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Abstract
RUNX transcription factors reside in the nuclear matrix where they integrate numerous signaling
pathways to regulate gene expression and affect tissue development, regeneration, and tumorigenesis.
An affinity purification and proteomic experiment was performed to identify novel Runx2 binding
partners. The interactions between Runx2 and two nuclear factors identified in this screen, Ddx5 and
CoAA, were previously described. Co-activator activator (CoAA) bound the DNA binding domain
of Runx2 and prevented Runx-driven gene expression. The YxxQ motif in CoAA was required for
Runx2 interactions. Members of the FET/TET family of proteins, including FUS/TLS and EWSR1,
contain a similar motif and were hypothesized to interact with Runx2. Here we provide evidence that
FUS/TLS, EWSR1 and the Ewing’s sarcoma t(12;21) fusion protein EWS-FLI, bind Runx2 and alter
its transcriptional activity. Potential roles of protein complexes containing FET/TET and RUNX
family members during tumor formation and mesenchymal progenitor cell differentiation are
discussed.
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Introduction
RUNX family transcription factors play crucial roles in tissue development, regeneration, and
tumorigenesis [1;2]. They bind DNA via a highly conserved Runt domain, are tightly associated
with the nuclear matrix, and organize the assembly of protein complexes that direct tissue-
specific gene expression. RUNX1 is required for early hematopoiesis and is altered in acute
leukemias by point mutations and at least 30 different chromosomal translocations. RUNX2
and RUNX3 are not affected by chromosomal translocations but paradoxically have both
oncogenic and tumor suppressor activities. RUNX2 is required for osteoblast development
from mesenchymal progenitor cells and is differentially regulated in osteosarcomas [1;3].
Elevated RUNX2 also contributes to murine T cell leukemias and human adult solid tumors
[1]. RUNX3 participates in T cell maturation, neuronal and gastrointestinal development, and
is a tumor suppressor that is inactivated in several epithelial cancers [1]. Thus, RUNX family
members are central players in the development of many tissues and cancers.
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RUNX proteins interact with other transcription factors, transcriptional co-factors, chromatin-
modifying enzymes, and nuclear matrix proteins to control gene expression in context-
dependent manners [4;5]. To identify novel RUNX binding partners, we recently performed
an affinity purification/proteomic screen with tandem-affinity (TAP) tagged Runx2 [6].
Actinin, EPLIN, gelsolin and HSP70 were some of the proteins eluted from TAP-Runx2
immune-complexes and identified with mass spectroscopy. Ddx5 (p68), Ddx17 (p72), and co-
activator activator (CoAA) also bound to TAP-Runx2 and were verified as Runx2 binding
partners and cofactors in subsequent assays [6;7]. Ddx5 and CoAA each co-localized with
Runx2 in subnuclear structures and interacted with Runx2. Functionally, Ddx5 augmented
Runx2 transcriptional activity while CoAA repressed Runx factor-driven expression of
reporter plasmids.

CoAA has structural similarities to FET/TET family of proteins [8]: Fused in sarcoma/
Translocated in liposarcoma (FUS/TLS), Ewing’s sarcoma breakpoint region 1 (EWSR1 or
EWS), and TATA-binding protein-associated factor (TAF15). These structurally related
factors bind to both DNA and RNA to regulate gene expression and splicing [9;10]. Like
RUNX1, FET proteins are frequently altered by chromosomal translocations. Approximately
20 chromosomal translations in pediatric sarcomas and leukemias fuse the N-terminus of FET/
TET proteins to the DNA binding domain of ETS-related transcription factors [9;10]. The most
common translocation, t(11;22), joins EWSR1 to FLI1 and is detected in 85% of Ewing
sarcomas [9]. The resulting onco-fusion protein, EWS-FLI, alters gene expression [11], induces
myeloid/erythroid leukemias in mice when introduced into hematopoietic cells [12], causes
musculoskeletal abnormalities, and accelerates sarcoma formation in vivo when expressed in
mesenchymal progenitor cells [13]. Here we show that FUS/TLS, EWSR1 and EWS-FLI
interact with RUNX1 and Runx2 and alter RUNX transcriptional activity.

Materials
Plasmids

Runx expression and reporter plasmids were previously described [6;7]. Dr. Lan Ko kindly
provided the CMV-FLAG-CoAA expression plasmid [8]. Drs. Ralf Jacknecht, Thomas
Kwiatkowski, Christopher Shaw, and Aykut Üren generously shared EWSR1, FUS/TLS and
EWS-FLI expression plasmids [14;15;16;17].

