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Abstract

Bone morphogenetic protein 2 regulates chondrogenesis and cartilage formation. However, it also 

induces chondrocyte hypertrophy and cartilage matrix degradation. We recently designed three 

peptides CK2.1, CK2.2, and CK2.3 that activate the BMP signaling pathways by releasing casein 

kinase II (CK2) from distinct sites at the bone morphogenetic protein receptor type Ia (BMPRIa). 

Since BMP2 is a major regulator of chondrogenesis and the peptides activated BMP signaling in a 

similar way, we evaluated the effect of these peptides on chondrogenesis and cartilage formation. 

C3H10T1/2 cells were stimulated with CK2.1, CK2.2, and CK2.3 and evaluated for the 

chondrogenic and osteogenic potential. For chondrogenesis, Alcian blue staining was performed. 

Additionally, collagen types II and × expression was measured. For osteogenesis, osteocalcin and 

von Kossa staining were performed. From the three peptides, CK2.1 was the most promising 

peptide to induce chondrogenesis but not osteogenesis. To investigate the effect of CK2.1 on 

articular cartilage formation in vivo, we injected CK2.1 into the tail vein of mice. Injection of 

CK2.1 into the tail vein of mice led to increased articular cartilage formation but not BMD. In 

sharp contrast, injection of BMP2 led to increased BMD and expression of collagen type X, a 

marker of chondrocyte hypertrophy. MMP13 expression was unchanged. Our study demonstrates 

that CK2.1 drives chondrogenesis and cartilage formation without induction of chondrocyte 

hypertrophy. Peptide CK2.1 may, therefore, be a valuable therapeutic for cartilage degenerative 

diseases.
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Growth factors greatly influence the development and behavior of articular chondrocytes. 

Among these growth factors, bone morphogenetic proteins (BMPs), especially bone 

morphogenetic protein 2 (BMP2), drive the development and maintenance of articular 

chondrocytes.1 BMP2 is a potent growth factor consisting of many pleiotropic functions, and 

plays a crucial role in the formation of the articular cartilage (AC).2, 3 It drives the 

development of cartilage and induces the differentiation of mesenchymal progenitor cells 
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(MPCs) into chondrocytes.4, 5 It also plays a role in the maintenance of mature articular 

chondrocytes.1 One of the major drawbacks for the use of BMP2 as a therapeutic is that 

BMP2 affects all stages of chondrocyte differentiation. As a result, its known to induce 

chondrocyte hypertrophy followed by cartilage calcification.3 Therefore, BMP2 may not be 

valuable as a therapeutic for cartilage formation or for cartilage restoration in degenerative 

diseases such as osteoarthritis (OA).

BMP2 signals through binding to types I and II serine/threonine kinase receptors. Upon 

ligand binding, type I receptor is phosphorylated by the constitutively active type II receptor 

at the GS box (glycine/ serine-rich region) to initiate downstream signaling.5 We previously 

reported that the protein casein kinase II (CK2) interacts with the bone morphogenetic 

protein receptor type Ia (BMPRIa).5 Binding of BMP2 to BMPRIa releases CK2 and 

activates the smad 1/5/8 pathway (Fig. 1).5 We designed three peptides CK2.1, CK2.2, and 

CK2.3 that inhibit the binding of CK2 to BMPRIa and activate the BMP signaling pathway 

in the absence of BMP ligand.5 Treatment of C2C12 cells with the peptide CK2.3 resulted in 

osteogenesis, whereas stimulation of C2C12 cells with CK2.2 resulted in adipogenesis and 

osteogenesis.6, 7 Mutation of the CK2 phosphorylation sites on BMPRIa confirmed these 

effects.8 Moreover, CK2.3 and CK2.2 activate the Smad signaling pathway.7 Recent work 

also showed that CK2.3 induced bone formation in C57BL/6J mice, leads to increased bone 

mineral density (BMD) and mineral apposition rate.6 However, current data also show that 

