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Abstract: Protein-transduction technology has been attempted to deliver macromolecular
materials, including protein, nucleic acids, and polymeric drugs, for either diagnosis or thera-
peutic purposes. Herein, fusion protein composed of an arginine-rich cell-penetrating peptide,
termed low-molecular-weight protamine (LMWP), and a transcriptional coactivator with a
PDZ-binding motif (TAZ) protein was prepared and applied in combination with biomaterials
to increase bone-forming capacity. TAZ has been recently identified as a specific osteogenic
stimulating transcriptional coactivator in human mesenchymal stem cell (hMSC) differentia-
tion, while simultaneously blocking adipogenic differentiation. However, TAZ by itself cannot
penetrate the cells, and thus needs a transfection tool for translocalization. The LMWP-TAZ
fusion proteins were efficiently translocalized into the cytosol of hMSCs. The hMSCs treated
with cell-penetrating LMWP-TAZ exhibited increased expression of osteoblastic genes and
protein, producing significantly higher quantities of mineralized matrix compared to free TAZ.
In contrast, adipogenic differentiation of the hMSCs was blocked by treatment of LMWP-TAZ
fusion protein, as reflected by reduced marker-protein expression, adipocyte fatty acid-binding
protein 2, and peroxisome proliferator-activated receptor-y messenger ribonucleic acid levels.
LMWP-TAZ was applied in alginate gel for the purpose of localization and controlled release.
The LMWP-TAZ fusion protein-loaded alginate gel matrix significantly increased bone formation
in rabbit calvarial defects compared with alginate gel matrix mixed with free TAZ protein. The
protein transduction of TAZ fused with cell-penetrating LMWP peptide was able selectively to
stimulate osteogenesis in vitro and in vivo. Taken together, this fusion protein-transduction
technology for osteogenic protein can thus be applied in combination with biomaterials for
tissue regeneration and controlled release for tissue-engineering purposes.

Keywords: protein transduction, low-molecular-weight protamine (LMWP), transcriptional
coactivator with PDZ-binding motif (TAZ), selective osteogenesis, bone-tissue engineering

Introduction

Protein transduction is a potential tool for the delivery of proteins into mammalian cells,
and has drawn significant interest from the medical and pharmaceutical communities.'
Basic and exceptionally potent cell-penetrating peptides (CPPs) derived from the
protein-transduction domains of virus-related proteins (including peptides from human
immunodeficiency virus, the Tat protein, and herpes simplex virus type I (VP22) have
been applied in this protein-transduction technology.*> Dozens of diverse proteins,
including transcription-factor enzymes, other therapeutic proteins, and even solid
nanoparticles have been linked to CPPs, thereby demonstrating translocation into the
cells in different organs, including the brain.**
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Herein, we focus on the intracellular delivery of tran-
scriptional factor/cofactor protein to enhance selective
osteogenesis in vitro and in vivo using protein-transduction
technology. Current therapies to expedite bone formation,
either for repairing bone defects or for the treatment of osteo-
porosis, include recombinant growth factors, hormones,
gene therapy, and tissue engineering in combination with
bone-graft materials.!!> Growth factors, including bone
morphogenetic protein (BMP)-2, have been widely applied
in enhanced bone formation and gained some success in
bone-forming results.!*"'5 However, clinical application of
these growth factors is beset by side effects related to dose,
due to their nonselective cellular proliferation and differen-
tiation, followed by unpredictable physiologic consequence,
such as tumor cell promotion and uncontrolled mineral
creation due to the lack of a possible localization delivery
carrier.'*” Unlike growth factors and hormones, cytoplas-
mic transcription factors/cofactors would be the obvious
molecular target of choice in attempting to direct specific
osteogenic differentiation. In this regard, the delivery
strategies of selective, specific factors for enhancing bone
formation while avoiding unwanted divergent differentia-
tion seem promising.

A transcriptional coactivator with a PDZ-binding motif
(TAZ) was initially identified through its ability to interact
with 14-3-3 proteins, and is also called WW domain-
containing transcription regulator 1. Recent studies have
reported that BMP-2 stimulates expression of TAZ, which
induces subsequent Smad signaling and expression of the
osteocalcin (OCN) gene by Runt-related transcription factor
2 (Runx2), followed by increased osteoblast differentiation.'®
The two transcriptional factors core-binding factor alpha
(Cbfa)l/Runx2 and peroxisome proliferator-activated
receptor (PPAR)Y drive mesenchymal stem cells (MSCs) to
differentiate into either osteoblasts or adipocytes, respec-
tively, and the differentiation of each lineage appears to be
transcriptionally controlled by the presence of TAZ."* One
of the functions of TAZ is as a regulator of MSC differen-
tiation by promoting osteoblastic differentiation through
activating Runx2, while simultaneously impairing adipo-
cyte differentiation by suppressing PPARY expression.?% %
It would be advantageous not only for bone-defect healing
but also for correcting imbalance between osteogenesis
and adipogenesis in osteoporotic disorders. Therefore, it
is anticipated that delivery of TAZ can specifically induce
osteogenesis by osteogenic/adipogenic balance recovery or
bone regeneration by TAZ transduction into cell membrane.
However, application of TAZ protein itself is limited due

to the fact that it is not able to enter the cells. So far, most
studies investigating the transcription factor have mainly
focused on gene delivery.?* Viral and nonviral vectors have
been used to achieve gene delivery into cells; however,
viral vectors raise serious concerns with regard to safety,
and nonviral vectors, such as Lipofectamine, have low effi-
ciency for gene delivery. As indicated earlier, a transducible
protein can be directly applied to target cells due to fusion
with a small-peptide tag that promotes translocation of the
protein into the cells. The authors previously identified the
nontoxic CPP low-molecular-weight protamine (LMWP;
VSRRRRRRGGRRRR) and its conjugates with therapeutic
anticancer protein and even with solid nanoparticulates for
stem cell labeling/trafficking purposes.®?

