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Abstract
The HMGN family of proteins binds to nucleosomes without any specificity for the underlying
DNA sequence. They affect the global and local structure of chromatin, as well as the levels of
histone modifications and thus play a role in epigenetic regulation of gene expression. This review
focuses on the recent studies that provide new insights on the interactions between HMGN
proteins, nucleosomes, and chromatin, and the effects of these interactions on epigenetic and
transcriptional regulation.
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1. Introduction
Chromatin-binding architectural proteins modulate nucleosome dynamics and changes in
both global and local chromatin structure, but are still a poorly understood facet of
chromosome biology. One such family of proteins, the HMGNs (High Mobility Group N),
has been shown to play a role in epigenetic regulation of gene expression. ‘Epigenetics’ is
the study of heritable non-sequence-based variations in DNA, and at the molecular level,
epigenetic regulation of gene expression is mediated through changes in chromatin structure
and nucleosome composition, as well as through chemical modifications in DNA and
histones. HMGNs function by binding to the nucleosome core particle (CP), and the details
of the interaction between the two have recently been elucidated. The binding of HMGNs to
nucleosomes is a dynamic process that affects chromatin structure and post-translational
histone modifications, and impacts the cellular transcription profile. HMGN proteins can
therefore be considered to function as modulators of epigenetic processes that affect the
fidelity of gene expression. This review focuses on the interactions between HMGN
proteins, nucleosomes, and chromatin, and the effects of these interactions on epigenetic and
transcriptional regulation. Other aspects of the HMGN protein family are reviewed in [1–
10].
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2. HMGN proteins bind specifically to nucleosomes
The HMGN protein family, which is found in all vertebrates, contains 5 members. All
HMGN proteins contain a highly conserved nucleosomal binding domain (NBD), which is
the hallmark of the HMGN family [8, 11, 12]. Within the NBD, the invariant sequence
RRSARLSA is the core sequence that specifically anchors HMGN proteins to the 147 bp
nucleosome core particle, the building block of the chromatin fiber [12]. In addition, all
HMGNs have a bipartite nuclear localization signal (NLS) in their N-termini [13] and
contain a negatively charged regulatory domain (RD) in their C-termini [14] (Figure 1a).
This domain facilitates chromatin unfolding and plays a role in the effects of HMGNs on
histone posttranslational modifications. HMGN1–4 have similar molecular weights,
~10kDa, whereas the newly discovered HMGN5 contains an unusually long C-terminus
(more than 300 amino acids in the mouse protein, and about 200 in humans) [6, 15]. This
long negatively charged C-terminal region of HMGN5 interacts with the positively charged
linker histone H1, and in addition, targets HMGN5 to specific chromatin domains[16].
Among the 5 variants, HMGN2 is the most conserved member of the HMGN family
according to sequence analysis. While HMGN1, 2, 3, and 5 are encoded by genes containing
6 exons and have been detected in all vertebrates that have been tested, the gene coding for
HMGN4 is the product of a retroviral transposition and appears to be restricted to primates
(J.K., unpublished).

HMGNs function by binding specifically to the 147 bp nucleosome core particle,
independently of DNA sequence. Therefore, understanding the molecular mechanism
whereby HMGNs affect various biological processes requires an understanding of the major
features of the HMGN-CP complex. Previous studies have shown that two molecules of
HMGN1/N2 specifically bind to the nucleosome core near its dyad axis and also protect the
ends of DNA from hydroxyl radical cleavage, suggesting that HMGNs bridge two adjacent
DNA strands on the surface of the particles [17]. By site-specific protein photocrosslinking,
we also demonstrated that the N-terminal domain of HMGN1 targets a restricted region in
histone H2B, whereas the C-terminal domain targets a restricted region in the N terminus of
histone H3 [18]. Recent results obtained by Methyl-Transverse Relaxation Optimized
Nuclear Magnetic Resonance Spectroscopy (methyl-TROSY) fully confirm these previous
findings and provide additional details on the structure of the HMGN2-nucleosome complex
[19]. One HMGN2 molecule binds to each side of the nucleosome core. The highly
conserved core sequence of the NBD (see Fig 1a) interacts with the acidic patch formed by
the H2A and H2B histone dimer. The C-terminal portion of the NBD interacts with the
DNA near the nucleosomal entry/exit point while the unstructured C-terminal of HMGN2
protrudes beyond the periphery of the nucleosomal DNA and can interact with the adjacent
N-terminal of H3 (Fig. 1B).

