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SUMMARY
In the conventional model of transcriptional activation, transcription factors bind to response elements and
recruit co-factors, including histone acetyltransferases. Contrary to this model, we show that the histone
acetyltransferase KAT7 (HBO1/MYST2) is required genome wide for histone H3 lysine 14 acetylation
(H3K14ac). Examining neural stem cells, we find that KAT7 and H3K14ac are present not only at transcribed
genes but also at inactive genes, intergenic regions, and in heterochromatin. KAT7 and H3K14ac were not
required for the continued transcription of genes that were actively transcribed at the time of loss of KAT7
but indispensable for the activation of repressed genes. The absence of KAT7 abrogates neural stem cell
plasticity, diverse differentiation pathways, and cerebral cortex development. Re-expression of KAT7
restored stem cell developmental potential. Overexpression of KAT7 enhanced neuron and oligodendrocyte
differentiation. Our data suggest that KAT7 prepares chromatin for transcriptional activation and is a
prerequisite for gene activation.
INTRODUCTION

Stem cells must maintain their own cell identity and undergo self-

renewing cell divisions, while retaining the capacity to differentiate

into morphologically and functionally distinct progeny. Neural

stem cells of the forebrain can give rise to neurons, astrocytes,

and oligodendrocytes,1,2 mirroring the tightly choreographed

proliferation and differentiation of neuronal cells during embryo-

genesis and fetal development. Cell fate changes necessitate

silencing of stem cell-specific genes and activation of the new

expression programs. These processes are accompanied by

modifications of the chromatin.3–5 Chromatin-mediated repres-

sion needs to be overcome6 in order to induce new gene expres-

sion programs. Pioneer transcription factors, which have the

unique ability to bind their full or partial response element while

the DNA is wrapped around nucleosomes, are thought to initiate

conversionof repressedchromatin to transcriptionally activechro-

matin.7 The pioneer transcription factors SOX2,8,9 NEUROD,10

and ASCL111 are required in the neuronal lineage. Activation of

the neuronal program further requires the transcription factors

POU3F1 and PAX6,12–15 and the oligodendrocytic program in-

cludes OLIG1 and OLIG2.16,17
This is an open access article under the CC BY-N
Chromatin requirements prior to the process of initiation of a

new gene expression program, if any, are poorly understood.

Genome-wide studies suggested a general association of his-

tone acetylation18 and acetyltransferases19 with active gene

transcription. However, themolecular and cellular effects of indi-

vidual histone acetylation marks in mammals have remained

elusive, possibly for two reasons: the multitude of functionally

overlapping histone genes in the mammalian genome has pre-

cluded studies of point mutations of specific histone residues

and the reported substrate lysine promiscuity of lysine acetyl-

transferases based on biochemical activity in cell-free assays.

In many cases it is unclear if posttranslational histone modifica-

tions are a cause or a consequence of gene transcription.20

Moreover, the functional hierarchy of transcription factors and

chromatin-modifying enzymes can be difficult to determine.

Transcription factors recruit co-activators (e.g., Bertero et al.21

and Lee et al.,22), but chromatin-modifying enzymes and their

protein complex partners typically contain multiple chromatin

binding domains that bind specific posttranslational histone

modifications (reviewed in Lee and Workman23) and regulate

the access of transcription factors to the DNA.24,25 Thus, tran-

scription factors and chromatin-modifying enzymes form an
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interacting network in which primary and secondary events in es-

tablishing gene expression patterns are difficult to separate.26

KAT7 is aMYST (MOZ, YBF2/SAS3, SAS2, TIP60) family lysine

acetyltransferase and was first named histone acetyltransferase

binding to the origin of replication complex protein 1 (HBO1), due

to a fraction of the total KAT7 protein immuno-precipitating with

the origin of replication complex.27,28 Further studies supported

a role in DNA replication.29–32 Other studies suggest a primary

role in transcriptional regulation.33–36 KAT7 is the enzymatic

component of protein complexes formed with EAF6 and the

scaffold proteins ING4/5 and JADE1/2/3 or BRPF1/2/3, which

contain bromo- and PHD chromatin binding domains.29,37

Some reports suggest that KAT7 catalyzes acetylation of his-

tones H3 and H4 either in cell-free assays or in HEK293T

cells.28,29,37–39 Other studies support the notion that KAT7 pre-

dominantly acetylates histone H3 on lysine 14 (H3K14) in mouse

embryos and fibroblasts,33 erythroblasts,34 lung epithelial

cells,40 and human acute myeloid leukemia cells,41 HeLa,42–44

MCF7, and HEK293T cells.44 A global reduction in H3K14ac

was also observed in Kat7 deleted mouse blood vessel endothe-

lial cells,45 bone marrow,35 and T cells.46 H3K14ac has been

correlated with transcriptionally active genes in yeast and

mammalian cells.47–52

Here we determined the requirement for KAT7 for histone

acetylation, gene transcription, proliferation, cell fate commit-

ment, and differentiation in the developing brain and neural

stem and progenitor cells (NSPCs) after conditional deletion of

the Kat7 gene. In wild-type cells, KAT7 and H3K14ac were pre-

sent throughout the genome. Deletion of theKat7 gene in NSPCs

resulted in the loss of H3K14ac. Kat7-deleted NSPCs failed to

differentiate into neurons and oligodendrocytes. KAT7 was

required for the activation of the neuronal and oligodendrocytic

gene expression programs from the uncommitted, repressed

state. In the absence of KAT7, gene activation was insufficient

or failed entirely and cell fate changes were effectively blocked.

RESULTS

Kat7-deleted NSPCs fail to differentiate into neurons
and oligodendrocytes
We isolated Kat7lox/loxNesCreT/+ (Kat7 deleted) and Kat7+/+

NesCreT/+ (Kat7 intact, control) E14.5 forebrain NSPCs. KAT7 pro-

tein was expressed in control cells and lost in Kat7lox/loxNesCreT/+

NSPCs (Figure 1A). NSPCs of both genotypes were readily

propagated in vitro as floating colonies (neurospheres) and

expressed NSPC marker proteins, including SOX2, nestin, and

GFAP (Figure 1B) at levels per cell that were similar between

genotypes (Figures S1 and S2). As expected, neural stem cells

share the GFAP marker with astrocytes (summarized by Götz

et al.53). NSPCs of both genotypes were successfully propagated

for 15 passages (105 days; Figure 1C). However, over the period

of this long-term culture, Kat7lox/loxNesCreT/+ cells accumulated

more slowly than control cells (Figure 1C).

To test the developmental potential of NSPCs lacking KAT7,

NSPCs were subjected to differentiation conditions for 1 to

7 days, and their ability to differentiate into neurons (ßIII-tubulin+),

astrocytes (GFAP+), and oligodendrocytes (O4+) was examined.

As assessed by morphology and marker protein expression,
2 Cell Reports 42, 111980, January 31, 2023
unlike Kat7+/+NesCreT/+ control NSPCs, Kat7lox/loxNesCreT/+

NSPCswere completely unable to formneurons and oligodendro-

cytes, but were able to form astrocytes (Figures 1D, S3 and S4).

Assessment by flow cytometry confirmed that neuronal (ßIII-

tubulin+) and oligodendrocyte (O4+) differentiation were affected

by the loss of KAT7, whereas astrocyte differentiation (S100b+)

proceeded normally (Figure 1E). In the later phase of differentia-

tion, the median fluorescence intensity per cell, representing pro-

tein levels, for S100b was strongly increased in both genotypes.

However, protein levels per cell for SOX2, GFAP, S100b, and

ßIII-tubulin appeared to be reduced in Kat7lox/loxNesCreT/+

compared with Kat7+/+NesCreT/+ control cells, suggesting that

KAT7 continues to be important for the expression of differentia-

tion markers throughout differentiation (Figure S2).

Kat7-deleted NSPCs can proliferate and self-renew but
are susceptible to cell death
NSPCs can be propagated in culture as colonies (neurospheres)

that contain NSPCs. Individual neurospheres were indistinguish-

able in size between genotypes early after the previous passage,

namely day 3 after passage, but the Kat7lox/loxNesCreT/+ neuro-

spheres displayed a reduction in size later in the passage interval

(day 6 and day 9; Figure 2A).

Staining for the mitosis marker histone H3 phosphorylated on

serine 10 (H3S10p) revealed that the proportion of cells in mitosis

did not differ between genotypes early within each passage in-

terval (day 3 after passage 5 or passage 10), suggesting that

cell cycle progression was normal. However, the H3S10p posi-

tive proportion of cells was reduced in the Kat7lox/loxNesCreT/+

cultures later (day 6) within each passage interval, suggesting

a problem with cell growth at these later stages (assessment af-

ter passage 5 or passage 10; Figures 2B and S5). Likewise, the

number of secondary neurospheres generated by identical

numbers of NSPCs plated after passage was similar in the two

genotypes when the assay was performed early after the previ-

ous passage (day 3) but reduced in the Kat7lox/loxNesCreT/+ cul-

tures at day 6 after the previous passage (assessment after pas-

sage 5 or passage 10; Figures 2C and S5). Flow cytometric

analysis showed that the percentage of SOX2+GFAP+ cells rep-

resenting stem cells was similar between genotypes early in the

passage interval (day 3) but reduced later in the passage interval

in Kat7lox/loxNesCreT/+ compared with control cultures (day 6;

Figures 2D, S1 and S2). In contrast, the percentage of

SOX2–S100b+ astrocytes was increased late in the passage in-

terval in Kat7lox/loxNesCreT/+ cultures (Figure 2D). The percent-

age of live cells was decreased slightly early and substantially

decreased late in the passage interval in Kat7lox/loxNesCreT/+ cul-

tures compared with controls (Figure 2E). TUNEL+ dead cells

were increased in the Kat7lox/loxNesCreT/+ as compared with

Kat7+/+NesCreT/+ control cultures (Figures 2E and S5).

These data show that NSPCs lacking KAT7 can proliferate at a

constant rate, albeit slower than control cells, indicating that

they do not exhaust their proliferation capacity over time.

Kat7-deleted NSPCs formed secondary neurospheres normally

in the first half of each cell culture passage interval, but as col-

ony size increases, they show a reduction in secondary neuro-

sphere formation, an increased level of cell death and an in-

crease in astrocyte differentiation. The discrepancy between
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Figure 1. Kat7-deleted NSPCs proliferate but fail to differentiate into neurons and oligodendrocytes

(A) Immunoblot of KAT7 protein in total protein lysates of passage 5 Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPC cultures. b-actin serves as loading control.

