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Abstract: Osteoarthritis (OA) is a debilitating degenerative joint disease that results in chronic pain and 

inflammation due to progressive mechanical and proteolytic cartilage degradation. Articular chondrocytes, the 

main cell type present in cartilage, are responsible for the deposition and maintenance of the cartilage 

extracellular matrix (ECM). However, following damage and inflammation, chondrocytes undergo 

hypertrophy, apoptosis, and contribute to inflammation and ECM degradation. NF-κB signaling is known to 

be dysregulated in OA. TRAPPC9, a vesicle trafficking protein, is known to directly activate NF-κB signaling 
in neuronal and bone cells, however, the biological significance of this protein in chondrocytes has yet to be 

elucidated. Here, we demonstrate that TRAPPC9 enhances pro-inflammatory gene and protein expression in 

murine primary articular chondrocytes. Furthermore, we show that TRAPPC9 elicits these responses via 

phosphorylation of P-100 that activates non-canonical NF-κB signaling. Taken together, these findings suggest 

TRAPPC9 may be a potential therapeutic target to decrease inflammation and matrix degradation during OA 

pathology. 
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1. Introduction 

Osteoarthritis (OA) is a globally prevalent chronic joint disease that affects half of those over 60 

years old and incurs a significant socioeconomic burden [1–3]. OA is a whole joint disease that results 

in chronic inflammation, cartilage degradation, abnormal subchondral bone remodeling, osteophyte 

formation, synovitis, and fibrosis of the infrapatellar fat pad [4–8]. Articular chondrocytes are the 

primary cell type present in cartilage and are responsible for secretion and homeostasis of an 

extracellular matrix (ECM) composed of collagen type-II-α (Col2α) and proteoglycans [9–12]. When 

damaged, chondrocytes are unable to repair the damage and contribute to degradation by 

undergoing cellular hypertrophy and apoptosis and increasing production of matrix-degrading 

proteases, such as matrix metalloproteinases (MMPs), responsible for breakdown of the collagenous 

and non-collagenous cartilage matrix components [13–16]. Furthermore, the inflammatory conditions 

within an osteoarthritic joint stimulate chondrocytes to secrete pro-inflammatory cytokines such as 

tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) which stimulate the production of 
mediators such as prostaglandin E2, nitric oxide, cytokines, chemokines, and adhesion molecules that 

are involved in articular inflammation and enhance cartilage destruction [17–20].  

Studies have demonstrated that alterations in several key signaling pathways contribute to the 

onset and progress of OA. One pathway, the nuclear factor-kappaB (NF-κB) has been identified to 
enhance joint inflammation and contribute to chondrocyte hypertrophy and apoptosis [21–23]. 

Activation of NF-κB also results in increased production of proteolytic enzymes such as matrix-

degrading proteinases (MMPs) and aggrecanases a disintegrin and metalloproteinase domain with 

thrombospondin motifs 4 and 5 (ADAMTS4, ADAMTS5) [24,25]. The NF-κB pathway can be directly 
or indirectly activated by bone morphogenic proteins (BMPs), the Wingless (Wnt) signaling cascade, 
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or through interactions with various non-coding RNAs [21,26,27]. Furthermore, pro-inflammatory 

cytokine IL-1β has been shown to stimulate NF-κB signaling through binding interactions with 
interleukin-1 receptor 1 (IL-1RI) [28,29].  

Another protein recently shown to play a role in NF-κB signaling is trafficking protein particle 
complex subunit 9 (TRAPPC9), which shows a high degree of evolutionary conservation between 

species [30,31]. TRAPPC9 has been shown to be expressed in multiple tissue types and has been 

known to function in Golgi vesicle trafficking and been linked to nervous system disorders and 

various cancers [31–36]. Mutations in TRAPPC9 have been associated with autosomal recessive forms 

of intellectual disability that present clinically with distinctive craniofacial malformations, obesity, 

polydactyly, and brain abnormalities [9,37–40]. Despite these findings, the physiological role of 

TRAPPC9 in chondrocytes and cartilage has yet to be explored. 

