor maintenance, plasmatocyte differentiation,
crystal cell differentiation or DNA damage accumulation. Their results suggest that Gcn5
controls autophagy and they show that decreasing the expression of the autophagy
machinery increases blood cell differentiation. Using drugs to modulate the mTOR pathway,
they conclude that Gcn5 levels are regulated by mTOR but that the impact of this pathway on
blood cell homeostasis can override Gcn5 function.

While the authors did a lot of experiments and good quantifications of the blood cell
phenotypes, many results do not make much sense or do not bring valuable information
about Gcn5 mode of action. Several conclusions of the manuscripts are not backed by solid
data (e.g. that Gcn5 action is mediated by TFEB and the autophagy machinery) and different
aspects of the literature are not well taken into consideration. Some results (such as the
validation of the knockdown and overexpression of Gcn5) seem flawed. There are some
concerns about the results obtained with gcn5 zygotic mutants and an interpretation of the
phenotypes observed upon manipulation of Gcn5 expression in different cell types is missing.

Important revisions are needed to improve the quality of the manuscript and confirm the
authors' findings.
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Reviewer #2 (Public Review):

Summary:
Drosophila hematopoiesis has been shown to be governed by a number of signaling pathways
such as JAK/STAT and Dpp. This important study shows the role of nutrient sensing and
autophagy in determining blood cell differentiation. The authors show that General control
non-derepressible 5 (Gcn5), a histone acetyltransferase affects blood cell differentiation. Gcn5
also negatively regulates autophagy through its effector TFEB which directly regulates
autophagy genes. The authors also show that mTORC1 modulates Gcn5 levels and through it,
TFEB activity thus acting as a fine-tuning mechanism that maintains optimal levels of
autophagy.

Strengths:
The main strength of the work lies in the interesting finding that cellular metabolic processes
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such as autophagy have a direct role in blood cell differentiation and has the potential to be
of interest to those working on vertebrate haematopoiesis as well. The report has generated
intriguing data, using promoters specific for sub-sections of the lymph gland, that different
cellular subsets of the lymph gland contribute differently towards haematopoiesis, but this is
not followed up in detail and the final conclusions are derived from a combination of whole
lymph gland perturbations as well as those from specific promoters.

Weaknesses:
1. Gc5 seems to be expressed throughout the lymph gland but modulating it in the
subsections does not have the same result. It is very striking that the knockdown of Gcn5 in
the prohemocyte population does not have an effect on differentiation whereas
overexpression does. The modulations of Gcn5 in PSC also have variable effects across
hemocyte subpopulations which is not explored in the manuscript. Interestingly, also the
domain deletion constructs show a differential effect on blood cell differentiation when
altered solely in the prohemocytes which is not explained. While Gcn5 can be seen in all
sections of the lymph gland in the first figure, under the HHLT-Gal4 and Hml-Gal4, Gcn5 looks
cytoplasmic and almost completely excluded from the nucleus strikingly unlike Gcn5
expression under the Collier-Gal4 and Dome-Gal4. The rest of the experiments in the
manuscript are done with multiple promoters, with autophagy flux measured by modulating
Gcn5 with a pan hemocyte promoter, but the mTORC1-Gcn5 axis is explored using chemical
modulators which affect the whole of the lymph gland (Fig7) or using two pro-hemocyte
promoters (Fig8).

2. The knockdown of Gcn5 seems to affect the gland size (A compared to B and C). Since
mTORC1 is a central regulator of cell size, it is possible that some of the effects seen in these
knockdowns are potentially through mTORC1 affecting size suggesting that the signalling axis
between mTORC1 and Gcn5 might not be a one-way axis as suggested in Figure 9. Also, this
would mean that in experiments where absolute cell counts of crystal cells or niche cells are
used to assess blood cell differentiation, further analysis to consider total cell numbers in the
lymph gland would strengthen the manuscript.

3. A genetic manipulation of mTORC1 specifically in the pro hemocytes would strengthen the
role of mTORC1 in the pathway rather than the chemical modulation which affects the whole
of the lymph gland.
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