the peptides CK2.3 and CK2.2 are more specific in the activation of the non-canonical BMP 

signaling pathways.8 Since BMP2 signaling is also a major pathway activated during 

cartilage formation and growth, we evaluated the potential of the peptides to induce 

chondrogenesis and articular cartilage formation in vitro and in vivo. We found that one of 

the peptides CK2.1 is a potent inducer of chondrogenesis. Stimulation of C3H10T1/2 cells 

with CK2.1 led to increased proteoglycan synthesis and collagen type II expression. In sharp 

contrast to BMP2, CK2.1 did not lead to increased collagen type × and osteocalcin 

expression. Systemic injection of CK2.1 led to increased articular cartilage formation. Again 

in contrast to BMP2, CK2.1 did not induce collagen type × expression; however, it led to 

increased collagen type IX expression in vivo. Moreover, injection of CK2.1 into the tail 

vain of mice did not lead to an increase in BMD as measured by pQCT. Taken together, 

these data suggest that CK2.1 induces articular cartilage formation without induction of 

hypertrophy.

MATERIALS AND METHODS

Mouse Injections

C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and 

maintained under conventional conditions. The animal protocol was approved by IUCAC at 

the University of Delaware. Eight-week-old female mice (C57BL/ 6J) were injected with 

peptides diluted in PBS via the tail vein at 8 weeks of age (n = 7 per group). A volume of 50 

µl was injected for 5 consecutive days. CK2.1 injections were performed at a concentration 

of 1.7 µg/kg. As a positive control, BMP2 was injected at a concentration of 5µg/kg. 

Systemic delivery of 5 µg/kg BMP2 for 20 days was shown previously to increase bone 

formation in mice. The ratio of BMP2 to CK2.1 peptide is based on the fact that 40 nM 

Akkiraju et al. Page 2

J Orthop Res. Author manuscript; available in PMC 2017 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BMP2 showed similar effects as 100 nM CK2.1 in vitro.7 As a negative control, PBS was 

injected into mice.

Cell Culture

C3H10T1/2 cells were used as they are a well-established model for chondrogenesis and are 

responsive to BMP2.10, 11 These cells were purchased from American Type Culture 

Collection (CCL-26) (Manassas, VA) and monolayer cultures were maintained in T-75 

flasks grown in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Manassas, VA) 

supplemented with 10% (v/v) fetal bovine serum (FBS) (Gemini Bioproducts, West 

Sacramento, CA), 0.5% (v/v) L-glutamine (Mediatech), and 1% (v/v) penicillin/streptomycin 

(100 IU/ml penicillin, 100 µg/ml streptomycin) (Fisher Scientific, Pittsburg, PA). Cultures 

were incubated at 37°C and 5% CO2, and cells were passaged at 90% confluency with 

0.05% Trypsin-EDTA (Gemini Bioproducts).

Design of Peptides

Peptides were designed by our group as previously described.5 A prosite search including 

patterns with high probability of occurrence on BMPRIa yielded possible CK2 

phosphorylation sites located at amino acids 213–217 (SLKD), 324–328 (SLYD), and 466–

469 (SYED). The peptides were designed with the Antennapedia homeodomain signal 

sequence for cellular uptake and incorporated in one these binding sites: CK2.1 (SYED), 

CK2.2 (SLYD), or CK2.3 (SLKD). The peptides included several amino acid residues 

flanking each side.5

Alcian Blue Staining

C3H10T1/2 cells were seeded at 1 × 107 cells/ml and plated as 10 µl micromass culture in a 

1.9 cm2 24-well plate (Nunc, Rocskilde, Denmark). Cells were supplemented with DMEM 

with 10% FBS and incubated at 37°C and 5% CO2. Cells were then stimulated with 

recombinant BMP2 (40 nM, or 200 nM), CK2.1, CK2.2, and CK2.3 (100 nM,) purchased 

from Genscript (Piscataway, NJ, USA). Peptide concentrations of 100 nM is equivalent to 

the effect of BMP2 at 40 nM, hence the experimental setups were stimulated 

accordingly,7, 11

Seven days after, stimulation cultures were fixed using 10% neutral buffered formalin (pH 

