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Treatment of osteoarthritis (OA) is mainly symptomatic by
alleviating pain to postpone total joint replacement. Bone
morphogenetic protein 7 (BMP7) is a candidate morphogen
for experimental OA treatment that favorably alters the chon-
drocyte and cartilage phenotype. Intra-articular delivery and
sustained release of a recombinant growth factor for treating
OA are challenging, whereas the use of peptide technology
potentially circumvents many of these challenges. In this study,
we screened a high-resolution BMP7 peptide library and
discovered several overlapping peptide sequences from two re-
gions in BMP7 with nanomolar bioactivity that attenuated the
pathological OA chondrocyte phenotype. A single exposure of
OA chondrocytes to peptides p[63�82] and p[113�132]
ameliorated the OA chondrocyte phenotype for up to 8 days,
and peptides were bioactive on chondrocytes in OA synovial
fluid. Peptides p[63�82] and p[113�132] required NKX3-2
for their bioactivity on chondrocytes and provoke changes in
SMAD signaling activity. The bioactivity of p[63�82] de-
pended on specific evolutionary conserved sequence elements
common to BMP family members. Intra-articular injection
of a rat medial meniscal tear (MMT) model with peptide
p[63�82] attenuated cartilage degeneration. Together, this
study identified two regions in BMP7 from which bioactive
peptides are able to attenuate the OA chondrocyte phenotype.
These BMP7-derived peptides provide potential novel disease-
modifying treatment options for OA.
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INTRODUCTION
Osteoarthritis (OA) is the most common degenerative joint disorder
worldwide and presents with degradation of articular cartilage, lead-
ing to loss of joint mobility and function, accompanied by chronic
pain.1 Biochemically, OA is characterized by uncontrolled synthesis
of extracellular matrix-degrading enzymes, such as aggrecanases (a
disintegrin and metalloprotease with thrombospondin motifs
[ADAMTSs]) and matrix metalloproteinases (MMPs), resulting in
the active breakdown of the cartilage tissue matrix.2 Important risk
factors for developing OA are joint overloading (misalignment,
obesity, work related); diabetes; aging; articular cartilage damage
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due to, e.g., trauma;3 and others. The analogy between endochondral
ossification and OA progression has been widely recognized, and
many of the cartilage-degrading enzymes that are secreted by hyper-
trophic chondrocytes in the growth plate are also involved in OA
development.4–6 This places, next to the local joint inflammatory con-
dition,7 the chondrocyte/cartilage differentiation status central in the
progression or even cause of OA.8 Current treatments for OA are
mainly symptomatic by alleviating pain and interfering with the carti-
lage-degenerative processes to postpone total joint replacement.

A number of growth factor-based treatment options for OA are
currently under investigation.9 One growth factor that modifies the
chondrocyte and cartilage differentiation status is bone morphoge-
netic protein 7 (BMP7; also called osteogenic protein 1 [OP-1]).
Studies addressing the disease-modifying properties of BMP7 showed
that it decreases MMP13 expression in interleukin (IL)-1b-exposed
chondrocytes,10 stimulates proteoglycan synthesis in OA chondro-
cytes,11 counteracts inflammatory cytokines (e.g., IL-1b), and induces
an overall anabolic response in healthy chondrocytes.12,13 Intra-artic-
ular (IA) administration of BMP7 protects against OA development
in rabbits14 and delays the progression of OA in rats.15 A phase 1 clin-
ical trial has been completed for BMP7 in end-stage OA patients and
reported no serious adverse events after the intra-articular injection of
BMP7.16 In concert with these reports, our previous work17 unveiled
that BMP7 suppresses the pathological chondrocyte phenotype asso-
ciated with OA8 via NK3 Homeobox 2 (NKX3-2) and by inhibiting
chondrocyte catabolism and hypertrophy.

Challenges that come with intra-articular delivery of a recombinant
growth factor for treating OA are its formulation for sustained release
from a drug carrier, stability in the hydrolytic and proteolytic OA
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synovial fluid (SF) environment,18–20 and high production costs of the
recombinant growth factor. Mimicking the growth factor-initiated
OA chondrocyte biological responses with the use of peptides is a
promising area that was recently applied to growth hormone/somato-
statin, preventing cartilage degradation in a rat model for OA.21 The
biomolecular synthesis of short linear peptides is relatively straight-
forward, and in general, peptides are less susceptible to conforma-
tional inactivation as compared to recombinant growth factors.
Consequently, the use of peptide technology potentially circumvents
many of the challenges associated with full-length recombinant
growth factors.22 Peptides from BMP7 have previously been reported
to support osteogenesis23–25 and prevent fibrosis in acute and chronic
kidney injury.26 Whether peptides derived from BMP7 are able to
suppress the pathological OA chondrocyte phenotype27 was un-
known. Although bioactive peptides from BMP7 have been reported,
the action of BMPs and BMP-derived peptides is highly cell-type
dependent.28 Therefore, a screening was performed of an overlapping
sequential BMP7 peptide library to discover peptide sequences with a
bioactivity that specifically attenuates the pathological OA chondro-
cyte phenotype. We postulate that the potential identification of a
peptide from BMP7 will hold the future promise to be more compat-
ible, and biochemically modifiable, for incorporation into macromo-
lecular sustained release systems that may potentially be used in the
intra-articular treatment of OA.

RESULTS
Peptide sequences derived from BMP7 that attenuate the OA

chondrocyte phenotype

To investigate whether BMP7 harbors potential peptide sequences that
improve the OA chondrocyte phenotype, a peptide library was de-
signed from the mature 139 amino acid-long human BMP7 sequence
(Table S2). The peptide library was designed as 20-mer peptides with
2 amino acid intervals (18 amino acid overlap) between individual pep-
tides and with all cysteine residues substituted by serine residues to
avoid uncontrolled oxidation of cysteine groups. This yielded 61 indi-
vidual peptides covering the complete mature human BMP7 sequence
(Figure 1A). The peptide library was screened using a pool of primary
human OA articular chondrocytes (OA-HACs) from 18 individual do-
nors. Prior to pooling, individual OA-HAC isolates were tested for their
responsiveness to BMP7 (Figure S1). The screening was conducted by
exposing the OA-HAC pool for 24 h to a concentration series (1, 10,
100, or 1,000 nM) of each peptide from the library. The chondrocyte
response to each condition was established by measuring a set of OA
chondrocyte phenotype genes in which their expression was previously
shown to significantly improve by BMP7 treatment.27 This is defined as
reduced expression of collagen type X alpha 1 chain (COL10A1), alka-
line phosphatase (ALPL), Runt-related transcription factor 2 (RUNX2),
ADAMTS5,MMP13, prostaglandin-endoperoxide synthase 2 or cyclo-
oxygenase-2 (COX-2), and interleukin 6 (IL6) and increased expression
of SRY-box transcription factor 9 (SOX9), COL2A1, and NKX3-2. Li-
brary screening data of the 100-nM condition for COL10A1 expression
are presented in Figure 1B (for other genes and peptide concentrations,
see Figure S2) and show that the majority of the peptides worsened the
chondrocyte phenotype and provoked chondrocyte hypertrophy
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(COL10A1 expression). However, peptides derived from the central re-
gion of BMP7, as well as from the C terminus, exhibited bioactivity that
improved the expression of the predefined OA chondrocyte phenotype
gene set. Representative peptides inducing the above gene expression
characteristics in OA-HACs were selected from both regions for
further investigation. These were peptide p[63�82] and p[113�132]
from the library, covering amino acids 63�82 and 113�132 of the
mature BMP7 amino acid sequence. The complete quantitative real-
time PCR data for peptides p[63�82] and p[113�132] (Figure 2)
show that these peptides induced expression of SOX9, COL2A1, and
NKX3-2 (Figure 2A) and inhibited expression of RUNX2, COL10A1,
ALPL, MMP13, ADAMTS5, COX-2, and IL6 (Figures 2B and 2C). It
is noteworthy that these peptides exhibited bioactivity in the low nano-
molar range. For the two candidate peptides, we validated data using an
independent cohort of three OA-HACs exposed to 100 nM of p
[63�82] or p[113�132] or a combination of both peptides. Gene
expression analyses of COL10A1, ALPL, RUNX2, COL2A1, SOX9,
NKX3-2, ADAMTS5, MMP13, COX-2, and IL6 expression showed
similar responses as above (Figure S3). Peptide p[63�82] increased
the sulfated glycosaminoglycan (sGAG) content of OA-HAC cultures
(Figure 2D), and both peptides caused a significant decrease in alkaline
phosphatase (ALP) activity (Figure 2E) and prostaglandin E2 (PGE2)
levels (Figure 2F) in these cultures. To investigate sequence specificity
of the bioactivity of peptides p[63�82] and p[113�132], scrambled
version of these peptides were tested, and neither one of them was
able to recapitulate the bioactivity that was observed for candidate pep-
tides p[63�82] and p[113�132] on the expression of COL2A1,
RUNX2, COL10A1, and COX-2 (Figure 2G). Taken together, two re-
gions in BMP7 were identified delivering peptide sequences that are
able to improve the OA chondrocyte phenotype.

