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[. Summary

Although the three families of mammalian HMG proteins (HMGA, HMGB and HMGN) participate
in many of the same nuclear processes, each family plays its own unique role in modulating chromatin
structure and regulating genomic function. This review focuses on the similarities and differences in
the mechanisms by which the different HMG families impact chromatin structure and influence
cellular phenotype. The biological implications of having three architectural transcription factor
families with complementary, but partially overlapping, nuclear functions are discussed.

[l. Introduction

The “High Mobility Group’ (HMG) non-histone proteins occupy a unique niche in vertebrate
biology. The distinctive constellation of ways they coordinate and facilitate DNA-directed
nuclear processes, and thereby influence cellular phenotypes, sets them apart from all other
regulatory molecules. Members of the three families of HMG proteins (HMGA, HMGB and
HMGN; [22]) are accessory ‘architectural factors’ involved in modulating nucleosome and
chromatin structure and orchestrating the efficient participation of other proteins in such vital
nuclear activities as transcription, replication and DNA repair. In normal cells expression of
HMG proteins is highly regulated and influenced by both developmental and environmental
factors. Absence, mutation or aberrant levels of expression of HMG proteins can alter the
phenotype of cells and lead to developmental abnormalities and disease. Nevertheless,
individual HMG proteins are not essential for cell viability owing to the partially over-lapping
and compensatory functions of the proteins within a given HMG family. Comprehensive
reviews on all three HMG families have recently appeared and readers are referred to these,
and other articles in this volume, for in-depth coverage of the known biological functions of
these proteins [6,14,15,17,2325 33,71,132-135].

The coverage here is more restricted and focuses primarily on similarities and differences in
the ways the various HMG protein families coordinate changes in chromatin structure with
alterations in gene expression and the phenotypic state of cells under normal and abnormal
conditions. | apologize in advance to the many researchers whose excellent work in this area
may not have been covered.
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[1l. HMG Proteins: Mobile Modulators of Chromatin Structure and Cellular
Phenotype

The term “High Mobility Group” was originally coined for the HMG proteins because of their
unusual solubility properties, their small size and their rapid mobility, relative to other
chromatin proteins, during gel electrophoretic separations [1]. Fortuitously, recent real-time
imaging experiments with living cells have demonstrated that, as their name implies, HMG
proteins are indeed highly mobile within the nucleus where they are part of a dynamic network
of architectural components that modulate the structure of chromatin and, thereby, affect
multiple DNA-dependent activities [30,31,61,62,119]. All HMG proteins have similar
biochemical and biophysical properties and each is characterized by the presence of a long,
negatively charged carboxy terminal tail that serves a regulatory function(s) [27,61]. The HMG
families also participate in many common biological processes such as involvement in
embryonic development, regulation of transcription and modulation of DNA repair.
Nevertheless, the HMGA, HMGB and HMGN families are distinguished from each other by
their unique DNA-binding motifs, by their preferred binding substrates, by the changes they
induce in their substrates and by the different subsets of cellular processes they influence. The
distinctive constellation of features that characterize different HMG families determines how
individual proteins differentially affect chromatin structure, nuclear metabolism and cellular
phenotypes.

IV. HMGA Proteins and Localized Nucleosome Structure

The canonical DNA-binding domain of the HMGA family (formerly called HMG-1/Y) is a
palindromic amino motif called the *‘AT-hook’ that binds preferentially to the minor groove of
short stretches of A/T-rich B-form DNA via recognition of structure rather than nucleotide
sequence [138]. In mammals there are two sub-families of HMGA proteins, HMGA1 and
HMGAZ2 [132]. The HMGAZ1 sub-family consists of three proteins (HMGAla, HMGA1b and
HMGAU1c) that are produced by translation of alternatively spliced transcripts derived from a
single gene. The HMGAZ2 sub-family, on the other hand, contains only one protein that is coded
for by a different gene. All HMGA proteins contain three AT-hooks except for the rare
HMGA1c variant which only has two. A unique feature of the HMGA proteins is that, as free
molecules, they are disordered random coils and only assume any type of defined secondary
structure after binding to DNA or other substrates [73]. This intrinsic flexibility, combined
with a disordered-to- ordered structural transition following substrate binding, is thought to
play an important role in allowing the HMGA proteins to participate in a wide variety of
biological processes [45,133]. One of the best characterized biological roles of the HMGA
proteins is in coordinating the formation of multi-subunit, stereospecific protein-DNA
complexes called enhanceosomes [99] on A/T-rich promoter regions of certain inducible genes
during their transcriptional activation [48,157]. HMGA proteins can bend, straighten, unwind
and supercoil DNA substrates in vitro without requiring energy (i.e., ATP) input, capabilities
that likely contribute to their ability to participate in enhanceosome formation and the
regulation of gene expression in vivo [135].

In addition to recognizing the structure of the narrow minor groove of A/T-rich DNA as a target
for binding, HMGA proteins also recognize and bind to non-B-form DNAs with unusual
structural features. These binding substrates include: synthetic four-way and three-way
junctions [66,68], bent and supercoiled DNAs [110], base-unpaired regions of A/T-rich DNA
[91] and distorted or flexible regions of DNA on isolated nucleosome core particles [126,
139,141]. In the case of nucleosomes, HMGA binding induces localized changes in the
rotational setting of DNA on the surface of reconstituted core particles, a restricted form of
chromatin remodeling that is not driven by ATP hydrolysis [141]. Peptide domain swap
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experiments employing hybrid recombinant proteins have demonstrated that the AT-hooks are
the regions of HMGA proteins responsible for nucleosome binding [12].

The AT-hook motif is highly conserved in evolution from bacteria to humans and is found in
one or more copies in a large number of other, non-HMGA, proteins, many of which are
transcription factors or are involved in chromatin remodeling [8]. For example, AT-hook
peptide motifs are essential components of the multi-protein, ATP-dependent chromatin
remodeling complexes or ‘“machines’ found in yeast, slime mold, insect, plant and mammalian
cells. Specifically, AT- hooks are found in: the Rsc-1 and Rsc-2 proteins of the
Saccharomyces RSC chromatin remodeling complex [28]; the multifunctional CbfA
remodeling protein of Dictyostelium [94]; the largest protein subunit of the NURF chromatin
remodeling complex of Drosophila [170]; the SPLAYED protein of Arabidopsis [155]; the
APRIN chromatin remodeling protein of mammals [96]; the human MRN remodeling complex
involved in double strand break repair [167]; and both the BRM/SNF2a and the BRG-1/
SNF2pB ATPase proteins of the human SWI/SNF-like complexes [21,150]. Furthermore, and
most importantly, site-specific mutagenesis studies have demonstrated that when the AT-hook
peptide motifs of the human BRG1 protein are deleted or mutated, both the nucleosome-binding
and the ATP-dependent chromatin remodeling activities of the SWI/SNF complex are
destroyed or greatly attenuated [21]. Together these findings suggest that most, if not all, of
the major ATP-dependent chromatin remodeling complexes in eukaryotic cells contain
proteins with functional AT-hooks that are involved in binding to nucleosomes in a manner
similar to that of the HMGA proteins themselves. It thus seems likely that in vivo there is an
intimate, and perhaps reciprocal, interaction between the AT-hook motifs of the HMGA
proteins and those of the ATP-dependent chromatin remodeling machines in nuclear processes
that require alterations in nucleosome structure.

