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ABSTRACT

The ETS family of transcription factors is a functionally heterogeneous group of gene regulators that
share a structurally conserved, eponymous DNA-binding domain. DNA target specificity derives
from combinatorial interactions with other proteins as well as intrinsic heterogeneity among ETS
domains. Emerging evidence suggests molecular hydration as a fundamental feature that defines
the intrinsic heterogeneity in DNA target selection and susceptibility to epigenetic DNA
modification. This perspective invokes novel hypotheses in the regulation of ETS proteins in
physiologic osmotic stress, their pioneering potential in heterochromatin, and the effects of passive

and pharmacologic DNA demethylation on ETS regulation.

Introduction

The ETS family of transcription factors binds site-
specific DNA via eponymous, structurally conserved
DNA-binding domains that share low overall
sequence homology (Fig. 1A and B). Although ETS
members are not (28 paralogs in
humans), they are ubiquitously distributed in the
metazoan,’ and many are indispensable to life.

numerous

Regardless of function, all ETS proteins show a
highly conserved binding mode in which a recogni-
tion helix of their ~80-residue ETS domain is
inserted into the major groove of target DNA har-
boring the core consensus 5'-GGAA/T-3’, with addi-
tional interactions along the DNA backbone at
flanking, sequence-variable minor groove positions
(Fig. 1C). The structural homology among ETS
domains is remarkable in the context of the chore-
ography that many ETS transcription factors execute
in hematopoiesis, and the multi-step differentiation
of blood cell lineages that is intricately controlled at
the transcriptional level.>® Differentiation of the
hematopoietic stem cell and fate determination of
downstream progenitors are driven by precise ebbs
and flows of activity by ETS paralogs in conjunction
with other transcription factors in a stage-specific
and dosage-specific manner.*
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Of the hematopoietic ETS-family regulators, PU.1
(Spi-1) and Ets-1 draw one of the sharpest lines of
contrasts (Table 1). Their ETS domains represent the
most phylogenetically distant ETS sub-families, yet
they are structurally superimposable when bound to
DNA targets.” The two ETS paralogs drive cell fate
specification coordinately, and often in opposing
directions.®'! In T-cell differentiation, for example,
an obligatory drop in PU.1 activity is concomitantly
balanced by a surge in the Ets-1 activity,''"* and both
are differentially required in the peripheral Th sub-
sets."*'® Aberrant activity in either paralog is linked
to a spectrum of diseases including rheumatism,'”
cancer'®?" and Alzheimer disease.”*** Functional het-
erogeneity occurs even among very close ETS
sequence homologs, as in the case of PU.1 and Spi-B,
wherein Spi-B cannot compensate for the absence of
PU.1-mediated B-cell signaling in PU.1-null mice.*

Specificity determinants of ETS transcription
factors

Given the significant overlap in expression of ETS
proteins,”® their DNA sequence preference,”” and
overall structure of their ETS domains on the one
hand, and their general functional non-interchange-
ability on the other, the basis of their specificity has
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Figure 1. The DNA-binding domains of ETS transcription factors are sequence- and phylogenetically divergent, but strongly conserved
in structure. (A) Sequence alignment for the 28 paralogous human ETS domains. Proteins were identified by UniProtKB identifier | resi-
due numbering | protein name. Residues are colored by amino acid types. Asterisks denote positions with amino acid identity. (B) Phylo-
genetic tree constructed by the maximum-likelihood method, arranged with Ets-1 and PU.1 (Spi-1) at the ends. The horizontal distance
(branch length) denotes phylogenetic distance defined as number of substitutions per position. (C) Structural alignment of the ETS
domains of Ets-1 (silver; PDB: 1K79) and PU.1 (gold; PDB: 1PUE) from their co-crystal structures with DNA. The root-mean-square devia-
tion is 1.4 A, well below the experimental resolution of the models themselves. The target DNA from the Ets-1 co-crystal structure is

shown to orient the viewer.