BMP7-derived peptides retain bioactivity on HACs cultured in

OA SF

To further corroborate the potential OA-protective properties of
peptides p[63�82] and p[113�132], we mimicked the OA environ-
ment by exposing non-OA-HACs to OA SF. Culturing non-OA-
HACs in the presence of OA SF reduced their SOX9, COL2A1,
and NKX3-2 expression (Figure 3A), whereas expression of
RUNX2, COL10A1, ALPL, MMP13, ADAMTS5, COX-2, and IL6
was induced by OA SF (Figures 3B and 3C). This was accompanied
by increased ALP activity and PGE2 secretion (Figures 3E and 3F).
The decline of SOX9 and COL2A1 expression was counteracted to
some extent by peptides p[63�82] and p[113�132] (Figure 3A),
and expression of NKX3-2 was induced by the peptides to levels
higher than in the control condition (Figure 3A). The OA SF-
induced expression of RUNX2, COL10A1, ALPL, MMP13,
ADAMTS5, COX-2, and IL6 was, without exception, mitigated by
peptides p[63�82] and p[113�132] (Figures 3B and 3C). sGAG
content of HAC cultures was unaltered by the peptides (Figure 3D).
Retainment of peptide p[63�82] and p[113�132] bioactivity on
HACs in an OA SF environment was also confirmed for ALP activity
(Figure 3E) and PGE2 secretion (Figure 3F). Data demonstrate that
bioactivity of peptide p[63�82] and p[113�132] on HACs is to a
certain extent compatible with OA SF.
021



Figure 1. BMP7 peptide library screening on primary human OA articular chondrocytes (OA-HACs)

(A) Schematic representation of the design of the human BMP7 peptide library. (B) COL10A1 mRNA expression in samples from the library screening on a pool of 18 OA-

HACs individually exposed for 24 h to the peptides (100 nM) in the library. Data are shown as compared to the control condition (white bar) and full-length BMP7 (1 nM; gray

bar). The two blue bars represent candidate peptides p[63�82] and p[113�132]. Data from these two peptides showed significantly downregulated COL10A1 expression

but also showed reduced expression of RUNX2, ALPL, COX-2, IL-6, ADAMTS5, and MMP13 and increased expression of SOX9, COL2A1, and NKX3-2 in all tested peptide

concentrations. Error bars represent mean ± SEM, and statistical significance for peptide condition or BMP7 versus control condition as determined by unpaired two-tailed

Student’s t test is represented as *p < 0.05, **p < 0.01, and ***p < 0.001; NS, not significant. Data for other measured mRNAs and peptide concentrations are provided in

Figure S2.
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Duration of chondrocyte phenotype modulation by BMP7-

derived peptides

The duration of chondrocyte phenotypic change induced by candi-
date peptides p[63�82] and p[113�132] was determined by exposing
OA-HACs to a single dose of peptide or continuously keeping the
peptides present during OA-HAC culture. In both cases, the pheno-
type of the OA-HACs was analyzed every other day during a 10-day
Molecul
follow-up. Non-OA-HACs were used as a reference for chondrocyte
phenotype status. Continuous exposure of OA-HACs to peptide
p[63�82] or p[113�132] by repeated addition of the peptide to the
culture media every other day resulted in an overtime increasing
mRNA expression of COL2A1 levels (Figure 4A). A reciprocal
response was observed for COL10A1 gene expression, which steadily
decreased over time (Figure 4B). Inhibition of MMP13 and COX-2
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Figure 2. Bioactivity of BMP7-derived peptides p[63–82] and p[113–132] on OA-HACs

Complete peptide library screening quantitative real-time PCR dataset for peptides p[63�82] and p[113�132] is presented. (A) SOX9, COL2A1, and NKX3-2 mRNA

expression in the 18 OA-HAC pool exposed to 1,000, 100, 10, or 1 nM of peptide p[63�82] and p[113�132] is shown and presented relative to control (black bars) and

alongside full-length BMP7 (white bars). (B) Similar to (A) but for chondrocyte hypertrophy-associated genes RUNX2, COL10A1, and ALPL. (C) Similar to (A) but for cartilage

extracellular matrix remodeling-associated genes MMP13 and ADAMTS5 and inflammation-related genes COX-2 and IL-6. (D) Glycosaminoglycan (GAG) content

(normalized to total protein content) on an independent cohort of three individual OA-HAC donors treated with 100 nM peptides p[63�82] and p[113�132] for 24 h.

(legend continued on next page)
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expression was continuously observed during the treatment period
(Figures 4C and 4D). Follow-up of the single-dose treatment of
OA-HACs with either peptide p[63�82] or p[113�132] revealed in-
hibition of COL10A1,MMP13, and COX-2 gene expression up to and
including day 8, reaching similar levels of expression of these genes in
non-OA-HACs. At day 10, expression of COL10A1, MMP13, and
COX-2 in the single-dose condition was indistinguishable from
non-treated OA HACs. This timing was similar for COL2A1,
although the action of peptide p[63�82] was not detectable anymore
from day 8 onward. Together, data show that a single exposure of OA-
HACs to peptides p[63�82] or p[113�132] leads to detectable
changes in the chondrocyte gene expression phenotype up to 8 days.

Molecular characterization of peptide bioactivity

A chondrocyte phenotypic consequence of exposure to peptides
p[63�82] or p[113�132] is an overall attenuation of hypertrophy.
Previously, we17,27 and others29,30 recognized NKX3-2 (BAPX1) as
an important negative regulator of chondrocyte hypertrophy, and
the hypertrophy-inhibiting action of BMP7 on OA-HACs is, at least
in part, mediated via NKX3-2.27 Taking into consideration that the
ability to induce NKX3-2 expression was one of the screening criteria
for the identification of the here-described, BMP7-derived peptides
(Figures 2 and S2), we next investigated whether NKX3-2 is involved
in the bioactivity of peptides p[63�82] and p[113�132]. By means of
small interfering (si)RNA transfection, NKX3-2 expression was
reduced in a pool of OA-HACs. Knockdown of NKX3-2 expression
was confirmed (Figure 5A), and in concert with our previous find-
ings,27 expression of chondrocyte hypertrophy-associated genes was
sharply induced (Figure 5A). Treatment of control conditions
(scrambled siRNA) with peptide p[63�82] or p[113�132]confirmed
the peptides’ chondrocyte hypertrophy-inhibiting bioactivity
(Figure 5A). OA-HACs with NKX3-2 knockdown and treated with
either peptide p[63�82] or p[113�132] did not show rescue of the
hypertrophy-inducing consequences of abrogated NKX3-2 expres-
sion (Figure 5A). This suggests that the chondrocyte hypertrophy-in-
hibiting bioactivity of these peptides is NKX3-2 dependent.

Since peptides p[63�82] and p[113�132] are BMP7 derived, and
transcription-repressing activity of NKX3-2 depends on BMP
signaling,31 we next determined whether these peptides can modulate
SMAD (small mothers against decapentaplegic) transcriptional activ-
ity. Activity of the BRE reporter (SMAD1/5/8 dependent32) and the
CAGA12 reporter (SMAD3 dependent33) was measured in SW1353
chondrocytes under influence of either one of the peptides. Data
showed that both peptides were able to induce the activity of the
BRE reporter, whereas CAGA12-reporter activity was diminished
(Figure 5B). This indicates that BMP7-derived peptides p[63�82]
and p[113�132] can alter SMAD signaling activity in chondrocytes.
Corresponding gene expression data are shown in Figure S3. (E) Alkaline phosphatas

Prostaglandin E2 (PGE2) levels in culture supernatant in similar samples from (D). (G) In

sequence dependency of peptides p[63�82] and p[113�132] was determined by expo

(100 nM, 24 h). Expression of COL2A1, RUNX2, COL10A1, and COX-2mRNAs is shown

or BMP7 versus control condition as determined by unpaired two-tailed Student’s t tes
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We aimed to further understand the sequence dependency of the pep-
tide bioactivity. Peptide p[63�82] was derived from the central region
within BMP7, and since this yielded a limited series of bioactive pep-
tides (Figures 1B and S2), we further focused our analyses on peptide
p[63�82]. To determine which amino acids are important for the
bioactivity of peptide p[63�82], an alanine-scanning peptide library
was synthesized, based on systematic alanine substitution of consec-
utive amino acids in the peptide p[63�82] sequence (Table S1). This
alanine-scanning library was then screened by exposing an OA-HAC
pool (the same pool that was used for the full library scanning in
Figure 1) for 24 h to 100 nM of each peptide in the alanine-scanning
library. The bioactivity of each peptide was determined by measuring
gene expression of COL10A1, ALPL,MMP13, COL2A1, and NKX3-2
(Figure S4). Changes in the bioactivity of the alanine-scanning library
peptides were combined into a “bioactivity score” of each individual
substituted amino acid in the parental p[63�82] peptide (Figure 5C).
From the bioactivity score, it became evident that Y3A, G7A, E8A,
F11A, Y16A, and M17A represent alanine substitutions with an
important impact on peptide p[63�82] bioactivity. From these
substitutions, G7A had the largest impact on the chondrocyte
phenotype-modulating action of the peptide, with a reciprocal
response on chondrocyte hypertrophy (Figure S4). The region
in BMP7 from which peptide p[63�82] was derived and the G7
position in it are evolutionary highly conserved, as determined by
sequence alignment of BMP7 sequences from various animal species
(Figure 5D).

