
REGULATION	OF	HISTONE	GENE	EXPRESSION	 AND	HISTONE	CHAPERONS



Histone	gene	clusters	in	vertebrates

Histone genes are	organized in	histone
gene	clusters

Human:	
Chr.6:	major	histone gene	locus:	HIST1	cluster:	45	
core	histone genes ;	6	HistoneH1	genes

Chr.1:	minor	histone gene	locus	HIST2	cluster:	6	
histone genes

Chr.1:	minor	histone gene	locus	HIST3	cluster:	3	
histone genes

The human and mouse ma jor histone gene cluster. (A) The histone gene cluster on human chromosome 6p21–p22 is shown. The pos ition and direction of transcription of the 55
histon genes in this region are indicated,with the genes for the five his tone pro- teins indicated in the box. Only “real” genes are shown (defined as genes that contain the expected 3
end of his tone mRNA). The portion of chromosome 6 is going (left to right) from the cen- tromere to te lomere. HISTH4A is the firs t H4 gene starting from the right and the same is
true for the other core histone genes. The numbers are nucleotides from the arbitra ry start of the cluster at 0. The regions where there are tightly grouped clusters of histone genes
have been expanded. The scale of each section is indicated in kilobases (kb). The position of each of the histone H1 histone gene is indi- cated with the nomenclature H1a–e, H1t,
and the symbols for the core his- tone genes are in the inset. The aster- isks indicate the position of genes pres- ent in human and not inmouse.

Yeast:
2	copies for	each core	histone

Sear Urchin:
More	than copies for	each core	histone



https://www.genenames.org/cgi-bin/genefamilies/set/864

Canonical H3

Histone H3	variants
with	special	 function

Histone	gene	clusters	in	vertebrates

In vertebrates, there are a total of 10–20 genes encoding
each of the core histone proteins. 
Each of these genes encodes a unique mRNA, with a 
distinct 5 - and 3 -UTR, as well as nucleotide changes in 
the coding region. 
All the histone H4 genes encode the same protein, 
histone H3 genes encodes variants with  aa changes, there
10–12 different H2a and H2b proteins are known



Coordinated	control	of	histone	gene	expression	and	incorporation	 into	DNA

2.	Controlled production	of	nucelosomes:	

A. REPLICATION	 DEPENDENT	 REGULATION:	Canonical histone proteins:	Histone mRNA	levels increase ca 15-
fold	increase in	the	level of	histone mRNAs during S phase.	At	the	end	of	S phase or	DNA	synthesis is
interrupted,	 cells turned off	histone transcription and	histone mRNA	levels declined rapidly.	Replication	
dependent histone chaperons	are	 linked to	DNA	polymerase and	generate	nucleosomes in	S-Phase

B.	REPLICATION	 INDEPENDENT	 REGULATION:	 histone variants:	Nucleosome need also be	formed in	G1,	G2	
phase when nucleosome arrays	get disturbed (trasncription,	DNA	damage,	etc…).	The	second class of	
histones is composed of	histone variants that are	expressed at a	relatively low level throughout the	cell
cycle,	and	are	therefore regulated in	a	DNA	replication-independentmanner.	Histone variants have
specialized functions!!

1. Histone and	cell cycle regulation:
2. Maintaining a	stable and	balanced histone pool	 is of	vital importance for	appropriate	 gene	 regulation,	cell

cycle progression and	genome stability.	 	Excess of	free	histones is lethal à precise	 control	of	histone gene	
expression required à cell cycle
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Histone promoters	also contain specialized cis	
elements that required for	histone gene	
expression.	Histone H2B	promoter	contains an	
octamer element (5’-ATTTGCAT-3’),	which is
bound by	transcription activatorOct-1	(octamer-
binding factor 1).	Histone H4	promoter	contains
subtype-specific regulatoryelements (SSREs)

HHT1-HHF1and	HHT2-
HHF2:	encodeH3-H4	
pairs;	

