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Dual mitotic bookmarking by GAF and
H3K27ac orchestrates differential
propagation of cell fate memory in neural
development

Rulan Zhang 1,5, Jie Liu 1,5, Zimo Zhang 1,3, Zili Chen 1, Tanpeng Wang 1,
Yuying Shen1, Zejun Lan 1, Jingyi Chu 1, Haoxuan Tang 1,4, Xiyue Zhang 1 &
Yan Song 1,2

In brain development, neural stem cells (NSCs) undergo asymmetric cell
divisions to replicate themselves and meanwhile produce differentiating sib-
lings. It remains obscure how NSCs preserve their self-renewing fate across
mitosis. Even less is known how cell fate memory is differentially propagated
to sibling daughter cells adopting distinct cell fates. Here we found that key
differentiation genes are dually bookmarked by pioneer factor GAF (GAGA
factor) andH3K27ac in asymmetrically-dividingDrosophila central brain NSCs.
In daughter cells adopting NSC fate, GAF promotes self-renewal through
timely inhibiting differentiation genes via HDAC1-mediated H3K27 deacetyla-
tion, whereas in sibling daughter cells adopting neural progenitor fate, GAF
occupancy is replaced by competitor SWI/SNF complex, allowing retention of
H3K27ac mark and fast activation of differentiation genes. Thus, our study
unveils a paradigmbywhich cell fatememory can be differentially transmitted
to sibling daughter cells via dual antagonistic mitotic bookmarking and
selective molecular competition mechanism.

Brain is the most complex organ in our body. A typical human brain
processes 86 billion neurons of nearly 3000 types, all derived from a
limited number of neural stem cells (NSCs) in early fetal
development1,2. To generate all these neurons of enormous number
and great diversity, NSCs need to continuously undergo asymmetric
cell divisions to replicate themselves and meanwhile produce differ-
entiating siblings such as neural progenitors, neural precursors or
post-mitotic neurons3.

However, each round of mitotic division poses a huge challenge
for preserving cell fate in a precise and timely manner. Once a cell
enters mitosis, chromatin is highly condensed to form compact

chromosomes4. As a consequence, the vast majority of chromatin-
associating proteins, including transcription factors (TFs), RNA poly-
merase II, chromatin remodelers and histone modifying enzymes, are
expelled or degraded5,6. Cell fate-specific transcriptional programs are
hence almost completely halted and three-dimensional (3D) chroma-
tin architecture fundamentally altered7,8, presenting a daunting chal-
lenge for a cell to reestablish its characteristic transcriptional
programs and 3D chromatin architecture with high fidelity and speed
upon mitotic exit.

Mitotic bookmarking has been posited as an important strategy
for solving this conundrum9–12. That is, specific transcriptional factors
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or chromatin remodelers retained on highly condensed chromosomes
can “bookmark” key target genes and foster their fast transcriptional
reactivation, thereby ensuring faithful propagation of cell fate
memory13–19. However, whether mitotic bookmarking plays a sig-
nificant role in neural development remains enigmatic.

More importantly, if mitotic bookmarking indeed plays a crucial
role in preserving NSC fate memory, a new puzzle emerges. That is,
after asymmetric cell divisions, how NSC-specific self-renewal fate
memory is preserved in one daughter cell but selectively erased in its
sibling cell adopting a differentiating fate? Since previous studies on
mitotic bookmarking are mainly conducted in symmetrically dividing
cells, how differential mitotic bookmarking is achieved remains
unexplored.

GAF (GAGA factor) is a pioneer factor that plays anessential role in
Drosophila early embryogenesis20–23. As a BTB-ZF (broad-complex,
tramtrack and bric-à-brac-zinc finger) transcription factor, GAF has
been found to perform vital functions in a range of biological pro-
cesses including heat shock response, silencing of satellite repeats,
position-effect variegation and maternal-to-zygotic transition22,24–29.
Significantly, previous studies revealed that GAF ismitotically retained
at specific target genes in dividing cells of fly early embryos and is
essential for fast transcriptional reactivation upon mitotic exit of
embryonic cells22,28,30.

The SWI/SNF complex is an evolutionarily conserved ATP-
dependent chromatin remodeler that controls transcription through
modulating chromatin accessibility at enhancers or promoters31–33.
Mutations in SWI/SNF subunits have been found in more than 20% of
human cancers and several types of neurodevelopmental
disorders34,35. Intriguingly, earlier studies indicated that inactivation of
SWI/SNF subunits leads to dedifferentiation of fly neural progenitors
back to NSC-like cells and brain tumor formation36.

The formationofmembraneless biomolecular condensates allows
cells to concentrate specific proteins and increase local reaction
rate37,38. For example, the formation of TF condensates has been linked
to increased rate of transcription activation39,40. Biomolecular con-
densates have been found to play crucial roles in a wide range of
biological processes41–44. However, it remains unclear whether con-
densate formation ability is important for mitotic bookmarking and
cell fate memory propagation.

The type II NSCs (so called neuroblasts) in the central brain area of
Drosophila larvae provide an idealmodel system for understanding the
molecular mechanisms and functions of mitotic bookmarking in
neural development. Firstly, type II NSC lineages, controlled by highly
conserved regulatory molecules and signaling pathways, are anato-
mically and functionally similar to mammalian NSC lineages yet with
much simpler lineage composition (Fig. 1a)3,45–48. Secondly, type II
NSCs divide very fast, with each mitotic cell division spanning only
about two hours49,50, making it relatively easier to observe the dis-
tribution of mitotically-retained proteins on dividing chromosomes;
Thirdly, type II NSCs, a well-characterized model for studying asym-
metric stem cell division51–54, each harboring only four pairs of chro-
mosomes, allow an easy assessment whether the segregation of a
mitotic bookmarker into sibling daughter cells are symmetric. Finally,
powerful fly genetics combinedwith fast-developingmulti-omics tools
greatly facilitate a mechanistic understanding of mitotic bookmarking
in neural development55.

Through an in vivo unbiased RNAi-based genetic screen for reg-
ulators promoting fly NSC fate decision49, we identified the pioneer
factor GAF as a strong hit. Considering that GAF has been found to be
associated with mitotic chromosomes in fly embryos21,28, we sought to
investigate whether GAF acts as a mitotic bookmarking factor in pre-
serving transcriptional memory of NSCs.

Here, we found that GAF, via condensate formation, acts as a
mitotic bookmarker to propagate NSC fate memory and promote NSC
self-renewal. More importantly, we revealed that, after NSC

asymmetric cell division, cell fate memory can be differentially pre-
served or acquired in sibling daughter cells. Such differential pro-
rogation of cell fate memory is achieved through dual antagonistic
mitotic bookmarking by GAF and H3K27ac coupled with selective
molecular competition by the SWI/SNF complex.

Results
Mitotic retention of GAF in dividing neural stem cells
To examine whether GAF protein exhibits mitotic retention in neural
stem cells, we first transiently expressed FLAG-tagged GAF transgenes
inNSC lineages at the central brain area of larval brains. There exist two
major GAF splicing isoforms, RA and RB56,57. Throughout cell cycle,
FLAG-GAF.RA faintly decorates the whole dividing chromosomes of
NSCs and meanwhile accumulates as discrete foci at pericentromeric
regions (Supplementary Fig. 1a).

To assess the expression and dynamics of endogenous GAF pro-
tein in NSCs, we generated GFP-tagged GAF.RA knock-in (KI) lines via
theCRISPR-Cas9 system (Supplementary Fig. 1b–d). Consistentwith its
transgenic distribution, GFP-GAF.RA-KI forms foci and is weakly
retained at the whole mitotic chromosomes of NSCs throughout the
cell cycle (Fig. 1b–d). We hereafter focused on GAF.RA to investigate
the significance of mitotic bookmarking in preserving NSC fate
memory.

GAF forms phase separation-based condensates in NSCs
We next investigated whether GAF foci exhibit liquid demixing prop-
erties. Fluorescence recovery after photobleaching (FRAP) experi-
ments were first performed to probe the dynamics of GAF foci in vivo.
In interphase NSCs transiently expressing GAF-GFP, GAF-GFP signal
rapidly recovers after photobleaching (Fig. 1e, f, Supplementary
Fig. 1e), indicating that GAF protein is highly dynamic and freely
exchanges with its cytoplasmic pool. Time-lapse live imaging further
revealed that the GAF-GFP major foci are highly mobile and occa-
sionally fuse with each other and round up (arrowheads in Supple-
mentary Fig. 1f). In dividing NSCs transiently overexpressing GAF-GFP,
however, GAF-GFP signal cannot fully recover after photobleaching
(Fig. 1e, g, Supplementary Fig. 1e, g), indicating that GAF protein dec-
orating mitotic chromosomes is less dynamic and contains immobile
fraction. Importantly, these results indicate that GAF-GFP exhibits
distinct biophysical properties in NSCs at different cell cycle stages
(Supplementary Fig. 1e). Furthermore, the big-sized GFP-GAF.RA-KI
foci largely overlap with the heterochromatin mark H3K9me3 (Sup-
plementary Fig. 2a).

Next, optoDroplet assay58 was carried out to directly assess the
liquid signatures ofGAF inHEK293T cells.Uponblue light illumination,
while Cry2 protein itself does not show any clustering, fusing the DNA-
binding domain-deleted form of GAF (GAF.ΔZF) to Cry2 (GAF.ΔZF-
mCherry-Cry2) leads to rapid assembly of spherical, droplet-like clus-
ters (Fig. 1h). Taken together, GAF forms phase separation-based
condensates in NSCs, with big-sized condensates overlapping with
pericentromeric heterochromatin.

GAF is critical for preserving neural stem cell self-renewal and
proliferation capacity
To investigate the functional significance of GAF in NSCs, we speci-
fically knocked down GAF in type II NSC lineages. Knockdown of GAF
through RNAi (with GAF-IR-1) leads to reduced number of type II NSC
lineages in each brain lobe from 8 in wild type to on average 5.6
(Fig. 1i, j), indicating that GAF is essential for preserving type II NSC
self-renewal capacity. In accordance, all the remaining type II NSC
lineages in GAF-IR-1 brains drastically shrink, with the number of
neural progenitors and neural precursors in each lineage dramati-
cally reduced (Fig. 1i, k). Knockdown of GAF with another RNAi line
GAF-IR-2 results in strong lineage shrinkage of all 8 type II NSC
lineages and drastic reduction in the number of neural progenitors
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and precursors (Supplementary Fig. 2b–d), demonstrating that GAF
is also critical for NSC proliferation. Fly FUCCI (fluorescent
ubiquitination-based cell cycle indicator) analysis59, cell polarity
assay and P35 rescue experiments further indicate that the NSC and
progenitor loss phenotypes induced by GAF knockdown are not due
to impaired cell cycle progression, defective asymmetric cell division

or apoptosis (Supplementary Fig. 2e–k). Taken together, GAF is
essential for both NSC self-renewal and proliferation.