In this study, we examined the role of TRAPPC9 in vitro using primary murine articular 

chondrocytes and the TC28 human cell chondrocyte cell line, ex vivo using human cartilage explants, 

and in vivo via the induction of post-traumatic OA through murine destabilization of the medial 
meniscus (DMM) surgery. Our study provides the first evidence that TRAPPC9 disrupts chondrocyte 

homeostasis and contributes to increased cartilage degradation and inflammation. Furthermore, we 

demonstrate that these are a result of NF-κB pathway activation. Together, our data identifies 
TRAPPC9 as a potential target for inhibitory therapy development in the treatment of OA and other 

inflammatory diseases.  

2. Results 

2.1. TRAPPC9 is elevated following pro-inflammatory stimulation with IL-1β  

To better understand the biological significance of TRAPPC9 in OA, we first examined the 

expression of TRAPPC9 in primary murine articular chondrocytes under pro-inflammatory 

conditions. Cartilage was harvested from 5-day-old C57BL/6 male mice (n=5) and digested to isolate 

primary chondrocytes following previously published protocols [41,42,60]. Once confluent, cells 

were serum starved overnight and treated with various doses of IL-1β to determine the effects of pro-

inflammatory stimulation on TRAPPC9 mRNA and protein expression. Results indicated a treatment 

of 10 ng/mL IL-1β was the optimum dose at which TRAPPC9 mRNA and TRAPPC9 protein were 

significantly enhanced (Figure 1A-C).  

 

Figure 1. TRAPPC9 expression is enhanced following IL-1β treatment. TRAPPC9 mRNA expression 

(A) and protein (B) levels were measured and semi-quantified (C) in primary murine articular 
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chondrocytes under various doses of IL-1β treatment. A time point study was conducted with 
primary murine articular chondrocytes and mRNA expression (D) and (E) protein levels were 

measured and (F) semi-quantified. (G) Primary murine articular chondrocytes were either left 

untreated (control) or treated with IL-1β (10ng/mL) and stained for DAPI (blue), actin (green), and 
TRAPPC9 (red). Scale bar- 20µm. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns-non-significant. N=5 

with experiments run in triplicate. 

Next, we determined the effects of chronic exposure to pro-inflammatory stimuli on TRAPPC9 

levels in murine primary articular chondrocytes to determine the optimum duration for treatment. 

Primary murine articular chondrocytes were harvested from C57BL/6 male mice cartilage as 

described above and exposed to IL-1β for up to 24-hours in vitro. During this time, cultures were 

terminated at several timepoints and TRAPPC9 mRNA and protein expression were assessed. 

Results showed TRAPPC9 mRNA and TRAPPC9 protein were both significantly enhanced following 

12-hours of IL-1β stimulation (Figure 1D-F). To further confirm these findings, mouse primary 

articular chondrocytes were subjected to IL-1β stimulation for 12-hours and imaged with fluorescent 

confocal microscopy. Results showed an enhanced TRAPPC9 level following IL-1β treatment (Figure 
1G). Actin staining did not show any dramatic change following IL-1β treatment. Together, these 
findings indicate that TRAPPC9 is expressed in primary murine articular chondrocytes and that 

TRAPPC9 mRNA and protein levels are increased after pro-inflammatory stimulation.  

2.2. TRAPPC9 modulation reduces catabolic gene and protein expression following IL-1β treatment in 
chondrocytes  

We next tested what effects modulation of TRAPPC9 would have on anabolic and catabolic 

markers in murine primary chondrocytes. As previously published, expression of anabolic markers 

was reduced while catabolic markers were enhanced in inflamed OA joints [17,61,62]. To test this, 

TRAPPC9 was knocked down with siRNA and efficiency was confirmed through qPCR and 

immunoblot analyses (Figure 2A-C). We then examined the mRNA expression of anabolic factor 

Col2α1 and pro-inflammatory makers interleukin-6 (IL-6), and MMP-1, MMP-9, and MMP-13. 