There are numerous cases in which HMGA proteins have been linked to localized changes in
chromatin structure that are coupled with concomitant alterations in the phenotypic
characteristics of cells. Perhaps the best documented example involves the complex molecular
and phenotypic cellular changes that follow virus infection of cells. Healthy cells do not
normally produce type I interferons (IFN-a and IFN-), secreted proteins of the innate immune
response that interfere with viral replication and help block the spread of viruses to uninfected
cells. Soon after viral infection, however, cells undergo a marked phenotypic change and start
producing copious quantities of IFN-B followed about 24 hours later by a rapid postproduction
turnoff. Double-stranded RNA produced during the viral life cycle induces assembly of an
HMGA-containing enhanceosome on the promoter of the IFN-B gene and the initiation of
mRNA transcription [157].

The intricate mechanics and multiple steps involved in the assembly/disassembly of the IFN-
8 enhanceosome during interferon turn on/off have been described in detail [5,99]. HMGA1
is a key player in coordinating enhanceosome assembly/disassembly and initiates the
transcription activation process by binding to, and straightening, a short run of A/T-residues
in naked DNA located between two well-positioned nucleosomes on the IFN-f3 promoter [5,
47,157,172,173]. The bound HMGAL1 then assists in recruiting a number of transcription
factors (IRF-1, p50, p65 and ATF-2/c-Jun) to an array of binding site on the naked DNA and
coordinates the formation of the enhanceosome [172]. The stereospecific surface of the
enhanceosome then recruits the GCN5 histone acetyltransferase (HAT) complex which
acetylates histones on both of the adjacent nucleosmes but without altering their positions.
GCNS5 also acetylates a specific residue (K71) in the HMGAL protein which strengthens the
protein-protein interactions within the enhanceosome and is crucial for maintaining its stability
during the transcription process [99,100]. Next, a SWI/SNF nucleosome remodeling complex
and another HAT enzyme (CBP) are recruited to the enhanceosome. As a result of SWI/SNF
remodeling activity, one of the two positioned nucleosomes moves or “slides’ 37 bp
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downstream on the promoter, unmasking the TATA box and allowing TBP/RNA polymerase
Il holoenzyme recruitment and initiation of robust mRNA transcription [92,93]. Continuous
acetylation of K71 on HMGAL is required for transcription since deacetylation of this residue
followed by acetylation of an adjacent lysine (K65) on the proteins by CBP leads to
enhanceosome disruption and the termination of transcription [102-104]. Thus, dynamic
acetylation/deacetylation of specific residues on the HMGAL protein has been proposed to act
as a regulatory ‘switch’ controlling the stabilization/disruption of the IFN-$ enhanceosome. A
potential caveat to this idea comes, however, from recent structural studies which have
provided a complete atomic model of the protein-DNA interface of the IFN-f enhanceosome
(reviewed in [115]). These studies demonstrate that the fully assembled enhanceosome cannot
accommodate the HMGAZ1 protein since the minor grooves of all of its potential binding sites
are either sterically blocked by other proteins or are too narrow to accommodate binding of
the protein’s AT-hooks. Therefore HMGAL is unlikely to be a part of the final enhanceosome
assembly. A possible explanation for this apparent discrepancy is that HMGAL acts as a DNA
molecular chaperone during enhanceosome assembly and, following its formation, dissociates
from the final complex. Such a ‘hit-and-run’ mode of transcriptional regulation has been
proposed for the HMGB family of proteins [6], as will be discussed below.

HMGA proteins have also been linked to localized changes in chromatin/nucleosome structure
and alterations of cellular phenotype during induction of gene transcription in activated T
lymphocytes. An adaptive immune response is initiated when naive resting T lymphocytes
encounter their corresponding antigen on the surface of antigen-presenting cells that also
express co-stimulatory molecules. As a result of such interactions, T cells become activated
and undergo marked phenotypic changes termed blast formation, a process that is critically
regulated by the coordinate expression of cytokine genes. A key event in the initial activation
of T cells is the production of the cytokine IL-2 and it’s high affinity receptor (IL-2R) which
is comprised of o, B and y subunits [60]. Together IL-2 and IL-2R form a strong autocrine
stimulatory loop for promoting T cell growth and clonal expansion. IL-2 also contributes to B
cell differentiation and stimulates both macrophage and NK cell activation [151]. HMGAL1 has
been demonstrated to participate in the transcriptional activation of both the IL-2 [9,69,70] and
IL-20.[76,76,77] genes in activated lymphoid cells. Furthermore, during the activation of both
genes, HMGAL1 has been implicated in the ‘remodeling’ or removal of inhibitory nucleosomes
which, in unstimulated T cells, are positioned on the recognition sites of regulatory key factors
that are required for transcription initiation.

Similar to induction of IFN-B, transcriptional activation of IL2-Ra is regulated by
enhanceosome formation involving the interaction of HMGAL with other transcription factors
(EIf-1, STATS5, GATA, etc.) and several positive regulatory regions (e.g., PRRI, PRRII and
PRRIII) in the gene’s proximal promoter [76,77]. However, in contrast to the promoter of IFN-
B, which in uninfected cells has two positioned nucleosomes flanking naked DNA where the
enhanceosome forms, the promoter of the IL-2Ra in resting T cells has a strongly positioned
nucleosome that encompasses one of the positive regulatory regions (i.e., PRRII), the site where
an enhanceosome is assembled. The PRRII region contains two stretches of A/T-rich DNA,
potential binding sites for HMGAL, one of which partially overlaps the recognition sequence
for EIf-1, a transcription factor that is required for both enhanceosome formation and

IL-2Ra gene activation in vivo. Following T cell activation the inhibitory nucleosome on the
PRRII region is removed/remodeled, enhanceosome assembly ensues and transcription is
initiated [137].

Chromatin reconstitution experiments employing IL-2Ra DNA have demonstrated that a
nucleosome is assembled on the PRRII region in vitro at the same position as the one found
in vivo. In this reconstituted nucleosome the A/T-rich stretch that overlaps the EIf-1 site is
situated on the surface of the core particle and the second A/T-rich stretch is located in the
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linker region immediately 5’ upstream of the nucleosome [137]. In vitro experiments using
recombinant proteins showed that HMGAL, but not EIf-1, is able to bind the A/T-stretch on
the surface of the nucleosome as well as to the stretch located in the adjacent linker region.
Importantly, it was found that two different HMGA1 protein molecules bound to the two
separate A/T-rich stretches in a direction-specific, “tail-to-tail” manner in vitro. If this in
vitro pattern of HMGAU1 binding likewise occurs in vivo it could potentially impart a unique
identifying ‘marker’ or fingerprint to the positioned PRRII nucleosome that distinguishes it
from all of the other core particles in the cell [137]. Based on these observations, and the fact
that HMGAL protein is present at only very low levels in resting lymphocytes but is rapidly
induced in T cells following stimulation [64], a model for activation of the IL-2Ra promoter
has been proposed [135]. In this model HMGA proteins are actively involved in both the initial
disruption of the PRRII nucleosome (likely mediated via direct binding to the core particle and
recruitment of remodeling factors) and in the subsequent formation of an enhanceosome on
this same region of promoter DNA. The dual ability of HMGA proteins to bind to A/T-rich
DNA sequences on the surface of nucleosome particles [137,141] and to also participate in
enhanceosome formation, makes it is reasonable to expect that a similar activation scenario
applies to other inducible genes whose promoters contain positioned nucleosomes and whose
expression is controlled by HMGA proteins (e.g., the human IL-2 cytokine gene [9,69,70]).

