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Abstract

Cell types are fundamental units of metazoans, however, their definition remains a long-standing challenge. We here use high-throughput assays
allowing for unprecedented resolution to analyze and compare the transcriptional landscapes of related and unrelated Drosophila cell types at
larval and embryonic stages. Unexpectedly, all cell types share a stage-specific signature that is even stronger than the cell-specific one. Despite
having distinct developmental origins and functions, neurons, glia, and hemocytes are more transcriptionally similar to one another within the
same developmental stage than they are to the same cell type at different stages. This stage-specific signature is enriched for DNA repair
genes at larval stage, particularly the MRN complex (Mre11-Rad50-Nbs). Loss of Rad50 disrupts histone modification patterns and causes
inappropriate reactivation of embryonic gene expression programs in larval central nervous system (CNS), as revealed by transcriptomic and
chromatin accessibility analyses. The identification of cell-specific and stage-specific signatures highlights a new dimension in the definition of
cell identity and suggests a role for Rad50 in maintaining developmentally appropriate chromatin states.
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Introduction

The definition of cell identity remains a fundamental chal-
lenge in biology [1-4] and the question of what defines a cell
type becomes particularly complex when considering devel-
opment. Differentiated cells must maintain their core iden-
tity while simultaneously adapting to changing developmental
contexts. RNA-sequencing assays have recently identified the
transcriptional landscapes of three Drosophila cell types: neu-
rons, glia, and hemocytes [5]. Neurons and glia share a com-
mon ectodermal origin but perform distinct functions: neu-
rons transmit information and secrete neuropeptides; glia sup-
port nervous system development, establish the blood-brain
barrier, and provide immune functions within the nervous sys-
tem [6-8]. Hemocytes, derived from mesoderm, patrol the or-
ganism to ensure cellular immunity [9-11], thus sharing im-
mune function—but not developmental origin—with glia and
sharing neither origin nor function with neurons. Comparing
two stages at which the different cell types are fully functional,
late embryo (E16) and wandering third instar larva (L3 for the
sake of simplicity) allowed the identification of the most ro-
bust cell-specific signatures [3].

In this study, we extend this analysis and reveal an unex-
pected property of cells: stage represents the dominant source
of transcriptional variation, even more than cell type. For ex-
ample, embryonic neurons are more similar to embryonic glia
and hemocytes than to larval neurons. This finding associates
with a stage-specific transcriptomic asymmetry. Embryonic-
specific genes are numerous but lack functional convergence,
consistent with each cell type primarily executing its own lin-
eage specification and differentiation programs at this stage.
By contrast, a smaller set of larval-specific genes converges
on shared biological processes, particularly DNA repair and
chromatin organization, suggesting that larval cells adopt a
common genome maintenance program independently of cell-
type identity. The strong enrichment of transcripts of DNA re-
pair genes includes the MRN complex (Mrel1-Rad50-Nbs)
at L3. The MRN complex is evolutionarily conserved from
bacteria to eukaryotes and plays essential roles in genome
maintenance through the catalytic nuclease activity of Mrel1
and the ATPase function of Rad50 [12, 13]. In Drosopbhila,
the MRN complex is critical for genome stability during early
development. Before cellularization, when gap phases are ab-
sent [14] and DNA repair processes are attenuated, it main-
tains telomere integrity and prevents chromosome fusions
that would lead to mitotic failure and developmental arrest
[15-19].

Recent work has revealed noncanonical functions for
Rad50 in other systems. In mammals, Rad50 facilitates DNA
demethylation during cell reprogramming, suggesting a role in
establishing chromatin states during cellular transitions [20].
In yeast, the MRN-complex homologue MRX associates with
chromatin boundaries and influences genome organization,
thereby affecting transcriptional regulation [21].

Consistent with these findings and extending their impact,
we show that loss of Rad50 leads to changes in histone mark
distribution in polytene chromosomes, a widely used in vivo
model to analyze chromatin organization. Importantly, we
also show that Rad50 serves similar chromatin and tran-
scriptional regulatory functions during larval development,
through proteomic, transcriptomic, and chromatin accessibil-
ity approaches. Altogether, our findings establish developmen-
tal stage as a major determinant of cellular transcriptional

programs and uncover a novel function for Rad50 in main-
taining proper stage-specific chromatin states.

Materials and methods

Fly strains and genetics

Flies were raised on standard medium at 25°C. Fly strains used
are: rad504%1 [15, 16], w''8, 1118 wwas used as controls (re-
ferred to as control in the text).

Preparation of rad50%%' and w'"”® CNS RNA-seq
samples and sequencing

Mixed sexed L3 CNS (10 per replicate, 3 replicates per geno-
type) were quickly dissected on ice in phosphate-buffered
saline (PBS), put directly in 50 pl TRIzol™ (Invitrogen, ref
15596026) once a full sample was collected and stored on
ice. CNS were lysed with 10 strokes of microtube pestle (pes-
tle was rinsed with another 250 ul TRIzol™), vortex at full
speed for 1 min, and incubate 10 min at room temperature
(RT) for full lysis. 1/5 V of Chloroform was added and sam-
ples were vortexed 1 min at full speed, incubated 5 min at RT,
and centrifuged at 16 000 x g for 30 min at 4°C. Supernatant
was collected, and RNA was extracted with 1V of isopropanol
and glycogen (3 pg/ml final concentration), incubate at —20°C
for 2 h and centrifuge at 16 000 x g for 30 min at 4°C. Pel-
lets were washed twice in ethanol 75%, 15 min at 16 000 x g
4°C, allowed to dry quickly, resuspend in 30 ul H2O, treated
with 25U DNAse I (Thermo Scientific™ 89836) for 5 min in
50 IL total volume at RT. RNA was extracted a second time in
500 ul TRIzol™ like previously described. End washing steps
were performed three times. Total RNA was resuspended in
15 ul H,O, 2 ul were kept for downstream analysis and sam-
ples were immediately stored at —80°C until processing. RNA
integrity was analyzed on Agilent RNA Chip on bioanalyzer
2100 before sequencing. Library preparation and sequencing
were performed at the GenomEast platform (IGBMC) using
the Illumina® Stranded mRNA Prep and the illumina NextSeq
2000 system in single-end 50 bp. Number of reads obtained,
and mapping stats are provided in Supplementary File S1.

RNA-seq analysis

Alignment was performed against dmé genome using HISAT2
version 2.2.1 standard parameters specifying —rna-strandness
R [22]. Counts were obtained with featureCounts [23] Ver-
sion 2.0.1 with option -t exon -s 2 using r6.43 annotation file.
Differential expression analysis was performed using DESeq2
[24,25] version 1.32.0. P-value was corrected using Benjamini
and Hochberg method and fold change was corrected using
the shrinkage estimator apeglm [26]. If not specified other-
wise, differentially expressed genes were considered with fold
change >2 and adjusted P-value <.01.

RNA-seq of hemocytes, glia, and neurons were analyzed
with following design = ~ cellType + stage + cellType:stage.
Fold changes correction was applied using apeglm algorithm
[26]. Stage-specific genes were defined by the intersection of
genes with stage effect in glia (padj < 0.01 and [log, FC| >1)
and no interaction effect in either hemocytes or neurons (padj
> 0.01 | |log,FC| < 1). Dendrogram, principal component
analysis (PCA), and Heatmaps were drawn using variance sta-
bilization transformed data.
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Gene Ontology (GO) analysis was performed using Pangea,
DRSC—Harvard Medical School (https://www.flyrnai.org/
tools/pangea/web/home/7227). Background for GO analysis
was defined as the universe of detectable genes (counts > 0).