Primary chondrocytes were either left untreated (control), treated with scrambled siRNA control 

(Scram.) alone, IL-1β alone, or with a combination of siRNA treatment followed by IL-1β treatment 
(siTRAPPC9 + IL-1β). Results demonstrated that modulation of TRAPPC9 enhanced Col2α1 
expression under pro-inflammatory conditions (Figure 2D) and that expression of IL-6 and MMPs 

were significantly reduced with TRAPPC9 knockdown compared to IL-1β treatment alone (Figure 
2E-H). To further confirm these findings, we examined MMP-13 protein levels and results confirmed 

MMP-13 is reduced following siTRAPPC9 treatment and that MMP-13 levels were significantly 

reduced with TRAPPC9 knockdown compared to IL-1β treatment alone (Figure 2I,2J). Together, 

these findings suggest inhibition of TRAPPC9 attenuates inflammation in primary murine articular 

chondrocytes.  
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Figure 2. Modulation of TRAPPC9 significantly reduces chondrocyte markers gene expression in 

murine primary articular chondrocytes. TRAPPC9 mRNA expression (A) and protein levels (B, C) 

were reduced in primary murine articular chondrocytes. Modulation of TRAPPC9 in the presence of 

IL-1β significantly enhanced Col2α1 expression (D) while significantly reducing mRNA expression 
of IL-6 (E), MMP-1 (F), MMP-9 (G), MMP-13 (H) and MMP-13 protein levels (I, J).  *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001, ns-non-significant. N=5 with experiments run in triplicate. 

2.3. TRAPPC9 over expression increases catabolic gene and protein expression in human TC28 chondrocytes 

To further confirm our findings that TRAPPC9 plays a role in the chondrocyte inflammatory 

response, we next over expressed TRAPPC9 in TC28 chondrocyte cell line and confirmed over 

expression through gene expression and immunoblot (Figure 3A-D).  Then, cells were either left 

untreated (control), treated with TRAPPC9 over expression plasmid alone (TRAPPC9 OE), IL-1β 
alone, or with a combination of TRAPPC9 over expression plasmid followed by IL-1β treatment 
(TRAPPC9 OE + IL-1β). We then measured gene expression of anabolic Col2α1 and catabolic markers 
IL-6, MMP-1, MMP-9, and MMP-13 under these conditions by qPCR. Results demonstrated 

TRAPPC9 over expression alone was sufficient to significantly decrease Col2α1 expression and 
significantly increase catabolic gene expression in TC28 cells (Figure 3E-I). Furthermore, the 

combination treatment with IL-1β and TRAPPC9 OE increased expression of IL-6, MMP-1, and MMP-

9 above levels obtained with IL-1β treatment alone (Figure 3F-H). Protein levels of MMP-13 were 

found to be increased following IL-1β treatment alone and significantly enhanced when IL-1β was 
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combined with TRAPPC9 OE (Figure 3J,K). These findings demonstrate that increases in TRAPPC9 
expression result in upregulation of ECM catabolic markers.   

 

Figure 3. Overexpression of TRAPPC9 enhances catabolic markers and reduces collagen markers in 

human TC28 chondrocyte cell line. Cells were infected with retrovirus particles expressing GFP 

(E.vector) to serve as an infection control or particles overexpressing TRAPPC9 (TRAPPC9 OE). RNA 

was isolated for qPCR (A) and Western blot (B, C) using anti-TRAPPC9 and GAPDH (loading control) 

antibodies. After infection, TRAPPC9 was successfully overexpressed in TC28 cells (D). Expression of 

Col2α1 (E), and pro-inflammatory markers IL-6 (F), MMP-1 (G), MMP-9 (H), MMP-13 (I) were 

assessed by qPCR and MMP-13 protein levels by immunoblot (J, K).  *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, ns-non-significant. N=5 with experiments run in triplicate. 

2.4. TRAPPC9 binds NIK in primary murine articular chondrocytes  

 TRAPPC9 has been shown to bind NF-κB inducing kinase (NIK/MAP3K14) in neuronal cells, 
cancer cells, and osteoclasts, but it is still unknown if this binding occurs in primary chondrocytes 

[31,35,36,63]. To test this interaction, primary murine articular chondrocytes were isolated from 

C57BL/6 male mice (n=5) and grown to confluency in culture. Chondrocytes were then either left 

untreated or serum starved overnight followed by IL-1β treatment as described above. Cell lysates 

were isolated and immunoprecipitated with an anti-NIK antibody and immunoblotted using anti-

TRAPPC9 antibody (Table 1). Results demonstrated that TRAPPC9 binds to NIK under both control 

and IL-1β stimulated conditions (Figure 4A). To confirm these findings, we performed a reverse 
immunoprecipitation with an anti- TRAPPC9 antibody and immunoblotted using an anti-NIK 
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antibody. The results from this reverse immunoprecipitation validated the binding of TRAPPC9 and 

NIK and suggest that TRAPPC9 may stimulate inflammation via activation of the NF-kB pathway 

(Figure 4B).  

