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Abstract: The chicken erythrocyte model system has been valuable to the study of chromatin structure
and function, specifically for genes involved in oxygen transport and the innate immune response.
Several seminal features of transcriptionally active chromatin were discovered in this system. Davie
and colleagues capitalized on the unique features of the chicken erythrocyte to separate and isolate
transcriptionally active chromatin and silenced chromatin, using a powerful native fractionation
procedure. Histone modifications, histone variants, atypical nucleosomes (U-shaped nucleosomes)
and other chromatin structural features (open chromatin) were identified in these studies. More
recently, the transcriptionally active chromosomal domains in the chicken erythrocyte genome were
mapped by combining this chromatin fractionation method with next-generation DNA and RNA
sequencing. The landscape of histone modifications relative to chromatin structural features in the
chicken erythrocyte genome was reported in detail, including the first ever mapping of histone H4
asymmetrically dimethylated at Arg 3 (H4R3me2a) and histone H3 symmetrically dimethylated
at Arg 2 (H3R2me2s), which are products of protein arginine methyltransferases (PRMTs) 1 and
5, respectively. PRMT1 is important in the establishment and maintenance of chicken erythrocyte
transcriptionally active chromatin.

Keywords: transcriptionally active chromatin; compartment A and B; phase separation; histone
modifications; chromatin-modifying enzymes

1. Introduction

The chicken erythrocyte is a useful model system to study the organization and func-
tion of a vertebrate genome and to discover the salient features of transcriptionally active
chromatin [1]. The chicken genome is three times shorter than the human genome but has
roughly the same number of genes, with 60% of them with a single human ortholog. The
chicken karyotype consists of 38 autosomes and a pair of sex chromosomes (ZW female,
ZZ male) and is made up of macrochromosomes (chromosomes 1–8 and Z) and microchro-
mosomes (chromosomes 9–38 and W) [2]. The following features of transcriptionally active
chromatin were first documented in studies using chicken erythrocytes: (1) transcription-
ally active chromatin is sensitive to DNase I digestion, showing that active chromatin
has a “loosened” chromatin structure [3,4]; (2) the boundaries of transcriptionally active
chromatin domains (e.g., the β-globin domain) are defined by their DNase I sensitivity [5];
(3) the DNase I sensitivity of transcriptionally active chromatin (typically 2- to 3-fold higher
compared to bulk DNA) is increased when the torsional stress of the transcriptionally active
chromatin domain is maintained [6,7]; (4) direct demonstration that acetylated histones are
associated with the DNase I sensitive transcriptionally active chromatin [8,9].

The chicken red blood cell has an overall compact 30 nm fiber chromatin structure with
a higher ratio of linker (H1 and H5) to nucleosomal (H2A, H2B, H3, H4) histones than any
other chromatin source [10]. Many sources of chromatin have 0.8 to 1.0 H1 molecules per
nucleosome (rat liver, chicken liver, glial nuclei from ox cerebral cortex, pig lymphocytes),
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while the chicken erythrocyte has 1.3 molecules (0.9 H5, 0.4 H1) per nucleosome. As we
will discuss later, histone acetylation, which is limited to transcriptionally active chromatin,
prevents H1/H5 from rendering the active gene chromatin insoluble at physiological ionic
strength [11]. This composition of the chicken erythrocyte chromatin makes this source of
chromatin highly suitable to a chromatin fractionation procedure, allowing the biochemical
characterization of a fraction highly enriched in transcriptionally active chromatin.

The chicken erythrocyte genome is organized into compartments (compartment A,
transcriptionally active/competent chromatin (1–2%); compartment B, silent, repressed
chromatin (98–99%)) [12] (Figure 1). Unlike other vertebrate sources, including chicken
fibroblasts, erythrocytes do not have topologically associating domains (TADs) [13]. How-
ever, it is possible that TADs are formed with the chromatin in compartment A, which
represents a small proportion of the total genome.
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Figure 1. Organization of the chicken erythrocyte genome. Compartment B has condensed chromatin masses organized as
30 nm fibers, which are stabilized by linker histones H1 and H5. Compartment A, at the surface of compartment B, contains
transcriptionally active/competent acetylated chromatin, which is associated with the nuclear matrix and is soluble in 150
mM NaCl when released from the matrix.

2. Enrichment of Transcriptionally Active/Competent Chromatin

When we first tested various chromatin fractionation procedures, we observed that
transcriptionally competent β-globin DNA sequences isolated from chicken mature ery-
throcytes were present in 100 mM KCl-soluble oligonucleosomes, while repressed DNA
(e.g., vitellogenin) was in the salt-soluble mononucleosomes [14]. Transcriptionally com-
petent is a term referring to genes that have the DNase I sensitive chromatin structure
but are not transcribed. Mature erythrocytes are thought to be transcriptionally silent;
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however, recent evidence suggests that genes involved in innate immunity can be induced
in mature cells [15,16]. To study transcribed genes, we isolate polychromatic erythroid
cells from anemic birds. These cells are in the G0 phase of the cell cycle and are transcrip-
tionally active [17]. From lessons learned by testing a variety of chromatin fractionation
procedures [18,19], we designed a protocol in which oligo- and polynucleosome length
chromatin fragments enriched in expressed genes could be isolated (Figure 2) [20]. The
protocol involves micrococcal nuclease digestion of isolated nuclei (step 1) and then lysis
of these nuclei in a low-ionic-strength buffer (step 2). Following centrifugation (step 3), the
residual low-ionic-strength nuclear pellet (fraction PE) and solubilized chromatin (fraction
SE) are isolated. The fraction PE contains expressed genes in addition to bulk chromatin
and chromatin associated with the residual nuclear structure, the nuclear matrix. The SE
chromatin is brought up to 150 mM in NaCl (step 4), resulting in the precipitation (fraction
P150) of most of the chromatin, which is collected by centrifugation (step 5). The soluble
chromatin fragments (fraction S150) are size-resolved by gel exclusion chromatography
(step 6).
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Figure 2. Fractionation of avian erythrocyte chromatin. Chicken polychromatic erythrocyte nuclei were incubated with
micrococcal nuclease, and chromatin fragments soluble in a low ionic strength (10 mM EDTA) were recovered in fraction SE.
Chromatin fraction SE was brought up to 150 mM in NaCl, yielding S150 and P150. Chromatin fragments from the salt-soluble
fraction (S150) were size-resolved on a Bio-Gel A-1.5m column to isolate the F1-F3 fractions containing polynucleosomes
and oligonucleosomes with active/competent DNA. The composition of the various chromatin fractions is indicated. The
percentage of total DNA in each fraction is shown. The low salt-insoluble chromatin fraction PE has the nuclear matrix to
which is retained both repressed and transcriptionally active/competent chromatin. Images reproduced with permission
from John Wiley and Sons (see Figure 2 in [21]).

Expressed and competent DNA sequences are enriched in the salt-soluble poly- and
oligonucleosomes (fractions F1–F3). These fractions are depleted in repressed DNA se-
quences [22]. The 150 mM NaCl solubility of active genes is proportional to the gene’s
chromatin DNase I sensitivity [23]. As we will demonstrate through our analyses of
histone post-translational modifications (PTMs), the F1 to F3 chromatin represents ac-
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tive/competent genes in compartment A, while the repressed chromatin in fraction P150
is compartment B. Repressed chromatin in faction P150 forms 30 nm fibers. This fraction
has H1/H5, poorly acetylated histones, uH2A and H4R3me2s (a repressive mark) [22,24].
Repressed DNA sequences are also found in fraction F4, which are mononucleosomes that
are soluble in 150 mM NaCl.