7.4) mixed with 0.05% wt/v cetylpyridinium chloride for 20 min at room temperature. Cells 

were rinsed three times with 3% glacial acetic acid (pH 1.0), and stained using 0.5% Alcian 

blue 8-GX stain (Life line, Walkersville, MD) overnight. After staining, cultures were rinsed 

with 3% glacial acetic acid (pH 1.0) and air dried. Stained cultures were viewed under an 

inverted light microscope (Nikon, TMS-f) using 20× magnification and the collected images 

were analyzed and quantified with ImageJ software (NIH, Bethesda).12

Von Kossa Staining

C3H10T1/2 cells were seeded at 1 × 104 cell/cm2 and were grown to 90% confluence in 1.9 

cm2 24-well plate. These cells were treated with CK2.1 (100 nM or 500 nM) and equivalent 

concentrations of BMP2 (40 nM or 200 nM). For comparison, cells were also stained with 

CK2.2, CK2.3 at 100nM. Von Kossa was performed as described by us previously.5

Akkiraju et al. Page 3

J Orthop Res. Author manuscript; available in PMC 2017 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Smad Reporter Assay

C3H10T1/2 cells were cultured on 60 mm dishes to 90% confluence. Prior to transfection, 

cells were serum starved in DMEM media without FBS overnight. Cells were transfected 

with 2 µg of plasmids encoding pSBE-luc (Smad binding element) tagged firefly luciferase 

and pRLuc tagged with renilla luciferase (Promega, Madison, Wisconsin) using turbofect 

(Fermentas, Glen Burnie, MD) transfecting reagent, according to manufacturer’s protocol, in 

DMEM media supplemented with 10% FBS. The pSBE contains a BMP-responsive Smad-

binding elements as a readout for Smad signaling.13, 14 After transfection, cells were 

stimulated or not stimulated for 24 h with 40 nM or 200 nM of BMP2, 100 nM or 500nM of 

peptide CK2.1, or 100nM of peptide CK2.2, or CK2.3. Cells were lysed with 1× passive 

lysis buffer (Biotium, Hayward, CA) and reporter gene assay was performed with a dual 

luciferase assay kit (30005-2) (Biotium).

Peripheral Quantitative Computed Tomography (pQCT)

Isolated femur lengths were measured with digital calipers (Stoelting, Wood Dale, IL), then 

femurs were measured for density using the SA Plus densitometer (Orthometrics, Stratec SA 

plus Research Unit, White Plains, NY). Calibration of the SA Plus instrument was done with 

hydroxyapatite standards of known density (50–1,000 mg/mm3) with cylindrical diameters 

2.4 mm and length 24 mm that approximate mouse femurs. Assessment of defined thickness 

aluminum foils indicated accurate measurement of the 0.25 mm thick foil, whereas a 

0.02mm thick foil could not be measured. The bone scans were analyzed with distinct 

threshold settings to separate bone from soft tissue. Thresholds of 710 and 570 mg/cm3 were 

used to determine cortical bone areas and surfaces. These thresholds were selected to yield 

area values consistent with histomorphometrically derived values and the defined density 

standards noted above. To determine mineral content, a second analysis was carried out with 

thresholds of 220 and 400 mg/cm3. These lower thresholds were selected so that mineral 

from most partial voxels (0.07 mm) would be included in the analysis. Density values were 

calculated from the summed areas and associated mineral contents. Precision of the SA Plus 

for repeated measurement of a single femur was found to be 1.2%. Isolated femurs were 

scanned at seven locations at 2-mm intervals, beginning 0.8mm from the distal ends of the 

epiphyseal condyles. Due to variation in femur lengths, the femoral head could not be 

scanned at the same location for each bone, and thus was not included in final data. Total 

vBMD values were calculated by dividing the total mineral content by the total bone volume 

