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How does a single cell generate an organism with 
hundreds of different cell types?

epidermis

nerve  cells

muscle



Expression of different genes in distinct pattterns in the embryo

Fertilized egg Early embryo

(muscle)

(neurons)

(epidermis)
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Presence of transcription factors in 
different cell types



Complication: DNA is not always accessible for 
transcription factor binding 

Naïve embryo Specified Determined Differentiated



Complication: DNA is not always accessible for 
transcription factor binding 

Naïve embryo Specified Determined Differentiated



Figure 1 

Barral, A and Zaret, KS. Trends in Genetics, Volume 40, Issue 2, 134 – 148 (2023)

Pioneeer transcription factors can access inactive DNA and 
facilitate binding of other proteins
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Figure 1 

The pioneer factor Zelda (Zld) is key to zygotic genome 
activation in Drosophila embryos

ChIP-seq



Wael Tadros, Howard D. Lipshitz, Development (2009)

Zygotic genome activation is a conserved process 
in animal embryos



CBP-catalyzed histone modifications coincide with 
zygotic genome activation

Harrison MM, Marsh AJ, Rushlow CA  Genetics (2023) 225:iyad142 

CBP-catalyzed



p300/CBP is a transcriptional coactivator and histone acetyltransferase (HAT)

p300/CBP regulatory roles
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• CREB-binding protein (CBP) and its paralog p300 are transcriptional coactivators with histone 
acetyltransferase (HAT) enzymatic activities but lack intrinsic DNA-binding capabilities

• p300/CBP are central hubs of transcriptional networks through protein-protein interactions with many 
transcription factor (TF) families
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Is Zld needed for CBP-mediated histone acetylation?



Zld is required for CBP binding and histone 
acetylation at a subset of sites

Audrey Marsh and Melissa Harrison Marsh, Pirogov et al. Mol. Cell (2025)

ChIP-seq



Zld is required for CBP binding and histone 
acetylation at a subset of sites

Marsh, Pirogov et al. Mol. Cell (2025)



Is CBP needed for Zld pioneer activity?



Degradation of GFP-tagged CBP



CBP and H3K27ac is not needed to form open chromatin

Marsh, Pirogov et al. Mol. Cell (2025)



H3K27 acetylation is not needed for pioneer activity



CBP is required for zygotic genome activation

RNA-seq

Marsh, Pirogov et al. Mol. Cell (2025)



Is CBP catalytic activity needed for zygotic genome activation?



A point mutant that disrupts catalytic activity

Lilja et al. Dev. Biol (2007) 305:650
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clones can therefore be selected by the absence of mater-
nal GFP and screened for phenotypes, and the muta-
tions can be recovered from the eggs that are derived
from non-recombinant germ cells, which express GFP.

Flp/FRT screens can be targeted to particular tis-
sues by putting the Flp recombinase under the control
of a tissue-specific promoter, which removes any risk
of losing mutants because of the effects of clones in
other tissues. Duffy et al. have generated upstream
activating sequence (UAS)–FLP lines that allow the

Because the ovoD selection means that all of the progeny
of mutant females show the phenotype, it is not possible
to recover the mutant chromosomes from the females,
and these screens must, therefore, be carried out in the
F2 generation, so that the mutant can be isolated from
the sibling males. More recently, Luschnig et al.63 have
adapted this approach to carry out F1 screens for lethal
mutations with maternal-effect phenotypes, by marking
the non-mutagenized FRT chromosome with GFP. The
embryos from the homozygous mutant germ-line

NOTUM

The dorsal or upper surface of
the thoracic segment of any
insect.

Box 4 | The dominant female sterile technique for selecting homozygous germ-line clones

Dominant female sterile (DFS) mutations in the ovo gene (ovoD mutants) cause female germ cells to die during early
oogenesis, and therefore completely block egg production. These mutants can be used to eliminate non-recombinant
cells in Flp/FRT screens for mutations that give phenotypes in germ-line clones, by placing them on the FRT
chromosome arm that is to be selected against. In the absence of recombination, the ovoD transgene kills all of the 
germ cells, so the only egg chambers to survive are those that have lost ovoD and are homozygous for the other FRT
chromosome arm (see figure). By mutagenizing this chromosome, genetic screens can be carried out for lethal
mutations that give maternal-effect phenotypes, in which 100% of the eggs that are laid derive from homozygous
mutant germ-line clones, and this provides a very powerful way to find mutants in maternally supplied components
that are essential for embryonic development58. Although the ovo gene is on the X chromosome, Chou and Perrimon
have generated a set of transgenic lines that carry the mutant form of the gene and a proximal FRT site on each of the
four major autosomal chromosome arms55. This makes it possible to use the DFS technique to do germ-line clone
screens of most of the genome. hs, heat shock; m, mutation; w, white gene.
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CRY2-CBP can be inactivated by blue light (optogenetics)

