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Runx factors control lineage commitment and are transcriptional
effectors of Smad signaling. Genetic defects in these pathways
interfere with normal development. The in situ localization of Runx
and Smad proteins must impact the mechanisms by which these
proteins function together in gene regulation. We show that the
integration of Runx and Smad signals is mediated by in situ
interactions at specific foci within the nucleus. Activated Smads are
directed to these subnuclear foci only in the presence of Runx
proteins. Smad–Runx complexes are associated in situ with the
nuclear matrix, and this association requires the intranuclear tar-
geting signal of Runx factors. The convergence of Smad and Runx
proteins at these sites supports transcription as reflected by BrUTP
labeling and functional cooperativity between the proteins. Thus,
Runx-mediated intranuclear targeting of Smads is critical for
the integration of two distinct pathways essential for fetal
development.

Mammalian cells respond to a vast array of extracellular
signals that play a critical role in determining cell fate.

These regulatory signals are often transmitted to the nucleus by
proteins capable of nucleocytoplasmic shuttling. After signal-
induced activation, these proteins interact with transcription
factors and act on target genes (1–4). A broad range of nuclear
proteins including tissue-restricted transcription factors (e.g.,
Runx proteins), chromatin-remodeling complexes (e.g., SWI�
SNF), components of basal transcription machinery (e.g., active
form of RNA Pol II), and proteins involved in RNA processing
(e.g., SC35) exhibit distinct subnuclear distributions (5–8). The
subnuclear organization of these regulatory complexes may
determine their optimal functions. Mechanisms underlying the
activation of signaling proteins and their nuclear translocation
have been extensively studied (1–4). It remains elusive whether
the biological activities of these proteins require assembly of
regulatory complexes within distinct subnuclear domains.

Runx factors exhibit a tissue-restricted pattern of expression
and are required for definitive hematopoiesis and osteoblast
maturation (9–12). Runx proteins have recently been shown to
interact through their C-terminal segment with Smads, a family
of signaling proteins that regulate a diverse array of develop-
mental and biological processes in response to transforming
growth factor (TGF)-��bone morphogenetic protein (BMP)
family of growth factors (1, 13–16). The C terminus of Runx
proteins also mediates interactions with coregulators like Yes-
associated protein (17) and groucho�TLE proteins (18). More-
over, subnuclear distribution of Runx proteins is mediated by the
nuclear matrix-targeting signal, a protein motif present in the C
terminus of Runx factors (19–22). Importantly, in vivo osteo-
genesis requires the C terminus of Runx2 containing the over-
lapping subnuclear targeting signal and the Smad interacting
domain (23). The Runx and Smad proteins are jointly involved
in the regulation of phenotypic gene expression and lineage
commitment. Gene ablation studies have revealed that both
Runx proteins and Smads are developmentally involved in
hematopoiesis and osteogenesis (9–13, 24). Furthermore, Runx2
and the BMP-responsive Smads can induce osteogenesis in
mesenchymal pluripotent cells (25–27). However, little is known

about the involvement of higher-order nuclear structure in the
assembly and organization of Runx–Smad complexes.

The interaction between Smad and Runx proteins is mediated
through a region of the C terminus of Runx factors that overlaps
with the subnuclear targeting signal (14, 15, 19, 20). We there-
fore postulated that the interaction of Runx proteins with Smads
requires a distinct spatiotemporal organization of transcription-
ally active complexes. Here we report that Smads are targeted to
subnuclear sites only in cells that express endogenous Runx
factors. Exogenous expression of Runx factors in cells that lack
endogenous Runx proteins is sufficient for the subnuclear tar-
geting of receptor Smads. We further show that, whereas nuclear
import of receptor Smads is agonist-dependent, Runx proteins
are required to target Smads to subnuclear sites. BrUTP labeling
followed by double-label in situ immunofluorescence strikingly
reveals that Runx proteins recruit Smads to subnuclear sites of
active transcription. Taken together, our data suggest a mech-
anism for the in situ integration of signals by the assembly of
regulatory complexes at transcriptionally active subnuclear sites.