GST-Pulldown Assays
Pulldown assays with GST-Runx proteins were performed as previously described [6;7]. 35S-
labeled EWSR1, FUS, and EWS-FLI proteins were made in vitro using Promega’s TnT system.

Transcription Assays
C2C12 cells were maintained and transiently transfected as previously described [6;7].

Results
FET/TET Family Proteins Bind to RUNX Factors

We previously showed that the YxxQ-rich region of CoAA binds the Runt domain of RUNX
proteins [7]. FET/TET family proteins contain similar repeats in their N-termini (Figure 1)
[8]. Therefore, we hypothesized that FET proteins would physically interact with RUNX
proteins. 35S-radiolabeled FET/TET proteins [FUS, EWSRI, and EWS-FLI (E-F)] were made
with in vitro transcription and translation reactions and incubated with bacterially produced
GST-RUNX1 or Runx2 fusion proteins. EWSR1, EWS-FLI and FUS/TLS bound both RUNX1
and Runx2 proteins (Figure 2). The Runt domains of RUNX1 (50–179) and Runx2 were
necessary for FET/TET protein interactions. Thus, FUS/TLS interacted well with Runx2
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constructs containing residues 1–227, 1–327 and 1–383 from the MRIPV isoform. EWSR1
also interacted strongly to Runx2 proteins containing amino acids 1–327 and 1–383, but did
not bind well to a shorter protein with only residues 1–227. These data indicate subtle
differences between how FUS/TLS and EWSR1 bind RUNX proteins and that sequences C-
terminal to the Runt domain augment EWSR1 interactions. The Ewing’s sarcoma-associated
fusion protein, EWS-FLI, was the strongest RUNX-binding partner in this experiment and
associated with the same RUNX proteins as FUS/TLS. FLI1 was recently identified as a
modulator of RUNX1 activity in megakaryocytes [18]; thus, the FLI1 portion of fusion protein
may increase the affinity of EWS-FLI to RUNX proteins as compared to EWSR1. Together,
these data suggest that RUNX and FET family proteins may co-exist in molecular complexes.

FET/TET Family Proteins Modulate the Transcriptional Activity of RUNX Factors
We next asked if the physical interactions between FET/TET and RUNX family proteins had
functional consequences on RUNX-driven gene regulation. To determine if FET/TET proteins
influenced Runx2 transcriptional activity, we co-transfected osteo/myoblast progenitor C2C12
cells with expression plasmids for Runx2 and CoAA, EWSR1, FUS/TLS or EWS-FLI, as well
as with the Runx reporter plasmid, p6OSE2-luc, which contains six Runx binding elements
upstream of the luciferase reporter gene. RUNX1 activated this promoter approximately 6-fold
and Runx2 stimulated it by 10-fold. (Figure 3A). As we previously reported, CoAA was a very
strong inhibitor of RUNX-directed gene expression [7]. EWSR1, FUS/TLS and EWS-FLI
repressed RUNX1-dependent activation by approximately 50% and Runx2-dependent
activation by 25–50% (Figure 3A). This repression of Runx2 was enhanced when higher
concentrations of FUS/TLS expression vectors were added in the transfection mix (Figures
3B). Similar results were obtained with higher amounts of EWSR1 and EWS-FLI (data not
shown). Interestingly, FUS/TLS augmented Runx2 activation of the 1.3 kB osteocalcin
promoter (Figures 3C). These data demonstrate that FET/TET proteins affect Runx2
transcriptional activity in a context-dependent manner.

Discussion
RUNX factors are context-dependent regulators of transcription that play essential roles in the
development of specific tissues. We recently identified several nuclear proteins (e.g. Ddx5 and
CoAA) that bind Runx2 and regulate its ability to regulate gene expression with a proteomic
approach [6;7]. Interestingly, Ddx5 augmented Runx2 transcriptional activity while CoAA
prevented Runx2 from binding DNA. CoAA contains a repetitive YxxQ motif in its C-terminus
that is necessary for Runx2 associations. This result inspired the hypothesis that other proteins
containing YxxQ repetitive sequences may also interact with Runx proteins. Such motifs are
found in the N-termini of FET family members (FUS, EWSR1, and TAF15), as well as in SYT,
and SNI/SNF [8] (Figure 1). Here we present data demonstrating that FET family proteins bind
RUNX1 and Runx2 and modulate their transcriptional activity. While CoAA blocks RUNX
factor activity by interfering with DNA binding [7], the molecular mechanisms whereby FET/
TET proteins affect RUNX factor transcription require further investigation; however,
repression does not seem to involve histone deacetylases as the Hdac inhibitor, trichostatin A,
did not reverse FET/TET repression of RUNX factors (data not shown). The effects of RUNX
factors on FET/TET family activities as transcriptional and splicing factors also remain to be
determined [9;19]. It is interesting that RUNX proteins bind numerous splicing factors (e.g.
Ddx5 [6], CoAA [7], FET/TET proteins and hnRNAs [6]) that co-exist in nuclear complexes
[20]. Thus, it is possible that RUNX factors may also regulate RNA splicing or stability.

