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Is Runx a Linchpin for Developmental Signaling in
Metazoans?

James A. Coffman®
Mount Desert Island Biological Laboratory, Salisbury Cove, Maine 04672

ABSTRACT

The Runt domain (Runx) is a 128 amino acid sequence motif that defines a metazoan family of sequence-specific DNA binding proteins, which
appears to have originated in concert with the intercellular signaling systems that coordinate multicellular development in animals. In the
model organisms where they have been studied (fruit fly, mouse, sea urchin, and nematode) Runx genes are essential for normal development,
and in humans they are causally associated with a variety of cancers, manifesting both oncogenic and tumor suppressive attributes. During
development Runx proteins support both cell proliferation and differentiation, and function in both transcriptional activation and repression.
Runx function is thus context-dependent, with the context provided genetically by cis-regulatory sequence architecture and epigenetically by
development. This context dependency makes it difficult to formulate reductionistic generalizations concerning Runx function in normal and
carcinogenic development. However, a growing body of literature links Runx function to each of the major intercellular signaling systems in
animals, suggesting that the general function of Runx transcription factors may be to potentiate and govern genomic responsiveness to
developmental signaling. J. Cell. Biochem. 107: 194-202, 2009. © 2009 Wiley-Liss, Inc.
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H eritable aspects of animal development are controlled by
gene regulatory networks (GRNs) that formally specify
when and where genes are expressed during ontogeny [Davidson,
2006]. The operation of GRNs depends on epigenetic systems of
intercellular signaling that coordinate proliferation, patterning,
and differentiation of cells within multicellular tissues. Metazoan
development is governed by a small number of such systems;
namely, the Wnt, Notch, TGFB/BMP, receptor tyrosine kinase
(RTK), JAK/STAT, Hedgehog, and nuclear receptor pathways,
many of which appear to have originated in the earliest metazoans
[Pires-daSilva and Sommer, 2003]. For each of these pathways,
signals provided by extracellular ligands are carried to the cell
nucleus via the intracellular modification and hence activation of
transcriptional regulatory proteins, resulting in the activation or
repression of genes that contain binding sites for those proteins
within their cis-regulatory sequences.

The DNA binding sequences recognized by signal-transducing
transcription factors are often short and degenerate, and hence
commonplace in the genome, which raises the question of how the
relatively miniscule subset of functional target sites is selectively
engaged during development. The answer lies at least in part in
the clustering of target sites within cis-regulatory modules, which
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facilitates cooperative protein-protein interactions. In addition to
the sites for the factors bearing signals, these sites include targets for
proteins that play architectural roles such as DNA bending and
looping, subnuclear targeting, and recruitment of non-DNA binding
chromatin-modifying enzymes that further increase site-selective
specificity [Zaidi et al., 2005; Davidson, 2006]. Transduction of
signals to cis-regulatory target sequences therefore occurs within
the context of multi-protein complexes, the composition of which is
determined by the sequence structure of the cis-regulatory module.

The Runt domain (Runx) is a highly conserved 128 amino acid
sequence motif that defines a metazoan family of sequence-specific
DNA binding proteins required for the ontogeny of each of the
animal species in which it has been functionally studied, as well as
for the regulation of somatic stem cells and development of the
lineages to which they give rise [Coffman, 2003; Ito, 2008; Nimmo
and Woollard, 2008]. Runx genes facilitate developmental coordi-
nation of cell proliferation and differentiation, in part by nucleating
assembly of regulatory protein complexes within cis-regulatory
systems that support the transduction of intercellular signals
[Westendorf and Hiebert, 1999; Coffman, 2003]. Indeed, as reviewed
below Runx proteins are functionally implicated in most of the
major metazoan developmental signaling pathways, including those
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mediated by TGFB/BMP, RTKs, Wnt, and Notch. These functions
often involve intramodular protein-protein interactions between
Runx proteins and signal-transducing transcription factors in the
Smad, Ets, Tcf/Lef, and nuclear receptor families. In addition to these
interactions, Runx proteins heterodimerize with a non-DNA binding
beta subunit (CBFB), which allosterically enhances Runx binding
to DNA [Yan et al.,, 2004]. Like many of the signaling pathways
described above, both the Runt domain and CBF@ appear to be
metazoan inventions: both are found encoded in the genomes of all
metazoans examined to date, including the genomes of cnidarians
and two sponges, whereas neither has been found encoded in any
non-metazoan eukaryotic genome [Rennert et al., 2003; Sullivan
et al., 2008].

