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The 12 kDa FK506-binding protein (FK506BP12), an immu-
nosuppressor, modulates T cell activation via calcineurin 
inhibition. In this study, we investigated the ability of 
PEP-1-FK506BP12, consisting of FK506BP12 fused to the 
protein transduction domain PEP-1 peptide, to suppress 
catabolic responses in primary human chondrocytes and in a 
mouse carrageenan-induced paw arthritis model. Western 
blotting and immunofluorescence analysis showed that 
PEP-1-FK506BP12 efficiently penetrated chondrocytes and 
cartilage explants. In interleukin-1 (IL-1)-treated chondrocytes, 
PEP-1-FK506BP12 significantly suppressed the expression of 
catabolic enzymes, including matrix metalloproteinases 
(MMPs)-1, -3, and -13 in addition to cyclooxygenase-2, at both 
the mRNA and protein levels, whereas FK506BP12 alone did 
not. In addition, PEP-1-FK506BP12 decreased IL-1-induced 
phosphorylation of the mitogen-activated protein kinase (MAPK) 
complex (p38, JNK, and ERK) and the inhibitor kappa B alpha. 
In the mouse model of carrageenan-induced paw arthritis, 
PEP-1-FK506BP12 suppressed both carrageenan-induced 
MMP-13 production and paw inflammation. PEP-1-FK506BP12 
may have therapeutic potential in the alleviation of OA 
progression. [BMB Reports 2015; 48(7): 407-412]

INTRODUCTION

Osteoarthritis (OA) is a degenerative disease of the joints char-

acterized by an imbalance in cartilage homeostasis. OA is in-
fluenced by genetic, mechanical, and catabolic factors (1, 2). 
Chondrocytes are involved in remodeling the cartilage matrix 
and maintaining the structure and function of the matrix by re-
sponding to anabolic and catabolic factors (1). Although OA is 
not considered a classical inflammatory disease, a large body 
of evidence shows that overexpression of pro-inflammatory cy-
tokines, including tumor necrosis factor (TNF)- and inter-
leukin (IL)-1, and matrix metalloproteinases (MMPs), is asso-
ciated with OA development (3, 4). Therefore, OA treatment 
must seek to control the balance of various catabolic and ana-
bolic factors in cartilage tissues.
　Among the therapeutic strategies considered useful in OA is 
targeting the activities of pro-inflammatory and catabolic medi-
ators via gene delivery techniques, such as the ex vivo gene 
transfer of glucuronosyltransferase-1 (5). Although gene ther-
apy is a promising method by which therapeutic molecules 
may be introduced into cells, applications are significantly 
constrained by the poor efficacy of gene delivery, the duration 
of gene expression, and problems associated with toxicity. 
Protein transduction technology, in which therapeutic proteins 
are delivered directly into target tissues across biological bar-
riers, was recently investigated as a method to expand the po-
tential therapeutic use of proteins in treating human diseases. 
In a previous study, we showed that a fusion protein consisting 
of superoxide dismutase (SOD) and the transactivator of tran-
scription (Tat) was successfully delivered into both a cultured 
chondrocyte monolayer and cartilage explants. SOD enzyme 
activity levels in the two systems increased while nitric oxide 
(NO) production and inducible NO synthase (iNOS) ex-
pression in response to IL-1 stimulation were down-regulated 
(6). 
　FK506-binding proteins (FK506BPs) are peptidyl/prolyl 
cis/trans isomerases (PPIases) belonging to the group of pro-
teins known as immunophilins, which bind immunosuppress-
ive drugs such as rapamycin and FK506. The FK506BP12/ 
FK506 complex inhibits the activities of calcineurin (CaN), 
which in turn induces dephosphorylation of the nuclear factor 
of activated T cell (NFATc) and the production of IL-2, sub-
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Fig. 1. Transduction of PEP-1-FK506BP12 into human chond-
rocytes. (A) Expression of FK506BP12 in normal and OA 
cartilages. GAPDH served as an internal control. Data are ex-
pressed as the means ± SDs of data from triplicate experiments 
using cartilage from three different donors. **P ＜ 0.01 vs. nor-
mal cartilage. (B) Schematic structure of PEP-1- FK506BP12 and 
FK506BP12. PEP-1-PTD, a 21-residue peptide carrier, consists of 
hydrophobic Trp R (tryptophan-rich), spacer, and hydrophilic Lys 
R (lysine-rich) domains. His, the 6-histidine motif used in the pu-
rification and detection of the two proteins. (C) Transduction of 
PEP-1-FK506BP12 into human primary chondrocytes. Chondrocytes 
were incubated with PEP-1-FK506BP12 or FK506BP12 (1 M) for 
2 h and then with trypsin-EDTA for 1 h. PEP-1-FK506BP12 and 
FK506BP12 levels in the cell lysates were measured by Western 
blotting. Control, untreated chondrocytes. (D) Distribution of trans-
duced PEP-1-FK506BP12 in human primary chondrocytes.
Chondrocytes were incubated for 2 h with PEP-1-FK506BP12 or 
FK506BP12 (1 M). Control, untreated cells. Nuclei were stained 
with DAPI. Magnification, ×600.

