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Abstract 

Osteoarthritis (OA) is a debilitating and degenerative disease of the joint 

characterized by erosion of articular cartilage. No disease modifying OA drugs 

(DMOADs) are approved, and cell-based therapies are limited. The differentiation of 

human induced pluripotent stem cells (hiPSCs) to prescribed cell fates enables the 

engineering of patient-specific tissue types, such as hyaline articular cartilage, for 

applications in regenerative medicine, disease modeling, and drug screening. In many 

cases, however, these differentiation approaches are poorly controlled and generate 

heterogeneous cell populations. In this dissertation, we demonstrate utility of hiPSCs for 

efficient chondrogenesis and OA disease modeling. Using a standardized differentiation 

approach, we demonstrate cartilaginous matrix production in multiple hiPSC lines using 

a robust and reproducible differentiation protocol. To purify chondroprogenitors 

produced by this protocol, we engineered a COL2A1-GFP knock-in reporter hiPSC line 

by CRISPR-Cas9 genome editing. Purified COL2A1-GFPhigh chondroprogenitors 

demonstrated an improved chondrogenic capacity compared to unselected populations, 

improved matrix homogeneity, and reduced variability between tissues. We next 

demonstrated the ability of the system to serve as a high-throughput system for arthritis 

disease modeling using cytokine stimuli. Using the cytokine stimuli TNF-alpha and IL-

1alpha, we observed that engineered tissue exhibits a dose-dependent degenerative 
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response. COL2A1 reporter activity showed a strong correlation with GAG loss, 

emphasizing the utility of the reporter as a read-out for drug screening applications. 

Step-wise directed chondrogenic differentiation of hiPSCs using small molecules and 

growth factors is a heterogeneous process that exhibits considerable heterogeneity and 

cell line – cell line variability, which may limit its clinical application. To overcome this 

variability, we sought to identify the transcription factors that might drive chondrogenic 

commitment from the pluripotent state. To this end, we applied our chondrogenic 

differentiation platform to a CRISPR activation (CRISPRa) screen to identify pro-

chondrogenic transcription factors. Taken together, these studies describe the generation 

of a high-throughput system for chondrogenesis and its application for screens and 

arthritis disease modeling. Future applications of this platform may be useful for 

identifying pathways driving cartilage regeneration and novel therapeutics for arthritis. 
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1. Introduction 

1.1 Arthritis – A Family of Complex Diseases of the Joints 

Arthritis represents a family of the most prevalent musculoskeletal diseases, 

together forming the greatest source of disability in the United States, affecting over 54 

million Americans.(https://www.cdc.gov/arthritis/data_statistics/national-statistics.html) 

In particular, osteoarthritis (OA), rheumatoid arthritis (RA), juvenile idiopathic arthritis 

(JIA), and psoriatic arthritis are the most common forms of arthritis, characterized by pain 

and loss of joint function due to inflammation, bone erosion and remodeling, and the 

progressive degeneration of articular cartilage and other joint tissues [1-4]. Traditionally, 

disparate disease paradigms have been applied to RA and OA: RA has been defined as an 

autoimmune systemic condition, while OA has been described as a mechanically-driven, 

wear-and-tear arthropathy [5,6]. However, growing evidence indicates that OA is a large 

family of diseases with a similar endpoint but potentially different pathological 

mechanisms, that in many cases may involve dysregulated systemic metabolic or 

inflammatory cascades [7,8]. For example, multiplex immunoassays detect inflammatory 

cytokines in OA patient synovial fluid, substantiating that OA may also arise from long-

term low level chronic inflammation, either driven by resident cell types or by systemic 

metabolic syndrome (e.g., associated with diabetes or obesity), rather than by flares of 

high inflammation typically seen in rheumatic conditions [7,9]. 
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Pharmacological recommendations from the American College of Rheumatology 

for rheumatic conditions include synthetic and biologic disease-modifying anti-rheumatic 

drugs (DMARDs)[10-12]. Synthetic DMARDS, such as methotrexate and leflunomide, are 

lymphotoxic therapeutics used to treat RA and a range of systemic inflammatory 

conditions (e.g. Crohn’s disease, ulcerative colitis) through their immunosuppressive 

effects. Biologic DMARDs, such as tumor necrosis factor (TNF) inhibitors (e.g., 

adalimumab and etanercept) and interleukin (e.g., IL-1 and IL-6) antagonists have also 

been used to treat RA patients refractory to synthetic DMARDS, and more recently, have 

been used for patients presenting with moderate to severe RA[10-12]. Although these 

drugs are aimed at targeting specific inflammatory pathways and cell-types, and have 

shown great promise, they have also led to clinical remission in only approximately 50% 

of patients with RA or JIA, with highly variable outcomes between individual patients 

[13]. Furthermore, up to 20% of patients satisfying the American College of Rheumatology 

(ACR) criteria for remission continue to exhibit radiographic deterioration of the joint 

space due to sustained low-level inflammation [14,15]. Moreover, systemic delivery of 

these therapies can lead to the development of significant side-effects, such as 

autoimmune reactions (e.g. vasculitis, psoriasis, and lupus) or increased risk of 

opportunistic infection through their immunosuppressive effects [16-18]. 