HTA1-HTB1and	HTA2-
HTB2:
encode H2A-H2B	pairs

The core histone gene promoters contain
specialized DNA elements that enable cis-
regulation of histone gene expression: UAS
(upstream activating sequence) and NEG
(negative regulation of expression)
Divergent arrangement of histone
promoters allows coordinated gene
expression to get equal amount of all four
core histones.
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Coordinated	control	of	histone	gene	expression



CONTROL	OF	HISTONE	EXPRESSION	 IN	S-PHASE

The transcription of histone gene takes place in a subnuclear organelle
termed the histone locus body (HLB), containing factors required for 
the processing of histone pre-mRNAs which have an unusual mRNA
structure, with a 3’UTR that forms a stem-loop structure instead
of a polyA tail (White et al., 2007; Nizami et al., 2010). 

Histone synthesis is limited to	S-Phase

Human	cells in	S-phase
IF	staining for	NPAT	combined with

DNA	FISH	for	the	HIST1	cluster	on	Chr.6



CONTROL	OF	HISTONE	EXPRESSION	 IN	S-PHASE

Histone synthesis is limited to	S-Phase

Activation of histone H2B. Oct-1 binds tooctamer elements in
H2B promoter. During S phase, activated cyclin E/CDK2
complex phosphorylates NPAT. In combination with NPAT,
Oct-1 recruits OCA-S to H2B promoter to activates the
expressionof H2B.

Activation of histone H4. HiNF-P binds to SSRE within H4
promoters and recruits NAPT and RNA polymerase II to
activate gene transcription. NPAT recruits the Tip60 histone
acetyltransferase complex to acetylate histone H4 at the
G1/S-phase transition. At the end of S phase, the tyrosine
kinase WEE1 is recruited to histone promoters to
phosphorylate H2B tyrosine 37, which evicts NPAT and RNA
polymerase II and instead recruits HIRA to repress histone
gene expression.

NPAT,	 Nuclear Protein Ataxia-Telangiectasia Locus;	RNAPII,	 RNA	polymerase II;	TRRAP,	transformation/transactivation domain-associated protein;	 SSRE,	subtype-specific regulatory elements;	
OCA-S,	Oct-1	co-activator in	S-phase;	HiNF-P,	 histone nuclear factor P;	TBP,	TATA-box	 binding protein.

NPAT	– TRANSCRIPTIONAL	 ACTIVATION

H2B

H4

CDK2	and	the	cell cycle:
Entry	into S-phase is triggeredby	the	
activity of	the	G1-S	Cyclin complex,	
CyclinE/Cdk2.	

After CyclinE/Cdk2	activityhas
reached its peak in	early S-phase,	
CyclinE/Cdk2	activity drops due	to	the	
degradationof	the	essential CyclinE
component



HBP	(SLBP)	protein itself is cell cycle regulated.
SLBP	mRNA	is synthesized constantly throughout the	cell
cycle,	but HBP	becomes translated just	prior to	S-phase
entry	and	the	protein is degraded at the	end	of	S- phase

Histone mRNA	3ʹ-end	processing	requires the	RNA-binding
protein HBP	(alsocalled SLBP)	,	whichbinds to	the	conserved
hairpin structure in	histone pre-mRNA,	and	the	U7snRNP,	which
binds to	a	sequence element downstream	of	the	cleavage site.

Togetherwith	other factors theyposition	the	nuclease CPSF73	for	
cleavage to	produce	histonemRNA	ending immediately after the	
stem loop.

After nuclear export,	HBP	interacts with	SLIP1	and	other
translation initiation factors to	form a	closed-loop structure for	
efficient translation.	

This structure is disrupted,	presumablywhen histonemRNA	decay
is initiated,	for	example at the	end	of	S-phase.

Addition of	an	oligo(U)	tail by	the	terminal	uridylyl transferase
ZCCHC11	 is an	early step in	decay,	which involves decapping
followedby	5ʹ→3ʹ	degradationby	Xrn1	or	3ʹ→5ʹ	decay by	the	
exosome.