To further confirm the GAF loss-of-function phenotypes in type II
NSC lineages, we generated GAF knockout (GAFKO) fly line using the
CRISPR-Cas9 system (Supplementary Fig. 1b). Since GAFKO line is
homozygous lethal at embryonic stages, we assessed the GAFKO
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Fig. 1 | GAF exhibits mitotic retention in fly neural stem cells and promotes
neural stemcell self-renewal. aAschematic drawingof afly type II neural stemcell
(NSC) lineage. Created in BioRender. Li, Y. (2025) https://BioRender.com/pcljp15
b GFP-GAF-KI (knock-in) retains at the chromosomes of dividing NSCs throughout
cell cycle. Chromosome regions decorated by big-sized GAF foci and uniform
distribution of GAF are indicated by hollow and solid arrowheads respectively.
Scale bar, 5 μm. c, d Quantification of mitotic retention index of GFP-GAF-KI at
H3K9me3- euchromatin regions (c) and H3K9me3+ heterochromatin regions (d) of
NSCs. n = 10 (c), n = 11 (d). Data are presents as mean values ± SD (standard devia-
tion). e–g In vivo FRAP analysis of GAF-GFPdroplets highlighted by thewhite box in
interphase (top) or metaphase (bottom) NSCs of ex vivo larval brain (e). Quantifi-
cation of FRAP of GFP-GAF condensates over indicated time course is shown in
(f, g).n = 5 (f), n = 9 (g). Time 0 indicates the start of recovery after photobleaching.
Scale bar, 5 μm. h OptoDroplet assay in HEK293T cells. Cells expressing the

optoIDR constructs were subjected to blue light activation. Scale bar, 5 μm. i Larval
brain lobes of indicated genotypes were stained for Dpn (Deadpan, red) and Ase
(Asense, blue) to identify type II NSCs (Dpn+ Ase-), neural progenitors (Dpn+ Ase+)
and neural precursors (Dpn- Ase+). In close-up images (bottom panel), type II NSC
lineages are outlined bywhite dashed lines. Scale bar, 50μm(top), 10μm(bottom).
j, kQuantificationof total type II NSCnumberper brain lobe (j) and total progenitor
or precursor number per type II NSC lineage (k) of indicated genotypes.
**p =0.0028 (j), ****p <0.0001 (k). n = 5, 10 (j), n = 15, 13 (k). l, m MARCM clonal
analysis of WT (wild type), GAFKO (GAF knockout), and GAF.FL (GAF full-length)
expression inGAFKO background (l).MARCM clones aremarked by CD8-GFP (gray).
Quantification of total cell number in each clone is shown in (m). ****p <0.0001, ns,
not significant. n = 6, 5, 10. Scale bar, 10 μm. Source data are provided as a Source
Data file.
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phenotypes by carrying out MARCM (Mosaic analysis with a repres-
sible cell marker) analysis55. Consistent with GAF knockdown pheno-
types, GAFKO MARCM clones derived from individual NSCs in type II
DM5 or DM6 lineages exhibited strong NSC proliferation defects
(Fig. 1l, m, Supplementary Fig. 2b, l, n). The expression of FLAG-GAF
transgene in GAFKO MARCM clones completely rescue the NSC pro-
liferation defects (Fig. 1l, m), confirming that GAF is critical for pre-
serving NSC self-renewal and proliferation capacity.

Mitotic retention ability is crucial for GAF to promote NSC self-
renewal and proliferation
We next sought to investigate whether the mitotic retention ability of
GAF underlies its function in promoting NSC self-renewal and pro-
liferation. We first assessed the distribution pattern of various trun-
cated versions of GAF inNSCs. Despite the fact that the polyQ domains
have been found to be important for protein oligomerization, includ-
ing GAF60, GAF.ΔpolyQ forms discrete foci and decorates the mitotic
chromosomes of NSCs as full-length GAF (GAF.FL) (Fig. 2a–d, Sup-
plementary Fig. 3a, b). In sharp contrast, GAF.ΔBTB and GAF.ΔZF
exhibitweakor nomitotic retention inNSCs (Fig. 2a–d, Supplementary
Fig. 3a, b). Importantly, the expression levels of variant GAF transgenes
in NSC lineages are comparable (Supplementary Fig. 3c). Therefore,
both the BTB domain and the DNA-binding ability of GAF are impor-
tant for its mitotic retention in vivo.

To test whether truncation of the BTB domain attenuates the
transcription activity ofGAFper se, weperformed a luciferase reporter
assay in HEK293T cells utilizing the GAL4-UAS system (Supplementary
Fig. 3d, e). Full-length or truncated versions of GAF were fused with
GAL4, which binds to the promoter carrying GAL4-binding site UAS
(upstream activation sequence) and activates luciferase expression
(Supplementary Fig. 3d). GAF.ΔBTB exhibited transcription repression
activity as potent as GAF.FL or EnRD, a repressor domain from the
Engrailed protein serving here as a positive control (Supplementary
Fig. 3e). Therefore, bypassing DNA-binding ability, the BTB domain is
dispensable for the transcription repression activity of GAF.

To test the idea that the condensate formation ability underlies
GAFmitotic retention,wenext investigatedwhether the BTBdomain is
critical for GAF condensate formation using optoDroplet assay.
GAF.ΔZF exhibits a potent phase separation ability, comparable to
DDX4N (Fig. 2e, f, a well-characterized domain driving phase
separation58. In sharp contrast, upon deletion of the BTB domain,
GAF.ΔBTB.ΔZF loses its ability to form liquid droplets upon blue light
illumination (Fig. 2e, f), strongly suggesting that the condensate for-
mation ability of GAF is driven by BTB domain.We then askedwhether
restoring phase separation ability per se can rescue the mitotic
retention defects of GAF.ΔBTB. We fused GAF.ΔBTB with 1) the BTB
domain of the insulator protein Mod(mgd4) (M.BTB), which drives
protein oligomerization but shares limited amino acid sequence
similarity with GAF.BTB (Supplementary Fig. 3f), 2) the N7 motif of an
evolutionarily conserved homeodomain transcription factor Prospero
(Pros.N7) that has been known to drive LLPS, or 3) Pros.N7.5m, a phase
separation-defective version of Pros.N7 due to five amino acid muta-
genesis (Fig. 2e, f)61.M.BTBandPros.N7 but not Pros.N7.5m fusions are
indeed effective in restoring the phase separation ability of GAF
(Fig. 2e, f). To further validate that the BTB domain drives GAF con-
densate formation in NSCs, GFP-tagged GAF.FL, GAF.ΔBTB, and
Pros.N7-GAF.ΔBTBwith comparable expression levels are expressed in
NSCs. While GAF.FL and Pros.N7-GAF.ΔBTB form discrete con-
densates, the condensate formation ability of GAF.ΔBTB is drastically
weaker (Fig. 2g–i). Thus, the BTB domain underlies the condensate
formation of GAF in NSCs. Remarkably, both M.BTB-GAF.ΔBTB and
Pros.N7-GAF.ΔBTB but not Pros.N7.5m-GAF.ΔBTB display mitotic
retention upon their transient expression in NSCs (Fig. 2a–d, Supple-
mentary Fig. 3a, b). Therefore, phase separation drives mitotic reten-
tion of GAF in NSCs (Fig. 2h).

To directly assess the functional significance of GAF mitotic
retention in NSCs, we carried out MARCM clonal analysis. Upon tran-
sient expression within GAFKO MARCM clones, mitotic retention-
competent GAF.FL or GAF.ΔpolyQ fully rescues the GAFKO NSC pro-
liferation defects (Fig. 2k, Supplementary Fig. 3g). In comparison,
mitotic retention-defective GAF.ΔBTB or GAF.ΔZF fails to restore NSC
proliferation-promoting ability (Fig. 2k, Supplementary Fig. 3g). Sig-
nificantly, fusing M.BTB domain with GAF.ΔBTB completely restored
the NSC proliferation-promoting ability of GAF (Fig. 2k, Supplemen-
tary Fig. 3g). Given that M.BTB mediates distinct protein-protein
interaction in vivo from GAF.BTB and that GAF.BTB failed to func-
tionally substitute M.BTB for the insulator function of Mod(mgd4)62,
which is the ability of the BTB domain in driving phase separation, but
not in modulating cofactor-binding, that is critical for GAF to promote
NSC proliferation. Taken together, condensate formation driven by
the BTB domain underlies mitotic retention of GAF, which in turn
ensures NSC self-renewal and proliferation.

GAF with excessively potent condensate formation ability
induces neural progenitor fate conversion and tumorigenesis
If condensate formation ability is indeed a prerequisite for GAF to
remain on mitotic chromosomes and execute its self-renewal and
proliferation-promoting function, we reasoned that upregulation of
GAF phase separation ability might lead to further enhanced self-
renewal ability of neural progenitors than normal and hence pro-
genitor dedifferentiation. Intriguingly, while testing whether fusing
Pros.N7 with GAF.ΔBTB (Pros.N7-GAF.ΔBTB) can restore the con-
densate formation and mitotic retention ability of GAF, we noted that
Pros.N7-GAF.ΔBTB.ΔZF exhibits amore potent phase separation ability
than GAF.ΔZF in optoDroplet assay (Fig. 2l, Supplementary Fig. 4a). In
accordance, Pros.N7 displays a stronger condensate formation ability
than GAF.BTB (Supplementary Fig. 4b, c). More importantly, Pros.N7-
GAF.ΔBTB condensates are prominently larger than GAF.FL con-
densates in interphase neural progenitors (Fig. 2m, n), strongly sug-
gesting that replacing the BTB domain of GAF with
Pros.N7 significantly enhanced the condensate formation abil-
ity of GAF.