(bone + marrow) and expressed as mg/mm3.6, 15, 16

Histology

After 4 weeks, mice were sacrificed and extracted femurs were fixed in 10% Neutral 

Buffered Formalin (Sigma– Aldrich, St.Louis, MO) and decalcified for 5 days in 5% formic 

acid in 10% sodium citrate (Sigma–Aldrich). Samples were bisected longitudinally through 

interchondular notch to separate medial and lateral condials for paraffin embedding. Paraffin 

embedded blocks were sliced to 6-mm thickness and stained by Safranin O and fast green 

staining.17 The following samples were measured for AC formation using the width in seven 

different places on each samples and normalized to controls.
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Immunostaining

Sectioned femur samples (pre-treated in xylene for 10 min to clear away the paraffin) and 

C3H10T1/2 cells plated on coverslips were incubated with testicular hyaluronidase for 30 

min to expose collagen epitopes. The samples were immunofluorescently labeled for 1 h at 

room temperature either with rabbit polyclonal IgG collagen type II (10 µg/ml, ab34712, 

Abcam, Cambridge, UK) followed by Alexa 546 donkey anti-rabbit IgG (2 µg/ml. Abcam) 

or rabbit polyclonal collagen IX (10 µg/ml, Abcam) followed by Alexa 647 goat anti-rabbit 

IgG (2 µg/ml, Invitrogen, Eugene, OR) or goat polyclonal IgG MMP13 (10 µg/ml, Santa 

Cruz Biotechnology, Santa Cruz, CA) followed by Alexa 568 donkey anti-goat (2 µg/ml, 

Invitrogen) or Rabbit (Rb) pAb collagen × (10 µg/ml, ab58632, Abcam) followed by Alexa 

flour 488 donkey anti-rabbit (2 µg/ml, Invitrogen) or rabbit polyclonal IgG osteocalcin (10 

µg/ml, Santa Cruz Biotechnology) followed by Alexa flour 488 donkey anti-rabbit (2 µg/ml, 

Invitrogen). Antibodies were diluted in 3% BSA. The nuclear stain bisbenzimide (Sigma–

Aldrich, Hoechst dye No. 33258, dissolved in H2O) was administered for 5 min and 

coverslips were mounted on slides using Airvol as described previously.18, 19 Images were 

taken (n = 8 image sections/sample) on the Zeiss 780 confocal with a 20× objective 

(0.75NA, Beam Splitter [MBS] 458/514/ 561/633, 5% laser output, and [MBS] 405, 2% 

laser output). Images were quantified using ImageJ (NIH, Bethesda).

Statistical Data Analysis

All data presented were analyzed using single factor ANOVA, followed by Tukey–Kramer 

post-hoc test. All experiments were repeated three or more times and normalized to control. 

Chauvenet’s criterion was used to remove outliers. Error bars represent standard error of the 

mean (SEM), where * denotes (p < 0.05) and ** denotes (p < 0.01) statistical significance.

RESULTS

CK2.1, But Not CK2.2 or CK2.3, Induced Chondrogenesis in C3H10T1/2 Micromasses

To evaluate the effect of CK2.1, CK2.2, and CK2.3 on chondrogenesis, C3H10T1/2 cells 

were cultured as micromasses and stimulated with 100 nM of the corresponding peptides. 

Cells were stimulated with the peptides at 100 nM a 2.5 times higher concentration 

compared to BMP2 at 40 nM based on previous experiments.7 After stimulating C3H10T1/2 

micromasses for 3 weeks, proteoglycan synthesis, a marker for chondrogenesis, was 

evaluated by Alcian blue staining.11 As positive control cells were stimulated with BMP2 

(40 nM). As Figure 2A demonstrates only CK2.1-induced chondrogenesis in C3H10T1/2 

cells similar to BMP2 stimulations. Optimal dosage of peptide CK2.1-induced 

chondrogenesis was analyzed using a concentration gradient stimulations on the C3H10T1/2 

micromasses (Fig. 2B). This resulted in optimal dose range of the peptide at low dose of 100 

nM to high dose at 500 nM as previously seen in C2C12 cells for osteogenesis.7 To test 

whether this CK2.1-induced chondrogenesis is via the activation of BMP signaling pathway, 

we used a Smad reporter gene assay using the luciferase reporter construct pSBE-luc. 