Collectively, these data demonstrate that NKX3-2 is important for the
bioactivity of peptides p[63�82] and p[113�132] on HACs and that
the peptides led to the activation of BRE- and inhibition of CAGA12-
reporter activity in chondrocytic cells. The identity of specific amino
acids with the p[63�82] peptide sequence is important for its bioac-
tivity, with the glycine (G) residue at position 7 playing an important
role in p[63�82] peptide bioactivity on HACs.

Peptide activity on OA knee joint tissues

To determine whether peptide p[63�82] has the potency to alter
chondrocyte behavior in cartilage tissue, rather than isolated HACs,
cartilage biopsies from OA knees were cultured in the presence of
peptide p[63�82], alongside its scrambled version and full-length
BMP7. In agreement with our observations in isolated OA-HACs,
we found that peptide p[63�82] was specifically able to induce
COL2A1 while inhibiting COL10A1 and COX-2 expression in carti-
lage explants (Figure 6A). This action was comparable to full-length
recombinant BMP7. The scrambled version of peptide p[63�82]
lacked this activity. Treatment of cartilage explants with BMP7
or peptide p[63�82] had no inhibitory effect on sGAG release
(Figure 6B).
e (ALP) activity (normalized to total protein content) in similar samples from (D). (F)

the same OA-HAC pool of 18 OA-HAC donors from the peptide library screening,

sing the OA-HAC pool to scrambled versions of peptides p[63�82] and p[113�132]

. Error bars represent mean ±SEM, and statistical significance for peptide conditions

t is represented as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. Bioactivity of peptides p[63–82] and p[113–132] on OA articular chondrocytes in OA synovial fluid (SF)

OA-HACs (n = 3 individual donors, tested in triplicate) were exposed to 100 nM peptide p[63�82] or p[113�132] in the presence of OA SF (20% [v/v]; equal ratio mix from five

individual donors). Control is 20% (v/v) 0.9% NaCl. Cells were cultured in these conditions for 24 h and analyzed for mRNA expression of indicated genes (normalized for 28S

rRNA expression and relative to control condition). (A) Expression of SOX9, COL2A1, and NKX3-2 mRNAs. (B) Expression of RUNX2, COL10A1, and ALPL mRNAs. (C)

Expression of MMP13, ADAMTS5, COX-2, and IL-6 mRNAs. (D) GAG content (normalized to total protein content) was determined in the same conditions. (E) ALP enzyme

activity in cell lysates of the same conditions was determined and normalized for total protein content. (F) PGE2 levels in culture supernatants of the same conditions. Error

bars represent mean ± SEM, and statistical significance for peptide conditions or control versus SF condition as determined by unpaired two-tailed Student’s t test is

represented as *p < 0.05, **p < 0.01, and ***p < 0.001.

Molecular Therapy: Methods & Clinical Development

252 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021



Figure 4. Duration of chondrocyte phenotype modulation by BMP7-derived peptides

A pool of OA-HACs (n = 3 donors) was cultured in the presence or absence of 100 nM peptides p[63�82] or p[113�132] and compared to a pool of human articular

chondrocytes from a non-OA source. Themediumwas changed every 2 days. Peptides were added at the start of the experiment and subsequently at every medium change

(multiple) or only at the start of the experiment and not during every subsequent medium change (single). At days 0, 2, 4, 6, 8, and 10 in culture, samples were harvested and

analyzed for the expression of the indicated mRNAs by quantitative real-time PCR (normalized for 28S rRNA expression) (A) COL2A1mRNA expression. (B) COL10A1mRNA

expression. (C) MMP13 mRNA expression. (D) COX-2 mRNA expression. In graphs, error bars represent mean ± SEM; data are presented relative to the “control OA”

condition of each time point. Statistical differences were calculated to control conditions. Error bars represent mean ± SEM, and statistical significance for peptide conditions

or control non-OA versus control OA condition as determined by unpaired two-tailed Student’s t test is represented as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Intra-articularly administered molecules for the treatment of OA are
expected to get in contact with multiple intra-articular tissues. In this
context, it should be considered that besides a chondrocyte hypertro-
phy-modulating bioactivity, peptide p[63�82] also influences the in-
flammatory behavior of OA-HACs (Figures 2, 3, and 4). Therefore,
we next tested the anti-inflammatory potential of peptide p[63�82]
on cartilage, synovium, infra-patellar fat pad (IPFP), and meniscus
explants from knee OA patients. PGE2 levels in culture supernatants
of synovial explants were not significantly changed by the peptide nor
by BMP7 (Figure 6C). However, PGE2 levels from cartilage, IPFP, and
meniscus were reduced by peptide p[63�82] and to a similar extent as
by BMP7 (Figures 6D�6F). Together, these data indicate that peptide
p[63�82] is able to alter the phenotype of the chondrocyte in cartilage
tissue and ex vivo reduces the inflammatory status of knee OA tissues
by reducing PGE2 levels.

Attenuation of medial meniscal tear (MMT)-induced cartilage

damage

We next tested whether peptide p[63�82] has the potency to delay
the progression of trauma-induced cartilage degeneration in the rat
Molecul
MMT model.34,35 MMT damage was unilaterally initiated. Starting
at 1 week post-MMT surgery, rats were two times per week intra-
articularly injected with saline, 100 ng peptide p[63�82] in saline,
or 100 ng scrambled peptide p[63�82] in saline. At 4 weeks post-
MMT surgery, rats were sacrificed for histopathological scoring of
the MMT knee joints. Visual assessment of frontal sections of the
knee joints demonstrated the loss of toluidine blue staining and chon-
drocyte death, as well as frequent development of a dominant full-
thickness cartilage defect in the lateral compartment of the medial
tibia plateau in the saline-injected group (Figure 7A, left panel).
Histology of the peptide p[63�82]-injected group revealed a certain
loss of toluidine blue-staining intensity and decreased articular chon-
drocyte cellularity in the lateral aspect of the medial tibia plateau.
However, cartilage-degenerative changes were less apparent in the
p[63�82] group (Figure 7A, middle panel). In contrast, histology of
the group injected with scrambled peptide p[63�82] was character-
ized by diminished toluidine blue staining and lower chondrocyte
cellularity at the lateral side of the medial tibia plateau, as well as carti-
lage degeneration (Figure 7A, right panel). Histopathology scoring35

revealed degenerative changes of the medial tibia articular cartilage in
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 253

http://www.moleculartherapy.org


Figure 5. Molecular characterization of peptides p[63–82] and p[113–132]

(A) A pool of OA-HACs (n = 4 donors) was transfected with a scrambled siRNA or with an NKX3-2 siRNA (100 nM siRNA) and cultured for 24 h. Cultures were then exposed to

peptide p[63�82] or p[113�132] (100 nM peptide). Samples were harvested 24 h later and analyzed for the expression of the indicated mRNAs (normalized to 28S rRNA). (B)

SW1353 chondrocytic cells were transfected with BRE (SMAD1/5/8 reporter) or CAGA12 (SMAD2/3 reporter) firefly luciferase-reporter plasmids. A CMV-Gaussia plasmid

was cotransfected as a transfection control. Cells were then cultured for 24 h and subsequently exposed to control, p[63�82], or p[113�132] for 8 h. Firefly and Gaussia

bioluminescence were measured in cells and medium (respectively), and relative light units (RLUs) of firefly luciferase were normalized for the Gaussia luciferase signal. The

normalized firefly luciferase signal of the control condition was set at 1, and peptide conditions were calculated relative to the control condition (FL/GL). Error bars represent

mean ±SEM; statistical significance for peptide conditions versus siScrambled or siNKX3-2 (A) or control condition (B) as determined by unpaired two-tailed Student’s t test is