Each lane represents cells isolated from one animal, i.e., n = 3 animals per genotype.

(B) Immunofluorescence staining for NSPCmarker proteins nestin (red), GFAP (green), and SOX2 (red), and bisbenzimide nuclear counterstain (blue) in passage 5

Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ neurospheres. Scale bar indicates 48 mm.

(C) Growth of Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPCs over 15 passages (105 days).

(D)Kat7+/+NesCreT/+NSPCs give rise to type III ß-tubulin-positive neurons (red), GFAP-positive astrocytes (blue), andO4-positive oligodendrocytes (green), each

with cell-type-specificmorphology, when cultured under differentiation conditions (on laminin with 1% fetal bovine serum [FBS], without fibroblast growth factor 2

[FGF2], without epidermal growth factor [EGF]). In contrast, Kat7lox/loxNesCreT/+ NSPCs fail to form neurons and oligodendrocytes and only form astrocytes.

Scale bar, 80 mm. A time course of differentiation is shown in Figures S3 and S4.

(E) Flow cytometric assessment of neurons (ßIII-tubulin+), oligodendrocytes (O4+), and astrocytes (S100b+) as percentage of live cells in cultures of differentiating

Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPCs. Flow cytometry gating strategy and median fluorescence intensities are shown in Figures S1 and S2.

Experimentswere conductedonpassage5proliferatingNSPCs (A,B)orNSPCs induced todifferentiate after passage5 (D)or3 (E). Neural stemcell isolates fromthree

to four animals per genotypewereassessed.Data are displayed asmean±SEMandwere analyzedby two-wayANOVA (C) or unpaired, two-tailedStudent’s t test (E).

Cell Reports 42, 111980, January 31, 2023 3

Article
ll

OPEN ACCESS



A

B

E

C

D

Figure 2. Kat7-deleted NSPCs have normal proliferative and self-renewal potential but increased cell death in culture

(A) Phase-contrast images and volume of Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ neurospheres on days 3, 6, and 9 after passage 5.

(B) Immunofluorescence staining and enumeration of mitotic cells marked by histone H3 phosphorylated on serine 10 (H3S10p) in Kat7lox/loxNesCreT/+ and

Kat7+/+NesCreT/+ neurospheres on days 3 and 6 after passage 10. Passage 5 data are shown in Figure S5.

(C) Secondary neurosphere colony formation of Kat7lox/loxNesCreT/+ andKat7+/+NesCreT/+NSPCs on days 3 and 6 after passage 10. Passage 5 data are shown in

Figure S5.

(D) Assessment of the percentage of SOX2+GFAP+ neural stem cells and SOX2–S100b+ astrocytes in proliferating Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+

neurospheres. Flow cytometry gating strategy and median fluorescence intensities are shown in Figures S1 and S2.

(E) Percentage of live cells assessed by flow cytometry and TUNEL-positive cells after passage 5 in Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ neurospheres.

Images of TUNEL staining are shown in Figure S5. Flow cytometry gating strategy is shown in Figure S1.

Neural stem cell isolates from three to four animals per genotype were assessed. Data are displayed asmean ±SEM andwere analyzed by Student’s t test. Scale

bar indicates 18 mm in (A) (Day 3), 30 mm in (A) (Day 6), 60 mm in (A) (Day 9), and 43 mm in (C).
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the first half of the passage interval and the second half of the

passage interval suggests that the cell cycle could proceed in

principle, but cell growth was affected by other factors (perhaps

sensitivity to limiting nutrient and gas exchange in the later

part of each passage interval), which may promote cell death

and possibly astrocytic differentiation in Kat7lox/loxNesCreT/+

NSPCs.

Approximately 80% of proliferating NSPCs were GFAP/SOX2

double-positive congruent with previous observations suggest-

ing that NSPCs are GFAP-positive, both in vivo and in vitro.53–55

Kat7-deleted NSPCs lose H3K14ac but express NSPC
marker genes normally
Acetylation on histone H3 lysine 14 (H3K14ac) was lost in the

Kat7lox/loxNesCreT/+ NSPCs compared with control cells, as-

sessed using two different anti-H3K14ac antibodies (Figure 3A).

In contrast, acetylation at five other histone H3 or H4 residues

appeared unaffected (Figure 3A).

H3K14ac has previously been associated with actively ex-

pressed gene loci.37,39,56 However, despite the profound loss

of H3K14ac, Kat7lox/loxNesCreT/+ NSPCs expressed known

NSPC marker genes, such as Nes, Slc1a3/Glast, and Sox2 nor-

mally when compared with control NSPCs (Figure 3B, also see

Figure 1B), as well as genes encoding the receptors of growth

factors used in the neurosphere cultures (Figure S6).

Nevertheless, 1,778 protein-coding genes were at least 1.5-

fold differentially expressed (DE) in proliferating NSPCs after

loss of KAT7 (1,083 downregulated and 695 upregulated, false

discovery rate [FDR] <0.05; Figure 3C and Table S1). Loss of

KAT7 had no effects on the expression of other histone acetyl-

transferase genes (Figure S6).

Therefore, removal of KAT7 resulted in a loss of H3K14ac, but

the mRNAs of genes typically expressed in NSPCs were main-

tained at normal levels.
Figure 3. Loss of KAT7 results in loss of H3K14ac and repression of g

(A) Immunoblots of histone lysine acetylation levels at indicated residues in acid p

Each lane represents cells isolated from one animal, i.e., n = 3 animals per geno

(B–I) RNA-seq data of NSPC isolates from four Kat7lox/loxNesCreT/+ and four

conditions. NSPC isolates were kept in proliferating conditions for three passa

(E) are displayed as mean ± SEM. Data were analyzed as stated under RNA

considered significant.

Associated data are presented in Figure S6 and Tables S1, S2, S3, and S4, inclu

(B) Log2 of reads per kilobase per million reads (RPKM) of NSPCmarker genes nes

(C) Log2 fold-change in RNA levels over log2 of average RNA levels of in Kat7

downregulated genes (DR, blue), not significantly changed genes (gray).

(D) Gene ontology (GO) analysis of genes R1.5-fold downregulated (DR) in Ka

regulated over log10 of p value.

(E) RPKM of genesR10-fold downregulated (DR) in Kat7lox/loxNesCreT/+ versus K

and function.

(F) Heatmap of genes differentially expressed between Kat7 intact proliferating ve

and four Kat7+/+NesCreT/+ E14.5 fetuses for the proliferating and differentiating c

versus proliferating NSPCs but fail to be upregulated in the Kat7lox/loxNesCreT/+ d

genes are further examined in (G), (H), and (I).

(G) Tissue expression annotation of genes that are upregulated in Kat7 intact

differentiating NSPCs marked in yellow in (F).

(H) KEGG pathway analysis of genes that are upregulated in Kat7 intact differentia

NSPCs marked in yellow in (F).

(I) GO term annotation of genes that are upregulated inKat7 intact differentiating N

marked in yellow in (F).
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Loss of KAT7 results in the repression of genes
expressed at very low levels
Although known NSPC genes appeared unaffected by loss

of KAT7, over 1,000 genes were downregulated in Kat7lox/lox

NesCreT/+ versus Kat7+/+NesCreT/+ proliferating NSPCs

(Figures 3C and Table S1), but these appeared not to be essen-

tial for NSPC proliferation in vitro (see Figure 1C). Gene ontology

(GO) term analysis revealed that genes R1.5-fold downregu-

lated included genes required for nervous system and neuron

development, synapse assembly, and regulation of behavior

(Figures 3D and Table S2), which are processes not established

in NSPCs prior to differentiation. In some cases, the downregu-

lation of gene expression in proliferating NSPCs lacking KAT7

was dramatic (e.g., Dcx 68x, Bdnf 44x, Clstn2 23x, Emx1 15x;

Table S1). A total of 304 protein-coding genes were substantially

downregulated (R10-fold; Table S1). Twelve of these genes

were individually essential for brain development and function

(Figure 3E). The R10-fold downregulated fraction further

included genes mutated in neurological conditions, including

seizures and autism-related disorders (Figure S6). In contrast,

the substantially upregulated genes were mostly shared with

other organ systems and involved in basic cellular functions (Fig-

ure S6 and Table S2).

Lack of KAT7 in differentiating NSPCs results in a failure
to activate neuronal differentiation genes
The previous experiments suggested that KAT7 was particularly

required for the expression of genes that are expressed at low

levels in stem and progenitor cells. Among these were genes

that are ordinarily upregulated during neuronal differentiation. To

address the question if KAT7 was required for the upregulation

of these genes during neuronal differentiation, we assessed

the transcriptome of differentiating NSPCs compared with

proliferating NSPCs (both Kat7+/+NesCreT/+ = Kat7 intact) and
enes expressed at low levels

rotein extracts of passage 5 Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPCs.

type. Two different antibodies were used to assess H3K14ac.

Kat7+/+NesCreT/+ E14.5 fetuses for each, proliferating and differentiating

ges and 3 days or differentiated for 3 days after passage 3. Data in (B) and

-seq analysis. Differences with a transcriptome-wide FDR of <0.05 were

ding RNA levels of all genes.

tin, Slc1a3/Glast, and Sox2 in Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPCs.
lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPCs; upregulated genes (UR, red),

t7lox/loxNesCreT/+ versus Kat7+/+NesCreT/+ NSPCs, number of genes down-

at7+/+NesCreT/+ NSPCs, which are individually essential for brain development

rsus differentiating NSPCs showing cell isolates from four Kat7lox/loxNesCreT/+

ondition. A group of genes, which are upregulated in Kat7 intact differentiating

ifferentiating NSPCs, is marked in yellow at the left rim of the heatmap. These

differentiating NSPCs but fail to be upregulated in the Kat7lox/loxNesCreT/+

ting NSPCs but fail to be upregulated in the Kat7lox/loxNesCreT/+ differentiating

SPCs but fail to be upregulated in theKat7lox/loxNesCreT/+ differentiating NSPCs
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Figure 4. KAT7 and H3K14ac are widely distributed in the genome

(A–D) KAT7 genome occupancy and H3K14ac levels assessed by ChIP-seq at passage 5 day 3 of proliferating Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+NSPCs

originally isolated at E14.5. NSPC isolates from three animals per genotype were assessed. Data were analyzed as stated under ChIP-seq analysis.