Methods
Cell Culture and Transient Transfections. Rat osteosarcoma ROS
17�2.8 or human cervical carcinoma HeLa cells were maintained
in F12 medium containing 5% FCS or in DMEM containing
10% FBS, respectively. Transfections were carried out with
standard protocols. For BMP2 or TGF-� treatment, cells were
incubated with medium containing 1% charcoal-stripped serum
containing BMP2 (300 ng�ml) or TGF-� (2.5 ng�ml) for indi-
cated time.

Plasmid Constructs. Hemagglutinin (HA)-tagged Runx2 expres-
sion construct (pHA-Runx2) has been reported (19). The ex-
pression vector for the Y428A mutant of Runx2 was generated
by PCR-based site-directed mutagenesis. Flag-tagged Smad
constructs and the dominant negative mutant of BMPR type I
[BMPRI (KR)] have been reported (28, 29).

In Situ Immunofluorescence and Digital Microscopy. HeLa and ROS
17�2.8 cells were grown on gelatin-coated coverslips and trans-
fected with 0.5 �g of cytomegalovirus (CMV)-driven Flag-
tagged receptor Smads. Cells treated with TGF-� or BMP2
(Genetics Institute, Cambridge, MA, a kind gift from V. Rosen)
or untreated cells were processed in situ for whole-cell (WC) or
nuclear matrix-intermediate filament (NM-IF) preparations and
digital microscopic analyses essentially as described (17). Runx2
was detected by a rabbit polyclonal Ab against the HA tag at a
dilution of 1:3000 (Santa Cruz Biotechnology). Rabbit poly-
clonal Abs against Runx1, Runx2, and Runx3 were a generous
gift from S. Hiebert (Vanderbilt University). Smads were de-
tected with a mouse monoclonal M2 Ab against Flag tag
(Sigma–Aldrich) at a dilution of 1:1000. Secondary Abs used
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were either Alexa 488 anti-rabbit or Alexa 568 anti-mouse
(Molecular Probes) at a dilution of 1:800.

BrUTP Labeling. HeLa cells grown on gelatin-coated glass cover-
slips were transfected with the indicated constructs and treated
with BMP2 as described above. To label sites of active tran-
scription, cells were washed twice with ice-cold PBS and incu-
bated with glycerol buffer (20 mM Tris�HCl, pH 7.4�5 mM
MgCl2�0.5 mM EGTA�25% glycerol) for 3 min on ice. Cells
were washed with glycerol buffer containing 0.05% Triton X-100
and 2 mM proteinase inhibitor 4-(2-aminoethyl)benzenesulfinyl
f luoride (AEBSF). Cells were then incubated with transcription
buffer [50 mM Tris�HCl, pH 7.4�10 mM MgCl2�0.5 mM EGTA�
100 mM KCl�25% glycerol�0.025 mM S-adenosylmethionine�
0.75 mM BrUTP�4 mM AEBSF�1 �l RNase inhibitor (RNasin,
Roche Molecular Biochemicals), and 0.5 mM each of ATP, CTP,
and GTP] for 15 min at room temperature. After BrUTP
incorporation, cells were washed with ice-cold PBS containing 2
mM AEBSF and processed for WC or NM-IF preparations.

Immunoprecipitation and Western Blotting. ROS 17�2.8 cells were
transfected with 10 �g of indicated expression constructs in
100-mm plates. Cells were treated with BMP2 for 24 h as
described above and harvested 48 h after transfection. Cells were
processed for immunoprecipitations and Western blot analyses
as described (30).