C3H10T1/2 cells transfected with pSBE-luc and pRLUC (control for transfection efficiency) 

were stimulated with low and high doses of peptide CK2.1 and equivalent concentration of 

BMP2. Only cells stimulated with peptide CK2.1 and BMP2 but not CK2.2 or CK2.3 
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resulted in a significant increase in SMAD activity and this SMAD activation was similar 

between BMP2 and CK2.1 across equivalent concentrations (Fig. 2C).

C3H10T1/2 Cells Stimulated With CK2.1 and BMP2 Induced Collagen Type II Expression

To further confirm peptide CK2.1-induced chondrogenic differentiation, we examined 

collagen type II production in C3H10T1/2 cells. Chondrocytes actively produce collagen 

type II, which make up the majority of collagen network in cartilage. Therefore, we 

stimulated C3H10T1/2 cells with the peptides CK2.1, CK2.2, and CK2.3 for 3 weeks. As 

positive control cells were stimulated or not with BMP2. Cells were fixed and 

immunostained for collagen type II. Expression of collagen type II was quantified by 

confocal microscopy (Fig. 3). Results demonstrate a significant increase in collagen type II 

production in CK2.1-stimulated cells.

BMP2, CK2.2, CK2.3, But Not CK2.1, Induced Mineralization in C3H10T1/2 Cells

BMP2 is known to induce chondrogenic as well as osteogenic differentiation in MPCs.10, 20 

BMP2 influence on chondrocytes is also known to induce chondrocyte hypertrophy and the 

regulation of collagen type X.21 Our previous work demonstrated strong osteogenic 

capability of BMP2 and the peptides in C2C12 cells.7 Therefore, C3H10T1/2 cells were 

stimulated with CK2.1, CK2.2, and CK2.3 and labeled for collagen type × (marker for 

chondrocyte hypertrophy) and osteocalcin (marker for osteoblast activity were measured).22 

Furthermore, von Kossa staining for the deposition of mineral phosphates was used as an 

endpoint. Collagen type × expression in cells stimulated with CK2.1 was not significantly 

higher compared to controls; however, cells stimulated with BMP2 stimulated showed a 

higher expression level. (Fig. 4A). Moreover, there was no significant elevation in 

osteocalcin levels or the mineral content in cells stimulated with CK2.1 even at the end of 3 

weeks of stimulations compared to controls (Fig. 4). However, BMP2, CK2.3, and CK2.2 

induced osteocalcin expression and mineralization.

CK2.1 Injection Into the Tail Vein of Mice Resulted in Increased AC Formation

In vitro analysis of CK2.1 demonstrated positive chondrogenic activity without the induction 

of chondrocyte hypertrophy. Therefore, we investigated the effect of CK2.1 on cartilage 

formation in vivo. To understand the systemic effects of the peptide CK2.1, C57BL/6J mice 

were injected via the tail vein over 5 consecutive days. C57BL/6J mice are the most widely 

used in bred model for biological and biomedical research,23, 24 and were implemented for 

this study. As a positive control mice were injected with BMP2. Cartilage degenerative 

diseases like OA affect the AC of diarthroidal joints, but the AC of the long bones like the 

femurs are mostly affected by this condition.25 Therefore, cartilage turnover is evaluated by 

studying the articular cartilage that surrounds the femurs in these mice. Four weeks after the 

last injection, mice were sacrificed, femurs were fixed, decalcified, and paraffin embedded. 