Herein, we propose a fusion protein of the LMWP pep-
tide and TAZ protein for specific bone formation in vitro
and in vivo. TAZ was fused with a gene fragment encoding
the amino acids of LMWP peptide in a bacterial expression
vector to produce a genetic in-frame LMWP-TAZ fusion
protein. We expect that the cell-penetrating LMWP-TAZ
fusion protein can enhance the osteogenic differentiation
of human MSCs (hMSCs), while blocking adipogenic
differentiation.

Materials and methods

Plasmid construction

For generation of the LMWP-TAZ fusion protein, the
oligonucleotides 5'-AATTCGTGTCCCGACGTCGT
CGCAGGAGAGGAGGCCGCAGGAGGCGTTA-3’
and 5'-AGCTTTAACGCCTCCTGCGGCCTCCTCTC-
CTGCGACGACGTCGGGACACCC-3" were annealed
and inserted into the EcoRI-Hind III sites of pET-21b*
vector (Merck Millipore, Billerica, MA, USA) in frame
with the six-histidine open-reading frame to generate the
expressions of plasmid LMWP (pLMWP). Full-length
TAZ complementary deoxyribonucleic acid (cDNA) was
amplified by polymerase chain reaction (PCR) with the
primers 5-AGCTTATGAATCCGTCCTCGGTG-3"and
5-TCGAGTTAGAAAGGGCTCGCTTTTG-3" and inserted
into the Hind I1I-Xhol sites of pET21b* and pLMWP. The
program for PCR consisted of 30 cycles of denaturation
at 94°C for 40 seconds, annealing at 55°C for 1 minute,
extension at 72°C for 3 minutes, and the final extension at
72°C for 10 minutes. The TAZ cDNA was subcloned into
pET-21b" and pPLMWP expression vectors that had been
digested with the same restriction enzymes (Figure 1). The
nucleotide sequences of all PCR products cloned into the
plasmid were confirmed by sequencing.
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Notes: (A) Purification of LMWP-TAZ employing Ni(ll)-affinity chromatography was detected by Coomassie staining. (B) Western blot analysis of purified fusion proteins
with anti-TAZ antibody. (C) Effect of the fusion proteins on cell viability. Changes in cell viability according to the TAZ and the LMWP-TAZ protein were examined using
the MTT assay. The hMSCs were treated with TAZ (100 nM) and LMWP-TAZ (100 nM) for 1, 4, 7, and 14 days in complete medium.

Abbreviations: LMWP, low-molecular-weight protamine; TAZ, PDZ-binding motif; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; hMSCs, human
mesenchymal stem cells; SM, size marker; CL, cleared lysate; FT, flow-through; W, wash; E, elution. NT, no treatment.

Expression and purification

of recombinant proteins

The pET-21b" plasmids were used to transform Escherichia
coli strain BL21(DE3) and induced using Isopropyl B-D-1-
thiogalactopyranoside (IPTG). The recombinant proteins
tagged a six histidine (6x His) were isolated by affinity
chromatography with Ni-nitrilotriacetic acid (NTA) agarose
(Qiagen, Venlo, the Netherlands), eluted with 100 mM
NaH,PO,/10 mM Tris/8 M urea, pH 4.5, and desalted
on a PD-10 column (GE Healthcare Bio-Sciences Corp,
Piscataway, NJ, USA). The purity of the eluted proteins
was analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie Brilliant Blue
R staining. The obtained protein was frozen and stored at
—20°C until further use. The fusion proteins LMWP-TAZ
and TAZ were labeled with fluorescent dye (fluorescein iso-
thiocyanate [FITC]). In brief, the protein solution (pH 9.3,
carbonate buffer) was reacted in a 1:2 molar ratio with the
FITC solution dissolved in dimethylformamide overnight in
the dark at room temperature. Reaction was monitored by
high-pressure liquid chromatography (HPLC) of the absor-
bance change at 280 nm of the protein peak. The labeled
protein was purified by HPLC (purity >95%), lyophilized,
and then stored at —20°C in the dark until further use.

Cell-viability assay

Bone marrow-derived hMSCs were ordered from Lonza, Walk-
ersville, MD, USA. Cell viability was determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay. Before the experiments, the hMSCs
were plated in 24-well plates and maintained in complete
medium. At the indicated time, the cells in the 24-well plates
were incubated with 0.5 mg/mL MTT for 2 hours at 37°C. The
intensity of the MTT product was measured at 550 nm using
a microplate reader (BioTek, Winooski, VT, USA).