Protein of interest (POI)



Both optogenetic inactivation and the 
CBPHAT mutant disrupt catalytic activity

CBP-catalyzed CBP-catalyzed

CUT&Tag

Marsh, Pirogov et al. Mol. Cell (2025)



Both mutants still bind chromatin, but block embryogenesis, 
demonstrating that CBP catalytic activity is required for 
embryo development

CUT&Tag

Marsh, Pirogov et al. Mol. Cell (2025)



Catalytic-dependent and independent zygotic genes

RNA-seq
Downregulated zygotic genes

Marsh, Pirogov et al. Mol. Cell (2025)



Precision run-on sequencing (PRO-seq) shows that 
CBP-regulated genes are highly paused
PRO-seq

Pol II

Pol II

nascent RNA
biotin-NTP
nuclear run-on

sequencing

(207) (54)

CBP CUT&Tag



CBP inhibition with the chemical C646 leads to reduced 
Pol II promoter occupancy

Boija et al. (2017) Mol Cell
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CBP stimulates Pol II recruitment/occupancy

Promoter

Enhancer

Pol II

CBP

CBP

Promoter

Enhancer

Pol II



CBP catalytic activity is needed for pause release

Marsh, Pirogov et al. Mol. Cell (2025)



CBP catalytic activity stimulates Pol II pause release

H3K27ac
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Summary I

• The pioneer factor Zelda is necessary for occupancy of cell fate 
determining transcription factors

• Zelda is also necessary for CBP to occupy a subset of genomic binding 
sites

• Neither CBP nor the histone acetylations that it catalyze are required 
for Zelda to make chromatin accessible

• CBP is important for zygotic genome activation

• CBP recruits RNA Pol II to promoters through non-enzymatic means

• CBP catalytic activity is needed for efficient Pol II pause release and 
embryo development



What happens in different cell types?



Dorso-ventral patterning of the Drosophila embryo

Mesoderm (n = 58)
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CBP binds enhancers tissue-specifically,
but occupies promoters tissue-invariantly

TAD

TAD

TAD

Dorsal ectoderm-specific gene

P P P P P

Dorsal ectoderm-specific enhancer

E E E

Epigenomic profiling of DV enhancers

PRO-seq

DV target genes

3D organization
(Hi-C)

Accessibility
(ATAC-seq)

Coactivator
occupancy
(CBP)

Active
chromatin state
(H3K27ac)

Dorsal ectoderm

Neuroectoderm

Mesoderm

Figure 2
a

1

Do
rsa
l

ec
tod
erm

Ne
uro
ec
tod
erm

Me
so
de
rm

No
n-D
V

0

1.5

0.5 1.0

2.0

3.0

0.0

1.0

2.0

3.0

0.0

Do
rsa
l

ec
tod
erm

Ne
uro
ec
tod
erm

Me
so
de
rm

No
n-D
V

Do
rsa
l

ec
tod
erm

Ne
uro
ec
tod
erm

Me
so
de
rm

No
n-D
V

Pr
om

ot
er
s

0.5

1.0

1.5

2.0

H3K27ac

0.0

0.5

1.0

1.5

2.0

0.0

CBP

0.5

1.0

1.5

0.0

ATAC-seq

En
ha
nc
er
s

b

d

gd7

Tollrm9/rm10

Toll10B

PRO-seq
3 h

dl 0

3.5

gd7

Tollrm9/rm10

Toll10B

ATAC-seq

gd7

Tollrm9/rm10

Toll10B
CBP
2-4 h

gd7

Tollrm9/rm10

Toll10B
H3K27ac
2-4 h

0

14

0

14

0

14

0

5

0

5

0

5

zen
mad
twi

E1E2 E3

2,452k 2,454k 2,456k 2,458k

dpp

chr2L: 2,448k 2,450k 2,460k 2,462k

tRNA:Y1:22Fb

tRNA:Y1:22Fa

dpp prom 1dpp prom 2

20

0

-20
20

0

-20
20

0

-20

0

20

0

15

0

35

sna 0

5

0

7

0

7

0

7

0

7

0

7

0

7

0

7

0

7

0

7

3h
4h
5h

3h
4h
5h

3h
4h
5h

0

1.5

0

8

0

8

0

8

0

4.5

0

4.5

0

4.5

twi prom E1

8

0

-8
8

0

-8
8

0

-8

0

10

0

10

0

35

23,046k 23,048k23,048k 23,050k

twi

chr2R:

0

4

0

4

0

4

0

4

0

4

0

4

0

4

0

4

0

4

0

8

ind

15,044k 15,046k 15,048kchr3R: 15,040k 15,042k

Rpn12R

E2E1 ind prom

0

0

6

0

6

0

6

0

1.2

0

1.2

0

1.2

6

0

6

0

6

0

0

14

0

13

0

10

0

6

0

5

0

5

0

5

0

5

0

5

0

5

0

5

0

5

0

5

2

-6

-6

-6

c
Genotype gd7 Tollrm9/rm10 Toll10B

f

Potential model: E not P chromatin state is tissue specific and correlates with pause release
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CBP occupies enhancers tissue-specifically and stimulates Pol II promoter 
occupancy tissue invariantly
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CBP

H3K27ac
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Enhancer

Pol II

CBP

CBP

Developmental gene 
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H3K27ac is present at active genes, whereas H3K27me3 
is used to silence genes
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Polycomb group (PcG) proteins silence transcription of genes
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Psc/Su(z)2

dRING

Pc

PRC1

Caf1-55

Su(z)12
E(z)Esc

PRC2

Sfmbt

Pho

PhoRC
-Highly conserved proteins that form multi-subunit complexes 
to maintain repression of developmental genes

PRC2 catalyzed H3K27me3 is a hallmark of repressive facultative heterochromatin

Polycomb mediated repression
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H3K27me3 in silent tissues, H3K27ac in active tissue

Figure S5
a
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Nano CUT&Tag – single cell chromatin profiling

Bartosovic M and Castelo-Branco G. Nat Biotechnol. (2023)
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Nano CUT&Tag can separate stages and cell types 
from histone modification data

Two stages, two replicates, ≈ 27 000 cells
24 000  5kb bins           only a few hundred fragments per cell

UMAP based on H3K27ac and H3K27me3

Pirogov et al. bioRxiv
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Integration with published scATAC-seq data

Calderon D. et al. Science (2022)
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Generation of a chromatin landscape
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Generation of a chromatin landscape

G M EF N G M EF N G M EF N G M EF N G M EF N

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type
ep

i p
ot

en
tia

l

in
fe

rre
d 

de
ve

lo
pm

en
ta

l t
im

e

cell types

EpidermMuscle NeuronsMidgut Fat
body

 ti
m

e
 ti

m
e

cell type

cell type

8

10

12

16

14

UM
AP

2
UM

AP
2

UMAP1

UMAP1

Epidermis
Fat Body
Midgut
Muscle
Neuronal

vvl

 ti
m

e

cell type

H3K27ac enriched
H3K27me3 enriched
both marks enriched
void

A

B

ep
i. p

ot
en

tia
l

vvl

cell type

tim
e

0.3 0.4 0.5 0.6 0.70.0 0.1 0.2

cell type

ep
i. 

po
te

nt
ia

l

vvl
G F M E N G F M E N

tim
e

[H
3K

27
m

e3
] -

 [H
3K

27
ac

]

[H3K27me3] - [H3K27ac]

