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a b s t r a c t

Though growth factors allow tissue regeneration, the trade-off between their effectiveness and adverse
effects limits clinical application. The key issues in current growth factor therapy largely derive from
initial burst pharmacokinetics, rapid clearance, and proteolytic cleavage resulting in clinical ineffec-
tiveness and diverse complications. While a number of studies have focused on the development of
carriers, issues arising from soluble growth factor remain. In this study, we report a prodrug of growth
factors constituting a novel mode of action (MoA). To mimic endogenous protein processing in cells, we
developed a recombinant BMP-2 polypeptide based on a protein transduction domain (PTD) to transduce
the protein into cells followed by furin-mediated protein cleavage and secretion of active growth factor.
As proof of concept, a few micrograms scale of PTD-BMP-2 polypeptide sufficed to induce bone regen-
eration in vivo. As a simple platform, our technique can easily be extended to delivery of BMP-7 and DKK-
1 as therapeutics for TGF-b and canonical Wnt signaling, respectively, to suppress the epithelialeme-
senchymal transition (EMT), which constitutes a fundamental biological mechanism of many diseases.
This technique largely overcomes the limitations of current soluble growth factors and opens the door to
next generation growth factor therapeutics.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Themode of action (MoA) of the soluble growth factors is simply
to interact with membrane receptors on target cells, thereby trig-
gering an intracellular signaling cascade for regeneration. Since
their approval by the FDA several decades ago, the recombinant
bone morphogenic proteins (rhBMPs) have beenwidely studied for
use in bone regeneration. Though the BMPs were initially identified
k@yuhs.ac (J.I. Yook).
as osteoinductive factors present in demineralized bone matrix
[1,2], it is now evident that the BMP family induces mesenchymal-
to-epithelial reversion, a major therapeutic goal in treating cancer
progression and degenerative disorders [3]. For example, BMP-7
has been identified as an endogenous antagonist of TGF-beta
mediated EMT in the kidney and other organs [4e6]. Administra-
tion of recombinant BMP-7 in mice with renal fibrosis resulted in
reversal of EMT and repopulation of healthy tubular epithelial cells
with functional recovery though the current technique for BMP-7
delivery to large visceral organs is very limited [4,6,7]. The
insulin-like growth factors, granulocyteemacrophage colony
stimulating factor, basic fibroblast growth factor, and platelet-
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derived growth factor have all demonstrated potential for use in
regenerative therapy [8].

Despite extensive research into the safety and efficacy of the
growth factors in both animal and clinical trials, many complica-
tions remain, including ectopic bone formation, osteolysis, pain,
and swelling [9,10]. Considering the long-term regeneration pro-
cess in vivo, it is difficult to resolve the dilemma between efficacy
and adverse effects with respect to direct MoA of soluble factors
exhibiting an initial burst release pharmacokinetic profile [11].
Because of the short half-life of rhBMP, mainly due to rapid clear-
ance and enzymatic degradation [11,12], excess dosage of soluble
proteins, even mg scale (one million times the concentration
needed for physiologic regeneration), is often applied to ensure
clinical effectiveness. However, high doses of soluble growth factors
inevitably increase the chance of diffusion to nearby tissues or
blood circulation, with many adverse effects [9,13]. Although many
carriers have been adapted for controlled release to overcome the
initial burst and rapid clearance rate, the mutual exclusivity be-
tween safety and efficacy remains. The cost-effectiveness and legal
issues related to soluble recombinant growth factors currently pose
a challenge in many medical indications [14,15].

The cell-permeable, protein transduction domain (PTD) pep-
tides have been found to transduce protein across the plasma
membrane into the cell as part of a physiologic process [16]. The
PTD is widely studied for delivery of macromolecules such as
peptides, catalytic proteins, and oligonucleotides [17], providing a
therapeutic advantage without raising the safety issues associated
with gene delivery. Following initial ionic contact with the cell
membrane, PTD-fusion polypeptide is rapidly internalized by lipid
raft-dependent macropinocytosis independent of specific receptors
[18]. Interestingly, the denatured polypeptides delivered into cells
are refolded and elicit physiological protein function in cells and
in vivo [19,20], though themechanism of intracellular processing of
delivered protein is still not fully defined [19e21]. Thus, we adop-
ted the PTD technique for post-translational processing and
secretion of growth factors mimicking endogenous protein
biogenesis to overcome an intrinsic limitation of soluble factor
therapy using an indirect MoA. The transduced TAT-BMP-2 poly-
peptide was properly processed in a furin-dependent manner and
secreted as bioactive BMP-2. The hydrogel composite with the
polypeptide was functional to promote bone regeneration as proof
of concept in vivo. In addition to resolving the issue of initial burst
release, the technique was easily extended to BMP-7 and Wnt
antagonist Dickkopf-1 (DKK-1), providing a platform for delivery of
therapeutic secreted proteins in regenerative medicine.