As indicated above and discussed in more detail below, recent
studies implicate Runx as a critical collaborator in each of the
signaling systems involved in animal development. This remarkable
fact offers a potential explanation for the paradoxical attributes
of Runx, a transcription factor involved in both activation and
repression that is required for both cell proliferation and
differentiation during development, and which plays both onco-
genic and tumor suppressive roles in cancer. It is hypothesized
that Runx is generally required as a genetic/epigenetic gate that
both potentiates and governs the specific effects of developmental
signaling in proliferating progenitor cells.

The Runt domain derives its name from the Drosophila develop-
mental regulatory gene runt, whose mutation produces arrested
embryos with segmentation defects stemming from its essential
function in the developmental GRN that controls patterning along
the anterior-posterior axis of the embryo [Nusslein-Volhard and
Wieschaus, 1980; Gergen and Butler, 1988]. Another Drosophila
gene, lozenge, which has an even longer history of genetic studies
associated with its essential role in eye development as well as
development of antennae and limbs, also contains a Runt domain
[Daga et al, 1996]. The sequencing of the Drosophila genome
revealed that it encodes two additional unnamed Runx genes, the
functions of which remain enigmatic. Interestingly, all four Runx
genes lie on the X chromosome, a synteny that is conserved among
insects and represents and an insect-specific gene expansion [Bao
and Friedrich, 2008; Duncan et al., 2008].

Although the genetic studies of Drosophila runt and lozenge
demonstrated that these genes control developmental specification
of cell fate, the biochemical function of their products was not
revealed until sequence-specific transcriptional regulatory proteins
from mammalian cells, purified by oligonucleotide affinity chro-
matography using functionally characterized viral cis-regulatory
elements, were shown to be runt homologues [Kagoshima et al.,
1993; Ito, 2008]. The DNA binding domain of these proteins
consisted of a 128 amino acid sequence motif that was shown to
be present in Drosophila runt as well as in AMLI, a human gene
frequently mutated by chromosomal translocations that give rise

acute myeloid leukemia [Meyers et al., 1993]. AMLI, now referred to
as Runxl, is one of three mammalian Runx genes.

Individual gene knockouts revealed that each mammalian Runx
gene is critical for the development of a specific tissue or organ
system: Runxl for hematopoiesis, Runxr2 for osteogenesis, and
Runx3 for neurogenesis in the dorsal root ganglia [reviewed in
Coffman, 2003; Ito, 2008]. More refined studies have shown that
Runx1 and Runx2 are each critical for specific cell fate decisions
made respectively along hematopoietic and osteogenic develop-
mental trajectories [see, e.g., Stein et al., 2004; Anderson, 2006
for reviews]. Thus, Runxl and Runx2 are often referred to as
“tissue-specific” regulatory genes or even “master control genes.”
Unfortunately, such terminology tends to promote reductionistic
oversimplifications of the functional niche filled by Runx in the
developmental physiology of cell fate specification; in fact, all three
Runx genes play important developmental roles in multiple tissues,
and it is possible (if not probable) that Runx is required globally for
normal development, with the different paralogues manifesting (to
an unknown extent) functional redundancy and cross-regulation.
To date no triple Runx knockouts have been carried out in mice, and
although it is commonly assumed that the knockout of the single
CBFbeta gene (which produces a phenotype similar to that of the
Runx1 knockout) is equivalent to complete loss of Runx function,
this assumption is highly questionable, as discussed below. As with
many gene families, Runx gene multiplicity in vertebrates (and
independently in insects) may be more a reflection of developmental
GRN complexity than of diversification of protein function.

Along with fruit flies, sea urchin embryos and nematodes are
relatively simple developmental models that have provided
important insights concerning Runx function in developmental
specification of cell fate. The sea urchin Runt-1 protein was
discovered biochemically by virtue of its sequence-specific
interaction with (and function as a transcriptional activator of) a
tissue-specific actin gene [Coffman et al., 1996]. Subsequent studies
demonstrated that Runt-1 is globally expressed in early develop-
ment, and required throughout the embryo for cell-type-, tissue-,
and/or region specific gene expression [Coffman et al., 2004], as well
as for cell survival and proliferation [Dickey-Sims et al., 2005;
Robertson et al., 2008]. The single Caenorhabditis elegans Runx gene
rnt-1 is required for development of hypodermal seam cells that give
rise to the rays of the male tail [Ji et al., 2004; Nimmo et al., 2005].
However, the latter function does not appear to involve develop-
mental decisions related to cell fate specification per se; rather, it
reflects a requirement for rnt-1 in proliferation of the stem cell
progenitors of seam cells [Nimmo et al., 2005; Nimmo and Woollard,
2008].