Consistent with the above prediction, there are additional reports in which HMGA proteins
have been demonstrated to facilitate recruitment of chromatin remodeling complexes to gene
regulatory regions containing positioned nucleosomes during the transcriptional activation
process. One particularly illuminating example involves the transcriptional activation of the
latent immunodeficiency virus type 1 (HIV-1) provirus in human cells, a process that involves
HMGAL1 [64]. Following HIV-1 integration into the genome, the 5’ long terminal repeat (LTR)
is packaged into an array of nucleosomes specifically positioned with respect to DNA sequence
elements that regulate the transcriptional activity of the provirus. One of these nucleosomes,
nuc-1, is positioned immediately 3'-downstream of the transcription start site and inhibits
proviral expression. Interestingly, the DNA encompassed by nuc-1 contains two A/T-rich
stretches that are strong HMGAU1 binding sites, one located on the surface of the nucleosome
and the other that is situated at the 3’ exit of DNA from the core particle and which overlaps
an AP1-3/ATF-3 transcription factor binding site that extends into the linker region [64].
Agents, such as phorbol esters, that stimulate T cell activation not only rapidly induce HMGAL1
expression [34,55,111], but also lead to rapid disruption of nuc-1 and stimulation of HIV-1
proviral transcription [64]. Experiments have demonstrated that following treatment of Jurkat
T cells with phorbol myristate acetate the transcription factors ATF-3 and JunB, as well as
BRG-1 (the ATPase subunit of the human SWI/SNF chromatin remodeling complex) are
recruited to the 3’ boundary of nuc-1 whereupon the nucleosome is disrupted. Analysis of this
recruitment process revealed that ATF-3 and BRG-1 exist together as a complex and that it is
ATF-3 that is responsible for targeting the human SWI/SNF (hSWI/SNF) to the overlapping
HMGAZ1/ATF-3 site at the edge of the core particle. Importantly, though, it was also
demonstrated that HMGAL1 proteins are required for recruitment of hSWI/SNF to the nuc-1
nucleosome [65].

Activation of the human alpha-B-crystallin (CRYAB) gene is another well documented
example in which HMGAL has been demonstrated to play a crucial role in recruiting both
BRG-1 and AP-1 to a positioned nucleosome on the gene’s promoter that is remodeled during
transcriptional initiation. CRYAB is a small heat-shock protein that is expressed at high levels
in vertebrate eyes and which has been implicated in many cellular processes including the
phenotypic changes associated with lens cell differentiation. Transcriptional activation of
CRYAB has been demonstrated to depend on either BRG-1 containing, or hBRM-associated
factor (BAF) containing, SWI/SNF chromatin remodeling complexes [90]. Recently Zhao and
his colleagues identified a 30 bp DNA element in the gene’s promoter situated between —90
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to —60 bp immediately upstream from the start site that is responsible for BRG-1 mediated
activation of CRYAB transcription and whose action is chromatin dependent [44]. Point
mutagenesis studies demonstrated that this BRG-1 response element contains an A/T-rich site
for HMGA binding and a consensus recognition site for the AP-1 transcription factor. Ligation-
mediated PCR (LM-PCR) analyses demonstrated that this response element was located at the
edge of a positioned nucleosome in non-BRG-1 expressing cells in vivo. Electrophoretic
mobility “supershift” analyses of extracts from BRG-1 expressing cells and chromatin
immunoprecipitation (ChIP) analyses of CRY AB expressing cells demonstrated that HMGA1
binds to the response element both in vitro and in vivo. And, finally, cell transfection
experiments employing small hairpin RNAs demonstrated that HMGAL proteins are critically
required for the maximal activation of the CRYAB promoter by BRG-1. Based on these data
the authors concluded that HMGAL, a BRG-1 containing SWI/SNF chromatin remodeling
complex, and the sequence-specific transcription factors AP-1 act together to regulate maximal
expression of the CRYAB gene in vivo. They further suggest that the most likely function of
the HMGAL1 protein is to facilitate and assist remodeling of the inhibitory nucleosome by the
BRG-1/SWI/SNF complex [44].

Available data thus indicate that there are at least two ways that HMGA proteins can induce
localized changes in the chromatin structure of inducible gene promoters, both of which involve
positioned nucleosomes that must be ‘remodeled’ before gene transcription can occur. The first
mechanism is exemplified by the way in which transcription of the IFN-  gene is activated in
virus infected cells. In this case HMGAL binds to, and coordinates the formation of, an
enhanceosome on ‘naked’ promoter DNA that is flanked on either side by two strongly
positioned nucleosomes. In uninfected cells one of these nucleosomes is positioned over the
TATA box region, thus inhibiting transcription. Once formed, the IFN-B enhanceosome
recruits chromatin modifying and remodeling complexes, the later of which induces sliding of
the inhibitory nucleosome and exposure of the TATA box so that TBP/TFIID can bind and
Polll transcription can be initiated. The second mechanism is epitomized by the way in which
the promoters of the IL-2, IL-Ra, CRYAB and the 5’ LTR of the HIV-1 virus, are activated.
In each of these cases, prior to transcriptional activation a nucleosome is stably positioned on
a regulatory DNA element that contains binding sites for transcription factors (e.g., HMGAL,
Elf-1, AP-1, etc) that are required for enhanceosome formation. Hall marks of these positioned
nucleosomes include: (i) the binding site for a sequence-recognizing transcription factor
involved is occluded, thereby preventing its binding; (ii) there are one or more stretches of A/
T-rich DNA position either on the surface of the nucleosome and/or adjacent to one of its edges;
and, (iii) the binding sites for HMGAU1 and the transcription factor involved frequently overlap
and often extending into the adjacent linker region. The roles played by HMGAL in the
disruption of such inhibitory nucleosomes appear to include binding to the A/T-rich regions,
recruitment of chromatin remodeling complexes and enhancement of their activity plus
participation in enhanceosome formation on, or over-lapping, the original site of the positioned
core particle.

V. HMGA Proteins and Global Chromatin Structure

In addition to affects on localized nucleosome structure it has long been appreciated that
HMGA proteins also significantly influence larger scale chromatin domains and even the
structure of whole chromosomes. For example, soon after their discovery in HeLa cell extracts
[95] HMGAL1 proteins were demonstrated to specifically bind to the highly repetitive A/T-rich
alpha-satellite DNA found in monkey cells [153], suggesting that they might be integral
components of chromatin structure. That this is indeed the case was subsequently confirmed
by immunofluorescence staining studies demonstrating that HMGA proteins are localized to
the A/T-rich G/Q- and C-bands of human and mouse metaphase chromosomes [43]. Their
localization to specific regions of metaphase chromosomes led to the prediction that HMGA1
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proteins are actively involved in the dynamic changes in chromatin structure that accompany
the chromosome condensation and cell division cycles [43], a suggestion that is supported by
a substantial body of evidence (reviewed in: [140]).