ATAC-seq

ATAC-seq was performed on L3 CNS from rad5025! or w18
(control) animals in triplicates. Twenty CNS for each replicate
were dissected on ice in PBS supplemented with 1% bovine
serum albumin (BSA). Cells were extracted in 200 ul colla-
genase IV (Gibco ref: 17104019) at 1 mg/ml at 37°C for 30
min. To enhance dissociation, samples were pipetted 50 times
every 10 min and 100 times at ¢ = 30 min. Cells were counted
on hemocytometer and 200 000 cells for each reaction were
used. Upon dissociation, cells were centrifuged for 10 min at
600 x g and 4°C and nuclei were extracted in nuclei extraction
buffer (HEPES, pH 8.0 20 mM, KCI 10 mM, Glycerol 20%,
triton X-100 0.1%, spermidine trihydrochloride 0.5 mM) for
10 min on ice. Nuclei were pelleted at 1200 x g for 10 min
at 4°C. Tagmentation was performed on extracted nuclei at
37°C for 30 min at 800 rpm in tagmentation buffer (Tris—=HCI,
pH 8 33 mM, N,N-Dimethylformamide (DMF) 16 %, K-Ac 66
mM, MgCl, 10 mM, digitonin 0.001%, tween 20 0.01 %, PBS
0.4x) using pre-indexed assembled Tn$ transposomes (Active
Mootif, ref 53152). DNA was recovered using MinElute purifi-
cation kit (Qiagen ref: 28004). Libraries were prepared from
the whole tagmented DNA using Q35® High-Fidelity 2X Mas-
ter Mix (NEB) and P5/P7 primers at 1 uM final concentration
in 50 pl total reaction volume and following polymerase chain
reaction (PCR) program: 72°C 5 min/98°C 30 s/ (98°C 10 s,
63°C30s,72°C1s) x 12 cycles. PCR clean-up was performed
using SPRIselect size-selection beads (Beckman coulter) with
a ratio of 1.2. Library quality was assessed on Agilent bioan-
alyzer using high-sensitivity chips. If adapters remained, those
were removed with another size-selection step with 1.2 or 1.1
ratio according to amount and size of the contamination.

ATAC-seq analysis

Sequencing reads were trimmed using Trim Galore (paired-
end mode, minimum length 25 bp, —trim1 option). Trimmed
reads were aligned to the Drosophila melanogaster reference
genome (dm6/BDGP6) [27] using Bowtie2 [28] with parame-
ters: —very-sensitive-local, —dovetail, —no-unal, -I 25, -X 500,
and —fr. Alignments were filtered for high-quality reads (map-
ping quality >10) and unmapped, secondary, and supplemen-
tary alignments were removed using samtools. Mitochondrial
reads were quantified and removed. Peaks were called on indi-
vidual samples using MACS2 [25,25] (parameters: -f BAMPE,
—gsize 120000 000, —keep-dup = all, P-value cutoff 1e—3).
FRiP scores were calculated using bedtools [29] intersect for
quality control. Normalized bigWig files were generated us-
ing deepTools [30] bamCoverage. Alignment and peak calling
stats are described in Supplementary Table S1. A consensus
peak set of 26 996 regions was generated by merging all peaks
detected across samples. Differential accessibility analysis was
performed using DESeq2 [24, 25]. Peaks with |log,FC| > 1
and adjusted P-value <.01 were defined as differentially ac-
cessible (Supplementary Table S7). Motif enrichment analysis
was performed on differentially accessible peaks. Peaks were
assigned as promoters [transcription start site (TSS)] if their
center was located within 1500 bp upstream or downstream

of a TSS; all other peaks were classified as enhancers. Genomic
sequences were extracted using bedtools [29] getfasta from the
D. melanogaster reference genome (dmé, r6.54). Upregulated
peaks and downregulated peaks were analyzed separately us-
ing HOMER findMotifs.pl [31] with parameters: -len 8,10,12
(motif lengths), -S 25 (number of motifs to find). All peaks
were used as background to control for sequence biases in ac-
cessible chromatin regions. Both de novo motif discovery and
known motif enrichment were performed.

Histone extraction and western blot
Histones WB

Histones from E16 and L3 w!!''% animals were ex-
tracted as described in Abcam histone extraction pro-
tocol (https://www.abcam.com/protocols/histone-extraction-
protocol-for-western-blot) with minor modifications. Cells
were extracted from three plates of 12-15 h aged embryos
or 3 x 20 L3 larvae using Dounce homogenizer. Before ex-
traction, larvae were open by pulling the cuticle on the ven-
tral and dorsal side. Cells were isolated using Dounce homog-
enizer large and tight (50 strokes each) and cleared using a
50-um filter. To remove remaining fat from larval samples,
probes were centrifuged up to three times 10 min 4°C 600
g. Nuclei were extracted in extraction buffer [PBS 1x, Tri-
ton X-100 0.5%, PMSF 2 mM, NaN3 0.02%, Protease In-
hibitor Complete (Roche) 1x] 10 min on ice, centrifuged at
1200 x g for 10 min at 4°C. Histones were extracted from
nuclei in 1 ml of ice-cold HCI 0.4 N 10% glycerol overnight
on a balancelle and precipitated by adding 8 volumes of ice
cold acetone at 16 000 x g 30 min 4°C. Histone pellets were
washed three times in 8 ml ice-cold acetone at 16 000 x g
30 min 4°C, dried at RT, and resuspend in 100 ul H,O. Hi-
stone were quantified using Bradford reagent (Thermo Sci-
entific ref: J61522-K2), equilibrated, and loaded on a 15%
polyacrylamide gel. Upon electrophoresis, probes were trans-
ferred onto nitrocellulose membrane for 2 h at 300 mA on
ice and revealed with mouse anti-yH2Av (1:500) (Develop-
mental Studies Hybridoma Bank, AB_2618077) and rabbit
anti-H3 (1:10 000) (Abcam ab1791). Signal was detected with
Amersham ECL Select Western Blotting Detection Reagent us-
ing HRP-conjugated secondary antibodies (1:5000, Jackson,
#111-035-045). Acquisition was performed on Amersham Im-
ageQuant 800 imaging system with increasing exposure du-
ration starting from 0.1 s until saturation. Quantification of
blots was performed using Fiji gel analysis tool.

Rad50 WB

Western blots for Rad50 were performed on protein extract
from 10 CNS per sample ('8 or rad50451) per replicate.
For protein extraction, CNS were dissected in PBS, crushed
using a microtube pestle in 50 pl lysis buffer [Triton X-
100 0.1%, NaCl 150 mM, tris 50 mM, MgCl, 5 mM, 0.5
mM PMSE, protease inhibitor cocktail (Roche)], incubated
on ice 30’ with mixing every 10’, and centrifuged at 10 000
x g for 10 min at 4°C. The supernatant was recovered
and heated after adding 1V of Laemmli 2x containing 200
mM freshly added DL-Dithiothreitol (DTT) at 95°C for §
min. Protein extracts were separated by 8% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, transferred onto
nitrocellulose membrane 1 h 30 min at 200 mA on ice and
probed for Rad50 (1:10000) or actine (1:1000). Signal was
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detected with Amersham ECL Select Western Blotting De-
tection using HRP-conjugated secondary antibodies (1:5000,
Jackson, #111-035-0435).