2. Materials and methods

2.1. Bacterial expression constructs and protein purification

The bacterial expression cassette for PDT-fusion polypeptide was constructed
based on pRSET bacterial expression vector (Invitrogen) having His purification tag
and Xpress epitope. The TAT sequences (RKKRRQRRR) for the PTD domain were
insertednext to the epitope and theprecursor cDNAsof BMP-2, BMP-7, orDKK-1were
cloned into a TAT-expression cassette. The precursor cDNA of BMPs and DKK-1 were
obtained by PCR amplification of cDNA of Saos-2 osteosarcoma cells and 293T cells,
respectively. The TAT sequence was omitted for negative control of protein trans-
duction. Mutant expression vectors for BMP-2 were constructed by deletion of signal
peptide (aa1e24), prodomain (aa1e270), ormutationof furin cleavage siteof REKR to
REKA (aa 279e282). Induction and purification of the recombinant protein were
followed as described by Dowdy's group [19,22]. Briefly, following transformation of
BL21 and IPTG induction, the inclusion bodies were obtained from insoluble fraction
of 1% TritonX-100 buffer. The insoluble fractionwas solubilizedwith 8 M urea solution
and the recombinant protein purified with NieTi beads and imidazole elution fol-
lowed by buffer shock to gain high surface energetic (DG) properties.

2.2. Cells, western blot analysis, cell migration assay, and immunofluorescence

The murine C3H10T1/2 and osteoblast precursor cell line MC3TC were obtained
from ATCC (CCL-226) and culture following manufacturer's recommendations.
MCF-7, A549, and 293 cells were described previously [23]. The recombinant
protein was directly applied to regular or serum-free culture medium (Opti-MEM)
in the indicated amount. The soluble and insoluble fractions of lysate were ob-
tained from Triton X-100 lysis buffer. To detect transduced recombinant protein in
cells, the whole fractions of cell were prepared in SDS-RIPA buffer followed by
heating at 95 �C for 5 min. The commercially available primary antibodies were
directed against anti-Xpress (Invitrogen), BMP-2 (R&D systems), Tubulin (Lab-
frontier), a1-antitrypsin (Sigma), Snail (Cell Signaling), b-catenin (R&D systems),
and E-cadherin (Invitrogen). Cell migration potential of A549 cells was evaluated
by transwell assay as described previously [24]. Mammalian expression vector for
a1-antitrypsin Portland (a1PDX) was described previously [25]. For immunofluo-
rescent analysis, the cells were treated with TAT-BMP for 1 h and the transduction
of recombinant protein was detected against anti-Xpress monoclonal antibody and
anti-mouse IgG-conjugated Alexa-Fluor-488 secondary antibody as described
previously [23].

2.3. RT-PCR for cbfa-1/Runx2

The murine C3H10T1/2 cells were treated with TAT-BMP-2 for a 16 h culture
period and total RNA was harvested with Trizol. The cDNA was synthesized with
random hexamer and routine RT-PCR performed. The primer sequences for mouse
cbfa-1 and GAPDH of control were as follows: cbfa-1, forward, 50-ctcttcccaaagccag
agtg; cbfa-1, reverse, 50-cagcgtcaacaccatcattc; mouse GAPDH, forward, 50-tg
aaggtcggagtcaacggattt; GAPDH, reverse, 50-catgtgggccatgaggtccaccac.