We next attempted to examine whether Pros.N7-GAF.ΔBTB has a
further enhanced self-renewal-promoting ability than wild-type GAF.
Since we noted that overexpression of GAF transgenes above certain
threshold results in cell toxicity and NSC apoptosis (Supplementary
Fig. 4d–g), GAF transgenes are expressed at relatively low levels inNSC
lineages for their functional analysis. Interestingly, while weak
expression of GAF.FL in type II NSC lineages does not cause any
noticeable NSC phenotypes, expression of Pros.N7-GAF.ΔBTB in NSC
lineages at similar levels leads to neural progenitor dedifferentiation
and tumorigenesis (Fig. 2o, p, Supplementary Fig. 4h–m). Comparing
with the control brain lobe that harbors 8.0 type II NSCs, Pros.N7-
GAF.ΔBTB overexpressing brain lobe contains on average 32.1 type II
NSCs (Fig. 2o). Therefore, under physiological conditions, the con-
densate formation ability of GAF needs to be tightly controlled to
prevent neural progenitor fate reversion back to NSC-like cells and
hence a supernumerary NSC phenotype.

GAF preserves NSC fate through transcriptional inhibition of
key differentiation genes
To understand the molecular mechanisms by which GAF promotes
NSC self-renewal, we performed transcriptome analysis comparing
gene expression profiles in control versus GAF-knockdown NSCs.
Interestingly, few self-renewal genes are downregulated in NSCs upon
GAF knockdown (Fig. 3a, b, Supplementary Fig. 5a). Instead, a subset of
differentiation genes specifically expressed in neural progenitors to
ensure their timely differentiation, including ham (hamlet), erm (ear-
muff), opa (odd-paired) and ey (eyeless), are enriched in GAF-knock-
down NSCs (Fig. 3a, b, Supplementary Fig. 5b).
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To identify GAF target genes in NSCs, we performed an in vivo
CUT&Tag assay, utilizing a GAF antibody generated in this study. To
ensure the specificity of the GAF antibody and its valid application in
CUT&Tag assay, we carried out a series of control experiments. Firstly,
western blotting using brain extracts revealed that our GAF antibody
detects a specific band with correct molecular weight in the brain

extracts (Supplementary Fig. 5c). Importantly, this band is diminished
upon GAF knockdown, strongly demonstrating the specificity of the
GAF antibody (Supplementary Fig. 5c). Secondly, the immunostaining
signal detected by this GAF antibodywas substantially reduced inGAF-
knockdownNSCs (Supplementary Fig. 5d). Finally, we carried out anti-
GAF CUT&Tag analysis with both control and GAF-IR type II NSCs. The

Article https://doi.org/10.1038/s41467-025-62974-6

Nature Communications |         (2025) 16:7930 5

www.nature.com/naturecommunications


majority of the GAF binding peaks are remarkably reduced in GAF-
knockdown NSCs (Fig. 3c). Together, this GAF antibody exhibits great
specificity and is applicable for in vivo CUT&Tag assay.

Almost all identifiedGAF-bound sites fromourCUT&Tag assay are
located in promoter and enhancer regions and are enriched for the
canonical GAF-binding motif GAGAG (Fig. 3d, Supplementary Fig. 5e,
f). 231 gene loci, including differentiation genes erm, ham and opa, are
found to be specifically boundbyGAF inNSCs andwhose transcription
is upregulated upon GAF knockdown in NSCs (Fig. 3e). Consistently,
our Gene Ontology (GO) analysis showed that these genes are
remarkably enriched for gene sets associated with cell fate commit-
ment, especially neuronal differentiation (Fig. 3f). Consistent with
previous results, ectopic overexpression of Ham, Erm or Opa in type II
NSC lineages leads to NSC precocious differentiation and drastic
reduction in NSC number (Fig. 3g, Supplementary Fig. 5g). More
importantly, erm andhamknockdowneffectivelymitigatesNSC loss or
underproliferation phenotypes induced by GAF knockdown (Fig. 3h, i,
Supplementary Fig. 5h, i), indicating that these differentiation genes
are functionally critical downstream target genes of GAF. In accor-
dance, GAF binds to the promoters and enhancers of these key dif-
ferentiation genes, and the binding peaks are remarkably reduced
upon GAF knockdown (Fig. 3j). Intriguingly, via comparing the binding
of GAF in type II NSCs to that of early embryos and wing discs, we
identified enhancer regions that are specifically boundbyGAF inNSCs,
such as the ones at erm, ham and opa gene loci (Fig. 3j). These
enhancers likely represent NSC-specific gene regulation medi-
ated by GAF.

To examine the functional significance of these NSC-specific
enhancers, we focused on the GAF-bound enhancer in the erm locus.
R9D10 is a previously characterized erm enhancer in type II NSC
lineages63. Indeed, the expression of an erm.R9D10-GFP reporter gen-
erated in this study is inhibited in the type II NSCs but immediately
activated in neural progenitors (Fig. 3k), largely resembling the
expression pattern of erm64. Interestingly, erm.R9D10-GFP is ectopi-
cally expressed in type II NSCs upon GAF knockdown (Fig. 3k, l), sup-
porting the notion that GAF normally binds to this enhancer to
suppress erm transcription in type II NSCs. To further validate the
functional significance of direct binding of GAF to erm.R9D10 enhan-
cer, we mutagenized the canonical GAF binding motif GAGA in this
enhancer to GACA (Fig. 3m). As expected, the resulting mutant erm
enhancer GACA.m indeed exhibited ectopic expression in type II NSCs
(Fig. 3m, n). Taken together, our results indicate that GAF binds to
NSC-specific enhancers of key differentiation genes to inhibit their
transcription and hence promote NSC self-renewal and proliferation.

GAF bookmarks key differentiation gene loci in mitotic NSCs
AsGAF exhibitsmitotic retention ability inNSCs, according toprevious
studies aboutmitotic bookmarker, we raised the tantalizing possibility
that GAF acts as a mitotic bookmarking factor to label these key dif-
ferentiation gene loci in dividing NSCs and ensure their timely

transcriptional reinhibition. To explore this possibility, we attempted
to perform in vivomitotic CUT&Tag analysis. In order to purifymitotic
type II NSCs via FACS (Fluorescence Activated Cell Sorting), type II
NSCs were dissociated from brain lobes, mildly fixed, and stained with
pH3 (phospho-histone H3) (Fig. 4a). pH3-positive (mitotic) and pH3-
negative (interphase) type II NSCs were FACS purified (with 98%-100%
purity) before anti-GAF CUT&Tag analysis being carried out (Fig. 4a,
Supplementary Fig. 6a, b). Importantly, the key differentiation gene
loci such as erm and ham are indeed bound by GAF in mitotic NSCs
(Fig. 4b). GAF binding sites were then classified into three clusters:
interphase only, mitosis only, and mitotically retained (Fig. 4b, c). We
found that 448 gene loci are bound by GAF in both interphase and
mitosis, accounting for around 18.7% of the total GAF interphase
binding sites (Fig. 4b, c). The remaining 81.3% sites are interphase-only
sites, bound by GAF in interphase but not mitosis (Fig. 4b, c). There-
fore, GAF indeed bookmarks the key differentiation gene loci in
mitotic NSCs to ensure their rapid transcriptional reinhibition upon
NSC mitotic exit.

To further confirm the functional significance of GAF mitotic
retention per se, we attempted to isolate a GAF variant with defective
mitotic retention in mitosis but normal transcriptional regulatory
ability in interphase. By generating a series of GAF variants thatweaken
thephase separation ability of theBTBdomain todifferent degrees,we
obtained GAF.L112Q, which mutagenizes leucine at position 112 to
glutamine (Supplementary Fig. 6c). Importantly, while GAF.L112Q fails
to retain on mitotic chromosomes in mitosis, it exhibits relatively
normal condensate formation ability in interphase (Supplementary
Fig. 6d–h). Compared with GAF.FL, overexpression of GAF.L112Q
exhibits a significantly reduced transcriptional inhibition activity in the
in vivo erm.9D10-lacZ reporter assay (Supplementary Fig. 6i, j).
Therefore, mitotic retention is crucial for GAF to exert its full tran-
scriptional inhibition of key differentiation genes in NSCs.

Key differentiation gene loci exhibit increased H3K27ac
deposition in neural progenitors
We next attempted to understand how GAF inhibits transcription of
key differentiation genes in NSCs but allows their transcriptional
activation in neural progenitors (Fig. 4d). One possibility is that GAF
binding at the NSC-specific enhancers of key differentiation genes is
significantly reduced in neural progenitors than it is in NSCs. We
therefore performed anti-GAF CUT&Tag analysis with type II NSCs
versus neural progenitors. Indeed, GAF binding at the enhancers of
erm, ham, and opa loci is substantially reduced upon differentiation of
type II NSCs into neural progenitors (Fig. 4e).

If GAF inhibits target gene transcription via modulating histone
modification(s) of the NSC-specific enhancers, we reasoned that such
histone modification(s) would also exhibit differential deposition at
the enhancers in NSCs versus neural progenitors. Therefore, we car-
ried out CUT&Tag analysis with type II NSCs versus neural progenitors
to evaluate the levels of histone marks, including H3K27ac, H3K14ac,

Fig. 2 | Mitotic retention ability is essential for GAF to promote NSC pro-
liferation. a A schematic summary of the mitotic retention and MARCM rescue
ability of GAF variants. b–d FLAG-GAF variants were transiently expressed in NSCs
and stained for FLAG and DAPI. Chromosome regions decorated with GAF foci and
uniform distribution of GAF are indicated by hollow and solid arrowheads,
respectively (b). Quantification ofmitotic retention index ofGAF-GFPderivatives at
H3K9me3- (c) and H3K9me3+ (d) regions of NSCs. Scale bar, 5 μm. e, fOptoDroplet
assay of indicated protein fragments in HEK293T cells. A schematic summary of the
optoDroplet formation ability of GAF variants is shown in (e). Representative
images are shown in (f). Scale bar, 5μm.g–i Expression pattern ofGAF-GFP variants
in interphase NSCs (g). GAF condensates are indicated by white arrowheads.
Quantification of the percentage of NSCs with condensates is shown in (h). Quan-
tification of the relative fluorescent intensity (F.I.) of GAF-GFP variants is shown in
(i). Scale bar, 5 μm. n = 13, 10, 8. (j) A schematic drawing depicting the binding of

