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Abstract 70 

Background71 

Osteoarthritis (OA)-associated single nucleotide polymorphism (SNP) rs11780978 has 72 

previously been associated with differential methylation at sites within PLEC gene and 73 

differential expression of PLEC in multiple joint tissues, including cartilage. We undertook 74 

experiments to identify novel differential methylation sites and used epigenome editing to 75 

link rs11780978 associated differential methylation to PLEC expression. Here, we 76 

established a novel pipeline using immortalized human chondrogenic cells to determine the 77 

role of PLEC. CRISPR based genome editing was employed to replicate plectin deficiency 78 

followed by deep phenotyping through cartilage development (chondrogenesis), and 79 

homeostasis. 80 

81 

Methods82 

Methylation quantitative trait loci (mQTL) analyses of novel CpGs were undertaken. 83 

Epigenome editing was employed to modulate methylation at CpGs of interest and 84 

expression of genes of interest was screened by qPCR. A novel, highly chondrogenic 85 

CRISPR based cell line was used to develop a PLEC-knockout and CTRL line. Cells 86 

underwent chondrogenesis and were phenotyped by qPCR as well as 87 

staining/immunohistochemistry for matrix components. Cells were challenged with 88 

mechanical and mechano-inflammatory stimuli and phenotyped by high depth RNA 89 

sequencing. 90 

91 

Results           92 

Two previously described and four novel mQTLs were replicated in human OA cartilage. 93 

The six mQTLs were targeted with epigenome modulation which prioritised PLEC for 94 

further study. Plectin editing was efficient at the DNA, mRNA and protein level and was 95 

maintained throughout chondrogenesis and mechano-inflammatory challenge. Plectin 96 

deficiency was associated with molecular phenotypes, including reducing anabolism 97 

following chondrogenesis. Deep phenotyping of the chondrocyte response to loading and 98 

combined mechano-inflammation identified genes and pathways of interest intersecting with 99 

plectin deficiency. 100 

101 

Conclusions102 

We report a functional pipeline to test a non-coding OA SNP from epigenome editing, 103 

through genome editing and downstream deep phenotypic characterisation of genes of 104 

interest in in vitro cartilaginous model systems replicating the mechano-inflammatory 105 

environment. This system enabled us to identify multiple novel links between the functional 106 

region, plectin and chondrocyte biology and mechanobiology. These data enhance our 107 

knowledge on plectin biology and provide new pathways of interest for future study. 108 

109 

110 

111 

112 

113 

114 

115 

116 

117 
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Introduction118 

Osteoarthritis (OA) is the most common form of arthritis and the leading cause of 119 

disability globally[1]. OA occurs in synovial joints, most commonly affecting the hand, hip, 120 

and knee[1]. Focal loss and subsequent degeneration of articular cartilage is characteristic of 121 

OA; however, it is increasingly understood that the disease is multifactorial, affecting multiple 122 

tissues within the joint, with a well-established inflammatory component contributing to 123 

disease development and progression[2]. The etiology and pathogenesis of primary OA 124 

involves the contribution of multiple risk factors, including increasing age[3], female sex[4], 125 

obesity[4], and anatomical variation (such as knee malalignment[5], hip dysplasia[6, 7], and 126 

deformity[6]). The advent of powerful genome-wide association studies (GWAS) has 127 

facilitated the identification of disease-associated single-nucleotide polymorphisms (SNPs), 128 

establishing a crucial role for common genetic variation in the development of OA [8]. Indeed, 129 

it is now estimated that nearly half of OA risk is genetically associated [9]. 130 

Most OA-associated SNPs reside in non-coding regions of the genome and tend to 131 

confer their effects by secondary epigenetic mechanisms such as DNA methylation (DNAm), 132 

chromatin modifications, and non-coding RNAs. The most well-characterized of these 133 

mechanisms in the pathogenesis of OA is DNA methylation, which is commonly associated 134 

with gene silencing through transcriptional repression[10]. A growing body of evidence has 135 

linked OA-associated SNPs to DNAm at multiple locations within the genome, in close 136 

proximity to potentially pathogenic genes associated with OA [9, 11-18]. Correlations between 137 

SNP genotype and methylation levels at CpG sites are termed methylation quantitative trait 138 

loci (mQTLs). Many OA-associated SNPs have been demonstrated to act as mQTLs in patient 139 

tissues [11-13, 18, 19], providing an intermediary mechanism useful for identifying target 140 

genes affected by these variants.  141 

There is extensive evidence for OA as a “whole joint” disease[20], and perhaps, fitting 142 
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the criteria for a “whole body” disease[21], with epigenetic effects seen in cartilage, fat pad, 143 

synovium and blood mQTL analyses[12, 13]. Cartilage is the main load-bearing and 144 

articulating tissue in the joint, in which chondrocytes constitute the main residing cell type [22, 145 

23]. Subsequently, the reproducible and extensively described process of chondrocyte 146 

development, maturation, and extracellular matrix (ECM) deposition, known as 147 

chondrogenesis, presents an opportunity to study the role of OA risk genes in vitro [24-26]. 148 

We have previously identified and characterized rs11780978 [11, 13], a G>A 149 

polymorphism with a minor allele frequency of 0.42, significantly associated with hip OA (P 150 

= 1.98 × 10-9) [27]. This SNP resides on chromosome 8, in an intron of the PLEC gene 151 

encoding plectin, a large, complex, multi-functional cytoskeletal protein [28]. Our previous 152 

data suggest a potential role for PLEC and another gene on Chromosome 8, GRINA, in the OA 153 

susceptibility associated with rs11780978, potentially mediated through DNAm in 154 

cartilage[11, 13]. Genetic and epigenetic data from the analyses suggested that PLEC may be 155 

the strongest candidate gene for further investigation[11, 13]. 156 

In vivo, following embryonic development, cartilage is subjected to a lifetime of 157 

stimuli, including mechanical load, inflammation, and injury. Understanding how genetic risk 158 

factors for OA can interact with the cartilage microenvironment in response to physiological 159 

and pathological conditions is therefore crucial in studying disease development, progression, 160 

and identifying targets for therapeutics. To understand the contribution of PLEC and other OA 161 

risk genes, we aimed to develop an in vitro system that could replicate the effects of genetic 162 

risk factors on growth, maturation, and environmental exposure (i.e., cytokines, mechanical 163 

loading) throughout the course of chondrocyte differentiation and maturation. To investigate 164 

chondrogenic phenotypes, we employed a highly chondrogenic immortalized adipose stem cell 165 

(iASC-s9) line[29]. This line supports extensive passaging, without requiring supplemental 166 

growth factors for differentiation, using protocols identical to those used for primary ASCs or 167 
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bone marrow-derived mesenchymal stem cells (BM-MSCs)[30].  168 

The goal of this study was to further assess rs11780978 associated mQTLs and apply 169 

in vitro genome and epigenome editing techniques to ascertain the molecular function of the 170 

risk allele on PLEC. We also aimed to develop and test a novel in vitro system replicating the 171 

in vivo mechano-inflammatory environment as a conduit to understand the role of plectin 172 

deficiency in cartilage development and the response to environmental factors. 173 

Materials and Methods 174 

Patients and base cell lines 175 

Cartilage samples were collected from patients undergoing hip and knee arthroplasty 176 

for primary OA. Nucleic acids were extracted from cartilage, TC28a2 chondrocyte-like cell 177 

line and immortalised adipose derived SOX9 overexpression line (iASC-s9) by Purelink 178 

Genomic DNA mini-kit (Invitrogen) as previously described [14]. TC28a2 was established 179 

prior to this work by transfecting primary cultures of costal cartilage from a 15-year-old female 180 

[31, 32], iASC-s9 was also developed previously [29]. Detailed data on patient demographics 181 

is included in Table S1.  182 

Genotyping 183 

DNA from patient cartilage samples, TC28a2 and iASC-s9 cell lines was genotyped at 184 

rs11780978 via restriction fragment length polymorphism (RFLP) as previously described [11, 185 

13]. All samples were genotyped and randomly distributed to methylation experiments to 186 

ensure an equal spread of genotypes across the CpG assays. 187 

Design and validation of pyrosequencing assays to target CpGs  188 

DNAm analysis at cg19405177 and cg14598846 was undertaken as previously 189 

described [11, 13]. For novel CpGs, assays were generated using Pyromark Assay Design 190 
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Software (Qiagen) [14]. In brief, DNA sequences of 100 bp upstream and downstream of each 191 

CpG were exported from human genome 19 (hg19) of the University of California Santa Cruz 192 

(UCSC) Genome Browser and imputed into the assay design software. Assays with the highest 193 

quality score were purchased as oligonucleotides from Integrated DNA Technologies (IDT). 194 

Where 200 bp of DNA sequence did not yield assays, the length of DNA was increased to 195 

improve assay design. Despite altering design parameters, novel CpG cg01870834 was not 196 

targetable by pyrosequencing. For the remaining novel CpGs, 500 ng of genomic DNA was 197 

bisulfite converted by EZ DNA Methylation kit (Zymo Research) and amplified in duplicate 198 

using the Pyromark PCR kit (Qiagen), as previously described[11, 13].  199 

4 assays targeting novel CpGs (cg20784950 in cluster 1, cg04255391 and cg10299941 200 

in cluster 2 and cg07212837) did not amplify or amplified with non-specific banding. For each, 201 

an alternative assay was designed. PCR optimisation was undertaken as per manufacturer 202 

instructions. Despite multiple attempts, assays consistently failed quality control (QC) checks 203 

and were therefore abandoned. The seven CpGs analysed were: cg19405177/cg24891660 204 

(original cluster 1 and a novel CpG at cluster 1), cg07427475, cg02331830, cg14598846, 205 

cg23299254 (all belonging to cluster 2), and the novel CpG located between the first exons of 206 