2.4. ELISA assay BMP, alkaline phosphatase, and mineralization assay

To detect secreted BMP-2, 100 ng of recombinant protein were transduced into
the 293 cells for 2 h followed by PBS washing and refreshment of serum-free Opti-
MEM medium (300 ml in 6-well plate). After 4 h of incubation, the cell lysates and
culture medium were harvested. Fifty ml of lysates or culture medium were sub-
jected to ELISA assay for BMP-2 (R&D systems) according to the manufacturer's
protocol. Commercially available recombinant BMP-2 (R&D systems) was used as
control for the quantitation. To detect alkaline phosphatase activity in cells, a
commercially available kit (Wako) was used following the manufacturer's in-
structions. C3H10T1/2 cells at the late log phase of growthwere treatedwith 10 ng of
TAT-BMP-2 or 10 ng of rhBMP-2 (R&D systems) or negative control, and the cells
maintained for 4 days before the alkaline phosphatase assay. For mineralization
assay of C3H10T1/2 cells, an osteogenesis assay kit (Millipore) based on Alizarin Red
S stain was used. The cells were treated with recombinant proteins or negative
control for 2 h and the cells incubated in osteogenic culture medium for 14 days.
Treatment with the recombinant protein was repeated every 2 days for minerali-
zation assay.

2.5. Furin cleavage assay

Ten units of human recombinant furin (Sigma) were subjected to protein
cleavage of the full-length or mutant TAT-BMP-2 protein followed by immunoblot
analysis. For in vitro furin cleavage analysis, soluble fractions of recombinant protein
were used, the cleaved protein being detected by immunoblot analysis using anti-
BMP-2 antibody.

2.6. Reporter assay of E-cadherin, Wnt/TCF, and TGF-b responsive activity

The Wt and E-box mutated E-cadherin proximal reporter constructs (nt-108
to þ125) were used as described previously [26]. The luciferase reporter of Topflash
(TCF/LEF binding sites upstream of a luciferase reporter), FOPflash (mutated TCF/LEF
binding sites), and 3 TP-lux having Smad-binding site on plasminogen activator
inhibitor-1 (PAI-1) promoter were obtained from Addgene. The cells were tran-
siently transfected with 100 ng of reporter constructs and 2 ng pSV-Renilla using
Lipofectamine2000 (Invitrogen). After 24 h of transfection, the culture mediumwas
refreshed with or without recombinant protein as indicated. The relative ratio of
Renilla to firefly luciferase after a 48 h transfection period was determined by dual-
luciferase assay kit (Promega) from triplicate experiments.

2.7. Hydrogel preparation and biocompatibility test on HA hydrogel

Hydrogel for animal experiments was prepared from low molecular weight
hyaluronic acid (low HA, MW 340kd) as described previously [27]. Briefly, low
HA was reacted with adipic acid dihydrazide using N-(3-diethylpropyl)-N-eth-
ylcarbodiimide (EDC) as a cross-linking agent at room temperature to synthesize
HA-ADH. HA polymers of HA-Ac and HA-TCEP were prepared from HA-ADH
through a reaction with acrylic acid (Ac) or tris(2-carboxyethyl)phosphine
(TCEP), respectively. The obtained polymers of HA-Ac and HA-TCEP were
precipitated with 95% EtOH and dialyzed for 3 days to remove unbound chem-
icals followed by freeze drying. Two separated 5% HA-Ac and HA-TCEP solutions
were prepared in PBS. After separately sterilizing the HA-Ac and HA-TCEP so-
lutions with a 0.2 mm syringe filter, TAT-BMP-2 was added to the HA-AC solution
and hydrogel (HG) was synthesized by mixing the obtained solutions of HA-TCEP
and HA-Ac with TAT-BMP-2 on culture plate. Cell culture on HG was performed
by seeding MC3T3 cells on the surface of HG for 8 weeks. Cell adhesion and
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proliferation were quantitatively measured with Cell Counting kit-8 (Dojindo).
To evaluate osteoblastic differentiation in vitro by TAT-BMP-2, the MC3T3 cells
were seeded and cultured on HG containing different doses of TAT-BMP2. The HG
with cells was maintained for 8 weeks and subjected to routine immunohisto-
chemical staining with Osteocalcin.
2.8. Animal study, microCT (microcomputed tomogram), and histomorphometric
analysis