Results
Smads Exhibit Differences in Subnuclear Distribution in Cells Express-
ing or Lacking Runx Factors. The interaction between Runx and
Smad proteins provides a paradigm to understand mechanisms
underlying the in situ assembly of multiprotein complexes. Here,
we examine subnuclear distribution of Smads (BMP-regulated
Smad1 and Smad5 and TGF-�-regulated Smad2 and Smad3) by
using cell lines expressing (ROS 17�2.8) or lacking (HeLa)
endogenous Runx factors (31, 32). Fig. 1 shows that Smad5 is
distributed in the cytoplasm in both HeLa and ROS17�2.8 cells
in the absence of agonist (Fig. 1 a and e). After activation with
BMP2, Smad5 is translocated into the nucleus in both cell lines
(Fig. 1 c and g). Extraction of cells to remove soluble proteins and
chromatin revealed that Smad5 is not associated with the nuclear
matrix of HeLa cells (Fig. 1d). In contrast, Smad5 was retained
in the nuclear matrix of ROS 17�2.8 cells (Fig. 1h). Similar
results were obtained with the BMP-responsive Smad1 as well as
with the TGF-�-responsive Smad2 and Smad3 (data not shown).
These findings indicate distinct subnuclear compartmentaliza-

tion of Smads in cells expressing (ROS 17�2.8) or lacking (HeLa)
endogenous Runx factors and suggest that this differential
distribution may involve Runx proteins present in ROS 17�2.8
cells.

Runx Subnuclear Foci Are a Target of Smad Signaling. To address the
involvement of Runx factors in differential subnuclear distribu-
tion of Smads, we exogenously expressed Runx factors together
with Smads in cells that do not express any of the Runx proteins.
In the absence of BMP2 or TGF-�, expression of Runx1, Runx2,
or Runx3 has no effect on subcellular distribution of Smads (Fig.
2 a–c and data not shown). We treated cells with BMP2 (which
activates Smad1 and Smad5) or TGF-� (which activates Smad2

Fig. 1. Differential subnuclear organization of Smad5 in nonosseous and
osseous cells. Human cervical carcinoma HeLa cells (a–d) or rat osteosarcoma
ROS 17�2.8 cells (e–h) were grown on gelatin-coated coverslips and trans-
fected with 0.5 �g of expression construct coding for Flag Smad5. After 24 h
of transfection, cells were processed in situ for the WC and the NM-IF prep-
aration and immunofluorescence microscopy. A mouse mAb against Flag tag
(dilution: 1:1000) was used to detect Smad5.

Fig. 2. Runx2 transcription factor targets Smads to subnuclear sites. HeLa
cells, which lack endogenous Runx proteins, were transfected with 0.5 �g of
expression construct for Flag Smad5 together with HA-Runx2 expression
vector. BMP2-treated or untreated cells were processed for WC (a–c, un-
treated cells; g–i, BMP2-treated cells) or NM-IF (d–f, untreated cells; j–l, BMP2-
treated cells) preparation and in situ immunofluorescence 24 h after trans-
fection. Smad5 was detected with mouse mAb against Flag tag whereas Runx2
was detected by a rabbit polyclonal Ab against HA tag. To confirm that the
activation of Smad5 by BMP2 is required for nuclear accumulation and con-
sequent subnuclear targeting of Smad5, a dominant negative inhibitor of
BMP signaling, BMPRI (KR), was expressed along with expression constructs
for HA-Runx2 and Flag-Smad5. Cells were treated with BMP2 and were
processed for WC (m–o) or NM-IF (p–r) preparation and in situ immunofluo-
rescence as described.
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and Smad3). In response to BMP2 (Fig. 2 g–i) or TGF-� (data
not shown), Smads are translocated into the nucleus and colo-
calize with Runx2 in the WC preparation. Importantly, Smads
show punctate subnuclear distribution and colocalize with
Runx2 in the NM-IF preparation (Fig. 2 j–l). In the absence of
agonist, Smads remain in the cytoplasm whereas Runx2 exhibits
distinct subnuclear distribution, indicating that interaction must
occur in the nucleus (Fig. 2 a–c). To confirm that the agonist-
dependent activation of the pathway is an upstream event in
subnuclear targeting of Smads, we used a dominant negative
inhibitor [BMPRI (KR)] of the BMP signaling pathway (28). In
the presence of BMPRI (KR), the distribution of Smad5 remains
cytoplasmic even when cells are treated with BMP2 (Fig. 2n).
Consequently, Smad5 is not associated with the nuclear matrix
in BMP2-treated cells expressing Runx2 (Fig. 2q). Expression of
BMPRI (KR) does not affect nuclear localization (Fig. 2m) or
nuclear matrix association (Fig. 2p) of Runx2. These data
demonstrate that the exogenous expression of Runx2 as well as
activation of the BMP�TGF-� pathway are necessary for tar-
geting Smads to subnuclear sites.