As noted above, the first mammalian Runx gene to be identified as
such was AMLI (Runxl), a frequent target of leukemogenic
translocations. Thus, a good deal of Runx-related research has
focused on the role of this family in leukemias, and more recently,
other forms of cancer involving each of the mammalian Runx genes
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[lto, 2004]. The facts that leukemogenic Runxl translocations
produce proteins that have both lost normal functions and gained
abnormal functions, and that Runx3 loss-of-function is associated
with gastrointestinal tumorogenesis, are consistent with the
proposition that Runx is normally a ‘“tumor-suppressor” [Ito,
2004, 2008]. Also consistent with this notion is the fact that both
Runx1 and Runx2 promote the differentiation of specific cell types
in blood and bone, respectively. Thus, it might be assumed that
leukemogenesis associated with mutant forms of Runx1 is simply
attributable to the inability of pluripotent progenitors carrying
these mutations to differentiate, which causes them to continue
proliferating by *“default.” However, this simplified view is brought
into question by the fact that Runx expression is actually required
for proliferation in some contexts [Coffman, 2003; Nimmo and
Woollard, 2008; Robertson et al., 2008]. Indeed, unaltered forms
of all three mammalian Runx genes are both over-expressed and
causally associated with proliferation in various kinds of cancer,
consistent with the proposition that in these contexts they are
“oncogenes” [Cameron and Neil, 2004].

Runx proteins engage mechanisms that control cell cycle
progression at multiple stages, including the critical G1/S and
G2/M transitions [Zhang et al., 2008b]. As might be expected, both
positive (activating cell cycle progression) and negative (inhibiting
cell cycle progression) interactions have been identified, in some
cases involving the same Runx protein in different contexts.
Moreover, these interactions involve both protein-DNA interactions
between Runx and its target genes that encode cell cycle control
proteins (e.g., cyclin D and p21 [Bernardin-Fried et al., 2004; Cha
et al., 2008]), and direct protein-protein interactions between Runx
factors and cell cycle control proteins (e.g., cyclin D3 [Peterson
et al., 2005], pRb [Thomas et al., 2004], and E1A [Cha et al., 2008]).
The interaction between Runx proteins and the cell cycle
control machinery is bi-directional, as Runx protein abundance is
regulated in a cell cycle dependent manner via cyclin-cdk-mediated
phosphorylation [Biggs et al., 2006; Shen et al., 2006]. Finally, in
addition to regulating progression through and exit from the cell
cycle, Runx proteins control cell growth by regulating expression
of genes required for protein synthesis, including rRNA genes
transcribed by RNA polymerase I [e.g., Young et al., 2007a].

Beyond its roles in regulating cell growth and proliferation, Runx
contributes to cancer by regulating both apoptosis and metastasis.
Not surprisingly, these regulatory functions can be both positive
and negative, depending on context. For example, both Runx1 and
Runx3 promote apoptosis in different mammalian lineages, which
contributes to their functionality as tumor suppressors [Fukamachi
and Ito, 2004; Hug et al., 2004]; a similar pro-apoptotic role has
been found for Drosophila lozenge [Wildonger and Mann, 2005]. On
the other hand, in post-blastula stage sea urchin embryos Runt-1 is
anti-apoptotic [Dickey-Sims et al., 2005], a function that has also
been attributed to mammalian Runx2 in Myc-induced lymphomas
[Blyth et al., 2006]. Finally, Runx2 has been shown to promote
metastasis of bone and breast cancers, in part by activating the
expression of matrix metalloproteinases [Pratap et al., 2005],
whereas Runx3 expression inhibits metastasis of colon cancer cells
[Peng et al., 2008]. Thus, the only broad generalization that can be
made regarding Runx function in carcinogenesis is that Runx is

causally associated with both the suppression and development of
cancer.

In animal development, cell growth and proliferation are normally
dependent upon the same intercellular signaling systems that
control cell fate specification, a regulatory linkage that was
undoubtedly a prerequisite for animal evolution. Moreover, this
contingency manifests both as positive and negative effects on cell
cycle progression that are dependent on both cis-regulatory/GRN
architecture and developmental context, which as discussed in the
foregoing is also something that can be said of Runx function. It is
therefore perhaps not surprising that Runx has been found to be part
of the circuitry that controls each of the major intercellular signaling
pathways associated with animal development, each of which is
known to be “short-circuited” in some forms of cancer.