Paraffin blocks were sectioned at 6-µm thickness and stained with Safranin O and Fast 

Green.17 Figure 5 shows enhanced AC formation in mice injected with CK2.1 similar to 

BMP2 and compared to PBS.

Akkiraju et al. Page 6

J Orthop Res. Author manuscript; available in PMC 2017 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Increased Expression of Collagen Types II and IX Synthesis in the AC of Mice Injected With 
CK2.1

Collagen types II and IX are two markers that are upregulated during AC formation by 

chondrocytes. Since CK2.1 and BMP2 injection into the tail vein of mice led to increased 

AC growth, we next analyzed the cartilage sections for collagen types II and IX expression. 

Collagen type II expression was higher in mice injected with CK2.1 and BMP2 as compared 

to mice injected with PBS (Fig. 6A). Interestingly, collagen type IX level was higher only in 

mice injected with CK2.1 but not PBS or BMP2 (Fig. 6B).

Increased Expression of Collagen Type × in Mice Injected With BMP2 But Not CK2.1

One of the major drawbacks for using BMP2 as a therapeutic for cartilage repair is that 

BMP2 induces chondrocyte hypertrophy. Therefore, we next immunofluoresecently stained 

the cartilage sections for collagen type × and MMP13, both markers for chondrocyte 

hypertrophy.26, 27 As Figure 7 demonstrates, collagen type × is upregulated in mice injected 

with BMP2.

BMD Was Unchanged in Mice Injected With CK2.1

To determine the changes in trabecular BMD and cortical BMD of mice injected with BMP2 

and CK2.1, femurs were processed and assessed by pQCT.28 pQCT analysis of femurs from 

mice injected with CK2.1 showed no changes in trabecular or cortical BMD as compared to 

PBS-injected mice. However, BMP2-injected mice had a significant increase in trabecular 

BMD but not cortical BMD (Fig. 8).

DISCUSSION

We previously demonstrated the activation of the BMP signaling pathway using peptides 

CK2.1 (Fig. 1B), CK2.2, and CK2.3 in the absence of the ligand leading to osteogenesis.5–7 

In this study, we investigated the ability of the novel peptide CK2.1 to induce 

chondrogenesis in vitro and in vivo. C3H10T1/ 2 micromasses stimulated with CK2.1 but 

not CK2.2 and CK2.3 exhibited increased proteoglycan secretion and collagen type II 

expression similar to that of cells stimulated with BMP2. BMP signaling is also known to 

induce chondrocyte hypertrophy and osteogenic response in C3H10T1/2 cells.10, 29 This was 

evident in C3H10T1/2 cell stimulations using peptides CK2.2, and CK2.3 that induced 

osteocalcin expression and mineral deposition as a consequence of osteoblast differentiation 

similar to BMP2 stimulations, whereas CK2.1 alone did not. We further confirmed this 

CK2.1-induced chondrogenic activity was mediated by BMP downstream signaling using 

Smad reporter assay.

In vivo systemic tail vein injection of CK2.1 and BMP2 in mice resulted in increased AC 

formation. This study demonstrated the CK2.1 potential in inducing chondrogenesis in 

similar capacity as BMP2. Previously reported systemic injection of BMP2 in mice at a 

concentration 0.5–5 µg/kg for 20 consecutive days resulted in increased AC formation.9 In 

our current study, we saw an increase in TBMD with BMP2 injections along with AC 

growth. However, mice injected with CK2.1 exhibited no significant growth in other areas of 

the body except AC. The major differences between CK2.1-injected versus BMP2-injected 
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mice were observed in the collagen composition of the AC ECM. While collagen type II 

expression is similar in CK2.1- and BMP2-injected mice, differences were observed in 

collagen type IX expression. Collagen type IX was higher in mice injected with CK2.1 

compared to BMP2 or PBS. In sharp contrast, BMP2-injected mice expressed a higher level 

of collagen type × compared to CK2.1- or PBS-injected mice. The expression of collagen 

type × in BMP2-injected mice indicates the terminal differentiation of chondrocytes. This 

effect of BMP2 is well described in the literature.2 Interestingly, mice injected with CK2.1 

did not show this effect. This may be due to the time frame of the study or the concentration 

of CK2.1 used in this study. In vitro analysis as well of collagen type × expression in 