Table 1. Antibodies. 

Target Source 

TRAPPC9 Proteintech 

NIK Cell signaling 

P-100 Cell signaling 

P-P-100 Cell signaling 

GAPDH Cell signaling 

MMP-13 Proteintech 

β-actin Cell signaling 

HRP-conjugated secondary Cell signaling 

 

Figure 4. TRAPPC9 co-immunoprecipitated with NIK in primary murine articular chondrocytes. 

Cell lysate was immunoprecipitated with anti-NIK antibody and were blotted for TRAPPC9 (A). 

Reverse IP for NIK using anti-TRAPPC9 antibody and IgG (negative control) were blotted for NIK 

(B). Experiment was run three times with similar results. 

2.5. TRAPPC9 knockdown inhibits non-canonical NF-κB signaling in primary murine articular 
chondrocytes 

 Recent studies into tumorigenesis and cancer metastases have shown that TRAPPC9 inhibition 

is beneficial and that inhibition results in decreased NF-κB signaling [64,65]. Having demonstrated 

that TRAPPC9 binds NIK in primary chondrocytes (Figure 4), we next examined the specifics of 

TRAPPC9 NF-κB activation. TC28 cells were grown to confluency in vitro and either left untreated 
(control), treated with IL-1β alone or treated with a combination of IL-1β and siTRAPPC9. Cell lysates 
were harvested at four different time points (0-30 minutes) and immunoblotted with anti-P-100, anti-

phospho-P-100 antibodies with Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) utilized as 
the loading control. Results demonstrated a significant increase in NF-κB signaling (evident by 

enhanced phosphorylation of P-P100) following IL-1β stimulation (Figure 5B,D) compared to 
untreated controls (Figure 5A,D). Inhibition of TRAPPC9 with siRNA significantly reduced P-P100 

(Figure 5C,D).  
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Figure 5. TRAPPC9 modulation inhibits P-P100 in TC28 cells following IL-1β treatment. 
Immunoblot of TC28 cells without IL-1β (control) does not significantly alter P-P100 protein levels (A, 

D). Following IL-1β treatment, P-P100 protein levels were significantly increased (B, D). Modulation 

of TRAPPC9 inhibited P-P100 protein (C, D). *p<0.05, **p<0.01, ***p<0.001, ns-non-significant. 

Experiment was run three times with similar results. 

2.6. C57BL/6 mice develop severe cartilage damage following DMM surgery while demonstrating lower NIK 
positive cells 

 Having determined that TRAPPC9 increases pro-inflammatory expression in vitro, we next 

examined these findings in vivo. We utilized DMM, which is a well-established model for the 

induction of post-traumatic OA in a murine system [56,57]. C57BL/6 male mice (n=5) were subjected 

to DMM surgery on the right knee with the left knee serving as the internal control. An additional 

five C57BL/6 male mice underwent sham surgery, where the joint was opened but there was no 

surgical separation of the meniscus. Ten weeks post-surgery, the animals were euthanized, and the 
joints processed for histological and immunohistochemical (IHC) analyses. Results demonstrated 

that DMM animals developed severe cartilage damage compared to sham operated controls (Figure 

6A). While no significant changes in TRAPPC9 were detected with IHC (Figure 6B, D), there was a 

significant reduction in NIK positive cells following DMM surgery (Figure 6C, E). These findings 

suggest that TRAPPC9 expression is not significantly upregulated 10-weeks post-surgery resulting 

in decreased NIK expression within the joint.  
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Figure 6. C57BL/6 mice display severe articular cartilage damage and reduced NIK positive cells 

following DMM. C57BL/6 male mice were subjected to DMM surgery on the right knee with the left 

knee serving as an internal sham control (A). TRAPPC9 positive cells (B, D) were not significantly 

altered following DMM, while NIK positive cells (C, E) were shown to be significantly reduced 

compared to sham operated joints. **p<0.01, ns-non-significant. Scale bar = 200µm for low 

magnification and 100µm for high magnification. Experiment was run five times with similar results. 