(legend continued on next page)
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the saline-injected group, with increasing signs of cartilage degenera-
tion from zone 3 (inside) toward zone 1 (outside). The femoral
compartment also developed cartilage degeneration but less pro-
nounced. This compartment is also more variable in its degenerative
changes.35 There were no statistically significant differences between
cartilage-degeneration scores of the tibia or femur in MMT rats in-
jected with saline or scrambled p[63�82] in any of the 3 zones
(Figures 7B and 7C). Neither was there a significant difference be-
tween saline and scrambled p[63�82] in the total cartilage-degener-
ation scores (Figures 7B and 7C). Histopathology scoring of the group
injected with the bioactive p[63�82] peptide revealed significantly
lower medial tibia cartilage-degeneration scores in zone 1 (the most
severely affected zone in the MMTmodel) (Figure 7B) and a trend to-
ward a statistically significant lower medial femur cartilage-degener-
ation score in zone 1, as compared to the saline group (Figure 7C).
Cartilage-degeneration scores in zones 2 and 3 were generally low,
as is known for the rat MMT model.35 Combined (total) tibia and fe-
mur cartilage-degeneration scores of MMT rats injected with the
bioactive p[63�82] peptide were also significantly lower than the sa-
line group (Figures 7B and 7C). A comparison of cartilage-degenera-
tion scores between groups injected with p[63�82] or scrambled
p[63�82] did not reveal differences that were statistically significant
(Figures 7B and 7C). The scores for depth ratio of tibia cartilage
degeneration followed a similar pattern as the tibia cartilage-degener-
ation scores, with a significantly lower depth ratio in the p[63�82]
group compared to saline in zone 1, as well as the total depth ratio
score (Figure 7D). In line with these attenuated cartilage-degenerative
aspects, the total joint score35 was significantly lower in the group in-
jected with p[63�82] as compared to the saline-injected group
(Figure 7E). The average joint score of the group injected with scram-
bled p[63�82] peptide was in between the values for saline and p
[63�82] peptide but was not statistically different compared to either
one of the saline or p[63�82] conditions. Other scored histopatholog-
ical items can be found in Figure S5. Together, these data demonstrate
that the p[63�82] peptide, compared to saline control, is effective in
reducing cartilage-degenerative changes in the rat MMT model.

DISCUSSION
Here, we report on the first high-resolution BMP peptide library
screening for the identification of peptide sequences derived from
BMP7 that attenuate the pathological chondrocyte phenotype associ-
ated with OA. Previous attempts to develop peptides derived from
BMP family members were based on low-resolution library
screening23,24 or focused on mimicking the canonical ligand-receptor
interaction.23,26,36 The action of BMPs and BMP-derived peptides is
cell-type dependent.28 Therefore, our peptide library screening was
not based on a priori knowledge on BMP ligand epitopes or activation
of receptor signaling but on the identification of BMP7-derived
represented as *p < 0.05, **p < 0.01, and ***p < 0.001. (C) An alanine scanning library o

the full library scanning (Figure 1) was exposed to individual peptides from the alanine sca

the fold change gene expression of COL10A1, ALPL, MMP13, and COL2A1 plus NKX

calculated for each alanine substitution in the amino acid sequence of peptide p[63�82

Multiple sequence alignment of the human BMP7 p[63�82] peptide with the homologo
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peptide bioactivity capable of attenuating the articular chondrocyte
cell phenotype associated with OA.8,37

Although amajority of the peptides in the library induced an unfavor-
able chondrocyte hypertrophy-provoking cellular response, peptides
from the central and C-terminal regions of BMP7 were active in
altering the OA chondrocyte phenotype in a similar fashion as full-
length BMP7 on this cell type. The origin of this region-dependent
functional separation of BMP7 peptide bioactivity remains unclear
at this point. Earlier work reports on a dominant domain in mature
BMP2, BMP7, and BMP9 from which peptides are able to support os-
teogenesis,23,24,38,39 promote chondrogenesis,40 and prevent kidney
fibrosis.26 In these cases, peptide sequences were derived from the
C-terminal part of the parental BMPs. This region contains the
knuckle epitope, which is involved in BMP signaling via the type II
BMP receptor (BMPR-II).41 The bioactivity of peptides from the
knuckle domain can probably be attributed to the binding of the pep-
tides to the BMPR-II, although knuckle peptide-driven activation of
ALK3 (a type I receptor) has also been reported.26 The C-terminal
BMP7-derived peptides identified in the present work (represented
by p[113�132]) are located in this knuckle domain and overlap
with previously reported bioactive peptides from this region of
different BMP family members. This indicates that peptides derived
from the BMP7 C-terminal domain are likely universally active on
a diversity of cell types.

The central region of BMP7 harbors the wrist epitope. This wrist
epitope is a key domain shared by BMP protein species and is
involved in binding and activating the type IA BMP receptor
(BMPR-IA).41 The here-identified bioactive peptides with OA chon-
drocyte phenotype-modulating activity derived from the central re-
gion of BMP7 (represented by p[63�82]) are only partially located
within this wrist domain. A peptide covering the complete wrist
domain of BMP9 was recently reported to activate BMP signaling
in a cell-type-dependent manner.28 However, BMP7-derived peptides
present in our library and homologous to the previously described
BMP9 wrist domain peptide (p[69�88]�p[79�98]) did not act
favorably in altering the OA chondrocyte phenotype. Instead, these
and C-terminally adjacent peptides showed induced chondrocyte hy-
pertrophy, which is bioactivity that we were not seeking in this study.
A potentially unique aspect of the p[63�82] peptide is the notion that
its C-terminal part covers a portion of the wrist domain, whereas its
N-terminal part is located within the CXGXCmotif of BMP proteins.
The CXGXC motif is a major part of the ten-membered cystine knot
that is involved in the homodimerization of BMP family members
and essential for their action as a receptor ligand.42 Mutation of the
G in CXGXCmotifs abrogates efficient folding of the domain, impair-
ing dimer formation, as shown previously for the G residue in the
f peptide p[63�82] was synthesized, and the pool of 18 OA-HACs originally used for

nning library (100 nM peptide) for 24 h. An alanine-scanning bioactivity score (sum of

3-2 of the alanine-substituted peptides versus the wild-type p[63�82] peptide) was

] and is represented by the height of each letter on the y axis (data in Figure S4). (D)

us region in BMP7 of other species.
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Figure 6. Peptide p[63–82] activity on OA knee joint tissues

Human OA knee joint tissues were cultured for 24 h in the presence of BMP7, peptide p[63�82], or the scrambled version of peptide p[63�82] and compared to control

conditions. (A) Cartilage tissues (n = 7 individual donors) were exposed to shown conditions and analyzed for COL2A1, COL10A1, and COX-2 mRNA expression by

quantitative real-time PCR (normalized for 28S rRNA expression and relative to control conditions). (B) GAG release in medium from cartilage tissues (n = 5 individual donors)

was determined, and data were calculated relative to the control condition. (C) PGE2 levels in culture supernatant from synovium (n = 5 donors). (D) PGE2 levels in culture

supernatant from cartilage tissues from (B) (n = 5 donors). (E) PGE2 levels in culture supernatant from IPFP (n = 5 donors). (F) PGE2 levels in culture supernatant from the

meniscus. Synovium, IPFP, and meniscus tissues were from the same 5 donors as the cartilage tissues in (B) and (C). PGE2 levels in conditions were calculated relative to

controls for each donor. In graphs, error bars represent mean ± SEM; data are presented relative to the control condition for each time point. Statistical differences (unpaired

two-tailed Student’s t test) were calculated to control condition: *p < 0.05, **p < 0.01, and ***p < 0.001.
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CXGXC motif of the human chorionic gonadotropin protein.43 In
keeping with this notion, the alanine substitution for which we
observed the largest impact on the bioactivity of peptide p[63�82]
was G7A, which is the G in the CXGXC motif in the peptide.
Although potential disulfide-bridge formation of the peptide with
BMP subunits is excluded due to the substitution of all cysteine resi-
dues to serine in the library, the major impact of the G7A substitution
on peptide p[63�82] function provides a basis for the involvement of
functional dimerization of BMP subunits as a potential mechanism
for the peptide’s action.

A temporary exposure of OA chondrocytes to the peptides leads to a
modulation of the cellular phenotype for up to 8 days. The peptides
also provoke a general hypertrophy-suppressive response in other
chondrocytic cell models (SW1353, C28I2, ATDC5; data not shown)
and activated SMAD1/5/8-dependent BRE-reporter activity while
reducing the activity of the SMAD2/3-dependent CAGA12 reporter
in SW1353 cells. This is unexpected, since activation of SMAD1/5/8
is generally associated with an OA chondrocyte phenotype and its ter-
minal differentiation.44 In contrast to its clear hypertrophy-suppressive
256 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
action on OA chondrocytes,27 BMP7 has previously been shown to
activate SMAD1/5/8 signaling45,46 and inhibit SMAD3 activity.47

How signaling downstream of different BMPs (e.g., BMP2, BMP4,
BMP7, BMP9, etc.) differentiates to BMP-specific target gene expres-
sion is largely elusive. As a consequence, it remains to be determined
how the action of both peptides alters SMAD-dependent signaling re-
sponses related to the chondrocyte phenotype. Our data also reveal that
the bioactivity of peptides p[63�82] and p[113�132] depends on the
presence of NKX3-2, a well-known BMP-dependent31 transcriptional
regulator for chondrocyte hypertrophy.29 This recapitulates the molec-
ular mechanism we previously identified for the BMP7-specific atten-
uation of the (OA) chondrocyte phenotype.17,27

The BMP7-driven favorable alterations in the (OA) chondrocyte
phenotype not only encompass changes in chondrocyte hypertrophy
but are additionally accompanied, among others, by dampening of
the chondrocyte’s inflammatory status.10,27,48 This is highlighted by
BMP7-driven attenuation of chondrocyte COX-2, IL-6, and PGE2
levels in the present work, with similar actions for peptides
p[63�82] and p[113�132]. BMP7 has previously also been reported
021



Figure 7. BMP7-derived peptide p[63–82] in rat MMT model

The potency of BMP7 peptide p[63�82] to delay the progression of trauma-induced cartilage degeneration was tested in the rat MMT model. 1 week post-MMT-

surgery, rats were two times per week intra-articularly injected with saline, 100 ng peptide p[63�82] in saline, or 100 ng scrambled peptide p[63�82] in saline (10 rats

per group). All injection volumes were 50 mL. At 4 weeks post-MMT surgery, rats were sacrificed for histopathological scoring of the MMT knee joints.

