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Bone morphogenetic proteins (BMPs) play vital roles in regulating stem cell maintenance and differentiation. BMPs can induce
osteogenesis and inhibit myogenesis of mesenchymal stem cells. Canonical BMP signaling is stringently controlled through re-
versible phosphorylation and nucleocytoplasmic shuttling of Smad1, Smad5, and Smad8 (Smad1/5/8). However, how the nuclear
export of Smad1/5/8 is regulated remains unclear. Here we report that the Ran-binding protein RanBP3L acts as a nuclear export
factor for Smad1/5/8. RanBP3L directly recognizes dephosphorylated Smad1/5/8 and mediates their nuclear export in a Ran-
dependent manner. Increased expression of RanBP3L blocks BMP-induced osteogenesis of mouse bone marrow-derived mesen-
chymal stem cells and promotes myogenic induction of C2C12 mouse myoblasts, whereas depletion of RanBP3L expression en-
hances BMP-dependent stem cell differentiation activity and transcriptional responses. In conclusion, our results demonstrate
that RanBP3L, as a nuclear exporter for BMP-specific Smads, plays a critical role in terminating BMP signaling and regulating
mesenchymal stem cell differentiation.

Bone morphogenetic proteins (BMPs), first identified by their
ability to induce bone formation in bone matrix (1), are signal

molecules belonging to the transforming growth factor beta
(TGF-�) superfamily (2, 3). BMPs have critical roles in skeletal
development by regulating osteoblast and chondrocyte differen-
tiation (4), cartilage and bone formation, and limb development
(5, 6). BMPs can determine the fate of mesenchymal stem cells by
stimulating their differentiation into the chondroosteoblastic lineage
and meanwhile blocking their differentiation into the myoblastic lin-
eage (7). In response to BMP signals, critical osteogenic transcription
factors such as Runx2 and Osterix are induced and drive efficient
bone development (8). On the contrary, BMPs can inhibit myogenic
differentiation by suppressing the expression of myogenic basic helix-
loop-helix (bHLH) transcriptional factors such as MyoD, myogenin,
and Myf5 (9) and/or inducing the expression of Id (inhibitory of
differentiation or inhibitor of DNA binding) proteins that block the
DNA-binding ability of bHLH transcription factors.

BMP ligands such as BMP2 or BMP4 can bind to type I and
type II receptors on the cell surface. The type II receptors phos-
phorylate and activate the type I receptors, which in turn phos-
phorylate downstream receptor-regulated Smads (R-Smads), i.e.,
Smad1, Smad5, and Smad8 (Smad1/5/8) (10, 11). The activated
phospho-R-Smads form complexes with Smad4 and translocate
into the nucleus. The Smad complex acts as a transcriptional ac-
tivator or repressor to regulate target gene expression (11–13).

BMP signaling is precisely controlled during development. The
level of R-Smads in the nucleus determines the duration and
strength of TGF-� superfamily signaling. R-Smads undergo nu-
cleocytoplasmic shuttling, regulated by nuclear transport and re-
tention proteins (14, 15). Ligand-induced phosphorylation of
R-Smads facilitates dissociation from cytoplasmic retention, fol-
lowed by nuclear import and nuclear retention, and conversely,
the dephosphorylation and nuclear export of R-Smads shut off
TGF-� signaling (16, 17). We recently provided evidence that the
nuclear phosphatase PPM1A and the nuclear export factor

RanBP3 cooperatively terminate the activities of Smad2/3 (18–
20). Although PPM1A can dephosphorylate R-Smads in both
TGF-� and BMP signaling pathways, RanBP3 is specifically re-
sponsible for the nuclear export of TGF-�-specific Smad2/3 (19).
To date, how BMP-specific Smad1/5/8 are transported out of the
nucleus remains unclear.

In this study, we report the identification and characterization
of a RanBP3-like protein called RanBP3L that mediates the nu-
clear export of BMP-specific R-Smads. Biochemical and genetic
evidence suggests that RanBP3L directly interacts with dephos-
phorylated Smad1/5/8 in the nucleus and facilitates the nuclear
export of dephosphorylated Smad1/5/8. Consequently, the over-
expression or knockdown of RanBP3L significantly alters BMP
transcriptional responses and mesenchymal stem cell differentia-
tion. These findings elucidate a novel mechanism underlying the
termination of BMP-Smad signaling.

MATERIALS AND METHODS
Expression plasmids. The following mammalian expression plasmids
were previously described: hemagglutinin (HA)-, FLAG-, and glutathione
S-transferase (GST)-tagged Smad plasmids (21); FLAG-tagged PPM1A
plasmid (18); pcDNA-FLAG-Ran (22); and FLAG-tagged RanBP3 (19)
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plasmid. HA-, FLAG-, or Myc-tagged RanBP3L, RanBP3L-N (amino ac-
ids [aa] 1 to 301), and RanBP3L-R (aa 261 to 430) coding sequences were
generated by PCR and subcloned into pRK3HA (C-terminal HA tag),
pXF6F (N-terminal FLAG tag), and pXF3HM (N-terminal Myc tag) by using
EcoRI and SalI sites. All mammalian vectors except pcDNA3 are derived from
pRK5 (Genetech). All constructs containing PCR fragments were con-
firmed by DNA sequencing.