For example, it has been demonstrated that treatment of cells with either distamycin A or
Hoechst 33258, minor groove binding chemicals that directly compete with the HMGA
proteins for binding to AT-DNA in vitro [164], prevents complete condensation of metaphase
chromosomes in vivo [129]. Likewise, HMGAL1 proteins have been demonstrated to be in
vivo substrates for cdc2 kinase which phosphorylates specific threonine residues located
adjacent to two of the three AT-hooks of the protein during the G2/M-phase of the cell cycle.
These phosphorylations reduce the binding affinity of the modified HMGAL proteins for A/
T-rich DNA by more that 20-fold [109,136] and are likely to be associated with the marked
changes in chromosome structure and dynamic protein interactions that are occurring during
the G2/M phase of the cell cycle. Additionally, these modifications may also be associated
with the reversible shuttling of a subpopulation of HMGA1 proteins between the nucleus and
mitochondria that occurs around this stage of the cell cycle in normal cells [40,98].

Indications that HMGA proteins are involved in regulating the structure and function of large
chromatin domains, comes from the early work of Laemmli and his colleagues [143].
Employing immunolocalization techniques these workers demonstrated that HMGAL proteins
are co-localized with both histone H1 and the enzyme topoisomerase Il at sites called scaffold
attachment regions (i.e. SARs), A/T-rich DNA sequences that constitute the structural
backbone of metaphase chromosomes. SARs are thought to be cis-acting DNA elements
located at the base of large loops of gene-containing DNA and have been postulated to be
involved in the dynamic regulation of both the chromatin structure and transcriptional activity
the DNA loop or ‘domain’. Support for the idea that HMGA proteins participate in regulating
the activity of such ‘domains’ comes from experiments with in vitro transcription systems
developed to search for proteins capable of antagonizing histone H1-mediated repression of
transcription from SAR containing plasmid DNA templates [178]. Employing such systems,
HMGAU1 was identified as the nuclear protein that was able to out-compete histone H1 for
binding to SAR elements and, as a consequence, induce gene transcription from previously
repressed plasmid templates. Based on these and other data, a model has been proposed in
which H1 and HMGAZ1 proteins compete for binding to SAR elements located at the base of
large chromatin domains with the winner of this competition determining both the condensation
state of the domain and the transcriptional capacity of the genes it contains [178]. It was further
suggested that such domain regulation was likely to transpire during embryonic development
and other situations where large-scale alterations in chromatin structure and gene expression
occur. Several lines of evidence support the HMGAZ1:H1competition model for determining
the structure and activity of large chromatin domains. These include the fact that HMGA1
proteins are greatly enriched in, and histone H1-depleted from, the transcriptionally active
subfraction of chromatin isolated from cells [178]. Additional support for the model comes
from in vitro experiments demonstrating that artificial multi-AT-hook (MATH) proteins
(synthetic mimics of HMGA proteins) that bind tightly to SAR sequences are potent inhibitors
of chromosome condensation when added to mitotic extracts of Xenopus oocytes [154].

Apoptosis is another biological process in which HMGA proteins influence global chromatin
structure. Apoptosis, or programmed cell death, is characterized by chronological alterations
of mitochondrial and plasma membrane function followed by marked changes in nuclear
morphology, chromatin condensation, DNA fragmentation and other dramatic changes in
cellular phenotype [16,105]. But to understand the role HMGA proteins play in apoptosis, it
is firstnecessary to consider the complex roles these proteins are thought to play in development
and in cancer. Intracellular concentrations of HMGA proteins are maximal during
embryogenesis but drop to very low, often nearly undetectable, levels in normal differentiated
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somatic cells [27,179]. Most ‘immortalized’ pre-cancerous cells and nearly all overtly
cancerous cells, on the other hand, constitutively over-express HMGA proteins with increasing
concentrations being correlated with tumor progression, increasing metastatic potential and
poor patient prognosis [58,131]. Over-expression of HMGA proteins in normal cells is toxic
and induces apoptosis. Fedele et al. have demonstrated, for example, that forced over-
expression of HMGA1b in normal rat thyroid epithelial cells does not transform cells but,
rather, induces apoptosis as a result of deregulation of S phase DNA synthesis, delaying entry
of cells into the G2/M phase of the cell cycle and activation of the caspase-3 death pathway
[50]. The molecular mechanisms by which over-expression deregulates cell cycle progression
are undoubtedly complex but include HMGA mediated aberrant induction of transcription of
genes such as cyclin A [156] and AP-1 [162].

Once apoptosis has been initiated the HMGA proteins themselves undergo marked changes in
both the types and extent of their post-translational modifications (PTMs; review in; [149,
175], some of which are likely correlated with alterations in chromatin structure. For example,
the early stages of apoptosis are first accompanied by a global hyper-phosphorylation, which
is quickly followed by a massive de-phosphorylation, of the total population of cellular HMGA
proteins [41]. Since phosphorylation of HMGA proteins significantly reduces their binding
affinity for A/T-rich DNA [109,136], hyper-phosphorylation likely results in partial
displacement of HMGA proteins from DNA and the formation of a less condensed chromatin
structure that is more easily digested by nucleases. Hypo-phosphorylated HMGA proteins, on
the other hand, have an increased overall positive change that facilitates tighter DNA binding,
chromatin condensation, and placement of HMGA:DNA complexes into apoptotic bodies
[41]. Other site-specific PTMs of HMGA proteins, such as acetylation of K60 of HMGA1b
[50] and methylation of R25 of HMGAla [146-148], have also been reported to occur during
apoptosis but the function(s) of such modifications in the death process are unknown.

In contrast to induction of apoptosis in normal cells, over-expression of HMGA proteins in
some ‘pre-disposed’ normal cells, as well as in immortalized cell lines that have already
breached the senescence barrier, often has anti-apoptotic affects [85-87]and frequently induces
overt cancerous transformation [34,72,168,169]. A variety of mechanisms contribute to anti-
apoptosis including: (i) binding of HMGA to HIPK2 kinase, a proapoptotic activator of p53,
and chaperoning its relocalization from the nucleus to the cytoplasm [121]; (ii) binding of
HMGA to p53 and interfering with p53-mediated transcription of apoptotic and cell-cycle
arrest effectors [54,120]; and, (iii) cooperation of HMGA with other factors in the
transcriptional activation of the p53 inhibitor MDM2 [120]. HMGAL1 also regulates the
transcriptional expression of a number of genes coding for micro-RNAs (miRNAs) [39], some
of which (e.g., miR-29) could potentially interfere with apoptosis [83,101].