The salt fractionation of micrococcal nuclease-generated chromatin fragments has
been done with many chromatin sources (calf thymus, Drosophila S2 cells, human HL-60
cells) [19,25,26]. The low salt-soluble (50 to 80 mM NaCl) chromatin fragments enriched in
transcriptionally active DNA and acetylated histones are typically of mononucleosome size.
In contrast, the chicken erythrocyte 150 mM NaCl-soluble, active DNA sequence-enriched
chromatin fragments in F1 to F3 are of poly- and oligonucleosome size.

3. Dynamically Acetylated Histones, DNase I Sensitivity and Salt Solubility

Only a small population (1 to 2%) of histones in mature and polychromatic erythro-
cytes are undergoing dynamic acetylation, and these acetylated histones are associated
with the transcriptionally active chromatin fractions [22,27,28]. The four core histones
participate in dynamic acetylation, with H2B demonstrating the fastest turnover [27]. Dy-
namic acetylation is mediated by lysine acetyltransferases (KATs) and histone deacetylases
(HDACs). We found that histone acetylation is required for the active gene chromatin to
be soluble in 150 mM NaCl. Although the expressed gene chromatin is associated with
the linker histones H1 and H5, histone acetylation prevents the active gene chromatin
from becoming insoluble at physiological ionic strength [11]. In contrast, linker histones
contribute to the insolubility of the poorly acetylated chromatin at physiological strength.
The successful performance of this fractionation in chicken erythrocytes relies on their
higher level of linker histones compared to other chromatin sources (as mentioned above).
To conclude, histone acetylation associated with expressed and competent genes maintains
the chromatin in a salt-soluble and DNase I sensitive state.

4. Phase Separation

The basis of the chromatin fractionation procedure and the organization of the chicken
erythrocyte compartments can be explained in the context of phase separation and a self-
organizing system [12]. An important factor in the phase separation of compartment A
chromatin (fractions F1–F3 and PE) and compartment B (fraction P150) is the intrinsically
disordered regions in the N-terminal tails of the four core histones and the N- and C-
terminal tails of the linker histone H1 and H5 [12,29,30]. The default state of erythroid
chromatin is H1/H5-mediated chromatin compaction (Figure 1). Acetylation of the N-
terminal tails of the core histones results in a shift from disorder to order [31].

With regard to the steps in the chromatin fractionation protocol, we envision the fol-
lowing occurring simultaneously: (1) micrococcal nuclease incubation of nuclei fragments
the chromatin but the compartment A and B remain phase separated; (2) the nuclei are
lysed in low ionic strength, phase separation is lost, and compartment A and B chromatin
fragments are eluted from the nuclei, yielding fraction SE; (3) the SE chromatin solution is
brought up to 150 mM NaCl, which results in phase separation of compartment A and B
chromatin fragments. Compartment B chromatin fragments form fiber–fiber interactions in
a self-organizing system involving unacetylated intrinsically disordered core histone tails
and interaction with the intrinsically disordered tails of H1/H5 and separates out of the
solution. Compartment A chromatin fragments remain soluble because fiber–fiber interac-
tions are not occurring due to acetylation increasing the ordered α-helical content in the
core histone tails. Chromatin fraction PE has both compartment A and compartment B but
these also are phase-separated. Compartment A is associated with chromatin-modifying
enzymes such as KATs and HDACs, which are associated with the nuclear matrix. The
nuclear matrix likely consists of multiprotein complexes including a massive protein–RNA
network with the transcriptional machinery, coactivators, transcription factors and RNA,
which contributes to the phase separation of compartment A.
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The acetylation of the N-terminal tail of H4, particularly at K16, has a major role
in decondensation of the chromatin fiber and in phase separation [31,32]. In addition to
contributing to the transition from a disordered to an ordered structure, the unacetylated
H4 N-terminal tail contacts the nucleosomal DNA at nucleotides 55 and 65 on one strand
and nucleotide 88 on the complementary strand [33]. Upon acetylation, this contact is lost,
exposing this nucleosomal DNA site to the DNase I nuclease [34]. Further, acetylation of
the H3 N-terminal tail at K18, K23 and K27 interacts and alters the structure of the H1
C-terminal tail [35]. Together, these changes in core histone tail–nucleosomal DNA interac-
tion/H1 C-terminal tail structure in acetylated chromatin likely contribute to preventing
the default self-associating mode of chromatin compaction and to phase separation.

5. F1 DNA Sequences and the Polychromatic Erythrocyte Transcriptome

To identify the DNA sequences enriched in the salt-soluble F1 chromatin, we used
next-generation sequencing [2]. The F1 sequences were aligned with RNA sequencing
data (polychromatic erythrocyte transcriptome). Highly expressed genes were present
in broad salt-soluble chromatin regions. The entire 33-kb β-globin gene domain, which
has the highly expressed β-globin (HBBA) gene and competent ε-globin (HBE) gene, is
enriched in F1 chromatin. Other broad F1 domains covering highly expressed genes
involved in oxygen carrying and innate immunity functions include α-globin (HBAA,
60-kb domain), transferrin receptor (TFRC, 35-kb domain), carbonic anhydrase (CA2, 86-kb
domain), ferritin heavy chain 1 (FTH1, 46-kb domain) and interferon-related developmental
regulator 1 (IFRD1, 33-kb domain). Moderately and low expressing genes (HDAC2 and
PRMT7) had mostly the acetylated salt-soluble regions at the upstream promoter region
of the gene. With the help of F1 DNA seq, it was possible to map all the salt-soluble
acetylated domains across 38 autosomes and the sex chromosomes in female chickens.
The genome-wide sequencing revealed that microchromosomes have a higher density
of salt-soluble acetylated chromatin than macrochromosomes, implying that gene-dense
chromosomes have more salt-soluble chromatin domains.

6. Structure of Erythroid Transcriptionally Active Chromatin

The observation that the active gene-enriched chromatin oligonucleosomes presented
as a smear rather than a discrete nucleosomal repeat when electrophoretically resolved
was a demonstration that these expressed genes have a disrupted chromatin [22,36]. This
was further illustrated when analyzed by electron spectroscopic imaging, showing that
nucleosomes of the active gene-enriched oligonucleosomes have a U-shaped structure [37].
The U-shaped nucleosomes have 20% less mass than a canonical nucleosome, which
is consistent with the loss of an H2A:H2B dimer. This atypical nucleosome structure
was first documented by Vincent Allfrey and colleagues, who demonstrated that the U-
shaped nucleosome was formed by the elongation of RNA polymerase II [38,39]. Typically,
the H3 cysteine sulfhydryl is buried in the nucleosome and not accessible to sulfhydryl
reactive compounds. However, in the U-shaped nucleosome, the H3 cysteine sulfhydryl
is exposed. Allfrey and colleagues used this feature to isolate these atypical nucleosomes
by organo-mercury-agarose column chromatography. The U-shaped nucleosome isolated
from chicken erythrocyte chromatin has highly acetylated H4, H3.2 and H3.3. We reported
that histone acetylation maintains the U-shaped nucleosome state after being formed by
elongation [40].

The mononucleosomes of active chromatin are more labile than canonical nucleosomes.
These mononucleosomes were sensitive to ethidium bromide-induced dissociation relative
to bulk nucleosomes [23]. Together, these observations suggest that the destabilized U-
shaped nucleosomes, once formed, and in a highly acetylated state, would facilitate further
rounds of elongation.