Confocal microscopic observation

The cells were plated on four-well (Lab-Tek™; Thermo Fisher
Scientific, Waltham, MA, USA) chambered cover glasses at
a density of 1x10* cells/cover glass and incubated at 37°C in
humidified 5% CO,. After complete adhesion, the FITC-labeled
LMWP-TAZ protein or TAZ was then added to the cells at a final
protein concentration of 100 nm. Following 20 minutes’ incu-
bation at 37°C in humidified 5% CO,, cells were washed three
times with phosphate-buffered saline (PBS) and fixed with 3.7%
formaldehyde in PBS. Nuclei were stained with 4”,6-diamidino-
2-phenylindole (DAPI; 20 minutes at 300 ng/mL), and the cells
were visualized and photographed using an FV-300 laser scan-
ning microscope (Olympus, Tokyo, Japan).
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Flow-cytometric analyses
of LMWP-TAZ protein internalization

The cells were seeded at a density of 1x10° cells per well
in six-well plates. After 24 hours, the cells were washed and
incubated with samples including FITC-labeled LMWP-TAZ
or TAZ protein (100 nm) for 30 minutes at 37°C in humidi-
fied 5% CO,. After incubation, cells were washed with PBS,
extensively treated with trypsin-ethylenediaminetetraacetic
acid (EDTA) to remove surface-bound FITC-labeled samples,
and washed again, thereby avoiding any artifacts. Analysis
was conducted on a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA) equipped with a 488 nm
air-cooled argon laser. The filter settings for emission were
530/30 nm band pass (FL1) for FITC. The fluorescence of
10,000 vital cells was acquired, and data were visualized in
logarithmic mode.

SDS-PAGE and Western blot analysis
hMSCs were incubated with LMWP-TAZ fusion protein
in Dulbecco’s Modified Eagle’s Medium (DMEM) for the
indicated times. Cells were lysed at 4°C in a lysis buffer
containing 20 mM Tris at pH 7.5, 150 mM NaCl, 2 mM
EDTA, 2 mM ethylene glycol tetraacetic acid, | mM sodium
orthovanadate, 10 mM sodium fluoride, | mM phenylmeth-
ylsulfonyl fluoride, and 0.5% Triton X-100 and incubated
on ice for 30 minutes. Protein concentration was measured
with a Bradford protein-assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). Equal aliquots of protein (40 pg) were
boiled for 5 minutes in 5x sample buffer (250 mM Tris-HCl
[pH 6.8], 50% glycerol, 10% SDS, 500 mM dithiothreitol,
0.5% bromophenol blue) and separated on 10% SDS-PAGE
gels. Samples were transferred to nitrocellulose membranes
(GE Healthcare Bio-Sciences), and probed with anti-TAZ
(Imgenex Corporation, San Diego, CA, USA). Anti-TAZ
was incubated 1:5,000 in 1x Tris-buffered saline with Tween
20 (TBS-Tween 20) containing 5% dry milk, and anti-6x
His tag antibody (Abcam, Cambridge, MA, USA) was
used 1:2,000 in 1x TBS-Tween 20 containing 3% bovine
serum albumin. Blocking was carried out in corresponding
buffers without antibody for 1 hour at room temperature.
After three washes, the membranes were incubated with
secondary antibody (horseradish peroxidase-conjugated
goat antirabbit immunoglobulin G 1:2000 in TBS-Tween
20) for 60 minutes, followed by another three washes.
Protein bands were visualized with chemiluminescence
reagents (WEST-ZOL®; iNtRON Biotechnology, INC.,
Seoul, South Korea).

Osteogenic and adipogenic

differentiation assay

Mineralization of the extracellular matrix was determined
by alizarin red S stain (Junsei Chemical Co., Tokyo, Japan),
using previously described methods.?® Briefly, the hMSCs
(1x10° cells) were treated with either LMWP-TAZ or TAZ
protein at 100 nm concentration and incubated for 14 days in
mineralization medium containing 20% fetal bovine serum,
50 pg/mL ascorbic acid, 10 mM B-glycerophosphate, and 10~
M dexamethasone. For the alizarin red S staining, the cells
were washed three times with PBS and fixed in ice-cold 95%
ethanol for 15 minutes at 4°C. After additional washing in
water, they were incubated in 2% alizarin red S in water for
10 minutes at room temperature, followed by three washes
with water and finally incubated with 70% ethanol followed
by absolute ethanol and air-dried. To observe effects of the
fusion proteins on osteogenesis, total ribonucleic acid (RNA)
was isolated at 1, 3, and 7 days post-transduction of cells
using a Trizol RNA isolation kit (Life Technologies, Carlsbad,
CA, USA), and quantified by ultraviolet spectroscopy. PCR
was performed with primers specific for alkaline phosphatase
(ALP), type I collagen, osteopontin (OPN), Runx2, PPARY,
adipocyte fatty acid-binding protein (aP)-2, and glyceralde-
hyde 3-phosphate dehydrogenase.

To induce adipogenesis on hMSCs, the cells were
exposed to fresh DMEM containing TAZ or LMWP-TAZ
fusion protein for 2 hours at 100 nm. The medium was
discarded, and fresh DMEM with 5% fetal bovine serum
was added. The control group was treated with the same
amount of vehicle. After 48 hours, cells were washed with
PBS, and human adipogenic maintenance medium (50 uM
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and
100 uM indomethacin) was added to the cells for 48 hours,
which was followed by culturing in adipogenic induc-
tion medium containing 50 uM dexamethasone, 0.5 mM
3-isobutyl-1-methylxanthine, 10 pg/mL insulin, and 100 uM
indomethacin for 72 hours. Cells were stained with Oil Red
O (Sigma-Aldrich, St Louis, MO, USA).