GAF condensates at target genome loci. Scale bar, 5 μm. k Quantification of the
number of neural progenitors (left) or precursors (right) per MARCM clone of the
indicated genotypes. Related images are in Supplementary Fig. 3g. lQuantification
of the percentage of cellswith condensates of indicated genotypes atdifferent time
points in the optoDroplet assay. Nuclear foci with a diameter greater than 0.5 μm
are counted. Related images are in Supplementary Fig. 4a. n = 20, 50. m, n N7-
GAF.ΔBTB forms larger droplets (arrowheads) than GAF.FL in progenitors and
precursors (m). Quantification of the diameter of the largest droplet of indicated
genotypes inNSCs (left) andprogenitors (right) is shown in (n).n = 5, 19. Scalebar, 5
μm. o, p Quantification of type II NSC number per brain lobe of indicated geno-
types. N7-GAF.ΔBTB overexpression is induced in NSC lineages (o; pntP1-GAL4) or
neural progenitors (p; 12E09-GAL4). *p =0.0177, n = 5, 13 (o). *p =0.0396, n = 5, 9
(p). Related images are in Supplementary Fig. 4h, i. Source data are provided as a
Source Data file.
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and H3K4me, on key differentiation genes. Although the deposition of
H3K14ac and H3K4me at erm, ham and opa loci is essentially the same
in NSCs versus neural progenitors, the levels of H3K27ac at these key
differentiation gene loci are substantially higher in neural progenitors
than they are in NSCs (Fig. 4f, Supplementary Fig. 7a–d). Furthermore,
ATAC-seq analysis with NSCs versus neural progenitors confirmed that
the higher levels of H3K27ac deposition at differentiation gene loci in
neural progenitors correspond to higher levels of chromatin accessi-
bility (Supplementary Fig. 7e). These results strongly suggested that
GAF regulates transcriptional inhibition of key differentiation genes in

NSCs by decreasing H3K27ac deposition at these gene loci, likely
through recruiting HDAC(s) (histone deacetylases), the eraser(s) of
histone acetylation.

GAF inhibits transcription of differentiation genes in NSCs
through HDAC1 recruitment
We therefore carried out an in vivo RNAi-based HDAC screen to
investigatewhether knockdownof any individualHDAC leads to type II
NSC underproliferation phenotypes. Interestingly, NSC lineage-
specific downregulation of HDAC1 but no other HDACs resulted in
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drastic shrinkage of type II NSC lineages (Fig. 5a, b, Supplementary
Fig. 8a–c), demonstrating that HDAC1 plays an important role in pro-
moting NSC proliferation, in line with previous observations65.

We next attempted to determine whether HDAC1 is recruited by
GAF to key differentiation gene loci to erase histone acetylationmarks.
Firstly, we performed RNA-seq analysis with control versus HDAC1-IR
type II NSCs and found that erm, ham and opa are ectopically tran-
scribed in NSCs upon HDAC1 knockdown (Fig. 5c, d). Secondly, we
carried out H3K27ac CUT&Tag analysis with control versus HDAC1-
knockdownNSCs and noted that H3K27ac deposition at erm, ham and
opa loci is indeed substantially increased upon downregulation of
HDAC1 (Fig. 5e). Thirdly, we carried out genetic experiments to test
whether GAF and HDAC1 functionally synergize with each other in
inhibiting transcription of key differentiation genes. As expected,
although single knockdown of GAF (with GAF-IR−2) or HDAC1 barely
affects type II NSC self-renewal, double knockdown of GAF andHDAC1
leads to drastic reduction in type II NSC number (from8 inwild type to
on average 3.36 in GAF, HDAC1 double knockdown) (Fig. 5f, g). Con-
cordantly, ectopic expression of opa (as indicated by FLAG-Opa-KI) or
erm (as indicated by erm.R9D10-11 reporter) in type II NSCs is only
detectable upon simultaneous downregulation of GAF and HDAC1
(Fig. 5h, i, Supplementary Fig. 8d–f). Fourthly, we performed coim-
munoprecipitation (coIP) analysis in HEK293T cells to test whether
GAF and HDAC1 physically interact with each other. HA-tagged GAF is
specifically and effectively coimmunoprecipitated by FLAG-tagged
full-length or the C-terminus of HDAC1 but only marginally coimmu-
noprecipitated by the N-terminus of HDAC1 (Fig. 5j, Supplementary
Fig. 8g), strongly demonstrating that HDAC1 specifically interacts with
GAF through its C-terminal domain. Importantly, our coIP experiments
further demonstrated that GAF.ΔBTB interacts with HDAC1 with simi-
lar affinity as full-length GAF (Supplementary Fig. 8h), confirming that
it is the reduced ability of mitotic retention but not the weakened
ability in HDAC1 recruitment that accounts for the compromised
capacity of GAF.ΔBTB in promoting NSC self-renewal. Lastly, we car-
ried out CUT&Tag analysis with NSCs transiently expressingHDAC1-V5
to analyze the binding peaks of HDAC1 in NSCs. We indeed noted
substantial overlap between GAF and HDAC1 binding peaks at erm and
opa loci (Fig. 5k). More importantly, the enrichment of HDAC1 at
specific enhancers is remarkably reduced upon GAF knockdown
(Fig. 5l), demonstrating that HDAC1 is recruited to the specific
enhancers by GAF.

Taken together, GAF inhibits transcription of key differentiation
genes in NSCs by specifically recruiting HDAC1 and hence erasing
H3K27ac from these gene loci.

Mitotic bookmarking of H3K27ac but not HDAC1 in
dividing NSCs
We next attempted to understand why GAF needs to remain on NSC
mitotic chromosomes to preserve NSC self-renewal fate memory. Our
staining results showed that H3K27ac decorates chromosomes in

dividing NSCs (Fig. 5m, Supplementary Fig. 9a), By contrast, immu-
nostaining with a specific HDAC1 antibody revealed that HDAC1 is not
mitotically retained at NSC chromosomes (Fig. 5m). In accordance,
HDAC1-V5 transgene exhibits uniform distribution in dividing NSCs
excluding mitotic chromosomes (Supplementary Fig. 9b). These
results strongly suggested the tantalizing possibility that it is the high
enrichment of H3K27ac at key differentiation genes in dividing NSCs
that necessitates timely GAF-HDAC1-mediated deacetylation of
H3K27ac in early G1 to avoid ectopic activation of these differentiation
genes in NSCs.

To vigorously test this idea, we next performed anti-H3K27ac
CUT&Tag with FACS-purified mitotic versus interphase NSCs. Strik-
ingly, H3K27ac is indeed strongly and specifically enriched at key dif-
ferentiation gene loci in dividing NSCs (Fig. 5n). Such H3K27acmitotic
bookmarking can foster fast activation of these key differentiation
genes in future neural progenitors and ensure their differentiating fate
lock-in. Importantly, H3K27ac peaks at these key differentiation gene
loci are markedly reduced in interphase NSCs (Fig. 5n), explaining why
these key differentiation genes are completely shut down inNSCs. This
also explainswhymitotic retentionofGAF is crucial for preservingNSC
self-renewal fate memory. That is, mitotic bookmarking by GAF at key
differentiation gene loci can ensure timely HDAC1 recruitment and
hence rapid erasure of H3K27ac mark in early G1, avoiding ectopic
transcription of these differentiation genes in NSCs. Strongly sup-
porting this notion, anti-HDAC1 CUT&Tag with mitotic versus inter-
phase NSCs confirmed that HDAC1 does not bind key differentiation
genes in dividingNSCs but is specifically recruited to these gene loci to
erase H3K27ac in interphase (Fig. 5n, Supplementary Fig. 9c).

Interestingly, other than erm and ham, 36 more genes involved in
neuronal differentiation or cell fate commitment are also dually
bookmarked by GAF and H3K27ac in dividing NSCs, transcriptionally
inhibited by GAF in interphase NSCs and transcriptionally activated in
neural progenitors (Supplementary Fig. 9d, e), indicating that such
dual mitotic bookmarking mechanism provides an effective and
powerful tactic to accomplish differential propagation of cell fate
memory.

Differential GAF bookmarking is achieved by selective compe-
tition of the SWI/SNF complex
We next sought to understand how differential GAF bookmarking in
neural stem cells versus progenitors is achieved. One likely possibility
is that, after NSC asymmetric cell divisions, the mitotic bookmarker
GAF is asymmetrically segregated into two daughter cells, with future
NSCs inheritingmoreGAF than futureneural progenitors.However, no
noticeable difference in terms of mitotic retention of GFP-GAF-KI or
FLAG-GAF transgene on sister chromatids can be observed in dividing
type II NSCs in anaphase or telophase (Fig. 6a, Supplementary Fig. 1a).
Given that the enrichment of GAF at key differentiation gene loci is
significantly higher in NSCs than it is in neural progenitors (Fig. 4e), we
then considered the possibility that the lower bookmarking ability of

Fig. 3 | GAF preserves NSC fate through transcriptional inhibition of key
differentiation genes. a volcano plot of differentially regulated gene expression
from RNA-seq analysis comparing GAF-IR with the control. IR: RNAi. (Wald test,
p.adj <0.05, log2[fold-change] > 0.5). Differentially expressed genes related to cell
proliferation (left) and differentiation (right) are labeled. b Heat maps showing
upregulated anddownregulatedgenes uponGAF knockdownbyRNA-seq. Selective
genes related to differentiation (upper) or proliferation (bottom) are labeled.
c Heat maps showing reduced GAF binding to target genomic loci upon GAF
knockdown in NSCs by CUT&Tag. d (GA)n motif enrichment within GAF-specific
binding peaks, as reported byMEME. One-sided Fisher’s exact test. e Venn diagram
showing the overlap of GAF-specific binding genes and upregulated genes upon
GAF knockdown. f GO analysis of overlapping genes identified in (e).
g Quantification of type II NSC number per brain lobe of indicated genotypes.
Related images are in Supplementary Fig. 5g. h, i Larval brain lobes of indicated

genotypes were stained for Dpn (red) and Ase (blue) (h). NSCs aremarked bywhite
circles. SomeNSCs out of focal plane are not labeled in the image.Quantification of
type II NSC number of indicated genotypes is shown in (i).***p =0.0004,
****p <0.0001. Scale bar, 50 μm. j Genome browser image of CUT&Tag tracks for
GAF at key differentiation gene loci in control (dark green) andGAF-IR (light green)
NSCs, embryo (purple30) and wing disc (yellow80). The NSC-specific binding peaks
of GAF are marked by gray boxes. Illustrations are created in BioRender. Li, Y.
(2025) https://BioRender.com/pcljp15. k, lQuantification of the percentage of type
II NSCs with erm.R9D10-GFP reporter expression (k). Expression pattern of
erm.R9D10 enhancer-GFP reporter in type II NSC lineages of indicated genotypes
(l). n = 11, 19. Scale bar, 10 μm.m, n Expression pattern of control or GACA.m form
of erm.R9D10-GFP reporter in type II NSC lineages (m). Quantification of the per-
centage of NSCs with ectopic erm reporter expression is shown in (n). n = 23, 18.
Scale bar, 10 μm. Source data are provided as a Source Data file.
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GAF in neural progenitors than it is in NSCs might be due to the pre-
sence of a transcription activator in neural progenitors, which dis-
placesGAF from target gene loci andhencederepresses differentiation
genes. Strongly supporting this notion, specific knockout of GAF-
bound enhancer at erm locus led to neural progenitor dedifferentia-
tion and tumorigenesis66, indicating that this enhancer is bound by a
critical transcription activator in neural progenitors (Fig. 6b–d).