Runx1 and Runx3, the other family members, also possess
subnuclear targeting signal and Smad interaction domain ho-
mologous to that of Runx2. To assess whether other Runx factors
can also target Smads to intranuclear sites, we used Runx1 and
Runx3 in coexpression experiments. Fig. 3 shows that Runx1 and
Runx3 also colocalize with Smads and mediate their association
with subnuclear foci (Fig. 3). Thus, these studies demonstrate
that the ability of Runx factors to target Smad coregulatory

proteins to specific subnuclear sites is a general property of this
class of transcription factors.

Runx2 Is Required for Subnuclear Targeting of Smads. Smads interact
with Runx factors through a region of the C terminus that
overlaps with the subnuclear targeting signal (14, 15, 19, 20).
Hence, Smads may rely on the subnuclear targeting signal of
Runx factors to organize into transcriptional complexes. To
confirm whether subnuclear targeting of Smads requires the
nuclear matrix-targeting signal (NMTS) of Runx proteins, we

Fig. 3. Runx factors specify subnuclear localization of Smads. HeLa cells were
transfected with 0.5 �g of expression construct for Flag Smad1 along with
Runx1, Runx2, or Runx3 expression vectors. Cells were treated with BMP2, and
Smad1 was examined for association with Runx factors in the nuclear matrix
(NM-IF preparation) by in situ immunofluorescence 24 h after transfection.
Smad1 was detected with mouse mAb against Flag tag. Runx proteins were
detected with rabbit polyclonal Abs at a dilution of 1:200. Images were taken
by a Zeiss Axioplan microscope coupled with a charge-coupled device (CCD)
camera and were processed for deconvulation microscopy with METAMORPH

bioimaging software.