The transcriptionally active polychromatic erythrocyte is arrested in the G0 phase of
the cell cycle. In the G0 phase, the cells express the replacement histones (e.g., H3.3) rather
than the replication-dependent histones. The reassembly of nucleosomes undergoing
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dissolution during transcription or through the action of chromatin remodelers draws
upon the pool of newly synthesized histones. Consistent with this scenario, we found
that newly synthesized H2A, H2A.Z, H2B, H3.3 and H4 preferentially exchange with the
transcriptionally active chromatin regions [41]. Among these newly synthesized histones,
H2A and H2B are prominent in the active chromatin fraction. This is consistent with the
U-shaped nucleosome losing and regaining an H2A:H2B dimer. Interestingly, the newly
synthesized H2A and H2B in the assembled nucleosome are ubiquitinated, while H2B, H4
and H3.3 are highly acetylated. We assume that these modifications occur after the newly
synthesized histones are incorporated into the nucleosome.

Further analyses of the altered structure of the transcriptionally active chromatin
were done using hydroxyapatite column chromatography, which showed the increased
lability of the H2A:H2B dimer in active chromatin [42]. Interestingly, the H2A variant
H2A.Z increases the stability of the H2A H2B in the nucleosome, while uH2A:uH2B dimers
destabilized H2A:H2B interactions with the nucleosome, as does acetylation with the
histone octamer.

7. Histone Post-Translational Modifications and Variants

The ability to isolate transcriptionally active chromatin allowed us to characterize the
modified histones and variants associated with transcribed DNA sequences. The acetic
acid–urea–Triton X-100 (AUT) PAGE system, which resolves histones according to size,
charge and hydrophobicity, was central to the histone analyses [43]. Applying AUT PAGE
and SDS PAGE immunoblotting, we showed that the active chromatin fraction F1 from
polychromatic erythrocytes is enriched in dynamically acetylated histones, H3R2me2s,
H3K4me3, H3S28ph, H3K36me3, uH2B (including di-ubiquitinated H2B), uH2A (including
poly-ubiquitinated H2A), H4R3me2a and the variants H2A.Z and H3.3 [20,22,44,45]. The
dynamically acetylated H3 and H4 are engaged in ongoing methylation [46]. The H3.3
variant is preferentially phosphorylated at S28, and this modification destabilizes the
interaction of H3:H4 tetramer in the nucleosome.

To locate the position of the histone PTMs, we applied the chromatin immunoprecipi-
tation (ChIP) assay and ChIP seq. H3.3 S28ph is present at the promoter region of active
genes [45]. As in other vertebrates, H3K4me3 is present at promoters and H3K27ac at the
promoters and enhancers of expressed genes [2,24]. As an example, the locus control region
of the β-globin domain is marked with nucleosomes containing H3K27ac.

We are the only lab to report the genomic location of H4R3me2a together with
H3R2me2s, the products of protein arginine methyltransferase 1 (PRMT1) and PRMT5, re-
spectively [47]. H4R3me2a and H3R2me2s locate largely to introns of expressed genes and
intergenic regions, with both marks often co-localizing. H4R3me2a and H3R2me2s are as-
sociated with histone marks (H3K4me3) of active promoters, while H4R3me2a co-localizes
with H3K27ac at enhancers.

H3K4me3 preferentially locates with CpG islands [48] and, for most genes, is promi-
nent after the first exon [49]. In the rarer distribution, H3K4me3 covers a substantial part of
the gene body and regions upstream and downstream of the gene; this is called the broad
H3K4me3 domain signature [50,51]. Genes that are essential for the identity and function
of a given cell type are marked with a broad H3K4me3 domain that extensively covers the
coding region of the gene [50–53]. We showed that H4R3me2a, H3R2me2s and H3K27ac
are associated with broad H3K4me3 domains [47,54].

Transcriptionally competent and active DNA sequences are found in the salt-soluble
chromatin fragments (S150, F1–F3) and low-ionic-strength insoluble chromatin fraction
PE. Both F1–F3 and PE chromatin have increased levels of highly acetylated core histones,
H3K36me3, H3R2me2s and H4R3me2a, and H3 reactive (U-shaped) nucleosomes. How-
ever, one distinguishing feature of F1-F3 is the enrichment in uH2B, which is not observed
in PE [22]. We were the first to report that ubiquitination of H2B is dependent on ongoing
transcription [55,56]. The transcribed gene body is associated with uH2B [57]. Newly
synthesized H2B is ubiquitinated in the salt-soluble chromatin but not in PE chromatin [41].
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Together, these observations suggest that the active chromatin that is salt-soluble is enriched
in genes undergoing transcriptional elongation.

8. Accessible Chromatin and Regulatory Regions

The location of nucleosome-depleted regions (regulatory regions) determined by
formaldehyde-assisted isolation of regulatory elements (FAIRE) sequencing was aligned
with F1 DNA sequences, ChIP seq data for PTMs and CpG profiling [58]. Analysis of
several genes ranging from high to low expression levels (CA2, FTH1, β-globin genes,
α-globin genes, ARIH1 and NCOA4) showed a similar pattern of feature distribution. Most
of these genes have their promoter regions associated with a CpG island. The promoter
(nucleosome-depleted region) is marked by a sharp FAIRE seq peak with the F1, H3K4me3
and H3K27ac marks on both sides of the FAIRE seq peak. The enhancer regions were
identified in a similar manner. The β-globin domain is a classic example in which the
enhancer (LCR) has been identified. The F1 DNA seq signals drop precisely where the
FAIRE seq peaks/β-globin enhancers are located. This pattern is typical for most of
the genes associated with the transcriptionally active domains. Another example is the
erythroid-specific histone H5 gene (H1F0). The H1F0 gene, located in a salt-soluble 48-kb
domain [2], is regulated by 5′ and 3′ enhancers. The enhancers are marked with H3K27ac.
FAIRE-seq peaks and breaks in the F1 DNA-seq reads (nucleosome-free regions) co-map
with these regulatory regions. In vitro and in situ DNase I footprinting showed that the
Sp1, GATA-1 and NF1 occupy several binding sites in H1F0 gene enhancers and promoters
in mature and polychromatic erythrocytes [59]. NF1, but not GATA-1 or Sp1, is associated
with the nuclear matrix [60].

A small percentage of the genes present an atypical chromatin signature. The chro-
matin organization of these genes is different from the other genes in the sense that these
genes typically do not have a CpG island associated with their promoter and the gene
body has broad nucleosome-depleted regions and highly modified (H3K27ac, H3K4me3,
H3R2me2s, H4R3me2a) nucleosomes [47,54]. Among these genes are those that are in-
ducible upon external stimuli, e.g., genes involved in the innate immune function (toll-like
receptors, interleukins and interferon regulatory factors). Current evidence suggests that
the chromatin remodeler (CHD1) is involved in the dissolution and reassembly of nucleo-
somes associated with the body of genes with this atypical chromatin structure [54].