Intriguingly, previous studies found that ARID1B/Osa, a critical
subunit of the SWI/SNF chromatin remodeler complex, binds and
transcriptionally activates key differentiation genes including erm,

ham and opa in neural progenitors but not NSCs36. Furthermore, ChIP-
qPCR experiments indicated that Osa binding sites at these differ-
entiation genes are enriched for GAGAmotif36, rendering Osa an ideal
candidate for a GAF competitor in neural progenitors. Strongly sup-
porting the idea that Osa acts as a transcriptional activator for key
differentiation genes, overexpression of Osa in type II NSC lineages
phenocopies GAF-knockdown phenotypes, leading to drastic NSC loss
(Fig. 6e, f). Consistently, our RNA-seq analysis revealed marked upre-
gulationof differentiation genes including erm,ham and opauponOsa
overexpression (Fig. 6g, h). These results indicate that ARID1B/Osa is a
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pivotal subunit of the SWI/SNF complex for ensuring functional com-
plex assembly and determining target gene specificity. Our results
further revealed that althoughOsa does not bind to key differentiation
genes in NSCs under physiological conditions, it does so upon
overexpression.

Significantly, our CUT&Tag assay further showed that over-
expression of Osa in NSCs markedly reduces the binding of GAF at

specific enhancers of key differentiation genes (Fig. 6i–k), providing
direct evidence supporting the competition between Osa and GAF for
target gene binding. Consistently, inactivation of the SWI/SNF com-
plex, as a result of osa knockdown, leads to neural progenitor ded-
ifferentiation and brain tumor formation (Fig. 6l, m). We therefore
reasoned that the osa knockdownphenotype is due to the fact that the
removal of Osa allows GAF to bind to the enhancers of key
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differentiation genes in neural progenitors and hence transcriptional
inhibition of these genes. If this hypothesis is correct, wewould expect
that double knockdown of GAF and osa would de-repress the key dif-
ferentiation genes and thereby rescue osa-knockdown-induced brain
tumor phenotypes. Indeed, downregulation of GAF strongly rescues
the neural progenitor dedifferentiation phenotypes of osa knockdown
to almost wild type (Fig. 6l, m).

If our competitor model is correct, we reasoned that when N7-
GAF.ΔBTB, the GAF variant with excessive phase separation ability, is
overexpressed in neural progenitors, it is likely to outcompete SWI/
SNF for key differentiation gene binding, resulting in transcriptional
inhibition of these genes and hence neural progenitor dedifferentia-
tion (Supplementary Fig. 10a). Indeed, specific expression of erm
reporter in neural progenitors is almost completely silenced upon N7-
GAF.ΔBTB expression (Supplementary Fig. 10b).

In sum, our results unveiled a previously uncharacterized para-
digm whereby asymmetrically-dividing NSCs differentially propagate
cell fate memory to sibling daughter cells through a dual antagonistic
mitotic bookmarking and selective molecular competition mechan-
ism (Fig. 7).

Discussion
Since the first discoveries revealing that mitotic chromosomes still
harbor accessible regions, an ever-increasing number of TFs, chro-
matin remodelers, or histonemarks havebeen found tobind tomitotic
chromosomes of various cells. Drug-treatment induced cell cycle
synchronization combined with mitosis-specific degron system pro-
vided compelling evidence that many of these mitotically-retained
factors or histone marks act as mitotic bookmarkers to preserve cell
fate memory across cellular generations by ensuring rapid transcrip-
tional reactivation of key cell fate genes. However, whether mitotic
bookmarking plays such a vital role in organ-specific developmental
settings, especially the complex neurodevelopmental process,
remains largely unexplored.

Here, we found that the pioneer factor GAF, through condensate
formation, is retained on mitotic chromosomes of NSCs and specifi-
cally marks key differentiation genes. Importantly, GAF preserves NSC
fate memory by promoting rapid transcriptional reinhibition instead
of transcriptional reactivation of these key differentiation genes.
Therefore, our studies unraveled that, for mitotic bookmarkers to
facilitate the re-establishment of cell fate-specific gene expression
profiles upon mitotic exit, transcriptional reinhibition is equally
important as transcriptional reactivation.

Interestingly, upon being transiently expressed in NSCs, GAF.RB
exhibitsweakermitotic retention thanGAF.RA (SupplementaryFig. 11),
suggesting that the mitotic retention ability of a bookmarking factor
can be modulated by RNA splicing.

Immediately after NSC asymmetric cell division, key differentia-
tion genes need to be quickly expressed in neural progenitors to
ensure their progenitor fate commitment and avoid their cell fate

reversion65. However, in the daughter cells that adopt the NSC fate, the
transcription of key differentiation genes needs to be completely shut
down. How can continuously dividing NSCs resolve such a dilemma?

Here we found that part of the answers to this conundrum lies in
the dual mitotic bookmarking by transcription factor GAF and histone
mark H3K27ac at these key differentiation gene loci in dividing NSCs.
Utilizing our pipeline for enrichingmitotic versus interphaseNSCs and
performing in vivo CUT&Tag67,68, we found that key differentiation
genes in dividing NSCs are bookmarked by GAF, and meanwhile,
enrich high H3K27ac peaks. Such dual bookmarking by GAF and
H3K27ac keeps NSCs in a poised status, ready to produce two sister
daughter cells with distinct cell fates. In newly-born neural progeni-
tors, GAF condensates are displaced by newly-activated SWI/SNF
competitor, leaving high H3K27ac peaks at key differentiation genes
intact, driving timely neural progenitor fate lock-in to a differentiating
status. By contrast, in newly-born NSCs, mitotically-retained GAF
condensates quickly recruit HDAC1 to erase H3K27ac mark from key
differentiation genes and epigenetically silent these genes, preserving
self-renewal fate memory.

It remains unclear, when NSCs entering next round of mitosis,
how the erased H3K27ac marks at key differentiation genes are spe-
cifically added back by writer HAT(s) (histone acetyltransferases).

Previous studies have revealed that mitotically-retained tran-
scription factors help to preserve transcriptional memory of mamma-
lian cultured cells, such asmouse ESCs andHeLa cells69,70, orDrosophila
synchronized early embryonic cells30. However, since most of these
cells do not undergo asymmetric cell divisions, it remains enigmatic
whether mitotic bookmarking factors are asymmetrically segregated
into sibling daughter cells, and if not, how symmetric inheritance of
mitotic bookmarkers leads to asymmetric cell fate determination.

Our study unveiled a paradigm whereby cell fate memory can be
differentially propagated and preserved in sibling daughter cells
through differential bookmarking via a molecular competition
mechanism. In this study, although the mitotic bookmarker GAF is
symmetrically segregated into NSCs and their progenitor siblings, its
occupancy at key differentiation genes is specifically reduced in neural
progenitors by the competitor SWI/SNF complex. As a consequence,
HDAC1 is not specifically recruited to the key differentiation genes,
which hence retain their H3K27acmark. On top of that, the chromatin
remodeler SWI/SNF complex, once being recruited, increases local
chromatin accessibility and hence stimulates the transcriptional acti-
vation of key differentiation genes, further driving neural progenitor
differentiating fate commitment.

It remains obscurewhyARID1B/Osa exhibitsmuch stronger target
binding affinity in neural progenitors than it is in NSCs, despite its
comparable expression levels in two sibling cells. The lack of a suitable
Osa antibody for performing CUT&Tag and mass spectrometry ana-
lysis limited our further investigation. The molecular mechanisms
underlying specific activation of SWI/SNF in neural progenitors war-
rant future investigation. Since transcriptional activation of

Fig. 5 | GAF inhibits differentiation genes transcription in NSCs through rapid
recruitment of HDAC1 and erasure of H3K27ac mark upon mitotic exit. a,
b Larval brain lobes of indicated genotypes were stained for Dpn and Ase (a).
Quantification of progenitor number per type II NSC lineage is shown in (b).
****p <0.0001. c, d Volcano plot of differentially expressed genes from RNA-seq
analysis comparing HDAC1 knockdown with control (Two-sided Wald test, |log2
fold change | > 0.5, p-value < 0.05) (c). Heat maps displaying upregulated and
downregulated genes upon HDAC1 knockdown by RNA-seq are shown in (d).
Selective genes related to differentiation (top) or self-renewal (bottom) are labeled.
e Genome browser images of CUT&Tag tracks for H3K27ac at key differentiation
gene loci in control versus HDAC1 knockdown NSCs. f, g Larval brain lobes of
indicated genotypes were stained for Dpn and Ase (f). Quantification of type II NSC
number per brain lobe is shown in (g). ****p <0.0001. Scale bar, 50 μm. h,
i Quantification of the percentage of NSCs with ectopic Opa expression (h) or

ectopic R9D10-11 erm-GFP reporter expression (i) of indicated genotypes.
j Coimmunoprecipitation (CoIP) of HA-GAF and FLAG-HDAC1 in HEK293T cells.
Schematic drawings of full-length and truncated versions of HDAC1 are shown in
the upper panel. HDAC1.N and HDAC1.C are fused with Maltose-Binding Protein
(MBP) to increase the protein stability. k, l Genome browser images of CUT&Tag
tracks for HDAC1 and GAF in NSCs (k) or for HDAC1 in control versus GAF-IR NSCs
(l) at key differentiation genes loci. Co-occupancy of HDAC1 and GAF (k) or
decreasedHDAC1 binding peaks uponGAF knockdown (l) at NSC-specific enhancer
regions are marked by gray boxes. m Distribution of H3K27ac (upper) and HDAC1
(lower) in dividing NSCs. Scale bar, 5 μm. n Genome browser images of CUT&Tag
tracks for H3K27ac and HDAC1 at key differentiation gene loci in interphase versus
mitoticNSCs. NSC-specific binding peaks of GAF aremarked by grayboxes. Related
images are shown in Supplementary Fig. 8. Source data are provided as a Source
Data file.
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differentiation genes in neural progenitors occurs immediately after
NSC asymmetric division, we speculated that post-translational mod-
ification(s) might play a role in the rapid activation of SWI/SNF in
neural progenitors.