CONTROL	OF	HISTONE	EXPRESSION	 IN	S-PHASE

HBP	(SLBP)	- REGULATION	OF	RNA	METABOLISM



Drosophila: The histone gene-specific epigenetic repressor
in late S-phase (HERS) protein becomes phos- phorylated
by the late S-G2 Cyclin complex CyclinA/Cdk1, which
localizes it to the histone genes where it acts to silence
histone genes after S-phase .

Cdk-activatedHERS	silence histone gene	expression in	late	S
phase through recruitment of	Su(var)3-9/HP1	repressor
complex.

Ito et	al.	2012	Mol Cell.	Epigenetic Silencing of	CoreHistone Genes by	HERS	in	Drosophila

CONTROL	OF	HISTONE	EXPRESSION	 IN	S-PHASE

DROSOPHILA:	HERS	and	Su(var)3-9



REPLICATION	 COUPLED	HISTONES

REPLICATION	 COUPLED	 (RCs)	HISTONES:
H2A,	H2B,	H3,	H4
Are	incorporated	 into	new	and	old	DNA	strand	during	DNA	replication	

Chromatin	assembly	factor	1	(CAF-1)	is	a	HISTONE	CHAPERON	that
is	associated	with	PCNA.	à Facilitates	the	formation	of	new	nuclosomes
The	assembly	of	a	nucleosome	consists	of	the	loading	of	an	(H3-H4)2	tetramer	
(tetrasome)	that	is	followed	by	the	addition	of	2	H2A-H2B	dimers.	

REPLICATION	 INDEPENDENT	 (RIs)	HISTONES:
Are	incorporated	 independently	of	DNA	replication

RI	histones	require	the	displacement	of	a	preexisting	nucleosome	unit	(active	
displacement	or	“loss”)

RI	histones	can	reset	the	epigenetic	state	of	a	pre-exising nucelosome

Histone	variants	with	high	similarity	to	”normal”	histone	are	also	incorporated
into	cannonical octamersduring	replication.	However	concentration	of	variants
is	very	low	à no	big	effect	on	chromatin	structure

HOWEVER:	HISTONE	CHAPERONS	EXIST	THAT	ENSURE	CONCENTRATED
INCORPORATION	OF	HISTONE	VARIANTS	AT	DEFINED	SITES	à CONTROLLED

LOCAL	CONCENTRATION	àALTERATION	OF	CHROMATIN	STRUCTURE	



(a) The	nucleosome assembly mechanism of	CAF-1	is activated
by	H3-H4	binding,	which releases the	WHD	domain	from	an	
intramolecular interaction with	the	acidic region on	Cac1.	

(b) DNA	binding promotes the	association of	two CAF-1•H3-
H4	complexes to	join	the	histones into a	(H3–H4)2	tetramer

(c) In	the	presence of	DNA	of	sufficient length,	 the	(H3–H4)2	
histones are	directly sequestered from	CAF-1.	

(d) (H3–H4)2	are	transferred to	the	DNA	to	form the	
tetrasome,	and	the	WHD	rebinds to	the	now free	acidic
region,	 resulting in	its dissociation from	DNA.

Humans CAF-1	subunits:	p150,	p60,	and	p48,
Budding yeast CAF-1	subunits:	Cac1,	Cac2,	and	Cac3

CAF-1	p150	interacts with	PCNA

Mattiroli F;	Elife.	2017;	PMID: 28315523

Incorporation	 of		replication	coupled	histones	by	CAF-1	histone	chaperone

H2A-H2B	can	spontaneously associate	with	tetrasomes in	vitro	and	because CAF-1	itself has significantly
lower affinity for	H2A-H2B	compared to	H3-H4,	it appears that the	primary role of	CAF-1	is to	promote
the	formation of	an	ordered (H3-H4)2•DNA	complex,	 the	tetrasome



REPLICATION	 INDEPENDENT	 (RIs)	HISTONES:
Are	incorporated	 	throughout	 the	cells	cycle	and	independently	of	
DNA	replication