PLEC, cg21511203. Methylation analyses were undertaken as previously described [11, 13]. 207 

P-values were calculated for genotype-methylation correlations (mQTLs) by a Kruskal-Wallis 208 

test [11, 13]. Pyrosequencing assays are presented in Table S2. 209 

Development of a chondrocyte-like inducible dCas9-TET-1 cell line 210 

An a previously developed, inducible, puromycin selectable TC28a2-dCas9-TET-1 cell 211 

line was utilized [12]. 212 
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In silico CRISPR design 213 

Based on previous data [12, 15], CpGs were targeted with a single guide RNA (gRNA), 214 

with a 5’-3’ direction toward the CpG site, located 15-50 bp away. For each CpG, DNA 215 

sequences 50-100 bp up and downstream were extracted from the hg19 genome browser and 216 

imputed into the IDT gRNA design tool. gRNA designs were identified and scored based on 217 

direction and distance from the CpG site, prioritizing high on-target activity and low off-target 218 

activity. gRNAs and tracrRNA from IDT were used as previously described [13]. gRNA 219 

locations were verified for each CpG using the sequence alignment tool (UCSC). Non-targeting 220 

gRNA (NTgRNA, control) was purchased from IDT and verified using UCSC. gRNA 221 

sequences and IDT assay references are available in Table S3. 222 

Cell culture, induction and transfection 223 

TC28a2-dCas9-TET-1 cells were cultured as previously described [12], with selection 224 

for the CRISPR plasmid in complete medium supplemented with 1µg/ml puromycin[12]. Each 225 

gRNA or the NTgRNA (Table S3) was annealed to tracrRNA to form duplexes as previously 226 

described[12, 13]. Cells were seeded at 100,000 cells/well in 6 well plates (VWR), allowed to 227 

adhere for 24 hr in complete medium without puromycin, followed by induction of dCas9-228 

TET-1 expression with 1µg/ml doxycycline.  229 

Nucleic acid extraction of cells in monolayer 230 

DNA was extracted by Purelink Genomic DNA mini kit (Invitrogen). RNA was 231 

extracted from pellets using the NucleoSpin RNA kit (Macherey–Nagel) as per manufacturer 232 

instructions with on-column manufacturer DNase treatment. 233 
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Detection of dCas9-TET-1 induced methylation modulation 234 

DNA extraction, bisulfite conversion, and DNAm analysis by pyrosequencing were 235 

undertaken as previously described [13]. DNAm values of NTgRNA (control) were compared 236 

to gRNA for each CpG. Data were analyzed and visualized in GraphPad PRISM. 237 

Quantitative gene expression following methylation modulation 238 

cDNA synthesis was undertaken using Superscript IV (Invitrogen) following the 239 

manufacturer’s protocol, and gene expression analyses were undertaken as described 240 

previously [15]. In summary, comparison was made to three housekeeper genes (18S, GAPDH, 241 

HPRT1) using the 2-ΔCt method. Housekeepers and genes of interest (GOI) were measured 242 

using three technical replicates for each biological replicate. IDT predesigned assays, which 243 

targeted all transcripts of PLEC (HS.PT.58.3012276, exon 11-13), GRINA244 

(HS.PT.58.39790981.g, exon 4-5) and PARP10 (Hs.PT.58.21152609, exon 9-10) were used 245 

per manufacturer instructions. For fold-change gene expression changes, each well of treatment 246 

(gRNA) was paired to a well of control (NTgRNA) and a paired t-test was employed as 247 

described previously [15]. 248 

dCas9-DNMT3a delivery system 249 

The dCas9-DNMT3a-EGFP plasmid (71666, S. pyogenes dead Cas9 fused with the 250 

catalytic domain of human DNA methyltransferase 3A) was purchased from Addgene and 251 

column-purified plasmid DNA was validated as previously described [15]. Identical gRNA 252 

sequences (Table S3) were ordered as single-stranded oligonucleotides, annealed, and ligated 253 

into the pdCas9-DNMT3a-EGFP as previously described [14, 33], with confirmation of gRNA 254 

ligation to plasmid by Sanger sequencing. Detection of methylation changes was undertaken 255 

using primers in Table S2 with comparable protocol to mQTL analyses. 256 



10 

TC28a2-dCas9-DNMT3a-EGFP cell culture and nucleofection 257 

Cells were cultured as described above in the absence of puromycin, as they did not 258 

contain the puromycin resistance gene. 1 x 106 cells per replicate were nucleofected with 5µg 259 

(1µg/µl) of concentrated plasmid DNA in an Amaxa 4D-Nucleofector (Lonza) in cell line 260 

solution SF with pre-optimized programme EH-100. GFP was visualized at 24 hr to confirm 261 

transfection, and cells were allowed to expand until confluent in a T-25 flask. 262 

iASC-s9 cell line culture  263 

Cells were cultured and expanded as previously described [29]. In brief, cells were 264 

grown in Mesenchymal Stem Cell Basal Medium (ATCC, PCS-500-030) with 10 ml of 265 

supplement and 6 ml of L-Alanyl-L-Glutamine (both components of ATCC, PCS-500-040). 266 

0.2 mg/ml G418 (Sigma, G8168) was added to select for human telomerase reverse 267 

transcriptase (hTERT).  268 

Nucleic acid extraction from cell pellets 269 

Cell pellets were harvested, washed in PBS, and snap-frozen in dry ice, and stored at -270 

80 °C. DNA and RNA were simultaneously extracted from each pellet using the DNA/RNA 271 

purification kit (Norgen, 48700) with an on-column DNase digestion (Norgen, 25710). RNA 272 

was quantified and 500ng was reverse transcribed using Superscript IV reverse transcriptase 273 

and buffer (Invitrogen). The remaining DNase-treated RNA (at least 900 ng/sample) was stored 274 

at -80 °C for RNA-Sequencing (RNAseq). 275 

Quantitative gene expression in iASC-s9 276 

Gene expression in iASC-s9 was measured as described, with the addition of the 277 

following gene assays purchased from IDT: SOX9, COL2A1, COL1A1, COL10A1 and ACAN.  278 

Sequences are available in Table S4. 279 

280 
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Development and validation of an inducible CRISPR-Cas9 chondrogenic culture system 281 

An inducible, selectable CRISPR approach was chosen as previous work had 282 

demonstrated that sustained overexpression of Cas9 attenuated chondrogenesis (unpublished 283 

data). Lentivirus was produced by transfecting HEK-293T cells with inducible Cas9 (iC9) 284 

plasmid PCW-Cas9 with puromycin selection (Addgene plasmid #50661), together with 285 

packaging plasmids PCMV-VSV-G (Addgene plasmid #8454, deposited by Bob Weinberg) 286 

and psPAX2 (Addgene plasmid #12260, deposited by Didier Trono). Virus-containing culture 287 

media was collected every 24 hr for 3 days and concentrated (10x) with Clontech Lenti-X 288 

Concentrator in PBS (Takara). iASC-s9 were expanded and plated at 50-60% confluence in 10 289 

cm culture dishes. Next, ~ 300,000 cells were transduced with the lentivirus-containing 8μg/ml 290 

polybrene in PBS. Based on an optimisation kill curve, a final concentration of 0.9 μg/ml of 291 

filter-sterilized puromycin was used to select for the transduced cells. These cells were 292 

designated as iASC-SOX9-Cas9 (iASC-s9c9). Doxycycline-inducible expression of Cas9 293 

protein was confirmed via immunoblotting using a Cas9 antibody (7A9-3A3; Cell Signalling 294 

Technology). 295 

Generation of PLEC knockout (PLEC-KO) iASC-s9c9 cell line 296 

At each passage, cells were allowed to adhere for 24 hr in complete medium, prior to 297 

supplementation with 0.9 μg/ml puromycin. Prior to transfection, cells were trypsinized, 298 

harvested, and cultured in T75 flasks in media without puromycin. To induce Cas9 expression, 299 

complete medium containing 1 μg/ml of sterile filtered doxycycline was added. A paired guide 300 

approach using two previously validated gRNAs targeting exon 3 of PLEC [13] was employed. 301 

In brief, previously validated gRNA sequences [13] that would generate a 26 bp frameshift 302 

deletion of exon 3 of PLEC (primers 5’ - CTGTATGAAGACCTCCGCGA - 3’ and 5’ -303 

CCCCGAGAGGACCTCCAGCA - 3’) were purchased as synthetic Alt-R® CRISPR-Cas9 304 

crRNAs alongside Alt-R® CRISPR-Cas9 tracrRNA (Integrated DNA Technologies). To 305 
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generate a PLEC knockout cell line (iASC-s9c9-PLEC-Knockout; PLEC-KO) crRNAs were 306 

annealed to tracrRNA in a 1:1:2 ratio at 95 oC for 5 min. For PLEC control (iASC-s9c9-PLEC-307 

CTRL) a commercially available non-targeting crRNA sequence was used (5’- 308 

CGTTAATCGCGTATAATACG - 3’). Deletion and control mixes were separately combined 309 

with Dharmafect1 (Dharmacon) in serum-free media (PCS-500-030, ATCC) to produce a 310 

transfection mix. Cells were transfected for 48 hr, washed in PBS, and allowed to recover in 311 

complete medium without puromycin. 312 

Validation of genome editing 313 

DNA and RNA were extracted from cell pellets using the RNA/DNA purification kit 314 

(Norgen, 48700). Protein was extracted using the NucleoSpin RNA-Protein Kit (Macherey–315 

Nagel) and quantified using a protein quantification kit (Macherey–Nagel). Deletion of the 316 

target region was confirmed by end-point PCR of DNA using primers flanking the guides 317 