All animal handling and surgical procedures were conducted according to Seoul
National University guidelines for the care and use of large laboratory animals, the
study having been approved by the IACUC of Seoul National University Hospital
Biomedical Research Institute (12-2011-000-05). Six female adult beagle dogs,
weighing between 13 and 14 kg, were used in this study. Following routine pre-
medications including antibiotic coverage, general anesthesia was maintained by
intratracheal intubation with isoflurane and oxygen. The periosteum of the femur
shaft was exposed via lateral approach and an electric drill (diameter 5.0 mm) used
to place the cylinder-shaped HG (diameter 5 mm, length 6 mm; 177 mm3), prepared
prior to surgical procedures containing 2.5 mg of TAT-BMP or the same volume of
PBS. Following careful placement of HG, the wounds were closed using routine
procedures and protected using a RoberteJones bandage until day 7. Five weeks
post-operation, the femurs were dissected after euthanasia and fixed in 10%
neutralized buffered formalin. The fixed specimens were subjected to microCT
analysis (SkyScan 1076). Axial images of 200 mm cut were obtained and the raw data
was converted to DICOM format for rendering through Simplant Crystal (Materi-
alise). Regenerated bone volume was obtained from the 3-dimensional images with
Simplant Pro Crystal software for the Intel X86 Platform, v13.0.1.4 (Materialise).
FollowingmicroCTanalysis, the specimens were subjected to routine decalcification.
Paraffin-embedded sections were stained with Hematoxylin/Eosin and examined
using light microscopy. Digital images from stained sections were processed with
SPOT version 4.5 (Diagnostic Instruments) to calculate the regenerated bone area.
The data was presented as mean ± standard error of the mean. Statistical analysis
was conducted with SPSS 12.0 using t-test.
Fig. 1. Transduction of TAT-BMP-2 and secretion of BMP-2 in cells. (A) Schematic diagram of
His tag for purification, PTD domain, X-press tag, and full-length hBMP-2 cDNA. (B) Inductio
bacteria (left panel). Arrow indicates bands of recombinant protein. Immunoblot analysis o
2 cells were treated with different doses of TAT-BMP-2 for 2 h; immunoblot analysis of
Transduction of TAT-BMP-2 into cells in a time-dependent manner. Total protein containi
immunoblot analysis to detect transduction of recombinant TAT-BMP-2 in C3H10T1/2 cell
negative control of protein transduction. (E) The cells were transduced with 100 ng of TAT-B
laser microscopy. Nuclei are stained blue with ToTo-3 (inset in left panel). The scale bar in
2.9. Chick CAM (chorioalantoic membrane) invasion assay

Invasive MDA-MB-231 cancer cells, labeled with dsRed by lentiviral trans-
duction, were treated with fresh culture medium containing 500 ng of TAT-DKK11 h
prior to CAM experiment. Non-treated cells or TAT-DKK1 transduction cells were
cultured on the CAM of 11-d-old, live chicken embryos for 2 days as described
previously [26,28]. Following DAPI (40 ,6-diamidino-2-phenylindole) staining in
cross-sections of the fixed CAM, invasion of labeled cancer cells was monitored by
fluorescence microscopy. Invasive cells were counted in 10 high-power fields from
triplicated samples.

2.10. Statistical analysis

All results were expressed as the mean SEM of three of more experiment unless
indicated otherwise. *marks p < 0.05 and ** indicates p < 0.01.

3. Results

3.1. Design of experiment and transduction of PTD-BMP-2 fusion
polypeptide

To overcome the initial burst of growth factors, we designed an
indirect delivery system of BMP-2 using PTD-mediated recombi-
nant protein as a prodrug of BMP (Fig. S1A). In this strategy, the
recombinant polypeptide is transduced into the cells indepen-
dently of its receptor followed by protein refolding, post-
translational cleavage, and secretion of active BMP-2. We cloned
cDNA of human BMP-2 into the bacterial expression cassette, then
added PTD, epitope tag, and purification tag (Fig. 1A). We chose the
HIV-derived cationic TAT (trans-activator of transcription) as a PTD
as it is the most widely studied [29]. The TAT sequence was omitted
bacterial expression vector (pRSET) for TAT-BMP-2. The expression cassette contains 6�
n of recombinant protein in bacteria, and Coomassie blue stained gel of crude lysates of
f purified recombinant protein detected by anti-Xpress tag (right panel). (C) C3H10T1/
whole cell SDS-RIPA lysate shows dose-dependent transduction of TAT-BMP-2. (D)
ng insoluble fraction (cell lysate) and serum-free culture medium were subjected to
s. The recombinant protein lacking PTD domain, labeled TAT(�)-BMP-2, was used for
MP-2 and the transduction of recombinant protein (green) was determined by confocal
the merged image represents 10 mm.