Much of what is known concerning Runx and intercellular
signaling has come from studies of vertebrate osteogenesis, which
involves synergistic interactions between Runx2 and the BMP/TGF(
pathway [reviewed in Lian et al., 2006]. Runx2 facilitates TGF(
superfamily signaling both by acting as a cooperative co-factor with
Smad transcription factors, with which they interact physically
[Miyazono et al., 2004], and by activating the transcription of
the TGFB type I receptor [McCarthy et al., 2003]. Moreover, these
systems are mutually linked, as BMP signaling induces expression of
Runx2 [Lian et al., 2006] and Runx1 [Pimanda et al., 2007] during
osteogenesis and hematopoiesis, respectively. Both branches of the
TGFB superfamily (i.e., BMP and TGFbeta/activin/nodal) utilize
Runx as a cofactor, with context-specific effects. For example, the
tumor suppressive functionality of Runx3 involves its requirement
as an activator of Bim in TGFB-induced apoptosis [Yano et al.,
2006].

Runx proteins also play critical roles in Wnt signaling. Runx2
expression is activated during osteogenesis in response to Wnt
signaling [Lian et al., 2006], and Runx2 and canonical Wnt signaling
collaborate to activate fgf18 expression via physical interactions
between Runx2 and TCF/Lef [Reinhold and Naski, 2007]. On the
other hand, interactions between Runx2 and B-catenin/Lef1 inhibit
Runx2-mediated activation of osteocalcin [Kahler and Westendorf,
2003], and Runx3 was recently shown to attenuate tumorogenic
B-catenin signaling via direct physical interactions with both
B-catenin and TCF4 [Ito et al., 2008]. In C. elegans, Rnt-1
collaborates with Wnt signaling to regulate asymmetric divisions
in the T-blast stem-cell lineage [Kagoshima et al., 2005], while in
sea urchin embryos, Runt-1 expression promotes blastula stage
expression of several of the zygotically induced wnt genes,
including wnt-8, a key component of the endomesoderm GRN
[Robertson et al., 2008]. The latter involves intra-modular
collaboration with Tcf/Lef-B-catenin and Blimp-1 transcription
factors within a compact cis-regulatory module [Robertson et al.,
2008]. Furthermore, GSK-3 activity, which is negatively regulated
by canonical Wnt signaling, controls Runt-1 protein levels,
suggesting that Wnt signaling may post-translationally regulate
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Runt-1 expression [Robertson et al., 2008]. These findings, together
with the well-known mitogenic effects of wnt signaling (which
occurs in part via activation of cyclin D), led us to propose that
mutual linkage of wnt signaling and Runx expression may con-
stitute an ancient regulatory circuit for the control of cell prolife-
ration in metazoan development (Fig. 1) [Robertson et al., 2008].

The Notch signaling pathway is often used for cell patterning via
local interactions within pluripotent progenitor fields that are
specified by Wnt signaling [Hayward et al., 2008]. In vertebrate
hematopoiesis, Notch signaling activates Runx1 expression [Burns
et al., 2005], which in turn establishes competency for further
specification of sublineages via Notch signaling [Rothenberg, 2007].
In sea urchin embryos, Notch signaling is required for specification
of the non-skeletogenic mesoderm in response to expression of
delta, which is activated via a putative Runx target site in a
promoter-proximal cis-regulatory module. Thus, Notch signaling,
like Wnt and TGFbeta signaling, appears to be mutually linked to
Runx expression in some contexts.

Hedgehog signaling plays critical roles in the control of cell
proliferation and differentiation, and is a frequent target for
metastatic tumorogenesis. In mouse lower molar development,
Runx2 regulates the expression of sonic hedgehog (shh) and its
downstream effectors [Wang et al., 2005]. Likewise in chondrocytes
and breast cancer cells, Runx2 activates expression of the indian
hedgehog (Ihh) gene, and interacts physically with the Gli
transcriptional effector of Hedgehog signaling, which promotes
chondrocyte proliferation [Komori, 2005] as well as metastasis of
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Fig. 1. A genetic/epigenetic circuit through which Runt-1 regulates cell
proliferation and survival in the mid-to-late blastula stage sea urchin embryo.
Genes are represented by standard symbols (horizontal lines terminating in
bent arrows). Positive cis-regulatory inputs are shown as arrows terminating
on genes; negative (inhibitory) protein—protein regulatory interactions are
shown as bars terminating on the named proteins. Solid lines represent
experimentally verified or well-established interactions/effects; dashed lines
represent hypothetical interactions/effects gleaned from the literature. For
supporting references see text, Dickey-Sims et al. [2005], and Robertson et al.
[2008]. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

breast cancer to bone [Pratap et al., 2008]. Runx2 expression during
chondrogenesis is in turn down-regulated in response to Ihh
signaling via parathyroid hormone-like hormone (Pthlh) expression
and PKA signaling [Komori, 2005].