(A) Read depth plots of KAT7 occupancy (green, light green) and H3K14ac levels (blue, light blue) in Kat7+/+NesCreT/+ NSPCs and Kat7lox/loxNesCreT/+ NSPCs as

indicated at the Nes and the Bcan locus. Note the paucity of H3K14ac ChIP-seq reads and reduction in KAT7 reads in the Kat7lox/loxNesCreT/+ NSPC (i.e., KAT7-

deleted NSPCs, light blue, light green, respectively) allowing absolute rather than enrichment assessment. Further gene loci are shown in Figure S7.

(B) Mean normalized ChIP-seq read counts after alignment at transcription start sites (TSS) of genes segregated by expression level, after GC correction. DNA

replication initiation sites, enhancers, and CpG islands are shown in Figure S8.

(C) Boxplots of KAT7 occupancy and H3K14ac levels as ChIP-seq read counts at various genomic features (first quartile, median, and third quartile of the

distributions define the boxes). Significantly enriched are the counts in gene bodies, CpG islands, enhancers and DNA replication initiation sites (IS) compared

(legend continued on next page)
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compared these toKat7lox/loxNesCreT/+NSPCs.We found a group

of genes that is normally upregulated during NSPC differentiation

but failed to be upregulated in differentiating Kat7lox/loxNesCreT/+

NSPCs (Figure 3F; marked in yellow; Tables S1 and S3). Tissue

expression annotation identified these genes as nervous system

expressed genes (Figure 3G and Table S4). Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway and GO term analysis

returned specific neuronal differentiation roles for these genes,

including axon guidance, neuroactive ligand-receptor interaction,

synapse functions, and cognition (Figures 3H and 3I, and

Table S4).

SOX2 is a proposed pioneer transcription factor8 and thought

to initiate a neuronal program by activating genes including Neu-

rod1.9 Sox2mRNAwas expressed (Figure 3B) and SOX2 protein

was present inKat7lox/loxNesCreT/+NSPCs (Figure 1B), but SOX2

was unable to activate known target genes9,57,58 adequately in

differentiating Kat7lox/loxNesCreT/+ NSPCs (e.g., downregulated:

Neurod1 3x, Robo1 5x, Epha7 7x, Clstn2 165x, Stmn2 249x;

Table S3), suggesting that KAT7 and H3K14ac may be essential

for the pioneer transcription factor function of SOX2.

KAT7 and H3K14ac occupy the genome broadly
Anti-KAT7 and anti-H3K14ac chromatin immunoprecipitation

sequencing (ChIP-seq) experiments (Figures 4, S7, S8 and

Table S5) of Kat7lox/loxNesCreT/+ versus Kat7+/+NesCreT/+ prolif-

erating NSPCs allowed us to determine the absolute presence of

H3K14ac and KAT7 occupancy in the genome, as well as areas

of enrichment. We observed KAT7 and H3K14ac enrichment in

specific neuronal and glial genes, such as Nes, Bcan, Sox2,

Olig1,Olig2, Spry2, and Spry4, and a strong correlation between

KAT7 occupancy and H3K14ac levels within genes (Figures 4A

and S7). H3K14ac and KAT7 occupancy immediately down-

stream of the transcription start site (TSS) correlated positively

with the level of gene expression (Figure 4B). Similarly,

H3K14ac and KAT7 occupancy levels were positively correlated

with expression levels of the nearest gene at enhancers and CpG

islands (Figure S8). Importantly, we also observed KAT7 and

H3K14ac reads clearly elevated above the Kat7lox/loxNesCreT/+

NSPCs (Kat7 deleted) in all genes, including silent genes, and

in intergenic regions throughout the genome. Genome-wide,

H3K14ac and KAT7 occupancy was higher in gene bodies,
with promoter regions, transcription end sites (TES), and pseudogenes (Bonferr

tiplicity of tests, i.e., all genes in genome. Therefore, the focus is drawn here to t

(D) Presence of KAT7 and H3K14ac in H3K9me3 domains marking constitutive h

that were positive or negative for H3K9me3 in neural progenitor cells (Bulut-Kars

Further results are displayed in Figures S7 and S8 and Table S5, including corr

H3K27me3, and POLR2 ChIP-qPCR data.

(E–G) H3K14ac ChIP-seq data of NSPCs isolates from four wild-type (WT) E14.5 fe

kept in proliferating conditions for three passages and 3 days or differentiated for

ChIP-seq data were compared with RNA-seq data of Kat7+/+NesCreT/+ NSPCs

genotype. Associated data are presented in Figure S9 and Tables S6 and S7.

(E) Heatmap of protein-coding genes differentially decorated in the region TSS t

NSPCs.

(F) For cerebral cortex development genes (GO:0021987): correlation between th

mRNA levels (RNA-seq) of Kat7+/+NesCreT/+ NSPCs during differentiation (i.e., fol

the H3K14ac level fold-change (TSS to 1 kb; ChIP-seq) during differentiation of

Kat7+/+NesCreT/+ NSPC and Kat7lox/loxNesCreT/+ NSPCs (RNA-seq). Protein-cod

(G) The same analysis as in (F), but for the genes displayed in this study.
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CpG islands, enhancers, and DNA replication initiation sites

(IS, as defined in Cayrou et al.59) than in pseudogenes, promoter

regions, and 30 of the transcription end site (TES; p < 10�6 for all

comparisons, Wilcoxon pairwise comparison, Figures 4B, 4C,

and S8, and Table S5). Examination of domains that had previ-

ously been reported to be enriched for the heterochromatin

mark H3K9 trimethylation (H3K9me3) in neural progenitor cells60

revealed that KAT7 and H3K14ac were found in areas of the

genome decorated by H3K9me3 (Figures 4C and Table S5).

Levels of H3K14ac and KAT7 occupancy in H3K9me3 areas

and the genome in general was not significantly affected by

mappability of the reads (Figure 4D). Loss of KAT7 appeared to

result in a decrease in H3K4me3 (at loci low for H3K27me3),

but not RNA polymerase II (POLR2) occupancy (examined at

example loci, Figure S8).

These data suggest that KAT7 and H3K14ac play a role not

just at actively transcribed genes and DNA replication initiation

sites, but are also present at repressed gene loci, in intergenic re-

gions and heterochromatic regions.

Levels of H3K14ac correlate with mRNA levels during
neuronal differentiation
Our NSPC differentiation, RNA expression, and H3K14ac data

suggested that H3K14ac might be required for the activation of

lineage-specific gene expression during neuronal differentiation.

Therefore, we examined the relationship between mRNA levels

and H3K14ac levels per gene in differentiating versus prolifer-

ating NSPCs. H3K14ac levels changed dramatically during

wild-type NSPC differentiation (Figure 4E, Tables S6 and S7).

The levels of H3K14ac (TSS to +1 kb) correlated positively with

mRNA levels per gene in proliferating and differentiating wild-

type NSPCs (both p < 10�6; Figure S9). Importantly, the fold-

change in H3K14ac levels upon differentiation correlated posi-

tively with the change in mRNA levels, generally for all genes

(p < 10�6; Figure S9) and specifically for cortex development

genes (p = 2 3 10�6; Figure 4F), genes addressed in this study

(p = 4 3 10�6; Figure 4G), and astrocyte differentiation genes

(p = 7 3 10�5; Figure S9). In contrast, the difference in mRNA

levels in Kat7 deleted versus Kat7 intact differentiating NSPCs

correlated negatively with changes in H3K14ac levels in wild-

type NSPCs upon differentiation, generally for all genes
oni corrected p < 10�16, Wilcoxon pairwise comparison, for all, but note mul-

he greatest differences).

eterochromatin as assessed by frequency of 1-kb bins with KAT7 or H3K14ac

lioglu et al.60; GSM1375164) stratified by mapping quality.

elation between KAT7 occupancy and H3K14ac levels, as well as H3K4me3,

tuses grown in proliferating and differentiating conditions. NSPC isolates were

3 days after passage 3. Data were analyzed as stated under ChIP-seq analysis.

and Kat7lox/loxNesCreT/+ NSPCs isolated from n = 4 E14.5 mouse fetuses per

o +1 kb from the TSS comparing differentiating versus proliferating wild-type

e H3K14ac level fold-change (TSS to 1 kb; ChIP-seq) in wild-type NSPCs and

d-change in differentiating versus proliferating); as well as correlation between

wild-type NSPCs and the fold-chance in mRNA levels between differentiating

ing genes only.



Article
ll

OPEN ACCESS
(p < 10�6; Figure S9) and specifically for cortex development

genes (p < 10�6; Figure 4F) and gene addressed in this study

(p = 0.03; Figure 4G), but not in astrocyte differentiation genes

(p = 0.2; Figure S9). These results suggested that genes display-

ing an increase in H3K14ac during neuronal development were

affected by loss of KAT7 and H3K14ac, but that astrocyte differ-

entiation genes were less dependent on KAT7 and H3K14ac.

Loss of KAT7 in mid-neurogenesis results in abnormal
cortex development and an increase in cell death
The preceding results suggested that KAT7 and H3K14ac have

important functions in neural stem cell plasticity. To examine

if KAT7 was required during cortex development, we deleted

Kat7 in early neurogenesis in vivo. While germline deletion of

Kat7 results in developmental arrest at E8.5,33 the NesCre trans-

gene deletes in the nervous system61 and allowed Kat7lox/lox

NesCreT/+ mice to develop to birth, but caused death at

birth. In contrast, Kat7+/� heterozygous germline deleted33 and

Kat7lox/+NesCreT/+ heterozygously deleted mice were viable,

healthy, and fertile. Homozygous loss of KAT7 in the nervous sys-

tem caused a severe forebrain development defect (Figures 5 and

S10). The depth of the E18.5 Kat7lox/loxNesCreT/+ cerebral cortex

was reduced, cell density appeared increased, and the lateral

ventricles were enlarged compared with Kat7+/+NesCreT/+

controls (Figures 5A and S10). The Kat7lox/loxNesCreT/+ corpus

callosum, which consists of axon tracts connecting cortical

neurons of both hemispheres, was reduced in diameter (Fig-

ure S10). The hippocampal formation was underdeveloped and

the dentate gyrus rudimentary (Figure 5A). BrdU incorporation at

E14.5, when rapid cell proliferation takes place in the developing

cortex, was unaffected by Kat7 deletion (Figures 5B and S10).