Loading LMWP-TAZ protein in alginate

gel and in vitro protein release

The purified recombinant TAZ or LMWP-TAZ protein solu-
tion (2 mg in 100 uL PBS, pH 8.5) was added to 1 mL 3%
sodium alginate solution. Then 200 UL of 0.2 M calcium
chloride was added to the alginate solution and mixed
homogeneously to create a gel. A release experiment was
conducted under 0.1 M sodium bicarbonate buffer (pH 8.5)
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for 7 days. In brief, 2 mg LMWP-TAZ-loaded alginate gel
was placed in 1 mL sodium bicarbonate buffers in the glass
vials and shaken at a speed of 80 rpm at 37°C. At specific
time intervals, the releasing medium was replenished with
fresh bicarbonate buffer solution. Then, 0.25 mL 0.01%
2.4,6-trinitrobenzene sulfonic acid was added to 0.5 mL of
each sample solution and incubated at 37°C for 2 hours. SDS
solution (10%) 0.25 mL and 0.125 mL 1 M HCI were added to
each sample to terminate the reaction. Protein concentration
was measured at 335 nm using a microplate reader (BioTek)
using an established calibration curve. A calibration curve
was constructed in the concentration range of 1-1,000 g
using bovine serum albumin (1 mg/mL in 0.1 M sodium
bicarbonate) solution. In addition, the activity of the released
TAZ was confirmed by Western blot assay using an anti-TAZ
antibody (1:500).

In vivo bone-formation study

New Zealand White male rabbits weighing 2—2.5kg (eight
animals per test group) were used to assess in vivo bone
formation by 2 mg TAZ- or LMWP-TAZ-loaded alginate
gel per site. The rabbits were anesthetized with an intramus-
cular injection of xylazine (3.5 mg/kg body weight). After
the surgical site had been wiped with Betadine (Povidone-
iodine; Alcon Laboratories, TX, USA), local anesthesia was
provided with a 2% lidocaine solution. A skin incision and
a periosteal flap exposed the cranium. A craniotomy defect
(8 mm in diameter) was then performed using a trephine
needle in a dental handpiece whilst being supplemented with
physiological saline. After dissection of the calvarial disc,
the samples including LMWP-TAZ fusion protein or TAZ
protein with alginate gel were placed into the defect, and the
soft tissues and skin were closed using 5-0 chromic gut and
4-0 silk (Ethicon; Johnson and Johnson, New Brunswick, NJ,
USA). The alginate gel without LMWP-TAZ fusion protein
or TAZ protein and untreated defect served as controls. The
animals were killed 4 weeks after implantation.

The retrieved specimens were fixed in a formalin solu-
tion and embedded in superlow-viscosity embedding media
(Polysciences, Inc., Pittsburgh, PA, USA) without prior
decalcification. The coronal sections (20 um in thickness)
were sliced and stained with a hematoxylin and eosin staining-
solution kit (Sigma-Aldrich). Microscopic examination was
conducted using a BH-2 optical microscope (Olympus).
Histomorphometric measurements of newly formed bone were
conducted using an automated image-analysis system equipped
with a charge-coupled-device camera on a light microscope.

Stained sections were measured semiquantitatively using
Bioquant Image Analysis (Nashville, TN, USA) software.
Furthermore, the specimens were evaluated by micro-com-
puted tomography (microCT) scan. The microCT scans were
obtained with a SkyScan 1076 (SkyScan, Aartselaar, Belgium).
Scanning was performed with a resolution of 35 um and a
scanning width of 68 pum in the direction parallel to the coronal
aspect of the calvarial bone. Digital microradiographic images
were acquired at 120 kV and 100 mA. The images were then
reconstructed in 3-D using Cone-Beam CT-reconstruction A
Sasov software (SkyScan). Also, a cylindrical region of interest
(ROL, 8x1 mm) was positioned over the defect site. The total
volume of newly formed bone within the ROI was measured
by assigning a threshold for total bone content and subtracting
bone volume of the control group. The total volume of bone
in four defects is reported (mm?).

Statistical analysis

All values are presented as means + standard error for all
controls and experiments (n= the total number of independent
cultures). Data were analyzed by one-way analysis of variance
followed by Fisher’s protected least significant difference post
hoc test (StatView; SAS Institute, Cary, NC, USA). P-values
<0.05 were considered significant.

Results and discussion
Generation of LMWP-TAZ

fusion proteins
Regulating the switch between proliferation and differentia-
tion of MSCs is critical for the normal tissue healing while
presenting with a tumor. In particular, under such patho-
logic conditions as bone fracture, selective osteogenesis is
needed without affecting overproliferation or other unwanted
differentiation. Other than bone fracture, osteoporosis pres-
ents the imbalance of MSC differentiation into adipocytes
rather than osteoblasts, ie, arrested bone formation accom-
panied by an increase in bone marrow adipogenesis occurs
with aging and is further related to osteoporosis. Growth
factor-related signal transduction has been used to recover
bone-forming capacity with some success, though with
accompanying unnecessary cell proliferation. In this regard,
selective direction of bone formation by transcriptional fac-
tors seems promising. However, as described earlier, TAZ
itself is not transducible into the cells, and thus requires a
potent intracellular delivery carrier.