N.H. Kim et al. / Biomaterials 35 (2014) 9888e9896 9891
as a negative control for protein transduction. Considering post-
translational processing by proprotein convertase cleavages on
the TGF/BMP family [30], we cloned the full-length cDNA precursor
of BMP-2, having a signal peptide, prodomain, and mature BMP-2.
For macropinosomal escape after transduction of the lipid bilayer,
the HA2 domainwas inserted between PTD and BMP-2 [18,31]. The
denatured TAT fusion polypeptide was purified from inclusion
bodies of transformed BL21 [19], then verified with gel staining and
immunoblot analysis (Fig. 1B). Consistent with previous findings
[17e19], the TAT-fusion BMP-2 polypeptide (TAT-BMP-2) was suc-
cessfully delivered into cells from the culture medium regardless of
cell type in a time- and concentration-dependent manner, whereas
TAT-omitted negative control proteins were not (Fig. 1, C and D;
Fig. S1B). Immunofluorescence study showed that the TAT-fusion
protein is mainly localized in cytoplasm (Fig. 1E), indicating that
the TAT-BMP-2 is successfully transduced into cells in a PTD-
dependent manner.

3.2. Secretion of mature BMP-2 following transduction of TAT-BMP-
2 polypeptide

Next, we examined whether the transduced recombinant TAT-
BMP-2 was adequately processed and secreted. The transduced
TAT-BMP-2 gradually disappeared from the insoluble fraction of
TAT-BMP-2
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Fig. 2. Secretion of active BMP-2 following TAT-BMP-2 transduction. (A) The cells were trea
soluble cell lysates and culture medium as described in Methods. (B) Following transduction
proteins in culture medium were precipitated with trichloroacetic acid, and secreted BMP-2
precipitated with trichloroacetic acid and the precipitates were subjected to immunoblot a
inhibit BMP-2 binding to its cognate receptors. (C) The C3H10T1/2 cells were transduced wit
GAPDH was used for loading control. (D) C3H10T1/2 cells were transduced with 10 ng of T
recombinant protein omitting PTD domain and commercial rhBMP-2 were used for negative
rhBMP-2 for 14 days, mineralization being determined by Alizarin Res S stain.
cells in a time-dependent manner, indicating rapid processing of
the transduced polypeptide (Fig. S1C). To exclude the possibility of
protein degradation rather than intracellular processing and
subsequent secretion, we examined the secreted BMP-2 following
TAT-BMP-2 transduction. Interestingly, mature BMP-2was detected
mainly in culture medium after treatment of TAT-BMP-2 followed
by incubation (Fig. 2A). Because the initially transduced TAT-BMP-2
was ~60 kd in molecular weight, we evaluated the molecular
weight of secreted BMP-2 with immunoblot analysis. Secreted
BMP-2 of ~15 kd was also successfully detected in culture medium
whenwe specifically added Noggin, an endogenous inhibitor which
blocks BMP binding to the cognate receptor on cell membrane
(Fig. 2B). These results suggest that transduced TAT-BMP-2 was
rapidly processed and secreted. To prove the recombinant poly-
peptide was functional on osteoblastic differentiation in vitro, we
treated C3H10T1/2 cells with TAT-BMP-2 and examined the tran-
script abundance of Runx2/Cbfa1, an osteoblast-specific transcrip-
tion factor. Indeed, pg level of the recombinant protein is sufficient
to increase abundance of Runx2/Cbfa1 transcripts (Fig. 2C).
Furthermore, the induction capacity of alkaline phosphatase ac-
tivity and mineralization of C3H10T1/2 cells by TAT-BMP-2 trans-
duction were comparable to rhBMP-2 in vitro (Fig. 2, D and E).
These results indicate that TAT-BMP transduced into the cells suc-
cessfully processed and secreted active BMP-2 in vitro.
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nalysis against anti-BMP-2 antibody. The recombinant Noggin (2 mg/ml) was used to
h TAT-BMP-2 and the transcript level of cbfa-1/Runx2 was assessed by RT-PCR analysis.
AT-BMP-2 and the alkaline phosphatase activity was measured. The same amount of
and positive control, respectively. (E) The cells were treated with 10 ng of TAT-BMP-2 or
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3.3. Intracellular processing of TAT-BMP-2 is critical for secretion of
active BMP-2