9. Chromatin Modifying Enzymes and Nuclear Location

Dynamic histone acetylation is catalyzed by KATs and HDACs. Fractionation of
chicken polychromatic erythrocytes has unveiled the role of the HDACs and KATs in
transcriptionally active chromatin. We determined that 70 to 80% of the nuclear HDAC
activity was associated with the PE fraction [61]. The ε- and β-globin DNA sequences in
this fraction were bound to hyperacetylated H3 and H4 [62]. Further investigation showed
that HDAC and KAT activities were associated with the internal nuclear matrix [63–65].
Among the HDACs, HDAC1 and HDAC2 were identified as nuclear-matrix-associated
HDACs [21,66]. In vitro, the HDAC and KAT enzymes bound to the internal nuclear matrix
catalyzed reversible acetylation when endogenous histones of the nuclear matrix-bound
chromatin fragments were used as substrates. The chicken erythrocyte HDACs were
components of large multimeric complexes, which we assume to be HDAC1/2 in the Sin3,
NuRD, Co-REST and RNA splicing proteins [67–70].

HDAC1 and HDAC2 are phosphorylated by protein kinase CK2 at several sites
(HDAC1: S421, S423) (HDAC2: S394, S422, and S424) in the C-terminal part of the protein.
This phosphorylation is required for HDAC1/2 to form the Sin3, NuRD and CoREST com-
plexes [71–73]. We reported that unmodified and phosphorylated HDAC2 were associated
with active chromatin [21,74], but only the phosphorylated HDAC2 was crosslinked to
DNA with formaldehyde. To further determine the location of unmodified and phosphory-
lated HDAC2 in erythrocyte chromatin, we applied two chromatin immunoprecipitation
(ChIP) protocols: native (N) ChIP and X-ChIP, which involves cross-linking chromatin
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with formaldehyde followed by denaturation of chromatin [75]. The N-ChIP assay reveals
the genomic location of unmodified and phosphorylated HDAC2, while X-ChIP shows
the location of phosphorylated HDAC2. These ChIP assays of dinucleosome containing
fraction F2 revealed the association of phosphorylated HDAC2 with regulatory regions of
active genes (promoter regions of βA-globin and H2A.F), while unmodified HDAC2 was
located at the coding region of these genes. We redesigned the X-ChIP protocol to include
a protein–protein cross-linking step using the cross-linker dithiobis(succinimidyl propi-
onate) (DSP) [21], which captures both modified and phosphorylated HDAC2. Further, an
anti-HDAC2S394ph antibody aided in the location of phosphorylated HDAC2. Similar to
our earlier study, HDAC2S394ph was present primarily at the upstream promoter region
of the transcribed CA2 and GAS41 genes, while unmodified HDAC2 was found within the
coding region. The association of HDAC2 to these active genes was partially dependent
upon ongoing transcription.

Co-immunoprecipitation studies with RNAPII +/− RNase digestion demonstrated
that unmodified HDAC2, but not phosphorylated HDAC2, was associated with RNAPII
and that this association was dependent upon the RNA associated with RNAPII. Exploiting
the selective cross-linking of phosphorylated HDAC2 to chromatin, we isolated unmodified
HDAC2 from fraction F1 chromatin and identified the HDAC2-associated proteins by mass
spectrometry. The associated proteins (e.g., SRSF1) were involved in pre-mRNA splicing, a
result consistent with the association of unmodified HDAC2 with RNA. HDACs are often
found in the spliceosome complexes [70]. Proteins p68, p72 and DEAD-box RNA helicases
are associated with class I HDACs (HDAC1, 2 and 3) and play key roles in splicing of
pre-mRNAs. The outcome of splicing events depends on the rate of RNAPII elongation and
the structure of the chromatin [76]. In the future, to infer splicing events relevant to diseases
due to aberrant splicing, machine learning could prove to be a more efficient approach.

Scientists have been testing splicing-directed inhibitors and epigenetic therapy strate-
gies on animal models to treat diseases arising from abnormal splicing events. In chicken,
Marek’s disease viruses (MDV) initiate the onset of malignant T-cell lymphomas. All vari-
ants of MDVs encode for the Us3 protein kinases, which supports the virus growth. HDAC1
is the common substrate for Us3 for all variants of MDV (1, 2 and 3) (MDV-1 Us3, HDAC1
S406; MDV-2 Us3, S406, S410, S415). MDV Us3 mediates phosphorylation of chicken
HDAC1 and HDAC2 (MDV-1 Us3, HDAC2 S407; MDV-2 Us3, S407, S411), regulating
their transcription, regulatory interaction and stability. In Liao et al. [77], the authors have
shown, using a class I HDAC-specific inhibitor, that the Us3-mediated phosphorylation is
essential in the regulation of virus replication, leading to pathogenesis.

As with HDAC1 and HDAC2, PRMT1 and PRMT5 were present in chromatin frac-
tions S150 and PE [47]. PRMT1 associates with the transcriptional coactivator CBP/p300, a
KAT, which acetylates H3K27 [47]. H4R3me2a stimulates CBP/p300 activity [78], placing
PRMT1 upstream of the more well-studied, KAT-dependent gene activation mechanisms.
H4R3me2a colocalizes with H3K27ac at intergenic regions and introns [47]. PRMT1 estab-
lishes and maintains the transcriptionally active chromatin state [78]. In erythroleukemic
cells, silencing PRMT1 precludes the interaction of the multi-enhancer locus control region
with the β-globin promoter, reducing globin expression and preventing the formation of
active histone PTMs (H3K4 methylation, H3 acetylation) [78,79]. Thus, PRMT1’s activity is
a prerequisite to subsequent events required for a functional interaction between the multi-
enhancer locus control region and the β-globin promoter and β-globin transcription [78].

10. Compartment A and B Location in the Erythroid Nucleus

In terms of compartmentalization, the HDAC2 association with transcriptionally ac-
tive chromatin has proven to be a probe to compartment A. Cells were immunostained
with anti-HDAC2 antibody and co-stained with DAPI. HDAC2, which is primarily bound
to the active/competent chromatin in polychromatic erythrocytes, was located in the inter-
chromatin channels, showing the location of compartment A [21] (Figure 3). Compartment
B is the more prominent DAPI-stained chromosome masses. Hutchison N and Weintraub
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H had similar results on visualizing the location of active genes using in situ nuclear
nick-translation labelling of chicken red blood cells [80]. DNase I nicks were labelled with
biotinyl UTP, which revealed the presence of active genes in the interchromatin channels,
further confirming the finding that HDAC2 is highly associated with the transcriptionally
active, decondensed chromatin.
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Interestingly, CTCF is also located in the interchromatin channels of chicken erythro-
cytes [13,81]. Although TADs were not detected in the chicken erythrocyte genome, the
compartment A chromatin in the interchromatin channels may be organized in TADs.

11. Concluding Remarks

Through use of a powerful chromatin fractionation procedure coupled with histone
PTM ChIP seq, FAIRE seq and RNA seq, we have gained detailed information about
the genome organization of the chicken erythrocyte. The chicken erythrocyte genome
is organized into compartment A (active/competent genes) and compartment B (silent
genes). The high levels of linker histones H1 and H5 stabilize the 30 nm fiber organization
of compartment B, which presents a compact chromatin in the G0 phase nucleus. Of
note, exogenous expression of H5 in cycling rat sarcoma cells resulted in the cessation
of replication and arrest in G1. Expression of genes expressed in G1 and differentiation-
specific genes did not appear to be affected [82]. In the chicken erythrocyte, compartment
A is located in the interchromatin channels at the border of the condensed chromosomes.
We envisage that this positioning is achieved by two concurrent forces creating a phase
separation between compartments A and B. On one hand, erythroid-specific transcription
factors and their roles in attracting coactivators, chromatin-modifying enzymes and re-
modelers, enhancer–promoter interactions and the transcription machinery play a critical
role in placing compartment A chromatin at the periphery of the condensed chromatin
masses and in phase separation. On the other hand, the compaction of the compartments
B into 30 nm fibers makes way for the formation of interchomatin channels, along with
“squeezing out” the compartments A into the channels and concentrating in these channels
the factors involved in gene expression and transcriptionally active chromatin structure.
These events may be responsible for the formation of the nuclear matrix, which is com-
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posed of the transcriptional machinery, coactivators, chromatin-modifying enzymes (KATs,
HDACs, PRMTs) and remodelers. The KATs and HDACs are critically important in dy-
namically acetylating chromatin regions in compartment A as histone acetylation supports
a decondensed chromatin structure that is in solution at physiological ionic strength. By
the application of predictive models, we will be able to further understand the chicken
erythrocyte compartment organization, gaining insight into grouping/clustering by using
supervised and semi-supervised techniques.