2.7. Human cartilage explants show severe ECM degradation following inflammatory stimulation and 
reduced numbers of NIK positive cells 

 Next, we assessed the effects of IL-1β stimulation on TRAPPC9 and NIK protein expression in 
human cartilage explants. Undamaged cartilage was identified with Indian ink staining, rinsed in 

sterile PBS, and maintained in culture for 24 hours prior to IL-1β treatment. Results demonstrate that 

IL-1β treatment showed significant ECM degradation (Figure 7A). We then assess protein levels of 
TRAPPC9 and NIK via IHC. The results from the human explant cultures were similar to those seen 

in the murine DMM samples (Figure 6C,E). TRAPPC9 expression was not significantly altered 

between untreated control and IL-1β-stimulated samples and NIK expression was reduced following 

IL-1β stimulation (Figure 7B-E). These findings suggest that TRAPPC9 expression was not 

significantly altered following pro-inflammatory stimulation.  

 

Figure 7. Human cartilage explants treated with IL-1β demonstrate significant ECM degradation and 
decreased numbers of NIK-positive cells. Human cartilage explants were isolated from de-identified 

arthroplasty samples and undamaged cartilage isolated using India ink (A). Explants were paraffin 
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embedded, sectioned, and stained with Saffrin-O. Following treatment with IL-1β, explants showed 
severe ECM degradation. Explants were stained with an anti-TRAPPC9 antibody. There were no 

significant differences in TRAPPC9 positive cells following IL-1β treatment (B, D) compared to 

control, while NIK positive cells were reduced following IL-1β treatment (C, E). Scale bar = 200µm for 
low magnification and 100µm for high magnification. ***p<0.001, ns-non-significant. N=5 with 

experiments run in triplicate. 

3. Discussion 

Osteoarthritis (OA) is a degenerative joint disease that results in cartilage damage and chronic 

pain and disability in those affected [66,67]. Known risk factors include age, obesity, traumatic or 

developmental joint instability, chronic inflammatory conditions, and modulation of epigenetic 

regulation [10,68–70]. Studies have shown that inflammation plays a key role in the onset and 

progression of OA through increased expression of matrix proteases and stimulation of chondrocyte 

hypertrophy and apoptosis [15,71]. Furthermore, inflammation contributes to disease symptoms 

inducing pain, joint swelling, and impaired mobility [1,66,72]. Alterations in several key signaling 

pathways have been linked with OA that contribute to chondrocyte hypertrophy and inflammation, 

such as Wingless (Wnt), bone morphogenic protein (BMP), interleukin-1-beta (IL-1β), 
pI3K/AKT/mTOR, and NF-κB [73–75].  

Trafficking Protein Particle Complex 9 (TRAPPC9) is a major subunit of the TRAPPII Complex 

that has been shown to stimulate the NF-κB signaling cascade either through the canonical (through 
the IKKα/IKKβ/IKK-NEMO complex) or non-canonical (through NIK) pathway [25,76,77]. 

Furthermore, patients with TRAPPC9 frame-shift mutations present with both neuronal and skeletal 

abnormalities due to deleterious TRAPPC9-NF-κB signaling [9,34,63,78]. Despite these findings, no 

studies have examined the biological role of TRAPPC9 in chondrocytes or cartilage [33,36]. Here, we 

provide the first evidence of the pro-inflammatory role of TRAPPC9 in chondrocytes and 

demonstrate its stimulation of the non-canonical NF-κB pathway via binding interactions with NIK.  

 We began by first demonstrating that TRAPPC9 mRNA and protein were significantly 

increased following IL-1β pro-inflammatory stimulation in primary murine articular chondrocytes. 

We then modulated TRAPPC9 using both loss-of-function and gain-of-function approaches and 

demonstrated that TRAPPC9 inhibition enhanced anabolic Col2α1 mRNA expression and inhibited 
expression of pro-inflammatory IL-6 and matrix metalloproteinases MMP-1, MMP-9, and MMP-13 

(Figure 2D-J). We confirmed these findings by performing TRAPPC9 over expression assays, which 

resulted in decreased anabolic expression and enhanced catabolic mRNA and protein levels (Figure 

3A-K).  

 Next, we examined the mechanism by which TRAPPC9 enhances catabolic gene expression. 