(primers 5’ – GAGGGGTTGAGCTGGATTCC - 3’ and 5’ – 318 

CCAGCACCCACTCTGTAGAT - 3’). For Sanger sequencing of DNA, flanking PCR product 319 

was run on a 3% agarose gel, and the knockout or CTRL band was excised under ultraviolet 320 

(UV) light. Gel bands from CTRL and PLEC-KO were digested, and DNA extracted using the 321 

QIAquick Gel Extraction Kit (Qiagen). DNA editing was confirmed by gel visualization and 322 

by Sanger sequencing of the excised PCR products. 323 

For confirmation of plectin depletion, up to 15 μg of total protein was resolved on 324 

NuPAGE™ 3-8% Tris-Acetate Protein Gels in 1 x NuPAGE™ Tris-Acetate SDS Running 325 

Buffer (Invitrogen). Protein was transferred through a semi-dry transfer using an iBlot™ 2 326 

nitrocellulose mini transfer stack and iBlot™ 2 device (Thermo Fisher). A custom program 327 

(P3, 13 minutes) was used due to the high molecular weight of plectin. Blots were probed with 328 

anti-plectin guinea pig antiserum (GP21, Progen)/goat anti-guinea pig (AB6908, Abcam) and 329 

anti-GAPDH (#5174, Cell Signalling Technologies)/anti-rabbit IgG (#7074, Cell Signaling 330 
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Technologies) as a loading control. To confirm maintenance of plectin deficiency, protein was 331 

collected at timepoints from P1-P6 in monolayer, at all pellet chondrogenic timepoints, prior 332 

to seeding in agarose and following agarose chondrogenesis. 333 

334 

Chondrogenic differentiation of iASC-s9c9 CTRL and PLEC-KO 335 

The following timepoints were chosen day 0- baseline; day 3- induction of SOX9 and initiation 336 

of chondrogenesis; day 7- middle to maximal chondrogenesis; day 21- maximal 337 

chondrogenesis to early hypertrophy; day 42-hypertrophy. 338 

Matched passage (P2 after editing) CTRL and PLEC-KO cells were thawed and 339 

expanded to a cell density of ~ 2000 cells/cm2. Multiple inductions of chondrogenesis were 340 

undertaken using matched cryovials, as previously described [29]. In brief, both lines were 341 

simultaneously expanded, harvested, and counted using a Countess 2 electronic cell counter 342 

(Invitrogen), with trypan blue to determine cell viability. Pellets were formed by centrifuging 343 

400,000 cells at 200 x g for 5 min in sterile conical-bottomed 96-well plates (Alkali Scientific, 344 

MPD26-S). Pellets were differentiated in standard chondrogenic media[29]. Media was 345 

changed twice weekly.  346 

Agarose culture 347 

CTRL and PLEC-KO cells were expanded, harvested and seeded in 2% agarose at 20 348 

x 106 cells/ml. 3.37mm cylindrical agarose constructs were punched out using a Miltex Biopsy 349 

Punch (Ted Pella) and cultured in chondrogenic medium for 42 days. 350 

Nucleic acid and protein extraction from pellet chondrogenesis 351 

Chondrogenic pellets were collected at d7, d21, and d42, washed in PBS, and 352 

transferred to 2 ml screw-top molecular grinding tubes (Sarstedt) containing autoclaved 353 

Zirconia grinding beads (Biospec) and DNA/RNA extraction buffer SKP (Norgen) 354 
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supplemented with 1% β-Mercaptoethanol (BME). Due to the dense extracellular matrix 355 

(ECM) produced at d21 and d42, 2-4 pellets were combined into one tube to maximise DNA 356 

and RNA yield. For protein, 4 x d42 pellets/tube were snap frozen in buffer RP1 (Macherey-357 

Nagel) supplemented with 1% BME. To homogenize chondrogenic pellets a mini bead beater 358 

(Biospec) was used as previously described [29]. DNA and RNA were quantified by 359 

spectrophotometry (Nanodrop ND-1000). Protein was quantified by protein quantification kit 360 

(Macherey–Nagel).  361 

cDNA synthesis and qPCR of chondrogenesis 362 

300-600 ng of RNA was reverse transcribed to cDNA by Superscript VILO Master mix 363 

(Life Technologies) as per manufacturer instructions. cDNA was diluted to 5 ng/μl and 10 364 

ng/reaction was analysed in duplicate, normalizing to housekeeping genes 18s ribosomal 365 

RNA[29] and GAPDH. Identical qPCR primers (Table S4) were combined with Fast SYBR 366 

Green Master Mix (Applied biosystems).  367 

Biochemical analysis of cartilaginous matrix production in pellets and agarose constructs 368 

Pellets and agarose constructs were digested in 200 μl papain solution and GAG/DNA 369 

ratio calculated as previously described[34]. 370 

Histology and immunohistochemistry (IHC) in pellet chondrogenesis 371 

Pellets were fixed in 10% neutral buffered formalin for 24 hr and transferred to 70% 372 

ethanol, dehydrated, and embedded in paraffin wax. Pellet blocks were sectioned at 8 μm 373 

thickness and stained for proteoglycans and cell nuclei according to the Safranin-O and 374 

hematoxylin protocol[34]. To assess anabolism (Type II Collagen) and hypertrophy (Type X 375 

Collagen) IHC was undertaken[34]. In brief, samples were labelled for 1 hr with the primary 376 

antibodies Type II Collagen (1:10 Iowa #II-II6B3-s) or Type X Collagen (1:200 Sigma 377 
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#C7974), and for 30 min with the secondary antibody goat anti-mouse (1:500, Abcam #97021). 378 

Safranin O and IHC Images were taken using an Olympus VS120 microscope (VS120-S6-W).379 

Inflammatory challenge in pellet chondrogenesis 380 

An inflammatory challenge with cytokine Interleukin-1 beta (IL-1β) was undertaken to 381 

assess the response of CTRL and PLEC-KO chondrogenic pellets to inflammation. At d42, 382 

pellets were treated with 1 ng/ml Recombinant Human IL-1 beta/IL-1F2 protein (R&D 383 

Systems, 201LB005) for 72 hr or left untreated to serve as a control for each cell line.  384 

Atomic force microscopy (AFM) of plectin deficient pellets and chondrocytes 385 

AFM in pellets was undertaken as previously described [35, 36]. d42 CTRL and PLEC-386 

KO IL-1β treated or untreated pellets were loaded as in [35]. For single cell AFM, d42 387 

chondrogenic pellets from each line were digested with 0.04% Type II collagenase solution 388 

(C5138, Sigma-Aldrich) in DMEM/F12 for 1-2 hr and chondrocytes frozen for downstream 389 

analysis. 72 hr prior to testing, matched cryovials of chondrocytes were plated and allowed to 390 

recover. On the day of testing, cells were trypsinised and plated for 2.5 hr prior to loading. 391 

Cells were loaded to 500 nN using an AFM (Asylum Research MFP-3D) with tipless 392 

cantilevers (k = 6.2 N/m; MikroMasch) and analyzed to calculate deformation, overall 393 

fluorescence and the number of responders as previously described [36]. 394 

395 

Dynamic mechanical compression in iASC-s9c9 constructs 396 

A custom-designed hydraulic mechanical compression device was used to apply 397 

dynamic, unconfined compression to agarose constructs in a controlled environment (37ºC, 5% 398 

CO2). Sinusoidal compression of 24 agarose constructs (12 CTRL and 12 PLEC-KO) was 399 

performed simultaneously using a closed-loop displacement feedback system to mimic 400 

physiological loading as previously described [37, 38]. To validate loading and response to 401 
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inflammation, a panel of previous reported mechanoresponsive genes (PTGS2, BMP, INHBA, 402 

FGF1 and NFATC1 [29, 37]) and an inflammatory pathway gene (IL6) were assessed by qPCR.  403 

Assessment of response to load, inflammation, and load in the presence of inflammation 404 

(mechano-inflammatory model) 405 

To assess the role plectin plays in the chondrocyte response to load, inflammation, and 406 

load in the presence of inflammation, experiments were designed to replicate a mechano-407 

inflammatory environment. To facilitate analyses assessing the effects of loading, the 408 

following experimental groups were designed: 1) Free swelling (FS) controls 2) response to 409 

anabolic load (dynamic compression, 3 hr duration, 1 Hz, 10% strain[29]). Second, to facilitate 410 

analyses to separately assess the effects of inflammation, and load in the presence of 411 

inflammation, the following experimental groups were designed: 1) Free swelling control for 412 

mechano-inflammatory model, 2) response to inflammation (72 hr IL-1β), response to 413 

mechano-inflammation (72 hr IL-1β challenge followed by 3 hr dynamic compression). This 414 

experimental design is demonstrated in Figure S1.  415 

Nucleic acid and protein extraction from agarose constructs 416 

Agarose constructs were harvested in Buffer SKP (Norgen) for DNA/RNA isolations, 417 

and buffer RP1 (Macherey-Nagel) for protein extractions, and snap-frozen in liquid nitrogen 418 

as previously described for pellet chondrogenesis. To minimize batch effects, all RNA 419 

extractions for sequencing were undertaken with identical lot-matched reagents, columns, 420 

buffers, and DNAse (Norgen). 421 

Bulk RNAseq  422 

To minimize DNA contamination prior to RNAseq, an off-column DNase kit (RNAse 423 

Free DNase I, Norgen) was used. DNase-treated RNA was delivered to Genome Technology 424 