long been a subject of major interest. Currently, ETS
proteins are grouped into classes (I-IV) according to
their relative sequence preferences,”” which corre-
spond to their phylogenetic relatedness. The sharp
and well-conserved delineation of major groove con-
tacts at the 5-GGAA/T-3" core consensus, and minor
groove backbone (sugar and phosphate) contacts at
flanking bases where sequence variation occurs, has
led to the notion of indirect readout. In contrast with
direct readout of nucleobases at the core consensus,
contacts with the DNA backbone are presumably
parsed on the basis of some sequence-dependent

DNA shape or propensity to adopt a preferred confor-
mation (or ensemble of such). While indirect readout
of bases flanking the core consensus has been
unequivocally demonstrated,”® its functional signifi-
cance in target gene transactivation confirmed®’ and
its basis understood in
detail,>**" the structural (and probably also dynamic)
origin of indirect readout in ETS/DNA site recogni-
tion remains elusive. Most frustratingly, no predictive
capability of how the structure of given ETS domain
relates to its distinct spectrum of flanking sequence

preferences has yet been achieved.

thermodynamic some



Table 1. Biological and biochemical comparison of the ETS paral-
ogs PU.T and Ets-1.

Ets-1 PU.1

Functional properties

Expression®® Widespread Lineage-restricted to

cells of hematopoietic

origin
High dosage requirement T cell B cell
Low dosage requirement B cell T cell
Auto-inhibition Yes No
Pioneer transcription factor No® Yes®

Oncogenem 21,82,83

General role in
hematopoietic cancers
Biochemical properties (ETS domain)
Domain topology C-terminal
Intrinsic affinity for optimal 107" M
cognate sites®
Relative sequence Low High
discrimination®
Osmotic sensitivity
Kinetics of association®®

Tumor suppressor

C-terminal
107°M

Low?® High®'
Fast (10’ M~"s™") Slow (10° M~ "s™")

Kinetics of dissociation®®  Slow (1072s™")  Very slow (1073 s7")
Relative tolerance to CpG  Low High

methylation®

Dimerize in solution No® Yes8586

without DNA

Combinatorial routes to ETS target specificity

A pervasive, though not universal, feature of ETS pro-
teins is the presence of elements adjacent to their ETS
domains that are structured in the absence of DNA, but
unfold upon DNA binding. The energetic overhead to
unfold these appending elements, which are most
extensively characterized in Ets-1 (class 1)**** and
ETV6 (class II),>” result in reduced affinity to any
given DNA site about an order of magnitude relative to
truncated constructs. This auto-inhibitory mechanism
serves as a handle for combinatorial control of ETS pro-
teins through interactions with protein partners that
displace the extra-ETS appendages. For example,
Runx1/AML1/CBFa2/PEBP2 positively regulates Ets-1/
DNA binding by displacing and destabilizing an
extended inhibitory segment N-terminal to the ETS
domain.’**’ In ETS paralogs that are not auto-inhib-
ited, such as PU.I, specific interactions with binding
partners that positively regulate (e.g., IRF4/Pip)*'™** or
antagonize DNA binding (e.g, GATA-1)*** are
known. Another combinatorial strategy that modifies
DNA site targeting is to couple binding to intrinsically
low-affinity or nonspecific sites to specific interactions
with binding partners. Such mechanisms are illustrated
by the ability of Pax5 to recruit Ets-1 to a nonspecific
sequence (5-GGAG-3').**" Similar recruitment of
PU.1 to intrinsically low-affinity sites has also been
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reported.*® These and other interactions, all of which
are functionally linked to cell fate specification or the
regulation of lineage-specific target genes, have been
well reviewed.*

In recent years, high-throughput microarray and
sequencing technologies have elevated investigations
of ETS/DNA interactions to the genome-wide level.
Detailed information on the localization, sequence
characteristics of DNA targets, and associated binding
partners is now available for ETS transcription factors
in a range of cell types and developmental con-
texts.””>*>> Although various levels of redundancy
and specificity are observed that correlate with the
ontology of the genes involved, one recurring feature
is the close correspondence between in vivo and in
vitro DNA sequence preferences. Moreover, in the
case of PU.1 and Ets-1, the information contents (a
direct informatic measure of target specificity) of the
in vivo sequences preferences shown by both proteins
are over 15% higher (> 3 bits over a 10-bp sequence
space) than their in vitro counterparts.” Given the vast
number of sequence reads in the in vivo data, these
two observations indicate that, integrated over the
whole genome, combinatorial control refines, rather
than usurps, the intrinsic selectivity of their ETS
domains. Thus, while the target gene specificity of
ETS proteins is functionally controlled by an inter-
related web of interactions in vivo (Fig. 2), the intrinsic
properties of ETS domains per se remain a keystone in
understanding sequence usage of ETS transcription
factors in the genome.