We designed the 3.5 kb pLMWP-TAZ construct contain-
ing the eleven-amino acid-long LMWP sequence fused to
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the 5’-end of the TAZ tag. Six histidine residues to allow for
affinity purification were followed by the TAZ sequence.
The plasmids pPLMWP-TAZ and control pTAZ were then
sequenced to confirm that the coding region was in frame.
E. coli BL21(DE3) cells were transduced with either con-
struct and induced by IPTG. Purification of the supernatant
through an Ni-NTA-Sepharose affinity column yielded
mature fusion proteins of either LMWP-TAZ or TAZ. Each
step of purification was confirmed by Coomassie staining
(Figure 1A). The yield of the purified fusion proteins was
approximately 20 mg/L culture. The eluted fraction of each
culture verified their molecular weight using SDS-PAGE with
size marker. The presence of active TAZ fusion proteins was
further verified by Western blot analysis using anti-TAZ poly-
clonal antibody and displayed the expected size of 45 kDa
(Figure 1B), indicating that the TAZ protein was linked to
LMWP by a 1:1 molar ratio. The difference in molecular
weight between LMWP-TAZ and TAZ was almost identical
to the molecular weight of LMWP.

We investigated the cytotoxicity of LMWP-TAZ com-
pared with TAZ in hMSCs using MTT. Human MSCs were
proliferated for 14 days, and there was no significant effect
on cell viability by LMWP-TAZ and TAZ (Figure 1C). This
result suggested that LMWP-TAZ can be utilized as an
intracellular delivery tool without affecting cell viability.
The LMWP peptide possesses several biological advantages
as a CPP over TAT

47-57
antigenicity, mutagenicity, and complement-activating

in that it has significantly reduced

activity, due to being originally derived from a naturally
existing protein — a protamine. Moreover, LMWP showed
fewer hemodynamic/hematologic toxic effects than the par-
ent protamine, which has been confirmed by extensive and
conclusive animal studies.?>?"8 A previous report of ours also
showed that polyethyleneimine, a transfecting agent currently
in use, reduced cell viability much more than LMWP.* These
findings point to the potential of LMWP as a delivery carrier
in protein therapy.

Internalization of LMWP-TAZ fusion

protein into hMSCs

We assessed the cell permeability of the LMWP-TAZ
and TAZ fusion proteins. To monitor the localization of
the proteins during cellular uptake in living cells, FITC-
labeled proteins were used. As shown by the FACS result
(Figure 2A), labeled TAZ was detected after 20 minutes
of incubation of these proteins with hMSCs at a final
concentration of 100 nm. To avoid possible fluorescence
detection by surface-bound protein, extracellular-bound

protein was removed using trypsin-EDTA, thereby allow-
ing detection of internalized protein. LMWP-TAZ-FITC
protein rapidly internalized into ~100% of cells, achiev-
ing maximum intracellular concentration in 20 minutes,
which was in contrast to negligible detection by TAZ-
FITC protein. We investigated intracellular transloca-
tion of the LMWP-TAZ by live cell-imaging instead of
fixation/membrane permeation. Nucleus staining (blue)
was accompanied by live cell observation. FITC-labeled
LMWP-TAZ penetrated into the cytoplasm as well as the
nucleus. On the other hand, LMWP unfused TAZ was not
detected in cytosol after 40 minutes incubation and was
followed by washing with PBS (Figure 2B).

Z-section per micrometer was performed from the cell
surface to the slide surface using confocal laser scanning
microscopy (Figure 2C). With this method, it is easy to observe
cytosolic internalization and distribution of protein without
cell loss. The central section (at 6 um from the slide bottom)
was magnified 400x and presented as a pseudocolor depend-
ing on the intensity of the green fluorescence of penetrated
LMWP-TAZ (Figure 2D). The green fluorescence of LMWP-
TAZ was not detected at either the highest or lowest section.
High fluorescence intensity of LMWP-TAZ was observed
in the nucleus as a red color. Therefore, it is expected that
nucleus-penetrating LMWP-TAZ could function as a tran-
scriptional factor or cofactor by binding DNA.

The internalized protein was further identified as a fusion
protein of TAZ. Western blot analysis was conducted against
protein extracts from cell lysate using anti-TAZ. LMWP-
TAZ proteins were added to the culture media of hMSCs at
1 UM concentration for various periods. The intracellular
concentration of transduced LMWP-TAZ fusion protein into
cultured cells was detected at 20 minutes and remained up to
2 hours in hMSCs, while TAZ protein itself was not detected
(Figure 2E). This fast translocation of LMWP-TAZ into cells
suggests that the LMWP-TAZ fusion protein has the ability
to penetrate efficiently the cell membrane in a short time.

LMWP, which consists of two clusters of arginine

sequences similar to those of TAT showed comparable

47-57°
translocation capacity.” Polyarginine peptides show cell-
translocation activity and possesses an internalization
5" Naturally derived

LMWP, developed by the authors, possess high arginine

pathway similar to those of TAT

content and carries significant sequence similarity to
TAT, by far the most potent protein-transduction domain
peptide. In our previous study, LMWPs demonstrated their
capability of transducing a nonpenetrating protein toxin
and small interfering RNA (siRNA; vascular endothelial
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Figure 2 (A-E) Quantification of LMWP-TAZ fusion protein transduction in hMSCs.

Notes: (A) Flow-cytometric analysis of h(MSCs treated with TAZ and LWMP-TAZ fusion proteins at a concentration of 100 nm for 20 minutes. FLI-H indicates fluorescence
intensity of FITC tagged protein in the cells. (B) Confocal microscopy of LMWP-TAZ fusion protein into the hMSCs. Cells were incubated in medium containing 100 nM TAZ
and LMWP-TAZ fusion protein for 20 minutes. Nuclei were counterstained with DAPI. Scale bar 200 pm. (C) Z-sectioned images of the LMWP-TAZ-treated cells from the
bottom to the highest surface of cells by | um. (D) A pseudocolor confocal image showing penetration, distribution, and intensity profile in the central sections of the cells
incubated with LMWP-TAZ at 37°C for 40 minutes. Magnification 400x. (E) Time dependence of LMWP-TAZ internalization efficiency was determined by Western blot
analysis of transduced hMSCs. The cells were treated with 100 nm of TAZ and LMWP-TAZ fusion proteins for 0, 5, 10, 20, and 40 minutes.