All HMGNs bind to chromatin with very similar affinities [12]. Both in vitro and in vivo, 2
molecules of an HMGN bind to a CP and form complexes containing a single type of
HMGN variant [12, 20]. Under physiological conditions, two different types of HMGN
variants never bind to the same nucleosome [20]. During metaphase, the two conserved
serines in the core NBD of HMGNs are phosphorylated, preventing HMGN dimer-DNA
complexes from forming, and the proteins associate with chromatin with low affinity as
monomers [21, 22].

In addition to phosphorylation, the post-translational acetylation of HMGN proteins also
affects their binding to nucleosomes. HMGN proteins were the first nonhistone protein
shown to be acetylated by histone acetylases. The acetylase p300 acetylates both HMGN1
and HMGN2 at several different sites [23], whereas pCAF acetylates only HMGN2,
predominantly at lysine 2 [24]. The acetylation of HMGN1 or HMGN2 reduces their

Kugler et al. Page 2

Biochim Biophys Acta. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nucleosome binding abilities, while phosphorylation of serine residues S6, S20 and S24 in
HMGN1 or S24 and S26 in HMGN2 abolishes their binding to nucleosomes [25].

The binding of HMGN proteins to nucleosomes is highly dynamic [8, 26]. Fluorescence
Recovery After Photobleaching (FRAP) experiments demonstrated that the mobility of
GFP-labeled HMGNs is slower than that of GFP alone, but significantly faster than that of
linker histone H1 [15, 16, 27, 28]. Significantly, point mutations that abolish the specific
binding of HMGNs to the nucleosome in vitro increased their mobility in vivo, an indication
that the FRAP results are a true reflection of their chromatin interactions [12, 15, 16, 25].
The emerging picture reveals that HMGNs bind transiently to nucleosomes and continuously
exchange between chromatin binding sites. Nevertheless, because the time HMGNs spend in
transit from one nucleosome to another is significantly shorter than the time spent bound to a
nucleosome, most of the time, most of the HMGNs are bound to chromatin. The amount of
HMGN proteins in the nucleus is sufficient to bind to only about 1% of the nucleosomes.
The dynamic binding and rapid exchange of the proteins ensures that potentially all
nucleosomes can associate with HMGNs.

3. HMGN proteins modulate global chromatin structure
Using simian virus 40 minichromosomes as an in vitro model system, it was found that
HMGN1 partially disrupted histone H1-dependent chromatin condensation, and thus
counteracted H1-mediated transcription inhibition [29]. In living cells, wild-type HMGN1 or
HMGN2, but not their nucleosome-binding deficient mutants, increased the mobility of
histone H1 [26], suggesting HMGNs compete with H1 by binding to the same nucleosomes.
Thus, HMGNs compete with linker histone H1 for nucleosome binding and reverse H1
induced chromatin compaction (Figure 2).

The structure of the HMGN2-nucleosome complex (Figure 1b) suggests a mechanism
whereby HMGNs compete with histone H1. As discussed above, the C-terminal region of
the NBD binds to nucleosomal DNA near the entry/exit point, placing the C-terminal tail of
HMGN2 near the dyad axis and in proximity to the linker DNA, potentially interfering with
the binding of linker histone H1 to this region. Indeed, unlike the full length protein, the
HMGN1–43 deletion mutant, which lacks the C-terminal tail, had no effect on H1 binding
[19]. The newly discovered HMGN5, which contains an unusually long and negatively
charged C-terminus, interacts with the positively-charged H1 tail more efficiently than other
HMGN proteins. This interaction interferes with the dynamic binding of H1 to chromatin;
the ensuing lack of H1 binding leads to chromatin decompaction and modulation of the
cellular transcription profile [15].