To our knowledge, our work provided one of the first examples
demonstrating that phase separation ability of a mitotic bookmarker
needs to be tightly controlled – excessive or defective condensationof
a mitotic bookmarker both results in devastating consequences.

Ononehand,GAF requires sufficient condensate formation ability
to enable it to retain on mitotic chromosomes, serving as a mitotic
bookmarker to label target genes and rapidly inhibit their transcription
upon mitotic exit. If its condensate formation ability is defective, GAF
will be largely expelled from the mitotic chromosomes, unable to
prevent ectopic transcription of key differentiation genes. As a result,
NSCs prematurely differentiate and partially lose self-renewal ability.
On the other hand, if the condensate formation ability of GAF is
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Fig. 6 | Differential GAF bookmarking is achieved by selective competition of
SWI/SNF complex. a Distribution of GFP-GAF-KI in anaphase (left) and telophase
(right) NSCs. Scale bar, 5 μm. b–d Deletion of NSC-specific binding enhancers of
GAF in the key differentiation gene, erm, leads to tumorigenesis. The locations of
NSC-specific enhancers R9D11 and R9D11S are indicated in (b). Larval brain lobes of
indicated genotypes stained for Dpn and Ase is shown in (c). Quantification of type
II NSC number per brain lobe of the indicated genotypes is shown in (d).
**p =0.0054, ***p =0.0002, n = 6, 4, 5. Scale bar, 50 μm. e, f Larval brain lobes of
indicated genotypes were stained for Dpn and Ase (e). Overexpression of Osa leads
to type II NSC loss. Type II NSCs are indicated by white circles. Quantification of
type II NSC number per brain lobe is shown in (f). ****p <0.0001, n = 4, 5. Scale bar,
50 μm. g, h Volcano plot of differentially expressed genes from RNA-seq analysis

comparing Osa-overexpression with control NSCs (two-sidedWald test, | log2 fold
change|> 0.8, p-value<0.05) (g). Heat maps displaying upregulated and down-
regulated genes upon Osa overexpression by RNA-seq are shown in (h). Selective
genes related to differentiation (top) or self-renewal (bottom) are labeled.
i Genome browser images of CUT&Tag tracks for Osa and GAF in NSCs at key
differentiation gene loci upon Osa overexpression. j, k Venn diagram (j) and GO
analysis (k) of the overlap of GAF-specific binding and Osa binding peaks from
CUT&Tag analysis. l, m Larval brain lobes of indicated genotypes were stained for
Dpn and Ase (l). Quantification of type II NSC number per brain lobe of the indi-
cated genotypes is shown in (m). ****p <0.0001. Scale bar, 50 μm. Source data are
provided as a Source Data file.
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excessive, the competitor SWI/SNF complex in neural progenitors
presumably fails to outcompete this ultra-potent version of GAF. As a
consequence, transcription of key differentiation genes in neural
progenitors is inhibited by GAF, eventually causing cell fate revision of
neural progenitors back to NSCs and tumorigenesis.

Intriguingly, we noted that GAF condensates exhibit distinct
mobility in NSCs at different cell cycle stages (Fig. 1e–g). The liquid-like
mobility of GAF condensates in interphase NSCs are likely to better
support their function in transcriptional regulation, with cofactors
such as HDAC1 being quickly recruited and released from the GAF
condensates. By contrast, the increased immobility of GAF con-
densates on mitotic chromosomes of dividing NSCs allows GAF to
remain on highly condensed chromosomes and bookmark key target
genes. This observation is in line with previous studies, which revealed
that GAF binds chromatin with long residence times in fly hemocytes
and embryos29,30. How the biophysical properties of a mitotic book-
marker are delicately orchestrated to facilitate its distinct roles in
interphase versus mitosis warrants further investigation.

In sum, our results unveiled that a mitotic bookmarking factor
plays an important role in preserving NSC self-renewing fate memory
across mitosis, and it does so through rapid transcriptional reinhibi-
tion of key differentiation genes, instead of fast transcriptional reac-
tivation of self-renewal genes.More importantly, our results revealed a
previously uncharacterized paradigm whereby asymmetrically-

dividing NSCs differentially propagate cell fate memory to future
NSCs versus progenitors through dual mitotic bookmarking by GAF
condensates and H3K27ac as well as a selectivemolecular competition
mechanism.

Given that both BTB and ZF domains are essential for GAFmitotic
retention and that the BTB-ZF proteins belong to a large and evolu-
tionarily conserved protein family71, it would be tempting to speculate
that other BTB-ZF proteins may serve as mitotic bookmarkers in pre-
serving cell fatememory at other brain regions in neural development,
as well as in other tissues and organs. Indeed, BTB-ZF protein Th-POK
(T-helper-inducing POZ/Krüppel-like factor), GAF homolog in mam-
mals, has been found to 1) partner with HDAC and associate with
mitotic chromosomes in cultured murine fibroblasts72; and 2) be both
necessary and sufficient to drive the commitment of thymocytes to the
CD8 killer instead of the CD4 helper T-cell lineages73. It is tempting to
speculate that, in asymmetrically-dividing stem cells, other TFs, espe-
cially BTB-ZF proteins, utilize a similar “dual mitotic bookmarking and
selective competition” tactic to achieve differential propagation of cell
fate memory to sibling daughter cells.

Our studies revealed thatdifferential bookmarkingofGAF inNSCs
versus neural progenitors can be achieved via a selective competition
mechanism. However, it remains enigmatic why the competitor SWI/
SNF complex exhibits much stronger target binding and, hence, GAF-
displacement ability in neural progenitors than in NSCs. Themolecular
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Fig. 7 | Dual mitotic bookmarking by GAF and H3K27ac orchestrates differ-
ential propagationof cell fatememory inneuraldevelopment. IndividingNSCs,
key differentiation genes are dually bookmarked by phase-separated GAF con-
densates (orange) and H3K27ac mark (lime green), keeping NSCs at a poised state
ready for binary cell fates. Upon mitotic exit, GAF rapidly recruits the deacetylase
HDAC1 (red) and removes H3K27ac, inhibiting transcription of key differentiation
genes (red traffic light). As a result, NSC self-renewal fate memory is successfully

propagated to the newly-born NSCs. By contrast, in the newly-born neural pro-
genitors, due to the activation of the competitor SWI/SNF complex (green), GAF is
displaced from its binding sites at key differentiation gene loci. As a consequence,
high H3K27ac deposition retains key differentiation genes transcriptionally re-
activated (green traffic light), propagating the differentiating fate memory to the
newly-bornprogenitors. Created in BioRender. Li, Y. (2025)https://BioRender.com/
pcljp15.
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mechanisms underlying the selective activation of SWI/SNF in neural
progenitors warrant future investigation.

Methods
Fly Genetics
Fly culture and crosses were performed according to standard pro-
cedures.Drosophila stocksused in this study include: insc-GAL4;pntP1-
GAL4; erm.R9D10-lacZ49; UAS-GAF-IR−1 (VDRC #106433); UAS-GAF-IR
−2 (BDSC #67265); UAS-HDAC1-IR (BDSC #34846); UAS-HDAC1-V5
(BDSC #32242); erm.9D11KO (BDSC #94625); erm.9D11SKO (BDSC
#94279); UAS-Erm-HA (BDSC# 83308); UAS-ham-IR (BDSC# 32470);
UAS-erm-IR (BDSC# 26778); UAS-Dicer2 (VDRC# 60008); UAS-His2A-
RFP (BDSC# 56555); brat[k06028]74 and 12E09-GAL4 (BDSC #48510).
hsFLP; tubulin-FRT-stop-FRT-GAL4; UAS-GFP (gift from Dr. Daniel St
Johnston); Full-length or truncated versions of UAS-FLAG-GAF.PA or
UAS-GAF-GFP, UAS-FLAG-Mod.BTB-GAF.ΔBTB, UAS-FLAG-Pros.N7-
GAF.ΔBTB, GAFKO, GFP-GAF.PA-KI, FLAG-Opa-KI, erm.9D10-GFP,
erm.9D10.GACA.m-GFP, erm.9D10-11-GFP, UAS-Osa-V5, UAS-Opa-Myc
andUAS-FLAG-Hamwere generated in this study. Flies were not sexed,
and amixed population of male and female larval brains was analyzed.

For in vivo FRAP experiments, as shown in Fig. 1e, Supplementary
Fig. 1e and 1f, eggs were collected and kept at 22 °C until being shifted
to 29 °C for 12-14 h before larval brain dissection. For in vivo droplet
assays, as shown in Fig. 2g, eggs were collected and kept at 18 °C until
brain dissection at late 3rd instar. For experiments shown in Figs. 1b, 5m,
6a and Supplementary Fig. 2a, eggs were collected and kept at 25 °C
until brain dissection at late 3rd instar. For transient expression of GAF
as shown in Figs. 2b, m, 6c, Supplementary Figs. 1a, 3b, 4h, 4i, 4k, 10b,
eggs were collected and kept at 22 °C until brain dissection at late 3rd

instar. For GAF excessive overexpression experiments, eggs were col-
lected and kept at 22 °C until being shifted to 29 °C for 24-50h before
larval brain dissection. For functional experiments as shown in Figs. 1i,
3h, l, m, 5a, f, 6e, l, Supplementary Figs. 2c, 2e, 2h, 5d, 5g, 5h, 8a, 8c, 8d,
8f, eggs were collected for 4-6 hr at 25 °C, shifted to 29 °C after larval
hatching and dissected at late 3rd instar. For MARCM clonal analysis as
shown in Fig. 1j, Supplementary Fig. 1l, 3g, eggs were collected for 4-6 h
at 25 °C, heat-shocked at 37 °C for 2 h after larval hatching, and kept at
22 °C until dissection at late 3rd instar. For experiments shown in
Supplementary Fig. 6d, 6g, 6h, newly-hatched larva were shifted to
different temperatures to achieve comparable expression levels.

Cell lines
HEK293T cells were grown in DMEM containing 10% (v/v) fetal bovine
serum, 1% non-essential amino acids at 37 °C with 5% CO2.