Abbreviations: PBS, phosphate-buffered saline; LMWP, low-molecular-weight protamine; TAZ, PDZ-binding motif; DAPI, 4’,6-diamidino-2-phenylindole; hMSCs, human
mesenchymal stem cells; min, minutes; Fluor, fluorescence; FITC, fluorescein isothiocyanate.
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growth-factor siRNA) into the tumor cells by chemical
conjugation as efficiently as TAT, and determined cytotox-
icity of transduced protein toxin or siRNA against cancer
cell lines and a tumor-bearing mouse.**! In this study, the
LMWP-TAZ fusion protein was produced using bacterial
expression, a frequently used method for the production of
recombinant proteins.

Osteogenic differentiation by LMWP
peptide-TAZ fusion protein

Expression of osteogenic gene markers was examined at 3
and 7 days after protein transduction by conducting reverse-
transcription (RT)-PCR. As expected, ALP and Runx2
expression was significantly higher in the LMWP-TAZ
treated cells than either TAZ or untreated cells at 3 days.
In addition, cells treated with LMWP-TAZ fusion protein
significantly increased OCN and OPN levels at 7 days after
transduction, which lies in the late stage of osteoblastic dif-
ferentiation, compared to TAZ protein (Figure 3A and B).
Osteogenic marker proteins have different expression times,
such as with early or late-stage markers. ALP and Runx2 are
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early markers, while OCN and OPN are late markers. The role
of LMWP-TAZ was evident at each stage of differentiation.
At day 3, it increased ALP and Runx?2 expression, resulting
in further stimulation of the late markers OCN and OPN.
The primary biological function of ALP in bone formation
is associated with calcification of the skeleton. This func-
tion is exerted either by its ability to catalyze the hydrolysis
of organic phosphatase esters, thereby providing inorganic
phosphate, or by removing the inorganic pyrophosphate that
inhibits calcification at the site of active mineralization. OPN
and OCN are secreted proteins, which are late stage markers
of osteoblastic differentiation. TAZ is known to trigger the
signal of Runx2 expression, thereby stimulating OCN expres-
sion.’? Our RT-PCR result is consistent with the previous
report that followed similar osteogenic stimulation flow from
Runx?2 through OCN expression;* however, stimulation was
obtained only when the LMWP was conjugated with TAZ to
translocate into the cells.

Next, alizarin red S staining for calcium deposits was
used to detect matrix mineralization of hMSCs at 14 days
of post-transduction. As expected, treatment by LMWP-TAZ
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Figure 3 (A—C) Effect of osteogenic differentiation by LMWP-TAZ fusion protein.

Notes: The hMSCs were treated with fusion proteins for indicated times in osteogenic media containing 20% fetal bovine serum, 50 fig/mL ascorbic acid, |0 mM B-glycerophosphate,
and 107 M dexamethasone for detection of osteogenic differentiation. (A) The expression levels of specific osteogenic genes were detected by reverse-transcription polymerase
chain reaction, and (B) quantified at 3 days (black column) and 7 days (white column). (C) Detection of matrix mineralization by alizarin red S. Three independent experiments
were performed in duplicate, and significant differences are denoted by asterisks (P<<0.05), indicating significantly different to time-matched TAZ group.

Abbreviations: mRNA, messenger ribonucleic acid; ALP, alkaline phosphatase; OCN, osteocalcin; OPN, osteopontin; PBS, phosphate-buffered saline; LMWVP, low-molecular-weight
protamine; Runx2, runt-related transcription factor 2; TAZ, PDZ-binding motif, h(MSCs, human mesenchymal stem cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 4 (A—C) Effect of adipogenic differentiation by LMWP-TAZ fusion protein.

Notes: Cells were grown in adipogenic-inducing (Al) media and adipogenic-maintaining (AM) media with fusion proteins, as described in the Materials and methods
section. (A) Downregulation of adipogenic gene markers detected, and (B) quantified PPARY (black column) and aP2 (white column). Three independent experiments were
performed in duplicate, and significant differences are denoted by symbols. Significant differences are denoted by asterisks (P<<0.05), indicating significantly different to time-
matched TAZ group. (C) After 14 days, cells were fixed, and cells containing lipid droplets were stained with Oil red O and photographed. Cells cultured in AM media (a, e
and i), cells cultured in Al media (b, fand j), TAZ fusion protein-treated cells (c, g and k), LMWP-TAZ fusion protein-treated cells (d, h and I).

Abbreviations: mRNA, messenger ribonucleic acid; LMWP, low-molecular-weight protamine; TAZ, PDZ-binding motif; PBS, phosphate-buffered saline; PPAR, peroxisome

proliferator-activated receptor; aP, adipocyte fatty acid-binding protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

fusion protein displayed strong positive staining for mineral-
ization compared to TAZ treatment (Figure 3C). In contrast,
cells treated with TAZ did not create calcium deposits until
day 14, the same as those without treatment, simply because
TAZ on its own could not internalize the cells. Coadministra-
tion of LMWP with TAZ did not yield any mineralization
either, indicating that TAZ itself was still not able to cross
the cell membrane without conjugation with LMWP (data
not shown). On the contrary, the LMWP-TAZ fusion protein
was found to increase mineralization, indicating internaliza-
tion into the cells. These results suggest that the exogenous
LMWP-TAZ fusion protein, when transduced into the cell
membrane, can be a transcriptional modifier of MSC dif-
ferentiation into osteoblastic cells.