(legend continued on next page)
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as a morphogen with anti-inflammatory properties in other tissues
and cell types like kidney,49 heart,50 blood vessels,50 and macro-
phages.51 The observation that these peptides attenuate PGE2 release
from intra-articular tissue other than cartilage (IPFP, meniscus, and
not significantly from synovium) is in line with the previously re-
ported tissue-wide anti-inflammatory actions of BMP7.

When applied intra-articularly, OA disease-modifying molecules
will have to reach their target tissue via the SF. Regardless of the
method of delivery, peptides should thus be able to survive the
OA SF environment to a certain extent. In this respect, it is note-
worthy that we found that peptides p[63�82] and p[113�132] are
able to ameliorate, at least in part, the negative effects of OA SF on
the chondrocyte phenotype. Confirming bioactivity in an in vivo
intra-articular environment, we could indeed demonstrate that
the progression of cartilage degeneration in the rat MMT model
was attenuated by peptide p[63�82] when compared to injection
with saline. Histopathology scores of the group injected with a
scrambled version of peptide p[63�82] were never significantly
different from the group injected with the bioactive peptide p
[63�82]. However, no statistically significant differences between
scores of the group injected with saline or the scrambled p
[62�83] peptide were found either. The average histopathology
scores of the scrambled peptide group were mostly in between
the scores from the bioactive p[63�83] peptide and the saline
group. Together, this indicates that the scrambled p[62�82] pep-
tide may have some influence on cartilage degeneration in this
model, but only the bioactive p[62�83] peptide had the potency
to harness a significant inhibiting action on cartilage degeneration.
The rat MMT model has been used before to determine the po-
tency of a broad-spectrum MMP inhibitor34 and the efficacy of
fibroblast growth factor (FGF)18.52 Although the MMT model is
generally regarded as a rapidly progressive model for traumatic
OA, peptide p[62�83] was able to significantly improve the total
joint score in this model to a similar extent as broad-spectrum
MMP inhibition34 or MMP13 inhibition.53 Besides the attenuated
progression of structural cartilage degeneration detected in the
present work, pre-clinical follow-up work should address whether
the intra-articular administration of peptide p[62�83] dampens
the functional consequences of traumatic OA models by deter-
mining gait and load bearing.

In conclusion, this study reports on the first high-resolution peptide
library screening of a BMP. The articular chondrocyte phenotypic
screening identified two regions in BMP7 from which bioactive pep-
tide sequences are able to attenuate the OA chondrocyte phenotype.
The p[62�83] peptide spans the conserved CXGXC motif in BMP7
and reaches into its wrist domain with its exact biomolecular
(A) Representative micrographs of toluidine blue-stained sections of medial aspec

degeneration scores. (C) Medial femur cartilage-degeneration scores. (D) Medial tibia

and 3 individually.35 The total scores/ratio are cumulative for zone 1, 2, and 3. (E

represent mean ± SEM. Statistical differences were calculated between groups (Man

this MMT experiment are shown in Figure S5.
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mechanism of action to be dissected. These BMP7-derived peptides
may represent novel lead molecules for the development of a dis-
ease-modifying treatment of OA.

MATERIALS AND METHODS
Cell and tissue culture

Cartilage was obtained from total knee arthroplasty of end-stage
(K&L grades 3�4) OA patients and from resected knee cartilage
from cartilage repair procedures of non-OA patients. Medical ethical
permission was received from the Maastricht University Medical
Center Medical Ethical Committee (approval number 2017-0183).
Chondrocytes were isolated using collagenase as described earlier.27

The HACs were cultured until passage two in DMEM/F12 (Life Tech-
nologies), 10% fetal calf serum (FCS; Sigma-Aldrich), 1% antibiotic/
antimycotic (Life Technologies), and 1% non-essential amino acids
(Life Technologies) in a humidified atmosphere at 37�C, 5% CO2.
SW1353 cells (ATCC HTB-94, short tandem repeat [STR] profiled)54

were cultured in identical conditions. For experiments, cells were
plated in technical triplicates at 30,000 cells/cm2. BMP7 (R&D Sys-
tems) was used at 1 nM. OA SF was perioperatively collected from
OA patients (same medical ethics statement [2017-0183] as for carti-
lage above) and was centrifuged to remove cells/debris. For experi-
ments, an SF pool from five OA patients was prepared (equal volume
ratios) and applied on cells in a 20% (v/v) concentration. For RNAi,
scrambled and NKX3-2 siRNA duplexes (Table S1) were custom
made (Eurogentec). Transfection (100 nM siRNA) in HACs was per-
formed using HiPerFect (QIAGEN) according to the manufacturer’s
protocol. The BRE reporter,32 CAGA12 reporter,33 or cytomegalo-
virus (CMV)-Gaussia as transfection control55 were transfected
(100 ng/mL) in SW1353 cells using FuGENE (Promega) according
to the manufacturer’s protocol. The bioluminescent readout was per-
formed by lysing cells in Passive Lysis Buffer (Promega) and
measuring luciferase activity using the Berthold TriStar2 LB 942
Modular Multimode Microplate Reader using the Luciferase Assay
System for firefly luciferase (BRE and CAGA12) (Promega) and the
Gaussia Luciferase Kit (New England Biolabs). Cartilage from
femoral condyles and tibial plateaus, synovial tissue, the inner parts
of the IPFP, or the inner parts of the meniscus (carefully avoiding
to obtain synovial tissue present at the outer edges of the meniscus)
obtained from OA patients (same medical ethical statement [2017-
0183] as above for cartilage) were cut into small pieces, washed thor-
oughly with 0.9% NaCl (Sigma-Aldrich) three times, and cultured in
suspension for 24 h in a concentration of 100 mg tissue/mL in
DMEM-F12 low glucose, supplemented with 1% insulin-trans-
ferrin-selenite (ITS; Invitrogen) and 1% antibiotic/antimycotic.56 Af-
ter overnight culture, the medium was replaced with peptides or
BMP7 for 24 h, after which tissue explants were snap frozen in liquid
nitrogen, or conditionedmediumwas harvested and stored at�80�C.
ts of the MMT knee joints. Conditions are indicated. (B) Medial tibia cartilage-

cartilage-degeneration depth ratios. Scores and ratios are shown for zones 1, 2,

) Total joint scores. Individual data points represent individual rats. Error bars

n-Whitney U test), and *p < 0.05, **p < 0.01, and ***p < 0.001. Other data from
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Peptides

The peptide library was designed from the mature 139-amino
acid-long human BMP7 sequence (https://www.ncbi.nlm.nih.gov/
protein/4502427; NCBI reference sequence NP_001710). The
alanine-scanning library was designed from the peptide sequence
covering BMP7 amino acid position 63�82 (p[63�82] from the li-
brary). Scrambled sequences were designed from p[63�82] and
p[113�132]. All peptides were custom designed and synthesized
(Pepscan, Lelystad, the Netherlands) and purified to >90% purity.
Peptide sequence identity was confirmed by mass spectrometry. To
prevent potential oxidation of free cysteines, all cysteine residues in
peptides were substituted for serine residues. Peptide sequences are
shown in Table S2.

Gene expression analysis

For the peptide-screening and alanine-scanning experiments, cDNA
was prepared using the Cells-to-Ct kit (Invitrogen) according to the
manufacturer’s protocol. For the other experiments, cells or homog-
enized tissues (Mikro-Dismembrator; Braun Biotech International)
were lysed in TRIzol (Life Technologies) and RNA isolation and
cDNA synthesis were performed as described earlier.27,57 Quantita-
tive real-time PCR was performed using Takyon qPCR Master Mix
plus blue for SYBR Green (Eurogentec). A CFX96 Real-Time PCR
Detection System (Bio-Rad) was used for amplification: initial dena-
turation 95�C for 10 min, followed by 40 cycles of amplification
(denaturing 15 s at 95�C and annealing 1 min at 60�C). Validated
primer sequences are shown in Table S3. Data were analyzed using
the standard curve method, mRNA expression was normalized to a
reference gene (28S rRNA), and gene expression was calculated as
fold change as compared to control conditions.

sGAG assay

The sGAG content was measured using a modified dimethyl methy-
lene blue (DMB) assay.58 The absorbance of samples was read at 540
and 595 nm using a spectrophotometer (Multiskan FC; Thermo
Fisher Scientific). GAG concentrations were calculated using a stan-
dard curve of chondroitin sulfate (Sigma-Aldrich). GAGs were
normalized for total protein content with a bicinchoninic acid assay
(BCA) assay (Sigma-Aldrich).