Fig. 4. Runx2 is required for subnuclear targeting of Smad5. (a) A schematic
of Runx2 protein. The region where Smads interact is shown. The Y428A
mutation, which disrupts association of Runx2 with the nuclear matrix, was
introduced by PCR-based site-directed mutagenesis. QA, poly glutamine-poly
alanine stretch; RHD, runt homology domain; NMTS, nuclear matrix-targeting
signal; VWRPY, a highly conserved motif that mediate interactions of Runx2
with groucho�TLE proteins. (b) ROS17�2.8 cells grown in 100-mm plates were
transfected with 10 �g each of expression constructs for Flag-Smad1 and
wild-type HA-Runx2 or HA-Runx2 Y428A mutant. Cells were treated with 300
ng�ml of BMP2 for 24 h and processed for immunoprecipitation. One micro-
gram Ab against Flag tag was used for immunoprecipitation. The immuno-
precipitated complex was resolved by 8% SDS�PAGE. Wild-type or mutant
Runx2 proteins were detected with mouse mAb against HA tag (dilution
1:2000). HeLa cells were transfected with 0.5 �g of expression constructs for
Flag-Smad1 along with HA-tagged wild-type or Runx2 Y428A mutant pro-
teins. Cells were treated with BMP2 and subjected to WC (c–e) or NM-IF ( f–h)
preparation and double-labeled in situ immunofluorescence with mouse mAb
against Flag tag and rabbit polyclonal Ab against HA tag.
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introduced a point mutation (Y428A) in the NMTS of Runx2
(Fig. 4a). To validate that the point mutation (Y428A) does not
affect Smad–Runx interaction, we carried out coimmunopre-
cipitation studies. Fig. 4b shows that Runx2 Y428A mutant
protein remains capable of interaction with Smads. Moreover,
this point mutation has no effect on nuclear import of Runx2
(Fig. 4c); however, it abolishes association of Runx2 with the
nuclear matrix (Fig. 4f ). When Runx2 Y428A mutant and Smad5
are coexpressed, Runx2 Y428A mutant colocalizes with Smad5
in WC preparations (Fig. 4 c–e). In contrast, the mutant Runx2
protein or Smad5 are not detected in NM-IF preparations (Fig.
4 f–h). Similar results were obtained with the BMP-responsive
Smad1 as well as the TGF-�-responsive Smad2 and Smad3 (data
not shown). Taken together, our findings provide direct evidence
that Runx proteins are required for targeting Smads to the
nuclear matrix-associated subnuclear foci. Furthermore, the
cotargeting of a developmental transcription factor and a trans-
ducer of morphogenic cues to specific subnuclear sites is a
mechanism for the in situ integration of two signaling pathways
to regulate transcription.

Runx2 Recruits Smads to Subnuclear Sites of Active Transcription.
Runx factors cooperate with Smads to regulate gene expression
and lineage commitment (14–16, 27). This cooperation neces-
sitates subnuclear interactions in situ between Runx factors and
Smads at sites that support transcription. Therefore, we exam-
ined the extent to which Smad–Runx complexes are associated
with transcriptionally active intranuclear foci that were labeled
with BrUTP. Cells expressing Runx2 and�or Smads were incu-
bated with Abs against BrUTP and HA or Flag tags to visualize
BrUTP incorporation at sites containing Runx2–Smad com-
plexes. The localization of Smads with sites of transcription was
assessed in the NM-IF preparation in the presence or absence of
Runx2. The majority of Runx2 subnuclear foci is transcription-
ally active (Fig. 5a). As expected, Smads are not directed to the
nuclear matrix in the absence of Runx2 (Fig. 5b). However, in the
presence of Runx2, Smads (i.e., Smad1 and Smad2) colocalize
with BrUTP-labeled subnuclear sites (Fig. 5c and data not
shown). These data indicate that Runx proteins can recruit
Smads to subnuclear sites of active transcription. In addition,
these data provide evidence that the structural compartments of

the nucleus mediate in situ functional cooperation between Runx
and Smad proteins in transcriptional control.

Recruitment of Smads to Sites of Active Transcription Is Coupled with
the Regulation of Gene Expression. We have shown that Runx
transcription factors recruit Smads to sites of active transcrip-
tion. To address whether presence of Smad–Runx complex at
transcriptionally active sites is directly coupled with the control
of a gene responsive to both Runx and Smads regulatory
proteins, we used a luciferase reporter under the control of
multiple copies of TGF-�-responsive element (T�RE). As
shown in Fig. 6, wild-type Runx2 protein activates the reporter
to 3–4-fold. In contrast, expression of TGF-�-responsive Smad3
or BMP-responsive Smad5 does not influence reporter activity.
When cells expressing Runx2 and Smads are treated with either
TGF-� (for Smad3) or BMP2 (for Smad5), Runx2 and Smads
cooperate to activate the reporter to an extent of 100-fold.
Notably, this increase is functionally linked to Runx2-mediated
recruitment of Smads to sites of active transcription. Impor-
tantly, this functional cooperation between Runx2 and Smads to
transactivate a reporter gene is not observed when the Runx2
Y428A mutant, which does not associate with the nuclear matrix,
is coexpressed with Smads (Fig. 6). Taken together, these data
suggest a coupling of transcriptional regulation with Runx-
mediated recruitment of Smads to sites of active gene expression.