 ti
m

e

cell type

epigenetic 
potential

+ 6 - 6

inferred 
RNA expression

epigenetic potential

cell type

epigenetic potential
C D

FE
G F M E N

zfh1GATAe vn grh Ptp61F

G

Fig. 2

tim
e

tim
e

tim
e

tim
e

tim
e

Pirogov et al. bioRxiv



Required for trachea formation and patterning of the ventral ectoderm

Chromatin landscape of ventral veins lacking (vvl) gene

14-16h

Midgut

Fat Body

Muscle

Epidermis

Ventral Nerve Cord

Midgut

Fat Body
Muscle

Epidermis

Ventral Nerve Cord

Epiderm
is

Midgut

Fat 
Body

Muscl
e

Ven
tra

l N
erv

e C
ord

H3K27me3 H3K27ac both

time

cl
ea

va
ge

em
br

yo
ge

ne
si

s

2

6
8
10
12

14
16

18

0
4

24 

ga
str

ula
tio

n

migration

diversification

term
inal 

differentiation

8 9 10 11 12 13 14 15 16
1
2
3
4
5
6

time

si
g

na
l i

n
 e

p
id

er
m

is

8-10 hours
14-16 hours

Epidermis
Prim. epidermis

Fat Body
Midgut

Muscle
Prim. muscle

Neuronal
Prim. neuronal

Undefined

H
3K

27
m

e3
H

3K
27

ac

inv-en locus

Nuclei extraction nanobody-Tn5 incubation

Tagmentation
 (+modality barcode)

10x Chromium 
cell barcoding

P7 tagmentation and sequencing

Genomic fragment Cell
barcode

Modality
barcode

Barcode A
Barcode B

Midgut Epidermis

Muscle Ventral nerve cord

H
3K

27
m

e3
H

3K
27

ac

6 780 kb 6 790 kb 6 800 kb 6 810 kb

[0 - 80]

[0 - 80]

[0 - 80]

[0 - 80]

[0 - 80]

[0 - 20]

[0 - 20]

[0 - 20]

[0 - 20]

[0 - 20]

CR45759 vvl

Midgut
Fat body
Muscles

Epidermis
Neuronal

Midgut
Fat body
Muscles

Epidermis
Neuronal

H3K27me3

H3K27ac

0.0

1.0

2.0

3.0

0.0

0.4

0.8

1.2

vvl

vvl

C

D
E

F G

H

Epidermis
Fat Body
Midgut
Muscle
Neuronal

8-10 h

14-16 h

A
Fig.1

H3K27ac
H3K27me3

B
[0 - 413]

[0 - 413]

[0 - 112]

[0 - 112]

me3

me3

me3

Ac

Ac

6 780

UMAP1U
M

A
P

2

UMAP1U
M

A
P

2

UMAP1U
M

A
P

2

UMAP1U
M

A
P

2

chr 3L

11 460chr 2R 11 500 11 540 11 580 11 620 kb

6 790 6 800 6 810

hour AEL

Chr 3L:



G M EF N G M EF N G M EF N G M EF N G M EF N

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type
ep

i p
ot

en
tia

l

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

in
fe

rre
d 

de
ve

lo
pm

en
ta

l t
im

e

cell types

EpidermMuscle NeuronsMidgut Fat
body

 ti
m

e
 ti

m
e

cell type

cell type

8

10

12

16

14

UM
AP

2
UM

AP
2

UMAP1

UMAP1

Epidermis
Fat Body
Midgut
Muscle
Neuronal

vvl

 ti
m

e

cell type

H3K27ac enriched
H3K27me3 enriched
both marks enriched
void

A

B

ep
i. p

ot
en

tia
l

vvl

cell type

tim
e

0.3 0.4 0.5 0.6 0.70.0 0.1 0.2

cell type

ep
i. 

po
te

nt
ia

l

vvl
G F M E N G F M E N

tim
e

[H
3K

27
m

e3
] -

 [H
3K

27
ac

]

[H3K27me3] - [H3K27ac]

 ti
m

e

cell type

epigenetic 
potential

+ 6 - 6

inferred 
RNA expression

epigenetic potential

cell type

epigenetic potential
C D

FE
G F M E N

zfh1GATAe vn grh Ptp61F

G

Fig. 2

tim
e

tim
e

tim
e

tim
e

tim
e

Epiderm
is

Midgut

Fat B
ody

Muscle

Ventra
l N

erve Cord

Epid
erm

is
Midg

ut

Fat 
Bod

y
Musc

le

Ven
tra

l N
erv

e C
ord

H3K27me3 H3K27ac both

Chromatin landscape of ventral veins lacking (vvl) gene

Pirogov et al. bioRxiv

G M EF N G M EF N G M EF N G M EF N G M EF N

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

cell type

ep
i p

ot
en

tia
l

in
fe

rre
d 

de
ve

lo
pm

en
ta

l t
im

e

cell types

EpidermMuscle NeuronsMidgut Fat
body

 ti
m

e
 ti

m
e

cell type

cell type

8

10

12

16

14

UM
AP

2
UM

AP
2

UMAP1

UMAP1

Epidermis
Fat Body
Midgut
Muscle
Neuronal

vvl

 ti
m

e

cell type

H3K27ac enriched
H3K27me3 enriched
both marks enriched
void

A

B

ep
i. p

ot
en

tia
l

vvl

cell type

tim
e

0.3 0.4 0.5 0.6 0.70.0 0.1 0.2

cell type

ep
i. 