Author Contributions: Writing—original draft preparation, T.H.B., J.R.D., writing—review and
editing, T.H.B., J.R.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Natural Sciences and Engineering Research
Council of Canada (RGPIN-2017-05927) and CancerCare Manitoba Foundation (761020318) to J.R.D.

Institutional Review Board Statement: The studies referenced herein were conducted according to
the guidelines of the University of Manitoba Animal Care Committee, which is in full compliance
with the Canadian Council on Animal Care who has certified that the animal care and use program
at the University of Manitoba is in accordance with the standards of Good Animal Practice.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Geneviève Delcuve for reviewing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Beacon, M.T.H.; Davie, J.R. The chicken model organism for epigenomic research. Genome 2021, 64, 476–489. [CrossRef]
2. Jahan, S.; Xu, W.; He, S.; González, C.; Delcuve, G.P.; Davie, J.R. The chicken erythrocyte epigenome. Epigenetics Chromatin 2016,

9, 19. [CrossRef]
3. Weintraub, H.; Groudine, M. Chromosomal subunits in active genes have an altered conformation. Science 1976, 193, 848–856.

[CrossRef] [PubMed]
4. Lawson, G.; Knoll, B.; March, C.; Woo, S.; Tsai, M.; O’Malley, B. Definition of 5′ and 3′ structural boundaries of the chromatin

domain containing the ovalbumin multigene family. J. Biol. Chem. 1982, 257, 1501–1507. [CrossRef]
5. Stalder, J.; Larsen, A.; Engel, J.D.; Dolan, M.; Groudine, M.; Weintraub, H. Tissue-specific DNA cleavages in the globin chromatin

domain introduced by DNAase I. Cell 1980, 20, 451–460. [CrossRef]
6. Villeponteau, B.; Lundell, M.; Martinson, H. Torsional stress promotes the DNAase I sensitivity of active genes. Cell 1984,

39, 469–478. [CrossRef]
7. Villeponteau, B.; Martinson, H.G. Gamma rays and bleomycin nick DNA and reverse the DNase I sensitivity of beta-globin gene

chromatin in vivo. Mol. Cell. Biol. 1987, 7, 1917–1924. [CrossRef]
8. Hebbes, T.; Clayton, A.; Thorne, A.; Crane-Robinson, C. Core histone hyperacetylation co-maps with generalized DNase I

sensitivity in the chicken beta-globin chromosomal domain. EMBO J. 1994, 13, 1823–1830. [CrossRef]
9. Hebbes, T.R.; Thorne, A.W.; Crane-Robinson, C. A direct link between core histone acetylation and transcriptionally active

chromatin. EMBO J. 1988, 7, 1395–1402. [CrossRef]
10. Bates, D.L.; Thomas, J.O. Histories H1 and H5: One or two molecules per nucleosome? Nucleic Acids Res. 1981, 9, 5883–5894.

[CrossRef]
11. Ridsdale, J.A.; Hendzel, M.J.; Delcuve, G.P.; Davie, J.R. Histone acetylation alters the capacity of the H1 histones to condense

transcriptionally active/competent chromatin. J. Biol. Chem. 1990, 265, 5150–5156. [CrossRef]
12. Misteli, T. The Self-Organizing Genome: Principles of Genome Architecture and Function. Cell 2020, 183, 28–45. [CrossRef]
13. Fishman, V.; Battulin, N.; Nuriddinov, M.; Maslova, A.; Zlotina, A.; Strunov, A.; Chervyakova, D.; Korablev, A.; Serov, O.;

Krasikova, A. 3D organization of chicken genome demonstrates evolutionary conservation of topologically associated domains
and highlights unique architecture of erythrocytes’ chromatin. Nucleic Acids Res. 2019, 47, 648–665. [CrossRef] [PubMed]

14. Ridsdale, J.A.; Davie, J.R. Selective solubilization of. beta.-globin oligonucleosomes at low ionic strength. Biochemistry 1987,
26, 290–295. [CrossRef] [PubMed]

15. Morera, D.; MacKenzie, S.A. Is there a direct role for erythrocytes in the immune response? Vet. Res. 2011, 42, 89. [CrossRef]
16. St Paul, M.; Paolucci, S.; Barjesteh, N.; Wood, R.D.; Sharif, S. Chicken erythrocytes respond to Toll-like receptor ligands by

up-regulating cytokine transcripts. Res. Vet. Sci. 2013, 95, 87–91. [CrossRef]
17. Williams, A.F. Dna Synthesis in Purified Populations of Avian Erythroid Cells. J. Cell Sci. 1972, 10, 27–46. [CrossRef]

http://doi.org/10.1139/gen-2020-0129
http://doi.org/10.1186/s13072-016-0068-2
http://doi.org/10.1126/science.948749
http://www.ncbi.nlm.nih.gov/pubmed/948749
http://doi.org/10.1016/S0021-9258(19)68221-9
http://doi.org/10.1016/0092-8674(80)90631-5
http://doi.org/10.1016/0092-8674(84)90454-9
http://doi.org/10.1128/MCB.7.5.1917
http://doi.org/10.1002/j.1460-2075.1994.tb06451.x
http://doi.org/10.1002/j.1460-2075.1988.tb02956.x
http://doi.org/10.1093/nar/9.22.5883
http://doi.org/10.1016/S0021-9258(19)34098-0
http://doi.org/10.1016/j.cell.2020.09.014
http://doi.org/10.1093/nar/gky1103
http://www.ncbi.nlm.nih.gov/pubmed/30418618
http://doi.org/10.1021/bi00375a040
http://www.ncbi.nlm.nih.gov/pubmed/3828304
http://doi.org/10.1186/1297-9716-42-89
http://doi.org/10.1016/j.rvsc.2013.01.024
http://doi.org/10.1242/jcs.10.1.27


Cells 2021, 10, 1354 11 of 13

18. Rocha, E.; Davie, J.R.; van Holde, K.E.; Weintraub, H. Differential salt fractionation of active and inactive genomic domains in
chicken erythrocyte. J. Biol. Chem. 1984, 259, 8558–8563. [CrossRef]

19. Davie, J.; Saunders, C. Chemical composition of nucleosomes among domains of calf thymus chromatin differing in micrococcal
nuclease accessibility and solubility properties. J. Biol. Chem. 1981, 256, 12574–12580. [CrossRef]

20. Ridsdale, J.; Davie, J. Chicken erythrocyte polynucleosomes which are soluble at physiological ionic strength and contain linker
histones are highly enriched hi β-globin gene sequences. Nucleic Acids Res. 1987, 15, 1081–1096. [CrossRef]

21. Jahan, S.; Sun, J.-M.; He, S.; Davie, J.R. Transcription-dependent association of HDAC2 with active chromatin. J. Cell. Physiol.
2018, 233, 1650–1657. [CrossRef]

22. Delcuve, G.P.; Davie, J.R. Chromatin structure of erythroid-specific genes of immature and mature chicken erythrocytes. Biochem.
J. 1989, 263, 179–186. [CrossRef]

23. Ridsdale, J.A.; Rattner, J.B.; Davie, J.R. Erythroid-specific gene chromatin has an altered association with linker histones. Nucleic
Acids Res. 1988, 16, 5915–5926. [CrossRef]

24. Jahan, S. Characterization of Transcriptionally Active Chicken Erythrocyte Chromatin. Available online: https://mspace.lib.
umanitoba.ca/handle/1993/32700 (accessed on 19 June 2020).