In contrast, the Kat7lox/loxNesCreT/+ cortex displayed a more than

2-fold elevation in TUNEL+ cells compared with Kat7+/+NesCreT/+

controls (Figures 5B and S10).

The formation of cortical layers was disturbed in the Kat7lox/lox

NesCreT/+ cortex, as assessed by layer marker expression (Fig-

ure 5C) and BrdU birth dating (not shown). The transcription fac-

tors SATB2, CTIP2, and TBR1 mark superficial, intermediate,

and deep layers, respectively, of the developing cerebral cortex

(Figure 5C). For assessment purposes, the cortex was divided

into 10 pial to ventricle bins. In the Kat7lox/loxNesCreT/+ cortex,

SATB2+ cells were underrepresented in the superficial layers (Fig-

ure 5C; p = 0.03, 0.007, and 0.045 for bins 2, 3, and 4). An abnor-

mally high number of SATB2+CTIP2+ double-positive cells (yellow)

was observed in Kat7lox/loxNesCreT/+ superficial layers (p = 0.007,

0.02 for bins 1 and 2). CTIP2+ single positive cells were overrepre-

sented in the Kat7lox/loxNesCreT/+ superficial layers (p = 0.03).

Cortical neurons (CNs) isolated from Kat7lox/loxNesCreT/+

E16.5 fetuses displayed a loss of KAT7 and H3K14ac compared

with Kat7+/+NesCreT/+ control CN (Figure 5D). CNs of both geno-

types appeared similar after overnight culture and had a similar

proportion of cell death (Figures 5E and 5F). After 3 and 5 days

of culture, Kat7lox/loxNesCreT/+ CNs displayed an increase in

cell death compared with control cultures (Figure 5F), and live

cells appeared progressively sparser (Figure S11).

GFAP+ astrocytes were observed in similar locations in the

Kat7lox/loxNesCreT/+ as in the Kat7+/+NesCreT/+ control samples

but appeared less abundant (Figure S12). S100b, marking
maturing astrocytes, appeared less strongly expressed in the

Kat7lox/loxNesCreT/+ compared with theKat7+/+NesCreT/+ control

samples.

These results show that cortex development was severely

affected by the loss of KAT7, particularly affecting neurons

born after the loss of KAT7 (upper layer neurons), but not

affecting proliferation of ventricular zone progenitors. Astrocyte

maturation may also be affected or delayed in the Kat7lox/lox

NesCreT/+ cortex in vivo. The neuronal differentiation defect

in vivo is similar to the phenotype observed in neural stem cells

in vitro, albeit less strong, presumably due to persistence of

some KAT7 protein and H3K14ac into the early phases of neuro-

genesis in vivo (time course of Kat7 gene deletion and protein

decline in Figure S10), whereas KAT7 and H3K14ac were

completely absent before differentiation was induced in the

cultured NSPCs (Figures 1A and 3A).

Loss of KAT7 in mid-neurogenesis causes failure of
neuronal maturation gene expression
RNA sequencing (RNA-seq) of Kat7lox/loxNesCreT/+ and Kat7+/+

NesCreT/+ E16.5 CNs cultured overnight (Figure 6 and

Table S8) revealed that neuronal marker genes, including

Ncam1, Dcx, Bcl11b/Ctip2, and Neurod1, were expressed at

similar levels in both genotypes (Figure 6A). In contrast, mRNA

levels of important cortex patterning genes, including Pax6 and

Emx2, were up to 3-fold reduced in the Kat7lox/loxNesCreT/+

CNs compared with controls (Figures 6A and Table S8).

Discrepancies in genes affected by loss of KAT7 in CNs ex vivo

compared with differentiating NSPCs in vitro may relate to the

persistence of some KAT7 protein and H3K14ac into the early

phases of neurogenesis in vivo (time course of Kat7 gene dele-

tion and protein decline in Figure S10), whereas KAT7 and

H3K14ac were absent before differentiation was induced in the

cultured NSPCs (Figures 1A and 3A).

Gene set analyses comparing the genes expressed in the

Kat7lox/loxNesCreT/+ CNs with genes typical of embryonic stem

cells, primitive ectoderm, transient neuroepithelial progenitors,

neurogenic committed neuroepithelial progenitors, or neuronal

rosettes (maturing neurons) showed that the gene expression pro-

file in the KAT7 deficient cortical cells was most similar to tran-

sient, uncommitted neuroepithelial progenitors (Figure 6B).

Congruent with this finding, KEGG pathway analysis revealed

reduced expression of neuronal maturation genes in Kat7lox/lox

NesCreT/+ CNs compared with controls, including neuroactive

ligand-receptor interaction, synapse, and neurotransmitter

signaling pathway genes (Figures 6C and Table S9). Unlike the

downregulated genes, genes upregulated in Kat7lox/loxNesCreT/+

CNscomparedwith control cells did not showenrichedpathways.

Timely re-expression of KAT7 restores neuronal and
oligodendrocytic differentiation potential
Since neuronal and oligodendrocytic differentiation was particu-

larly dependent on KAT7, we retrovirally expressed the full-length

Kat7 cDNA to determine if the effects of loss of KAT7 onNSPCdif-

ferentiation were reversible. Overexpression of KAT7 in Kat7lox/lox

NesCreT/+ 3 days after the initial loss of KAT7 (Figure 7A), resulted

in partial restoration of H3K14ac in the Kat7lox/loxNesCreT/+

NSPCs, as compared with the empty vector control (Figure 7B)
Cell Reports 42, 111980, January 31, 2023 9
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Figure 5. Loss of KAT7 causes brain develop-

mental delay and increased cell death

(A) Hematoxylin and eosin-stained paraffin sections

of E18.5 Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+

forebrain at the level of the frontal cortex and the

hippocampus. Arrowhead indicates rudimentary

dentate gyrus (DG) cf. DG in control. Serial sections

of the brains were examined. Kat7 mRNA distribu-

tion by in situ hybridization, time courses of Kat7

genetic deletion, decline in Kat7 mRNA, and KAT7

protein levels are shown in Figure S10, as well as

histone acetylation levels, gross brain morphology,

and further histology.

(B) BrdU incorporation during DNA synthesis for 1 h

and enumeration of cells undergoing TUNEL+ cell

death in E14.5 developing cerebral cortex. Images

of BrdU and TUNEL staining are shown in Fig-

ure S10.

(C) Assessment of E18.5 cortical layer formation by

immunofluorescence staining of markers for the

deep layers (TBR1, blue), the intermediate layers

(CTIP2, red), and the superficial layers (SATB2,

green), and summary enumeration of cells in 10 pial

to ventricular bins.

(D) Immunoblot assessment of KAT7 protein and

H3K14ac levels in Kat7lox/loxNesCreT/+ and Kat7+/+

NesCreT/+ E16.5 CNs cultured overnight. Each lane

represents cells isolated from one animal, i.e., n = 3

mice per genotype. b-actin served as loading con-

trol.

(E) Phase-contrast images of Kat7lox/loxNesCreT/+

and Kat7+/+NesCreT/+ E16.5 cortical neurons (CNs)

cultured overnight. A sequence of days 1–5 in cul-

ture is shown in Figure S11.

(F) Enumeration of cell death in Kat7lox/loxNesCreT/+

and Kat7+/+NesCreT/+ E16.5 CNs cultured for 1, 3, or

5 days.

Ctx, cerebral cortex; DG, dentate gyrus; Hi, hippo-

campus; LV, lateral ventricle; Se, septum, St, stria-

tum. Scale bar, 800 mm in (A) (upper panels), 100 mm

(lower panels), 50 mm in (C), and 105 mm in (E).

Three E18.5 brains per genotype were serially

sectioned and stained. Data are displayed as

mean ± SEM and were analyzed by Student’s t test.
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Figure 6. Kat7 deletion during neurogenesis

causes failure of neuronal maturation gene

expression

(A–C) RNA-seq profiling of Kat7lox/loxNesCreT/+ and

Kat7+/+NesCreT/+ E16.5 cortical neurons (CNs)

cultured overnight. Further data in Tables S8 and S9.

(A) Log2 of RPKM of neuronal marker genes and ce-

rebral cortex patterning genes.

(B) ROAST enrichment analysis of gene sets repre-

senting embryonic stem cells (ES) differentiating to-

ward the neuronal fate (neuronal rosettes, nR) with the

intermediates primitive ectoderm (PE), transient

neuronal progenitors (tNP), and committed neuronal

progenitors (nNP) as defined in Abranches et al.62

Enrichment (red) of genes designating transient

neuronal progenitor stage (tNP) and depletion (blue) of

genes designating the mature neuronal stage (nR) in

Kat7lox/loxNesCreT/+ versus Kat7+/+NesCreT/+ E16.5

CN, while genes designating the committed neural

progenitor stage (nNP) were neither enriched nor

depleted. The figures show active proportions and

one-side p values from ROAST.

(C) KEGG pathway analysis of genes R2-fold down-

regulated (DR) in Kat7lox/loxNesCreT/+ cf. Kat7+/+Ne-

sCre
T/+

E16.5 CNs. The fold-enrichment of each

pathway is indicated. Pathways with ‘‘Benjamini’’

adjusted p values <0.05 from DAVID are shown.

Cortical neuron isolates from four Kat7lox/loxNesCreT/+

and three Kat7+/+NesCreT/+ control animals were as-

sessed. Data are displayed as mean ± SEM (A) and

were analyzed as stated under RNA-seq analysis.
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and restored neuronal and oligodendrocytic differentiation to

normal (Figures 7C, 7D, and 7F).

Prolonged overexpression of KAT7 results in
supernumerary neurons
Overexpression of KAT7 for 5 weeks in previously KAT7-deficient

Kat7lox/loxNesCreT/+NSPCs as well as in Kat7+/+NesCreT/+ control

NSPCs resulted in substantially enhanced neuronal differentiation

(Figures 7C and 7E). Oligodendrocytic differentiation was also

substantially enhanced in Kat7+/+NesCreT/+ control NSPCs (Fig-

ure 7F). The observation that overexpression of KAT7 does not

result in a significant increase in H3K14ac (Figure 7B) yet

does result in a substantial increase in neurons (Figure 7C) and

oligodendrocytes (Figure 7F) in Kat7+/+NesCreT/+ control NSPCs

may reflect a change in H3K14ac levels in different parts of the

genome or a possible ectopic function of overexpressed KAT7.