C3H10T1/2 cells did not demonstrate a significant increase in CK2.1 stimulations compared 

to BMP2. Moreover, CK2.2 or CK2.3 exhibited no significant collagen type × production in 

these cells, as they failed in inducing chondrogenic differentiation in these cells. As 

demonstrated in the dose–response curve, the optimal dose of the peptide CK2.1 in in vitro 

analysis is at doses between 100 nM and 500 nM. These results are similar to the results 

found in our previous study in C2C12 cells, where 100nM was the ideal concentration to 

induce osteogenesis for CK2.1.7 Furthermore, the SMAD activity readout between 100 nM 

and 500 nM of CK2.1 compared to 40 nM and 200 nM of BMP2 was similar. However, it is 

not known what effects the peptide CK2.1 may yield at doses beyond the optimized values. 

As C3H10T1/2 cells are multipotent MSCs, they may illicit different phenotypic effects. 

Although, the doses used demonstrate chondrogenic activity without the induction of 

osteogenesis or chondrocyte hyperthrophy within these cells compared to BMP2, this maybe 

different at higher concentrations. An alternative explanation may be that CK2.1 affects only 

the differentiation of mesenchymal cells to chondrocytes and maintains their chondrogenic 

potential. Additionally, injections of BMP2 alone but not CK2.1 led to increased trabecular 

BMD in mice. Moreover, BMP2, CK2.3, and CK2.2, but not CK2.1, induced mineralization 

in C3H10T1/2 cells.7 We previously showed that injection of CK2.3 into the tail vein of 

mice increased trabecular BMD.6 Therefore, the mechanism is still unclear on how CK2.1 

induces chondrogenic activity differently than BMP2 ligand utilizing similar signaling 

pathways without inducing chondrocyte hypertrophy or osteogenesis. However, there are 

still questions to be answered for future studies, as it is still unclear how CK2.1 actuates this 

specific response toward the articular capsule, as AC being avascular and can only be 

explained by the blood supply through the synovial capsule,30 along with the diffusion rates 

of the peptide into the cells. Furthermore, also to be addressed are the rates of tissue growth 

due to proteoglycan induced osmotic swelling or that of appositional growth and the ability 

of CK2.1 induced cartilage repair in disease models. Our data presented here and previously 

further indicate that CK2.1 as well as CK2.3 may signal through more specific signaling 

pathways compared to BMP2.6, 7 As included in the hypothetical signaling schematic that 

illustrates a possible mode of peptide induced BMPRIa activation in Figure 1. However, 

more experiments are needed to answer these questions. Based on our data, CK2.1 induces 

chondrogenesis without inducing chondrocyte hypertrophy and may be one of the few 

peptides developed or proteins discovered with this capability and may be used for cartilage 

repair in OA-related cartilage loss.
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Figure 1. 
Proposed mechanism of action of the peptide CK2.1 based on previous data.5 (A) Schematic 

demonstrates the known mechanism of BMP2-mediated BMPRIa activation described 

according to the literature as follows: (1) Ligand binding to the BMPRIa and BMPRII 

receptor complex leads to the (2) release of CK2 allowing for phosphorylation of (3) 

downstream signaling. (B) Schematic illustrates the possible mechanism of peptide through 

the activation of BMPRIa downstream signaling as follows: (1) Peptide CK2.1 blocking of 

CK2 interaction to BMPRIa leads to (2) downstream signaling.
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Figure 2. 
CK2.1 but not CK2.2 or CK2.3 induced chondrogenesis in C3H10T1/2 cells. (A) 