po
te

nt
ia

l

vvl
G F M E N G F M E N

tim
e

[H
3K

27
m

e3
] -

 [H
3K

27
ac

]

[H3K27me3] - [H3K27ac]

 ti
m

e

cell type

epigenetic 
potential

+ 6 - 6

inferred 
RNA expression

epigenetic potential

cell type

epigenetic potential
C D

FE
G F M E N

zfh1GATAe vn grh Ptp61F

G

Fig. 2

tim
e

tim
e

tim
e

tim
e

tim
e



Chromatin landscape of ventral veins lacking (vvl) gene

Calderon D. et al. Science (2022)
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More chromatin landscapes
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Co-occurrence of H3K27me3, H3K27ac and RNA 
expression in the same cell lineage at many genes
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Figure 4. Localization of nau mRNA in whole-mount embryos. The spatial distribution of nau mRNA in embryos was determined 
by in situ hybridization using a digoxigenin-labeled probe as described by Tautz and Pfeifle (1989) and modified as discussed in 
Materials and methods. The presence of nau mRNA is indicated by the product of the alkaline phosphatase reaction. Stages were 
evaluated based on Campos-Ortega and Hartenstein (1985). In all views, anterior is to the left. Dorsal is at the top in D-F. [A] Dorsal 
view of an embryo at late stage 11, just prior to germ-band shortening at ~7 hr postfertilization. Arrows indicate locations of the 
tracheal pits. [B] Dorsal view of an embryo at early stage 12, immediately prior to the onset of germ-band shortening at —7.5 hr 
postfertilization. (C) Ventral view of the same embryo as in B. (D) Lateral view of an embryo at late stage 12, at ~9 hr postfertilization. 
(£) Lateral view of an embryo at stage 13, following completion of germ-band shortening at 10 hr postfertilization. [F] Lateral view of 
an embryo at early stage 14, at -10.5 hr postfertilization. 

type embryos contained levels of nau mRNA that are 
readily detected (Fig. 6A). 

The phenotype of the dl^ allele not only includes loss 
of the mesoderm but also of more lateral ectodermal de-
rivatives (Anderson 1987). How^ever, in twist mutants, 
only the mesoderm and its derivatives fail to develop. 
Therefore, we examined expression of nau by in situ hy-
bridization of embryos homozygous for a null allele of 
twist. The typical patterns of nau transcript localization 
are not observed in embryos with the characteristic 
twist phenotype (Fig. 6B; data not shown). Embryos 
having this appearance represented 24% of the 370 em-

bryos examined, whereas the expected nau patterns 
were observed in the normal embryos in this population 
(data not shown). Thus, nau mRNA indeed accumulates 
within the mesoderm and this expression is dependent 
on the establishment of correct dorsoventral polarity 
through the combined action of maternal and zygotic 
determinants. 

Discussion 

The Drosophila nau gene was identified and cloned on 
the basis of its sequence similarity to the known func-
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Knock-down of E(z) in mesoderm using Mef2-Gal4
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Single nucleus RNA-seq shows that many up-regulated genes in 
Mef2>E(z) KD mesoderm are normally expressed in the mesoderm lineage 
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Chromatin barriers within a tissue is common for 
differentiated cells

Naïve embryo Specified Determined Differentiated
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Chromatin barriers between cell types may be 
common during cell specification

Naïve embryo Specified Determined Differentiated
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Summary II

• The balance between CBP-mediated H3K27ac and PRC2-mediated 
H3K27me3 may contribute to the formation of chromatin landscapes

• Chromatin landscapes can be identified by simultaneously mapping 
H3K27ac and H3K27me3 in single cells by nano-CUT&Tag 

• Chromatin barriers may restrict gene expression to specific cell types

• H3K27me3 is commonly found in the same cell lineage as the gene 
that is expressed and may be involved in preventing expression in 
other cell-types in the lineage
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