Brief window for quick restoration of neuronal
differentiation potential
While re-expression of KAT7 after 3 days of absence resulted in a

quick rescue of neuronal and oligodendrocytic differentiation po-

tential (Figures7A–7F), prolongedabsenceofKAT7 for 5weeks re-
sulted in resistance to restoration by short-

term KAT7 re-expression (Figures 7G and

7H). However, prolonged re-expression of

KAT7 for an additional 5 weeks resulted in

some degree of rescue, even after the pro-

longed absence of KAT7 (Figures 7G and 7H).
These results show that neuronal and oligodendrocytic

differentiation is dependent on KAT7 and can be enhanced by

prolonged KAT7 overexpression.

DISCUSSION

Generating the loss of one specific histone modification for

the purpose of studying its function is difficult in vertebrate

organisms, because many modifications are catalyzed by two

or more partially or fully redundant enzymes. Exceptionally,

removal of KAT7 allowed us to investigate the role of KAT7 and

H3K14ac in the regulation of gene expression in NSPCs and in

the cortex during differentiation. The loss of H3K14ac in the

absence of KAT7 and the high correlation between KAT7 genome

occupancy and H3K14ac levels suggest that H3K14 is a major

acetylation target of KAT7 in NSPCs.

While others reported that KAT7 catalyzes acetylation of his-

tones H3 and H4 either in cell-free assays or detected as a global

change by western blot in HEK293T cells,28,29,37–39 we observed

here, and others also found, that KAT7 predominantly acetylates

histone H3K14 in mouse embryos and fibroblasts,33 erythro-

blasts,34 thymic epithelial cells,36 and lung epithelial cells,40 as
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well as in human acute myeloid leukemia cells,41 HeLa,42–44

MCF7, and HEK293T cells.44 A role of KAT7 in acetylating H4

could be concealed if other histone acetyltransferases compen-

sated for the lack of KAT7 in H4 acetylation. Furthermore, H4

acetylation could be more prominent in cell types not examined

here or locus-specific, not detectable by global assessment.

We showed that KAT7 and H3K14ac are distributed

throughout the genome. The use of cells and tissues lacking

KAT7 and H3K14ac allowed us to determine the ‘‘zero state’’

of H3K14ac in the genome and in so doing lend certainty to

the H3K14ac ChIP signal above this ‘‘zero state.’’ Previous re-

ports were restricted to determining enrichment of H3K14ac

over other areas of the genome, as is customary for ChIP-seq

experiments, and observed KAT7 enrichment near TSS37,39,56

and H3K14ac at gene loci and origins of DNA replication.32,52

Consistent with previous reports,32,37,39,52,56 we detected

elevated levels of H3K14ac and KAT7 at highly expressed

genes within the 50 �1 kb of the gene. Interestingly, H3K14ac

and KAT7 did not appear to be essential for the continued

expression of genes already active in NSPCs at the time of

loss of KAT7, as these highly active genes continued to be ex-

pressed after Kat7 deletion. In contrast, KAT7 appeared to be a

prerequisite for very low levels of expression and, importantly,

for activation to biologically relevant, cell fate-changing levels

of transcription, which required KAT7 to be present continually

prior to the activation event. An importance of maintaining the

chromatin of gene loci open in stem cells for later activation

during differentiation has been proposed previously63 and is

underscored by the observation that multipotency in stem cells

requires a globally open chromatin state64 associated with

global gene expression.65 Altogether, the broad distribution of

H3K14ac in the genome observed here suggests a general

role in genome organization maintaining the chromatin in an

accessible conformation.

Previous work suggested that histone acetylation is largely

restricted to transcriptionally active chromatin.66 It was pro-

posed that histone acetylation may not be required for initiation

of transcription based on work in the fruit fly.67 In contrast, we

showed here that H3K14ac is present throughout the genome

and that KAT7 is required for biologically relevant gene activa-

tion. In the absence of KAT7, gene activation is insufficient for

cell fate changes. KAT7 is required for the activation of neuronal
Figure 7. Timely re-expression of KAT7 restores neuronal differentiati

(A) Timeline of the acute Kat7 re-expression experiments. E14.5 NSPCs were cult

empty vector was overexpressed for 3 days or for 5 weeks before cells were dif

(B) Immunoblot of KAT7 protein and H3K14ac in Kat7lox/loxNesCreT/+ and Kat7+/+

Kat7 cDNA (Kat7-pMIG, MSCV-Kat7-IRES-GFP) in the first week after E14.5 NS

(C) Percentages of neurons formed during differentiation experiments, depicted

(D) Immunofluorescence staining for the neuronal marker type III b-tubulin (red)

3 days after retroviral transduction with empty vector control (pMIG) or Kat7 exp

(E) As (D), except NSPCs overexpressing Kat7 or empty vector were cultured fo

(F) Percentages of oligodendrocytes formed during the differentiation experimen

(G) Timeline of the delayedKat7 re-expression experiments. NSPCswere cultured

empty vector was overexpressed from week 5 for 3 days or from week 5 to wee

(H) Percentages of neurons formed after delayed re-expression of KAT7.

NSPC isolates from three to four animals per genotype were assessed in the diff

analyzed by Student’s t test. Scale bar, 80 mm.

Marker protein levels per cell are displayed in Figure S13.
and oligodendrocytic differentiation genes (our study here). Pre-

viously, it had been reported that KAT7 was required for

H3K14ac and the activation of early post-gastrulation embryonic

patterning genes in the mouse,33 and that H3K14ac was essen-

tial for larval wing disc differentiation gene expression and cor-

rect wing patterning in the fruit fly.68 Taken together, these

studies suggest that the main mechanism by which KAT7 en-

sures appropriate activation of patterning and differentiation

genes is via H3K14ac.

The absence of H3K14ac and KAT7 resulted in a complete

failure of neuronal and oligodendrocytic differentiation from

NSPCs in vitro. In contrast, the loss of KAT7 during mid neuro-

genesis in vivo resulted in defective neuronal migration and

maturation. The difference may be explained by the timing

of KAT7 deletion. The NSPCs were isolated at E14.5, when

KAT7 protein was already low, and were kept as proliferating

cells for at least 3 weeks before differentiation was induced in

the complete absence of KAT7. In contrast, while Kat7 gene

deletion and mRNA decline were complete in vivo at E12.5,

when neurogenesis commences, KAT7 protein was still pre-

sent at a quarter of the normal levels. This reduced level of

KAT7 apparently was enough to allow the initial steps of

neuronal differentiation but was not enough for migration

and maturation. Alternatively, the more complex, supportive

environment in vivo may have supported some level of

neuronal differentiation in the absence of KAT7, but not migra-

tion and maturation. The failure of Kat7 null NSPCs to give rise

to neurons and oligodendrocytes, while successfully prolifer-

ating for at least 15 passages, suggests that Kat7-deleted

NSPCs were capable of maintaining a status quo, but inca-

pable of enacting a cell fate change in the absence of

H3K14ac and KAT7. The failure of neuronal and oligodendro-

cytic differentiation, while astrocyte differentiation appeared

to occur, suggests that KAT7 is essential for priming the

gene network required for neural and oligodendrocyte differ-

entiation pathways. In contrast, astrocyte differentiation may

be a default pathway (in the absence of neural/oligo differen-

tiation signals) and so unaffected, congruent with the observa-

tion that fetal and adult NSPCs share certain characteristics

with astrocytes, such as GFAP expression.53–55,69–72

Kat7-deleted NSPCs failed to actively transcribe several

transcription factor network modules known to be required for
on potential

ured in NSPC proliferation medium for 3 days before viral transduction. Kat7 or

ferentiated.

NesCreT/+ NSPCs after retroviral expression of empty vector control (pMIG) or

PC isolation.

in (D) and (E).

in differentiation cultures of Kat7lox/loxNesCreT/+ and Kat7+/+NesCreT/+ NSPCs

ression vector (Kat7-pMIG) in the first week after E14.5 NSPC isolation.

r 5 weeks, before cells were differentiated.

ts after acute, short, or long re-expression of Kat7 as in (A).

in NSPCproliferationmedium for 5weeks first before viral transduction.Kat7 or

k 10, before cells were differentiated.

erent assay conditions in (A–H). Data are displayed as mean ± SEM and were
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neuronal differentiation. Interestingly, the pioneer transcription

factor SOX28 was unable to activate target genes in the absence

of KAT7. Timely re-expression of KAT7 restored NSPC plasticity

completely, whereas delayed re-expression restored NSPC

plasticity only partially and only after a prolonged period of

re-expression for 5 weeks.

The ability of KAT7 overexpression to induce markedly

enhanced neuronal differentiation may be of relevance to

neuronal regeneration. NSPCs display a loss of neurogenic

potential over passages in culture,73,74 which limit their potential

clinical use. Since overexpression of KAT7 resulted in the robust

generation of supernumerary neurons, even after weeks in

culture, it may be an avenue toward sustained neuron

production.

Limitations of the study
Although our study provided clear results in the experimental

paradigms tested, a number of limitations need to be taken

into consideration. (1) While animal experiments provide data

highly relevant to living organisms, the number of replicates

that can be generated is limited to the minimum required by

animal welfare considerations. (2) In our study, we used

C57BL/6 mice. Kat7 deletion on another genetic background

may produce different results. (3) The means of assessment of

stem cell function for neural stem cells is not as comprehensive

as for hematopoietic stem cells, where transplantation assays

are readily used, e.g., Yang et al.35 In particular, the precise

functional relationship between the neurosphere formation

assay in vitro and neural stem cell self-renewal in vivo remains

unclear,75 although in vivo and in vitro ablation studies have

shown that the two functions correlate.54,55 (4) Our study shows

that H3K14ac is lost in the absence of KAT7, suggesting that

KAT7 acetylates H3K14. However, the direct enzymatic action

of KAT7 on H3K14 has not been demonstrated here. Indeed, in

isolated cell-free experiments, histone acetyltransferases have

been shown to promiscuously acetylate more histone lysine

residues than are affected by their loss in cells (reviewed in

Voss and Thomas26). Observations within cells return that loss

of KAT7 specifically affects H3K14ac; however, other potential

targets may be masked by compensatory actions within the

more complex environment.