Antibodies and reagents. Antibodies used in this study include
anti-FLAG M2 (catalog number F3165; Sigma), anti-�-actin (catalog
number A5441; Sigma), anti-HA (catalog number 3724; Cell Signal-
ing), anti-FLAG M2 magnetic beads (catalog number M8823; Sigma),
anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (catalog
number G8795; Sigma), anti-Smad1 (catalog number 6944; Cell Sig-
naling), anti-Smad2/3 (catalog number 8685; Cell Signaling), anti-phos-
pho-Smad1 (catalog number 9511; Cell Signaling), anti-Runx2 (catalog
number D130-3; MBL), anti-Id1 (catalog number 5559-1; Epitomics),
anti-Smad6 (catalog number sc-13048; Santa Cruz), anti-MyoD (catalog
number sc-304; Santa Cruz), anti-myosin heavy chain (anti-MyHC) (cat-
alog number MAB4470; R&D), anti-Myc (catalog number sc-40; Santa
Cruz), anti-lamin A/C (catalog number sc-20681; Santa Cruz), anti-Os-
terix (catalog number ab22552; Abcam), anti-RanBP3L (catalog number
ab116349; Abcam), anti-green fluorescent protein (anti-GFP) sc-9996;
Santa Cruz), anti-c-Myc (catalog number 5605; Cell Signaling), anti-
PAI-1 (sc-5297; Santa Cruz), antifibronectin (sc-8422; Santa Cruz), anti-
RanBP3 (catalog number A301; Bethyl), and anti-collagen II (catalog
number Co155; Array BioTech).

Cell lines and transfection. HEK293T, C3H10T1/2, C2C12, and
ATDC5 cells were grown in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) (Corning) with 10% fetal bovine serum (FBS) (Gibco).
HaCaT cells were maintained in minimal essential medium (MEM)
(Corning) with 10% FBS. C2C12 cells were cultured in 2% horse serum
(Gibco) to induce myogenic induction. Cells were transfected with Lipo-
fectamine 2000 (Invitrogen) and the X-treme Gene HP DNA transfection
reagent (Roche). Cells stably expressing RanBP3L were selected with pu-
romycin (2 ng/ml).

Luciferase reporter assays. Reporter plasmids for Id1-luciferase (Id1-
luc), SBE-OC-luc, and SBE-luc were previously described (19). Id1-luc
and SBE-OC-luc were used to measure BMP-induced transcription, and
SBE-luc was used to measure TGF-�-induced transcription. Cells were
transfected with reporter plasmids together with a Renilla luciferase plas-
mid to normalize the transfection efficiency. Briefly, 24 h after transfec-
tion, cells were treated with BMP2 (20 ng/ml) or TGF-� (2 ng/ml) for 12
h. Cells were then harvested, and luciferase activity was measured by using
a Dual-Luciferase reporter assay system (Promega). All assays were car-
ried out in triplicates and normalized against Renilla luciferase activity.

Immunoprecipitation and Western blot analysis. Cells were trans-
fected with the indicated plasmids and harvested 24 h after transfection.
Coimmunoprecipitation (co-IP) was carried out by using the appropriate
tag antibody and protein A-Sepharose (GE Healthcare). After several
washes, precipitated proteins were eluted in SDS loading buffer, separated
by SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore), and detected by Western blotting with appropriate
antibodies.

Immunofluorescence. Cells grown on coverslips were fixed with 4%
formaldehyde for 20 min and then incubated with 0.3% Triton X-100 and
5% bovine serum albumin (BSA) for 1 h. Cells were subsequently probed
with primary antibodies and Alexa Fluor 546- or Alexa Fluor 488-conju-
gated secondary antibodies (Invitrogen). Florescence images were ac-
quired by the use of a Zeiss LSM710 confocal microscope (Carl Zeiss).

RNA interference and real-time PCR. Small interfering RNA
(siRNA) was transfected into cells by using Lipofectamine RNAiMAX
reagent (Invitrogen). siRNAs targeting mouse RanBP3L (siRanBP3L-1
[nucleotides {nt} 950 to 968] [GAGAAGAAACTGAACATAA] and
siRanBP3L-2 [nt 552 to 570] [GCACGAGATTTCTGAAGTT]), human
RanBP3L (si-hRanBP3L [nt 306 to 324] [GCAAAGTAGTGTTGATATA]),

and human RanBP3 (sihRanBP3 [nt 494 to 512] [AGAGCCCCAGAAAA
ATGAG]) were synthesized by Riobio Co. Total RNAs were isolated by
using TRIzol reagent (Life Technologies). Primers for real-time reverse
transcription-PCR (RT-PCR) are listed in Table 1.

In vitro protein binding assay. GST fusions of Smads and deletion
proteins were prepared from Escherichia coli strain DE3. In vitro transla-
tion of RanBP3L was carried out by using the Quick Coupled transcrip-
tion/translation system (Promega). In vitro binding was carried out by
using GST-tagged Smads incubated with in vitro-translated RanBP3L and
its deletion mutants for 2 h in binding buffer (0.5% NP-40, 150 mM NaCl,
50 mM Tris-HCl, 5 mM EDTA) and monitored by Western blotting.

Nucleocytoplasmic fractionation and in vitro export assays. Nucle-
ocytoplasmic fractionation and in vitro export assays were carried out
essentially as described previously (16, 19, 20). HeLa-GFP-Smad1 stable
cells were first treated with BMP2 to induce nuclear Smad1 accumulation.
Cells were permeabilized on ice for 5 min with a 50-�g/ml digitonin
solution and then washed three times with transport buffer (20 mM
HEPES [pH 7.3], 110 mM potassium acetate, 2 mM magnesium acetate, 2
mM dithiothreitol [DTT], and proteinase inhibitors). Cells were incu-
bated in transport buffer along with the ATP regeneration system (0.5
mM ATP, 0.5 mM GTP, 5 mM creatine phosphate, and 20 U/ml creatine
phosphokinase) and BSA or Ran for different time points at 30°C or on
ice, respectively. Ran proteins were prepared from anti-FLAG immuno-
precipitation of cell lysates from HEK293T cells expressing FLAG-Ran
and eluted with FLAG peptide (Sigma). Cells were then rinsed three times
with cold transport buffer and lysed with SDS loading buffer. The level of
GFP-Smad1 was then analyzed by Western blotting.