Studies of TRAPPC9 signaling have demonstrated that TRAPPC9 (also known as NIK- and IKK2-

binding protein (NIBP)) directly binds NIK and stimulates NF-κB signaling in neuronal, bone and 

cancer cells, where NF-κB activation maintains cancer cell malignancy and tumorigenesis 
[31,33,36,63,79].  Here, we provide the first evidence that TRAPPC9 binds NIK in primary murine 

chondrocytes, and that binding stimulates non-canonical NF-κB signaling through modulation of 
phospho-P-100, which has been shown to increase matrix catabolism and inflammation in OA [21–

23] (Figure 4A, 5A-D). These findings provide additional support for the hypothesis that TRAPPC9-

NF-κB signaling plays a role in joint and skeletal maintenance.  

 Finally, we examined the localization of TRAPPC9 and NIK in vivo in a murine model of post-
traumatic OA. Destabilization of the medial meniscus (DMM) is a well-established murine model for 

the induction of post-traumatic OA where the medial meniscus ligament is transected during surgery 

resulting in joint instability [56,57]. Results from our studies in C57BL/6 mice demonstrated severe 

cartilage damage in DMM mice, compared to sham controls, but no significant difference in 

TRAPPC9 positive cells (Figure 6A, B, D). Additionally, we detected significantly fewer NIK positive 

cells following DMM (Figure 6C, E). Similar results were seen in evaluations of TRAPPC9 and NIK 

levels in human explants following IL-1β stimulation (Figure 7). NF-κB signaling is complex and 

involves both canonical and non-canonical pathways. The dominant pathway is canonical, which 
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involves the phosphorylation of IκB and the formation of IKKα/IKKβ complexes [80,81]. The 

alternative non-canonical pathway involves NIK and P-100 phosphorylation [25,82]. It is likely that 

we failed to detect elevated TRAPPC9 levels 10-weeks post-surgery or following 24-hour incubation 

with IL-1β because the increase in TRAPPC9 levels is transitory. Furthermore, the decreased levels 
of NIK seen in both our murine and human explant experiments may be a result of enhance canonical 

NF-κB signaling, not non-canonical. This suggests that, while TRAPPC9 has been shown to stimulate 

canonical and non-canonical signaling, there may be a preference for the pathway of activation in 

primary chondrocytes under pro-inflammatory conditions [33,36]. However, additional studies are 

needed to confirm these findings.  

 In this study, we sought to uncover the biological significance of TRAPPC9 in primary 

chondrocytes. Here, we demonstrate that TRAPPC9 expression is enhanced in primary chondrocytes 

under pro-inflammatory conditions and activation enhances expression of pro-inflammatory makers 

while reducing anabolic gene expression. Furthermore, we demonstrate that TRAPPC9 binds NIK 

and activates the non-canonical NF-κB signaling pathway in murine primary chondrocytes. 
Together, these findings suggest that TRAPPC9 may be a potential therapeutic target to decrease 

inflammation and matrix degradation during OA pathology.  

4. Materials and Methods 

4.1. Isolation and culture of primary murine chondrocytes  

Primary murine articular chondrocytes were isolated from 5-day old C57BL/6 male pups. The 

femoral head, condyle and tibia plateau were collected and digested overnight in 2 mg/ml 

collagenase D (Sigma) then washed and seeded in a 6 well plate at a density of 2 x105 cells/well for 7 

days [41,42]. Cells were maintained in DMEM/F12 media (Cellgro) supplemented with 10% fetal 

bovine serum (FBS) and penicillin/streptomycin (penicillin 50 U/mL, streptomycin 50 µg/mL). After 

cells reached confluence, they were serum starved overnight before treatment with IL-1β (10 ng/ml) 
(R&D Systems). 

4.2. Human explant culture 

Cartilage was isolated from de-identified knee joints of patients undergoing total knee 

replacement surgery (arthroplasty) with minor modifications [43,44]. Cartilage from undamaged 

regions of the knee were identified using Indian ink and were rinsed three times with sterile 

phosphate buffered saline (PBS) [45]. The cartilage was then cut into 2 x 2 mm pieces and cultured 

for 24 hours in DMEM/F12 media supplemented with 10% FBS and penicillin/streptomycin as 

described above. Cartilage explants were serum-starved overnight prior to treatment with Il-1β (10 
ng/mL) for 24 hours. Following treatment, the explants was fixed in 4% paraformaldehyde (Corning) 

for 24 hours and paraffin embedded. Histology sections were cut at a 5µm thickness and stained with 

Safranin-O (Fisher Scientific) [46,47].  