In conclusion, our data suggest that KAT7 is required to

maintain H3K14ac genome-wide and that this is essential

for developmental plasticity in NSPCs predominantly by

promoting low-level expression of genes not essential in the

stem cell state, but instead required for subsequent lineage

differentiation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GFAP Dako Z0334

anti-nestin Chemicon MAB353

anti-SOX2 Millipore AB5603

anti-H3S10p Millipore 06,570

anti-H3K14ac Upstate 070,353

anti-O4 Millipore MAB345

anti-ßIII-tubulin Promega G7121

anti- O4-A594 R&D FAB1326T

anti-ßIII-tubulin-PerCPCy5.5 R&D IC1195C

anti- S100b Abcam Ab52642

anti- GFAP-A488 Clone GA5 Invitrogen 53-9892-82

anti- GFAP-Cy3 Abcam Ab49874

anti- Sox2-APC R&D IC2018A

anti-TBR1 rabbit antibody Abcam ab31940

anti-CTIP2 rat antibody Abcam ab18465

anti-SATB2 mouse antibody Abcam ab51502

anti-BrdU antibody Dako M0744

anti-H4K5ac Millipore 07-327

anti-H4K8ac Millipore 07-328

anti-H4K16ac Millipore 07-329

anti-H3K9ac Millipore 07-352

anti-H3K14ac Millipore 07-353

anti-H3K14ac Cell Signaling 7627s

anti-H3K14ac Abcam ab52946

anti-H4K12ac Abcam AB1761

anti-KAT7 Protein Tech 13751-1-AP

anti- b-actin Santa Cruz sc-1616

anti-rabbit IgG HRP-conjugated GE healthcare NAV934v

Goat anti-Rabbit IgG (H + L) TRITC Jackson Immunoresearch 111-0250993

Alexa Fluor 350 conjugated goat anti-rabbit antibody Invitrogen A21068

Alexa Fluor 488 conjugated goat anti-mouse antibody Invitrogen A11029

Alexa Fluor 546 conjugated goat anti-rat antibody Invitrogen A11081

Donkey anti-Rabbit DyLight 405 AffiniPure F(ab’)

Fragment

Jackson Immunoresearch 711-476-152

Alexa 546 goat anti-Rabbit Invitrogen A-11035

FITC-conjugated goat anti-mouse IgM Vector Laboratories FI2020

Alexa-Fluor 568-conjugated goat anti-mouse antibody Invitrogen A21124

AMCA-conjugated goat anti-rabbit antibody Jackson ImmunoResearch 111-156-003

Vectastain Elite ABC Kit Universal Vector Laboratories PK6200

Biological samples

Tissue samples isolated from the mice below this study N/A

Chemicals, peptides, and recombinant proteins

LIVE/DEADTM fixable dye ThermoFisher L34955

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

FuGENE transfection reagent Roche 11,814,443,001

Tissue-Tek O.C.T compound ProSciTech IA018

Dako fluorescence mounting medium Agilent Dako CS703

Critical commercial assays

Apoptag fluorescein staining kit Chemicon S7160

Qiagen RNeasy kit Qiagen 74,104

TruSeq library construction kit Illumina v2

Deposited data

RNA-seq data (proliferating and differentiating Kat7

intact and deleted NSPCs)

NCBI GEO GSE215970

ChIP-seq data (H3K14ac on proliferating and

differentiating wild-type NSPCs)

NCBI GEO GSE215971

ChIP-seq data (H3K14ac and KAT7 occupancy on

proliferating Kat7 intact and deleted NSPCs)

NCBI GEO GSE216459

Cortical neurons RNA-seq (on proliferating Kat7 intact

and deleted CN)

NCBI GEO GSE220602

Neural stem cell RNA-seq (on proliferating Kat7 intact

and deleted NSPCs)

NCBI GEO GSE220498

Experimental models: Cell lines

Neural stem cells/neural stem and progenitor cells

isolated from the mice below and cultured as

neurospheres or differentiated

this study N/A

Primary cortical neurons isolated from the mice below

and cultured

this study N/A

HEK293T cells for virus production in house N/A

Experimental models: Organisms/strains

Kat7lox mice in house (Kueh et al., 2011)33

NesCreT/+ transgenic mice G€unther Sch€utz (Tronche et al., 1999)61

Kat7lox/+;NesCreT/+ mice bred from the two strains above,

this study

N/A

Oligonucleotides

Kat7 genotyping primers in house: N/A

TAAGAGCTATTCCGTGTTCCGG (Kueh et al., 2011)33 oligonucleotide ‘‘1’’

AACTGGAAATTCTTTGGCGCTCC (Kueh et al., 2011)33 oligonucleotide ‘‘2’’

ATCAATTCTGCCTGGCTTAACCC (Kueh et al., 2011)33 oligonucleotide ‘‘3’’

Recombinant DNA

Kat7-pMIG (pMSCV-Kat7-IRES-GFP) this study N/A

pMSCV-IRES-GFP (pMIG) Hilton lab, in house N/A

gag/pol expression vector Herold lab, in house N/A

VSV-G expression vector Herold lab, in house N/A

Software and algorithms

R R Project for Statistical Computing RRID:SCR_001905

R packages Rsubread, edgeR and limma Bioconductor RRID:SCR_006442

Mus musculus gene information NCBI ftp://ftp.ncbi.nlm.nih.gov

DAVID david.ncifcrf.gov RRID:SCR_001881

deepTools https://deeptools.readthedocs.io/en/

develop/

RRID:SCR_016366

Prism GraphPad Software GraphPad Version 9.4.1

STATA 17.0 StataCorp Version 17.0
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RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will be fulfilled by the lead contact Anne Voss (avoss@wehi.

edu.au).

Materials availability
This study did not generate new unique reagents. We published the Kat7 conditional mutant mouse strain previously.33,35,36,45

Data and code availability
d High-throughput sequencing data have been deposited at GEO and are publicly available. Accession numbers are listed in the

key resources table. Western blot images (Data S1) and images of Ponceau S staining of histone Western blots (Data S2) are

available in the Supplemental information.

d This paper does not report custom code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL DETAILS

Mice
All animal experiments were conducted with approval of theWEHI Animal Ethics Committee and according to the Australian code for

the care and use of animals for scientific purposes. We used our conditional mutant allele [Kat7lox]33 to delete exon 1 of the mouse

Kat7 locus using cre-recombinase driven by the nestin intron 2 enhancer [NesCreT/+ transgenic mice].61 All mice were on a C57BL/6

inbred genetic background. Mice were kept in a 12 h light/12 h dark cycle. Noon of the day the vaginal copulation plug was first

observed was defined as embryonic day 0.5 (E0.5). Mice were genotyped by genomic 3-way PCR33 using the primers listed in

the key resources table. To assess DNA replication rates during embryonic development, dams were administered a single pulse

of BrdU by intraperitoneal injection at a dose of 100 mg/g at E14.5 and sacrificed after 1 h. Dissected embryonic brains were fixed

in 4% PFA for future sectioning and staining.

Cortical neurons isolation, culture and viability stain
Cortical neurons were isolated from E16.5 cortices and cultured, as described previously.76 In brief, E16.5 cerebral hemispheres

were dissected, dissociated enzymatically and mechanically, passed through a sieve, collected by centrifugation and plated onto

poly-L-lysine-coated tissue culture plates in neural differentiation medium [DMEM/F12, 5 mM HEPES, 13.4 mM NaHCO3, 0.6%

D-glucose, 100 U/mL penicillin, 100 mg/mL streptomycin, 60 mM putrescine, 20 nM progesterone, 25 mg/mL insulin, 100 mg/mL apo-

transferrin, 30 nM selenium, 1% fetal bovine serum]. Cortical neuron viability was assessed at 24 h, 72 h and 120 h of culture using a

live/dead assay kit (Molecular probes, L3224) according to manufacturer’s instructions.

NSPC isolation, culture and differentiation
NSPC isolation, culture and differentiation were conducted as previously described.77 In brief, E14.5 embryonic cortices and gangli-

onic eminences were dissected, washed in PBS, digestedwith pancreatin/trypsin, washed, resuspended in neurosphere cultureme-

dium [DMEM/F12, 5 mM HEPES, 13.4 mM NaHCO3, 0.6% D-glucose, 100 U/mL penicillin, 100 mg/mL streptomycin, 60 mM putres-

cine, 20 nM progesterone, 25 mg/mL insulin, 100 mg/mL apotransferrin, 30 nM selenium, 10 ng/mL bovine recombinant fibroblast

growth factor 2 (FGF2), 4 mg/mL heparin-sodium salt, 20 ng/mL murine epidermal growth factor (EGF), 2 mg/mL BSA fraction V ],

sieved, plated and cultured at 37�C and 5% CO2. Cells were passaged using Accutase (Sigma-Aldrich, A6964) for 5 min at 37�C
to dissociate neurospheres and replated at 20,000 cells/cm2. To determine short-term neurosphere proliferation rates, the mean

diameter and spherical volumes of 20 randomly selected neurospheres per sample was measured on days 3, 6 and 9 during a single

passage (passage 5) of culture. To determine neural stem cell long-term proliferation rates, neurospheres were passaged a total of 15

times over 105 days. To assess neurosphere self-renewal, neurospheres were passages and the number of secondary neurospheres

forms was counted. To induce differentiation, neurospheres were dissociated and cultured on laminin substrate in cortical neuron

culture medium.

METHOD DETAILS

NSPC immunofluorescence
For the detection ofmarker proteins, neurosphereswere fixed in PFA, washed, permeabilized, blocked and incubatedwith intervening

washing steps with the following antibodies: anti-GFAP (Dako, Z0334), anti-nestin (Chemicon, MAB353), anti-SOX2 (Millipore,

AB5603), or anti-H3S10p (Millipore, 06,570), secondary antibodies and nuclear counter stain (Invitrogen, H1399). Differentiated
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cultures were fixedwith PFA, washed, blocked, andwith intervening washing steps incubatedwith anti-O4mouse antibody (Millipore,

MAB345, washed in MT-PBS (2 3 10 min), FITC-conjugated goat anti-mouse IgM (Vector Laboratories, FI2020), anti-ßIII-tubulin

mouse antibody (Promega, G7121) and anti-GFAP rabbit antibody (Dako, Z0334) with permeabilisation (0.25% Triton X-100),

Alexa-Fluor 568-conjugated goat anti-mouse antibody (Invitrogen, A21124) andAMCA-conjugated goat anti-rabbit antibody (Jackson

ImmunoResearch, 111-156-003).