sequently stimulating T cell activation (7). The anti-in-
flammatory properties of and the immunomodulatory role 
played by FK506BP12 have been demonstrated in several dis-
ease models independent of FK506 (8, 9). In this study, we ex-
plored the efficacy of transfecting a fusion protein consisting of 
the protein transduction domain (PTD) PEP-1 and the 12 kDa 
FK506-binding protein (PEP-1-FK506BP12). Subsequent ex-
pression of the protein in human articular chondrocytes and in 
cartilage explant cultures was then evaluated. The regulatory 

effects of FK506BP12 on the expression of cartilage catabolic 
factors and on inflammation were examined in IL-1-treated 
chondrocytes and in a mouse carrageenan-induced paw arthri-
tis model, respectively.

RESULTS

PEP-1-FK506BP12 is efficiently transduced into primary 
human articular chondrocytes
To determine whether cartilage damage was associated with 
decreased expression of FK506BP12, we measured the differ-
ence in FK506BP12 expression between normal and OA carti-
lages via real time-quantitative polymerase chain reaction 
(rt-qPCR). FK506BP12 expression in OA cartilage was sig-
nificantly reduced (about 60%) compared to normal cartilage 
(Fig. 1A), suggesting a role for FK506BP12 in cartilage 
damage. We next explored whether PEP-1-FK506BP12, a PTD 
fusion protein, could be used to increase FK506BP12 levels in 
chondrocytes. The structure of PEP-1-FK506BP12 is schemati-
cally represented in Fig. 1B. First, to confirm the efficient trans-
duction of PEP-1-FK506BP12 into primary human chon-
drocytes, monolayer-cultured chondrocytes were treated with 
PEP-1-FK506BP12 and FK506BP12 for 2 h and the levels of 
transduced PEP-1-FK506BP12 and FK506BP12 in the chon-
drocytes were evaluated by Western blotting and confocal 
microscopy. The results showed that PEP-1-FK506BP12 was ef-
ficiently transduced into the cytoplasm of primary chon-
drocytes (Fig. 1C and D). 
　We next examined whether chondrocytes embedded in a 
cartilage matrix could be transduced with PEP-1-FK506BP12. 
Confocal microscopy revealed strong red fluorescence in the 
chondrocytes of PEP-1-FK506BP12-treated cartilage, indicating 
binding of the anti-His antibody to the histidine motif of 
PEP-1-FK506BP12 (Fig. 2). This confirmed that the fusion pro-
tein fully penetrated the cartilage tissues. The data showed that 
a construct of FK506BP12 fused with PEP-1 peptide effectively 
penetrated both cartilage tissues and cultured chondrocytes. 