The biologically active BMPs and other secreted proteins are
derived from precursor polypeptides by post-translational pro-
cessing of Furin/SPC-mediated endoproteolytic cleavage in the
trans-Golgi network [25,30,32]. When we overexpressed furin in-
hibitor a1-PDX (a1-antitrypsin Portland), an engineered variant of
antitrypsin [33], renaturation of transduced TAT-BMP-2 in cells was
delayed (Fig. 3A), suggesting that proteolytic cleavage by furin is
required for intracellular processing of the recombinant protein. To
further examine the role of endopeptidase cleavage on TAT-BMP-2,
we made several mutants of TAT-BMP-2 by deleting the signal
peptide or mutating the furin cleavage site and subjected the pro-
teins to in vitro cleavage experiments (Fig. 3B). Indeed, furin
treatment cleaved recombinant TAT-BMP-2 having wild type (wt)
precursor, but not the mutants of prodomain deletion or cleavage
site (Fig. 3C). Notably, deletion of the signal peptide on the N-ter-
minus did not affect the proteolytic cleavage of TAT-BMP-2.
Fig. 3. Posttranslational cleavage by furin is essential for intracellular processing of TAT-B
transduction of TAT-BMP-2 by immunoblot analysis in 293 cells transfected with control vec
Protein half-life (T1/2 ¼ �0.5/slope) was obtained by densitometric analysis (right panel). (B)
recombinant proteins of wt or mutant BMP-2 were subjected to proteolytic cleavage assa
C3H10T1/2 cells were transduced with 100 ng of wt or mutant TAT-BMPs and secreted BMP
was used for standardized quantitation.
Consistent with in vitro cleavage, the secretion of active BMP-2 in
cells depended on the proteolytic processing of TAT-BMP-2
(Fig. 3D), indicating that furin cleavage is critically required for
secretion of active BMP-2 following TAT-BMP-2 transduction.