A deeper look into ETS/DNA recognition

To date, structures of ETS/DNA complexes, most of
which involve high-affinity cognate sequences, have
provided physical models of optimal interactions in
DNA target recognition by representative ETS paral-
ogs in each class. Do fundamental mechanisms exist
that could explain DNA target selectivity across the
spectrum of ETS paralogs? Such “molecular pheno-
types” would reasonably reflect the selection pressures
operating on functionally distinct ETS paralogs, and
in turn provide insight into the biologic environment
in which the proteins operate. To this end, we have
identified two aspects that structural and biochemical
data suggest unusual potential for insight: molecular
hydration accompanying DNA recognition by ETS

domains and their sensitivity to epigenetically
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Mechanisms of ETS target gene specificity

Expression

Molecular pathophysiology

Overexpression: oncogene (Ets-1, PEA3: various Ca)

profiles

Post-translational

Fusion partners

P Reduced expression: loss of tumor suppression (PU.1: AML,
cHD, MM, osteopetrosis; SPDEF: prostate Ca)

5. Gain-of-function fusions (ETV6: leukemias; Erg, Fli-1: Ewing
Lgd

modifications *
R

Auto-inhibition

Osmotic stress

sarcoma, prostate Ca)

/ response

Synergistic +

v

Anisotonic inflammatory disorders?

binding  —Jp

partners

D> Loss of binding partner (PU.1/CEBPa: FLT3-ITD AML)

|=———Antagonistic interactions ==  Sequestration of tumor suppressor (PU.1/PML-RARa: AML)

Site sequence selectivity
DNA - ) e
t t Epigenetic modifications e
arge Binding site organization

Loss-of-function mutations (PU.1: familial AML)
Viral promoters (Ets-1: HIV-1)
De novo DNA binding site (Ets-1: meloma)
Hypermethylation of ETS target promoters (colorectal Ca)

Figure 2. Selected mechanisms of ETS target gene specificity. ETS-dependent transcription is regulated at multiple levels, all of which
can operate in a combinatorial fashion. The established molecular pathophysiology associated with some of these mechanisms are
listed. The literature on ETS proteins is vast and this summary is only intended to be illustrative; readers interested in specific aspects or

paralogs mentioned in this figure are referred to reviews and studies such as the following:

26,49,51,53.668793 Note that auto-inhibition

(indicated by the cartoon helix) is not a universal feature of ETS proteins; several paralogs, such as PU.1, are not auto-inhibited. Abbrevi-
ations: AML, acute myeloid leukemia; Ca, cancer; cHD, classical Hodgkin’s disease; MM, multiple myeloma.

modified DNA targets. We have been focusing our
attention on Ets-1 and PU.1, which are attractive
model systems for two reasons. First, they are arche-
typal representatives of the most phylogenetically
most distant classes of ETS proteins,” so heterogene-
ity in their molecular phenotype should directly reflect
the selection pressures in their evolutionary paths,
even if the biologic basis of these pressures are not
necessarily known. Second, these two ETS paralogs
bind optimal DNA targets with indistinguishably high
affinity,”® so that heterogeneity between the two
homologs that contribute to their DNA binding affin-
ity and specificity would be biologically relevant.