HMGA proteins have recently been directly implicated in the process of senescence, or aging,
of normal cells. During senescence, a state of irreversible cell growth arrest, chromatin structure
undergoes intricate and programmed global changes and these nuclear alterations are
accompanied by equally complex alterations in the phenotypes of both aging cells and
organisms [118]. A variety of molecular mechanisms can trigger senescence including DNA
damage, acquisition of an active oncogene, telomere shortening and derepression of the INK4a/
ARF locus and activation of the retinoblastoma (pRB) tumor suppressor pathways (reviewed
in: [36,113]). Together these mechanisms limit excessive or aberrant cellular proliferation and,
as a consequence, senescence is thought to both protect organisms against the development of
cancer and to be a component of aging [35,75,112]. Senescence is accompanied by marked
changes in the epigenetic state of chromatin and by widespread nuclear heterochromatin
formation [4,11,108,142,145]. For example, during senescence of human primary fibroblasts
(e.g., WI38 and IMR90) chromosomes undergo profound condensation with each chromosome
forming a punctuate heterochromatic domain called a senescence-associated heterochromatic
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focus (SAHF) [56,176]. The core histones of SAHFs are hypoacetylated due to increased levels
of histone deacetylases (HDACS) in these structures [10]. Interestingly, the histones in SAHFs
do not exhibit the typical PTM patterns that mark core histones of condensed mitotic
chromosomes, apoptotic chromatin, or transcriptionally inactive heterochromatin [56]. SAHFs
do, however, contain histone H3 that is methylated on lysine 9 (H3K9Me), a modification that
provides a docking site for repressive polycomb proteins which are known markers for
constitutive heterochromatin. SAHFs also contain heterochromatin protein 1 (HP1) and the
transcriptionally repressive histone variant macroH2A [56,106,176]. And, importantly for the
present discussion, SAHFs are depleted in linker histone H1 and enriched for HMGAL and
HMGAZ2, proteins which have been demonstrated to be essential components of these
heterochromatin structures [56,107,176].

Formation of SAHFs in human cells is a dynamic and multifaceted process that is largely
dependent on the p16/pRB ras-induced senescence pathway [108]. Many details remain to be
elucidated but formation appears to be driven by a complex of histone chaperones (HIRA and
ASF1a), a pRB/hBrm/HDAC1/HP1p chromatin remodeling complex plus an additional
chaperone protein (HIRA-3) that physically links these two complexes together and
coordinates their activity [4,106,177]. It has been proposed that the hBrm component of the
remodeling complex is required for incorporation of histone variants such as macroH2A in
SAHFs [10]. It is not know whether the hBrm-containing complex, the HIRA-containing
complex or another yet unidentified complex, contributes to the recruitment of HMGA proteins
to SAHFs. What has been demonstrated, however, is that incorporation of HMGA proteins
into SAHFs is linked to simultaneous displacement of histone H1 [56]. As previously
mentioned, HMGA proteins can compete histone H1 for binding to a variety of different types
of DNA substrates [66,68,178]. It has been suggested, therefore, that SAHF formation is a
novel type of chromatin condensation involving alterations in linker DNA-binding proteins
with HMGA out-competing and replacing histone H1 [56]. It should be noted that this model
for SAHF formation is very similar to the previously discussed model proposed by Laemmli’s
group [78,82,178] except that, in this case, HMGA displacement of histone H1 leads to
chromosome condensation rather than to chromatin domain de-condensation and ‘opening’.
Since HMGASs are among the most highly modified proteins in the nucleus and such PTMs
influence their substrate binding characteristics (review in: [135,175], these two different
effects of HMGA proteins on chromatin structure could well be due to differences in the types
of biochemical modifications present on the proteins in SAHFs and in activated chromatin
domains.

In light of the fact that over-expression of HMGA genes causes neoplastic transformation of
pre-disposed cells in vitro and also induces tumors in transgenic mice in vivo [171] [49,51],
the specific accumulation of HMGASs on chromatin during senescence and a requirement for
these proteins in SAHF formation were initially perplexing [107]. Although there is still no
completely satisfactory answer to this apparent paradox, available data derived from
experiments involving knock-down and knock-in of various SAHF components in transfected
cells, combined with the use of drugs that compete for HMGA binding to the minor groove A/
T-rich DNA (summarized in [106]), have suggested that HMGA contributes to SAHF
formation by modulating higher-order chromatin structure and limiting its accessibility to
transcription factors. Thus, just as in the case of apoptosis, HMGA proteins can be either pro-
or anti-oncogenic, depending on the cellular context and the biochemical modification state of
the proteins. Consistent with this ying-yang view, it has been reported that malignant
haematologic tumors develop in both transgenic mice that over-expressing HMGA1 [49] and
in Hmgal knock-out mice that are devoid of this protein [52].

HMGA proteins also influences the capacity of cells to repair damaged DNA by affecting
chromatin structure at both the genome-wide and gene-specific levels [97,134]. HMGA over-

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reeves

Page 10

expression sensitizes cancerous cells to killing by various genotoxic agents such as UV-light,
cisplatin, hydrogen peroxide, menadione and methymethanesulfonate (MMS) [2,98,134]. In
the case of UV-light, which induces backbone-distorting cyclobutane pyrimidine dimers
(CPDs) and 6-4 pyrimdine-pyrimidone (6-4-PP) photoproducts into DNA, the increased killing
has been causally linked to inhibition of the nucleotide excision repair (NER) pathway that
removes bulky lesions from damaged DNA [2,3,97]. This repair inhibition is mediated by: (i)
binding of HMGA protein directly to CPD and 6-4PP lesions and preventing access of NER
repair proteins by steric hindrance [2]; and, by: (ii) specific binding of HMGA to the promoter
region of XPA, a gene whose protein product is essential for efficient NER, and inhibiting its
transcription [2]. It seems likely that HMGA over-expression also inhibits repair of non-bulky
lesions that are removed by the base excision repair (BER) pathway by similar mechanisms
[98,134].

VI. HMGB Proteins and Chromatin Structure

The multifaceted roles played by HMGB (formerly called HMG-1 and -2) proteins in
modulating chromatin structure, gene transcriptional activity and cellular phenotype have been
covered in a number of recent reviews and readers are referred to these for in-depth coverage
of these topics [6,14-17]. Here emphasis is placed on comparing the similarities and differences
of these proteins with the other HMG families. The mammalian HMGB proteins are
characterized by two tandem DNA-binding regions called HMG box domains followed by a
30 amino acid long acidic tail. Each of the approximately 80 amino acid long HMG box
domains has a similar structure which is composed of three a-helices folded into an L-shaped
configuration whose concave surface binds into the minor groove of DNA with limited or no
sequence specificity [158]. The motion and DNA binding activity of the two HMG boxes are
independent of each other and the acidic tail is unstructured [79], characteristics that, as is the
case with HMGA proteins, impart considerable structural and substrate recognition flexibility
to the proteins. The HMG box domain is an ancient structural motif that is present in one or
more copies in non-HMG proteins in eukaryotic organisms ranging from yeast, to sponges to
plants [15].

HMG boxes bind to the minor groove of B-form DNA, significantly widen the groove and
introducing a bend of 90° or more into the backbone. HMGB proteins also bind with high
affinity to already distorted DNA structures such as four-way junctions, bulges, kinks and
modified DNA containing cisplatin adducts [122]. The induction of DNA bends and the
recognition of distorted DNA structures are the two main ways that HMGBs function as
chromatin ‘architectural’ proteins. For example, it has been suggested that HMGB-induced
DNA bending produces an allosteric transition structure that promotes the recognition and
binding by other proteins during the formation of functional multiprotein:DNA complexes. On
the other hand, HMGB recognition and binding to already distorted DNA conformations is
thought to be analogous to enzymes recognizing molecular structures that resemble transition
states between reagents and products and, as a consequence, influencing the rate of formation
of multiprotein:DNA complexes [6].