Inhibition of adipogenic differentiation
by cell-penetrating LMWP-TAZ

fusion protein

To examine the role of the LMWP-TAZ protein on adipogenic
differentiation, the expression of representative adipogenic
marker proteins, such as PPARyand aP2, was examined 3 days
after protein transduction. PPARY, a fat-specific transcrip-
tion factor, plays a role in preadipocyte commitment while
aP2 gene is known to be upregulated during adipogenesis.

Expression levels of PPARY and aP2 mRNA were signifi-
cantly decreased in the hMSCs treated with LMWP-TAZ,
compared to cells treated with TAZ protein or cells without
treatment (Figure 4A and B). To confirm further the inhibi-
tion of adipogenesis by LMWP-TAZ, an Oil Red O staining
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Figure 5 (A and B) Recombinant protein release from alginate gel.

Notes: (A) The amounts of released TAZ protein (™) and LMWP-TAZ fusion
protein (®) from alginate gel were measured by 2,4,6-trinitrobenzene sulfonic acid
assay. (B) The release amounts of TAZ and LMWP-TAZ fusion proteins on bone
minerals were confirmed by Western blot analysis using TAZ antibody.
Abbreviations: LMWP, low-molecular-weight protamine; TAZ, PDZ-binding motif.
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assay was conducted on the cells treated with each protein.
After 14 days of protein transduction, marked red-stained lipid
droplets were observed in cells without treatment as well as
cells treated with TAZ protein (Figure 4C). In sharp contrast,
negligible numbers of lipid droplets were seen in cells treated
with LMWP-TAZ fusion protein, due to the internalized
fusion protein inhibiting the expression of adipogenic protein,
as seen from the inhibited adipogenic markers.

BMPs are potent local factors that increase osteoblast
differentiation and thereby osteogenesis. The addition of
recombinant BMP-2 and/or BMP-7 to a pluripotent mouse
mesenchymal progenitor cell line (C3H10T1/2) induces
the cells to differentiate into three cell types: osteoblasts,
chondroblasts, and adipocytes.>*3 In a previous report,
BMP-2 induced the differentiation of a mesenchymal pro-
genitor cell line into not only mature osteoblasts but also

Area (mm?)
&

o
o (&)} -
1 1 1
~

Figure 6 (A—E) Histological evaluation of LMWP-TAZ fusion protein assembled alginate gel matrix in rabbit calvarial defects after 4 weeks’ implantation with hematoxylin
and eosin staining.

Notes: (A) No-treatment group (original magnification 12.5x, 40x, 100x), (B) empty alginate gel-treated group (original magnification 12.5%, 40x, 100x), (C) TAZ protein-
loaded alginate gel-treated group (original magnification 12.5x, 40x, 100x), (D) LMWP-TAZ fusion protein-loaded alginate gel-treated group (original magnification 12.5x,
40x, 100x). Bone margin is indicated by an arrow. (E) Histomorphometric result at 4 weeks. Total new bone is expressed as area (mm?). *P<<0.05 compared to time-matched
empty defect; **P<<0.05 compared to time-matched TAZ-treated group.

Abbreviations: OB, old bone; NB, new bone; LMWP, low-molecular-weight protamine; TAZ, PDZ-binding motif.
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adipocytes, implying nonselective differentiation.*® It should
be pointed out that LMWP-TAZ induces differentiation
primarily into osteoblasts compared to BMP-2, and thus this
selectivity might be applied to the targeted osteogenesis and/
or the treatment of age-related osteoporosis with abnormal
adipocyte increase in bone marrow. Previous human and
animal studies have shown that osteoporosis presents an
inverse relationship between the amount of trabecular bone
and adipose tissue in the bone marrow.’’3* Therefore, the
enhancement of osteogenesis by the LMWP-TAZ fusion
protein with inhibition of adipogenesis could provide a
therapeutic modality of selective osteogenesis as well as
osteoporosis treatment.

In vitro release of LMWP-TAZ

from alginate gel

Most proteins, including LMWP-TAZ, are soluble and eas-
ily washed out with the bloodstream or physiologic fluid.
Therefore, combination with biomaterials is inevitable
when protein is applied in vivo to secure effective local
maintenance. The LMWP-TAZ protein was loaded in the
alginate solution, and gel was created by the addition of
calcium chloride. Alginate gel with LMWP-TAZ was able to
retard LMWP-TAZ release from the surface while prevent-
ing rapid washout at the surface (Figure 5). The release of
protein from alginate gel showed an initial burst effect and
was maintained up to 7 days. Half the amount of the loaded
LMWP-TAZ fusion protein in alginate gel was released by
3 days, and the release amount was maintained up to 7 days.
Most of the protein released from biomaterials shows an
initial burst, except for the chemical immobilized proteins
on the surface of the biomaterials. The release condition in
vitro is not precisely correlated with that in vivo environment,
in that fluid volume in an in vivo bone defect or implanted
site is smaller than in in vitro release media. In this regard,
the initial high concentration of fusion protein confers rapid
uptake and osteogenesis by surrounding preosteoblastic cells,
while the slow release of protein secures the maintenance
of an effective protein concentration for a longer period.
Alginate is a linear polysaccharide, and has several favorable
properties as as a biomaterial: nontoxicity, biodegradability,
and ease of processing into the desired shape. The combina-
tion of alginate gel with growth factor has been attempted to
enhance healing capacity in tissue regeneration.* As a carrier
material for fusion proteins, alginate gel was applied with
the proteins. Therefore, the in vivo osteogenic potential of
LMWP-TAZ was anticipated, and further in vivo evaluation
was conducted in rabbit calvarial defect.