Role of molecular hydration in DNA recognition
by ETS proteins

Transcription factors interact with and regulate their
DNA targets in an aqueous milieu. Rather than a pas-
sive bathing medium, water molecules participate in
protein/DNA interactions and can act as a major
determinant of binding affinity and specificity, for
example, by forming water-mediated contacts at the
protein/DNA interface. One of the most intriguing
differences between the co-crystal structures of PU.1
and Ets-1 is the abundance of interfacial water-medi-
ated contacts in the PU.1 complex and the sparsity of

such contacts in the Ets-1 complex.*””” The water-
mediated contacts made by PU.1 are effectively
replaced by direct protein-to-DNA contacts in Ets-1.
To determine whether the crystallographic data
indeed reflect a differential role for interfacial hydra-
tion in DNA recognition by the two proteins in solu-
tion, we interrogated DNA binding by the two
proteins through osmotic stress.”® Using physiologi-
cally compatible osmolytes to modulate the osmotic
environment (water activity), the data indeed showed
that high-affinity DNA binding by PU.1 was osmotic
sensitive while binding by Ets-1 was not (Table 1).
Moreover, the osmotic sensitivity of PU.1, wherein
affinity was reduced by osmotic pressure, was depen-
dent on the DNA sequence context, inferring a direct
role of hydration in the specificity mechanism of PU.1.

The strikingly different responses of the two homo-
logs to their osmotic environment, which is fully com-
pensated to yield indistinguishable binding affinities
under normo-osmotic conditions, are a provocative
observation. Higher-order organisms maintain a
homeostatic environment in which intracellular
parameters are controlled.”® Osmotic pressure is one
such parameter. Hyperosmotic stress and its attendant
perturbation on cell volume trigger signaling pathways
mediated by the transcription factor NFAT5/TonEBP
that restore isotonicity through the accumulation of



compatible osmolytes.””® As a result, the compen-
sated (isotonic) but now hyperosmolar conditions
would necessarily perturb biomoleular interactions
that involve sufficiently large hydration changes. The
affinity of PU.1 for its optimal cognate sequence is
reduced ~10-fold across 0.5 osmolal,’" a physiologi-
cally relevant level of osmotic stress in lympocytes.®*
We have found through analysis of microarray data
that PU.1 target genes are disproportionately repre-
sented in osmotically sensitive (NFAT5-dependent)
genes in primary murine macrophages.®' Significantly,
other transcription factors that are co-expressed with
PU.1, such as the interferon regulatory factors, NF-
kB2, and Stat proteins, show no such overlap. While
PU.1 may interact with NFATS5 by direct contact or
via post-translational modification, no such interac-
tions are currently known. A more intriguing scenario
is that PU.1 and NFATS5 targets overlap by virtue of
the osmotic sensitivity of their regulators. It would
therefore be possible for genetic networks to interact
through “fields” and in a manner that requires no
direct contact between or post-translational modifica-
tion of the macromolecular components involved.

Significance of molecular hydration in ETS
activity under normo-osmotic conditions

In addition to perturbing affinity under hyperosmotic
stress, the osmotic sensitivity of DNA target recogni-
tion provides insight into differences in binding
behavior under normo-osmotic conditions. Specifi-
cally, we have observed that the different disposition
of hydration water directly impacts on the mecha-
nisms of DNA target recognition as manifest in their
kinetics of association and dissociation (Table 1).%*
Under normo-osmotic conditions, PU.1 engages
sequence-specific target sites about ~100 more slowly
than Ets-1, but once formed, the complex is corre-
spondingly more persistent than Ets-1. The starkly
different kinetic profiles establish that interfacial
hydration defines different mechanisms of target
recognition by the two ETS homologs. In addition,
the persistence of the PU.1/DNA complex against
dissociation is consistent with PU.1 as a strong
pioneer transcription factor,” by anchoring target
genes in chromatin during recruitment of other tran-
scription factors and remodeling proteins (such as
histone acetyltransferases).”* Currently, the pioneer
status of Ets-1 is controversial: Although it appears
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to co-localize with nucleosomes in enhancer regions
in developing thymocytes,”” it does not exhibit func-
tional pioneer activity in a defined reporter assay.®”
An intrinsic mechanism for resisting nucleosomal
dynamics by the ETS domain to secure accessible
proximal binding sites for other proteins represents
an intriguing component of pioneering activity of
“master” transcription factors such as PU.1.