The physical interactions between RUNX and FET/TET families of transcription factors are
of interest because they functionally link two families of proteins that contribute to
hematopoietic and mesenchymal tissue development and that are structurally altered by
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chromosomal translocations in acute leukemias and undifferentiated sarcomas. RUNX1
(AML1), FUS/TLS and EWSR1 genes were each identified as a result of chromosomal
abnormalities in acute myeloid leukemia or sarcomas [21;22;23;24]. Interestingly, no primary
tumors have been described with alterations in genes from both families. If RUNX and FET/
TET proteins are components of the same molecular pathway, structural alteration of just one
factor could disrupt common downstream cellular events. Thus, RUNX and FET/TET protein
associations may provide new perspectives into tumorigenesis and therapy.

Ewing’s sarcoma family tumors (ESFT) are characterized as small, undifferentiated, round
cells within osteolytic lesions. The cellular progenitor of ESFT has been debated since in 1921
when James Ewing described the malignancy as a diffuse endothelioma [25]; however, recent
analyses of molecular signatures suggests mesenchymal origin [11;26;27;28;29]. If a
premature mesenchymal cell is indeed the cancer stem cell of ESFT, the ability of EWS-FLI
and other FET/TET fusion proteins to block RUNX2 activity could be a crucial step in arresting
progenitor cell differentiation to the osteoblast lineage. Runx2 is required for osteoblast
development and Runx2-deficient chondrocytes have propensity to differentiate into
adipocytes [30;31;32]. Runx2 is also necessary for endothelial cell proliferation, VEGF
production and vascular invasion of cartilage [33;34;35]. Interestingly, suppression of EWS-
FLI expression in an ESFT cell line by RNA interference permitted the expression of osteoblast
differentiation genes and matrix mineralization [27]. Moreover, transgenic mice expressing
EWS-FLI in primitive mesenchymal cells exhibited impaired differentiation of numerous
mesenchymal lineages [13]. Thus, we propose that moderation of RUNX2 activity could be a
crucial step in arresting mesenchymal differentiation and the development of EFST.
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Figure 1. FET/TET proteins share structural similarities to CoAA and other proteins
FET/TET proteins (FUS/TLS, EWSR1 and TAF15) contain multiple YxxQ motifs in their N-
termini. Such repeats are also present in CoAA, synovial sarcoma translocation protein (SYT)
and SWI/SNF. RRM= RNA recognition motif. All other letters designate amino acids.

Li et al. Page 7

Blood Cells Mol Dis. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. The Runt domains of RUNX1 and Runx2 bind FET/TET proteins
A. This diagram shows the GST-Runx fusion proteins used in this experiment and summarizes
their interactions with FET/TET family members. E–F: EWS-FLI; -: no interaction; ±: weak
interaction; +: strong interaction; ++ very strong interaction. B. FET/TET proteins interact with
GST-Runx proteins retaining the Runt domain.
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Figure 3. FET/TET proteins alter Runx2 transcriptional activity
A. C2C12 cells were transiently transfected with p6OSE2-Luc (200 ng), pRL-Luc (50 ng),
pcDNA3 (Control), pCMV-Runx1 or -Runx2 (200 ng), and either pCMV-CoAA, -FUS/TLS,
-EWSR1, or –EWS-FLI (300 ng) using Lipofectamine. Total DNA amounts in the transfections
were normalized by the addition of pcDNA3. Firefly and renilla luciferase activities were
measured two days later. Firefly luciferase (luc) activity was normalized to renilla luc activity.
Data represent the mean of triplicate samples. Results are representative of at least three
experiments. B. C2C12 cells were transfected as in A, except increasing concentrations of
CMV-FUS/TLS was added as indicated. C. C2C12 cells were transfected as in A, except
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mOG2-Luciferase (200 ng), which contains 1.3 kB of the murine osteocalcin promoter, was
used as the primary reporter plasmid.

Li et al. Page 10

Blood Cells Mol Dis. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