In vivo bone formation
by LMWP-TAZ fusion protein

We examined bone regeneration by mixing the fusion protein
with alginate gel as a scaffold in the rabbit calvarial defect
model. Figure 6 shows histological sections of the rabbit
calvarial defects with no treatment, gel-only matrix as a scaf-
fold, TAZ protein-, or LMWP-TAZ fusion protein-loaded
alginate gel matrix at 4 weeks after surgery. In the group
without treatment, dense and fibrous connective tissue at
the defect site was observed. No severe inflammatory reac-
tion was observed along the side of dura mater in untreated
groups. The group treated with alginate gel showed little
bone formation from the defect, similar to the group without
treatment. Connective tissue rather than new osteoid was
evident in the specimens treated with TAZ protein-loaded
alginate gel. However, in the group treated with LMWP-TAZ
protein-loaded alginate gel, the new bone formation was
marked, bone growth starting from the bony borders toward
the center of the defect. In addition, prominent bony bridges
consolidating the central region of the calvarial defect were
observed. This result was consistent with histomorphometric
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Figure 7 (A and B) Micro-computed tomography (CT) images reconstructing each
group in 3-D at 4 weeks.

Notes: (A) 3-D micro-CT images of four groups. Image reconstructions were
performed at a resolution of 35 pm. The dotted circles indicate the cranial defect
edges. (B) Bone volume (mm?) from the newly calcified area was calculated by micro-
CT image analysis according to the lower threshold level. *P<<0.05 compared to time-
matched empty defect; ***P<<0.05 compared to time-matched TAZ treated group.
Abbreviations: LMWP, low-molecular-weight protamine; TAZ, PDZ-binding motif.
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analysis, in that LMWP-TAZ fusion protein was revealed to
induce faster bone formation than TAZ-treated defects.
3-D microCT images were taken to examine the micro-
architecture and distribution of mineralization within the
protein-loaded alginate gel (Figure 7A, dotted circles
superimposed on the images indicate the cranial defect
edges). The empty-gel group exhibited minimal mineral-

ized regions, and the mineralized regions were confined
mostly to the defect edge. TAZ-loaded alginate gel displayed
small patches of mineralization. In contrast, LMWP-TAZ-
loaded alginate gel demonstrated multiple layers and islets
of dispersed irregularly shaped mineralized regions within
the implant region. In addition, the scaffolds incorporating
LMWP-TAZ appeared to have had more ingrowth of min-
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Figure 8 Schematic figure of overall concept of selective osteogenic differentiation of mesenchymal stem cells by cell-penetrating LMWP-TAZ.
Abbreviations: LMWP, low-molecular-weight protamine; Runx2, runt-related transcription factor 2; TAZ, PDZ-binding motif; PPAR, peroxisome proliferator-activated receptor;

His, 6x Histidine tag.
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eralized areas from the defect edge, relative to the empty
group and TAZ-loaded gel (Figure 7B). Bone formation
within LMWP-TAZ-loaded gel was qualitatively and quan-
titatively superior to that obtained with scaffolds contain-
ing TAZ or empty defects. In previous studies, stimulating
methodology, such as bone grafting, growth-factor treat-
ment, and incorporating condensed DNA has been used to
improve bone regeneration.***? In particular, growth factors
like recombinant human BMPs (thBMPs) incorporating
bone minerals have been applied in dental clinical research
many times.* However, concerns regarding commercially
available thBMPs include carcinogenicity, unwanted bone
formation, short-term effects, and immune reaction.*** On
the contrary, the TAZ protein is a transcriptional factor that
determines the lineage between osteoblasts and adipocytes
via regulating transcription factors, such as Cbfal/Runx2
and PPARY, respectively.?’ TAZ could be applied as a sub-
stitution material for rhBMPs in regenerative medicine,
because it is safer and more selective than hBMPs for bone
regeneration.

All things considered, the LMWP-TAZ fusion protein
was able to induce significant osteogenesis in combination
with alginate gel in vivo. It is noteworthy that this is, to our
knowledge, one of few reports on in vivo bone-formation
efficacy involving the cell-penetrating peptide-transcrip-
tional cofactor fusion protein for clinical application. Our
current in vivo study used the concept of intracellular protein
delivery using nontoxic cell-penetrating peptides and local
release from such biomaterials as alginate gel. In addition,
considering that hMSCs have been attempted as vehicles
for tissue engineering, the protein transduction of TAZ for
precise tuning of the balance between osteoblast and adi-
pocyte differentiation of hMSCs might be also important in
medical therapeutics (Figure 8).

Conclusion

The protein fusion of TAZ with cell-penetrating LM WP not
only showed an ability to penetrate through the cell mem-
brane but also enabled selective osteogenic differentiation
of MSCs in vitro and in vivo. The present experimental
results demonstrate that the LMWP-TAZ fusion protein
might be useful for directing specific osteogenesis while
correcting the imbalance with adipogenesis. In conclusion,
protein transduction of a newly identified therapeutic pro-
tein in combination with biomaterial and controlled release
can be a potential modality for selective tissue regeneration
and can further be applied in protein- or cell-based tissue
engineering.
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