Access Center (GTAC), McDonnell Genome Institute, Washington University in St. Louis. 425 
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RNA integrity was determined using Bioanalyzer or 4200 Tapestation (Agilent). Library 426 

preparation was performed with 500 ng to 1 g of total RNA. Ribosomal RNA was removed 427 

by an RNase-H method using a RiboErase kit (Kapa Biosystems). mRNA was then fragmented 428 

in reverse transcriptase buffer and heated to 94 °C for 8 min then reverse transcribed to yield 429 

cDNA using SuperScript III RT enzyme (Life Technologies) and random hexamers. A second 430 

strand reaction was performed to yield ds-cDNA. cDNA was blunt-ended, had an A base added 431 

to the 3' ends, and Illumina sequencing adapters were ligated to the ends using a GTAC custom-432 

designed in-house pipeline. Ligated fragments were then amplified for 12-15 cycles using 433 

primers incorporating unique dual index tags. Fragments were sequenced on an Illumina 434 

NovaSeq-6000 using paired-end reads extending 150 bases. Reads were processed using an in-435 

house pipeline and open-source R packages. Briefly, raw reads were first trimmed by using 436 

cutadapt to remove low-quality bases and reads. Trimmed reads were then aligned to the human 437 

genome hg38 with GENCODE annotation v27 using STAR (v2.5.4) with default parameters. 438 

Gene and transcript expression were quantified by using featureCounts from the subread 439 

package (v1.6.3) and RSEM. Quality control assessments were made using RSeQC. Principle 440 

component analysis and differential expression analysis between groups were determined by 441 

using DESeq2 in the following cutoff (> 2-fold expression change, >3 samples with > 1 count 442 

per million (CPM), Benjamini corrected P < 0.05). Pairwise comparisons were made between 443 

experimental groups to determine differentially expressed genes (DEGs). All pipelines and 444 

custom scripts used in this study are available from https://github.com/Zhang-lab. To 445 

determine the effect of plectin deficiency, a second analysis was undertaken for each 446 

experimental group in which the response of the CTRL and edited line to each stimulus was 447 

assessed. This analysis was designed to provide a novel platform to identify specific DEGs 448 

within a line in response to various stimuli (Figure S2). Thus, identifying DEGs specific to or 449 

enhanced in plectin deficiency. 450 

https://github.com/Zhang-lab
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Results451 

rs11780978 associated functional region and the CpGs taken forward for analysis 452 

In our past study, a 1 Mb region up and downstream of rs11780978 was used to detect 453 

genotype-methylation correlations, identifying nine mQTLs from cartilage DNA methylation 454 

array data[11]. Here, we performed an in-silico genome-wide mQTL analysis to determine 455 

whether additional, novel mQTLs with less significant effect sizes but closer to OA association 456 

SNPs could be detected. The size of the analysed region was reduced to 500kb upstream and 457 

downstream, reducing the number of CpGs tested, and allowing for a less stringent false 458 

discovery rate (FDR) threshold. This analysis identified three novel rs11780978 mQTLs: 1) 459 

cg24891660, approximately 2.4 kb 5’ of cg19405177 (exon 28), in exon 24 of PLEC and with 460 

the same direction of effect (risk allele, A, correlates with higher methylation); 2) cg21511203 461 

approximately 6.2 kb 5’ of cg14598846, and around 15.8 kb 3’ of rs11780978, lying between 462 

alternative first exons of PLEC and with the same direction of effect as cg19405177 and; 3) 463 

cg07212837, around 62 kb 5’ of cg14598846, in close proximity to GRINA and with the same 464 

direction of effect as cg14598846, with the risk allele correlating with lower DNAm.  465 

These three mQTLs, combined with the nine identified in our past study[11], yielded a 466 

total of 12 mQTLs to investigate. Cluster 1: cg19405177 and three other mQTLs (including a 467 

novel mQTL), Cluster 2: cg14598846, and five adjacent mQTLs and two individual mQTLs, 468 

cg21511203 and cg07212837 (Figure 1). Of the 12 remaining CpGs of interest, cg01870834 469 

was not targetable by pyrosequencing, and 4 CpG assays, cg20784950 in cluster 1, cg04255391 470 

and cg10299941 in cluster 2, and cg07212837, did not amplify or amplified with non-specific 471 

banding. After multiple validation attempts, these 5 CpGs were excluded, and the 7 CpGs 472 

reported in Table 2 were retained for the mQTL analysis. 473 
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Six of the seven CpGs replicated as rs11780978 mQTLs including four novel replications 474 

DNA was extracted from 64 human cartilage samples from patients with a mean age of 475 

65.6 (38-91). All samples were obtained from patients who underwent arthroplasty for primary 476 

OA. 33 (51.5%) were obtained from female patients, 36 (56.3%) were from the knee, and 28 477 

(43.7%) from the hip. We also assessed methylation in chondrocyte-like cell line Tc28a2, and 478 

an immortalised adipose-derived stem cell line (iASC-s9), to inform downstream experiments 479 

assessing the role of the functional region. 480 

Significant mQTLs were detected in cartilage at cg19405177 in cluster 1 and 481 

cg14598846 in cluster 2, as well as cg07427475, cg02331830 and cg23299254 in cluster 2, 482 

and novel CpG cg21511203 (Figure 2). For this study, only the array CpGs were reported, CpG 483 

assays; cg02331830, cg23299254 and cg21511203 captured additional adjacent CpGs all of 484 

which were significant mQTLs with comparable directions of effect (Figure S3). Methylation 485 

levels at cg24891660 did not correlate with genotype, with heterozygotes having lower 486 

methylation levels than homozygotes (Figure S4). Thus, cg24891660 was excluded from 487 

further analysis, as the relationship between methylation and genotype was inconsistent with 488 

that of a true mQTL.  489 

490 

Modulating methylation at mQTL CpGs alters expression of PLEC, GRINA and PARP10 491 

We aimed to experimentally provide evidence supporting a regulatory relationship at 492 

the locus by modulating methylation. Baseline methylation values at the CpGs of interest in 493 

two immortalized cell lines were first assessed. This included the human chondrocyte-like cell 494 

line TC28a2 and iASC-s9, which are heterozygous (GA) and homozygous (GG) respectively 495 

for the non-risk allele rs11780978. Of note, in cell lines methylation exhibited a site and line-496 

specific pattern, with extremes of hyper and hypomethylation observed (Figure 2). 497 
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dCas9-TET-1 was employed to demethylate each of the replicated CpG sites. 498 

Demethylation was observed at all array CpGs after targeting with custom-designed gRNAs, 499 

compared to non-targeting gRNA, demonstrating successful use of the dCas9-TET-1 system 500 

(Figure 3A-F). The percentage of demethylation ranged from 3.2%, at cg21511203 501 

(hypomethylated at baseline, Figure 3F), to 41.2% at cg23299254 (hypermethylated at 502 

baseline, Figure 3E). The single gRNA approach was effective at targeting the array CpG as 503 

well as adjacent CpGs captured on the assay. Generally, demethylation at the array CpG was 504 

equivalent to, or greater than other CpGs on the assay, suggesting that gRNA design (direction 505 

and location) was important in targeted demethylation (Figure 3A-F). In cg19405177, 506 

demethylation was observed at least 91 bp from the guide end point (the limit of the assay), 507 

suggesting potential demethylation outside of the measured range of all assays (Figure 3A).  508 

In cluster 1, demethylating cg19405177 by 33.1% resulted in a reduction in GRINA and 509 

PARP10 expression (Figure 3A). In cluster 2, a 5.8% reduction in cg07427475 resulted in 510 

significant decreases in GRINA and PARP10 (Figure 3B), cg02331830 demonstrated 18.1% 511 

reduction with effects on GRINA (Figure 3C). Similarly, cg14598846 and cg23299254, which 512 

are in very close proximity, demonstrated effects on PLEC and GRINA (Figure 3D, E). Despite 513 

being hypomethylated, cg21511203 had a 3.2% reduction and appeared to reduce PLEC 514 

expression (Figure 3F). Of note, cg21511203 lies in the intron between the two first exons of 515 

PLEC.516 

Modulation at five CpGs (cg19405177, cg07427475, cg02331830, cg14598846, and 517 

cg23299254) was associated with a reduced expression of GRINA, modulation at three CpGs 518 

(cg14598846, cg23299254 and cg21511203) was associated with reduced expression of PLEC, 519 

and modulation at two CpGs (cg19405177 & cg07427475) was associated with reduced 520 

expression of PARP10 (Figure 3A-F). A larger number of CpGs were associated with reduced 521 

GRINA expression, but the downregulation of PLEC was more significant (Figure 3A-F). Next, 522 
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dCas9-DNMT3a was used to target all six CpGs of interest using the same gRNAs as in the 523 

demethylation experiment. However, due to the baseline hypermethylation at 5 of the 6 CpGs 524 

(cg19405177, cg07427475, cg02331830, cg14598846, and cg23299254), pyrosequencing 525 

demonstrated no significant difference in methylation status (data not shown). Since 526 

methylation was not altered, downstream gene expression analyses were not undertaken. 527 

Robust hypermethylation was demonstrated at hypomethylated cg21511203. CpG 528 

methylation downstream of the gRNA increased by 1.3%, 28.6% (cg21511203), 24.3%, and 529 

25.8% respectively. This increase in methylation impacted the expression of PARP10, 530 

demonstrating a significant reduction, with no change in PLEC or GRINA (Figure 3G). 531 

Previously reported chromatin interaction data indicated that the regions harboring the CpG 532 

sites physically interact with PLEC in none-cartilaginous cell lines[11]. Further to this we 533 

subsequently confirmed chromatin interactions linking CpGs with the transcription start site of 534 