3.4. TAT-BMP-2 is functional for in vivo bone regeneration

Given the well-known function of BMP-2 in bone regeneration,
we designed a bone defect model of a mammal to examine the
in vivo proof of concept of TAT-BMP-2 polypeptide. Considering
that recombinant protein requires sustained release for several
weeks in vivo, we chose a self-linking hyaluronic acid hydrogel
(HG) because it is biodegradable, allowing controlled release of
entrapped recombinant polypeptide to surrounding progenitor
cells. The cellular biocompatibility and osteogenic differentiation
potential of HG containing TAT-BMP-2 were verified in vitro,
revealing that TAT-BMP-2 in HG scaffold increased cell proliferation
of pro-osteoblastic cells and induced osteogenic differentiation
(Fig. S2). Following the surgical procedure on dog femur, we placed
MP-2 and secretion of BMP-2. (A) Insoluble full-length protein level was chased after
tor or a-1-PDX expression vector (left panels). Tubulin was used as the loading control.
Schematic diagram of recombinant proteins to examine furin cleavage. (C) The soluble
y and the cleaved BMP-2 (arrow) was determined by immunoblot analysis. (D) The
-2 levels were determined by ELISA assay from culture medium. Commercial rhBMP-2
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HG containing 2.5 mg of TAT-BMP-2 polypeptide into the bone de-
fects for 5 weeks. Examining osteogenic potential with microCT, we
found that the HA gel with TAT-BMP-2 significantly increased bone
regeneration compared to the HA gel control in terms of
Fig. 4. TAT-BMP-2 is functional for in vivo bone regeneration. (A) Bone regeneration potentia
by microCT (black/white images) and through reconstructed color images. Color key on right
assessed from 3-D images (**p < 0.01).
mineralized area and bone density (Fig. 4, A and B). Histological
examination further showed bone defects delivering TAT-BMP-2
being filled with dense mature bone trabecular in contrast to
limited regeneration with fibrous stroma in the control group
l by inserting hydrogel only (HG) or HG containing 2.5 mg of TAT-BMP-2 was examined
bottom represents bone density. (B) Regenerate bone volume in the defected area was
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Fig. 5. PTD-mediated protein transduction as a simple platform antagonizing EMT induced by TGF-b or canonical Wnt signaling. (A) Transduction of PTD-recombinant BMP-7 was
detected by immunoblot analysis in A549 cells as described in Fig. 1B. (B) The transduction of TAT-BMP-7 recombinant protein (green) was determined by confocal laser microscopy
in A549 cells. Nuclei are stained blue with ToTo-3 (inset in left panel). The scale bar in the merged image represents 10 mm. (C) The A549 cells were transfected with 300 ng of TGF-b
responsive 3 TP-lux reporter, 5 ng of TGF-b with increasing TAT-BMP-7 doses of 25 ng, 50 ng, 100 ng, and 200 ng being added 24 h prior to lysis. The relative luciferase compared to
Renilla activity derived from the 3 TP-Lux reporter construct is depicted. (D) The A549 cells were treated with 5 ng of TGF-b as indicated in combination with 25 ng, 50 ng, 100 ng,
and 200 ng of TAT-BMP-7 for 24 h prior to lysis, then analyzed for immunoblot against Snail and E-cadherin. (E) The migratory activity of A549 cells was measured by transwell
migration with control or TAT-BMP-7 (100 ng) prior to plating in transwell. Treatment of TAT-BMP-7 largely attenuated the cell migration potential of A549 cells (data are presented
as mean ± standard error, **p < 0.01). (F) The 293 cells were treated with 100 ng of TAT-DKK-1 for 16 h period, and the expression of b-catenin, Snail, and E-cadherin was analyzed
by immunoblot analysis. (G) The 293 cells were transfected with E-cadherin promoter or TCF reporter constructs (TOP/FOP), treated with 10 ng of TAT-DKK-1 for 24 h prior to lysis,
and assessed for firefly luciferase activity. The relative activity of wt reporter compared to mutant E-box or TCF/LEF binding sites is depicted. (H) Negative control (�) or 500 ng of
TAT-DKK1 (þ) transduced in MDA-MB-231 cells were cultured atop the embryonic chick CAM (upper CAM basement membrane surface demarcated by dotted line) and the invasive
activity of cancer cells (labeled as dsRed) was monitored by fluorescence microscopy. White arrowheads indicate cancer cell invasion into the parenchyma of CAM tissues. Scale bar,
100 mm. Relative invasive activity of MDA-MB-231 cells is quantified as described in Methods (right panel, p ¼ 8.43E-9).
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(Fig. S3). These results suggest that a low mg scale of recombinant
TAT-BMP-2 suffices for in vivo osteoinductive potential.