PEP-1-FK506BP inhibits the expression of interleukin-1-in-
duced catabolic factors in human articular chondrocytes
We next investigated whether PEP-1-FK506BP12 played a role 
in the IL-1-triggered catabolic responses of primary 
chondrocytes. Chondrocytes were incubated with PEP-1- 
FK506BP12 for 2 h followed by incubation with IL-1 (1 
ng/ml) for 6 h. IL-1 greatly increased the expression of 
MMP-1, -3, -13, and cyclooxygenase-2 (COX-2) mRNAs (Fig. 
3A). The expression levels of all four genes in chondrocytes 
were inhibited by pre-treatment with PEP-1-FK506BP12 but 
not FK506BP12 (Fig. 3A). We then examined the effects of 
PEP-1-FK506BP12 on the protein-level expression of IL-1-in-
duced MMPs and COX-2. Transduced PEP-1-FK506BP12 (3 
M) significantly reduced IL-1-induced MMP-1 and MMP-3 
levels but not COX-2 protein expression (Fig. 3B). The en-
zyme-linked immunosorbent assay (ELISA) results showed that 
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Fig. 2. Transduction of PEP-1-FK506BP12 into human-cartilage ex-
plant culture. Cartilage explants were incubated with 1 M PEP-1- 
FK506BP12 and FK506BP12 for 24 h. Detection of the two pro-
teins in cartilage explant culture was achieved using anti-His anti-
body and a Dylight594-conjugated secondary antibody. Magnifica-
tion, ×200 and ×400. D, deep zone and S, superficial zone of 
cartilage.

Fig. 3. PEP-1-FK506BP12 suppresses IL-1-induced MMP expression 
in chondrocytes. (A) Relative expression levels of MMP-1, -3, and 
-13; and COX-2 mRNA, in chondrocytes treated with PEP-1- 
FK506BP12 or FK506BP12. Chondrocytes were pretreated with 
PEP-1-FK506BP12 (1 and 3 M) or FK506BP12 (3 M) for 2 h 
and exposed to IL-1 (1 ng/ml) for 6 h. mRNA levels were meas-
ured via rt-qPCR. (B), (C) Relative expression levels of MMP-1, -3, 
and -13; and COX-2 proteins, in chondrocytes treated with PEP-1- 
FK506BP12 (1 and 3 M) or FK506BP12 (3 M). Chondrocytes 
were incubated with PEP-1-FK506BP12 or FK506BP12 for 2 h and 
then stimulated with IL-1 (1 ng/ml) for 24 h. (B) MMP-1, and -3; 
and COX-2 protein levels, were measured by Western blotting. A 
representative blot from experiments performed using cartilage 
from three different donors is shown. (C) Relative levels of 
MMP-13 released into culture media. Data are the means ± SDs 
of data from duplicate experiments using cartilage from three dif-
ferent donors. ##P ＜ 0.01, ###P ＜ 0.005 vs. IL-1-untreated 
chondrocytes. *P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.005 vs. IL-1- 
treated chondrocytes.

PEP-1-FK506BP12 (3 M) suppressed IL-1-induced MMP-13 
expression (Fig. 3C). Our findings demonstrate that PEP-1- 
FK506BP12 suppresses IL-1-stimulated MMPs and COX-2 ex-
pression in primary chondrocytes. 

PEP-1-FK506BP12 suppresses IL-1-induced catabolic responses 
via mitogen-activated protein kinase (MAPK) and the nuclear fac-
tor-kappaB (NF-B) signaling pathway
Signaling by the MAPK and NF-B pathway plays major roles 
in the IL-1- and TNF--stimulated expression of catabolic 
markers in articular chondrocytes (2, 10-12). Therefore, we ex-
amined the effect of PEP-1-FK506BP12 on this pathway. All 
three components of the MAPK complex (p38, JNK, and 
ERK1/2) were highly phosphorylated at 15 and 30 min after 
IL-1 treatment (Fig. 4A). The extent of phosphorylation was 
significantly less in PEP-1-FK506BP12-treated cells (Fig. 4A). 
PEP-1-FK506BP12 also reduced the phosphorylation of IB, a 
regulator of NF-B, at 30 and 60 min after IL-1 treatment (Fig. 
4A). These results demonstrated that PEP-1-FK506BP12 effi-
ciently inhibits activation of the IL-1-induced MAPK and 
NF-B signaling pathway. 