Nuclear receptors are transcription factors that bind and
transduce signals provided by lipophilic ligands such as steroid
hormones and metabolites. Runx proteins have been shown to
interact physically and functionally with several members of the
nuclear receptor superfamily, including the estrogen and vitamin D
receptors [McCarthy et al., 2003; Sierra et al., 2003], and the orphan
receptor RORgamma [Zhang et al., 2008a]. Moreover, Runx2
expression is activated as part of the anabolic response to
parathyroid hormone (PTH), which occurs via activation of CREB
and in collaboration with FGF2 signaling [Sabbieti et al., 2009].

Finally, Runx proteins interact antagonistically with STAT
transcription factors [Ogawa et al., 2008], and synergistically with
downstream effectors of receptor tyrosine kinases (including FGFs,
EGFs, and IGFs), in particular the Ets transcription factors.
Interaction between mammalian Runx1 and Etsl, and similarly
between Drosophila Lozenge and Pointed, are facilitated by the
proximity of Runx and Ets target sequences within cis-regulatory
modules, which promotes cooperative DNA binding via mutual
alleviation of negative regulatory domains in each protein [Kim
et al., 1999; Jackson Behan et al., 2005]. In mammalian cells Runx
expression is required for Ras-induced cellular sencescence [Kilbey
et al., 2008], and Runx protein activity is regulated by MAPK-
mediated phosphorylation [Kwok et al., 2009]. Indeed, as discussed
below Runx proteins appear to be substrates for diverse post-
translational modifications that occur in response to a variety of
extracellular signals and physiological states, and reciprocally,
Runx factors regulate the expression of key kinases involved in
intracellular signal transduction, including PKC [Hug et al., 2004;
Dickey-Sims et al., 2005] and AKT [Fujita et al., 2004; A.J. Robertson
and J.A. Coffman, unpublished data] (Fig. 1). Interestingly, the latter
two kinases are both well known to play important roles in the
control of cell death and survival.

Unlike many transcription factors, native Runx proteins (in cultured
cells at least) are not part of the soluble nucleoplasm released with
detergent extraction. Rather, they remain tightly associated with the
detergent-insoluble nuclear “matrix,” via a conserved sequence
referred to as the “nuclear matrix targeting sequence” or NMTS
[Harrington et al., 2002]. The NMTS localizes Runx to specific
nuclear sub-domains, and this localization is required for signal
transduction via Smads and nuclear receptors [Zaidi et al., 2002].
Moreover, the mammalian Runx proteins associate with nucleolar
organizing regions and regulate ribosomal RNA synthesis [Ali et al.,
2008]. Finally, mammalian Runx2 remains associated with specific
promoters within chromosomes during mitosis, which has been
suggested to provide an epigenetic mechanism that facilitates
maintenance of transcriptional regulatory states in dividing cells
[Young et al., 2007b].
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Runx proteins participate in epigenetic regulation through their
physical and functional interactions with chromatin modifying
enzymes [Taniuchi and Littman, 2004]. For example, Runx recruits
the Groucho/TLE corepressor (and through it histone deacetylases)
to cis-regulatory systems via its linkage with a highly conserved
C-terminal VWRPY sequence motif. Runx-mediated recruitment of
Groucho is dependent on cis-regulatory sequence context, as the
VWRPY motif (unlike the WRPW motif of the bHLH protein
Hairy and its homologues) binds Groucho with a relatively weak
affinity [Jennings et al., 2006]. Thus, Runx-mediated recruitment of
Groucho is enabled by cooperative interactions with additional
Groucho-interacting transcription factors that bind adjacent cis-
regulatory sequences [Canon and Banerjee, 2003]. In other contexts
Runx proteins recruit the histone deacetylases via their binding to
the mSin3a co-repressor [Durst and Hiebert, 2004], and contribute to
gene silencing by recruiting the histone methyltransferase SUV39H1
[Reed-Inderbitzin et al., 2006]. Conversely, Runx proteins contribute
epigenetically to gene activation by recruiting histone acetylases
such as p300, CBP, MOZ, and MORF [Yang, 2004].