ALP activity assay

Cells were lysed in 1.5 M Tris-HCl (pH 9.0) and 2% (v/v) Triton
X-100 and homogenized by sonication (Soniprep 150 MSE). Insol-
uble material was removed by centrifugation (5 min; 13,000 � g;
4�C). Total protein concentration was determined by a BCA assay.
ALP enzyme activity in time was measured by ALP-dependent
enzymatic conversion of p-nitrophenyl phosphate to p-nitrophe-
nol in buffer containing 1.5 M Tris-HCl (pH 9.0), 1 mM ZnCl2,
1 mM MgCl2, and 7.5 mM p-nitrophenyl phosphate. Substrate
conversion was spectrophotometrically quantified at 405 nm, and
p-nitrophenol concentrations were determined via a p-nitrophenol
calibration series. Values were normalized to total protein
concentration, and ALP enzyme activity was calculated in units
(1 U = 1 mmol/g/min).
Molecul
PGE2 ELISA

PGE2 levels were determined in the culture supernatant. PGE2 con-
centration was determined by a standardized enzyme immunoassay
(EIA) according to the manufacturer’s protocol (Cayman Chemical).

Animal study

The study was conducted via a contract research project at Bolder
BioPATH (Boulder, CO, USA); study designs and animal usage
were approved by their Institutional Animal Care and Use Commit-
tee (IACUC) prior to study initiation (IACUC protocols BBP13-029
and BBP12-004). Animal care, including room, cage, and equipment
sanitation, conformed to accepted guidelines cited in the Guide for
the Care and Use of Laboratory Animals (the Guide; 2011) and the
applicable Bolder BioPATH standard operating procedures (SOPs).
Male Lewis rats (n = 48; �283 g; Envigo RMS, Indianapolis, IN,
USA) underwent a unilateral MMT on study day 0, as established
earlier by Bendele et al.59,60 Rats were intra-articularly injected
on days 7, 10, 14, 17, 21, and 24 with saline (0.9% NaCl, 50 mL/
injection/animal), peptide p[63�82] (100 ng [in 50 mL saline]/
injection/animal), or scrambled peptide p[63�82] (100 ng [in
50 mL saline]/injection/animal). The animals were euthanized for
necropsy 28 days post-surgery.59,60 Right (surgery) knees from all an-
imals were collected, trimmed of muscle (patella removed), and
placed in 10% neutral-buffered formalin and then transferred to
70% ethanol for processing for microscopy. Operated joints were
cut into two approximately equal halves in the frontal plane and
embedded in paraffin. One section was cut from each knee and
stained with toluidine blue. The worst-case scenario for the two halves
on each slide was determined and used for evaluation. The tissues
were analyzed microscopically by a veterinary pathologist as
described earlier35 (Tables S4–S13). An example of the predominant
sites where lesions formed in this model in the tibial and femoral
cartilage is indicated in Figure S6.

Statistics

Statistical significance for in vitro and ex vivo experiments presented
in Figures 1, 2, 3, 4, 5, and 6 was determined by two-tailed Student’s
t tests using GraphPad PRISM 5.0 (La Jolla, CA, USA). With the
consideration of small sample sizes (Figures 1, 2, 3, 4, and 5, n = 3
samples; Figure 6, n = 5 samples), normal distribution of input data
was assumed. For histopathology from the animal study, peptide
p[63�82], scrambled peptide p[63�82], and saline groups were
compared using a Mann-Whitney U test, as not all input data passed
the D’Agostino-Pearson omnibus normality tests. Significance for all
tests was set at p%0.05. Error bars in graphs represent mean ± stan-
dard error of the mean.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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SUPPLEMENTARY FIGURES  

 

  

 

Supplementary Figure 1: Validation of BMP7 responsiveness of OA-HACs and pool. A: 

COL2A1 mRNA expression of OA-HAC pool and its individual donors in response to BMP7 

(1 nM) for 24 hours. B: COL10A1 mRNA expression of OA-HAC pool and its individual 

donors in response to BMP7 (1 nM) for 24 hours. Gene expression was normalized for 28S 

rRNA expression and set relative to Pool Control condition. Error bars represent mean ± SEM 

and statistical significance for BMP7 versus control condition for each donor and the pool as 

determined by unpaired two-tailed student’s t-test is represented as: * is p<0.05, ** is p<0.01, 

*** is p<0.001 and ns is=not significant.  
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Supplementary Figure 2: Full RT-qPCR library screening data for SOX9, COL2A1, 

NKX3-2, RUNX2, COL10A1, ALPL, COX-2, MMP13, ADAMTS5, IL6 mRNAs and for 

all peptide concentrations tested.  A: SOX9, B: COL2A1, C: NKX3-2 mRNAs expression 

in OA-HAC pool following 24 hours exposure to individual BMP7 library peptides at 

concentrations of 1000, 10, 10 or 1 nM. Controls represent vehicle and full-length recombinant 

BMP7 (1 nM). Peptide identities are indicated and are organized from the N-terminus toward 

C-terminus of BMP7. D/E: RUNX2, F/G: COL10A1, H/I: ALPL, J/K: COX-2, L/M: 

MMP13, N/O: ADAMTS5, P/Q: IL6; same as above, but shown with or without y-axis 

interruption. Gene expression was normalized for 28S rRNA expression and set relative to Pool 

Control condition. Error bars represent mean ± SEM. 
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Supplementary Figure 3: Bioactivity of peptides p[63-82] and p[113-132] on independent 

OA-HAC cohort. A: Chondrogenic gene expression (SOX9, COL2A1, NKX3-2) in 

independent cohort of 3 individual OA-HAC donors. B: Hypertrophic gene expression 

(RUNX2, COL10A1, ALPL) expression in independent cohort of 3 individual OA-HAC 

donors. C: Remodelling (MMP13, ADAMTS5) and Inflammation (COX-2, IL6) gene 

expression in independent cohort of 3 individual OA-HAC donors. Conditions were: Control, 

p[63-82] and p[113-132]. Peptides were used at 100 nM each. D: Chondrogenic, hypertrophic 

and inflammatory gene expression (COL2A1, RUNX2, COL10A1, COX-2) in independent 

cohort of 3 individual OA-HAC donors. Conditions were: BMP7 (1 nM), Control, p[63-82] (10 

nM), p[113-132] (10 nM), combination of p[63-82] + p[113-132] (5 + 5 nM). All OA-HAC 

cultures were exposed to peptides for 24 hours. Gene expression was normalized for 28S rRNA 

expression and set relative to control condition. Error bars represent mean ± SEM and statistical 

significance for peptide conditions versus control condition as determined by unpaired two-

tailed student’s t-test is represented as: * is p<0.05, ** is p<0.01, *** is p<0.001 and ns is=not 

significant.  
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Supplementary Figure 4: Alanine scanning of peptide p[63-82]. A: COL10A1 mRNA 

expression in OA-HAC pool (n=18 individual donors). B: ALPL mRNA expression in OA-

HAC pool (n=18). C: MMP13 mRNA expression in OA-HAC pool (n=18). D: COL2A1 

mRNA expression in OA-HAC pool (n=18). E: NKX3-2 mRNA expression in OA-HAC pool 
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(n=18). Conditions were: Control, p[63-82] and peptides with amino acid substitution to alanine 

at indicated positions in p[63-82]. Peptides were used at 100 nM each. All OA-HAC cultures 

were exposed to peptides for 24 hours. Gene expression was normalized for 28S rRNA 

expression and set relative to control condition. Error bars represent mean ± SEM. 
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Supplementary Figure 5: BMP7-derived peptide p[63-82] in rat MMT model. The potency 

of BMP7 peptide p[63-82] to delay the progression of trauma-induced cartilage degeneration 
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was tested in the rat MMT model. One week post-MMT-surgery, rats were two times per week 

intra-articularly injected with saline, 100 ng peptide p[63-82] in saline or 100 ng scrambled 

peptide p[63-82] in saline (10 rats per group). All injection volumes were 50 l. At four weeks 

post-MMT-surgery rats were sacrificed for histopathological scoring of the MMT knee joints. 