Immunolabeling of polytene chromosomes

Salivary glands were dissected from L3 larvae in NaCl 0.7%
NP-40 0.1% and fixed for 2 min in 3.7% formaldehyde 0.7%
NaCl 1% Triton-X. Before squashing, the glands were trans-
ferred in 2% formaldehyde 45 % acetic acid and incubated for
2 min on a siliconized coverslip. During incubation, salivary
glands were fragmented. A poly-L-lysine slide was inverted on
top of the coverslip and salivary glands were squashed. The
chromosome spreads were examined by phase microscopy
and frozen in liquid nitrogen. The coverslip was flicked off
with a razor blade and slides were incubated in cold PBS 2 x
for 15 min. The slides were transferred to a blocking solu-
tion (3% BSA, 2% NP-40, 0.2% Tween 20, 10% nonfat dry
milk in PBS) and blocked for 1 h at RT. After blocking, slides
were incubated with primary antibody in blocking solution
overnight at 4°C in a humid chamber. Slides were then rinsed
in PBS and washed 2x 15 min in PBS 1x/0.2% Tween/0.1%
NP-40. After washing, slides were rinsed in PBS and incu-
bated with secondary antibody in blocking solution for 2 h
at RT in a humid chamber. Slides were then rinsed in PBS
and washed 2x 15 min in PBS 1x/0.2% Tween/0.1% NP-
40. Finally, slides were drained and mounted with Vectashield
medium H-1200 with DAPI to stain DNA. The primary an-
tibodies used for immunolabeling were rabbit anti-H3K4me3
1:400 (Abcam ab8580); mouse anti-H3K9me2 1:20 (Abcam
ab1220); rabbit anti-H3K9me3 1:100 (Abcam ab8898); rab-
bit anti-H3K27me3 1:400 (Cell Signaling C36B11); mouse
anti-yH2Av 1:20 (DSHB AB_2618077); and rabbit anti-
Rad50 1:100 (custom-made by Agrobio [15]). The secondary
antibodies were: FITC-conjugated goat anti-rabbit 1:50 (Jack-
son) and Rhodamine-conjugated goat anti-mouse 1:50 (Jack-
son). Polytene chromosomes preparations were analyzed on
a fluorescence microscope (Zeiss Apotome) and images ac-
quisition performed using the Zen Pro software (Zeiss). Poly-
tene chromosome fluorescence intensity and bands plot pro-
file analysis were performed using Fiji software (National In-
stitute of Mental Health, Bethesda, Maryland, USA). Welch
t-test was used to compare polytene chromosome intensities
between rad50 KO and control.

CNS squash

Welch t-test was used to compare histone mark intensities
between rad50 KO and control. Outliers were removed if
cell-signal >2x IQR resulting in 5.01% of cells removed for
H3K4me3 and 2.85% of cells removed for H3K27me3.

LC-MS/MS

Proteomic analysis was performed at the Proteomics facility
from IBMC Strasbourg with the help of Philippe Hamman
and Johana Chicher.

Liquid chromatography assay coupled to tandem
mass spectrometry (LC-MS/MS) analysis of Rad50 co-
immunoprecipitation (co-IP) was performed on dissected
CNS from w!'"'8 or rad50251 (control) L3 larvae in three
replicates, 100 CNS per replicate. Upon dissection, brains
were snap frozen in liquid nitrogen and stored at —80°C
until protein extraction. Brains samples were squashed with
10 strokes of microtube pestle in extraction buffer [Triton

X-100 1%, NaCl 50 mM, tris 50 mM, MgCl, 5 mM, 0.5
mM PMSE, Protease Inhibitor Complete (Roche)]. Samples
were incubated for 30 min on ice, mixed every 10 min.
IP was performed on 250 pg total protein extract using
Miltenyi Protein-A beads and 5 pl antibody for each IP.
Mass-spectrometry was performed on TIMS-TOF Pro2 mass
spectrometer. Label-free quantification was applied and pro-
teins were then selected based on fold change and P-value as
indicated in figure descriptions. Two thousand nine hundred
fifteen proteins were identified in total. Proteins without
valid peptide detection were removed (2570 remaining),
proteins from known contaminants based on cellular local-
ization (“mitochondrion,” “endoplasmic reticulum,” “golgi,”
“clathrin,” “peroxisomal,” “mitochondrial,” “endosome,”
“endoplasmic,” “secreted,” “endomembrane”) were removed
(2077 remaining). Finally, 260 significant (padj < 0.01)
enriched (log,FC > 1) interactants were kept. Reactome en-
richment analysis was performed on the detected interactants
on string-db.org.

»

RT-gPCR

RNA was extracted from crushed L3 larvae or E16 w8 em-
bryos using TRI reagent following the manufacturers’ pro-
tocol. For Real-time quantitative PCR (RT-qPCR) on larval
CNS, 10 dissected CNS per sample were used. RNA qual-
ity was assessed by Nanodrop and samples were equilibrated
to 250 ng/ul. Reverse transcription (RT) was performed on
500 ng of total RNA using LunaScript® RT SuperMix Kit
(NEB). A no-RT control was included to test for genomic
DNA (gDNA) contamination. qPCR was performed on 2 pul of
complementary DNA (cDNA) diluted 1/5 using Roche SYBR
green I Master mix on a Roche Lightcycler 480 using stan-
dard protocol. No-cDNA control was included for primer-
dimer background estimation. Each of the three biological
replicates was run as three independent technical replicates,
each measured in duplicate. We first averaged the two Ct-
duplicates for each technical replicate. For any technical repli-
cate, if the two duplicate Ct values had a standard deviation
greater than 0.5 and the standard deviation across the three
technical replicates for that biological replicate was >1, that
measurement was excluded. Relative gene expression was cal-
culated using the 2724 method, normalizing to the geometric
mean of two housekeeping genes (Rp49 and Act5C). If one
of the housekeeping was not detected, that sample was re-
moved. Statistical significance was assessed using paired ¢-tests
on relative expression values (mean of up to three measure-
ments per biological replicates) to account for batch effects
from day-to-day processing variation. Error bars represent the
standard error of the mean (SEM) of log,-fold changes across
biological replicates. Primers used for RT-qPCR are listed in
Supplementary Table S3.

Immunolabeling and RNA in situ hybridization
In situ hybridization

In situ hybridization was performed using the HCR™ RNA-
FISH kit from Molecular Instruments on 10 larval CNS per
sample following the manufacturer’s guidelines with minor
modifications.

Immunolabeling

Dissected CNS (10 per replicate) were fixed for 20 min at
RT in 4% PFA, washed three times for 10 min with PTX
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(PBS + Triton X-100 0.1%), blocked with blocking reagent
for 2 h, and incubated with primary antibodies overnight [rat
anti-Dpn, Abcam #ab195173, 1/500; mouse anti-pH3, Milli-
pore #05-806 (3H10), 1/200; rabbit anti-Dcp1, Cell Signaling
#95788S, 1/500]. CNS were then washed three times with PTX
for 10 min on a rocker, incubated for 2 h at RT with secondary
antibodies (1/500), washed three times in PTX for 10 min at
RT on a rocker, incubated for 30 min with DAPI (1/5000) at
RT on a rocker, washed once in PTX, and mounted in Vec-

tashield.