NSPC flow cytometry
NSPCswere grown under proliferation or differentiating conditions as described above. Flow cytometry was conducted using the BD

FACS Aria W (FACS AriaTM II SORP, BD Biosciences) cell analyser at a flow rate of less than 7,500 events/sec. Collected data were

analyzed using FlowJo 10.1r5 (Tree Star Inc.).

For proliferation conditions, cells were collected by centrifugation (200 g, 5 min) and washed in MT-PBS (Gibco, 10,010,023). Cells

were incubated at RT for 30 min with a LIVE/DEADTM fixable dye (ThermoFisher, L34955). Cells were washed in MT-PBS and

collected by centrifugation. Cells were fixed and permeabilised using eBioscienceTM Intracellular fixation and permeabilization buffer

set (ThermoFisher, 88-8824-00) for 1 h on ice. Cells were washed in 3 mL 2% FACS buffer (2% (vol/vol) FCS in FACS buffer: 150 mM

NaCl, 3.7 mM KCl, 2.5 mM CaCl2,2H2O, 1.2 mMMgSO4,7H2O, 0.8 mM K2HPO4, 1.2 mM KH2PO4, 11.5 mM HEPES) for 10 min on

ice. Cells were collected by centrifugation (200 g, 5 min). Cells were incubated O/N at 4�Cwith primary or conjugated antibodies. The

following morning cells were washed twice for 10 min with 2% FACS buffer. Cells were collected (200 g, 5 min) and incubated with

secondary antibodies on ice for 1 h. Cells were washed twice for 10 min in 2% FACS buffer. Cells were resuspended in 2% FACS

buffer and run on a FACS analyser.

For differentiation conditions, cells were collected by centrifugation (200 g, 5 min) and washed in 2% FACS buffer. Cells were

stained for O4-A594 (R&D, FAB1326T) in 2% FACS buffer for 1 h on ice. Cells were washed in 3 mL FACS buffer and centrifuged

(200 g, 5 min). Cells were fixed and permeabilised using eBioscienceTM Intracellular fixation and permeabilization buffer set

(ThermoFisher, 88-8824-00) for 1 h on ice. Cells were washed in 3 mL 2% FACS buffer for 10 min on ice. Cells were collected by

centrifugation (200 g, 5 min) and incubated O/N at 4�C with primary or conjugated antibodies. The following morning cells were

washed twice for 10 min in 2% FACS buffer, collected and incubated with secondary antibodies on ice for 1 h. Cells were washed

twice for 10 min in 2% FACS buffer, collected and resuspended in 2% FACS buffer prior to analysis on a FACS analyser.

The following antibodies were used: O4-A594, R&D, FAB1326T; ßIII-tubulin-PerCPCy5.5, R&D, IC1195C; S100b, Abcam,

Ab52642; GFAP-A488 Clone GA5, Invitrogen, 53-9892-82; GFAP-Cy3, Abcam, Ab49874; Sox2-APC, R&D, IC2018A; Donkey anti-

Rabbit DyLight 405 AffiniPure F(ab’) Fragment, Jackson Immunoresearch, 711-476-152; Alexa 546 goat anti-Rabbit, Invitrogen,

A-11035.

Retroviral expression of Kat7 in pMIG
To produceKat7 overexpression virus particles, a transfection cocktail of 1 mg ofKat7-pMIG (pMSCV-Kat7-IRES-GFP) or empty vec-

tor pMSCV-IRES-GFP (pMIG), 0.9 mg gag/pol and 0.1 mg VSV-G expression vectors were incubated in FuGENE transfection reagent

(Roche, 11,814,443,001), before addition to HEK293T cells. After overnight culture, culture medium was replaced with fresh medium

and viral supernatants were harvested 48 h later and filtered through a 0.45 mm syringe filter. 4 mL of viral supernatant with 8 mg/mL

polybrene was added to dissociated neurospheres either during the first week after isolation (early transduction time point) or during

week 5 after isolation (late transduction time point).

Immunofluorescence for cortical layer formation
Frozen cryosections were fixed in PFA, washed, permeabilised, blocked and incubated with intervening wash steps with anti-TBR1

rabbit antibody (Abcam, ab31940), anti-CTIP2 rat antibody (Abcam, ab18465) and anti-SATB2 mouse antibody (Abcam, ab51502),

Alexa Fluor 350 conjugated goat anti-rabbit antibody (Invitrogen, A21068), Alexa Fluor 488 conjugated goat anti-mouse antibody (In-

vitrogen, A11029) and Alexa Fluor 546 conjugated goat anti-rat antibody (Invitrogen, A11081). For the enumeration of TBR1, CTIP2

and SATB2 positive cells of the E18.5 cortical plate on coronal sections, the fields of view were equally divided into 10 pial to ven-

tricular bins and TBR1, CTIP2 and SATB2 positive cells were counted in each bin and presented as a percentage of total cells in the

respective bins.

Immunofluorescence on E18 coronal brain sections
E18 fetuses were collected and euthanised by hypothermia on ice for 2 h. Heads were frozen in Tissue-Tek O.C.T compound

(ProSciTech, IA018). 10 mm coronal sections were cut using a cryostat microm H550 (Thermo Fisher, 388,114) and placed onto

SuperFrost Plus charged slides (Thermo Fisher, 4951PLUS4).

Selected slides were rehydrated in PBS (Gibco, 14,190,144). Sections were fixed in 1% PFA for 5 min at RT in a wet chamber,

followed by 2 x PBS washes, 5 min each. Sections were permeabilised using 1% Triton X-100 for 30 min at RT in a wet chamber,

2 x PBS washes, 5 min. Non-specific staining was blocked using 10% FCS at RT for 30 min. Primary antibodies were added in

10% FCS in PBS, and sections were stained overnight at 4�C. The following morning sections were washed in PBS, 2 3 5 min

and incubated with secondary antibodies in 10% FCS for 1 h at RT. Sections were washed, 2 3 5 min in PBS. Sections were incu-

bated with DAPI in 10% FCS for 5 min at RT. Sections were washed, 2 x PBS, 5 min andmounted using Dako fluorescence mounting

medium (Agilent Dako, CS703). Sections were photographed using a fluorescent microscope (Zeiss Axioplan 2).
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The following antibodies were used: S100b, Abcam, Ab52642; GFAP-A488 Clone GA5, Invitrogen, 53-9892-82; Goat anti-Rabbit

IgG (H + L) TRITC, Jackson Immunoresearch, 111-0250993.

BrdU immunohistochemistry
Paraffin sections were dewaxed, subjected to antigen unmasking solution (Vector, H3301), H2O2, washed, blocked and incubated

with intervening wash steps with anti-BrdU antibody (Dako, M0744; 1:10 dilution) and Vectastain Elite ABC Kit Universal (Vector Lab-

oratories, PK6200). BrdU positive cells were counted in at least 3 view fields of the developing cerebral cortex per sample on coronal

sections of E14.5 brains.

TUNEL staining
TUNEL staining was conducted using an Apoptag fluorescein staining kit (Chemicon, S7160) according to manufacturer’s

instruction.

Radioactive in situ hybridisation
Radioactive in situ hybridisation was performed as previously described.78 In brief, paraffin-embedded tissue sections were dewaxed,

rehydrated through graded concentrations of alcohol, incubated for 10min at room temperature in 10mg/mLproteinase K, fixed in 4%

paraformaldehyde for 10 min, then dehydrated through graded concentrations of alcohol. Sections were air dried, and hybridisation

solution [300 mM NaCl, 5 mM EDTA,Na2, 10 mM NaH2PO4,H20, 10 mM Tris,Cl pH 6.8, 0.02% (w/v) polyvinylpyrrolidone, 0.02%

(w/v) Ficoll 400, 0.02% (w/v) BSA fraction V (Sigma A-7906), 50% (v/v) formamide (deionised from IBI cat IB72020), 20% (v/v) dextran

sulfate], containing 53 105 cts/min/ml in vitro transcribedwith [S]35 labeledCTP, cRNAprobeswas placed over the section. Slideswere

incubated overnight at 56�C and then washed in 2xSSC [17.53 g/L NaCl,8.82 g/L sodium citrate, pH 7.0]/50% (v/v) formamide, 10mM

DTT at 60�C for 30 min and twice in 0.5M NaCl, 10 mM Tris,Cl pH 8.0, 1 mMEDTA,Na2 at 37�C for 5 min. Sections were incubated in

0.5 M NaCl, 10 mM Tris,Cl pH 8.0, 1 mM EDTA,Na2 with 20 mg/mL RNase A at 37�C for 30 min, washed in 0.5 M NaCl, 10 mM Tris,Cl
pH 8.0, 1 mM EDTA,Na2 at 37�C for 30 min, washed twice in 2xSSC/50% (v/v) formamide at 60�C for 30 min, washed in 0.1xSSC at

60�C for 30 min, dehydrated through graded concentrations of alcohol and air dried for 1 h. Sections were exposed to an X-ray film,

then coated in film emulsion (Kodak, NTB-2), exposed for 6 weeks, then developed (Kodak D19 developer), cleared in 30% sodium

thiosulfate for 5 min, washed in distilled water, counterstained with haematoxylin, cover-slipped and photographed using darkfield

optics (Axioplan 2 and Axiocam HR, Zeiss).

Protein lysis, acid protein extraction and immunoblotting
Cells were lysed in RIPA buffer (1% (v/v) Triton X-100, 0.1% (w/v) SDS, 1% (w/v) sodiumdeoxycholate, 150mMNaCl, 10mMTris-HCl

pH 7.5, 0.01% (w/v) sodium azide in Milli-Q H2O) with protease inhibitor (Roche, 05,892,791,001) for 30 min at 4�C.
For acid extraction of histones, cells were lysed in histone lysis buffer [10 mM HEPES pH 7.9, 1.5 mMMgCl2, 10 mM KCl, 0.5 mM

DTT, 1.5 mM PMSF, 10 mM Na butyrate in Milli-Q H2O], HCl was added to tubes to a final concentration of 0.2 M, samples were

incubated for 30 min on ice, centrifuged at 17,800 g, supernatants were transferred into dialysis tubing (Spectrum labs, 133,110)

with a molecular weight cut-off of 3.5 kD, dialyzed against 500 mL of 0.1 M acetic acid (2 3 2 h), dialyzed against 500 mL of

Milli-Q H2O for 1 h, 3h and overnight.