HMGB proteins participate in, and facilitate, many different nuclear processes including
transcription, replication, VV(D)J recombination, DNA repair and other activities. HMGB
proteins promote the transcription of genes through several mechanisms [6,15]. One
mechanism is mediated by the ability of HMGB proteins to bind to nucleosomes [159]. HMGB
can bind to DNA segments at the entry/exit of nucleosomes (whose 3D-structure has been
suggested to resemble a four-way junction [180]) in much the same way histone H1 [26].
However, in contrast to H1 binding, which is thought to lock nucleosomes in place and make
them less mobile and less accessible to transcription factors [26], HMGB binding facilitates

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reeves

Page 11

recruitment of chromatin remodeling proteins (e.g., ACF/CHRAC) that induce nucleosome
sliding, thus exposing previously blocked regions of DNA [20].

A second mechanism, proposed on the basis of results from EMSA competition and other in
vitro assays, involves HMGB in a context where it acts as a transcriptional repressor, binding
to the TATA-binding protein (TBP) to form a stable HMG-1/TBP/TATA complex, which is
proposed to inhibit the assembly of the preinitiation complex on gene promoters [37].
Additional experiments have demonstrated that the accessory transcription factor TFIIA can
also bind to TBP and displace HMGBL1 from the inhibitory HMGB1/TBP/TATA complex,
thus allowing a stable preinitiation complex to form and promote the early stages of
transcriptional initiation [38]. The generality of this proposed inhibitory role of HMGB in
transcriptional initiation remains to be determined.

Acthird, and much better characterized mechanism, is the so called *hit-and-run’ mode of action
in which HMGB proteins facilitate the stable binding of other transcription factors to their
DNA recognition sites but then dissociates from any ternary complex that is formed leaving
the partner protein stably bound to its DNA substrate (reviewed in [6]). In these cases HMGB
is thought to function as a transient protein chaperone that mediates a ‘match’ and then leaves
the couple alone after their union. HMGB proteins are know to make weak, but specific physical
interactions with a number of different transcription factors including p53, all class | steroid
receptors, TBP, RAG1, HOX and POU proteins, several NF-xB subunits and others. A number
of different types of hit-and-run pathways involving HMGB and these transiently associating
proteins have been reported but generally appear to fall into three distinct categories [15]. One
pathway is exemplified by p53 which binds only very weakly to its recognition site in B-form
linear DNA. In this case, HMGB first binds and bends the DNA, presents it to p53 which then
binds tightly to its pre-bent recognition sequence and HMGB leaves the complex. A second
pathway involves proteins such as RAG1 and the glucocorticoid receptor (GR). These proteins
also bind only weakly to their recognition sequences in linear DNA but, as a result of binding
introduce a slight distortion in their target sites. HMGB recognizes and binds to these distorted
structures with high affinity, thus stabilizing and strengthening the interaction of the partner
protein (e.g., RAG1 or GR) to DNA and then HMGB leaves the complex. Interestingly, in the
case of the glucocorticoid receptor it has been demonstrated that these HMGB-GR interactions
can only occur within the context of chromatin [7]. In a third pathway, HMGB interacts with
its partner protein prior to their actual binding to DNA, a coordinated DNA binding/bending
occurs following protein:DNA complex formation, straight away followed by exit of HMGB
from the complex.

Weak and transient interactions of HMGB proteins in such hit-and-run mechanisms are
understandable given that “fluorescence loss in photobleaching’ (FLIP) experiments
employing GFP-labeled HMGBs have shown that in living cells they are the most mobile of
all nuclear proteins [144]. The entire pool of HMGB1 has been demonstrated to rapidly diffuse
throughout the entire nucleus with each individual nucleosome being visited by HMGB1
approximately every 2 seconds and then dwelling there for only a fraction of a second. Thus,
each HMGB-protein interaction is weak and transient. Nevertheless, since the intra-nuclear
concentration of HMGBL1 is in the micromolar range, at any given moment a significant fraction
of the partner protein is engaged in interactions with HMGB1 simply because its concentration
is 5o high [6].

Not all functional interactions of HMGB proteins are of the hit-and-run variety, however. In
the case of the BHLF-gene, HMGB facilitates the formation of an enhanceosome on its
promoter and remains a stable part of the complex following transcriptional activation [46]. It
has also been demonstrated that HMGB proteins bind with high affinity to cisplatin adducts
and shield these DNA-distorting lesions from repair processes [63], another example where
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HMGB proteins apparently form part of a stable DNA complex in vivo. It should also be noted,
however, that binding of HMGB to some DNA lesions does not result in inhibition of repair.
For example, when certain genotoxic nucleoside analogs (e.g., deoxythioguanosine) are
incorporated into DNA, HMGBs target a complex consisting of HMGB1 and -2, HSC70, Erp60
and the cytoplasmic protein GAPDH to the mis-incorporated base pair and stimulate its
removal [81]. Thus, depending on the lesion, HMGB proteins can either inhibit or facilitate
DNA repair processes.

But perhaps the most remarkable example of stable HMGB1 complex formation in vivo occurs
during apoptosis when the usual dynamic movement of this protein is completely arrested and
nuclear chromatin undergoes condensation and fragmentation on a global scale [144]. This
stable complex formation seems to be specific for HMGBL1 since other nuclear proteins do not
show a similar reduction in mobility during chromatin condensation. Since the biochemical
modification state of HMGB1 doesn’t change during apoptosis, the basis for stable binding
likely resides in the condensed apoptotic heterochromatin itself. The signal for such binding
is unknown but it has been suggested that it might be due to either HMGB recognition of (and
binding to) the hypoacetylated N-terminal histone tails found in heterochromatin or to some
structural change in chromatin resulting from the large-scale histone deacetylation that occurs
during heterochromatin formation [6].

The apparent biological function of tight binding of HMGB to chromatin in apoptotic cells is
to prevent the protein from leaking out of dying cells and triggering an inflammatory response
[16]. HMGB (also known as amphoterin and sulfoglucuronyl carbohydrate binding protein
(SBP-1) in the field of immunology) leaks out from necrotic cells as an “alarmin’ molecule
that signals to neighboring cells that tissue damage has occurred and induces them to divide,
migrate, activate inflammation or start an immune response. HMGB is also naturally secreted
from monocytes, macrophages, neurtrophils and other immune cells following exposure to
LPS, IL-1B, TNF-a, or other stimulatory agents, and is a late mediator of sepsis [163].
Discussion of this facinating ‘alter ego’ aspect of HMGB function is, however, beyond the
scope of this article and readers are referred to a recent review by Bianchi and Manfreidi
[17] for coverage of this topic. Nevertheless, an important point to make concerning the
immune functions of HMGB is that post-translational modifications regulate its
nucleocytoplasmic shuttling and its secretion from cells. For example, phosphorylation
regulates its nucleocytoplasmic shuttling and re-directs it towards secretion [174] and
methylation on specific residues causes cytoplasmic retention of HMGB in nucleophils [74].

It is now thought that tight binding of HMGB to condensed chromatin may not be restricted
to apoptotic cells. That HMGB proteins might actually be involved in the organization and/or
maintenance of heterochromatic regions is suggested by the results of experiments analyzing
the stable binding of the HMGB?2 protein, in complex with nucleolin and YY1 proteins, to the
heterochromatic DZ4Z tandem repeat sequences in the subtelomeric region of human 4935
[59]. Thus, like the HMGA proteins, the HMGB proteins can impact the structure of chromatin
at both the local nucleosomal level and on larger, much more extensive scales.