By contrast, attempts to identify clinically effective disease-modifying 

osteoarthritis drugs (DMOADs) have been unsuccessful. The IL-1 receptor antagonist (IL-
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1Ra, i.e., anakinra), while effective for a subset of people with RA and post-traumatic 

arthritis (PTA), has not demonstrated efficacy in treating OA in the clinical setting [19-22]. 

Therefore, pharmacological treatment options for OA continue to be palliative, consisting 

of administration of non-steroidal anti-inflammatory drugs (NSAIDs) to reduce pain, 

glucocorticoids to decrease production of inflammatory cytokines, and hyaluronic acid 

injections to lubricate the eroded joint [23]. However, recent studies, not in the scope of 

this review, suggest that even these treatments do not provide beneficial effects and may 

in fact lead to increased cartilage loss in OA patients [24]. Consequently, it is becoming 

increasingly clear that patients with unique disease etiologies will require distinct, 

personalized therapeutics [2].  

Indeed, the future of new arthritis therapies may need to involve combinatorial 

approaches that seek to restore metabolic balance systemically as well as in joint tissues 

exhibiting strong degradative responses to inflammatory cytokines. We envision 

therapeutics tailored to patients that consider both their genetic susceptibility (e.g. 

combinations of deleterious SNPs) and environmental risk factors (e.g. injury) [25,26].   

This may only be accomplished through a better and updated understanding of distinct 

molecular mechanisms and alterations thereof leading to various forms arthritis. Here, we 

review a growing body of evidence illuminating the contribution of genetic variation on 

arthritis susceptibility, recent advances in our ability to precisely re-write the genome and 

epigenome to interrogate the role of genetic variation, and the application of tissue and 
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genome engineering to human disease modeling platforms. Together, these fields are 

opening promising avenues toward tailored therapeutics through the interrogation and 

manipulation of coding and regulatory genetic elements that confer arthritis susceptibility 

[27,28].  

1.2 Understanding the Genetic Contribution to Arthritis as a 
Basis for Tailored Therapeutics 

A variety of polygenic inheritance modalities have been implicated in the 

pathogenesis of RA, JIA, and OA, and development of novel therapies might be enhanced 

by achieving an improved understanding of specific genetic factors able to modulate 

varying disease states [29,30]. Until recently, genetic studies investigating the role of 

naturally occurring arthritis were limited to gene mapping in animal models of 

arthritis.[31] While these studies have improved our understanding of genetic variation 

in RA - particularly the role of variants at major histocompatibility complex (MHC) loci - 

their relevance to human disease has remained poorly defined. Based on these data, 

candidate association studies have further elucidated the effect of various mutations on 

arthritis pathogenesis in human patients. For example, the first study identifying the 

human OA candidate variant rs143383, a single nucleotide polymorphism (SNP) in the 5’ 

untranslated region(UTR) of the Growth/Differentiation 5 (GDF5) locus as a candidate 

allele, was based on the arthritic phenotype of Gdf5 loss of function in mice [32]. It has 

become the most well characterized OA risk variant and is thought to function as an 

expression quantitative trait locus (eQTL) [33-35]. Patient-derived tissue and human 
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cancer cell lines harboring the risk (T) allele, located in the 5’ untranslated region (UTR) 

have decreased expression of GDF5 compared to the protective (C) allele (Figure 3) 

[33,34]. Homozygotes and heterozygotes for the risk allele are at an increased risk of 

developing both hip and knee OA [33-36].  Similarly, candidate association studies have 

substantiated the association of several SNPs with RA, such as variants found in tumor 

necrosis factor alpha-induced protein 3(TNFAIP3), transforming growth factor beta-1 

(TGFB1), methylenetetrahydrofolate reductase (MTHFR), vitamin D receptor (VDR), 

protein tyrosine phosphatase, non-receptor 22 (PTPN22), and TNF receptor associated 

factor 1 (TRAF1) [37-40]. 