25. Teves, S.S.; Henikoff, S. Salt Fractionation of Nucleosomes for Genome-Wide Profiling. Methods Mol. Biol. 2012, 833, 421–432.
[CrossRef] [PubMed]

26. O’Neill, L.P.; Turner, B.M. Histone H4 acetylation distinguishes coding regions of the human genome from heterochromatin in a
differentiation-dependent but transcription-independent manner. EMBO J. 1995, 14, 3946–3957. [CrossRef]

27. Zhang, D.E.; Nelson, D.A. Histone acetylation in chicken erythrocytes. Rates of deacetylation in immature and mature red blood
cells. Biochem. J. 1988, 250, 241–245. [CrossRef]

28. Zhang, D.E.; Nelson, D.A. Histone acetylation in chicken erythrocytes. Rates of acetylation and evidence that histones in both
active and potentially active chromatin are rapidly modified. Biochem. J. 1988, 250, 233–240. [CrossRef] [PubMed]

29. Peng, Y.; Li, S.; Landsman, D.; Panchenko, A.R. Histone tails as signaling antennas of chromatin. Curr. Opin. Struct. Biol. 2021,
67, 153–160. [CrossRef]

30. Peng, Z.; Mizianty, M.J.; Xue, B.; Kurgan, L.; Uversky, V.N. More than just tails: Intrinsic disorder in histone proteins. Mol. BioSyst.
2012, 8, 1886–1901. [CrossRef]

31. Wang, X.; Moore, S.C.; Laszckzak, M.; Ausió, J. Acetylation Increases the α-Helical Content of the Histone Tails of the Nucleosome.
J. Biol. Chem. 2000, 275, 35013–35020. [CrossRef] [PubMed]

32. Shogren-Knaak, M.; Ishii, H.; Sun, J.-M.; Pazin, M.J.; Davie, J.R.; Peterson, C.L. Histone H4-K16 Acetylation Controls Chromatin
Structure and Protein Interactions. Science 2006, 311, 844–847. [CrossRef]

33. Ebralidse, K.K.; Grachev, S.A.; Mirzabekov, A.D. A highly basic histone H4 domain bound to the sharply bent region of
nucleosomal DNA. Nat. Cell Biol. 1988, 331, 365–367. [CrossRef] [PubMed]

34. Simpson, R.T. Structure of chromatin containing extensively acetylated H3 and H4. Cell 1978, 13, 691–699. [CrossRef]
35. Hao, F.; Murphy, K.J.; Kujirai, T.; Kamo, N.; Kato, J.; Koyama, M.; Okamato, A.; Hayashi, G.; Kurumizaka, H.; Hayes, J.J.

Acetylation-modulated communication between the H3 N-terminal tail domain and the intrinsically disordered H1 C-terminal
domain. Nucleic Acids Res. 2020, 48, 11510–11520. [CrossRef] [PubMed]

36. Delcuve, G.P.; Moyer, R.; Bailey, G.; Davie, J.R. Gene-specific differences in the aflatoxin B1 adduction of chicken erythrocyte
chromatin. Cancer Res. 1988, 48, 7146–7149.

37. Locklear, L.; Ridsdale, A.J.; Bazett-Jones, D.P.; Davie, J.R. Ultrastructure of transcriptionally competent chromatin. Nucleic Acids
Res. 1990, 18, 7015–7024. [CrossRef] [PubMed]

38. Allegra, P.; Sterner, R.; Clayton, D.F.; Allfrey, V.G. Affinity chromatographic purification of nucleosomes containing transcription-
ally active DNA sequences. J. Mol. Biol. 1987, 196, 379–388. [CrossRef]

39. Chen-Cleland, T.; Boffa, L.; Carpaneto, E.; Mariani, M.; Valentin, E.; Mendez, E.; Allfrey, V. Recovery of transcriptionally
active chromatin restriction fragments by binding to organomercurial-agarose magnetic beads. A rapid and sensitive method
for monitoring changes in higher order chromatin structure during gene activation and repression. J. Biol. Chem. 1993,
268, 23409–23416. [CrossRef]

40. Walia, H.; Chen, H.Y.; Sun, J.-M.; Holth, L.T.; Davie, J.R. Histone Acetylation Is Required to Maintain the Unfolded Nucleosome
Structure Associated with Transcribing DNA. J. Biol. Chem. 1998, 273, 14516–14522. [CrossRef] [PubMed]

41. Hendzel, M.J.; Davie, J.R. Nucleosomal histones of transcriptionally active/competent chromatin preferentially exchange with
newly synthesized histones in quiescent chicken erythrocytes. Biochem. J. 1990, 271, 67–73. [CrossRef]

42. Li, W.; Nagaraja, S.; Delcuve, G.P.; Hendzel, M.J.; Davie, J.R. Effects of histone acetylation, ubiquitination and variants on
nucleosome stability. Biochem. J. 1993, 296, 737–744. [CrossRef]

43. Delcuve, G.P.; Davie, J.R. Western blotting and immunochemical detection of histones electrophoretically resolved on acid-urea-
Triton- and sodium dodecyl sulfate-polyacrylamide gels. Anal. Biochem. 1992, 200, 339–341. [CrossRef]

44. Nickel, B.E.; Allis, C.D.; Davie, J.R. Ubiquitinated histone H2B is preferentially located in transcriptionally active chromatin.
Biochemistry 1989, 28, 958–963. [CrossRef]

45. Sun, J.-M.; Chen, H.Y.; Espino, P.S.; Davie, J.R. Phosphorylated serine 28 of histone H3 is associated with destabilized nucleosomes
in transcribed chromatin. Nucleic Acids Res. 2007, 35, 6640–6647. [CrossRef]

http://doi.org/10.1016/S0021-9258(17)39766-1
http://doi.org/10.1016/S0021-9258(18)43313-3
http://doi.org/10.1093/nar/15.3.1081
http://doi.org/10.1002/jcp.26078
http://doi.org/10.1042/bj2630179
http://doi.org/10.1093/nar/16.13.5915
https://mspace.lib.umanitoba.ca/handle/1993/32700
https://mspace.lib.umanitoba.ca/handle/1993/32700
http://doi.org/10.1007/978-1-61779-477-3_25
http://www.ncbi.nlm.nih.gov/pubmed/22183608
http://doi.org/10.1002/j.1460-2075.1995.tb00066.x
http://doi.org/10.1042/bj2500241
http://doi.org/10.1042/bj2500233
http://www.ncbi.nlm.nih.gov/pubmed/2451508
http://doi.org/10.1016/j.sbi.2020.10.018
http://doi.org/10.1039/c2mb25102g
http://doi.org/10.1074/jbc.M004998200
http://www.ncbi.nlm.nih.gov/pubmed/10938086
http://doi.org/10.1126/science.1124000
http://doi.org/10.1038/331365a0
http://www.ncbi.nlm.nih.gov/pubmed/3340182
http://doi.org/10.1016/0092-8674(78)90219-2
http://doi.org/10.1093/nar/gkaa949
http://www.ncbi.nlm.nih.gov/pubmed/33125082
http://doi.org/10.1093/nar/18.23.7015
http://www.ncbi.nlm.nih.gov/pubmed/2263461
http://doi.org/10.1016/0022-2836(87)90698-X
http://doi.org/10.1016/S0021-9258(19)49477-5
http://doi.org/10.1074/jbc.273.23.14516
http://www.ncbi.nlm.nih.gov/pubmed/9603965
http://doi.org/10.1042/bj2710067
http://doi.org/10.1042/bj2960737
http://doi.org/10.1016/0003-2697(92)90475-M
http://doi.org/10.1021/bi00429a006
http://doi.org/10.1093/nar/gkm737