HMGNs reduce the compaction of chromatin not only by interfering with the binding of
linker H1, but also by affecting the interaction of the N-termini of both H3 and H4 with
neighboring nucleosomes. Thus, cross linking experiments indicated that the C-terminal
domain of HMGNs interacts with the N-terminal of histone H3 [18], while the recent
methyl-based NMR analysis revealed that the conserved core NBD binds to the H2A.H2B
acidic patch, the known binding site of the N-terminal of H4 from a neighboring
nucleosome. HMGNs therefore unfold chromatin by targeting the two main elements
essential for maintaining chromatin compaction, linker histone H1 and the N-terminals of
histones H3 and H4. Chromatin decompaction by HMGNs increases access of the
nucleosomal DNA to regulatory factors and thus modulates DNA-dependent activities like
transcription and DNA repair. HMGN-mediated chromatin decompaction can therefore
either enhance or suppress transcription, by allowing access to either transcriptional
activators or repressors [15, 30].
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In addition, HMGN proteins seem to play a role in chromatin remodeling by affecting the
action of ATP-dependent chromatin remodeling complexes. HMGN1 and N2, but not their
mutants that do not bind to chromatin, reversibly and dynamically repress the chromatin
remodeling mediated by some SWI/SNF complexes [31]. Further analysis demonstrated that
HMGN1/N2 did not directly inhibit the ATPase activity of these factors but reduced their
chromatin binding affinities [31]. However, another report suggested HMGN1 did not affect
chromatin remodeling mediated by the SWI/SNF complex [32]. The specific function of
HMGN proteins in chromatin remodeling remains to be elucidated.

4. HMGNs and Post-translational Histone Modifications
Post-translational modifications of histones are epigenetic marks shown to play an important
role in modulating cellular processes such as gene expression and cell cycle progression
[33]. These reversible modifications include methylation and acetylation of lysine residues,
and phosphorylation of serine residues [33], all of which are added and removed from the
histone tail in a dynamic manner by enzymes which modify specific histone residues in
nucleosomes. Due to the frequent interactions between HMGNs and the nucleosome, and
their specific interactions with the nucleosomal histones, HMGNs can be expected to affect
the levels of some of the histone modifications.

The first evidence of HMGNs affecting histone modifications was the discovery that
HMGN1 modulates the phosphorylation of histone H3 [34]. Hmgn1−/− cells have elevated
levels of H3S10p, and in vitro studies verified that indeed HMGN1 reduces the rate of
H3S10 phosphorylation in nucleosomes but not in purified histone H3 [34]. The binding of
HMGN1 to the nucleosome might interfere with the ability of kinases to phosphorylate
histone H3, either by steric hindrance or by inducing conformational changes in the histone
tail [34]. Phosphorylation of S10 on histone H3 is known to cause changes in chromatin
associated with transcriptional activation and is a marker for mitotic chromosomes [35, 36].

In addition, HMGN1 was shown to enhance the acetylation of lysine 14 [37], the acetylation
and methylation of H3K9 and the phosphorylation of H2AS1. Hmgn1−/− cells have reduced
levels of H3K14Ac, and exogenous expression of HMGN1, but not of its mutant that does
not bind to chromatin, in these cells restored normal acetylation [37]. HMGN1 enhances the
levels of H3K14Ac by stimulating HAT activity rather than by inhibiting HDAC activity
[37]. Subsequent studies indicated that HMGN1-stimulated enhancement of H3K14Ac
levels optimizes the cellular response to heat shock, as determined by the levels of Hsp70
transcripts [38]. HMGN1 also affects the levels of H3K9Me and H3K9Ac [34],
modifications known to affect transcription [33]. HMGN1 has also been found to reduce the
levels of H2AS1p [39], in much the same manner as it does in H3S10p [34], and both
phosphorylated serines are markers for mitotic chromosomes [40].

Significantly, the effects of HMGN1 on the levels of H3K14Ac and H3S10p are distinct
from those of HMGN2, an indication of HMGN variant-specific effects. The full spectrum
of histone modifications affected by the various HMGNs is not known. Nevertheless, these
studies establish the principle that HMGNs, although they have no enzymatic activity, can
modulate specific histone modifications, thereby affecting epigenetic processes.