A: Change in body weight of the rats during the experiment (day 0-28). Conditions are 

indicated. B: Gait analysis scores at day 16 in the experiment A/B: Error bars represent mean 

± SEM. C: Medial tibia cartilage degeneration score, Medial tibia depth ratio, Tibial cartilage 

degeneration width, Total medial tibia bone score, Medial femur cartilage degeneration score, 

Medial tibia osteophytes, Total joint score and Synovitis score are indicated in the table as mean 

(± SEM) for indicated conditions and percentage change of p[63-82] versus saline is presented 

in the last column. D: Collagen degeneration by severity, Collagen combined degeneration, 

Growth plate thickness and Medial collateral ligament thickness are indicated in the table as 

mean (± SEM) for indicated conditions and percentage change of p[63-82] versus saline is 

presented in the last column. Statistical differences were calculated between groups (Mann-

Whitney U test) and * is p<0.05 ** is p<0.01, *** is p<0.001, and ns is not significant. Indicated 

scores are based on references: 1. Bendele, A.M., Animal models of osteoarthritis. J 

Musculoskelet Neuronal Interact, 2001. 1(4): p. 363-76. 2. Bendele, A.M., Animal models of 

osteoarthritis in an era of molecular biology. J Musculoskelet Neuronal Interact, 2002. 2(6): p. 

501-3. 3. Gerwin, N., et al., The OARSI histopathology initiative - recommendations for 

histological assessments of osteoarthritis in the rat. Osteoarthritis Cartilage, 2010. 18 Suppl 3: 

p. S24-34. 

 

 

 

 

 



 

 42 

 

Supplementary Figure 6: Predominant cartilage lesion sites in the rat MMT experiment. 

Representative micrographs of toluidine blue-stained sections of medial aspects of the MMT 

knee joints. The predominant sites where lesions formed in this model in the tibial and femoral 

cartilage are indicated with an “*”.  
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Supplementary Table 1: Amino acid sequences of BMP7 peptide libraries 
 

Peptide Sequence Peptide Sequence 

p[01-20] H-STGSKQRSQNRSKTPKNQEA-OH p[65-84] H-YYSEGESAFPLNSYMNATNH-OH 

p[03-22] H-GSKQRSQNRSKTPKNQEALR-OH p[67-86] H-SEGESAFPLNSYMNATNHAI-OH 

p[05-24] H-KQRSQNRSKTPKNQEALRMA-OH p[69-88] H-GESAFPLNSYMNATNHAIVQ-OH 

p[07-26] H-RSQNRSKTPKNQEALRMANV-OH p[71-90] H-SAFPLNSYMNATNHAIVQTL-OH 

p[09-28] H-QNRSKTPKNQEALRMANVAE-OH p[73-92] H-FPLNSYMNATNHAIVQTLVH-OH 

p[11-30] H-RSKTPKNQEALRMANVAENS-OH p[75-94] H-LNSYMNATNHAIVQTLVHFI-OH 

p[13-32] H-KTPKNQEALRMANVAENSSS-OH p[77-96] H-SYMNATNHAIVQTLVHFINP-OH 

p[15-34] H-PKNQEALRMANVAENSSSDQ-OH p[79-98] H-MNATNHAIVQTLVHFINPET-OH 

p[17-36] H-NQEALRMANVAENSSSDQRQ-OH p[81-100] H-ATNHAIVQTLVHFINPETVP-OH 

p[19-38] H-EALRMANVAENSSSDQRQAS-OH p[83-102] H-NHAIVQTLVHFINPETVPKP-OH 

p[21-40] H-LRMANVAENSSSDQRQASKK-OH p[85-104] H-AIVQTLVHFINPETVPKPSS-OH 

p[23-42] H-MANVAENSSSDQRQASKKHE-OH p[87-106] H-VQTLVHFINPETVPKPSSAP-OH 

p[25-44] H-NVAENSSSDQRQASKKHELY-OH p[89-108] H-TLVHFINPETVPKPSSAPTQ-OH 

p[27-46] H-AENSSSDQRQASKKHELYVS-OH p[91-110] H-VHFINPETVPKPSSAPTQLN-OH 

p[29-48] H-NSSSDQRQASKKHELYVSFR-OH p[93-112] H-FINPETVPKPSSAPTQLNAI-OH 

p[31-50] H-SSDQRQASKKHELYVSFRDL-OH p[95-114] H-NPETVPKPSSAPTQLNAISV-OH 

p[33-52] H-DQRQASKKHELYVSFRDLGW-OH p[97-116] H-ETVPKPSSAPTQLNAISVLY-OH 

p[35-54] H-RQASKKHELYVSFRDLGWQD-OH p[99-118] H-VPKPSSAPTQLNAISVLYFD-OH 

p[37-56] H-ASKKHELYVSFRDLGWQDWI-OH p[101-120] H-KPSSAPTQLNAISVLYFDDS-OH 

p[39-58] H-KKHELYVSFRDLGWQDWIIA-OH p[103-122] H-SSAPTQLNAISVLYFDDSSN-OH 

p[41-60] H-HELYVSFRDLGWQDWIIAPE-OH p[105-124] H-APTQLNAISVLYFDDSSNVI-OH 

p[43-62] H-LYVSFRDLGWQDWIIAPEGY-OH p[107-126] H-TQLNAISVLYFDDSSNVILK-OH 

p[45-64] H-VSFRDLGWQDWIIAPEGYAA-OH p[109-128] H-LNAISVLYFDDSSNVILKKY-OH 

p[47-66] H-FRDLGWQDWIIAPEGYAAYY-OH p[111-130] H-AISVLYFDDSSNVILKKYRN-OH 

p[49-68] H-DLGWQDWIIAPEGYAAYYSE-OH p[113-132] H-SVLYFDDSSNVILKKYRNMV-OH 

p[51-70] H-GWQDWIIAPEGYAAYYSEGE-OH p[115-134] H-LYFDDSSNVILKKYRNMVVR-OH 

p[53-72] H-QDWIIAPEGYAAYYSEGESA-OH p[117-136] H-FDDSSNVILKKYRNMVVRAS-OH 

p[55-74] H-WIIAPEGYAAYYSEGESAFP-OH p[119-138] H-DSSNVILKKYRNMVVRASGS-OH 

p[57-76] H-IAPEGYAAYYSEGESAFPLN-OH p[120-139] H-SSNVILKKYRNMVVRASGSH-OH 

p[59-78] H-PEGYAAYYSEGESAFPLNSY-OH p[63-82] scrambled H-SEASPAMYYLNATANFYESG-OH 

p[61-80] H-GYAAYYSEGESAFPLNSYMN-OH p[113-132] scrambled H-VYISNVDDYSNKFLLKVRSM-OH 

p[63-82] H-AAYYSEGESAFPLNSYMNAT-OH    

Substitution position Sequence Substitution position Sequence 

Wildtype p[63-82] H-AAYYSEGESAFPLNSYMNAT-OH 12 H-AAYYSEGESAFALNSYMNAT-OH 

03 H-AAAYSEGESAFPLNSYMNAT-OH 13 H-AAYYSEGESAFPANSYMNAT-OH 

04 H-AAYASEGESAFPLNSYMNAT-OH 14 H-AAYYSEGESAFPLASYMNAT-OH 

05 H-AAYYAEGESAFPLNSYMNAT-OH 15 H-AAYYSEGESAFPLNAYMNAT-OH 

06 H-AAYYSAGESAFPLNSYMNAT-OH 16 H-AAYYSEGESAFPLNSAMNAT-OH 

07 H-AAYYSEAESAFPLNSYMNAT-OH 17 H-AAYYSEGESAFPLNSYANAT-OH 

08 H-AAYYSEGASAFPLNSYMNAT-OH 18 H-AAYYSEGESAFPLNSYMAAT-OH 

09 H-AAYYSEGEAAFPLNSYMNAT-OH 20 H-AAYYSEGESAFPLNSYMNAA-OH 

11 H-AAYYSEGESAAPLNSYMNAT-OH   
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Supplementary Table 2: siRNA sequences 

mRNA sense antisense 

NKX3-2 CCGAGACGCAGGUGAAAAUdTdT AUUUUCACGUGCGUCUCGGdTdT 

The oligonucleotide sequences are shown from 5’ to 3’. The 3’ termini were modified with 

two deoxythymidine nucleotides. 

 

Supplementary Table 3: Oligonucleotide DNA sequences for RT-qPCR 

(m)RNA forward reverse 

28S rRNA GCCATGGTAATCCTGCTCAGTAC GCTCCTCAGCCAAGCACATAC 

ADAMTS5 GTGGCTCACGAAATCGGACAT GCGCTTATCTTCTGTGGAACCA 

ALPL AATGTCATCATGTTCCTGGGAGAT TGGTGGAGCTGACCCTTGAG 

NKX3-2 ACCTGGCAGCTTCGCTGAA AGGTCGGCGGCCATCT 

COL2A1 TGGGTGTTCTATTTATTTATTGTCTTCCT GCGTTGGACTCACACCAGTTAGT 

COL10A1 ATGATGAATACACCAAAGGCTACCT ACGCACACCTGGTCATTTTCTG 

COX-2 ACCAACATGATCTTTGCATTCTTT GGTCCCCGCTTAAGATCTGTCT 

IL6 TGTAGCCGCCCCACACA GGATGTACCGAATTTGTTTGTCAA 

MMP13 CTTCACGATGGCATTGCTGAC CGCCATGCTCCTTAATTCCA 

RUNX2 TGATGACACTGCCACCTCTGA GCACCTGCCTGGCTCTTCT 

SOX9 AGTACCCGCACCTGCACAAC CGCTTCTCGCTCTCGTTCAG 

DNA oligonucleotide sequences are shown from 5’ to 3’. 