PLEC but not PARP10 or GRINA in data from primary chondrocytes [39]. The combination of 535 

epigenetic modulation and chromatin interaction data therefore prioritised PLEC for 536 

downstream analyses. 537 

538 

CRISPR-based editing of plectin in iASC-s9c9 is efficient at the DNA, mRNA, and protein 539 

level, and is maintained throughout chondrogenesis 540 

To explore the effect of plectin deficiency in vitro, the immortalised SOX9541 

overexpression and inducible Cas9 containing adipose-derived chondrogenic cell line (iASC-542 

s9c9) was used to generate a 26 bp deletion in exon 3 of PLEC using paired gRNA. Western 543 

blot for Cas9 induction is demonstrated in Figure S5. Inducible iASC-s9c9 was gene edited by 544 

transfecting gRNAs for 48 hr (Figure 4A). This resulted in a knockout that was less than 100% 545 

efficient at the DNA level, demonstrated by a PCR product with 3 bands of equivalent intensity 546 

in gene-edited cells (Figure 4B). Based on the gel electrophoresis, approximately one-third of 547 
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this DNA had a paired guide cut, with a deletion 26 bp smaller than the control amplicon size 548 

of 293 bp. This middle band (293 bp) likely represents unedited DNA, or DNA containing 549 

single-guide edits that cannot be resolved on the 3% gel used, a consequence of CRISPR/Cas9-550 

based edits using a single gRNA. The upper, higher molecular weight band was hypothesized 551 

to be a heteroduplex formation of edited and CTRL bands. Therefore, the DNA edit was 552 

interpreted to be at least two-thirds of the molecules representing the lower and upper bands, 553 

with a proportion of single-guide edits in the CTRL band (figure 4B). Sanger sequencing of 554 

the lower band confirmed a 26 bp deletion of the expected DNA sequence in exon 3 of PLEC 555 

(Figure 4D and S6). Cell expansion followed by western blotting demonstrated >50% reduction 556 

of plectin at early (P1) and late (P6) passages in monolayer (Figure 4E, full western blots Figure 557 

S7). Despite being a sub-total knockout, as this line was generated with CRISPR deletion, it 558 

was designated as iASC-s9c9-plectin-knockout (PLEC-KO) and was used in subsequent 559 

experiments. No evidence of changes in DNA, mRNA, or protein was present in the CTRL 560 

line (Figure 4B, E, F).  561 

We next assessed the expression of PLEC throughout pellet chondrogenesis, detecting 562 

an upregulation from d0 to d42 in CTRL pellets, with suppressed upregulation in PLEC-KO. 563 

Relative PLEC mRNA expression remained 50% lower in PLEC-KO but increased 564 

comparably to CTRL (Figure 4F).  The level of plectin reduction in chondrocytes in pellets 565 

after d42 days of culture was more pronounced than in monolayer, as PLEC expression failed 566 

to increase even with chondrogenesis (Figure S7, 4F). In summary, PLEC is upregulated 567 

throughout chondrogenesis, however Cas9-mediated deletion of exons of PLEC impacts 568 

transcription and the translation of PLEC mRNA into plectin, which is more marked by the 569 

end of chondrogenesis. 570 

571 
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Plectin deficiency in iASC-s9c9 chondrogenesis demonstrates transcriptomic changes in 572 

OA relevant pathways573 

To determine the impact of plectin deficiency on cartilage development, we used two 574 

complementary 3D in vitro model systems of chondrogenesis. CTRL and PLEC-KO iASC-575 

s9c9 lines were differentiated either as pellet cultures or encapsulated in an agarose hydrogel 576 

and chondrogenically differentiated for 42 days. For a phenotypic assessment of 577 

chondrogenesis, gene expression was assessed by comparing the fold change expression from 578 

d0 to d42 in pellets by qPCR or by comparative RNAseq of d42 agarose constructs seeded with 579 

CTRL or PLEC-KO cells. Matrix production using histological and IHC in both systems. This 580 

approach allowed a systematic assessment of the impact of plectin deficiency on cartilage 581 

formation across multiple models, where consistent trends across systems were more likely to 582 

be biologically meaningful.  583 

qPCR demonstrated reduced expression of PLEC in pellets derived from PLEC-KO 584 

compared to CTRL (Figure 4F), however the difference in fold change (FC) upregulation from 585 

d0 to d42 between lines was non-significant (Figure 5A). As SOX9 is a master regulator of 586 

chondrocyte anabolism, we assessed whether PLEC-KO impacted the expression of SOX9 587 

(Figure 5A). SOX9 upregulation was significantly higher in PLEC-KO than in CTRL pellets 588 

between d0 and d42 (P = 0.015) (Figure 5A). However, molecular markers of anabolism, 589 

ACAN and COL2A1, showed a greater upregulation in CTRL pellets (Figure 5A). The 590 

expression of ACAN, COL2A1, SOX9 and PLEC was not significantly different in d42 agarose 591 

constructs (data not shown). 592 

PLEC-KO chondrocytes demonstrated a lower upregulation/expression of COL1A1593 

and COL10A1 in pellets and agarose constructs respectively, suggesting a degree of protection 594 

from fibrosis and hypertrophy (Figure 5A). Of note, in both systems overall COL1A1 and 595 

COL10A1 expression was much lower than anabolic gene expression, reflecting that iASC-596 
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s9c9 chondrogenesis was globally less hypertrophic/fibrotic than anabolic (CTRL agarose 597 

constructs mean CPM; COL10A1 = 64, COL1A1 = 1684, COL2A1 = 26142, ACAN = 30933). 598 

Next, the expression of catabolic genes MMP13 and ADAMTS5 was assessed. MMP13599 

upregulation was significantly lower in PLEC-KO, while ADAMTS5 was equivalent, indicating 600 

no clear catabolic phenotype associated with plectin deficiency (Figure 5A). Similarly to 601 

fibrotic/hypertrophic expression, catabolic gene expression was relatively low in agarose 602 

constructs, with ADAMTS5 and MMP13 being minimally expressed (both mean CPM <1).  603 

At the matrix level, no detectable difference was demonstrated in Safranin-O staining 604 

(Figure 5C). Quantitatively, no significant difference in GAG/DNA was observed between605 

PLEC-KO and CTRL in d21/42 pellet or agarose cultures (Figure 5B). Histological phenotypes 606 

were further assessed using IHC for type II and type X collagen, with no clear observable 607 

difference corresponding with the molecular phenotype. In summary, the significantly lower 608 

expression of ACAN and COL2A1 in PLEC-KO pellets did not impact matrix production or 609 

GAG quantification.  610 

611 

Plectin deficiency does not affect mechanical stiffness or calcium signalling 612 

The structural dynamics of the cytoskeleton have been linked to regulating calcium 613 

signalling [35, 36, 40, 41].  To assess whether plectin deficiency-associated alterations in 614 

matrix related signalling pathways and chondrocyte function affect calcium signalling, atomic 615 

force microscopy (AFM) was used. We aimed to characterize changes in chondrocyte 616 

morphological, mechanical and mechanoresponsive parameters in response to deformation.  617 

Measuring the height of CTRL and PLEC-KO chondrocytes revealed no significant difference 618 

(Figure 6A). We then assessed the extent of deformation of individual chondrocytes after 619 

loading at 500 nN and the subsequent relative calcium signalling in response to this load. 620 

Deformation (defined as percentage change in total cell height after load application) showed 621 
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no significant difference between the cell lines (Figure 6B). In line with these results, 622 

quantification of relative calcium signalling revealed no difference between PLEC-KO and 623 

CTRL (Figure 6C). Comparable responder rates of 22.4% (CTRL) and 18.4% (PLEC-KO) 624 

were obtained when calculating the percentage of cells that responded to the applied load with 625 

a calcium signalling response (Figure 6D).  626 

627 

Effect of plectin deficiency on response to inflammation at the molecular and tissue level 628 

 Inflammation is commonly a driver of OA development and progression, and affects 629 

cartilage after skeletal maturation[42], therefore, we assessed the impact of plectin deficiency 630 

on the response of engineered cartilage to inflammation in vitro, following the completion of 631 

chondrogenesis. For this, PLEC-KO and CTRL were exposed to 1 ng/ml of the cytokine IL-1β 632 

or left untreated to serve as a control. The expression of chondrogenic genes was used to assess 633 

for molecular phenotypes after inflammatory challenge. SOX9 was significantly reduced in 634 

response to IL-1β in both lines, with no significant difference between lines (Figure 7A). PLEC635 

demonstrated significant upregulation in response to IL-1β in both lines, with a trend towards 636 

reduced upregulation in PLEC-KO pellets, however this difference was not significant (Figure 637 

7A). In response to inflammatory challenge, expression of ACAN, COL2A1, and COL1A1 were 638 

significantly decreased, while COL10A1 was significantly increased in both CTRL and PLEC-639 

KO pellets (Figure 7A). The expression of inflammatory markers ADAMTS5 and MMP13 were 640 

significantly increased after IL-1β treatment (Figure 7B). Next, we assessed the expression of 641 

IL6, a well-recognized downstream marker of interleukin-1 signalling,[43] to determine 642 

changes in inflammatory signalling with plectin deficiency. Of note, our results show that 643 

plectin deficiency appeared to inhibit inflammatory signalling, which was reflected in reduced 644 

IL6 upregulation in PLEC-KO (Figure 7B). 645 
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Given the changes in inflammatory signalling in plectin-deficient cells at the gene 646 

expression level, we next investigated the effect of IL-1β in matrix production using 647 

histological and quantitative biochemical analyses. Our results demonstrated significantly 648 

reduced GAG/DNA in pellets derived from both lines (Figure 7C). However, an interaction 649 

analysis showed the effect of plectin deficiency on this response was not significant (Figure 650 

7C). This was reflected in Safranin O staining, which did not demonstrate an observable 651 

difference in the amount of GAG loss in PLEC-KO pellets compared to CTRL after IL-1β 652 

treatment (Figure 7F). Concordant with these findings, IHC demonstrated a reduction of type 653 