Molecular hydration as a unifying feature in ETS
evolution

Is heterogeneity in molecular hydration a general fea-
ture in the broader ETS family? A survey of binary
and ternary co-crystal structures of ETS domains
shows a range in both the density and pattern of inter-
facial hydration, as may be expected from the amino
acid diversity in their DNA-binding surfaces. To
examine this heterogeneity systematically, we consid-
ered the correlation between the number of water-
mediated contacts in DNA co-crystal complexes of
ETS paralogs as a function of their evolutionary relat-
edness. Taking Ets-1 as reference, we found that the
density of water-mediated contacts for ETS paralogs is
positively correlated with its pairwise phylogenetic
distance from Ets-1 (Fig. 3). This is a remarkable cor-
relation. The physicochemical diversity of the crystals
(e.g., symmetry, packing, co-solvents, and overall
hydration) strongly discount against the observed cor-
relation as a crystallographic artefact. There is also no
systematic differences in the resolution of the struc-
tures that would account for a bias in discernable
hydration. Beyond several water-mediated contacts
involving the sidechains and backbone of absolutely
or highly conserved residues that are observed in all
the structures, a significant diversity in bridging pat-
tern is observed at all levels of hydration, suggesting
that interfacial hydration is highly adaptive. While the
evolution of ETS paralogs is undoubtedly subject to
different selection pressures, which are not universally
shared, it appears that as a general feature interfacial
hydration is incrementally incorporated in the evolu-
tion of the ETS family. The biophysical and biological
implications of this relationship are
unknown and ripe for hypothesis.

currently

Differential tolerance to CpG methylation

While the importance of epigenetic regulation of ETS-

dependent transcription is well established in
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Figure 3. Crystallographic interfacial hydration correlates positively with phylogenetic relatedness among the ETS domains of paralogs.
(A) Co-crystal structures of the ETS domains of nine ETS paralogs, oriented identically with the recognition helix perpendicular to the
plane of the page. Water-mediated contacts are shown as cyan spheres, defined operationally as crystallographic water within hydro-
gen-bonding distance (red dashes, < 3.4 A) of a protein and DNA contact, or another interfacial water that meets this criterion. To avoid
ambiguity, water-mediated contacts involving only three or more consecutive bridging water are not counted. Interfacial water density
is weakly correlated with overall hydration of the asymmetric unit, and there is no significant difference in interfacial hydration density
(£ 1) between different biological units. (B) Relationship between crystallographic interfacial hydration and pairwise phylogenetic dis-
tance from Ets-1, chosen as reference. The primary sequences of the 28 human ETS paralogs were analyzed by ClustalW using the neigh-
bor-joining method. The results were expressed as a distance matrix from whose elements are pairwise distances (number of
substitutions per position). ETS paralogs are formally categorized into classes I-IV?” by color in order from black, blue, orange, to yellow.
(C) Differential sensitivity to osmotic pressure in site-specific binding by the ETS domains of PU.1 and Ets-1 as reported by Wang et al.*®
The measured in vitro affinity is expressed as the logarithm of the dissociation constant (Kp). High- (solid symbols) and low-affinity DNA
(open) refer to defined cognate (not nonspecific) sequences harboring the 5'-GGAA-3’ consensus. The different symbols refer to the set
of physiologically compatible osmolytes used to exert osmotic stress. The osmotic insensitivity of Ets-1 is not modified by the presence
of auto-inhibition.>®

55,66-68

hematopoiesis and cancer, the mechanisms by

which ETS activity are modulated at epigenetically

dinucleotide (5'-CGGAA-3’) that frequently occurs in
cognate ETS binding sites.”” While any CpG methyla-

modified DNA, with or without nucleosome, are not
well understood. Genomic surveys have found that
hematopoietic ETS transcription factors are over-rep-
resented in hypermethylated regions.> While several
close class I ETS paralogs (such as Ets-1 and GABP«)
have been reported to be inhibited by CpG methyla-
tion at their cognate sites, whether inhibition is a uni-
versal property of ETS proteins remains unknown.
We have directly studied the binding properties of
PU.1 and Ets-1 to hemi-methylated and fully methyl-
ated cognate DNA harboring a site-specific CpG