Cells 2021, 10, 1354 12 of 13

46. Hendzel, M.J.; Davie, J.R. Dynamically acetylated histones of chicken erythrocytes are selectively methylated. Biochem. J. 1991,
273, 753–758. [CrossRef]

47. Beacon, T.H.; Xu, W.; Davie, J.R. Genomic landscape of transcriptionally active histone arginine methylation marks, H3R2me2s
and H4R3me2a, relative to nucleosome depleted regions. Gene 2020, 742, 144593. [CrossRef]

48. Davie, J.R.; Xu, W.; Delcuve, G.P. Histone H3K4 trimethylation: Dynamic interplay with pre-mRNA splicing. Biochem. Cell Biol.
2016, 94, 1–11. [CrossRef] [PubMed]

49. Bieberstein, N.I.; Oesterreich, F.C.; Straube, K.; Neugebauer, K.M. First Exon Length Controls Active Chromatin Signatures and
Transcription. Cell Rep. 2012, 2, 62–68. [CrossRef] [PubMed]

50. Benayoun, B.A.; Pollina, E.A.; Ucar, D.; Mahmoudi, S.; Karra, K.; Wong, E.D.; Devarajan, K.; Daugherty, A.C.; Kundaje, A.;
Mancini, E.; et al. H3K4me3 Breadth Is Linked to Cell Identity and Transcriptional Consistency. Cell 2014, 158, 673–688. [CrossRef]
[PubMed]

51. Chen, K.; Chen, Z.; Wu, D.; Zhang, L.; Lin, X.; Su, J.; Rodriguez, B.; Xi, Y.; Xia, Z.; Chen, X.; et al. Broad H3K4me3 is associated
with increased transcription elongation and enhancer activity at tumor-suppressor genes. Nat. Genet. 2015, 47, 1149–1157.
[CrossRef] [PubMed]

52. Cao, F.; Fang, Y.; Tan, H.K.; Goh, Y.; Choy, J.Y.H.; Koh, B.T.H.; Tan, J.H.; Bertin, N.; Ramadass, A.; Hunter, E.; et al. Super-Enhancers
and Broad H3K4me3 Domains Form Complex Gene Regulatory Circuits Involving Chromatin Interactions. Sci. Rep. 2017, 7, 2186.
[CrossRef] [PubMed]

53. Thibodeau, A.; Márquez, E.J.; Shin, D.-G.; Vera-Licona, P.; Ucar, D. Chromatin interaction networks revealed unique connectivity
patterns of broad H3K4me3 domains and super enhancers in 3D chromatin. Sci. Rep. 2017, 7, 1–12. [CrossRef] [PubMed]

54. Jahan, S.; Beacon, T.H.; Xu, W.; Davie, J.R. Atypical chromatin structure of immune-related genes expressed in chicken erythrocytes.
Biochem. Cell Biol. 2020, 98, 171–177. [CrossRef] [PubMed]

55. Davie, J.R.; Murphy, L.C. Level of ubiquitinated histone H2B in chromatin is coupled to ongoing transcription. Biochemistry 1990,
29, 4752–4757. [CrossRef]

56. Davie, J.; Murphy, L.C. Inhibition of Transcription Selectively Reduces the Level of Ubiquitinated Histone H2B in Chromatin.
Biochem. Biophys. Res. Commun. 1994, 203, 344–350. [CrossRef]

57. Minsky, N.; Shema, E.; Field, Y.; Schuster, M.; Segal, E.; Oren, M. Monoubiquitinated H2B is associated with the transcribed
region of highly expressed genes in human cells. Nat. Cell Biol. 2008, 10, 483–488. [CrossRef] [PubMed]

58. Jahan, S.; Beacon, T.H.; He, S.; Gonzalez, C.; Xu, W.; Delcuve, G.P.; Jia, S.; Hu, P.; Davie, J.R. Chromatin organization of transcribed
genes in chicken polychromatic erythrocytes. Gene 2019, 699, 80–87. [CrossRef]

59. Sun, J.-M.; Ferraiuolo, R.; Davie, J.R. In situ footprinting of chicken histone H5 gene in mature and immature erythrocytes reveals
common factor-binding sites. Chromosoma 1996, 104, 504–510. [CrossRef]

60. Sun, J.-M.; Chen, H.Y.; Davie, J.R. Nuclear factor 1 is a component of the nuclear matrix. J. Cell. Biochem. 1994, 55, 252–263.
[CrossRef]

61. Hendzel, M.; Delcuve, G.; Davie, J. Histone deacetylase is a component of the internal nuclear matrix. J. Biol. Chem. 1991,
266, 21936–21942. [CrossRef]

62. Spencer, V.A.; Davie, J.R. Dynamically Acetylated Histone Association with Transcriptionally Active and Competent Genes in the
Avian Adult β-Globin Gene Domain. J. Biol. Chem. 2001, 276, 34810–34815. [CrossRef] [PubMed]

63. Hendzel, M.J.; Davie, J.R. Nuclear distribution of histone deacetylase: A marker enzyme for the internal nuclear matrix. Biochim.
Biophys. Acta (BBA) Gene Struct. Expr. 1992, 1130, 307–313. [CrossRef]

64. Hendzel, M.; Sun, J.; Chen, H.; Rattner, J.; Davie, J. Histone acetyltransferase is associated with the nuclear matrix. J. Biol. Chem.
1994, 269, 22894–22901. [CrossRef]

65. Li, W.; Chen, H.Y.; Davie, J.R. Properties of chicken erythrocyte histone deacetylase associated with the nuclear matrix. Biochem. J.
1996, 314, 631–637. [CrossRef]

66. Sun, J.-M.; Chen, H.Y.; Moniwa, M.; Samuel, S.; Davie, J.R. Purification and Characterization of Chicken Erythrocyte Histone
Deacetylase 1. Biochemistry 1999, 38, 5939–5947. [CrossRef] [PubMed]

67. Heinzel, T.; Lavinsky, R.M.; Mullen, T.-M.; Söderström, M.; Laherty, C.D.; Torchia, J.A.; Yang, W.-M.; Brard, G.; Ngo, S.D.;
Davie, J.R.; et al. A complex containing N-CoR, mSln3 and histone deacetylase mediates transcriptional repression. Nature 1997,
387, 43–48. [CrossRef]

68. Laherty, C.D.; Yang, W.-M.; Sun, J.-M.; Davie, J.R.; Seto, E.; Eisenman, R.N. Histone Deacetylases Associated with the mSin3
Corepressor Mediate Mad Transcriptional Repression. Cell 1997, 89, 349–356. [CrossRef]