Subsequently, highly powered genome wide association studies (GWAS) began to 

provide an unbiased scan of known genomic loci and variants associated with human 

disease states. Many loci identified by OA and RA GWAS have been shown to regulate 

known inflammatory genes, arthrodial developmental programs, and structural 

components of articular cartilage, as well as various genes with little or no known function 

in joint development. For example, arcoGen, the first GWAS undertaken for OA, 

identified several human loci associated with OA at genome-scale significance (p<1x108) 

from 7410 genomes [41].  One such locus harbors rs11177, a coding variant of 

nucleostemin (GNL3). Nucleostemin, a nucleolar GTPase, was initially discovered in 

human neuronal tissue and recently was found to be upregulated in synovial fluid from 

patients with knee osteoarthritis[42]. Since rs11177 is a coding variant which may affect 
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nucleostemin function in the joint, it may be a causal variant. The majority of identified 

variants, however, are non-coding and likely influence gene regulation in cis or trans (Fig 

4A). A trans-ethnic meta-analysis evaluating over 100,000 patients for RA-associated 

SNPs identified non-coding variants near the transcription factor ETV7, synaptogryin1 

(SYNGR1), and surfactant protein D (SFTPD) as conferring the highest risk of RA 

development with odds ratios of 1.22-1.23 [43]. To date, two JIA GWAS have been carried 

out which have identified several variants, particularly in genes involved in immune cell 

activation and epigenetic modifiers [44,45]. These genes include IL-2 and its receptors, the 

histone demethylase JMJD1C, and variants in 3q13. Many of these variants, like those 

found in OA and RA GWAS, are in eQTLs and may act in cis or trans to regulate other 

genes [44,45].  An HLA allele associated with RA (HLA-DRB1*04) has been shown to be 

protective in JIA patients, emphasizing the possibility that different pathogenic 

mechanisms cause these diseases, suggesting the utility of distinct therapeutics [46].  

While GWAS have identified loci associated with arthritis, validation and 

characterization of the causal variants at these loci will be a key challenge that must be 

overcome for identification of therapeutic targets. Furthermore, understanding how 

various loci interact to modulate arthritis development will further advance our 

understanding of arthritis susceptibility. With recent advances in gene editing and 

genome engineering technologies, functional validation of genetic variation of regulatory 

elements and coding sequences in human cell types has become feasible. The generation 
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of cell lines with targeted editing of susceptibility variants in an isogenic background can 

be accomplished using the gene editing tools described below. 

1.3 The Genome/Epigenome-Engineering Toolbox  

Early efforts to alter gene sequences in a site-specific manner, particularly in 

human cells, sought to exploit natural DNA-binding domains of transcription factors 

(TFs) fused to an endonuclease catalytic domain to create double-strand break(s) (DSB). 

After a DSB is formed, error-prone molecular repair machinery is recruited to mend the 

break, but after many rounds of cleavage and repair, this can result in the accumulation 

of random insertions or deletions in a process termed non-homologous end joining 

(NHEJ), the predominant repair mechanism in mammalian cells (Figure 1A) [47]. 

 

Figure 1. Repair mechanisms following targeted double strand break by site 
specific nuclease. A) Non-homologous end joining (NHEJ) can result in repair of 
dsDNA with random insertions or deletions that may cause frameshift mutations, 
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resulting in premature termination of translation. B) Introduction of a homologous 
donor sequence (ssODN shown) can facilitate precise editing through homologous 
recombination repair pathways. C) Use of two nucleases can create specific deletions, 
allowing the removal of entire regions of the genome. 

Homology-directed repair (HDR), by contrast, can be used for genome editing by 

introduction of a donor template with homology to the target site along with the 

endonuclease (Figure 1B) [48]. In addition, multiple DSBs can be used to delete large 

regions of the genome (Figure 1C). As DSBs can ultimately lead to gene knockout or site-

directed mutagenesis, gene editing has revolutionized reverse genetics approaches, and 

their applications (see below). Primarily three classes of programmable nucleases, zinc 

finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and 

clustered regularly interspaced short palindromic repeats (CRISPR)-associated Cas9 

nuclease, are used for genome engineering. Epigenome editing can be accomplished by 

either removal or mutation of the catalytic endonuclease domain and fusion of the 

resulting DNA-binding protein to transcriptional activators, transcriptional repressors, or 

epigenetic modifiers (Figure 2B) [49]. Activation of endogenous genes has been 

accomplished by fusing potent transcriptional activators such as VP64, a tetramer of the 

transactivation domain of the viral transcriptional factor VP16, to the deactivated 

endonuclease [50]. Moreover, epigenetic modifiers such as histone acetylase p300, 

Krüppel associated box (KRAB) domain, and DNA methyltransferase 3a (DNMT3a) have 

also been fused to modify chromatin marks on both histones and DNA  that can in turn 

regulate gene expression [51]. The ability to recruit these domains to desired regions of 



 

9 

the genome has allowed the identification of novel regulatory elements controlling gene 

expression [52]. A brief overview of the major editing platforms is described below. 