Mouse BMSC isolation and in vitro differentiation. Mouse bone
marrow-derived mesenchymal stem cells (BMSCs) were isolated from
10-week-old male C57 mice (23). Cells were flushed out from the femur,
filtered, and cultured with 15% FBS in alpha-MEM (Gibco). After several
changes of the medium, adhesive cells were considered to be BMSCs,
ready for in vitro differentiation (24).

To induce osteogenic differentiation, BMSCs were cultured at 100%
confluence in alpha-MEM supplemented with 15% FBS, 50 ng/ml BMP2
(R&D), 50 �g/ml ascorbic acid (Sigma), 10 mM �-glycerophosphate
(Sigma), and 10 nM dexamethasone (Sigma). Alkaline phosphatase (ALP)
(Sigma) staining and alizarin red S (Sigma) staining were performed at
various time points during differentiation.

Myogenic differentiation. C2C12 cells were cultured in DMEM sup-
plemented with 10% FBS. After reaching 100% confluence, cells were

TABLE 1 Real-time RT-PCR primers used in this study

Primer Sequence

m-�-actin-For TGAGCGCAAGTACTCTGTGTGGAT
m-�-actin-Rev ACTCATCGTACTCCTGCTTGCTGA
m-RanBP3L-For ATACAGCCCTCCCTCAGCTCAAT
m-RanBP3L-Rev ATTGACTGTCTGTGGCTCCACCTT
m-ALP-For AGAAGTTCGCTATCTGCCTTGCCT
m-ALP-Rev TGGCCAAAGGGCAATAACTAGGGA
m-Id1-For AGAACCGCAAAGTGAGCAAGGT
m-Id1-Rev GGTGGTCCCGACTTCAGACT
m-Id2-For ATCCCACTATCGTCAGCCTGCAT
m-Id2-Rev ATTCAGATGCCTGCAAGGACAGGA
m-RunX2-For ATGGCTTGGGTTTCAGGTTAGGGA
m-RunX2-Rev TGGAGTGAAGGATGAGGGCAAACT
m-Myf5-For AGCATTGTGGATCGGATCACGTCT
m-Myf5-Rev TGAGTGTCCTTGAGGATGCCTGT
m-MyHC-For ACGCCATCAGGCTCAAGAAGAAGA
m-MyHC-Rev TGAGTGTCCTTGAGGATGCCTTGT
m-Osterix-For TCCCTTCTCAAGCACCAATGGACT
m-Osterix-Rev AAATGAGTGAGGGAAGGGTGGGTA
m-Osteocalcin-For TAGCAGACACCATGAGGACCATCT
m-Osteocalcin-Rev CCTGCTTGGACATGAAGGCTTTGT
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cultured in DMEM with the addition of 2% horse serum (Gibco) to in-
duce myogenesis. Myogenic differentiation was measured by myogenic
marker expression and myotube formation.

RESULTS
RanBP3L attenuates Smad1/5/8-mediated transcriptional re-
sponses. To elucidate the mechanisms underlying Smad1/5/8-de-
pendent signaling termination, we sought to identify a nuclear

export factor targeting Smad1/5/8. We reasoned that a RanBP3-
like molecule should be a strong candidate for mediating the nu-
clear export of Smad1/5/8. In the human genome, there is indeed
a RanBP3-like molecule, RanBP3L, sharing a high level of homol-
ogy (71% identity) in the Ran-binding domain (RanBD) with
RanBP3 (Fig. 1A). Since Ran is a central regulator of nuclear and
cytoplasmic transportation (25, 26) and the Ran GTP-binding
form RanGTP facilitates efficient cargo nuclear export (27), we

FIG 1 RanBP3L inhibits BMP-induced transcriptional responses. (A) Schematic diagram of RanBP3L and RanBP3. RanBP3L contains a Ran-binding domain
(RanBD) with 71% identity to that of RanBP3. (B) RanBP3L binds with RanGTP. HEK293T cells were cotransfected with Myc-RanBP3L and FLAG-RanQ69L.
RanBP3L was immunoprecipitated (IP) with anti-Myc antibody and then subjected to SDS-PAGE and Western blotting to detect RanBP3L-bound RanQ69L.
WCL, whole-cell lysate. (C to E) RanBP3L inhibits BMP2-induced Id1-luc reporter activity. C3H10T1/2 (C), C2C12 (D), and ATDC5 cells (E) were transfected
with RanBP3L, PPM1A, or RanBP3 together with Id1-luc reporter plasmids. BMP2 treatment and luciferase assays were done as described in Materials and
Methods. RLU, relative light units. (F) RanBP3L does not affect TGF-�-induced SBE-luc reporter activity in HaCaT cells. HaCaT cells were transfected with
RanBP3 or RanBP3L together with the SBE-luc reporter plasmid and then treated with 2 ng/ml TGF-� for 12 h. The experiment was carried out as described
above for panels C to E. (G and H) Stable expression of hRanBP3L in C2C12 cells decreases mRNA levels of Id1 (G) and Id2 (H). Cells were treated with
LDN193189 (BMP type I receptor inhibitor) (LDN) or BMP2 (50 ng/ml) for 6 h, and total RNA was extracted for qRT-PCR analysis. (I) RanBP3L knockdown
efficacy was measured in C2C12 cells. C2C12 cells were transfected with RanBP3L siRNAs or control siRNA (siCTR), and total RNA was extracted for qRT-PCR
analysis. (J) Knockdown of RanBP3L enhances BMP2-induced Id1-luc reporter activity. C2C12 cells were transfected with RanBP3L siRNAs or control siRNA,
together with the Id1-luc reporter plasmid. (K and L) Knockdown of RanBP3L increases Id1 mRNA expression (K) and Id2 mRNA expression (L). C2C12 cells
were transfected with the indicated siRNAs and treated with BMP2 (50 ng/ml) for 6 h or not treated.
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determined whether RanBP3L binds RanGTP. Coimmunopre-
cipitation experiments showed that RanBP3L bound to RanQ69L
(Fig. 1B), a mimetic form of RanGTP (28, 29).