3.5. A platform technique antagonizing the
epithelialemesenchymal transition and canonical Wnt signaling

The EMT, comprising an important cellular mechanism of cancer
cell invasion as well as of organ fibrosis [4,6,23,34,35], is modulated
by secreted growth factors. The activation of TGF-b and/or the Wnt/
Snail axis lead to a loss of cell adhesion via increased protein
abundance of Snail, a potent E-cadherin repressor [23,26].
Conversely, BMP-7 can antagonize TGF-b signaling in cells and
exogenous BMP-7 can revert EMT accompanied by chronic renal
injury [4,36]. Meanwhile, DKK-1 is an endogenous inhibitor antag-
onizing canonical Wnt [23,37], followed by suppression of b-cat-
enin/TCF and a Snail-mediated transcriptional program. Adenoviral
administration of DKK-1 successfully blocks LRP-6-mediated peri-
cyte activation and reverses myofibroblast activation in vivo,
resulting in inhibition of multiple fibrogenic signals, capillary rare-
faction, and inflammation [38e41]. Extending our approach to the
EMT process, we cloned cDNAs of BMP-7 and DKK-1 into the TAT-
fusion expression cassette instead of BMP-2. The TAT-BMP-7 re-
combinant polypeptide was also successfully transduced into the
cell in a time- and PTD-dependent manner (Fig. 4, A and B). As BMP-
7 acted as an antagonist of TGF-b signaling [4], transduction of TAT-
BMP-7 on cells attenuated TGF-b responsive reporter activity
(Fig. 5C). Functionally, the recombinant TAT-BMP-7 could revert the
TGF-b-induced EMT process in A549 cells by reinducing E-cadherin
and suppressing Snail protein abundance in a dose-dependent
manner (Fig. 5D). Consistent with reversion of EMT, A549 cell
migration potential was largely inhibited by TAT-BMP-7 (Fig. 5E),
indicating that TAT-BMP-7 successfully blocks the TGF-b-mediated
EMT process. DKK-1 effectively inhibits tissue fibrosis and inflam-
matory response by blocking multiple EMT-inducing signaling cas-
cades [38,39]. The transduction of TAT-DKK-1 polypeptide was
functional in cells, inhibiting the Wnt-mediated EMT program by
suppressing Snail and increasing E-cadherin protein abundances
(Fig. 5F). Further, transduction of TAT-DKK-1 suppressed b-catenin/
TCF transcriptional activity while increasing E-cadherin promoter
activity (Fig. 5G). Since DKK-1 overexpression successfully blocked
cancer cell invasion on chick CAM (chorioalantoic membrane)
in vivo [23], we chose highly invasive MDA-MB-231 cells to test the
in vivo proof of concept of TAT-DKK-1. Indeed, transduction of TAT-
DKK-1 into MDA-MB-231 cells could largely inhibit the invasive
progression of cancer cells through the basement membrane
(Fig. 5H). These results demonstrate that our PTD-fusion technique
can be easily extended therapeutically to other secreted proteins.

4. Discussion

Growth factors and cytokines comprise a wide range of secreted
proteins therapeutically useful in many types of disease. In this
study, we show a new MoA of secreted growth factors, mimicking
the biogenesis of endogenous proteins. Our indirect delivery
strategy using a PTD-protein has several advantages in terms of
efficacy and safety compared to current soluble factors. First, sus-
tained delivery of secreted proteins with new MoA overcomes
initial burst release because the exposure of TAT-fusion poly-
peptides into the patient's own progenitor cells depends only on
the absorption or degradation of delivery materials. As a denatured
polypeptide, the prodrug is also resistant to clearance by body fluid
and proteolytic degradation. Second, biological activity of soluble
protein is difficult to maintain in vivo during long-term regenera-
tion, whereas the PTD-mediated approach opens up diverse op-
tions for carrier/scaffold materials requiring long-term sustained
release without consideration of biological activity of the poly-
peptide. Third, PTD-mediated protein delivery provides a signifi-
cant safety advantage over current soluble factors. Even with well-
designed carriers, the current growth factors required for supra-
physiological loading of proteins leak into surrounding tissue with
many complications [11,42]. This MoA allows minimum amount of
polypeptide for clinical effectiveness while minimizing adverse
effects. Fourth, the production cost of current soluble factors re-
mains high despite the availability of bacterial recombinant protein
[11]. Our PTD-recombinant protein yields a significant cost advan-
tage in trials involving large internal organs such as kidney, liver,
and lung, because the polypeptide is obtained through simple pu-
rification of inclusion bodies, a major product of bacterial recom-
binant culture. Lastly, the novel MoA of our technique makes the
platform easily extensible to other secreted growth factors. As EMT
controlled by TGF-b and the Wnt/Snail axis appears in many
degenerative disorders, chronic inflammatory diseases, and cancer
[35,40,41], the technique can be easily adopted to deliver antago-
nists of TGF-b and Wnt signaling.

5. Conclusion

In this study, we report a simple platform for a prodrug of
growth factors with a novel MoA. We have developed a PTD-based
recombinant BMP-2 polypeptide to transduce polypeptide into
cells followed by furin-mediated protein cleavage and secretion of
active growth factor. The PTD-BMP-2 polypeptide was functional
for in vivo bone regeneration, only a few micrograms scale being
sufficient. Because this MoA mimics endogenous processing of
secreted proteins, we have easily extended its application to other
growth factors, providing a simple platform for next generation
growth factor therapeutics.
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