 

 

Supplementary Table 4: Medial Tibial and Femoral General Cartilage Degeneration 

Score 

 
Score Observation 

0 No degeneration 

0.5 Very minimal degeneration, within the zone less than 5% of the matrix has PG loss mainly 

with minor chondrocyte loss and little if any collagen matrix loss or damage 

1 Minimal degeneration, within the zone 5-10% of the matrix appears non-viable as a result of significant chondrocyte loss 

(greater than 50% of normal cell density). PG loss is usually present in these areas of cell loss and collagen matrix loss may be 

present. 

2 Mild degeneration, within the zone 11-25% of the matrix appears non-viable as a result of significant chondrocyte loss (greater 
than 50% of normal cell density). PG loss is usually present in these areas of cell loss and collagen matrix loss may be present. 

3 Moderate degeneration, within the zone 26-50% of the matrix appears non-viable as a result of significant chondrocyte loss 

(greater than 50% of normal cell density). PG loss is usually present in these areas of cell loss and collagen matrix loss may be 
present. 

4 Marked degeneration, within the zone 51-75% of the matrix appears non-viable as a result of significant chondrocyte loss 

(greater than 50% of normal cell density). PG loss is usually present in these areas of cell loss and collagen matrix loss may be 

present. 

5 Severe degeneration, within the zone 76-100% of the matrix appears non-viable as a result of significant chondrocyte loss 

(greater than 50% of normal cell density). PG loss is usually present in these areas of cell loss and collagen matrix loss may be 

present. 
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General cartilage degeneration includes chondrocyte death/loss, proteoglycan (PG) loss, and 

collagen loss or fibrillation. Zones were scored individually according to the criteria in table 

and a sum of all three zones was calculated [1-3].  
 

 

Supplementary Table 5: Medial Tibial and Femoral General Cartilage Degeneration 

Score 

 
Medial Tibial Total Cartilage 

Degeneration Width 

 

The width of the cartilage affected by any degeneration (cell loss, proteoglycan loss or collagen 

damage) was measured by ocular micrometer. This measurement extends from the origination of 

the osteophyte with adjacent cartilage degeneration (outside 1/3) across the surface to the point 
where tangential layer and underlying cartilage appear histologically normal [1-3]. 

Medial Tibial Substantial Cartilage 

Degeneration Width 
 

Substantial Cartilage Degeneration was identified by chondrocyte and proteoglycan loss 

extending through greater than 50% of the cartilage thickness and was measured by ocular 
micrometer. In general, the collagen damage is mild (25% depth) or greater for this parameter but 

chondrocyte and proteoglycan loss extend to at least 50% or greater of the cartilage depth, 

indicating regions in which permanent structural changes have occurred [1-3]. 

 

 

 

Supplementary Table 6: Osteophyte Score and Measurement 

 
Score  Observation 

0 None Less than 200 μm 

1 Small 200-299 μm 

2 Medium 300-399 μm 

3 Large 400-499 μm 

4 Very large 500-599 μm 

5 Very large ≥600 μm 

Osteophyte thickness (tidemark to furthest point extending toward synovium) was measured 

with an ocular micrometer. Scores were assigned to the largest osteophyte in each section 

(typically found on the tibia) according to the criteria in the table [1-3]. 
 

 

Supplementary Table 7: Medial Tibial Bone Sclerosis Score 

 
Score Observation 

0 Normal No observable difference in subchondral or epiphyseal trabecular bone thickness in medial vs. lateral. 

1 Minimal 5-10% increase in subchondral or epiphyseal trabecular bone thickness in medial vs. lateral. 

2 Mild 11-25% increase in subchondral or epiphyseal trabecular bone thickness in medial vs. lateral 

3 Moderate 26-50% increase in subchondral or epiphyseal trabecular bone thickness in medial vs. lateral, obvious 
reduction in marrow spaces in outer 3/4 of medial tibia 

4 Marked 51-75% increase in subchondral or epiphyseal trabecular bone thickness in medial vs. lateral, generally has 

very little marrow space in outer 3/4 of medial tibia, marrow spaces remain adjacent to cruciates. 

5 Servere 76-100% increase in subchondral or epiphyseal trabecular bone thickness in medial vs. lateral, generally 
has very little marrow space remains in medial tibia 

 

Medial tibial subchondral/epiphyseal bone thickening/sclerosis was scored based on the 

criteria in the table using a comparison to the lateral tibia and/or normal left medial tibias [1-

3]. 
  

 

Supplementary Table 8: Total Joint Scores 

 
The three-zone sums of the tibial and femoral cartilage degeneration scores, and the osteophyte score were summed to determine a total 
joint score. A sum of tibial cartilage degeneration and osteophyte scores without the femur was also calculated [1-3] 
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Supplementary Table 9: Synovitis Score 

 
Score Observation 

0 Normal synovium 

0.5 Very minimal synovitis (generally focal or scattered minimal diffuse). 

1 Minimal synovitis (generally focal or scattered minimal diffuse). 

2 Mild synovitis (multifocal to confluent areas of mild mononuclear cell infiltration). 

3 Moderate synovitis (confluent areas of moderate mononuclear cell infiltration). 

4 Marked synovitis (confluent areas of marked mononuclear cell infiltration). 

5 Severe synovitis (confluent areas of severe mononuclear cell infiltration). 

Synovial inflammation (mainly mononuclear cell infiltration concentrated on the medial side) 

was scored as indicated in Table 9 [1-3]. 

 

 

Supplementary Table 10: Medial Tibial Collagen Degeneration Severity 

 
Any Damage Fibrillation ranging from superficial to full thickness loss. 

Severe Damage Total or near total loss of collagen to tidemark, >90% thickness. 

Marked Damage Extends through 61-90% of the cartilage thickness. 

Moderate Damage Extends through 31-60% of the cartilage thickness. 

Mild Damage Extends through 11-30% of the cartilage thickness. 

Minimal Damage Very superficial, affecting upper 10% only. 

 

Collagen damage across the medial tibial plateau (most severely affected section of the two 

halves) was quantified by measuring the total width of the collagen degeneration severities 

indicated in the table using an ocular micrometer. Measurements were expressed as a 

percentage of the total tibial surface width [1-3]. 

 

Supplementary Table 11: Growth Plate Thickness 

 
Growth plate thickness was measured in all knees on medial and lateral sides (2 measurements per joint) at the approximate midpoint of 
the medial and lateral physis (assuming a non-tangential area of the section) using an ocular micrometer. The lateral thickness was also 

subtracted from the medial to determine the difference between the two [1-3]. 
 

 

Supplementary Table 12: Medial Collateral Ligament/Synovial Repair 

 
Measurements were made of the thickness of the medial synovial/collateral ligament repair in a non-tangential area of the section using 

an ocular micrometer [1-3] 
 

 

Supplementary Table 13: Gait analysis 

 
Score Observation 

0 Normal, approximately equal ink staining to normal paw. 

1 Slight limp/pain. Reduced inking area relative to the normal paw, but no full regions or structures are missing. 

2 Mild limp/pain. Print extends to the end or near to the end of the “curlicue” structure. If normal paw has very little heel 

staining (rat walks mainly on toes/ball of foot), then slightly less staining. 

3 Moderate limp/pain. Toes and full ball of foot, extending to the top of the “curlicue” structure are present. If normal paw has 

very little heel staining (rat walks mainly on toes/ball of foot), then toes with small portion of ball of foot. 

4 Marked limp/pain. Toes and partial ball of foot, no heel or posterior foot. If normal paw has very little heel staining (rat 

walks mainly on toes/ball of foot), then toes only. 

5 Severe limp/pain. Toes only, no ball of foot, no heel. If normal paw has very little heel staining (rat walks mainly on 

toes/ball of foot), then partial toes or non-specific marks. 

6 Hopping. Carrying leg, no footprint is evident. 
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Gait analysis was performed on day 16 to confirm expected animal mobility post-surgery. 

Gait was evaluated by applying ink to the ventral surface of the foot and documenting weight 

bearing during movement (footprints) across paper. Rear feet of rats were placed in ink, then 

rats were placed on paper and allowed to walk the full length. This process was repeated as 

necessary to generate 4 clear, evenly inked footprint pairs representing the overall pattern of 

gait. Gait was scored visually as described in the table (descriptions refer to diseased leg) [1-

3]. 
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