We investigated the effects of RanBP3L on BMP-induced tran-
scriptional responses using reporter assays. The C3H10T1/2
cell line is a mouse multipotent mesenchymal stem cell line that
is responsive to BMP. The overexpression of RanBP3L in
C3H10T1/2 cells significantly inhibited the BMP-induced tran-
scriptional activation of both the natural Id1 promoter (Fig. 1C)
and the synthetic SBE-OC promoter (containing tandem repeats
of Smad-binding elements and the minimal osteocalcin pro-
moter) (see Fig. S1A in the supplemental material). PPM1A, a
pan-Smad phosphatase that negatively regulates BMP signaling
(30), was included as a positive control. We further extended the
study to examine the role of RanBP3L in two additional cell lines,
myoblastic C2C12 cells and chondrogenic ATDC5 cells. Similar
results were obtained, as RanBP3L inhibited BMP-induced Id1-
luc reporter expression in both cell types (Fig. 1D and E). In sharp
contrast, RanBP3L had no effect on TGF-�-induced transcrip-
tional activation (Fig. 1F). Consistent with our previous report
(19), RanBP3 inhibited TGF-�-dependent signaling but did not
influence BMP signaling (Fig. 1C and F; see also Fig. S1A in the
supplemental material).

To further examine the effects of RanBP3L on BMP-induced
gene expression under physiological conditions, we established a
C2C12 cell line stably expressing FLAG-tagged RanBP3L by lenti-
viral infection. Stable expression of RanBP3L in C2C12 cells
clearly decreased Id1-luc expression (see Fig. S1B in the supple-
mental material). We then measured the endogenous mRNA lev-
els of BMP target genes such as Id1, Id2, and alkaline phosphatase
(ALP). The mRNAs of Id1 and Id2 were strongly induced by BMP
in control cells (expressing GFP), but the induction of these mR-
NAs was reduced in RanBP3L-expressing C2C12 cells (Fig. 1G
and H).

We next investigated whether the knockdown of RanBP3L in
C2C12 cells potentiates BMP responses. By using two different
siRNAs against RanBP3L, a 70 to 80% efficiency of RanBP3L
knockdown was achieved (Fig. 1I). In the accompanying RanBP3L
knockdown, BMP-induced Id1-luc reporter expression was in-
creased (Fig. 1J). Notably, the knockdown of RanBP3L dramati-
cally increased the expression levels of BMP downstream genes
such as Id1 and Id2 in C2C12 cells (Fig. 1K and L). In contrast, the
knockdown of RanBP3L in HaCaT cells had no apparent influ-
ence on TGF-� downstream gene expression (see Fig. S1C in the
supplemental material). These data together strongly suggested
that RanBP3L is a negative regulator of BMP signaling.

RanBP3L inhibits BMP osteogenic responses in C2C12 cells.
BMPs potently induce the differentiation of mesenchymal cells
into osteoblast and chondrocyte lineages in vitro (6). BMP-in-
duced osteogenic differentiation could be reproduced in fibro-
blasts, myoblasts, and other mesenchymal progenitor cells (31).
After BMP2 treatment, C2C12 mesenchymal cells exhibit a phe-
notype with many osteoblast-like features. We examined the effect
of RanBP3L on the expression of osteoblast marker genes. As
shown in Fig. 2A, the stable expression of RanBP3L diminished
the BMP-mediated induction of Id1 and Runx2 proteins. Similar
results were obtained in mesenchymal C3H10T1/2 and chondro-
genic ATDC5 cells stably expressing FLAG-RanBP3L (Fig. 2B and
C). We further examined BMP-induced ALP levels in C2C12-
RanBP3L stable cells and found that RanBP3L greatly reduced

BMP-induced ALP mRNA expression (Fig. 2D) and its activity
(Fig. 2E).

Since RanBP3L inhibits BMP-induced osteoblast marker ex-
pression, we reasoned that RanBP3L depletion could enable cells
to be more sensitive to undergoing BMP-induced osteoblast-like
responses. As shown in Fig. 2F and G, the BMP2-mediated in-
duction of Runx2 protein and mRNA was profoundly in-
creased in siRanBP3L-transfected cells. In addition, RanBP3L-
depleted C2C12 cells exhibit higher ALP mRNA expression levels
(Fig. 2H) and activity (Fig. 2I) than did control cells after BMP
treatment. These observations further support the negative role of
RanBP3L in regulating osteogenic differentiation.

RanBP3L blocks osteoblast differentiation from mouse bone
marrow-derived mesenchymal stem cells. Having established
the role of RanBP3L in inhibiting BMP-induced osteogenesis in
cell lines, we further examined such effects in primary mouse bone
marrow-derived mesenchymal stem cells (BMSCs). Ectopic ex-
pression of RanBP3L in primary BMSCs was achieved by lentiviral
infection with at least a 90% infection efficiency (see Fig. S2A in
the supplemental material). BMSCs can differentiate into mature
osteoblasts in osteogenic induction medium, as assessed by min-
eral staining with alizarin red (see Fig. S2B in the supplemental
material). BMP treatment significantly accelerated the osteogen-
esis of BMSCs. Notably, the overexpression of RanBP3L in BMSCs
resulted in weakened ALP activity and alizarin red staining (Fig.
3A and B). Consistently, RanBP3L overexpression also compro-
mised the BMP-induced expression of the preosteoblast marker
Runx2 and the osteoblast marker Osterix (Fig. 3C).