II collagen and modest increase of type X collagen in both CTRL and PLEC-KO chondrocytes 654 

after IL-1β treatment (Figure 7D, E). Overall, histology demonstrated clear effects of IL-1β on 655 

type II collagen, GAG and type X collagen. However, plectin deficiency did not appear to have 656 

a clear impact on the susceptibility of the ECM inflammation at the tissue level. 657 

Next, AFM was used to measure the elastic modulus of chondrogenic pellets following 658 

inflammatory treatment (Figure 7G). Indentation analyses demonstrated no significant 659 

differences in pellet stiffness between untreated groups (Figure 8H), and in mechanical 660 

properties in response to inflammatory treatment (Figure 7H).  In summary, both lines 661 

displayed an inflammatory response to IL-1β treatment, demonstrating significant interactions 662 

with between plectin deficiency and inflammatory signalling at the molecular level, that did 663 

not consistently translate to differences in matrix production or mechanical properties. 664 

665 

Transcriptomic phenotyping of mechanical loading 666 

To assess the response to mechanical loading, pair-wise comparisons were made 667 

between unloaded, free-swelling (FS) controls and loaded constructs. The number of DEGs for 668 

each comparison in the immediate response to load were quantified (Figure 8A). Immediately 669 

after mechanical loading (Figure 8A), PLEC-KO had a greater number of overall DEGs 670 
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(CTRL: 806, PLEC-KO: 874). CTRL exhibited a lower number of upregulated and a larger 671 

number of downregulated DEGs than PLEC-KO constructs (CTRL: 415 up, 391 down, PLEC-672 

KO: 595 up, 279 down) (Figure 8A). RNAseq data was then cross-referenced to assess the 673 

expression of previously validated load-responsive genes[29, 37]. The expression of 674 

prostaglandin-endoperoxide synthase-2 (PTGS2), Nuclear Factor of Activated T Cells 2 675 

(NFATC2), Inhibin Subunit Beta A (INHBA), C-X-C Motif Chemokine Ligand 8 (CXCL8) and 676 

Bone Morphogenetic Protein 2 (BMP2) was assessed after exposing constructs to physiological 677 

levels of dynamic mechanical loading. In both cell lines, only BMP2 and NFATC2 were 678 

significantly upregulated in response to load, however, RNAseq data classified both genes as 679 

independent of plectin deficiency (KO-independent, KOI genes). The RNAseq DEG analysis 680 

platform (Figure S2) was applied to identify genes that were DEGs in response to load in 681 

PLEC-KO constructs but not in CTRL constructs, therefore, DEGs unique to plectin deficiency 682 

(KO-induced-response, KIR genes). In PLEC-KO, there were 457 unique KIR genes (301 683 

upregulated, 156 downregulated). To further sub-stratify the KIR data into the most 684 

biologically relevant genes, the top 100 upregulated and downregulated genes were filtered 685 

with a CPM of 10 (mean expression across all loaded and unloaded samples) and sorted by 686 

fold change difference when compared to controls. 687 

This approach identified the top 10 most significant genes with a relatively high 688 

expression value (CPM >10), and the largest relative fold change in response to load in PLEC-689 

KO only. The top 3 upregulated KIR genes with reported functions were: Transgelin (TAGLN), 690 

lecithin-cholesterol acyltransferase (LCAT), and long non-coding (lnc) RNA AC245100.4. 691 

TAGLN is a TGF-β inducible gene that regulates osteoblastic and adipogenic differentiation of 692 

human skeletal stem cells through actin cytoskeleton organization[44], catalyzing the transfer 693 

of an unsaturated fatty acid from lecithin to free cholesterol, producing lysolecithin and 694 

cholesteryl ester[45]. In humans, LCAT deficiency results in an autosomal recessive inherited 695 
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disease that presents with corneal opacity, dyslipidemia and proteinuria[46]. AC245100.4 696 

promotes prostate cancer tumorigenesis via the microRNA-145-5p/RB binding protein 5, 697 

histone lysine methyltransferase complex subunit (RBBP5) axis. A clear function of lncRNA 698 

AC138028.2 has not been previously described; however, it overlies exons of PIEZO1 on 699 

chromosome 16, and therefore, could play a role in epigenetic regulation of PIEZO1700 

expression. 701 

The top 3 downregulated KIR genes with reported functions were: microsomal 702 

glutathione S-transferase 1 (MGST1), ectonucleotide pyrophosphatase/phosphodiesterase 2 703 

(ENPP2), and ERI1 exoribonuclease family member 2 (ERI2). MGST1 is expressed in high 704 

amounts in the liver; it encodes an enzyme that is activated by oxidative stress, with a 705 

localization in both the endoplasmic reticulum and the inner and outer mitochondrial 706 

membranes[47]. It has been reported that overexpression of MGST1 induces gastric carcinoma 707 

cell proliferation by activating the Akt/GSK-3β signalling pathway [48], and in human 708 

osteoarthritic meniscus, mechanical overload can drive overexpression of MGST1 [49]. ENPP2 709 

also known as autotaxin (ATX), encodes a gene that secretes an extracellular lipid mediator 710 

termed lysophosphatidic acid (LPA). ATX-LPA has been reported to be a key regulator of 711 

cartilage formation. Its signalling promotes S-phase entry and chondrocyte proliferation in 712 

vitro and in vivo, through β1-integrin translocation leading to fibronectin assembly and further 713 

ECM deposition, thereby promoting chondrocyte-matrix adhesion [50]. ATX expression is 714 

elevated in severely degenerated cartilage compared to less degenerated cartilage, and local 715 

delivery of an ATX inhibitor partially attenuates surgically induced OA in mice [51]. ERI2 is a 716 

gene with a paucity of information about its function; its encoded protein is a member of the 717 

ER1 family of exoribonucleases, which over the course of evolution (ERI1 specifically) have 718 

been recruited into a variety of conserved and species-specific regulatory small RNA pathways 719 
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that include endogenous small interfering RNAs and microRNAs[52]. The top 10 ranked KIR 720 

genes in response to load are presented in Figure 8C. 721 

722 

Transcriptomic phenotyping of the mechano-inflammatory model 723 

We aimed to replicate key components of the in vivo arthritic environment by 724 

challenging constructs with concurrent inflammatory and mechanical cues, followed by the 725 

application of RNAseq. This was termed the mechano-inflammatory model. CTRL and PLEC-726 

KO were subjected to 72 hr inflammatory challenge followed by dynamic compression at 727 

physiological levels for 3 hr. Following RNAseq QC, the sample numbers for each condition 728 

are reported in Supplementary Table 4. An identical bioinformatic approach was used to 729 

determine KIR genes. In the mechano-inflammatory model, there were 432 KIR genes (220 730 

upregulated, 212 downregulated). The top 3 upregulated KIR genes were: spectrin beta, non-731 

erythrocytic 5 (SPTBN5), Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-732 

terminal domain 2 (CITED2) and eukaryotic translation initiation factor 4A1 (EIF4A1). 733 

SPTBN5 encodes a spectrin, a member of a family of cytoskeletal proteins interacting with 734 

actin filaments, microtubules, and intermediate filaments, and connecting the cytoskeleton to 735 

the plasma membrane[53, 54]. Additionally, plectin has been demonstrated to bind directly to 736 

spectrin[55]. CITED2 mediates the crosstalk between mechanical loading and interleukin-4 737 

(IL-4) to promote chondroprotection by downregulating MMP13 in the presence of 738 

inflammation in mice[56]. CITED2 also has a role as a negative regulator for hypoxia-inducible 739 

factor (HIF)-1α through its competitive binding with HIF-1α to CBP/p300[57]. EIF4A1740 

encodes a component of the eIF4F complex, which includes eIF4E, eIF4G, and eIF4A, proteins 741 

that are essential for mRNA translation initiation[58].742 

The top 3 downregulated KIR genes were: COL1A1, miRNA H19 imprinted maternally 743 

expressed transcript (H19), and colony-stimulating factor 2 (CSF2). COL1A1, a marker of 744 

fibrosis, has been described in detail previously in this report. H19 encodes miRNA-H19, 745 
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whose expression has been reported to be heavily dependent on SOX9 in healthy human 746 

chondrocytes[59]. H19 gives rise to the mature miRNA-675, and SOX9 positively regulates 747 

COL2A1 in human articular chondrocytes via an miRNA-675-dependent mechanism[59]. CSF2748 

(also known as granulocyte–macrophage colony-stimulating factor, GM-CSF) is a 749 

proinflammatory multifunctional cytokine. In rheumatoid arthritis, GM-CSF plays a key role 750 

through activation, differentiation, and survival of macrophages, dendritic cells, and 751 

neutrophils[60]. Mavrilimumab (a human monoclonal antibody targeting GM-CSF receptor-α) 752 

significantly lowered rheumatoid arthritis disease activity in a phase IIb randomized clinical 753 

trial[60]. The top 10 KIR genes in this model are presented in Figure 8D. 754 

Discussion 755 

We have identified and replicated novel mQTLs associated with a previously described 756 

OA SNP (rs11780978), utilizing epigenetic modulation to link methylation with expression of 757 

previously described OA risk genes. Subsequently, we developed, validated and employed a 758 

highly chondrogenic CRISPR-based pipeline to replicate and study the effect of an OA risk 759 

allele (plectin deficiency), on the development, maturation, and homeostasis of human cartilage 760 

in vitro. The findings of this study support our hypothesis that epigenetic regulation of PLEC761 

by rs11780978 plays an important role in chondrogenesis, chondrocyte phenotype, and 762 

cartilage homeostasis in response to mechanical loading and mechano-inflammatory challenge. 763 