Runx-mediated recruitment of chromatin modifying enzymes is
regulated both genetically, by cis-regulatory context (as described
above for Groucho), and epigenetically, by post-translational
modification of the Runx proteins themselves. Runx proteins are
subject to a variety of post-translational modifications, including
phosphorylation, acetylation, and ubiquitination [Bae and Lee,
2006], which affect both Runx protein activity and stability and
occur in response to intercellular signaling (e.g., via PKA, PKC, and
MAPKs), as well as in response to cell cycle physiology (e.g., via
cyclin D/cdk4 and cylcin B/cdk1 [Biggs et al., 2006; Shen et al.,
2006]). Not surprisingly, such regulation is circuitous; as discussed
above Runx proteins regulate the expression of numerous signal-
responsive regulatory enzymes, including some that control the
epigenetic state of chromatin (A.J. Robertson and J.A. Coffman,
unpublished results).

Finally (and perhaps most importantly), the Runx participates in
the regulation of cell and tissue architecture, by way of target genes
that encode ECM components and remodeling enzymes (e.g.,
collagen and collagenases, respectively), cell adhesion molecules
(e.g., cadherins, N-CAM, and integrins), and cytoskeletal compo-
nents (e.g., actin and tubulin). Again, such regulation is circuitous;
for example it has been shown that mammalian Runx2 expression is
activated in response to mechanical stress [Ziros et al., 2008] and
three-dimensional tissue architecture [Stiehler et al., 2009].

From the foregoing review we might pose the following general-
izations about the role of Runx in animal development: (1) Runx
proteins are critical for normal developmental specification of cell
fate; (2) Runx proteins play critical roles in coupling cell cycle
regulation to differentiation; (3) Runx proteins regulate develop-
mental signaling via each of the major intercellular signal
transduction pathways; and (4) Runx proteins are required for
epigenetic regulation of gene expression via their association with

the nuclear matrix and chromatin modification as well as through
the role they play in the structural remodeling of cells and tissues. Of
these four generalizations, only the first is likely to be provocative,
as it tends to undermine the common reductionistic notion that
Runx factors control fate as tissue-specific ‘““master control genes’’; a
common perception is that Runx drives the development of some
tissues at the expense of others. This notion obtains largely from cell
culture studies, in which cell fate and differentiation can be driven
down specific trajectories by overexpression of Runx factors (most
notably, Runx2 in osteoblastogenesis), and from the fact that loss of
function mutants or knockout of each Runx gene in fruit flies and
mice produces local (region or tissue-specific) rather than global
developmental defects. In contrast, knockdown of the single Runx
gene expressed in sea urchin embryos produces global develop-
mental defects, perturbing the expression of genes that mark each of
the embryonic territories [Coffman et al., 2004].

How might these different views of Runx function (i.e., general vs.
lineage-specific requirement) be reconciled? A potentially fruitful
approach to answering this is to ask what functional niche Runx
fulfills in the developmental physiology of gene regulation. Studies
of early sea urchin embryogenesis have provided some intriguing
clues that are relevant to answering this question. Although there
are two Runx genes encoded in the genome of the purple sea
urchin Strongylocentrotus purpuratus, only one of these (Runt-1) is
expressed during embryogenesis. Runt-1 mRNA is absent from the
egg, and begins to accumulate at late cleavage stage, reaching
maximum per embryo steady state levels by late blastula stage
[Coffman et al., 1996; Robertson et al., 2002] (Fig. 2). Morpholino
antisense-mediated knockdown of Runt-1 produces global blastula
stage block in cell proliferation (Fig. 2), which occurs just as cells
in two of the embryonic territories (aboral ectoderm, skeletogenic
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Fig. 2. The canonical temporal pattern of cell proliferation during sea urchin
embryogenesis (black curve), related to the temporal pattern of Runt-1
transcript accumulation (blue dashed line) and effects of Runt-1 knockdown
(shown in red). Runt-1 transcripts accumulate 10-fold (per embryo) between
12 and 24 h post-fertilization (hpf), corresponding to blastula stage [Coffman
et al., 1996]. During the second half of this period (18-24 hpf) Runt-1
morphants display a block in cell proliferation [Robertson et al., 2008], and
subsequently extensive apoptosis and differentiation defects [Coffman et al.,
2004; Dickey-Sims et al., 2005]. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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mesoderm) are entering their penultimate rounds of division prior to
terminal differentiation. The proliferation block is associated with
deficits in the expression of several wnt genes [Robertson et al.,
2008], cyclin D, conventional protein kinase C, and Akt/protein
kinase B (see Fig. 1), and is followed by extensive apoptosis and
differentiation defects (Fig. 2). The fact that Runt-1 appears to
control multiple components of key signaling systems suggests that
in its absence, developing progenitor cells do not receive (or cannot
respond to) the lineage-specific signals that they need to proliferate,
grow and survive; as a consequence, they “default” to apoptosis
[Raff, 1992].