We further determined the effects of RanBP3L knockdown on
the osteogenesis of BMSCs. As shown in Fig. S2C in the supple-
mental material, we achieved an �50% knockdown efficiency 5
days after siRNA transfection in BMSCs. Results from ALP stain-
ing and alizarin red staining showed that the knockdown of
RanBP3L accelerated the osteogenic differentiation of BMSCs
(Fig. 3D and E). We also evaluated the expressions of several os-
teogenic markers in RanBP3L-depleted BMSCs. As assessed by
Western blotting (Fig. 3F), Runx2 and Osterix proteins were
markedly induced by BMP2 and were further enhanced by the
knockdown of RanBP3L. In accordance, quantitative RT-PCR
(qRT-PCR) analysis demonstrated that the knockdown of
RanBP3L enabled BMSCs to be sensitized to BMP, as BMP2 in-
duced higher levels of mRNAs of osteogenic markers, including
Runx2, Osterix, osteocalcin, and ALP (Fig. 3G to J). Taken to-
gether, the data support the notion that RanBP3L blocks BMP-
induced osteogenic differentiation of primary BMSCs.

RanBP3L promotes myogenic differentiation. BMPs are po-
tential inhibitors of myogenesis through the BMP-mediated sup-
pression of myogenic bHLH transcriptional factors and the induc-
tion of Id1/Id2 expression. We thus examined whether RanBP3L,
as an inhibitor of BMP signaling, promotes the myogenic differ-
entiation of C2C12 cells. We measured the levels of myosin heavy
chain (MyHC) and Myf5 as well as myotube formation, which are
typical indicators of mature myogenesis, in C2C12 cells stably
expressing RanBP3L. In myogenesis induction medium, C2C12
cells typically exhibited induced expression of Myf5 and MyHC
(Fig. 4A and B). Notably, the mRNA levels of Myf5 and MyHC
were markedly increased in C2C12 cells expressing RanBP3L in
comparison to control cells (Fig. 4A and B). Accordingly, more
myotube formation was observed in RanBP3L cells (Fig. 4F).

Next, we examined the effects of RanBP3L knockdown on
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myoblast differentiation. As shown in Fig. 4C and D, the mRNA
levels of Myf5 and MyHC were reduced in RanBP3L-depleted
cells. In addition, in C2C12 cells transfected with RanBP3L siRNA,
we noticed that whereas Id1 was induced, MyoD and MyHC pro-
tein levels were reduced (Fig. 4E). Indeed, fewer myotubes were

found in siRanBP3L-transfected cells (Fig. 4F). These data dem-
onstrated that RanBP3L promotes myogenic differentiation
through the inhibition of BMP signaling.

RanBP3L physically interacts with Smad1/5/8. With its high
level of similarity to RanBP3, which interacts with Smad2/3 and

FIG 2 RanBP3L inhibits BMP-induced osteoblast-like differentiation of C2C12. (A) RanBP3L decreases BMP-induced osteoblast-like differentiation in C2C12
cells. RanBP3L stable cells and GFP control cells were treated with BMP2 (50 ng/ml) for 30 h or not treated. Cell lysates were measured by Western blotting with
the indicated antibodies. GAPDH served as a loading control. (B) RanBP3L decreases BMP-induced osteoblast-like differentiation in C3H10T1/2 cells. BMP2
treatment and Western blotting were done as described above for panel A. (C) RanBP3L decreases BMP-induced osteoblast-like differentiation in ATDC5 cells.
BMP2 treatment and Western blotting were done as described above for panel A. (D) RanBP3L inhibits BMP2-induced ALP mRNA levels in C2C12 cells.
RanBP3L-OE stable cells and GFP control cells were treated with LDN193189 (LDN) or BMP2 (50 ng/ml) for 6 h. qRT-PCR analysis was carried out as described
in the legend to Fig. 1G. (E) RanBP3L decreases BMP2-induced ALP activity in C2C12 cells. The experiment was carried out as described above for panel A. (F)
Depletion of RanBP3L enhances BMP-induced osteoblast-like differentiation. C2C12 cells were transfected with the indicated siRNAs and treated with BMP2 (50
ng/ml) for 30 h or not treated. (G) Knockdown of RanBP3L increases Runx2 mRNA levels in C2C12 cells. Transfection and qRT-PCR analyses were carried out
as described in the legend to Fig. 1G. (H) Knockdown of RanBP3L increases ALP mRNA levels in C2C12 cells. Transfection and qRT-PCR analyses were carried
out as described in the legend to Fig. 1G. (I) Knockdown of RanBP3L enhances BMP-induced ALP activity. C2C12 cells were transfected with the indicated
siRNAs and treated with BMP2 (50 ng/ml) for 30 h or not treated.
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FIG 3 RanBP3L blocks BMP-induced osteogenesis in BMSCs. (A) Overexpression of RanBP3L reduces ALP production in mouse BMSCs. Pools of BMSCs with
stably expressing RanBP3L were achieved by lentivirus infection. (B) Overexpression of RanBP3L reduces bone formation in mouse BMSCs. RanBP3L-OE stable
cells and control cells were treated with BMP2 (50 ng/ml) for 14 days or not treated. Alizarin red staining was measured as described in Materials and Methods.
(C) Overexpression of RanBP3L decreases BMP-promoted osteogenic differentiation in mouse BMSCs. RanBP3L-OE stable cells and control cells were treated
with BMP2 (50 ng/ml) for 3 days or not treated. Cells were harvested, and Western blotting was conducted with the indicated antibodies. (D) Knockdown of
RanBP3L enhances BMP2-induced ALP activity in BMSCs. BMSCs were transfected with the indicated siRNAs and cultured in osteogenic differentiation
medium with or without BMP2 (50 ng/ml). ALP activity was detected as described in the legend to Fig. 2A. (E) Knockdown of RanBP3L enhances BMP2-induced
bone formation in mouse BMSCs. BMSCs were transfected with the indicated siRNAs and treated with BMP2 for 9 days to induce osteogenic differentiation or
not treated. Alizarin red staining was done as described above for panel B. (F) Depletion of RanBP3L increases BMP-induced osteoblast maturation in mouse
BMSCs. BMSCs were transfected with the indicated siRNAs and then treated with BMP2 (50 ng/ml) for 3 days. The osteoblast markers were detected by Western
blotting with the indicated antibodies. (G to J) Knockdown of RanBP3L enhances Runx2 (G), Osterix (H), osteocalcin (I), and ALP (J) expression. BMSCs were
transfected with the indicated siRNAs, and isolated RNAs were subjected to qRT-PCR analysis as described in the legend to Fig. 1G.
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mediates Smad2/3 export (19), RanBP3L may play a role in Smad
nucleocytoplasmic shuttling. We thus tested whether RanBP3L
might interact with BMP-specific Smad1/5/8. We carried out an in
vitro binding assay using purified recombinant GST-Smad fusion
proteins and in vitro-translated RanBP3L. As shown in Fig. 5A,
RanBP3L could bind to GST-Smad1/5/8 but not GST-Smad4 or
GST protein (lanes 2, 3, and 6). We also carried out co-IP exper-
iments in HEK293T cells to test their interaction in vivo. RanBP3L
strongly interacted with BMP-specific Smads (Smad1/5/8) (see
Fig. S3A in the supplemental material) but weakly or barely bound
Smad2/3 and Smad4 (see Fig. S3A, lanes 4 to 6). In order to vali-
date their interactions, co-IP experiments were performed to ex-
amine the endogenous RanBP3L-Smad interaction in C2C12
cells. We found that Smad1, but not Smad2/3, could be de-
tected in the RanBP3L immunocomplex, suggesting that the
RanBP3L-Smad1 interaction is specific (Fig. 5B).