VIl. HMGN Proteins and Chromatin Structure

The five principal members of the HMGN (formerly called HMG-14 and -17) protein family
(HMGN1, HMGN2, HMGN3a, HMGN3b and HMGN4) are found only in vertebrates [24].
Detailed studies of developing vertebrate embryos show that the levels of expression HMGN
proteins are tightly linked to cellular differentiation [57,80]. For example, during mouse
embryogenesis the level of expression of the two major protein variants, HMGN1 and HMGN2,
is high in all tissues but progressively drops throughout the entire embryo as development and
cellular differentiation proceed. Such a developmental drop in HMGN levels does not occur,
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however, in continuously renewing cell types such as the basal kidney epithelium where cell
proliferation and differentiation are ongoing processes [57,84]. Together these observations
suggest that during embryonic development there is an inverse correlation between the level
of HMGN proteins and the differentiation state of cells. This idea is supported by experiments
with tissue culture cells which show that as cells differentiate their levels of HMGN drop
[57,80] and that differentiation is inhibited when HMGNSs are artificially over-expressed in
cells [57,117]. Thus, proper cellular differentiation requires carefully regulated levels of
HMGN expression. That it is the level, rather that the specific type, of HMGN proteins that is
important for regulating differentiation is supported by the fact that homozygous Hmgn1 =/~
knock-out mice are viable but exhibit various subtle abnormalities (see below), suggesting that
during embryogenesis HMGNZ2 is able to partially compensated for the loss of HMGNL,
probably because of a limited functional redundancy of these very similar proteins [19].

HMGN proteins primarily function by promoting the unfolding of higher-order-chromatin
structure and, thereby, enhancing transcription, replication and DNA repair from chromatin
templates [24]. One of the principal mechanisms facilitating such unfolding is mediated by the
ability of HMGN proteins to out-compete histone H1 for chromatin binding sites [29]. HMGN
proteins are highly mobile within chromatin: nevertheless, more than 99% of HMGN1
molecules are bound to chromatin at any given moment, with residence-times ranging from 4
to 25 seconds, thus allowing for a dynamic competition to exist between HMGN and H1
proteins in vivo [119]. The precise mechanism by which HMGN proteins mediate chromatin
unfolding remains unclear, however, since ATP-dependent chromatin remodeling complexes
are apparently not involved, at least not in vitro [67,130]. Another mechanism contributing to
HMGN-induced structural changes in chromatin is the ability of these proteins to affect the
levels of post-translational modification in the tails of histone proteins [88,89,123,161].
Members of the HMGN family bind exclusively and tightly to nucleosome core particles and
stabilize their structure [27]. HMGNs are also the only non-histone proteins known to bind
specifically inside the nucleosome between the gyres of DNA and the histone octamer core
with the tail of histone H3 and histone H2B being involved in the interaction [24].

All HMGN proteins contain three important functional regions: a bipartite nuclear localization
signal (NLS), a 30 amino acid-long nucleosomal binding domain (NBD) and an acidic tail
called the chromatin-unfolding domain (CHUD) [24]. Unlike the substrate binding domains
of the other HMG families, the structure of the NBD of HMGN proteins has yet to be
determined. Within the nucleus of interphase cells HMGN1 and HMGNZ2 proteins are
distributed in distinct foci, consistent with the demonstration that stretches of contiguous
nucleosomes contain only one type of HMGN homodimer, either HMGN1 or HMGNZ2, and
never mixtures of HMGNZ1/2 proteins [124,125]. In metaphase cells, however, the NBD of the
HMGN proteins is inactivated and the proteins associate with chromatin only as monomers
with low binding affinity. Neither do HMGN proteins form specific complexes in metaphase
cells, demonstrating that the mode of binding of HMGNSs to chromatin is cell cycle dependent
[32].

HMGN proteins are subject to extensive post-translational modifications which influence both
their mode of binding to chromatin and their functional activity. Like the other HMG protein
families, HMGNSs are substrates for many of the same enzymes that modify histone proteins
(review in: [175]). The histone acetyltransferase (HAT) enzyme p300, for example, acetylates
both HMGN1 and HMGNZ2 whereas the HAT enzyme pCAF (p300/CBP-associated factor)
acetylates only HMGNZ2. It has been demonstrated that acetylated HMGNs bind nucleosomes
less tightly than un-modified proteins and, therefore, exhibit a decreased ability to unfold
compact chromatin [24]. Likewise, phosphorylation decreases the interaction of HMGN
proteins with nucleosomes [114]. Cell cycle-dependent phosphorylation of serine residues on
HMGNL1 (at S6, S20 and S24) specifically prevent it from binding to mitotic chromosome,
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increase its mobility inside the nucleus, inhibits its nuclear import and promotes its interaction
with cytoplasmic 14.3.3 proteins [127,128]. Several protein kinases have been demonstrated
to phosphorylate HMGNSs, including PKC, PKA, CK2, GMP-dependent protein kinase and
mitogen-and stress-activated kinases (MSKs) [175]. MSKs are the major kinases responsible
for phosphorylating HMGNL (at S6) and histone H3 (at S10) in what is called the ‘nucleosome
response’ which leads to the transcriptional activation of immediate early (IE) genes in mouse
fibroblasts exposed to mitogenic or stress stimuli [152]. Phosphorylation of HMGN1 leads to
a transient weakening of it’s binding to chromatin and allows kinases to subsequently access
and phosphorylate the N-terminal tail of histone H3. Since phosphorylation of HMGN1
precedes that of H3, it has been suggested that HMGN1 plays an important role in modulating
the ‘histone code’ [88].

Numerous in vitro studies have demonstrated that HMGN1 proteins enhance transcription in
the context of chromatin, suggesting that it acts as a genome-wide transcriptional coactivator
[42,116,160]. Analysis of embryonic fibroblasts from Hmgn1~~ mice, however, have shown
that loss of HMGN1 leads to both up and down-regulation of gene expression [18,19],
suggesting that specific subsets of genes may be differentially regulated by different HMGN
proteins. Available evidence supports this idea but does not rule out the possibility that HMGN
proteins can also have gene specific activities. For example it has been demonstrated that stable
expression of HMGN3a and HMGN3b proteins in cells (Hepa-1) that contain no endogenous
HMGNS3 induces the up-regulation of a small subset of only 22 genes, one of which is the
glycine transporter, Glytl [166]. Likewise, experiments with embryonic fibroblasts from
Hmgn1*/* and Hmgn1~~ mice examining the effect of HMGNZ1 on the heat shock-induced
transcriptional activation of the Hsp70 gene demonstrated that HMGN1 specifically enhances
the rate of heat shock-induced H3K14 acetylation in the Hsp70 promoter, thereby enhancing
the rate of chromatin remodeling and the subsequent transcription during the early rounds of
Hsp70 transcriptional activation [13].