PEP-1-FK506BP12 suppresses MMP-13 production and paw ede-
ma in the mouse carrageenan-induced paw arthritis model
The anti-inflammatory effect of PEP-1-FK506BP12 was exam-
ined in a mouse carrageenan-induced arthritis model. 
PEP-1-FK506BP12 and FK506BP12 were injected into the 
mouse right hindpaw at a dose of 0.4 or 1.2 mg/kg followed 
by the injection of 2.5% carrageenan into the same hindpaw. 
Representative photographic images from each group are 

shown in Fig. 4B. Carrageen-induced paw edema was sup-
pressed by PEP-1-FK506BP12 (Fig. 4B). 
　To further investigate whether PEP-1-FK506BP12 could sup-
press catabolic responses in carrageenan-induced inflamma-
tion, MMP-13 expression levels were determined via ELISA. In 
the carrageenan-treated mice injected with 0.4 and 1.2 mg 
PEP-1-FK506BP12/kg, MMP-13 levels were reduced by 46% 
and 68%, respectively, although the decrease in MMP-13 level 
was significant only at the lower dose (Fig. 4C). In contrast, 
FK506BP12 did not inhibit carrageenan-induced MMP-13 
expression. 
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Fig. 4. The effect of PEP-1-FK506BP12 on MAPK and NF-B activa-
tion in primary chondrocytes and MMP-13 expression in a mouse 
carrageenan-induced paw arthritis model. (A) PEP-1-FK506BP12 in-
hibits IL-1-induced MAPK and NF-B activation. Chondrocytes 
were incubated with PEP-1-FK506BP12 (3 M) for 2 h and then 
with IL-1 for 15, 30, and 60 min. The levels of phosphorylated 
p38, JNK, ERK1/2, and IB were measured by Western blotting. 
-actin served as the loading control. The blot is representative of 
the results of three independent experiments using cartilage from 
three different donors. (B, C) The anti-inflammatory effect of PEP-1- 
FK506BP12 in a mouse carrageenan-induced paw edema model. 
PEP-1-FK506BP12 (0.4 and 1.2 mg/kg) and FK506BP12 (0.4 mg/kg) 
was injected into the mouse hidpaw (n=5 mice/group) 2 h prior to 
injecting 2.5% carrageenan. The mice were euthanized 4 days later. 
(B) PEP-1-FK506BP12 suppresses carrageenan-stimulated inflammation
in the mouse hindpaw. Representative image of a hindpaw from 
each group. The arrows indicate the carrageenan injection sites. (C) 
Carrageen-induced MMP-13 expression is inhibited by PEP-1- 
FK506BP12. Tissue homogenates were prepared as described in 
Materials and Methods. Data are expressed as the means ± SDs of 
duplicate experiments performed using tissue homogenates from 
three different animals. ####P ＜ 0.001 vs. untreated control mouse. 
****P ＜ 0.001 vs. results from a carrageenan-injected mouse. −
carrageenan, carrageen-non-injected group; + carrageenan, carra-
geenan-injected group.