Smads are structurally conserved proteins consisting of an
MH1 domain in the N terminus and an MH2 domain in the C
terminus, linked with a relatively less conserved linker region (Fig.
5C). Our in vitro binding assay indicates that either the MH1 or
MH2 domain alone, but not the linker region, can bind to
RanBP3L (Fig. 5D, lanes 3 to 5). Further co-IP assays revealed that
Smad1 deletion mutants with MH1 deleted (L�MH2) or MH2
deleted (MH1�L) retained the ability to bind with RanBP3L (see
Fig. S3B in the supplemental material). Notably, deletion of the

linker (MH1�MH2) significantly enhanced Smad1 binding to
RanBP3L. These results suggest that RanBP3L binds to both the
MH1 and MH2 domains.

RanBP3L contains a conserved RanBD (Fig. 5E), which is char-
acteristic of all Ran-binding proteins. Using GST-Smad1 to pull
down various mutants of RanBP3L, we found that GST-Smad1
interacted with full-length RanBP3L and the N-terminal region of
RanBP3L (Fig. 5F), indicating that the N terminus of RanBP3L
contains a potential Smad-binding domain to mediate its interac-
tion with Smad1. In our previous study, we found that RanBP3
interacted with Smad2/3 mainly through its structurally con-
served RanBD (19). Considering the structural similarity of
RanBD on RanBP3L and RanBP3, it is understandable that
RanBP3L weakly interacts Smad2/3. However, this weak interac-
tion took place only under overexpression conditions (see Fig.
S3A in the supplemental material); we could not detect their en-
dogenous interaction in C2C12 cells (Fig. 5B).

RanBP3L prefers to bind dephosphorylated Smad1 in the
nucleus. It is generally believed that R-Smads need to be dephos-
phorylated before their nuclear export. Does RanBP3L bind to the
dephosphorylated form of Smad1/5/8? To address this question,
we analyzed the RanBP3L-Smad1 interaction in the presence of
PPM1A, which is a phosphatase for Smad1 dephosphorylation
(30). The results showed that PPM1A enhanced the association
between RanBP3L and Smad1 (Fig. 5G, lane 3). Similarly, the

FIG 4 RanBP3L promotes myogenic differentiation. (A and B) RanBP3L enhances mRNA levels of the myogenic markers Myf5 (A) and MyHC (B) during
myogenic induction of C2C12 cells. RanBP3L-OE stable cells and control cells were cultured in DMEM with the addition of 2% horse serum (Gibco) to induce
myogenesis. On day 2, total RNAs were isolated and analyzed by qRT-PCR. (C and D) Depletion of RanBP3L decreases mRNA levels of Myf5 (C) and MyHC (D)
during myogenic differentiation. C2C12 cells were transfected with the indicated RanBP3L siRNAs or control siRNA. Experiments were performed as described
above for panel A. (E) Knockdown of RanBP3L reduces myogenic marker gene expression. C2C12 cells were transfected with the indicated siRNAs and harvested
3 days after myogenic induction. Cell lysates were measured by Western blotting with the indicated antibodies. (F) RanBP3L promotes myotube formation.
RanBP3L-OE, RanBP3L-KD, and control C2C12 cells were cultured in myogenic differentiation medium for 5 days, fixed, immunostained with anti-MyHC
antibody, and imaged by confocal microscopy. DAPI, 4=,6-diamidino-2-phenylindole.
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FIG 5 RanBP3L physically interacts with Smad1/5/8. (A) RanBP3L directly binds to Smad1, -5, and -8 but not Smad4 in vitro. In vitro binding was carried
out with purified GST-tagged Smads and in vitro-translated RanBP3L. IB, immunoblot. (B) RanBP3L interacts with Smad1 in vivo. C2C12 cells were
treated with BMP2 or dorsomorphin for 2 h. Cell lysates were immunoprecipitated with anti-RanBP3L antibody or control IgG antibody. The immu-
nocomplexes and input were analyzed by Western blotting with the indicated antibodies. (C and D) RanBP3L binds to both the MH1 and MH2 domains
of Smad1. In vitro binding assays were carried out as described above for panel A. FL, full length. (E and F) Smad1 binds to the N terminus of RanBP3L.
Experiments were performed as described above for panel A. (G) PPM1A enhances the interaction between RanBP3L and Smad1. HEK293T cells were
transfected with the indicated plasmids. Levels of these proteins in IP products and whole-cell lysates were analyzed by Western blotting. (H) RanBP3L
has a higher binding affinity for the dephosphorylated form of Smad1. HEK293T cells were cotransfected with HA-RanBP3L, together with FLAG-Smad1
or its mutations (Smad1-2SA [unphosphorylated form] or Smad1-2SD [phosphorylation-mimicking form]). Levels of these proteins in IP products and
whole-cell lysates were analyzed by Western blotting.
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overexpression of PPM1A increased the interaction between
RanBP3L and Smad5 (see Fig. S3C, lane 3, in the supplemental
material) or Smad8 (see Fig. S3D, lanes 3 and 4). We further tested
whether phosphorylated Smad1/5/8 (P-Smad1/5/8) were in the
RanBP3L immunocomplex. As shown in Fig. 5B, no P-Smad1/5/8
signal was detected even with an extremely long exposure time.
Since PPM1A acts on the SXS motif of Smad1, we generated mu-
tants with Ser-to-Ala and Ser-to-Asp substitutions, i.e., phospho-
rylation-defective Smad1-2SA and phosphorylation-mimicking
Smad1-2SD. We found that RanBP3L preferably interacts with
Smad1-2SA (Fig. 5H, lane 2). This further illustrated that dephos-
phorylated Smad1 is a favored cargo of RanBP3L.