Protein lysates in SDS sample buffer [5x: 0.2 M Tris-HCl pH 6.8, 20% (v/v) glycerol, 10 mM b-mercaptoethanol, 0.05% (w/v) bromo-

phenol blue in Milli-Q H2O] were incubated for 5 min at 95�C and separated by SDS-PAGE using 4-12% (w/v) Bis-Tris polyacrylamide

gels (Invitrogen, NP0335PK2) at 145 V in MES running buffer (NP0002, Invitrogen) and transferred onto Osmonics PVDF membranes

(Krackeler scientific, 243-1212639) using transfer equipment (BioRad, 170-3930) in Western transfer buffer (150 mM glycine, 20mM

Tris, 20% (v/v)methanol inMilli-QH2O) at 100V for 2 h.Membraneswere blocked in 10% (w/v) skimmilk in PBST for 2 h at RT, washed

in PBST (53 5min), incubatedwith primary antibodies overnight in 5% (w/v) skimmilk in PBST at 4�C, washed in PBST (53 5min) and

incubated with an anti-rabbit IgG HRP-conjugated secondary antibody (GE healthcare NAV934v) in 5% (w/v) skim milk in PBST at RT

for 30 min. Protein bands were detected by incubating membranes in developing reagents (Millipore, WBKLS0100) for 2 min at RT

before exposure to chemiluminescent film (GE healthcare, 28-9068-36).

Sample cohorts for RNA-seq and ChIP-seq experiments
Three RNA-seq and two ChIP-seq experimental series were conducted: a first cohort of samples of proliferating NSPCs was used to

examine the effects of loss of KAT7 (Kat7lox/loxNesCreT/+ = Kat7 deleted versus Kat7+/+NesCreT/+ = Kat7 intact) with RNA-seq, KAT7-

ChIP-seq and H3K14ac-ChIP-seq experiments and to assess a correlation between H3K14ac and mRNA levels (Figures 4A–4D, S7,

S8 and Table S5); a second cohort of samples of proliferating and differentiating NSPCs were used to examine the effects of loss of

KAT7 (Kat7lox/loxNesCreT/+ = Kat7 deleted versus Kat7+/+NesCreT/+ = Kat7 intact) on mRNA levels comparing proliferating and differ-

entiating NSPCs and to assess a correlation between mRNA levels and H3K14ac levels (wild-type only) during differentiation (Fig-

ures 3, 4E–4G, S6, S9, Tables S1, S2, S3, S4, S6, and S7); the third cohort of samples were cortical neurons isolated at E16.5

and cultured overnight and were used to assess the effects of loss of KAT7 (Kat7lox/loxNesCreT/+ = Kat7 deleted versus Kat7+/+

NesCreT/+ = Kat7 intact) on mRNA levels during neuronal development in vivo with RNA-seq (Figure 6, Tables S8 and S9).
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RNA-seq profiling of cortical neurons
Sample cohort 3: Total RNAwas isolated usingQiagen RNeasy kit (Qiagen, 74,104) according to themanufacturer’s instructions from

E16.5 cortical neurons isolated and cultured overnight. RNA was sent to BGI Beijing for library construction and 49 bp single-end

sequencing. Reads were aligned to mouse genome mm9 using the Rsubread package 1.4.079 with >98% reads successfully map-

ped. Read counts were summarised at the gene level using the Rsubread’s featureCounts function and Rsubread’s in-built RefSeq

annotation.80 MDS plots indicated that the cortical neuron genotypes segregated well. Obsolete Entrez IDs and genes with <1 count

per million in less than 3 samples were filtered out leaving 12,580 genes for further analysis. Library sizes were normalized by the

trimmed mean of M-value (TMM) method.81 Differentially expressed (DE) genes were identified using edgeR exact tests.82,83 A total

of 2,192 genes were downregulated and 1,876 upregulated with false discovery rate (FDR) < 0.05 in the Kat7lox/loxNes-CreTg/+ cells.

Gene set enrichment tests were conducted using ROAST84,85 for the following gene sets: REST and CoREST target genes,86

apoptosis genes,87 cell adhesion genes (KEGG), neural crest stem cell genes,88,89 embryonic stem cells, primitive ectoderm, tran-

sient neurogenic progenitors, committed neurogenic progenitors and mature neurons.62 Gene ontology and KEGG analyses were

conducted using DAVID.90,91

RNA-seq profiling of neural stem cells
Sample cohorts 1 and 2: Total RNA was isolated using Qiagen RNeasy kit according to the manufacturer’s instructions from E14.5

neurospheres cultured in neural stem cell proliferation medium or differentiation medium. Libraries were constructed using the Illu-

mina TruSeq library construction kit according to the manufacturer’s instructions and sequenced on an Illumina HiSeq (cohort 1) or

NextSeq sequencer (cohort 2) obtaining 100 bp single-end reads (cohort 1) or 75 bp paired-end reads (cohort 2). Reads were aligned

to the mm10 mouse genome using Rsubread.92 85% and 80% of reads were successfully mapped for the two cohorts respectively.

Read counts were summarised at the gene level using the featureCounts and Rsubread’s in-built RefSeq annotation.80 Gene anno-

tation was downloaded from the NCBI (ftp://ftp.ncbi.nlm.nih.gov).

For the cohort 1 analysis, obsolete Entrez Gene Ids, mitochrondial genes and genes with <0.5 count per million in less than 4 sam-

pleswere filtered out leaving 13,703 for further analysis. Library sizeswere normalized by the TMMmethod. Countswere transformed

to log2 counts per million by the voommethod84 and differentially expressed (DE) genes were identified by limmamoderated t-tests93

at FDR <0.05. Tissue gene annotation was conducted using DAVID.90,91

For the cohort 2 analysis, only protein-coding genes were retained in the analysis. Sex-linked genes (Xist and Y chromosome) and

genes with gene-model, GenBank or Riken accessions as gene symbols were also removed. Expression filtering used edgeR’s filter-

ByExpr function with min.count = 5 leaving 13,742 genes for downstream analyses. Linear models were estimated using edgeR’s

voomLmFit function with sample weights.94 Differential expression was assessed using TREAT t-tests with FDR = 0.05 relative to

a fold-change theshold of 1.5.95 Pathway analyses were conducted using limma’s goana function.

ChIP-seq analysis
Sample cohorts 1 and 2: The antibodies used for ChIPwere the anti-KAT7 antibody used in theWestern blot in Figure 1A (13751-1-AP

from Protein Tech) and anti-H3K14ac antibodies (7,627 from Cell Signaling) used in the Western blot in Figure 3A, or (Abcam

ab52946). 10 million cells per sample were used. Chromatin immunoprecipitation (ChIP) was conducted as reported previously;96

libraries were generated using an Illumina TruSeq DNA library preparation kit and sequenced on an Illumina HiSeq (cohort 1) or

NextSeq sequencer (cohort 2).

For cohort 1 analyses, ChIP-seq reads were aligned to mm10 using Bowtie2 aligner. The ChIP-seq libraries were GC corrected

using Benjamini’s and Speed’s method implemented by the deepTools program.97 The same number of Kat7 deleted and intact cells

per sample were used. ChIP-seq library read depth was normalised to cell number to enable detection of global differences in KAT7

occupancy andH3K14ac. Based on theWestern blots (Figures 1A and 3A), KAT7 andH3K14ac readswere expected to be very low in

Kat7 deleted samples, which was also reflected in the very low DNA yield after ChIP (Figure S7). ChIP-seq libraries were converted to

coverage files using non overlapping 100 bp bins. Using deepTools normalisation, the coverage was standardised to 1x depth. With

this method the sequencing depth is computed as: (total number of mapped reads * fragment length)/effective genome size. The

scaling factor used is the inverse of the sequencing depth computed for the sample to match the 1x coverage. For the plotting of

localised areas, 10 base bins (default) were used (deepTools). ChIP-Seq gene counts were used for Figure S7G, and ChIP-Seq

genome-wide 1 kb bin counts were used for Figure 4C. The following genomic features were used apart from genes with NCBI

mm10 coordinate annotation. Promoter region was defined as �2 kb to ±0 relative to the TSS, post TES as TES ±0 to +2 kb. Pseu-

dogenes and CpG islands bed files for the mm10 build were downloaded from the UCSC Genome Browser. To distinguish between

CpG islands near to and far from the TSS a 10 kb threshold was chosen. The chromatin marks H3K27ac and DNase I hypersensitivity

in the E14.5 forebrain were used to define enhancers. The result of combining these two marks was provided for mm10 by

ENCODE [98; GSE82598 for H3K27ac (Bing Ren, UCSD); GSE83172 for DNase I hypersensitivity (John Stamatoyannopoulos,

UW), combined as ENCSR337EDG_ENCSR320EEW_predictions.bed downloaded from the Weng laboratory website (Zhiping

Weng, UMass)]. This definition will only reveal active enhancers. To distinguish between enhancers near to and far from the TSS

a 12 kb threshold was chosen. The definition of origins of replication was taken from high-throughput sequencing data in mouse

ES cells [59; GSE68347, three replicates plus control]. To distinguish between IS near and far from TSS a 10 kb threshold was chosen.
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To assess heterochromatic regions of the genome, H3K9me3-ChIPseq neural progenitor cell data [60; GSM1375164; 2 replicates]

were used to define broad peaks of H3K9me3 as described in the original publication.

For cohort 2 analyses, reads were aligned to the mm10mouse reference genome using Rsubread.92 Counts were assessed in two

genomic regions: TSS to +1 kb downstream of the TSS and gene bodies using Rsubread’s promoterRegion function and inbuilt

RefSeq annotation. Only annotated protein-coding geneswere retained as for the RNA-seq analysis described above. No expression

filtering was done leaving 19,683 genes in the analysis. Library sizes were normalized by the TMM method with singleton pairing.

Linear models were fitted using edgeR’s voomLmFit function with the cell-types as variance groups.94 Differential binding was

assessed using robust empirical Bayes with FDR = 0.05.99

QUANTIFICATION AND STATISTICAL ANALYSIS

High-throughput sequencing data were analyzed as stated in detail in the RNA-seq and ChIP-seq method sections above. Other-

wise, data were analyzed using Prism GraphPad Software Version 9.4.1 (458) or STATA 17.0 StataCorp to perform the tests stated

in the Figure legends.
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