DISCUSSION

We showed that the fusion construct PEP-1-FK506BP12, which 
traverses the cell membrane of chondrocytes, down-regulates 
IL-1-triggered catabolic responses in primary human chon-
drocytes by modulating the phosphorylation of MAPK and 
IB. In addition, PEP-1-FK506BP12 reduced MMP-13 pro-
duction in cultured chondrocytes and in a mouse carra-
geenan-induced paw arthritis model. These results suggest that 
PEP-1-FK506BP12 may be useful for treating arthritis and pre-
venting cartilage catabolism. 
　Several strategies are currently under development to block 
the pro-inflammatory and catabolic pathways of arthritis. 
However, very few compounds are known to specifically 
block well-defined target pathways, and nonspecific off-target 
effects often prohibit the clinical use of chemical drugs. Gene 
therapies in which the expression of pro-inflammatory genes is 
modulated by decoy oligonucleotides and RNA interference 
technology achieve more specific effects, but gene delivery 
poses many problems in terms of efficiency and safety, in addi-
tion to unwanted inflammatory and immunogenic effects eli-
cited by the viral vectors. The potential advantages of protein 
transduction technology in regulating cellular functions are the 
specificity of targeting particular signaling pathways, direct 
high-efficiency regulation of intracellular protein levels, mini-
mal side effects, and reversibility (13). The disadvantages of 
such methods include a lack of target-cell specificity, im-
munogenicity, and incomplete knowledge of the mechanisms 
underlying protein transduction. Among the applications of 
PTD examined thus far are apoptosis inhibition via the trans-
duction of anti-apoptotic Bcl-XL protein into human islet cells 
(14) and chemosensitivity induction by transducing cytosine 
deaminase in human tumor cells (15). Chondrocytes are em-
bedded in a thick extracellular matrix, which poses a chal-
lenge for the delivery of foreign genes or proteins to such cells. 
However, the inhibition of apoptosis upon the transduction of 
anti-apoptotic Bcl-XL protein into explant cultured human 
chondrocytes has been reported (16). In a previous study, we 
showed that SOD fused to the Tat domain could be success-
fully delivered into both monolayer and explanted cultured 
chondrocytes. Expression of the fusion construct in IL-1-stimu-
lated cells resulted in the suppression of both NO production 
and iNOS mRNA expression (6). Such studies demonstrate the 
feasibility of protein delivery employing PTD as a therapeutic 
modality to regulate catabolic processes in cartilage. Protein 
transduction therapy has also shown promise in in vivo mod-
els, such as the reduction of brain damage caused by the 
PTD-anti-death FNK protein in a rat model of focal transient is-
chemia (17), and in the suppression of atopic dermatitis by 
PEP-1-FK506BP12 in NC/Nga mice (9). Phase I and II clinical 
trials are underway, with over 2,000 patients currently being 
treated with PTD-delivered peptides or protein cargos for a va-
riety of indications (18). 
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　The mechanism underlying the cellular uptake of PTDs has 
been studied extensively. PEP-1 peptide was shown to deliver 
cargo molecules in a biologically active form into various cell 
lines, without covalent coupling or denaturation (19). Cellular 
entry may be affected by several factors, including the type of 
PTD used, the nature and size of cargo molecules, the cell 
lines employed, the concentrations applied, and the in-
cubation time. Complexes of PEP-1 and their cargos interact 
with membrane phospholipids and enter the cell by triggering 
transient membrane disorganization as well as conformational 
changes in the PEP-1 peptide, which together favor the rapid 
release of cargo molecules into the cytoplasm in the absence 
of degradation, suggesting that delivery is independent of the 
endosomal pathway (19, 20). 
　FK506BPs belong to a family of proteins termed im-
munophilins due to their ability to bind immunosuppressive 
drugs such as rapamycin and FK506. To date, 14 FK506BPs 
have been identified in humans; they are involved in bio-
logical processes, such as the DNA damage response in addi-
tion to exerting anti-tumor effects. FK506BP12 is a small im-
munophilin that contains a PPIase domain (21). The anti-in-
flammatory effect of FK506BP12 was recently demonstrated in 
animal models of atopic dermatitis and botulinum-toxin-A-in-
duced dry eye diseases. In both models, the inhibition of cyto-
kine/chemokine expression independent of the presence of 
FK506 was demonstrated (8, 9).
　The CaN-NFAT pathway is blocked by FK506BP and acti-
vated by IL-1. Previous reports suggested that FK506BP12 af-
fects a number of biological processes by modulating the activ-
ity of CaN. Both the ryanodine receptor/calcium release chan-
nel (RyR1) of the sarcoplasmic reticulum (22) and the inositol 
1,4,5-triphosphate receptor (23, 24) are stabilized via an asso-
ciation with FK506BP12 in the absence of FK506, thereby reg-
ulating Ca2+ flux through the channels. We also found that 
both the IL-1-induced up-regulation of pro-inflammatory fac-
tors such as MMPs and COX-2 and activation of the NF-B 
and MAPK pathway, crucial for regulating both cartilage catab-
olic responses and the immune system (2, 10-12), were sig-
nificantly suppressed by an increase in the cellular level of 
PEP-1-FK506BP12 in chondrocytes (Figs. 3 and 4A). It is pre-
sumed that high-level expression of PEP-1-FK506BP12 results 
in the construct binding to and subsequently inhibiting CaN, 
which induces the dephosphorylation of NFAT and indirectly 
regulates the expression of NFAT-activation-related pro-in-
flammatory genes via MAPK and NF-B signaling. 
　In summary, we show that FK506BP12 is down-regulated in 
OA cartilage compared to normal cartilage tissues. High-level 
cellular expression of FK506BP12 after fusion with the PEP-1 
peptide significantly enhanced FK506BP12 levels in primary 
human chondrocytes. PEP-1-FK506BP12 prevented the IL-1- 
induced catabolic responses of chondrocytes by suppressing 
the phosphorylation of MAPK and IB. The expression of 
MMP-13, a type II collagen-degrading enzyme, was signifi-