RanBP3L mediates Smad1 nuclear export in a Ran-depen-
dent manner. RanBPs bind to the small GTPase Ran and partici-
pate in protein transport across the nuclear membrane (32, 33).
To test the role of RanBP3L in regulating Smad1 nuclear trans-
port, we examined the subcellular distribution of endogenous
Smad1 in C2C12 cells with increased or depleted expression of
RanBP3L. As shown in Fig. 6A, whereas BMP induced the nuclear
accumulation of endogenous Smad1, the level of nuclear Smad1
was markedly reduced in cells expressing RanBP3L. Quantitative
analysis revealed that the nuclear Smad1 intensity decreased
�50% in cells expressing RanBP3L (Fig. 6B). This result was also
observed for C2H10T1/2 cells (see Fig. S4A in the supplemental
material). In addition, we generated RanBP3L-ERAA by mutating
two conserved amino acids in the RanBD of RanBP3L to disrupt
its interaction with Ran-GTP. This mutant and RanBP3L-N lack-
ing the RanBD exhibited no effect on the Smad1 nuclear distribu-
tion (Fig. 6A to C). It is noteworthy that the Ran-binding-de-
fective mutants of RanBP3L also failed to repress BMP-induced
Id1-luc expression (Fig. 6D).

The requirement of Ran binding for Smad1 nuclear export was
further confirmed by using an in vitro export assay (34, 35). We
generated HeLa cells stably expressing GFP-Smad1 protein. GFP-
Smad1 stable cells were transfected with RanBP3L and the
RanBP3L-N mutant and treated with the appropriate concentra-
tion of digitonin (50 �g/ml) to permeabilize the cell membrane
and yet keep the nucleus intact (see Fig. S4B in the supplemental
material). After washing, the presence of GFP-Smad1 in the nu-
cleus could be analyzed. By adding affinity-purified RanQ69L or
bovine serum albumin (BSA), we evaluated the remaining nuclear
GFP-Smad1. In the presence of transfected RanBP3L, nuclear
GFP-Smad1 proteins were partially exported out of the nucleus by
endogenous Ran-GTP (Fig. 6E, lanes 1 and 2), suggesting that this
system works well. The addition of RanQ69L significantly en-
hanced the RanBP3L-mediated export of GFP-Smad1 (Fig. 6E,
lanes 5 and 6). Regardless of the presence of RanQ69L,
RanBP3L-N showed a weakened ability to transport GFP-Smad1
out of the nucleus (Fig. 6E, lanes 7 and 8, and F). These data
strongly supported that RanBP3L regulates Smad1 nuclear export
in a Ran-dependent manner.

In agreement with the specific role of RanBP3 in Smad2/3 nu-
clear export, ectopic expression of RanBP3 exhibited no effect on
the Smad1 nuclear intensity (Fig. 6A and B). Conversely, the over-
expression of RanBP3L did not affect the Smad2/3 nuclear local-
ization, even in the absence of RanBP3 interference, i.e., under
RanBP3 knockdown conditions (see Fig. S4C in the supplemental
material). To further demonstrate the distinct functions of
RanBP3L and RanBP3, we knocked down the expression of
RanBP3L or RanBP3 in HaCaT cells and compared the nuclear

export of Smad1/5/8 and Smad2/3. As shown in Fig. S4D in the
supplemental material, the knockdown of RanBP3L but not of
RanBP3 clearly enhanced the nuclear retention of Smad1 in re-
sponse to BMP2. After the administration of dorsomorphin (i.e.,
BMP-type receptor ALK3/6 inhibitor), Smad1 rapidly diffused to
the cytoplasm. The knockdown of RanBP3L but not of RanBP3
retained Smad1 in the nucleus, whereas Smad2/3 nuclear reten-
tion was enhanced only by RanBP3 knockdown (see Fig. S4E in
the supplemental material).

Our previously reported data suggested that the dephosphor-
ylation of Smads in the nucleus is a prerequisite step for Smad
nuclear export (30). As shown in Fig. 6G, the knockdown of
RanBP3L induced the nuclear accumulation of Smad1. Similarly,
the knockdown of PPM1A also induced the nuclear accumulation
of Smad1. The double knockdown of both RanBP3L and PPM1A
dramatically retained Smad1 in the nucleus. These data demon-
strate that both RanBP3L and PPM1A are involved in the nuclear
export of BMP-specific Smads.