We present replication of rs11780978 mQTLs at cg19405177 and cg14598846 in 764 

cartilage, and novel replications of three previously reported array CpGs (cg07427475, 765 

cg02331830 and cg23299254[11]) as well as the discovery and replication of a novel CpG in 766 

a unique physical location (cg21511203) in human cartilage. This data expands upon the 767 

knowledge base of known OA mQTLs. Of note, the correlation between methylation and 768 

genotype at the risk allele appears to be variable across the two clusters, as previously 769 

demonstrated[11]. Using the TC28a2 inducible-dCas9-TET-1 cell line, we demonstrate that 770 
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reducing CpG methylation levels is reproducible, with a broad range of site-specific 771 

demethylation values. It has previously been established across multiple tissues that the 772 

rs11780978 OA risk allele is associated with higher methylation at cluster 1 and cg21511203, 773 

and with lower methylation at cluster 2 [11, 13]. Consistent with the presence of a cg14598846 774 

meQTL at PLEC, cg14598846 and cg23299254 behave as predicted in this model system. 775 

Modulating methylation at these sites altered mainly PLEC and GRINA expression. Combined 776 

with previous allelic expression analysis (AEI) data [11, 13], this prioritised these as GOI. Due 777 

to the SNP location, CpG site functional effects, chromatin interaction data from none-778 

cartilaginous[11], as well as cartilage [39] tissue, and previous literature on PLEC function, it 779 

was prioritized for further analyses. At 6 CpGs there was evidence of a link between 780 

methylation and expression of GOI, suggesting a regulatory function of these (and adjacent) 781 

sites.  782 

Plectin is a large, complex cytoskeletal protein involved in mechanotransduction and 783 

the mechanical response of the cell to load [61, 62]. It has been associated with OA in genetic 784 

and epigenetic analyses[11, 13]. With the increasing awareness of the concepts of 785 

mechanobiology and inflammation in OA[42], aberrant mechanotransduction is gaining 786 

increased interest as a major contributor to OA, and plectin may serve as a critical, but 787 

understudied, regulator of these phenomena [11, 13]. Plectin deficiency in humans causes 788 

multiple diseases, the most common being epidermolysis bullosa simplex, a skin blistering 789 

disease, combined with progressive muscular dystrophy (EBS-MD) [63]. EBS-MD severity 790 

varies with muscular weakness, representing the most debilitating factor. EBS-MD and other 791 

plectinopathies have not previously been associated with OA, potentially as most patients, due 792 

to limited life expectancies, lack the time to develop primary OA. There is currently no access 793 

to primary chondrocytes from patients with these conditions to allow the study of disease 794 

pathology. Data from the human protein atlas has demonstrated that PLEC is most highly 795 
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expressed in skeletal muscle, skin, and the cerebral cortex (normalised transcript per million, 796 

TPM, approximately >100, >85 and > 60 respectively) [64]. We previously reported high 797 

expression of PLEC in human cartilage (mean CPM 145 in OA cartilage)[11]. 798 

Building on the epigenetic data, we have undertaken deep phenotyping of PLEC and 799 

plectin to validate a proof-of-concept pipeline for testing OA risk genes in the development 800 

and homeostasis of a highly chondrogenic cell-based system. This system can be used to 801 

generate CRISPR-Cas9 based reproducible edits at the DNA/mRNA and protein level, 802 

providing an in vitro model to phenocopy the effect of risk alleles, in this case, plectin 803 

deficiency. The genome editing was maintained through cellular expansion and did not prevent 804 

the cells from being able to undergo primary chondrogenesis. As such, with this approach, the 805 

function of multiple GOI can be investigated individually, sequentially, or in multiplex 806 

(simultaneous transfection with gRNAs targeting multiple GOI). The pipeline generated in this 807 

study represents a platform to study cartilage development and homeostasis, and the 808 

intersection of other OA risk genes with these processes.  809 

OA is polygenic, and phenotypes from a single SNP are likely to be subtle, despite a 810 

near-total knockout of a large, multifunctional protein, observed phenotypes were mainly at 811 

the molecular level. In PLEC-KO chondrocytes in monolayer, protein was reduced 40-50% 812 

compared to control. During chondrogenesis, the level of plectin deficiency became more 813 

pronounced, due to the inability of PLEC-KO cells to upregulate plectin to the same extent as 814 

control. If these findings translated to human development, it could be hypothesised that 815 

patients with the rs11780978 risk allele may exhibit reduced plectin levels in articular cartilage 816 

following cartilage development in vivo. This model may therefore phenocopy the effect of an 817 

OA risk allele. Our data highlight the complexity of OA genetic risk, which poses challenges 818 

for studying the disease using genome editing approaches [65].  819 

Plectin deficiency demonstrated various molecular and cellular phenotypes, which may 820 
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partially explain the association between the risk allele and OA development. Principally, the 821 

reduced upregulation of COL2A1 and ACAN observed may suggest that plectin deficient 822 

cartilage may have a less anabolic phenotype. Paradoxical to our hypothesis, we observed 823 

reduced COL10A1 expression in PLEC-KO pellets. To our knowledge, there is no link between 824 

plectin and Type X Collagen deposition or COL10A1 expression. Increased expression and 825 

abundance of hypertrophic collagens have been reported in OA onset and progression[66]. A 826 

similar, albeit less pronounced effect was observed for COL1A1 expression. When considering 827 

potential mechanistic links between plectin deficiency and cartilage development or 828 

homeostasis, plectin knockout in iASCs has previously been demonstrated to reduce expression 829 

of genes related to Wnt signalling pathways, which are crucial for cartilage formation[67]. 830 

Further, it has been reported that in skeletal muscle development, plectin binds to Dishevelled-831 

2 (DVL2) and forms a protein complex, activating canonical Wnt signalling[68, 69]. Thus, 832 

investigating plectin linked DVL2-dependent mechanisms in cartilage may be of relevance to 833 

future studies. 834 

Due to previously reported data on the role of plectin as a crucial component of 835 

intermediate filament functionality, including processes such as mechanotransduction  [28, 62, 836 

70, 71], we sought to mechanically phenotype plectin deficient and CTRL chondrocytes using 837 

AFM and mechanical/mechano-inflammatory loading. Cell stiffness is dependent on the 838 

overall structure of the cytoskeleton; is a fundamental measure of the extent a living cell resists 839 

mechanical deformation and may influence mechanobiologic responses to external 840 

stresses[61]. Plectin deficiency may therefore have been expected to reduce cell stiffness, given 841 

evidence that the protein binds to intermediate filaments and anchors them at peripheral 842 

junctions (such as hemidesmosomes[72] and focal adhesions[73-75]).  We did not observe this 843 

effect, however, these findings may not be directly comparable to our data, as most previous 844 

studies assessed cells fully or partially adherent on tissue-culture plastic, whereas our AFM 845 
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measurements were performed prior to cell adherence to glass coverslips[76, 77]. Future 846 

experiments may assess whether plectin-deficient cells exhibit increased stiffness at earlier 847 

time-points than those evaluated in our study.  848 

As inflammation is a key component of OA development and progression[42, 78, 79], 849 

we phenotyped the response to this in our system. Our findings demonstrate that IL-1β 850 

stimulation results in significant downregulation of ACAN, COL2A1, COL1A1, and SOX9 in 851 

chondrogenic pellets. These responses were translated to the histological level, with reduced 852 

Safranin O staining for GAG and IHC for Type II Collagen. Plectin deficiency was associated 853 

with less IL6 upregulation when compared to controls but an equivalent suppression of ACAN 854 

and COL2A1. These data may suggest the activation of alternative inflammatory signalling 855 

pathways, or increased susceptibility to inflammation in plectin-deficient cells subjected to 856 

inflammatory environments[36, 40, 80, 81]. 857 

In our aim to test our edited cells in OA mimetic conditions, we developed a model of 858 

cell exposure to mechanical loading in the presence or absence of inflammation. After the 859 

application of dynamic mechanical loading, the robust upregulation of previously described 860 

load-responsive pathways [37] was identified. We also report novel gene targets that interact 861 

with plectin deficiency in response to these stimuli. Our study identifies interactions between 862 

loading, plectin deficiency and a lncRNA (AC138028.2) which has not been previously 863 

described in chondrocyte biology. AC138028.2 overlies exons of PIEZO1 on chromosome 16 864 

and therefore may warrant further study as a plectin-linked regulator of the PIEZO1 dependent 865 

load response in chondrocytes [36, 40, 80, 81]. Similarly, other potential targets for 866 

downstream mechanistic studies were identified, including TAGLN, a TGF-β-inducible gene 867 

which influences cytoskeleton organisation[44], and is more highly expressed in the deep zone 868 

chondrocytes in bovine cartilage[82]. One of the most highly differentially downregulated KIR 869 

genes in the absence of inflammation was PCDHGA3. It has been suggested that lower 870 
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expression of PCDHGA3 is associated with poorer biological ageing and frailty scores[83]. 871 

Therefore plectin-dependent downregulation of PCDHGA3 may be involved in unhealthy 872 

ageing of chondrocytes. There is currently a paucity of evidence for a role for this gene in 873 

musculoskeletal biology. 874 

In the presence of inflammation, the knockout specific downregulation of H19 may 875 

provide mechanistic insights linking plectin deficiency with the development and progression 876 

of OA, as H19 has been reported as an attractive marker for chondrocyte anabolism[84]. SOX9877 

positively regulates COL2A1 in human articular chondrocytes via a miRNA-675 (derived from 878 

H19) dependent mechanism[59]. Therefore, in the arthritic joint, plectin deficiency-associated 879 

downregulation of H19 may result in reduced anabolic (e.g. COL2A1) gene expression and 880 

ECM deposition in response to mechanical loading. This could contribute to inadequate 881 

COL2A1 repair mechanisms in plectin-deficiency. 882 

Conclusion 883 

We report a functional pipeline to test a non-coding OA SNP from epigenome editing, 884 

through genome editing and downstream deep phenotypic characterisation of genes of interest 885 

via in vitro cartilaginous model systems replicating the mechano-inflammatory environment. 886 