Discussion
We have addressed the fundamental question of how distinct
developmental signals involving proteins capable of nucleocy-
toplasmic shuttling converge within the nucleus. With biochem-
ical and in situ immunofluorescence approaches, we have shown
that tissue-restricted Runx factors can mediate subnuclear tar-
geting of receptor-regulated Smads to transcriptionally active
sites. Our data support a novel mechanism by which signaling
pathways functionally integrate at intranuclear sites to exert
biological control.

Components of the transcriptional regulatory machinery are
organized in discrete subnuclear foci. This subnuclear concen-
tration of gene regulatory factors may govern biological func-
tions by facilitating the spatiotemporal assembly and activity of
complexes that contain gene-specific transcription factors, their

Fig. 5. Runx2 recruits Smad1 to subnuclear sites. HeLa cells were transfected with 0.5 �g of indicated expression constructs. BMP2-treated cells were labeled
with BrUTP and subjected to NM-IF preparation and in situ immunofluorescence. A rat mAb (dilution 1:20) was used to detect BrUTP. Flag-Smad was detected
with a mouse mAb against Flag tag.

Zaidi et al. PNAS � June 11, 2002 � vol. 99 � no. 12 � 8051

CE
LL

BI
O

LO
G

Y



corresponding coregulators, as well as histone-modifying en-
zymes, chromatin-remodeling factors, and RNA polymerase II
(5–8, 33). We and others have previously identified intranuclear
targeting motifs that direct regulatory proteins to specific foci
that may accommodate the assembly of transcriptional com-
plexes. The intranuclear recruitment of Smads by Runx factors
and their intrinsic subnuclear targeting signal to subnuclear sites
demonstrates that Runx factors can function as subnuclear
acceptor proteins for signal transduction (19–21, 34–36). These
key findings support the concept that targeting signals provide
the requisite specificity for intranuclear trafficking and func-
tional compartmentalization within the nucleus.

Subnuclear targeting of gene regulatory proteins to specific
foci has been implicated in fidelity of tissue-specific transcrip-
tional regulation. The composition of these subnuclear foci
determines whether genes are activated or repressed (33, 34, 37)
and that abrogation of subnuclear targeting results in patholog-
ical conditions (37). The findings we present here indicate
mutations that prevent subnuclear localization of Runx proteins
but retain Runx–Smad interactions disrupt the normal targeting
of Runx–Smad complex to transcriptionally active sites. Indeed,
interfering with subnuclear targeting of Runx factors and their
interaction with Smads results in human disorders and lethal
mouse phenotypes. For example, chromosomal translocations in

human leukemia involving Runx1 result in fusion proteins that
lack the subnuclear targeting signal as well as the Smad inter-
acting domain (38). Recently, a nonsense mutation in Runx2 has
been described in patients with the skeletal disease cleidocranial
dysplasia (CCD) (39). This mutant protein lacks both subnuclear
targeting and Smad interaction. Moreover, eliminating the Smad
interaction domain and subnuclear targeting signal, which over-
lap in the C terminus of either Runx1 or Runx2, abrogates
hematopoiesis and bone formation in the mouse (23, 40),
respectively. The pathological consequences of mutations that
compromise targeting of the protein to subnuclear sites suggest
direct coupling of subnuclear organization, gene expression, and
biological functions.

We propose that Runx proteins represent key organizers that
integrate signals in situ at subnuclear foci by recruiting coregu-
lators with repressive or activating potential. Our data show that
the recruitment of Smads to intranuclear sites is Runx-
dependent and spatially linked to active transcription. Thus,
Runx factors may accommodate the dynamic targeting of signal
transducers to sites of active transcription and functionally alter
the activity of specific subnuclear foci.
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