Interestingly, over-expression of Runt-1 has no affect at all on the
early embryo (J.A. Coffman, unpublished observations), although it
does rescue development in Runt-1 morphants [Coffman et al.,
2004]. Thus, Runt-1 does not appear to be rate-limiting for early
embryogenesis. This is in sharp contrast to the dominant effect of
Runx2 overexpression in cultured mammalian cells, which drives
osteogenic fate. There are two possible explanations for this
difference. On the one hand it is possible is that Runt-1 is only
required for relatively late development (blastula stage and beyond,
which would not be susceptible to injected mRNA), and not for early
(cleavage stage) embryogenesis. On the other hand, it is possible that
Runt-1 is actually required globally for early embryogenesis (as
suggested by the presence of maternal Runt-1 protein; J.A. Coffman,
unpublished data), but is not rate-limiting and is in fact present in
excess as maternal protein.

The configuration of chromatin, and the ratio of nucleus to
cytoplasm, changes dramatically as development proceeds. During
early development (cleavage stage embryos) chromatin is relatively
open (which is also true in stem cells), and the nucleus to cytoplasm
ratio is relatively low. Later in development (blastula stage and
beyond) chromatin is more closed as cells begin to exit the cell cycle
and differentiate, and the nucleus to cytoplasm ratio is relatively
high. These changing conditions are likely to have profound effects
on the physiology of gene regulation. During early development, the
relative openness of chromatin will decrease the probability that any
given transcription factor will bind to functionally relevant target
sites, given the vast number of functionally irrelevant target sites
that are available. Clustering of cis-regulatory target sites to
facilitate cooperative interactions is probably an important
mechanism for increasing this probability. This problem would be
much less acute in later development, when large parts of the
genome are subject to epigenetic silencing in a lineage-specific
manner. Under such circumstances a different problem arises: genes
that must be responsive to signals (but not constitutively active)
need to remain in a relatively open configuration over multiple
cell generations, which may require that they be epigenetically
“marked.”

As reviewed above, mammalian Runx proteins are known
to function both cooperatively with a wide variety of other
transcription factors, and as epigenetic marks that provide some
memory of regulatory state over multiple cell generations within
developmentally specified cell lineages [Young et al., 2007b].
Moreover, there is as yet little evidence that Runx proteins are
required for very early embryogenesis. Indeed, the sea urchin gene
Runt-1 is conspicuously absent from the GRN that controls

endomesoderm specification, although it is globally expressed in
the early embryo. Nevertheless, it remains possible that Runt-1 is
globally necessary for normal GRN function, that is, that it functions
in the background in a global support capacity by cooperatively
facilitating interactions between low-specificity factors and their
target sites. This cooperative “targeting” function may be further
enhanced via interactions between Runt-1 and the nuclear matrix.
This has been difficult to address owing to the fact that Runt-1 is
present as maternal protein in the early embryo. However, studies
of the sea urchin wnt8 cis-regulatory module C provides some
intriguing clues that are relevant to this problem. A Runx target site
in module C is necessary for module C enhancer activity at blastula
stage, as base substitutions that abolish Runx binding also abolish
module  C-mediated activation of a GFP reporter [Robertson et al.,
2008]. On the other hand, the reporter gene construct containing
these same base substitutions is actually overexpressed in late
cleavage stage embryos [Robertson et al., 2008]. One possible
explanation for this is that module C might confer transcriptional
repression throughout most of the embryo in early development, on
account of its interaction with TCF and consequent recruitment of
Groucho. In this case Runx binding might cooperate with TCF,
both to facilitate binding of the latter, and to recruit Groucho via
the C-terminal VWRPY sequence of Runt-1, thereby repressing
global low-level “leaky” expression. Additional work is required
to test this hypothesis, and to investigate the function (if any)
of maternal Runt-1 in early development and operation of the
developmental GRN.