Molecular biology
CRISPR-Cas9-based GAFKO line was generated as previously
described75. A 376-bp GAF genomic DNA sequence including partial
5’UTR, ATG, first exon and a small portion of intron was replaced with
attP-loxP-3xP3-RFP-loxP to generate GAFKO line. attP-loxP-3xP3-RFP-
loxP DNA fragment was amplified from the pEASY-attP-loxp-3xP3-RFP-
loxP plasmid, assembled with GAF 5’ arm and 3’ arm via Gibson
Assembly and fully sequenced. Synthesized gRNAs (ATACGCTAG-
CAACGCTGGGGAGG, AGCGAATACGCTAGCAACGTGG) and (CCA-
CAAGATAGTCCTGTGCGCCG, CTAAAGGTAAGTGCTCGGTTCGG) and
pBSK(GAF 5’arm-attP-loxP-3xP3-RFP-loxP-GAF 3’arm) plasmid were
injected into Cas9 fly embryos. The 3xP3-RFP+ candidates were further
confirmed by genomic DNA PCR.

GAFKO line was used as a host for generating the site-directed GFP-
GAF.RA-KI line. To generate RIV(EGFP-GAF.RA, mini-white) reintegra-
tion plasmid, 97 bp 5’UTR sequencedeleted inGAFKO lines, EGFP cDNA,
full-lengthofGAF-RAcDNA, alongwithGAF.PA.3’UTRanddownstream
506 bp sequence as terminator were assembled together into
RIV(MCS; mini-white). The reintegration plasmid was verified by DNA
sequencing before germline transformation.

FLAG-Opa-KI linewas generated using CRISPR-Cas9-based genome
engineering, as previously described64. Briefly, dsDNA (double-stranded
DNA) donor was created using Gibson Assembly with 1.5 kb homology
arms flanking 3×FLAG coding sequence immediately downstream of
the start codon of opa. The gRNA sequences (ATCAAGGTAATTAG
CATGGAATC) and (GGATTTTGACTGGCATGTATTT) were cloned into
pBSK vector under the U63 promoter. The dsDNA donor plasmid and
gRNA plasmid were injected into Cas9 fly embryos. The 3xFLAG+ can-
didates were further confirmed by genomic DNA PCR.

For transgenic fly lines, full-length, truncated ormutated versions of
FLAG-GAF or GAF-GFP were cloned into the pUAST vector for transfor-
mation. For erm.R9D10-GFP reporter lines, WT or mutated erm R9D10
enhancer fragments were cloned into the pH-Stinger vector. R9D10
fragment and R9D10.GACA.m fragment with 14 GAGA mutagenized to
GACAwere synthesized. GAGAmotifs predicted to be PntP1 binding sites
were not mutated to avoid interfering with putative PntP1 regulation.

For BTB domain swapping assay, DNA fragments encoding the
BTB domain of Mod(mdg4) was synthesized. Pros.N7 motif (aa 812-
870) was amplified from pcDNA3.1-GFP-Pros-FL61. The replacement
DNA fragments were added to the N terminus of GAF.ΔBTB via Gibson
assembly.

For luciferase assay, full-lengthGAL4was added to theN-terminus
of EnRD (Engrailed repression domain), VP16 or variant versions of
GAF, before being cloned into the pcDNA3.1 vector.

For coimmunoprecipitation experiments, full-length or truncated
versions of GAF or HDAC1 were cloned into the pcDNA3.1 vector
respectively and fully sequenced.

Immunohistochemistry
For larval brain immunostaining, larvae were dissected in Schneider’s
Insect Medium (Sigma-Aldrich) and proceeded as previously
described49,76. Briefly, larval brains were fixed with 4% paraformalde-
hyde in PEMbuffer (100mMPIPES at pH 6.9, 1mMEGTA, 1mMMgCl2)
for 21min at room temperature. Brainswerewashed several timeswith
PBST buffer (1x PBS plus 0.1% Triton X-100) and were incubated with
appropriate primary antibody overnight at 4 °C, labeled with second-
ary antibodies according to standard procedures, and mounted in
Vectashield (Vector Laboratories). Images were obtained on a Leica
TCS SP8 AOBS confocal microscope and were processed with LAS AF
(Leica) and Adobe Photoshop CS5.

Primary antibodies used for immunohistochemistry were rabbit
anti-GAF (1:400), rabbit anti-Ase (1:400, gift fromDr. Y.N. Jan), rat anti-
Dpn (1:100, Abcam, ab195173), rabbit anti-phospho-Histone H3 [1:200,
CST (Cell Signaling Technology), 9701], mouse anti-phospho-Histone
H3 (1:200, CST, 9706 s), rabbit anti-FLAG (1:200, Abcam, ab205606),
mouse anti-FLAG (1:200, Sigma-Aldrich, F1804), rabbit anti-H3K9me3
(1:100, Abcam, ab8898), rabbit anti-H3K27ac (1:100, Abcam, ab4729),
rabbit anti-HDAC1 (1:100, Abcam, ab1767), rabbit anti-V5 (1:100, Sigma-
Aldrich, V8137), rabbit anti-cleaved Caspase-3 (1:100, CST, 9661) and
mouse anti-β-galactosidase (1:100, DSHB, 40-1a). Rabbit anti-GAF
antibody [His-tagged fusion of aa 1-312, affinity purified (ABclonal
Biotech.), used at 1:400] was generated in this study.

Larval brain lobes were stained for NSC and neural progenitor
marker Dpn (Deadpan) and neural progenitor and precursor marker
Ase (Asense) to identify type II NSCs (Dpn+ Ase−), neural progenitors
(Dpn+ Ase+) and neural precursors (Dpn− Ase+). In images showing
larval brain lobes, the white dashed line marks the boundary between
the optic lobe and the central brain area, and the white dotted lines
encircle each type II NSC lineage. In close-up images, type II NSC
lineages are outlined by white dashed lines, whereas NSCs, progeni-
tors, and precursors aremarkedwith brackets, yellow arrowheads, and
white arrowheads, respectively. The cell cortex is indicated by
membrane-bound CD8-GFP. In a type II NSC lineage, NSC can be
identified as Dpn+ Ase- big-sized cell, whereas in a type I NSC lineage,
NSC can be identified as Dpn+ Ase+ big-sized cell.
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Fluorescence recovery after photobleaching (FRAP) analysis
Third instar larval brains were dissected in explant solution and
mounted on a gas-permeable culture dish. FRAP was performed using
the Leica SP8 system, with a laser at 488 nm. Laser power for bleaching
was attenuated to 40%. For each experiment, 4-6 imageswere acquired
before an area of 3.84 × 3.84 µm was bleached. Images were collected
every 10 s for 40 s after photobleaching. Note that somedata that were
obviously deviated due to changes of focal plane were not included in
the statistics.

OptoDroplet assay
The optoDroplet assay was adapted from a previous study58. Plasmids
were co-transfected with polyethylenimine (PEI) transfection reagent
in 293 T cells. For transfection, 293T cells were plated 24h prior to
transduction in a 4-chamber glass-bottom dish (Cellvis). After trans-
fection, the dishes were cultured in 37 °C incubator for 20-24 h. Ima-
ging was performed on Leica SP8 confocal. For global activation and
imaging, cells were imaged typically by use of two laser wavelengths.
Droplet formation was induced by 488nm light for Cry2 activation
with the varying activation intervals about 10 s, 20 s, 30 s…up to 60 s.
mCherry imaging was stimulated with 568 nm light. Cry2 (mCherry-
Cry2 alone) andDDX4N (DDX4N-mCherry-Cry2) served as negative and
positive controls respectively.

MARCM clonal analysis
Type II NSC MARCM clones were generated as previously described55.
Briefly, newly-hatched larvae were heat-shocked at 37 °C for 2 h and
further aged at 22 °C for indicated time before dissection.

GAFKO MARCM clones induced at type II DM1-DM4 lineages barely
exhibited NSC lineage shrinkage phenotypes, presumably due to
heavier maternal loading of GAF mRNA and protein in these NSCs.

Flip-out clonal analysis
Type II NSC lineage flip-out clones were generated as previously
described76. Briefly, newly-hatched larvae were heat-shocked at 37 °C
for 2 h and further aged at 22 °C for indicated time before larval brain
dissection.

Dual-luciferase reporter assay
Luciferase assay was performed as previously described61. Briefly,
HEK293T cells were transfected with 0.5 µg experimental plasmids,
luciferase reporter construct pGL4.35 (Promega) together with 50ng
Renilla luciferase reporter plasmid (as the internal control) using
standard polyethylenimine (PEI) protocol. Luciferase assay was per-
formed at 24 h post-transfection using the Dual Luciferase Assay sys-
tem (Promega) following the manufacturer’s instructions.

Coimmunoprecipitation
48 h after transfection, HEK293T cells were harvested, washed and
resuspended in lysis buffer [50mM Tris-HCl (pH 8.0); 120mM NaCl;
5mM EDTA; 1% NP-40; 10% glycerol; protease inhibitor cocktail
(Sigma-Aldrich); 2mM Na3VO4] and kept on ice for 20min. Cell
extracts were sonicated with Bioruptor Plus (Biosense) at 4 °C, clar-
ified by centrifugation, and proteins immobilized by binding to anti-
FLAG M2 (Sigma-Aldrich) affinity gel for 4 h at 4 °C. Beads were
washed and proteins recovered directly in SDS-PAGE sample buffer.
Rabbit anti-FLAG (1:1000, CST), mouse anti-FLAG (1:1000, CST) and
rabbit anti-HA (1:1000, CST) were used for western blot analysis.
Unprocessed blots are provided in the Source Data.

In vivo CUT&Tag
Since wild type larval brains contain only 8 type II NSCs per brain
lobe, we performed in vivo CUT&Tag and RNA-seq using type II
NSCs derived from brat (brain tumor) mutant larvae. brat mutant
larval brains contain up to 1000 type II NSCs per brain lobe and

hence provides a large and pure pool of NSCs, ideal for omics
analysis36,67,68,77.

Cell preparation for CUT&Tag was performed as previously
described78,79. Briefly, larval brains were dissected and digested for 1 h
at 30 °C with Dissociation solution (450μL of complete Schneider’s
culture medium with 25μL of collagenase I and 25μL of papain). After
washing with Rinaldini’s solution and complete Schneider’s culture
medium, the samples were dissociated into single cells. The CUT&Tag
assays were carried out using Hyperactive Universal CUT&Tag Assay
Kit for Illumina (TD903, Vazyme). The libraries were sequenced on an
Illumina NovaSeq PE150.