Image acquisition and analysis

Image acquisition was performed on a Leica SP8 confocal mi-
croscope. Cells were counted using the Spots detection module
in Imaris (version 11.0, Oxford Instruments). Z-stack confo-
cal images were imported and the Spots function was used
to automatically detect positive cells based on fluorescence.
Cell diameter was assessed by averaging cell measurements for
each marker, and background subtraction was enabled. Detec-
tion thresholds were manually adjusted to minimize false pos-
itives and negatives, and results were visually verified on each
image. Total cell counts were exported per CNS for statistical
analysis. Images for figures were processed using Fiji.

Extended bioinformatic analysis

Bioinformatic analyses were performed using R studio ver-
sion 4.1.0 (2021-05-18), RStudio Team (2021). RStudio: In-
tegrated Development Environment for R. RStudio, PBC,
Boston, MA, URL http://www.rstudio.com/. Multiple pack-
ages were used: dplyr version 1.0.6, ggplot2 version 3.4.2,
gdata version 2.18.0, tidyr version 1.1.3, ggpubr version 0.4.0,
corrplot version 0.90, ggrepel version 0.9.1, DESeq2 [25, 25]
version 1.32.0, R Core Team (2021). R: A language and envi-
ronment for statistical computing. R Foundation for Statisti-
cal Computing, Vienna, Austria. https://www.R-project.org/.

Database and tools

Flybase [32]. Flyprimerbank [33] was used to design qPCR
primers. IGV [34] was used for visualization purposes.

Results

Developmental stage is the main feature of cell
identity

We recently characterized the cell-type-specific transcriptional
signatures in Drosophila glia, hemocytes, and neurons from
E16 and L3 stages [5]. Using the same RNA-seq dataset
(Supplementary Table S1), we performed a comparative E16
versus L3 analysis across the three cell types to assess the con-
tribution of developmental stage to transcriptional identity.
While genome-wide analyses suggest that temporal signatures
play a significant role, this issue remains poorly understood
35, 36].

To extract the most important features from our dataset,
we applied a PCA (Fig. 1A). This analysis revealed develop-
mental stage as the dominant source of variation: principal
component 1 (PC1) (65.9% of total variance explained) sep-
arates embryonic (E16) from larval (L3) samples, while PC2
(22.4% of variance) captures cell-type differences (Fig. 1A).
We then confirmed this dominant stage effect by computing
hierarchical clustering of Euclidean distances (HC) (Fig. 1B).
HC clustering aims to identify similarities between samples by
comparing their overall gene expression profiles. This analysis

corroborates our conclusion from PCA, grouping the E16 and
L3 samples into separate branches (Fig. 1B). We also noted
that the distance between hemocytes, glia and neurons in-
creases at L3 compared to E16 suggesting greater similarities
between the cell-types at embryonic stage compared to larval
stage (Fig. 1A and B).

Together, these results robustly demonstrate that develop-
mental stage, more than cell type, is the dominant driver of
variability in our dataset.

Stage-specific transcriptional features in embryonic
and larval cells

To capture stage-specific features common to all three cell
types, we examined which genes show consistent expression
changes from E16 to L3 in neurons, glia, and hemocytes. We
fitted a DESeq2 model incorporating cell-type, developmen-
tal stage, and their interaction (~ cell-type + stage + cell-
type:stage). This interaction model identifies stage effects and
tests whether they are consistent across cell types [24, 25,
37]. We selected genes with significant stage effect (|log FC|
> 1, padj < 0.01) and no statistically detectable interaction
(llog2FC| < 1 or padj > 0.01), yielding 2533 stage-specific
genes. Clustering these genes by their z-scored expression di-
vides them into those enriched at E16 versus L3 stage, con-
firming the effectiveness of our gene-selection pipeline (Fig.
1C and Supplementary Table S2).

To identify key biological processes enriched in the stage-
specific gene pool, we next performed a GO analysis [38-40].
E16-upregulated genes are enriched for only one statistically
significant term, “cuticle development,” in line with larval
cuticle formation occurring at this stage [41-43]. On the
other hand, L3-upregulated genes show a strong enrichment
for “DNA repair” along with “chromatin organization” and
metabolic processes (Fig. 1D). In sum, we detected 2533
stage-specific genes, with 1833 upregulated at E16 and 700
at L3. Hence, despite comprising the larger gene set, E16-
specific genes display limited functional convergence, while
the smaller L3-specific gene set shows strong enrichment for
shared biological processes including DNA repair and chro-
matin organization.

To further investigate these findings and test whether
the enrichment of DNA repair genes is a global, cell-type-
independent stage feature, we compared whole animals at
E16 and L3 stage. We selected from the literature the most
important genes involved in the main DNA repair pathways
and compared their expression levels in whole animals at E16
and L3, using RT-qPCR assays (Supplementary Fig. S1A and
Supplementary Tables S3 and S4) [15, 44-46]. Out of the
26 tested genes, 19 (73%) are significantly overexpressed at
larval stage, including major DNA repair complexes such as
the double strand DNA break (DSB) repair complex MRN
(Mrel1, Rad50) involved in homologous recombination [15,
16] and key components of the nonhomologous end join-
ing (NHE]) repair complex like k#80 and irbp/ku70 [45, 47]
(Supplementary Fig. S1A). To compare our RT-qPCR results
to the transcriptomic dataset, we pooled all RNA-seq sam-
ples together by stage and applied DESseq2 differential ex-
pression analysis, allowing us to extract E16/L3 fold change
values. RNA-seq and RT-qPCR analyses display a strong lin-
ear correlation (R = 0.75, P = 3.4e—05) further validating our
results and reinforcing DNA repair as an L3-enriched feature
(Supplementary Fig. S1B).


http://www.rstudio.com/
https://www.R-project.org/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
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Figure 1. A) PCA of RNA-seq assays in E16 and L3 glia, hemocytes, and neurons. PC1 and PC2 are shown. (B) Hierarchical clustering of Euclidean
distances of RNA-seq assay. (C) Heatmap of zscores of cell-type-independent stage-specific gene expression. Each raw represents a gene. Hierarchical
clustering in rows and columns shown. (D) GO analysis of biological processes for E16 ((C) top, 1833 genes) or L3 ((C) bottom, 700 genes) stage-specific
genes. Top 10 terms are shown. * Cuticle development is the only significant term in E16 enriched genes.

In sum, the transcriptomic assay reveals developmental
stage as a main feature of cell identity. We identify cuticle
development and DNA repair as stage-specific features of
E16 and L3 stage, respectively. The L3-specific genes show
stronger functional convergence than the embryonic-specific
genes, consistent with each cell type primarily executing its
own lineage specification and differentiation programs at this
stage.

Rad50 interacts with a broad spectrum of
chromatin associated proteins

The coordinated transcriptional change across multiple DNA
repair pathways and cell types raises interesting questions

about the role of these genes at the larval stage. Given the
consistent upregulation of the MRN complex members Rad50
and Mrel1 at the larval stage, we chose to further investigate
Rad50 to understand its potential functions in this develop-
mental context.