The ability of HMGN1 to affect these modifications suggests a more complicated function
for architectural proteins than simply altering chromatin structure by competing with H1 for
nucleosome binding. Indeed several studies indicate that the HMGN-mediated changes in
histone modifications are physiologically significant. The cellular response to ionizing
radiation (IR) includes a global increase in H3K14Ac, as well as the auto-phosphorylation of
the protein kinase ataxia-telangiectasia mutated (ATM) [41]. These responses are affected
by HMGN1; in HMGN1-deficient cells, marked decreases in H3K14Ac and in ATM auto-
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phosphorylation (and in activation of its downstream targets) are observed [41]. Treatment
with HDAC inhibitors rescues the ATM activation in cells lacking HMGN1, indicating that
HMGN1 affects ATM phosphorylation by enhancing the levels of histone acetylation [41].
Similarly, HMGN1 has been shown to affect the levels of H3K14Ac at the Hsp70 promoter
[38]. Heat shock is an evolutionarily conserved process involved in protecting cells against
various types of damage, and is well known to induce transcription of the Hsp70 gene [42].
Loss of HMGN1 reduces the level of H3K14Ac in the Hsp70 promoter and the number of
Hsp70 transcripts produced upon heat shock [38]. These HMGN1 dependent effects can be
reversed by treatment with histone deacetylase inhibitors, again underlining the general
principle that HMGN1 can affect the cellular phenotype by modulating the levels of histone
modifications [38].

5. Global Organization of HMGNs in Chromatin
HMGNs bind dynamically to chromatin and continuously turn over on the surface of the
nucleosomes, without any specificity for the underlying DNA sequence. A major
outstanding question is whether the proteins bind randomly to all nucleosomes or whether
they preferentially turn over at selected sites. Global chromatin immunoprecipitation
sequence analysis in human T cells revealed that HMGN1 co-localizes with DNase I
hypersensitive sites, promoters, functional enhancers, and transcription factor binding sites,
all of which are associated with chromatin regulatory sites and active transcription [43]. It is
as yet unknown whether HMGN1 itself generates or maintains these sites, or whether it
simply has a propensity for binding there. Experiments are currently underway to distinguish
between these possibilities, to determine the global chromatin positioning of all HMGN
variants, and to elucidate the role of these variants in generating and maintaining regulatory
sites in chromatin.

6. Transcriptional Effects of HMGNs
While the structure of the various members of the HMGN protein family is quite uniform,
except for HMGN5, which has a large c-terminal domain [15], their biological effects are
not identical. Part of the biological specificity of some of the variants, such as HMGN3, can
be attributed to tissue-specific expression [2, 44, 46]. Since HMGN proteins affect
transcription [29, 30], their biological effects are most likely due to their effects on the
cellular transcription profile.

The extent to which HMGN variants have specific effects on transcription has been recently
tested by systematically analyzing mouse embryonic fibroblasts (MEFs) isolated from
HMGN knock-out mice and their wild type littermates. In addition, the transcription profile
of MEFs in which the amount of various HMGN variants was doubled has also been
analyzed. When over-expressed or knocked-down, HMGN1, HMGN2, HMGN3 and
HMGN5 each affect the transcription of a unique set of genes [30]. The target genes
identified generally do not share any common functions and thus cannot be categorized into
any specific pathway, and while the changes were statistically significant the magnitude of
change was not very high. Most likely HMGN proteins are not major regulators of
transcription, but instead serve to optimize transcription from chromatin templates.
Nevertheless, the effects are sufficient to affect the cellular phenotype, since loss of HMGNs
impairs the cellular ability to withstand various stresses such as DNA damage or heat shock.

One cell type in which HMGN function is clear is pancreatic islet cells; in these cells,
HMGN3 is highly expressed, and loss of this expression leads to a mildly diabetic
phenotype [44, 45]. Further studies led to the identification of two specific gene targets in
pancreatic β-cells, the products of which were known to affect insulin secretion: the Glut2
glucose transporter, and Kir6.2, a component of the potassium channel which affects insulin
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secretion [44]. Subsequent analysis revealed that HMGN3 and the transcription factor PDX1
mutually reinforce each other’s binding to the Glut2 promoter, increasing its histone
acetylation and enhancing its transcriptional activity [44]. Loss of HMGN3 has also been
observed to down-regulate glucagon levels in pancreatic β-cells, although the mechanism by
which it does so remains unknown [45].