This system, combined with RNAseq, enabled us to identify multiple novel links between the 887 

functional region, plectin and chondrocyte biology. These data enhance our knowledge on 888 

plectin biology and provide new pathways of interest for future study.889 
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Figure legends 890 

891 

Figure 1. Physical location and arrangement of rs11780978 and 12 associated mQTLs. 892 

(A) Region of chromosome 8 demonstrating location of clusters 1 and 2, the association SNP, 893 

and two of the three novel mQTLs (cg24891660 is grouped with cluster 1 in panel B). 894 

Arrows represent 5’ to 3’ reading direction for PLEC, PARP10 and GRINA. E2 = PLEC exon 895 

2, E30 = PLEC exon 30 (2 additional downstream PLEC exons, exons 31 and 32, were not 896 

included in the schematic due to the size of the gene and to allow for full comparative 897 

visualization of GRINA and PARP10). All 8 alternatively spliced human PLEC first coding 898 

exons identified are demonstrated. The region shown covers from ~145,000,000-899 

145,070,000, hg19 assembly, UCSC Genome Browser. (B)  Zoomed version demonstrating 900 

location of original cluster 1 CpGs with addition of cg24891660, proximity to cluster 2, and 901 

the physical relationship between both clusters. (C) Distance between Cluster 2, association 902 

SNP rs11780978 and novel CpGs cg21511203 and cg07212837. Adapted from [11]. 903 

904 

905 

Figure 2. rs11780978 mQTLs and methylation analysis of TC28a2 and iASC-s9 cell 906 

lines at each replicated CpG. Association between rs11780978 genotype (G/G; 907 

homozygous for the none-risk allele, A/G; heterozygous for the risk allele, A/A; homozygous 908 

for the risk allele) and methylation of six mQTL CpGs in patient cartilage, TC28a2 (TC28, 909 

genotype A/G) and iASC-s9 (ASCS9, genotype GG) DNA. P-values were calculated using 910 

the Kruskal-Wallis test in reference to the patient samples only. Horizontal lines and error 911 

bars show the mean ± SEM. n = the number of patients providing data per CpG site. n = ≥ 3 912 

for the cell line DNA.  913 

914 

Figure 3. Epigenome modulation of all mQTL CpGs via TC28a2-dCas9-TET-1 (A-F) 915 

and dCas9-DNMT3a (G). Left panel in each CpG. Pyrosequencing data shows a 20 bp 916 

gRNA directs the dCas9-TET-1 to the region, hypomethylating the target CpG and generally 917 

demethylating other CpGs captured on the assay, apart from cg21511203, which was 918 

hypomethylated initially. X-axis demonstrates the physical distance between gRNA, other 919 

CpGs on the assay, and location of the array CpG, with + and – denoting distance from array 920 

CpG in base pairs. Percentages demonstrate absolute reduction in methylation at each site. 921 

Points and error bars demonstrate the mean ± SEM for n = 6 replicates. Right panel in each 922 

CpG, qPCR analysis of GOI showing normalised fold change expression of each gene in 923 

control cDNA when compared to samples targeted with gRNA after confirmation of 924 

demethylation. n = 6 replicates, P values calculated with paired t-test. NS, not significant (P925 

> 0.05). (G) Pyrosequencing data shows that a 20 bp gRNA directs the dCas9-DNMT3a to 926 

the region, methylating the target CpG and other CpGs captured on the assay. X-axis 927 

demonstrates physical distance between gRNA, other CpGs on the assay and location of the 928 

array CpG. Percentages represent absolute increase in methylation at each site. Points and 929 

error bars demonstrate the mean ± SEM for n = 6 replicates. (B) qPCR analysis of genes 930 

interest showing normalised fold change expression of each gene in control cDNA when 931 

compared to samples targeted with gRNA after confirmation of demethylation. P value 932 

calculated with paired t-test. NS, not significant (P > 0.05). 933 

934 

Figure 4. Validation of iASC-s9c9, iASC-s9c9-CTRL and iASC-s9c9-PLEC-KO. (A) 935 

Western blot demonstrating no Cas9 expression in control without doxycycline, with 936 

progressively increasing Cas9 protein expression 24 hr and 48 hr after induction with 937 

doxycycline (DOX). (B) flanking PCR 3% agarose gel electrophoresis of the 26 bp deletion 938 
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demonstrating 3 bands. Lower band representing paired guide edit, upper band hypothesised 939 

to be heteroduplex formation, middle band representing wild type 293 bp or single guide 940 

editing that cannot be resolved on the gel. (C) iASC-s9c9 d42 pellet stained with Safranin O 941 

demonstrates extensive GAG staining (D) Representative Sanger DNA sequencing traces of 942 

iASC-s9c9-pC (CTRL) and iASC-s9c9-PLEC-KO (PLEC-KO) demonstrating deletion of 26 943 

bp sequence in exon 3 of PLEC at P1 post-editing. (E) Western blot for plectin demonstrating 944 

reduction at passage 1 (P1) post-editing, maintained and enhanced by P6 post-editing in 945 

iASC-s9c9. GAPDH loading control is used for both western blots. F) qPCR mRNA 946 

quantification demonstrates significantly lower relative PLEC expression in CTRL vs PLEC-947 

KO, which becomes more evident as PLEC upregulation in late chondrogenesis is inhibited 948 

by the edit. Unpaired t-test comparison within each time point, n = 6-9 pellets. 949 

950 

Figure 5. Summary of gene expression, histological and immunohistochemical 951 

phenotypes of plectin deficiency in pellet and agarose culture. (A) Fold change expression 952 

from d0 to d42 of PLEC, markers of anabolic (SOX9, ACAN, and COL2A1), hypertrophic 953 

(COL10A1), fibrotic (COL1A1) and catabolic (ADAMTS5/MMP13) signalling (n = 6-9 954 

pellets/condition). No significant difference in matrix deposition between CTRL and PLEC-955 

KO pellets and agarose constructs, as assessed (B) quantitatively by GAG/DNA in d21 and 956 

42 pellets and d42 agarose constructs (n = 10-11, n = 11-14, n = 6-9 and n = 10-11 957 

respectively), and (C) Qualitatively as shown by representative histological staining for GAG 958 

by Safranin O staining, and Type II and Type X Collagen by IHC (n ≥ 3 pellets.) Mean ± 959 

SEM. Statistics, unpaired t-test between groups. 960 

961 

962 

Figure 6. iASC-s9c9-derived chondrocytes mechanical properties are comparable 963 

regardless of plectin deficiency. AFM measurements reveal no significant difference in (A)964 

chondrocyte height (B) deformation (mean ± SEM). (C) calcium signalling intensity between 965 

CTRL and PLEC-KO. % represents overall percentage of responders (n = 116 CTRL vs n = 966 

106 PLEC-KO) in each group Each datapoint represents one cell loaded by AFM. Solid and 967 

dashed horizontal lines represent inter-quartile range and median, respectively; Statistics 968 

assessed using unpaired t-test for each comparison. ns = not significant. 969 

970 

Figure 7. Response of plectin deficient iASC-s9c9-derived pellets to inflammation.  971 

(A) Gene expression of anabolic, fibrotic, and hypertrophic markers following inflammatory 972 

challenge demonstrates no significant interaction between CTRL and PLEC-KO. (B) 973 

inflammatory gene expression following IL-1β treatment in both lines, with IL6 974 

demonstrating a significantly higher upregulation in CTRL (C) GAG/DNA showing a 975 

significant reduction after inflammatory stimulus with no significant interaction. n = 6 976 

pellets/line/treatment (D-F) Representative Safranin O staining for GAG and IHC for type II 977 

and type X collagen demonstrating reduced matrix deposition in CTRL and PLEC-KO pellets 978 

treated with IL-1β, but no effect of plectin editing (G) Representative AFM imaging of 979 

indentation of untreated cartilage pellet (H) AFM indentation demonstrates no difference in 980 

the mechanical properties with PLEC-KO. N = 2-4 cryosections/pellet, n = 2-3 981 

pellets/line/treatment. Mean ± SEM. Statistics assessed using 2way ANOVA with Šidák 982 

correction, p value reported for effect of line. ns, not significant, P > 0.05, * P = ≤0.05, ** P983 

= ≤0.01, *** P = ≤0.001, **** = P ≤ 0.0001.  984 

985 

Figure 8. DEGs and KO-induced-response (KIR) genes after mechanical loading and in 986 

a mechano-inflammatory environment (A) Quantification of DEGs demonstrates that 987 

PLEC-KO constructs have a greater number of upregulated and downregulated DEGs in 988 
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response to load, as well as mechanoinflammation compared to CTRL. (B)  Significant 989 

upregulation of NFATC2 and BMP2 after loading, with no difference associated with plectin 990 

deficiency. (N= 3-5 constructs). Mean ± SEM. Statistical significance represents pAdj from 991 

RNAseq **** P = ≤0.0001. r = gene rank (by pAdj) in response to load in each cell line 992 

compared to not loaded controls (C) green, upregulated and red, downregulated KIR genes. 993 

Genes were initially sorted by pKO 2 vs 1 (loaded vs not loaded) and pAdj to identify the top 994 

100 most significant genes in each direction. A gene expression filter (mean counts per 995 

million, CPM, across all pKO/pC) of >10 was applied to identify the most biologically 996 

relevant genes by expression in agarose constructs. The top 100 genes were then ranked by 997 

relative Log2FC (L2FC) in pKO 2 vs 1 when compared to pC 2 vs 1, this provided a list of 998 

the genes with the highest pAdj, relatively high expression in cartilage and the highest 999 

differential fold change in pKO vs pC. (D) the identical approach was applied to identify KIR 1000 

genes within the mechano-inflammatory. 1001 

1002 

1003 

1004 
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