We first asked whether the upregulation of the DNA repair
pathways and especially of the MRN complex correlates with
increased DNA damage and measured gammaH2Av (YH2Av),
a hallmark of DSB [48], via western blot in whole E16 and
L3 animals. YH2Av levels are not higher at larval compared
to embryonic stage (Fig. 2A). We next complemented those
data by analyzing the colocalization of Rad50 and YH2Av in
polytene chromosomes extracted from larval salivary glands
using immunolabeling (Fig. 2B). Polytene chromosomes are
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Figure 2. (A) Western blot analysis of the DNA double strand mark yH2Av in E16 and L3 samples. n = 3, One representative replicate shown. (B) Left,
Polytene chromosome labeling for Rad50 and yH2Av. Right, Percentage of Rad50 binding positions lacking yH2Av. (C) Western blot analysis of Rad50
expression levels in control and rad50 KO CNS. (D) Volcano plot of LC-MS/MS results in L3 CNS control versus rad50 KO. In blue: significant interactants
(padj < 0.01 and log,(Fold change) > 1. In red: Genes of interest. (E) Reactome pathway enrichment analysis for significant interactants detected in the

Co-IP-LC-MS/MS of Radb0.

characterized by the alternation of dense (heterochromatic,
H3K9me3 positive) and less dense (euchromatic, H3K4me3
positive) bands, a reflection of the chromatin condensation
state and gene activation [49]. They have been widely used
to study the distribution and colocalization of chromatin-
associated proteins including DNA-repair proteins but also
proteins and transcription factors linked to chromatin orga-
nization [15, 16, 49-51].

Quantification of Rad50 peaks distribution along polytene
chromosomes arms revealed that 47.7% of Rad50-positive
peaks occur in regions lacking detectable YH2Av, indicating
that a substantial fraction of Rad50 recruitment takes place
outside YH2Av—marked chromatin (Fig. 2B, black arrows).
These results suggest that Rad50 binding to chromatin is not
solely driven by DNA damage and yH2Av, in line with re-
cent studies pointing to broader chromatin-associated roles
[20, 21].

The above data suggest that the coordinated upregulation
of DNA repair genes at L3 is not driven by increased DNA
damage, prompting us to investigate other possible roles for
these factors. To identify partners that could explain Rad50
presence in the absence of DNA damage, we conducted an
LC-MS/MS analysis of Rad50 co-IP in larval CNS dissected
from control or 7ad50 null mutant animals (w;rad5023-1;+
also called knock-out or KO) as a control. We used larval
CNS as a proxy for late larval stage because it provides a

more homogeneous, yet sufficiently complex system compared
to whole larvae, simplifying both technical execution and an-
alytical interpretation. Successful depletion of Rad50 in the
KO samples was confirmed by western blot (Fig. 2C). Out
of 2915 detected proteins, we identified 260 specific interac-
tants based on stringent criteria (log,FC > 1, padj < 0.01).
We detected Rad50 as first hit as well as MRN complex com-
ponents Mrell and Nbs among the top hits, in agreement
with published data and validating our approach (Fig. 2D and
Supplementary Table S5) [15, 16]. Rad50 was not detected in
the KO (Supplementary Table S35).

Interestingly, we also detected robust interactions with the
complete alpha-primase polymerase complex (PolA1, PolA2,
Prim1, Prim2), essential for DNA replication initiation via
RNA primer synthesis (Fig. 2D) [52, 53]. Although DNA repli-
cation is a source of DNA damage and the stability of the
replication fork is a crucial determinant of genome integrity,
a direct interaction between alpha-primase polymerase and
Rad50 had not been previously demonstrated. Our results
suggest that Rad50 may associate with replication machin-
ery, possibly assisting in maintaining genomic stability during
DNA replication and cell division and in prevention or repair
of collapsing replication forks [54, 55]. Direct interaction be-
tween Mrell and stalled replication forks has already been
documented in mouse embryonic fibroblasts and yeast [56,
571].


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
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Among novel significant interactants, we identified Amun,
Hira, and Mip40 (Fig. 2D). Amun is a genetic repressor of
Notch signaling involved in stem cell maintenance in the gut
[58, 59]. Hira is a histone chaperone involved in nucleo-
some assembly during zygotic genome activation, fertilization,
and in transcription related histone deposition in Drosophila
[60-62]. In mammals, Hira is involved in transcriptional reg-
ulation and DNA repair [63, 64]. Mip40 is a member of
the Myb-MuvB transcriptional activation complex, regulat-
ing G2/M phase gene expression [65, 66]. Finally, pathway
enrichment analysis using Reactome [67], a curated and peer-
reviewed database for proteomics, underscored interactions
relevant to gene expression regulation, DNA repair, and cell-
cycle-associated processes, suggesting involvement in multiple
aspects of genome regulation (Fig. 2E).

Altogether, and in line with recent findings in other
systems, our data suggest possible links between Rad50,
DNA replication, and genome regulation in Drosophila
larvae, in addition to its established role in DNA repair
[20, 21, 68].

Histone modification patterns are altered in rad50
KO polytene chromosomes

The diversity of the interactants, related to DNA-repair as
well as gene expression, goes along with studies reporting
DNA repair machineries to be interlinked with genome reg-
ulation and gene expression. The MRX complex has been re-
ported to function as a chromatin insulator and to regulate
gene expression in yeast [21]. MRE11/NBS1 in mammalian
cells colocalize with RNA polymerase II at active genes, limit-
ing transcription-associated damage and affecting polymerase
dynamics [69]. Also, Ku proteins involved in NHE] have
been shown to function as transcription factors [70-72]. Hi-
stones, which regulate chromatin structure and gene expres-
sion while serving as platforms for critical modifications, are
tightly linked to DNA repair processes, with YH2A being the
most prominent example [48]. More broadly, histone modifi-
cations undergo dynamic transitions during DNA repair. For
instance, loss of repressive marks such as H3K9me3 followed
by chromatin relocation accompanies DNA repair processes
of damages located in heterochromatin in Drosophila [73].
Similarly, histone hyperacetylation promotes DNA repair and
histone chaperones are essential for nucleosome reassembly
following repair [74-78].

In Drosophila, Rad50 is known to associate to histone
mark H3K9me3 and to HP1, two hallmarks of repressed chro-
matin [19]. To determine whether Rad50 has an impact on
chromatin regulation in Drosophila, we tested whether its ab-
sence leads to changes in chromatin structure upon polytene
chromosome labeling of histone modifications associated to
eu- or heterochromatin. We analyzed three marks representing
distinct chromatin states: H3K4me3, for active promoters and
euchromatin; H3K9me2/3, for constitutive heterochromatin
at telomeres and centromeres; and H3K27me3 for Polycomb-
mediated facultative heterochromatin associated to transcrip-
tional repression [79-81].

Quantitative analyses of polytene chromosomes show sig-
nificant increase in H3K4me3 and decrease in H3K9me2/3
signals in 7ad50 KO compared to control (Fig. 3A). At a re-
fined scale, the distribution of H3K4me3, and thus of euchro-
matin, appears to be modified when comparing KO to con-
trol, which might indicate that new sites have become ac-

tive (Fig. 3B, black arrows). This is accompanied by a strong
decrease of the repressive mark H3K9me3 that can be ob-
served on the telomere regions (Fig. 3C and Supplementary
Fig. S2). By contrast, H3K27me3 levels increase significantly
in 7ad50 KO polytene chromosomes (Fig. 3D and E). We then
tested whether lack of Rad50 leads to increased DNA dam-
age and observed significant enrichment of yH2A (Fig. 3D
and E). Having identified chromatin-associated proteins as
RadS50 interactants through mass spectrometry in larval CNS
(Fig. 2D), we examined whether histone modifications are af-
fected in this tissue as well and found increased H3K4me3 and
H3K27me3 signals in 7ad50 KO CNS larval squashes com-
pared to control (Fig. 3F).