tion affected binding, PU.1 and Ets-1 responded
qualitatively differently to hemi-methylated sites.
Hemi-methylation of the sense (5-GGAA-3") strand
was strongly inhibitory to Ets-1 binding, but hemi-
methylation of the anti-sense strand (5'-GGAA-3')
was not and vice versa for PU.1. In addition, auto-
inhibition was operative in Ets-1 with respect to bind-
ing to CpG-methylated sites. Finally, PU.1 was signifi-
cantly more robust than Ets-1 in binding fully
methylated DNA. Overall, our targeted studies showed
that significant heterogeneity exists in their intrinsic



sensitivity to CpG methylation among ETS transcrip-
tion factors. They confirmed the strong inhibition of
Ets-1 (and by extension, other class I ETS members) by
full CpG methylation and provided a basis for the
genomic-wide observation PU.1 to autonomously
engage methylated DNA in vivo.*®

Mechanistically, we found by molecular simula-
tions that the asymmetric effect of hemi-methylation
on the DNA-binding affinity of ETS paralogs may be
explained by structural perturbations on DNA back-
bone geometry. While hemi-methylation of either
strand significantly perturbs backbone geometry out
of the unmethylated configuration, full methylation
produces a compensatory effect that brings backbone
geometry back closer to unmethylated DNA. In light
of the plasticity in interfacial hydration, we speculate
that hydration waters serve as adapters that moderate
the perturbative effects of DNA methylation on bind-
ing for hydration-rich ETS paralogs such as PU.1. In
addition, the compensatory relationship between
hemi-methylation and full methylation on DNA back-
bone structure suggests new biological implications in
view of the semi-conservative nature of DNA replica-
tion. Immediately following DNA synthesis with
unmethylated nucleotides, the DNA daughter strands
are hemi-methylated until re-methylated by DNA
methyltransferase I (DNMT1). The exact same site in
passively de-methylated genome, therefore, presents a
heterogeneous substrate for ETS paralogs (and proba-
bly other DNA-binding proteins) depending on the
stage in the cell cycle or exogenous treatment with
DNMT1 inhibitors (“hypomethylating agents” such as
azacitidine and decitabine). Interest in this area is
heightened by the advent of hypomethylating agents
as clinical drugs in hematologic cancers, such as azaci-
tidine in myelodysplastic syndrome’ and a growing
list of other malignancies.

Chemical biology of ETS proteins

Target-specific control of transcriptional pathways has
long been a goal in experimental research and therapy.
Despite the success and ubiquity of gene-based
approaches to knock-in, known-down, and knock-out
specific genes in vitro and in vivo, as well as the
intense efforts to deliver genetic and other macromo-
lecular payloads efficiently and without toxicity into
cells and tissues, low-molecular weight molecules (i.e.,
chemical control) remain the preferred modality of
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intervention. With few exceptions, the clinically suc-
cessful pharmacology of nuclear receptors has not
been reprised for most of other transcription factors,
particularly wildtype forms which lack endogenous
ligands as templates for drug development.”'”’* A
fruitful avenue in the case of inhibition is to target the
cognate DNA site to which the transcription factor
binds. Thanks to the considerable advance over the past
two decades in sequence-specific targeting of DNA-
binding ligands, particularly the hairpin polyamides”
and heterocyclic diamidines,”® proofs-of-concept have
been achieved for several ETS proteins. They include
the inhibition of Ets-1 with a designed polyamide’” and
ERG using designed heterocyclic diamidines.”® We have
demonstrated the inhibition of PU.1 using diamidines
of a different class.”** Viable chemical biology of ETS
proteins is a challenge in need of actionable targets, and
identification of the molecular heterogeneity among
ETS domains could clarify such targets and strategies
for control.

Concluding remarks

Although all ETS paralogs display highly homologous
backbone structures and engage target DNA in an
essentially identical conformation, they harbor a spec-
trum of distinct physical chemistry that is likely
reflected in their functional phenotypes. Targeted
studies of interactions by ETS domains in new areas
such as molecular hydration and epigenetically modi-
fied DNA are sparking novel perspectives and oppor-
tunities for new insights into the diversity of this
important family of transcriptional regulators.
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