Although the HMGN proteins have no enzymatic activity, their presence in the nucleus is
important for proper transcriptional regulation. HMGN proteins modulate local and global
chromatin structure, and affect transcriptional fidelity. This transcriptional fine-tuning
affects important processes, such as DNA repair, heat shock response and metabolic
regulation. Each HMGN variant affects the expression of a distinct set of genes, suggesting
that they are not fully redundant. The presence of all HMGNs seems therefore to be
necessary to ensure proper cellular function, especially when cells must respond rapidly to
stress.

7. Future Directions
Although the biochemical properties of HMGN proteins and their interactions with
chromatin have been extensively studied, the physiological functions of HMGN proteins are
still largely unknown, and are currently being studied in knockout mice. As elaborated
above, analysis of Hmgn1−/− mice revealed that loss of this variant leads to an increase in
tumorigenicity, hypersensitivity to stress such as heat shock or DNA damage induced by
either UV or ionizing radiation, and mild developmental abnormalities [46]. The gene
coding for HMGN1 is located in the critical Down syndrome region of chromosome 21, and
recent studies revealed that either up-regulation or loss of HMGN1 leads to altered behavior
[47]. The HMGN3 variant is highly expressed in beta cells, and Hmgn3−/− mice are mildly
diabetic [45]. The phenotype of mice lacking additional HMGN variants is currently under
investigation. A full discussion of the phenotypes found thus far is outside the scope of this
review. Future study may be focused not only on discovering the further physiological
functions of HMGN proteins, but also on the molecular mechanisms underlying these
functions. The emerging picture suggests that by modulating epigenetic regulatory
mechanisms, such as global chromatin structure and histone modifications, HMGN variants
fine-tune the fidelity of transcription and affect the cellular phenotype.
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Highlights

• HMGN proteins bind to nucleosomes and affect epigenetic processes

• The mechanism of HMGN binding to the Core Particle has recently been
elucidated

• HMGN proteins affect global and local chromatin organization

• Each HMGN variant affects transcription of a separate set of genes
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Figure 1. Functional domains of of HMGN proteins and a model of the HMGN2-CP complex
(a) Domain structure of HMGN proteins. All HMGN proteins contain three functional
domains: a bipartite nuclear localization signal (NLS, shown in blue, a nucleosome binding
domain, NBD, shown in red, and a C-terminal regulatory domain, RD, shown in black). The
core binding domain within the NBD is indicated, and the four amino-acids essential for
nucleosome binding are shown in red. (b) The HMGN2-core particle complex. One
HMGN2 molecule binds to each side of the nucleosome core with its NBD domain. The
highly conserved core of the NBD interacts with an acidic patch formed by histone H2A and
H2B, while the C-terminal portion interacts with the DNA near or at the two major groves
flanking the nucleosomal dyad axis. The binding of an HMGN to the nucleosome places the
C-terminal tail of that HMGN near the site where the linker DNA exits and enter the CP,
potentially affecting the binding of linker histone H1 to this region [48, 49]. This model
supports earlier results that the N-terminal domain of HMGN targets a restricted region in
histone H2B, whereas the C-terminal domain targets a restricted region in the N terminus of
histone H3 (dotted oval). In addition, it also supports previous conclusions that HMGNs
protect the ends of DNA flanking the nucleosomal dyad axis. Modified from [19].
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Figure 2. A model for the dynamic modulation of chromatin structure by HMGNs
In living cells, HMGN proteins compete with linker histone H1 and bind dynamically to
nucleosomes. HMGNs also interact with histone H3 and H4 tails. The C-terminal domain of
HMGNs interacts with the N-terminal of histone H3, and the interaction of the NBD with
the acidic patch in the histone octamer competes with the binding of the N-terminal of H4
from a neighboring nucleosome. The overall effect of HMGN binding is chromatin
decompaction.
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