4.3. Immunofluorescent staining  

Primary murine articular chondrocytes were grown in a 4-well chamber slides (Corning) and 

maintained in DMEM/F12 supplemented media as previously described. For the IL-1β treatment 
group, cells were serum starved overnight and then treated with IL-1β (10 ng/ml) for 24 hours. Slides 

were rinsed in sterile PBS and fixed in 4% paraformaldehyde for 20 minutes. The cells were then 

washed twice for 2 minutes each in PBS and blocked in 5% BSA in Tris Buffered Saline with Tween® 

20 (TBST). Chondrocytes were permeabilized in a solution of 10% BSA and 0.1 Triton-X100 in PBS for 

15 minutes at room temperature. Slides were washed 3 times in PBS and incubated overnight in 

primary antibodies at 4°C. The next day, cells were incubated with fluorescently labeled secondary 

antibodies for 1 hour and mounted in a DAPI-containing medium. Images were acquired using 

Olympus FV1000 confocal microscope. 
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4.4. Immunohistochemistry 

For immunohistochemistry (IHC) analyses, paraffin was removed from joint sections and the 

tissues was rehydrated as previously described [48,49]. Antigen retrieval was performed by 

incubating the slides in trypsin (25mg/ml) at 60°C water bath overnight. Slides were cooled with 

distilled water and incubated in serum for blocking for 30 minutes followed by primary antibody 

overnight at 4°C. Slides were then rinsed three times (5 minutes each) with 10X TBST and incubated 

for 30 minutes with Avidin-Biotin complex (ABC). Slides were then rinsed three times in washing 

buffer and rinsed again and incubated with Diaminobenzidine (DAB), rinsed in water and 
counterstained with hematoxylin. Following staining, slides were dehydrated and covered slipped. 

Slides were then imaged on an Olympus BX61VS slide scanning microscope and positively stained 

cells were counted.   

4.5. Immunoblotting 

The total protein was extracted from murine primary chondrocytes using 1X 

radioimmunoprecipitation assay (RIPA) buffer (EMD Millipore) supplemented with a proteinase 

inhibitor cocktail (Thermo Fisher Scientific). Protein lysates were kept on ice for 30 minutes and then 

centrifuged at 12000g for 30 minutes. Total protein concentrations were determined via BCA assay 

following the manufacture’s recommendation (Biorad). A total of 20µg of protein lysate was used for 

each sample and loaded on a 12% SDS-polyacrylamide gel. Proteins were transferred to a PVDF 

membrane (Biorad) as previously described [50,51]. Membranes were blocked for 1 hour in 5% BSA 

in TBST at room temperature and probed with primary antibody overnight at 4C°. Primary antibody 

was removed and the blot was washed with TBST then probed with primary antibodies (Table 1) 

overnight at 4°C. Blots were rinsed three times in TBST (5 minutes per wash) and incubated with an 

HRP-conjugated secondary antibody for 1 hour at room temperature. Blots were then imaged using 

a luminata forte Western Blot HRP substrate and imaged on the Syngen Pxi imaging system. Relative 

protein expression was then evaluated using ImageJ ver. 1.50i.  

4.6. Immunoprecipitation 

Primary murine articular chondrocytes were isolated from 5-day old C57BL/6 male pups. The 

femoral head, condyle, and tibia plateau were collected, digested (Collagenase D), plated into 6-well 

culture dishes, and maintained in culture to confluence as described above. Once confluent, cells were 

serum starved overnight then treated with IL-1β (10 ng/ml) for 24 hours. Protein was isolated, and 
100µg of protein was combined with 10µg of anti-TRAPPC9 or anti-NIK antibodies and incubated 

overnight at 4°C. The proteins were added to a 1.5mL microcentrifuge tubes containing 25 µL of 

Pierce Protein A/G pre-washed magnetic beads (Thermo Scientific Fisher) and incubated at room 

temperature for 2 hours with gentle shaking. Beads were collected with a magnetic stand and co-

immunoprecipitation was confirmed by immunoblot as described above. To confirm the binding, a 

reverse immunoprecipitation was performed with NIK and was co-precipitated with TRAPPC9.  