For mitotic CUT&Tag, the procedure is modified from our
pipeline67,68. Briefly, larval brains were dissected and dissociated into
single cells. The cell suspension was mildly fixed with 0.5% fresh par-
aformaldehyde at RT for 8min, and quenched with 0.125M glycine.
Cells were permeabilized using 0.025% Tween-20 at RT for 8min
before being incubatedwith primary antibodybuffer [mouse anti-pH3-
647 antibody (Abcam, ab196698) 1:400 andDAPI 1:1000 in PBS buffer]
for 2 h at 4 °C. After washing with cold PBS once, the cell suspension
wasfilteredwith a 30μmmesh before being analyzed by the Aria SORP
based on pH3, DAPI, CD8-RFP immunofluorescence, and cellular sizes.
Primary antibodies used for CUT&Tag were rabbit anti-GAF, rabbit
anti-H3K27ac (Abcam), rabbit anti-H3K14ac (Abcam), rabbit anti-
H3K4me (Abcam), rabbit anti-V5 (Abcam), and rabbit anti-IgG
(Abcam) as a negative control. 1 µg antibody was used for every
reaction.

RNA-seq
RNA-seq analysis was performed using Discover-sc WTA Kit V2
(Vazyme #N711) according to the manufacturer’s protocol. Briefly,
after larvalbrains beingdigested anddissociated into single cells, 1000
NSCs were collected by flow cytometry sorting according to cellular
sizes. cDNA library with a peak size of 300 bp was constructed using
TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme #TD502)
according to the manufacturer’s protocol. The libraries were
sequenced on an Illumina NovaSeq PE150.

ATAC-seq
ATAC-seqwasperformedusingHyperactiveATAC-Seq Library PrepKit
for Illumina (Vazyme #TD711) according to the manufacturer’s proto-
col. Briefly, larval brains are digested and dissociated into single cells
that were collected by flow cytometry sorting. After DNA extraction
and amplification, DNA length between 200-2000bp was selected to
construct DNA libraries, which were sequenced on an Illumina
NovaSeq PE150.

CUT&Tag analysis
Raw FASTQ reads were trimmed using Trim Galore (v0.6.10, with
parameters --paired --quality 20 --stringency 3 -j 4) to eliminate
sequencing adaptors and low-quality bases. Quality of reads before
and after trimming were monitored using FastQC (v0.11.9) and Mul-
tiQC (v1.14). Trimmed reads were aligned to Drosophila genome (ver-
sion: dm6) using Bowtie2 (v2.5.1) --very-sensitive-local mode. Picard
tools (SortSam and MarkDuplicates) were used to mark and remove
duplicate reads. Reads unmapped or with a mapping quality score <10
were further filtered using Samtools (v1.6). Filtered bam files were
transformed into BigWig files for IGV visualization using deeptools
bamCoverage (v3.5.1, with parameters --normalizeUsing RPKM
--extendReads). Genome browser images shown in Figs. 4b, e, 5k, 6i
subtracted IgG or V5 control using deeptools bigwigCompare (v3.5.1,
with parameters --operation subtract). GAF peaks shown in Fig. 5k
subtracted GAF-IR control using same parameters. Heatmaps were
generated with deepTools (v3.5.1).

To identify GAF-specific binding loci (significantly altered upon
GAF knockdown), for IgG, GAF, and GAF-IR, each replicate was down-
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sampled to the same read depth and then merged into a pseudo
sample. This process was repeated twice with different random seeds
andgenerated twopseudo samples for IgG,GAF andGAF-IR. GAFpeaks
were then called based on pseudo samples using MACS2 (v2.2.7.1,
narrow-peak mode, q =0.05), with IgG as controls. The overlap of
these two peak sets (using bedtools intersect) was considered as GAF
binding peaks. MACS2 bdgdiff (with parameters --cutoff 3.0) was then
performed on every pair of pseudo samples to identify GAF binding
regions significantly affected by GAF knockdown. The overlap of these
two region sets (using bedtools intersect) was considered as loci with
decreasedGAF binding density. GAF binding peaks that decrease upon
GAF knockdown were kept and defined as GAF specific binding peaks
(with ENCODE blacklist regions removed).

To identify GAF binding peaks in mitotic versus interphase NSCs,
peak calling was performed on each pair of replicate and control with
MACS2 (v2.2.7.1, narrow-peakmode, q = 0.05). The overlapof replicate
peak sets was kept, with ENCODE blacklist regions removed.

To identify genomic regions with higher H3K27ac levels inmitotic
NSCs than in interphase NSCs, H3K27ac peak calling and differential
analysis were performed. H3K27ac peaks were called with MACS2
(v2.2.7.1, narrow-peak mode, q = 0.001, no IgG control). The differ-
ential analysiswas performed on peak sets of the two-stage using the R
package MEDIPS (v1.46.0, pValue<0.05, logFC > 0.5, logCPM > 0).
Mitotic H3K27ac peaks overlappedwith differential regions were kept,
with ENCODE blacklist regions removed.

To identify Osa binding loci, peak calling was performed on each
pair of replicate and control with MACS2 (v2.2.7.1, narrow-peak mode,
q =0.05). The consensus peak sets were generated with Irreproduci-
bility Discovery Rate (IDR), with ENCODE blacklist regions removed.

Differentially enriched regions of H3K27ac/H3K4me1/H3K14ac in
neural stem cells versus progenitors were identified with DiffBind
(v3.4.11). Regions with |logFoldChange | > 0.5 and FDR <0.05 were
considered as differentially enriched regions.

All the peak sets were loaded in R (v4.2.1) for further analysis.
ChIPseeker (v1.34.1) and clusterProfiler (v4.8.2) were used for peak
annotation and GO analysis. To identify enriched motifs, regions of
±250 bp around peak summits were extracted based on MACS2 peak
files and used as input for MEME Suite (v5.5.4) STREME and SEA.
Algorithm parameters were set by default.

RNA-seq analysis
Raw FASTQ reads were trimmed using Trim Galore (v0.6.10, with
parameters --paired --quality 20 --stringency 3 -j 4) to eliminate
sequencing adaptors and low-quality bases. Quality of reads before
and after trimming were monitored using FastQC (v0.11.9) and Mul-
tiQC (v1.14). Trimmed reads were then aligned to Drosophila genome
(Version: dm6) using HISAT2 (v2.2.1) and processed with Samtools
(v1.6) to generate bam files. FeatureCounts (v2.0.3) were used to
generate raw count matrix for ncbiRefSeq genes.

Differentially expressed genes (DEGs) were called using DESeq2
(v1.38.3). Variance stabilizing transformation (VST) of rawcountmatrix
was used for heatmap visualization. GO analysis were performed using
clusterProfiler (v4.8.2), org.Dm.eg.db (v3.16.0) and ggplot2 (v3.4.2) in
R (v4.2.1).

ATAC-seq analysis
Raw FASTQ reads were trimmed using Trim Galore (v0.6.10, with
parameters --paired --quality 20 --stringency 3 -j 4) to eliminate
sequencing adaptors and low-quality bases. Quality of reads before
and after trimming were monitored using FastQC (v0.11.9) and Mul-
tiQC (v1.14). Trimmed reads were aligned to the Drosophila reference
genome (version: dm6) using Bowtie2 (v2.5.1)-very-sensitive-local
mode. Duplicate reads were marked and removed using Picard tools.
Mitochondrial and low-quality reads were filterer out using Samtools
(v1.6). Filtered bam files were transformed into BigWig files for IGV

visualization using deeptools bamCoverage (v3.5.1, with option --nor-
malizeUsing RPKM --extendReads).

Quantification and statistical analysis
For NSC quantification, embryos of various genotypes were collected
for 4-6 h and allowed to develop to the 3rd instar larval stage (96 hours
or 120 hours after larval hatching). 10-20 larvae of each genotype were
dissected and stained with anti-Dpn and anti-Ase antibodies to dis-
tinguish various cell types within NSC lineages. For quantification of
the intensity of antibody staining, images were taken with the same
confocal settings and the mean fluorescence intensity was measured
with NIH Image J or Laica.

Quantification of the mitotic retention index of GAF is modified
from a previous method calculating the chromosome enrichment
levels16. Briefly, GFP-GAF-KI brains are stained for H3K9me3 and DAPI
to mark the constitutive heterochromatin regions and the whole
chromosomes respectively. Retention index at euchromatin and het-
erochromatin is calculated as log2 ratio of the mean fluorescence
intensity of GAF in the H3K9me3- region and the H3K9me3+ region of
the chromosomes over themeanfluorescence intensity ofGAFoutside
of chromosomes, respectively.

Retention index at euchromatin = log2
F:I: ðH3K9me3�chromosomeÞ
F:I: ðoutside of chromosomesÞ

� �

Retention index at heterochromatin = log2
F:I: ðH3K9me3+chromosomeÞ
F:I: ðoutside of chromosomesÞ

� �

The retention indexof positive values indicates enrichment on the
chromosomes, whereas the retention index of negative values indi-
cates exclusion from the chromosomes. Themitotic retention index of
GAF transgenes is quantified using a similar strategy.

For Go analysis, p-values are derived from a one-sided hyper-
geometric test with adjustment using the Benjamini-Hochberg (BH)
method. The color indicates the ratio of the number of genes enriched
in a specific pathway versus the number of all genes as input. Size of
circles indicates the number of genes enriched in this pathway.
Repetitive terms were deleted, and some terms related to cell fate
decision with highly significant p values were selectively shown in all
GO analyses.

Unpaired Student’s t-tests and one-way ANOVA were used for
statistical analysis. Data are presented as mean values ± SD (standard
deviation).

For each non-omics experiment, the exact n number, p value and
the statistical test used for data analysis are provided in the Source
Data file.

Statistics and reproducibility
Experiments in this study were independently repeated two to four
times. Most of the experiments were performed three times as inde-
pendent biological repeats. For those repeated twice, the results were
highly reproducible. The number of biological replicates is indicated in
the Source Data file. For statistical analyses of histograms, P-values
greater than 0.05 are considered non-significant, P-values less than
0.05 are denoted with *, while those less than 0.01 are denoted with **,
those less than 0.001 with ***, and those less than 0.0001 with ****.

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

Data availability
All sequencing data are accessible at the Gene Expression Omnibus
(GEO) with accession codes GSE270071, GSE270072 and GSE292192.
ChIP-seq data about GAF binding in embryo and wing disc are from
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reference under GEO accession number GSE180812 and GSE38594
respectively30,80. Source data are provided with this paper.
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