In sum, immunolabeling of polytene chromosomes reveals
significant alterations in histone mark levels and distribu-
tion in 7ad50 KO: increased H3K4me3 with altered chro-
mosomal distribution, decreased H3K9me2/3, and increased
H3K27me3. These reciprocal changes in repressive marks—
decreased H3K9me2/3 versus increased H3K27me3—show
that Rad50 loss results in a disrupted balance between dif-
ferent chromatin states rather than simply opening or clos-
ing chromatin. Crosstalk between histone marks has also been
widely described: while the two repressive marks H3K9me2/3
and H3K27me3 are exclusive in normal conditions and are
partitioned into separate chromatin compartments, a muta-
tion of the H3K9me2/3 depositing enzyme SUV3-9H1/H2
leads to ectopic gain of H3K27me3 at pericentric heterochro-
matin [79, 82, 83]. Similar observations have been reported
at pericentric heterochromatin in 2i-ESCs [84]. This plastic-
ity in repressive chromatin states implies that breaking the
normal partitioning of histone marks can reshape the broader
chromatin landscape. While some of these effects we observe
here may be indirect given the constitutive absence of Rad50,
the range of histone mark changes on polytene chromosomes,
combined with its diverse interactants (Fig. 2), suggest that
Rad50 may contribute to maintaining the balance between
chromatin states in addition to its canonical role in DNA re-
pair.

Transcriptome changes in rad50 KO CNS

To assess whether the chromatin alterations observed upon
Rad50 loss are associated with changes in gene expression,
we performed an RNA-seq assay on CNS from control and
rad50 KO larvae (Supplementary Tables S1 and S6).

Differential expression analysis of RNA-seq identified 1420
genes significantly affected by Rad50 loss (|log, FC| > 1, padj
< 0.01), with 1058 being upregulated and 362 downregulated
(Fig. 4A). The predominance of upregulated genes (74.5% out
of total DEG) is consistent with our observation of decreased
H3K9me2/3 repressive marks and increased H3K4me3 acti-
vating mark in 7ad50 KO polytene chromosome (Fig. 3A and
Supplementary Fig. S2).

GO analysis revealed distinct functional signatures: down-
regulated genes are enriched for terms related to cell differ-
entiation, development, and gene expression regulation (Fig.
4B). The genes upregulated in the KO show enrichment for
stress response pathways (Fig. 4B), see GO terms “immune re-
sponse” and “sulfur compound metabolic process” (includes
glutathione signaling terms). Interestingly, we found genes re-
lated to cuticle development, a term specifically enriched at
E16, being upregulated in 7ad50 KO larval CNS (Fig. 4B
and C).


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag294#supplementary-data
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Figure 3. (A) Top, Representative polytene chromosomes immunolabeled with anti-H3K4me3 (magenta) and anti-H3K9me2 (green), or with
anti-H3K9me3 (red), from control or rad50 KO homozygous mutants L3. Chromosomes were counterstained with DAPI (blue). Scale bar = 20 pum.
Bottom, Fluorescence intensity quantification of polytene chromosomes of the heterochromatic marks H3K9me2 H3K9me3, in rad50 KO compared to
control. Each dot represents a single polytene chromosome (n > 13). Arbitrary unit (A.U.). Error bars represent SEM. Welch parametric t-test. (B)
Representative intensity profiles of H3K4me3 and DAPI signals over a segment at the tip of chromosome 2L, showing an alteration of the H3K4me3
signal in rad50 KO compared to the control; arrowheads denote regions of strong difference of H3K4me3 in rad50 KO compared to control. y-axis:
fluorescence intensity; x-axis: distance from the tip of the chromosome (um). Scale bar = 10 um. (C) Representative intensity profiles of H3K9me3 and
DAPI signals over a segment at the tip of chromosomes 3R showing the absence of H3K9me3 signal in rad50 KO compared to control. y-axis:
fluorescence intensity; x-axis: distance from the tip of the chromosome (um). Scale bar = 10 um. (D) Top, Representative polytene chromosomes
immunolabeled with anti-H3K27me3 (purple) and anti-yH2Av (green), from control or rad50 KO larvae. Chromosomes were counterstained with DAPI
(blue). Scale bar = 20 um. Bottom, Fluorescence intensity quantification showing increase of both H3k27me3 and yH2Av signals in rad50 KO compared
to control. Each dot represents a single polytene chromosome (n > 15). Error bars represent SEM. Welch parametric t-test. (E) Representative intensity
profiles of H3K27me3 and yH2Av signals over a segment at the tip of the 2R chromosome. Note that the increase of yH2Av peaks in the rad50 KO is
not directly correlated with that of H3K27me3 (arrowhead). y-axis: fluorescence intensity; x-axis: distance from the tip of the chromosome (um). Scale
bar = 10 um. (F) Repo, H3K4me3, and H3K27me3 labeling in isolated cells from squashed CNS. Quantification is shown on the right. Welch parametric
ttest. Each experiment was performed on at least three brains (three biological replicates). Number of cells >370.
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Figure 4. (A) Volcano plot of differential MRNA expression analysis in rad50 KO versus control CNS. In red, genes enriched in KO CNS and in blue, genes
enriched in control CNS. (B) GO analysis of biological processes for genes downregulated (top) or upregulated (bottom) in rad50 KO CNS. Top 5 is
shown. (C) Heatmap of cuticle gene expression enriched in rad50 KO CNS versus control. Thirty three cuticle genes from “cuticle development” GO
term, Fig. 4B shown. Hierarchical clustering in columns and clustering by correlation in row. (D) Phosphorylated histone 3 (pH3), Deadpan (Dpn), and
Death caspase protein-1 (Dcp1) labeling in control and rad50 KO CNS. n > 20, Wilcoxon test. (E) Dcp1, Dpn, and pH3-positive cell counting in control and
rad50 KO L3 CNS. Wilkoxon test, n > 20.
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To assess whether these transcriptional changes were ac-
companied by cellular defects, we performed immunofluores-
cence assays on rad50 KO larval CNS. The number of pH3-
positive cells was reduced, indicating decreased mitotic activ-
ity (Fig. 4D and E). As the number of Dcp1-positive cells was
also decreased, this reduction was not due to elevated apopto-
sis but rather reflects a global decrease in proliferation. Strik-
ingly, the number of Deadpan-positive neuroblasts was also
reduced (Fig. 4D and E), suggesting that Rad50 loss affects
CNS development.

In sum, the transcriptomic and the iz vivo analyses of larval
CNS lacking Rad50 reveal global changes in gene expression.

Chromatin accessibility changes in rad50 KO CNS

Given the observed changes in histone modifications and gene
expression, we next asked whether Rad50 loss affects chro-
matin accessibility at a genome-wide scale and performed an
ATAC-seq assay on CNS from control and rad50 KO larvae
in triplicate (for ATAC-seq metrics, sequencing statistics and
analyzed data, see Supplementary Tables S1 and S7). Exam-
ination of signal enrichment patterns revealed that TSSs ex-
hibit a global increase in accessibility in rad50 KO samples
(Supplementary Fig. S3A). This increased TSS accessibility is
consistent with the predominance of upregulated genes (RNA-
seq analysis; Fig. 4A), together indicating that Rad50 loss
leads to a chromatin state more permissive for transcription.