4.7. Real time qPCR analysis 

Total RNA was extracted from primary murine articular chondrocytes using the RNeasy kit 

(Qiagen) and cDNA generated using 1 µg total RNA with the High-Capacity Reverse Transcription 

Kit following manufacturer recommended protocols (Applied Biosystems). In-house primers were 

designed for gene expression analyses via RT-qPCR (Table 2). qRT-PCR was performed using a 

StepOne Plus machine (Applied Biosystems) with SYBRGreen PCR Master Mix (Applied 

Biosystems). Reactions were performed in triplicate and normalized against GAPDH mRNA 

expression following the delta-delta CT (ΔΔCT) method [52,53]. 
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Table 2. RT-qPCR Primers. 

Gene Forward Reverse 

TRAPPC9 GCT GTC ACC TTG GAG AAC AT GCT CAA GAA GTC GCC ATA CA 

IL-6 CCA ATT TCC AAT GCT CTC CT ACC ACA GTG AGG AAT GTC CA 

Collagen-2α1 TTC TGC TGC TAA TGT TCT TGA GGG ATG AAG TAT TGT GTC TTG GG 

GAPDH CGA CTT CAA CAG CAA ATA CCA CTC TTC TGG GTG GTC CAG TTC TTA CTC CTT 

MMP-1 TTG CTG CTC ATG AAC TTG GC AGA GAT GGA AAC GGG ACA AGT 

MMP-9 GCA TAC TTG TAC CGC TAT GGT TGT GAT GTT ATG ATG GTC CC 

MMP-13 TGA TGG ACC TTC TGG TCT TCT GGC CAT CCA CAT GGT TGG GAA GTT CTG 

4.8. TRAPPC9 modulation using gain-of-function and loss-of-function approaches 

TRAPPC9 was overexpressed in both murine primary articular chondrocytes and the TC28 

human chondrocyte cell line using retroviral particles expressing pMX-IRES-GFP (control retrovirus 

vector encoding green fluorescent protein (GFP]) and pMX-IRES-TRAPPC9 (treatment encoding 

constitutively activeTRAPPC9 protein) (Genecopoeia) and packaging plasmids (Origene). Plasmids 

(100pg-100ng) were transformed into competent E. coli (NEB) following recommended protocols, 

plated, and incubated overnight at 37°C. Colonies expressing control and treatment plasmids were 

identified and cultured in Luria-Bertani (LB) broth (Corning Inc). Plasmids were isolated and purified 

with the MINIprep kit (Quiagen) following previously published protocols [54,55]. Cells were 

transfected using 1 µg/mL of the purified plasmids and XtremeGENE™ HP DNA transfection 

reagent (Roche) in a serum free medium. Six hours later, the medium was supplied with 10% FBS 

and was left for 24 hours prior to RNA isolation and 36 hours for protein isolation. For loss-of-

function assays, murine primary articular chondrocytes were incubated with purchased siRNAs 

targeting TRAPPC9 and XtremeGENE™ siRNA transfection reagent (Roche) overnight in serum free 

media. The next day, the transfection media was aspirated and replaced with supplemented 

DMEM/F12 for 24 hours prior to isolation for RNA or protein analyses.  

4.9. Induction of post-traumatic osteoarthritis in a murine model 

To induce post-traumatic osteoarthritis (PT-OA) in a murine model, we used the destabilization 
of the medial meniscus surgical approach, a well-characterized model [56,57]. Twelve-week-old male 

C57Bl/6 mice were purchased from Jackson labs (Cat # 000664). Male mice were housed and surgery 
conducted following the guidelines of the Institutional Animal Care and Use Committee (IACUC) of 

Northeast Ohio Medical University (NEOMED). Animals were anesthetized and the right knee was 
subjected to microsurgery and the medial meniscus was severed to induce joint instability [56,57]. 

The left knee served as internal control. Separate sham animals underwent surgery to open the joint, 

but the medial meniscus was left intact. Animals were euthanized 10 weeks post-surgery and the 

joints harvested for histological and histomorphometric analyses.  

4.10. Statistical analysis 

The Prism 6 software version 6.01 was used to analyze the statistical differences between 
individual groups. All individual experiments were independently repeated for a minimum of three 

times. Comparison of multiple groups was analyzed using a one-way analysis of variance (1-way 

ANOVA) followed by a Turkey’s for multiple comparison post hoc test. An unpaired t-test was 

performed to compare two groups. Differences were statistically calculated with a p-value less than 

0.05. Group means or means ± standard error of the mean (±SEM) were graphed. 
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