Homozygous knock-out Hmgn1 ™~ mice are viable but subfertile, exhibit minor developmental
abnormalities and are hypersensitive to various stress conditions, such as exposure to UV light
or ionizing irradiation [18]. The incidence of spontaneous tumors in Hmgn1~~ mice is also
almost twice that of wild-type mice and cells derived from Hmgn1 ™~ mice have an increased
tumorigenic potential, as measured by colony formation in soft agar and generation of tumors
in nude mice [18]. Following UV irradiation, the transcription profile of Hmgn1~ cells is
altered but expression of the genes in the NER pathway is normal [19]. When Hmgn1~~ cells
are stably transfected with a plasmid expressing wild-type HMGNL protein (but not with a
plasmid expressing HMGNL1 lacking the CHUD domain) the reconstituted cells are restored
to a wild-type phenotype with respect to UV sensitivity and turmorigenic potential. Together
these findings indicate that HMGNZ1 enhances the rate of repair of UV-induced lesions by
decompacting chromatin and facilitating the access of NER proteins to the damaged sites
[19,165].

Additional support for a role of HMGNZ1 in enhancing DNA repair comes from studies of
transcription-coupled-repair (TCR) in human cells. Lesions in the template strand of DNA
induced by UV light stall the movement of RNA polymerase Il (RNAPII) and interrupt
transcription. Removal of these transcription-blocking lesions by TCR is required for the
resumption transcription elongation. In mammals, TCR is dependent on Cockayne syndrome
A and B (CSA and CSB) proteins. Recent investigations by Mullenders and his colleagues
[53] have demonstrated that CSA and CSB play different roles in recruiting TRC-specific
factors to UV-stalled RNAPII during repair complex formation. The CSB protein plays an
essential role in lesion repair by acting as a coupling factor that attracts other repair factors
(including HAT p300, NER proteins and a ubiquitin ligase/signalosome complex of proteins
containing CSA) to the stalled RNAPII. Interestingly, CSA is not necessary for attraction of
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NER proteins to lesion- stalled RNAPII and yet, in cooperation with CSB, is required to recruit
HMGN1 and certain transcriptions factors to the repair complex. Thus, recruitment of HMGN1
to stalled RNAPII complex is a relatively late event during TCR and likely plays a role in
altering chromatin structure to facilitate lesion removal and the re-initiation of transcription
[53].

VIIl. Conclusions: Three's Company

Fluorescence recovery after photobleaching (FRAP) techniques have demonstrated that in
living cells the interaction of chromatin binding proteins with their nuclear targets is dynamic
and transient, with many of the proteins diffusing through the entire nucleus on a time scale of
seconds [119]. Photobleaching experiments have also shown that there are highly dynamic,
three-dimensional networks of protein-chromatin interactions in the nucleus that influence
chromatin structure on a global scale [119]. Employing cell microinjection and FRAP
techniques, Catez et al [31] investigated whether members of the different HMG families could
compete with histone H1 for binding to chromatin substrates inside cells, as would be predicted
from the results of numerous in vitro experiments. Purified recombinant proteins from each of
the three HMG families (HMGA, HMGB and HMGN) were microinjected into the cytoplasm
of cells expressing transgenic histone H1-green fluorescent protein (H1-GFP) and FRAP was
used to compare the mobility of H1-GFP in injected cells to that in uninjected control cells.
The results showed that proteins from each of the three HMG families weakened the binding
of H1 to nucleosomes by dynamically competing for chromatin binding sites in vivo.
Furthermore, it was found that the different HMG families do not compete with each other for
chromatin binding. Rather, the HMG families act synergistically to weaken H1 binding to
chromatin, results that suggest each HMG type competes with H1 for unique binding sites and
for the formation of distinct protein complexes around different nucleosome linker DNAs.
Based on these findings, Catez et al. proposed that a network of dynamic and competitive
interactions involving HMG proteins and H1, and perhaps other structural proteins, constantly
modulates nucleosome accessibility and the local structure of the chromatin fiber. As a
consequence of such competition, H1 displacement by HMGs loosens up the higher-order
structure of the chromatin fiber thereby allowing a ‘window of opportunity’ for regulatory
factors to access previously restricted regions and to modulate gene transcription [31].

The independent nature of chromatin binding and competition exhibited by each of the different
HMG families provides a possible raison d’étre for the existence of three groups of proteins
that share many over-lapping characteristics and functions, but with each group retaining its
own distinguishing features and activities. The conceptual and mechanistic problems
surrounding the issue of how to precisely regulate the structure of nuclear chromatin, with its
myriad of dynamic subdomains that are constantly changing in response to cell cycle,
developmental, environmental signals, are immense. A network in which three different
families of HMG proteins, each of which binds to chromatin in a distinctive way and
counteracts the condensing affects of histone H1, likely provides a degree of dynamic flexibility
to chromatin structure that would not be possible if only a single family, or even two families,
existed. A triumvirate of architectural transcription factors acting together to modulating
chromatin structure also constitutes a powerful mechanism for the fine-tuning of gene
transcription during embryonic development or in response to rapid changes in the
environment. Such a network, in which members within each family can (if required) partially
compensate for each other, also provides the cell with a ‘buffering capacity’ and degree of
biological resilience that probably could not be achieved with fewer components.

It is instructive to consider, in general terms, both the over-lapping and distinctive features of
the different HMG families with respect to various nuclear and biological processes. All three
HMG families, but not necessarily the individual members of each family, have been
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demonstrated to play critical roles in normal embryonic development and cellular
differentiation. Likewise, all three families actively participate in transcription, replication and
DNA repair, but do not always perform the same function(s) in these different processes. Of
the three families, the function of the HMGN proteins in these processes is easiest to envision.
HMGN proteins are positive regulators of transcription, enhance repair of DNA lesions and
participate in the dynamics of chromatin replication during the cell cycle. Their primary mode
of action in all of these events is to facilitate the loosening of the higher-order structure of the
chromatin fiber, either by displacing histone H1 and/or by influencing the secondary
modifications on the core histones, thus allowing access of the factors required to complete
these processes. Post-translational modifications play important roles in regulating the function
of the HMGN proteins, particularly during progression through the mitotic cycle.

The roles of the HMGA and HMGB proteins in these same biological events are much more
complex and are often yin-yang in character. Depending on the cell type and the specific
circumstances, the HMGA and HMGB families can function as either positive or negative
regulators of gene transcription, chromatin replication and, in the case of HMGB proteins,
DNA repair. The HMGA and HMGB proteins can act at both the individual nucleosome- and
at the global chromatin domain-levels to influence these processes by, for example, promoting,
or inhibiting, the recruitment of chromatin modifying and remodeling complexes. As with the
HMGN proteins, post-transcriptional modifications of the HMGA and HMGB proteins are
causally associated with how they function in the cells. The impact of secondary modifications
on the function of HMGA and HMGB proteins is particularly evident during events such as
apoptosis, necrosis and senescence, a significant group of biological processes in which the
HMGN family apparently does not participate.

Given the plethora of chromatin states and physiological processes in which the HMG proteins
are active participants, it is somewhat surprising that there aren’t more architectural
transcription factor families. Nevertheless, either through parsimony or simply by chance,
evolution has established that only three families of HMG proteins are “sufficient’ for all of
the nuclear activities required for the development and survival of mammals. Elucidating the
mechanistic details of how even this limited number of protein families fulfills their vital
functions will, however, remain the focus of intense research for many years to come.
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