To assess for accessibility changes between KO and con-
trol animals, we created a consensus peak set by merging
all peaks identified across individual replicates using relaxed
MACS?2 [85] thresholds (P < .03), yielding 26 996 total re-
gions (Supplementary Table S7). Reproducibility between our
samples at consensus peaks was good as confirmed by Spear-
man correlation analysis (Supplementary Fig. S3B). Using the
consensus peak set, we performed a differential accessibil-
ity analysis using DESeq2 [24, 25] and identified 1772 sig-
nificantly affected peaks (|logzFC| > 1, padj < 0.01), with
1170 regions showing increased accessibility and 602 show-
ing decreased accessibility in rad50 KO, with 24.8% of the
peaks mapping to TSS (distance to TSS < +1500 bp) and
75.2% to distal regulating elements or enhancers (Fig. SA
and Supplementary Fig. S3C). This bias toward increased ac-
cessibility further aligns with elevated TSS accessibility and
the predominance of upregulated genes in the RNA-seq assay
(Figs 4A, 5A, and Supplementary Fig. S3A).

To identify regulatory regions, we performed de novo mo-
tif discovery using HOMER on regions up or downregulated
in rad50 KO, respectively, 1170 and 602 regions. Among the
upregulated sequences, we identified enrichment for GATA-
factors motifs and for binding sites of two identified transcrip-
tion factors: Zelda (Zld), Grainyhead (Grh) (Fig. 5B).

Zelda is a pioneer factor primarily known for its essential
role in embryonic genome activation [86-89], but it also func-
tions in larval Type Il neuroblasts where it maintains stemness
in synergy with Notch signaling [90, 91]. In the embryo, Zelda
binding is strongly sequence-driven by its canonical motif, and
embryo-specific ChIP-seq peaks are highly enriched for this
motif. In larval brains, by contrast, Zelda-bound regions lack
the canonical motif entirely and instead, Zelda binding cor-
relates with pre-existing chromatin accessibility at promoters
enriched for other motifs (Dref, GAF, M1BP). The canonical
Zelda consensus is therefore a signature of embryonic, rather
than larval, Zelda binding sites. The fact that our de novo

motif analysis identifies this consensus in regions gaining ac-
cessibility in 7ad50 KO (Fig. 5B) suggests that these regions
correspond to embryonic Zelda regulatory elements.

Grainyhead is expressed in postembryonic neuroblasts
where it regulates neural stem cell proliferation and Hox-
dependent apoptosis [92-95]. Most importantly, Grh is also
a master regulator of cuticular protein genes—the same gene
class we identified as an E16 stage-specific signature as well
as enriched in 7ad50 KO CNS (Figs 1D and 4B and C) [43,
96-98]. Accordingly, rad50 KO CNS show increased acces-
sibility at dsx-c73A, a secreted cuticle protein, and other cu-
ticle gene regulators including gsb and dpy (Fig. SC-E). RT-
qPCR analysis confirmed that both zld and grh are signifi-
cantly upregulated in 7ad50 KO larval CNS (Supplementary
Fig. S3E), indicating that the motif enrichment is accompa-
nied by elevated expression of these transcription factors. In-
terestingly, Zld and Grh compete for occupancy at embryonic
enhancers during early development, where Grh inhibits pre-
mature transcription by occupying Zld binding sites [99]. The
co-enrichment of both Zld and Grh motifs in regions gaining
accessibility, together with the transcriptional upregulation of
both genes, suggests that loss of Rad50 alters the regulatory
landscape at loci associated with these pioneer factors.

To further assess whether stage-specific signatures are af-
fected in rad50 KO CNS, and in line with the GO analysis
(“carbohydrate metabolic process,” Fig. 4B), we also consid-
ered a metabolic pathway previously identified as highly ex-
pressed in embryonic but not in larval hemocytes [100]. Ldb,
coding for lactate dehydrogenase [101, 102], shows strong
embryonic enrichment across the three cell types (hemo-
cytes: FC = 50.34; glia: FC = 36.88; neurons: FC = 2.2)
(Supplementary Fig. S3D) and is among the most upregulated
genes in rad50 KO CNS in our RNA-seq assay (log, FC: 2.6,
padj: 1.1e—62), which we further confirmed by RT-qPCR (FC:
17.26) (Supplementary Fig. S3E). Furthermore, accessibility
at Ldh TSS is significantly increased in our ATAC-seq data
(logoFC = 0.66, padj = 1.02e—19) (Fig. 5F). Finally, in situ
hybridization assays revealed elevated Ldh expression levels
in rad50 KO samples compared to controls (Fig. 5G).

Together, the transcriptomic and chromatin accessibility
analyses reveal that Rad50 loss leads to changes in gene ex-
pression and chromatin accessibility in larval CNS, affect-
ing genes normally highly expressed at the embryonic stage
compared to the larval stage (Figs 4A-C, 5A and C-G, and
Supplementary Fig. S3D and E). Specific regions enriched for
pioneer factor binding motifs show increased accessibility that
overlaps with transcriptional changes (Fig. 5B-D). The pre-
dominance of gene upregulation and increased chromatin ac-
cessibility, coupled with decreased H3K9me2/3 marks ob-
served in polytene chromosomes (Fig. 3 and Supplementary
Fig. S2), support a model in which Rad50 contributes to
genome regulation during Drosophila development.

Discussion

Recent technological advances have enabled unprecedented
resolution in defining cell identity. Yet the question of what
constitutes a cell type becomes particularly complex in the
context of development. Here, we identify a stage-specific sig-
nature that accounts for the dominant source of transcrip-
tional variation—surpassing even differences between cell
types. Stage-dependent transcriptomic asymmetry, together
with proteomic, molecular, and genetic evidence, implicates
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Figure 5. (A) Differential accessibility analysis at consensus peaks in rad50 KO CNS versus control. |Log,FC| > 1 and adjusted P-value <.01 were used
as threshold. (B) De novo motif discovery at differentially accessible peaks (up or down) over background (all consensus peaks). Significant motifs only
shown. (C-E) Example of genome tracks at differentially accessible genes involved in cuticle development (dsx-c73A, dumpy, and gsb). (F) Genome
tracks of ATAC-seq signal at Ldh locus. (G) In situ hybridization analysis of Ldh expression in control and rad50 KO CNS. elav in red, deadpan in green,
and Ldhin grey. n > 12.
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the contribution of rad50, a gene classically associated with
DNA repair, in the maintenance of developmentally appropri-
ate chromatin states. These findings align with the emerging
paradigm that integrates chromatin architecture, transcrip-
tional programs with the pathways governing DNA replica-
tion and repair.

Developmental stage has a predominant effect on
cell identity

The bulk RNA-seq assay on embryonic and larval Drosophila
neurons, hemocytes, and glia highlights the balance be-
tween stable cellular identity and developmental plasticity.
While core identity genes remain robustly expressed across
stages [5], significant transcriptomic rewiring occurs over
time. This suggests that developmental signals strongly mod-
ulate differentiated cells without compromising their funda-
mental functions, allowing cells to maintain essential roles
while dynamically adapting to stage-specific physiological
demands.

Although the stable expression of morphological and func-
tional markers generally defines cell identity, our analysis re-
vealed the dominance of developmental stage over cell type
in driving transcriptomic profiles. Embryonic neurons are
transcriptionally more similar to embryonic hemocytes and
glia than to their larval counterparts, despite neurons and
hemocytes sharing neither developmental origin nor function.
Hence, the transcriptional landscape of differentiated cells
relies on a strong temporal signature, in addition to signa-
tures related to origin and function. In line with these find-
ings, a micro-array analysis on 4028 transcripts within 66
time periods ranging from fertilization to adulthood shows a
strong stage-dependent effect [35, 36]. Altogether these data
on stage-driven shifts in gene expression challenge a strictly
continuous view of the developmental processes. The ab-
sence of a shared, cell-type-independent embryonic program
is itself biologically informative, likely reflecting dominance
of lineage- and differentiation-specific regulatory logic dur-
ing embryogenesis. By contrast, the smaller set of L3 stage-
specific genes converges on shared biological processes, par-
ticularly DNA repair and chromatin organization, suggesting
that larval cells adopt a common genome maintenance pro-
gram independently of cell-type identity. Hence, while em-
bryonic cells are trajectory-driven, larval cells converge on
a shared maintenance-oriented regulatory state. This finding
calls for developmental stages providing an active regulatory
dimension of cell identity.