C3H10T1/2 micromass cultures were treated with either BMP2 (40 nM) or peptides CK2.1 

and CK2.2, CK2.3 at (100nM) and stained with Alcian blue for 3 weeks. BMP2-and CK2.1-

treated cells showed a significant increase of ECM containing proteoglycans. (B) 

Concentration curve of micromass stimulated with CK2.1 and BMP2. The treatments 

identified the concentrations of CK2.1 at 100–500nM as the optimal doses for inducing 

chondrogenesis. (C) Smad reporter gene assay performed on C3H10T1/2 cells stimulated 

with CK2.1 at 100nM or 500nM, CK2.2 and CK2.3 at 100 nM, and BMP2 at 40nM or 200 

nM. Only CK2.1 and BMP2 induced Smad activity and similar SMAD activity was 

observed across the equivalent concentrations.
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Figure 3. 
CK2.1 induced collagen type II production in C3H10T1/2 cells. C3H10T1/2 cells were 

stimulated with CK2.1, CK2.2, and CK2.3 at 100 nM or with equivalent concentration of 

BMP2 40 nM. Both CK2.1 and BMP2 induced positive chondrogenic differentiation as a 

measure of collagen type II compared to control. Scale bar representing 50 µm.
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Figure 4. 
BMP2, CK2.2, and CK2.3 but not CK2.1 induced chondrocyte hypertrophy and 

mineralization of C3H120T1/2 cells. C3H10T1/2 cells cultured for 3 weeks and stimulated 

with CK2.1 (100 nM or 500 nM), or 100 nM of CK2.2 or CK2.3 and stimulated or not with 

the equivalent concentration of BMP2 (40 nM or 200 nM) as controls. Cells were fixed and 

then stained for Hoechst (blue) (A), collagen type × (green) (B), osteocalcin (green) (C), and 

von Kossa and analyzed for results using ImageJ. Scale bar representing 50 µm.
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Figure 5. 
Increased articular cartilage in mice injected with CK2.1 and BMP2. C57BL/6J mice (n = 7/

group) were injected with PBS, BMP2, and CK2.1. AC formation was measured in at least 

in seven regions of each mouse femur and was calculated for width. Scale bar representing 

50 µm.
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Figure 6. 
CK2.1 but not BMP2 or PBS induced collagen types II and IX expression in articular 

cartilage. C57BL/6J mice injected with PBS, CK2.1, and BMP2 were immunostained for 

collagen type II (red) and collagen type IX (magenta). Hoechst (blue) was used to determine 

the nucleus of the residing cell and location (AC: articular cartilage; TB: trabecular bone). 

(A) CK2.1- and BMP2-injected mice expressed relatively equivalent collagen type II levels. 

(B) CK2.1-injected mice demonstrated an increased expression of collagen type IX in AC 
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but not BMP2- or PBS-injected mice. Images of the AC were imaged (n = 7/group). Scale 

bar representing 100 µm.
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Figure 7. 
BMP2 but not CK2.1 or PBS induced collagen type × expression in articular cartilage. 

C57BL/6J mice injected with PBS, CK2.1, and BMP2 were immunostained for collagen 

type × (green) and MMP-13 (red). Hoechst stain (blue) was used to determine the nucleus of 

the residing cell and location (AC: articular cartilage; TB: trabecular bone). Images of the 

AC were imaged (n = 7/group). Immunostaining demonstrates increased collagen type × 

expression in AC of BMP2-injected mice but not CK2.1- or PBS-injected mice. Scale bar 

representing 100 µm.
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Figure 8. 
Trabecular BMD is increased in mice injected with BMP2 but not CK2.1. Femurs of mice 

injected with PBS, CK2.1, and BMP2 (n = 7/group) were analyzed by pQCT. (A) Trabecular 

bone mineral density. (B) Cortical bone mineral density. Statistically significant compared to 

(a) PBS, (b) CK2.1, (c) BMP2. (< 0.05).
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