cantly inhibited by PEP-1-FK506BP12 in a carrageenan-induced 
mouse arthritis model. Thus, PEP-1- FK506BP12 may have ther-
apeutic potential in the alleviation of cartilage degradation.

MATERIALS AND METHODS

Materials, Expression and purification of PEP-1-FK506BP12, 
Cell culture and cartilage explant culture, Transduction of 
PEP-1-FK506BP12 into primary chondrocytes, Confocal fluo-
rescence microscopy for verification of protein transduction, 
Carrageenan-induced paw arthritis, Quantification of MMP-13 
levels via ELISA, and Data analysis are described in the 
Supplementary Materials, available at http://www.bmbreports. 
org/.

Real time-quantitative polymerase chain reaction
Total RNA was isolated from cartilage explants or chon-
drocytes using Trizol (Invitrogen, Carlsbad, CA, USA) accord-
ing to a previous report (25). First-strand cDNA synthesis was 
performed with 2 g of RNA using a reverse transcription Go 
Script kit (Promega, Fitchburg, WI, USA). Rt-qPCR was per-
formed using a QuantiFast SYBR Green PCR kit (Qiagen, 
Hilden, Germany) and the StepOnePlus real-time PCR system 
(Applied Biosystems, Foster, CA, USA). The primer sequences 
of specific genes used in real-time qPCR were as follows; 
FK506BP forward 5’-ACT ACA CCG GGA TGC TTG AA-3’, re-
verse 5’-TCA GTT TGG CTC TCT GAC CC-3’, MMP-1 forward 
5’-AGT GAC TGG GAA ACC AGA TGC TGA-3’, reverse 
5’-GCT CTT GGC AAA TCT GGC GTG TAA-3’, MMP-3 for-
ward 5’-GCG TGG ATG CCG CAT ATG AAG TTA-3’, reverse 
5’-AAA CCT AGG GTG TGG ATG CCT CTT-3’, MMP-13 for-
ward 5’-AAG GAC CCT GGA GCA CTC ATG TTT-3’, reverse 
5’-TGG CAT CAA GGG ATA AGG AAG GGT-3’, COX-2 for-
ward 5’-AGC TGG GAA GCC TTC TCT AAC-3’, reverse 
5’-AGA TCA TCT CTG CCT GAG TAT CTT-3’, GAPDH for-
ward 5’-TGA TGA CAT CAA GAA GGT GGT GAA G-3’, re-
verse 5’-TCC TTG GAG GCC ATG TGG GCC AT-3’.

Western blot analysis
Chondrocytes were lysed with RIPA buffer (50 mM sodium 
acetate pH 5.8, 10% sodium dodecyl sulfate [SDS], 1 mM 
EDTA, 1 mM phenylmethylsulfonyl fluoride, and 1 g aproti-
nin/ml) at 4oC according to a method previously described 
(26). Equal amounts of proteins were resolved via 10% SDS 
polyacrylamide gel electrophoresis and electrotranferred onto 
polyvinylidene difluoride membranes (Millipore, Billerica, MS, 
USA). The membranes were blocked with 5% nonfat milk in 
TBS-T buffer (25 mM Tris-HCl, 140 mM NaCl, 0.1% Tween 
20, pH 7.5) and next incubated with primary and horseradish 
peroxidase-conjugated secondary antibodies. Each membrane 
was developed using an enhanced chemiluminescence kit 
(Santa Cruz).
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