RI	histones	require	the	displacement	of	a	preexisting	nucleosome	unit

RI	histones	can	reset	the	epigenetic	state	of	a	pre-exising nucelosome

Histone	variants	with	high	similarity	to	”normal”	histone	are	also	incorporated
into	cannonical octamersduring	replication.	However	concentration	of	variants
is	very	low	à no	big	effect	on	chromatin	structure

HOWEVER:	HISTONE	CHAPERONS	EXIST	THAT	ENSURE	CONCENTRATED
INCORPORATION	OF	HISTONE	VARIANTS	AT	DEFINED	SITES	à CONTROLLED

LOCAL	CONCENTRATION	àALTERATION	OF	CHROMATIN	STRUCTURE	

REPLICATION	 INDEPENDENT	 (RIs)	HISTONES:	 - HISTONE	VARIANTS

CENPA

H3.1;	canonical H3.2



Incorporation	of	variants	of	histones	into	nucleosomes	dramatically	
altered	chromatin	structure

Some	histone	variants	are	deposited	by	specialized	nucleosome	
assembly	complexes

Humans:
Many	isoforms	of	H2A	and	H3	exist;	H2B	and	H4	have	not	diversified

REPLICATION	 INDEPENDENT	 (RIs)	HISTONES:	 - HISTONE	VARIANTS

Variation	to	classic	histone	is	very	small	(except	macroH2A/CENPA)



H3	VARIANTS:	CENP-A:	A	HISTON	VARIANT	THAT	DEFINES	EUKARYOTIC	CENTROMERES

Drosophila	melanogaster
Anti-CENP-A

CENP-A:	RI	histone	variants,	 incorporated	by	the	cenH3
Specific	histone	HJURP	chaperones

Kinetochore	assembles	on	CENP-A	(Mechanism	unknown)
CENP-C	and	CENP-B	are	non	histone	centromere	 founder	proteins	

Centromere protein C 1 is a centromereautoantigenand a 
component of the inner kinetochore plate. The protein is
required for maintaining proper kinetochoresize and a timely
transition to anaphase.

Centromere protein B	is a	highly conservedprotein that facilitates
centromere formation.	It is a	DNA-binding protein that is derived
from	transposases of	the	pogo	DNA	transposon family.	It contains a	
helix-loop-helix DNA	binding motif at the	N-terminus,	and	a	
dimerization domain	at the	C-terminus.	The	DNA	binding domain	
recognizes and	binds a	17-bp	sequence (CENP-B	box)	in	the	
centromeric alpha satellite	DNA.	This protein is proposed to	play	an	
important role in	the	assemblyof	specific centromere structures in	
interphase nuclei	and	on	mitotic chromosomes.	It is also
considered a	major	centromere autoantigen recognized by	sera	
from	patients with	anti-centromere antibodies.



H3.3	INCORPORATION	INTO	GENOME	IS	HIGHLY	DYNAMIC:	AN	EXAMPLE

Proliferation No	proliferation
Stem	cells Differentiated	cells

H3,	H3.3 H3, H3.3
RD	histone	assembly RI	histone	assembly

H3.3	is	essential	to	fill	nucleosome	gaps	 in	terminally	differentiated	cells

Gene	expression	is	not	altered	à H3.3	compensates	for	H3

Rat	brain:	78%	H3.3	in	chromatin



Pathways if RI	incorporation of	H3.3	into chromatin

HIRA	à H3.3	à active genes

DAXX/ATRX	à
H3.3	à repetetive
elements



H3	VARIANTS:	H3.3	A	HISTONE	VARIANT	MARKING	ACTIVE	CHROMATIN

H3:	incorporated	 during	replication	 (RC	histone);	co-purifies	 with	CAF-1
H3.3.: incorporated	during	 replication	 (RC	histone);	Co-purifies	with	Daxx1

also	 incorporated	by	histone	chaperones	 (RI	histone)
H3.2:	canonical	H3	(CAF-1,	S-Phase)
H3.1:	canonical	H3	1aa	exchange	to	H3.2	(CAF1,	S-Phase)
H3.3:	isoform,	4	aa	exchange	(DAXX,	RI	histone) Only	4	aa	exchanges