DISCUSSION

Precise control of activation and termination of TGF-�/BMP sig-
naling is of paramount importance in maintaining proper cellular
functions and tissue homeostasis. TGF-�/BMP signal termination
can be regulated through several mechanisms, including revers-
ible phosphorylation and degradation of receptors or Smad pro-
teins and nucleocytoplasmic shuttling of Smads. We previously
reported the critical role of RanBP3 in turning off TGF-� signaling
(19). RanBP3 selectively targets Smad2/3 in the TGF-� pathway
but not Smad1/5/8 in the BMP pathway. The exact export mech-
anism for Smad1/5/8 remains to be elucidated. In this study, we
have identified RanBP3L as a key factor that mediates Smad1/5/8
nuclear export (Fig. 7) and regulates BMP signaling and mesen-
chymal stem cell differentiation.

RanBP3L is an uncharacterized putative protein encoded by
the human genome. Our study provides the first evidence for its
molecular functions. The open reading frame contains a highly
conserved RanBD, which is closely related to that of RanBP3, with
an identity of 71% (Fig. 1A). Like RanBP3, RanBP3L can associate
with RanGTP (Fig. 1B). RanBP3L directly binds to dephosphoryl-
ated Smad1 and functions in a Ran-dependent manner. Whereas
its overexpression renders less nuclear accumulation of Smad1, its
depletion by siRNA retains more Smad1 in the nucleus. Although
RanBP3 (and perhaps RanBP3L) is considered a CRM1 cofactor
(36), RanBP3L can mediate Smad1 nuclear export independent of
CRM1. In a previous study, CRM1 was reported to mediate the
nuclear export of Smad1, which can be inhibited by leptomycin B
(37). However, we found that leptomycin B exhibited little effect
on the nuclear accumulation of Smad1 in C3H10T1/2 cells (data
not shown). In addition, the combination of RanBP3L depletion
together with CRM1 inhibition did not cause more nuclear reten-
tion of Smad1 than did RanBP3L depletion alone, which implies
that RanBP3L may function in a CRM1-independent manner. By
using mass spectrometry analysis (data not shown), RanBP3L was
found to interact with many nucleoporins and transport proteins,
suggesting that RanBP3L may directly interact with the nuclear
pore complex to achieve its transport function.

Given the fact that RanBP3 and RanBP3L specifically termi-
nate TGF-� and BMP signaling, respectively, what is the underly-
ing basis for determining the specificity? The combined MH1 and
MH2 domains of Smads bind to the closely related RanBP3 or
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FIG 6 RanBP3L enhances the nuclear export of Smad1. (A) RanBP3L promotes Smad1 nuclear export in C2C12 cells. C2C12 cells were transfected with the
indicated plasmids. After BMP2 treatment (50 ng/ml for 4 h), cells were fixed and immunostained with anti-Smad1 and anti-FLAG antibodies. DNA was stained
with DAPI (4=,6-diamidino-2-phenylindole). WT, wild type. (B) Quantification of nuclear Smad1. Cells were transfected with RanBP3L, RanBP3L-N, RanBP3L-
ERAA, or RanBP3 and subjected to immunostaining of Smad1. (C) Schematic diagram of RanBP3L mutants. RanBP3L-ERAA contains substitutions at E318A
and R319A. (D) RanBP3L-N and RanBP3L-ERAA fail to inhibit BMP2-induced Id1-luc reporter activity. Experiments were carried out as described in the legend
to Fig. 1C. (E) In vitro export assay of Smad1. HeLa cells stably expressing GFP-Smad1 were transfected with RanBP3L or the RanBP3L-N mutant, permeabilized
with digitonin (50 ng/ml) for 5 min, and incubated in a reaction buffer with BSA or Ran at 30°C or on ice. Nuclear GFP-Smad1 was measured by Western blotting.
(F) Relative GFP-Smad1 levels in panel E (lanes 1 and 5 to 8) were quantified by using ImageJ software. (G) C2C12 cells were transfected with the indicated
siRNAs and treated with BMP2 for 2 h or not treated. The ligands were then washed away with phosphate-buffered saline, and dorsomorphin was added for 30
min before fixation. Smad1 was stained with anti-Smad1 antibody. DNA was stained with DAPI.
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RanBP3L. However, the clear difference between RanBP3 and
RanBP3L is their Smad-binding domain. The RanBD of RanBP3
binds directly to Smad2/3. How the highly conserved RanBD rec-
ognizes Smad2/3 but not Smad1/5/8 is not clear. In sharp contrast,
RanBP3L binds to Smad1/5/8 via its N-terminal region, which
may serve as a regulatory domain, even though its N terminus is
shorter than that of RanBP3. Although the longer N terminus of
RanBP3 is not used for Smad binding, it may have regulatory
activities. Serine 58 in this region of RanBP3 has been reported to
directly influence its transport activity (20, 38). In addition to its
Smad-binding activity, other possible regulatory activities of the
N-terminal domain of RanBP3L await further elucidation.

BMPs regulate mesenchymal stem cell differentiation through
promoting osteogenic and chondrogenic differentiation and
meanwhile blocking myogenic and adipogenic differentiation.
This process is tightly controlled by a range of extracellular, intra-
cellular, and nuclear modulators. As a nuclear export factor for
Smad1/5/8, RanBP3L is anticipated to facilitate the termination of
BMP-induced cellular responses during mesenchymal differenti-
ation. By both gain-of-expression and loss-of-expression ap-
proaches, we demonstrated that RanBP3L decreases the osteo-
genic potential of BMSCs and C2C12 cells. In addition, we noticed
that RanBP3L also inhibits chondrogenic differentiation by
downregulating Sox9 and collagen II mRNA transcription in re-
sponse to BMP (data not shown). These results together suggest

that RanBP3L plays a critical role in balancing BMP-regulated
lineage-specific differentiation of mesenchymal stem cells.
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