In every animal model studied to date, Runx transcription factors
heterodimerize with a beta subunit (CBF@, a non-homologous
protein that doesn’t itself bind DNA, but which allosterically
enhances the DNA binding affinity of Runx [Yan et al., 2004].
Because Runx proteins purified from nuclear extracts are invariably
bound to CBF, and because knockout of CBFf in mouse produces a
phenotype that is very similar to that of the Runxl knockout
(i.e., failure of definitive hematopoiesis), it is commonly assumed
that CBFB is constitutively required for Runx function. However,
this assumption is undermined by recent functional studies of
the sea urchin CBFf homologue. Unlike Runt-1 morphants, CBF@
morphants do not display extensive apoptosis or loss of PKCI
expression; furthermore, unlike other Runx targets, PKC1 promoter
sequences are not recovered in ChIP using anti-CBF@ antibodies,
although they are recovered by ChIP using anti-Runt-1 antibodies
[Robertson et al., 2006]. Finally, cell survival can be rescued in
Runt-1 morphants by injection of mRNA encoding a Runt-1 point
mutant that cannot dimerize with CBFf, indicating that CBF is not
required for the anti-apoptotic function of Runt-1 [Robertson et al.,
2006]. That a similar situation may obtain in mammals is suggested
by a recent study indicating that RunxI retains some functionality in
CBFbeta-deficient mice [Yokomizo et al., 2008].

The possibility that CBFp is not constitutively required for Runx
function undermines the assumption that knockout of the single
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CBFp gene in mouse is equivalent to complete loss of Runx function.
It raises the possibility that CBFB functions as a regulatory subunit
that comes into play in specific developmental contexts. Consistent
with this possibility, the pattern of CBF@ expression overlaps with
but is not identical to that of Runt-1; for example, unlike Runt-1,
CBFp is not present as maternal protein in sea urchin eggs or early
zygotes [Robertson et al., 2006]. Thus, if maternal Runt-1 protein
does function in early development, it does so without CBFp. It is
possible that a similar situation obtains in mammals. The extent to
which the different Runx genes compensate for one another during
development of single knockout mice remains largely unknown,
although there is one study that addresses this problem in the
context of tooth development in a Runx2/Runx3 double knockout
mouse [Wang et al., 2005]. A triple Runx knockout, which has yet to
be produced, is the only way to investigate the possibility that Runx
is required for early embryogenesis, which would also test the
hypothesis that Runx transcription factors play a CBFp-independent
role in the early embryo.

Under what circumstances might Runx function independently of
CBFB? One possibility is CBFB-mediated stabilization of Runx
binding is not conducive to dynamically responsive or low-level
gene activity that may be required in some contexts, for example in
actively cycling cells. As noted above, mammalian Runx proteins
are cell-cycle regulated, and it is possible that this regulation is
modulated by CBFB, which has been shown to protect Runx1 from
ubiquitination and consequent proteolysis [Huang et al., 2001].
Clearly more work is needed to ascertain the extent to which Runx
proteins function in the absence of CBFf in different model systems,
and the role of CBFP in modulating Runx function in cell cycle
control and development.

The central hypothesis posed here is that Runx transcription factors
are generally required for pre-differentiation developmental
signaling in animals, functioning to enhance target selectivity
and activity of signal-responsive transcription factors in early
development, and to epigenetically mark those genes that must
remain responsive to developmental signaling through later stages
of development. Like most transcription factors, Runx proteins
undoubtedly play diverse roles; for example, it is clear that they
participate in the activation of genes associated with cell
differentiation, as in the case of the sea urchin Cyllla actin gene.
Moreover, it is likely that multiple mechanisms (and transcription
factor families) have evolved to fulfill similar functional niches, as
many developmental signaling genes appear not to utilize Runx in
their regulation. Nevertheless, the fact that Runx genes have
undergone limited and independent diversification (compared to
other transcription factor families) during animal phylogenesis, and
the fact that they originated in concert with and are mutually linked
(upstream, downstream, and in parallel) with each of the major
metazoan signaling systems, strongly suggests that they occupy an
essential niche in the physiology of developmental signaling in
animals.

Gene regulatory networks provide the inherited program of
ontogeny [Davidson, 2006]. In the GRNs to which they have been
functionally linked, Runx genes operate in specified embryonic
domains or tissue progenitor fields. In most of these cases Runx
function is fulfilled by one of multiple paralogues. Sea urchin
embryos, which express a single Runx gene, provide a relatively
simple and synchronous biochemical, molecular and cellular model
of development with a well-characterized GRN [e.g., Davidson,
2006; Oliveri et al., 2008; Smith and Davidson, 2008; Sethi et al.,
2009]. The virtual absence of Runx from the current model of the
GRN that controls early sea urchin embryogenesis may indicate that
Runx is specifically required for later stages of development (i.e., in
specified progenitor cells prior to their terminal differentiation);
alternatively it might simply reflect that Runx plays a globally
supportive role in earlier development that is not rate limiting,
and hence not readily apparent in the absence of appropriate
perturbations. Distinguishing between these possibilities, and
elucidating the functional niche filled by Runx in the developmental
physiology of animals, remains an important task for future
research.
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