The temporal reorganization of transcriptomes raises im-
portant questions about the regulatory mechanisms orches-
trating these transitions. The striking magnitude of the stage
effect, outweighing even fundamental cell-identity signatures,
may indeed reflect the different challenges that embryos and
larvae face. Embryos develop in a static, protected environ-
ment that prioritizes rapid cell proliferation, lineage specifi-
cation, and organ development. Larvae, by contrast, hatch
into a complex external environment, experiencing changing
metabolic demands and exposure to pathogens and environ-
mental stressors.

In the future, the rapidly developing fields of single-
cell RNA-seq and spatial transcriptomics will offer the re-
quired resolution to study transcriptome-scale effects at cel-
lular and subcellular levels, potentially revealing how tem-
poral and developmental cues combine with local signals

from the cellular microenvironment to define cellular identity
dynamically.

Loss of Rad50 alters chromatin state and gene
expression

Applying DESeq2 [25,25] with an interaction-term model fol-
lowed by GO enrichment analysis and RT-qPCR validation,
allowed us to extract cell-type-independent stage-specific fea-
tures, highlighting the DNA repair pathway and in particular
Rad50 as a larval-specific feature.

Loss of Rad50 is associated with coordinated changes
across multiple chromatin-related processes: differences in hi-
stone modification levels, shifts in gene expression, changes
in chromatin accessibility. While our study cannot directly es-
tablish causality between these phenomena, their coherent re-
lationship suggests that Rad50 influences chromatin dynam-
ics in a fundamental way. This interpretation is supported
by the co-IP mass spectrometry analysis, which identifies not
only the expected MRN complex partners (Mrell and Nbs)
but also chromatin regulatory proteins including Amun and
members of the Myb complex, the transcription initiation
factor TFIIB, the histone chaperone Hira and the alpha pri-
mase polymerase complex. Such interaction network is con-
sistent with recent studies that have increasingly blurred the
traditional boundaries between DNA repair, chromatin orga-
nization, and gene expression regulation [20, 69, 70, 73, 76,
103].

Several lines of evidence demonstrate the interconnection
between these processes. For example, Topoisomerase II{3-
induced DSBs promote the expression of neuronal early
response genes [104]. Rad50 belongs to the structural
maintenance of chromosomes (SMC) protein family, whose
members—including cohesin and condensin—share struc-
tural features and function at the interface of intercon-
nected genome maintenance processes: DNA repair, chro-
mosome segregation, and chromatin architecture [12, 13,
103, 105-107]. Cohesin regulates homology search during
DNA repair by organizing chromosomes into local chromatin
loops, facilitating the identification of nearby repair templates
by the MRX complex and suppressing inter-chromosomal
recombination [108]. This loop-based organization is fur-
ther supported by recent work showing that loop extru-
sion, mediated by cohesin and condensin, is essential for the
formation of yH2AX-marked chromatin domains at DSB
sites, creating a platform for efficient repair and maintain-
ing genome stability [109]. Moreover, the spread of yYH2AX
is not random but is shaped by pre-existing chromosomal
contacts and topologically associating domains (TADs), with
DSBs near TAD borders generating asymmetric YH2AX do-
mains that can influence repair outcomes[110]. In our mass-
spectrometry assay, we did detect interactions between Rad50
and the boundary-associated proteins CTCF and BEAF-32
(Supplementary Table S5) [111, 112]. These findings suggest
that DNA repair machinery, chromatin architectural proteins,
and transcriptional regulators have coevolved as components
of an integrated nuclear ecosystem rather than functioning as
independent modules.

In this context, the coordinated chromatin and transcrip-
tional changes observed in rad50 KO may reflect the dis-
ruption of a coherent chromatin state that cannot be fully
compensated by proteins with overlapping functions (other
DNA repair enzymes with overlapping targets) or structure
(other members of SMC-protein family). Notably, the interac-
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tion of Rad50 with the alpha-primase polymerase complex
and the histone chaperone Hira [60, 63]—both central to
replication-coupled chromatin assembly—raises the possibil-
ity that Rad50 contributes to the faithful propagation of chro-
matin states through cell divisions. Perturbation of this pro-
cess could lead to cumulative changes in the chromatin land-
scape, consistent with the altered histone modification lev-
els, enhanced chromatin accessibility, and predominantly up-
regulated gene expression observed in 7ad50 mutants. These
phenotypes parallel those reported when components of the
DNA replication machinery are disrupted, leading to defective
transmission of chromatin states. In C. elegans, mutation of
div-1, which encodes a DNA primase subunit, causes a global
reduction in repressive histone modifications and widespread
derepression of heterochromatic genes [113]. In avian cells,
loss of the replication fork-associated factor REV1 impairs
the transfer of parental histones during DNA replication, re-
sulting in localized loss of repressive marks and transcrip-
tional derepression [114]. In Drosophila, reduced levels of the
replication-coupled histone chaperone CAF-1 decrease H3K9
methylation at heterochromatin and impair HP1 recruitment
[115, 116]. The convergence of these phenotypes points to a
role for Rad50 in maintaining developmentally appropriate
chromatin.

In line with this, regions gaining accessibility in rad50 KO
are enriched for binding motifs of Zelda and Grainyhead,
two transcription factors involved in both embryonic devel-
opment [96-99] and larval CNS functions including neurob-
last maintenance and Hox-dependent apoptosis [90-95]. Both
transcription factors are themselves transcriptionally upreg-
ulated upon Rad50 loss, and genes characteristic of embry-
onic programs are reactivated in L3 mutant CNS. These in-
clude cuticle genes, which are canonical Grainyhead targets,
and Ldb (lactate dehydrogenase), a gene strongly enriched at
the embryonic stage across all three cell types and among the
most upregulated genes in rad50 KO CNS. This pattern sug-
gests that Rad50 loss affects the maintenance of chromatin
states that normally restrict access to stage-specific regulatory
programs. Whether Rad50 contributes to chromatin mainte-
nance through a direct role in replication-coupled chromatin
propagation, as suggested by its interaction with the alpha-
primase polymerase complex and Hira, or whether the ob-
served changes are secondary consequences of impaired DNA
repair accumulating through development, remains to be de-
termined. While future studies will be essential to disentangle
these possibilities, the present work highlights the intercon-
nection between chromatin maintenance and DNA replica-
tion/repair pathways and its impact in controlling cell identity.

The DNA repair machinery provides a compelling exam-
ple of protein complexes that have been extensively charac-
terized in the context of a defined biological function. How-
ever, recent high-throughput studies are reshaping this clas-
sical view, expanding the functional landscape of these com-
plexes beyond DNA repair to encompass DNA replication,
chromatin organization and gene regulation. Accordingly, in-
creasing evidence suggest that the impact of DNA repair com-
plexes is modulated by interactions with context-specific part-
ners, many of which are only beginning to be identified. Our
work on the Drosophila rad50 gene supports and extends
these emerging insights, providing in vivo evidence from an
additional animal model and uncovering a previously unap-
preciated link to cell identity.
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