69. Laherty, C.D.; Billin, A.N.; Lavinsky, R.M.; Yochum, G.S.; Bush, A.C.; Sun, J.-M.; Mullen, T.-M.; Davie, J.R.; Rose, D.W.;
Glass, C.K.; et al. SAP30, a Component of the mSin3 Corepressor Complex Involved in N-CoR-Mediated Repression by Specific
Transcription Factors. Mol. Cell 1998, 2, 33–42. [CrossRef]

70. Khan, D.H.; Gonzalez, C.; Cooper, C.; Sun, J.-M.; Chen, H.Y.; Healy, S.; Xu, W.; Smith, K.T.; Workman, J.L.; Leygue, E.; et al.
RNA-dependent dynamic histone acetylation regulates MCL1 alternative splicing. Nucleic Acids Res. 2013, 42, 1656–1670.
[CrossRef]

71. Sun, J.-M.; Chen, H.Y.; Moniwa, M.; Litchfield, D.W.; Seto, E.; Davie, J.R. The Transcriptional Repressor Sp3 Is Associated with
CK2-phosphorylated Histone Deacetylase 2. J. Biol. Chem. 2002, 277, 35783–35786. [CrossRef]

72. Tsai, S.-C.; Seto, E. Regulation of Histone Deacetylase 2 by Protein Kinase CK2. J. Biol. Chem. 2002, 277, 31826–31833. [CrossRef]

http://doi.org/10.1042/bj2730753
http://doi.org/10.1016/j.gene.2020.144593
http://doi.org/10.1139/bcb-2015-0065
http://www.ncbi.nlm.nih.gov/pubmed/26352678
http://doi.org/10.1016/j.celrep.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22840397
http://doi.org/10.1016/j.cell.2014.06.027
http://www.ncbi.nlm.nih.gov/pubmed/25083876
http://doi.org/10.1038/ng.3385
http://www.ncbi.nlm.nih.gov/pubmed/26301496
http://doi.org/10.1038/s41598-017-02257-3
http://www.ncbi.nlm.nih.gov/pubmed/28526829
http://doi.org/10.1038/s41598-017-14389-7
http://www.ncbi.nlm.nih.gov/pubmed/29089515
http://doi.org/10.1139/bcb-2019-0107
http://www.ncbi.nlm.nih.gov/pubmed/31276625
http://doi.org/10.1021/bi00472a002
http://doi.org/10.1006/bbrc.1994.2188
http://doi.org/10.1038/ncb1712
http://www.ncbi.nlm.nih.gov/pubmed/18344985
http://doi.org/10.1016/j.gene.2019.03.001
http://doi.org/10.1007/BF00352114
http://doi.org/10.1002/jcb.240550212
http://doi.org/10.1016/S0021-9258(18)54727-X
http://doi.org/10.1074/jbc.M104886200
http://www.ncbi.nlm.nih.gov/pubmed/11435438
http://doi.org/10.1016/0167-4781(92)90443-4
http://doi.org/10.1016/S0021-9258(17)31729-5
http://doi.org/10.1042/bj3140631
http://doi.org/10.1021/bi982633k
http://www.ncbi.nlm.nih.gov/pubmed/10231548
http://doi.org/10.1038/387043a0
http://doi.org/10.1016/S0092-8674(00)80215-9
http://doi.org/10.1016/S1097-2765(00)80111-2
http://doi.org/10.1093/nar/gkt1134
http://doi.org/10.1074/jbc.C200378200
http://doi.org/10.1074/jbc.M204149200


Cells 2021, 10, 1354 13 of 13

73. Pflum, M.K.H.; Tong, J.K.; Lane, W.S.; Schreiber, S.L. Histone Deacetylase 1 Phosphorylation Promotes Enzymatic Activity and
Complex Formation. J. Biol. Chem. 2001, 276, 47733–47741. [CrossRef]

74. Sun, J.-M.; Chen, H.Y.; Davie, J.R. Differential Distribution of Unmodified and Phosphorylated Histone Deacetylase 2 in Chromatin.
J. Biol. Chem. 2007, 282, 33227–33236. [CrossRef]

75. Spencer, V.A. Chromatin immunoprecipitation: A tool for studying histone acetylation and transcription factor binding. Methods
2003, 31, 67–75. [CrossRef]

76. Khan, D.H.; Jahan, S.; Davie, J.R. Pre-mRNA Splicing: Role of Epigenetics and Implications in Disease; Elsevier Ltd.: Amsterdam, The
Netherlands, 2012; Volume 52, pp. 377–388.

77. Liao, Y.; Lupiani, B.; Ai-Mahmood, M.; Reddy, S.M. Marek’s disease virus US3 protein kinase phosphorylates chicken HDAC 1
and 2 and regulates viral replication and pathogenesis. PLoS Pathog. 2021, 17, e1009307. [CrossRef]

78. Li, X.; Hu, X.; Patel, B.; Zhou, Z.; Liang, S.; Ybarra, R.; Qiu, Y.; Felsenfeld, G.; Bungert, J.; Huang, S. H4R3 methylation facilitates
β-globin transcription by regulating histone acetyltransferase binding and H3 acetylation. Blood 2010, 115, 2028–2037. [CrossRef]

79. Huang, S.; Litt, M.; Felsenfeld, G. Methylation of histone H4 by arginine methyltransferase PRMT1 is essential in vivo for many
subsequent histone modifications. Genes Dev. 2005, 19, 1885–1893. [CrossRef] [PubMed]

80. Hutchison, N.; Weintraub, H. Localization of DNAase I-sensitive sequences to specific regions of interphase nuclei. Cell 1985,
43, 471–482. [CrossRef]

81. Kantidze, O.; Iarovaia, O.V.; Philonenko, E.S.; Yakutenko, I.I.; Razin, S.V. Unusual compartmentalization of CTCF and other
transcription factors in the course of terminal erythroid differentiation. Biochim. Biophys. Acta (BBA) Bioenerg. 2007, 1773, 924–933.
[CrossRef] [PubMed]

82. Sun, J.; Wiaderkiewicz, R.; Ruiz-Carrillo, A. Histone H5 in the control of DNA synthesis and cell proliferation. Science 1989,
245, 68–71. [CrossRef]

http://doi.org/10.1074/jbc.M105590200
http://doi.org/10.1074/jbc.M703549200
http://doi.org/10.1016/S1046-2023(03)00089-6
http://doi.org/10.1371/journal.ppat.1009307
http://doi.org/10.1182/blood-2009-07-236059
http://doi.org/10.1101/gad.1333905
http://www.ncbi.nlm.nih.gov/pubmed/16103216
http://doi.org/10.1016/0092-8674(85)90177-1
http://doi.org/10.1016/j.bbamcr.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17467075
http://doi.org/10.1126/science.2740916

	Introduction 
	Enrichment of Transcriptionally Active/Competent Chromatin 
	Dynamically Acetylated Histones, DNase I Sensitivity and Salt Solubility 
	Phase Separation 
	F1 DNA Sequences and the Polychromatic Erythrocyte Transcriptome 
	Structure of Erythroid Transcriptionally Active Chromatin 
	Histone Post-Translational Modifications and Variants 
	Accessible Chromatin and Regulatory Regions 
	Chromatin Modifying Enzymes and Nuclear Location 
	Compartment A and B Location in the Erythroid Nucleus 
	Concluding Remarks 
	References