1.3.1 Zinc Finger Nucleases (ZFNs) 

Initial attempts to engineer site-specific programmable nucleases aimed to 

manipulate modular DNA-binding domains of transcription factors (TFs). Zinc finger 

proteins (ZFPs) are abundant TFs that recognize DNA in sets of three to four base pairs 

per modular zinc finger domain (Figure 2A).  Novel modules were engineered for optimal 

binding to target sequences, and the modular nature of ZFNs allowed the fusion of 

recombinant chimeric ZFPs to a FokI endonuclease domain [53,54]. Thus, ZFNs could 

cleave DNA based on sequence specificity determined by the zinc finger modules used. 

The need to optimize specific combinations of modules for new sequences limited the 

applicability of this technology for most purposes, as creating new ZFNs could take weeks 

to months to engineer and optimize. 



 

10 

 

Figure 2. Common genome engineering tools. A) Zinc Finger Proteins (ZFPs) 
and Transcription Activator-Like Effector (TALE) modules are engineered to bind a 
desired sequence and fused to the FokI endonuclease for targeted double strand 
breaks. In the CRISPR system, a custom designed 20 bp guide RNA (gRNA) recruits 
Cas9 endonuclease to induce double strand breaks. B) ZFPs and TALEs fused to 
transcriptional activators and epigenetic modifiers are shown. In the CRISPR system, 
these domains are fused to a deactivated Cas9 (dCas9) 

As a precursor to epigenome editing, efforts to repurpose DNA-binding proteins 

for programmable transcriptional regulation were first pioneered with ZFPs [55]. VP64 

or KRAB fusion to ZFPs allowed endogenous gene activation or repression, respectively, 

at multiple loci [56]. In an early attempt to site-specifically edit the epigenome, ZFPs 

were fused to histone methyltransferase domains to induce H3K9 methylation, 

demonstrating the ability of histone methylation to initiate a gene repression pathway in 

human cells [57]. Thus, engineering of ZFPs created tools for editing of both the genome 

and epigenome. 
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1.3.2 Transcription Activator Like Effector Nucleases (TALENs) 

Transcription Activator Like Effector (TALEs) are another class of programmable 

nucleases derived from transcription factors that were originally discovered in 

Xanthomonas [58]. Like ZFPs, TALEs are modular, but composed of repeats of thirty-four 

amino acids. Two residues within these repeats, known as the repeat variable diresidue 

(RVD), are responsible for specifying binding to a single base pair (Figure 2A) [59]. 

Because each module recognizes one base pair, combinations of only 4 modules are 

needed for assembly of TALENs targeting new sequences [60]. Like ZFNs, TALE 

nucleases (TALENS) were developed by fusion to the FokI endonuclease catalytic domain 

[60-62]. Epigenome engineering became more tenable with the relative simplicity of TALE 

engineering. Similar to ZFPs, effector domain fusions to engineered TALEs included 

transcriptional activation and repression domains, DNA demethylases, and recombinases 

[63-66].  

1.3.3 CRISPR-Cas9 

The clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 

system is a more recently developed gene editing tool and was first discovered as part of 

an adaptive immune system in prokaryotes [67]. Its discovery has revolutionized the field 

of genome/epigenome editing by eliminating the need for protein engineering to obtain 

site specificity, thereby increasing accessibility to the platform. Editing in mammalian 

cells using the Type II CRISPR system utilizes a CRISPR RNA (crRNA) and Cas9, an 
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endonuclease that cleaves DNA at targeted sites complementary to the crRNA. A second 

trans-activating CRISPR RNA (tracrRNA) facilitates binding of the crRNA to Cas9, 

allowing the complex to scan the genome for complementarity between the crRNA and 

the target sequence. Engineered CRISPR-Cas9 systems make use of a single chimeric 

guide RNA (sgRNA), in which the crRNA and the tracrRNA have been fused into a single 

RNA species [68]. Through Watson-Crick base pairing, the sgRNA directs Cas9 to its 

target in a sequence-specific manner (Figure 2A). The target sequence, however, must be 

followed by a protospacer adjacent motif (PAM), which for the commonly used S. pyogenes 

Cas9 is a 5’-NGG-3’ trinucleotide sequence.  The CRISPR-Cas9 system has become the 

most accessible genome-editing tool due to the ease of sgRNA synthesis along with 

specificity and efficiency of targeted DSBs. Musculoskeletal applications of CRISPR 

technology are rapidly advancing; recent studies demonstrated the efficacy of CRISPR-

Cas9 delivery in vivo to restore the dystrophin reading frame and treat a murine model of 

Duchenne muscular dystrophy (DMD) [69-71]. However, applying gene editing tools to 

treat monogenic joint and skeletal diseases, such as thanatophoric dwarfism (FGFR3 

mutation) or Stickler syndrome (COL2A1 mutation), will be challenging because these 

congenital conditions typically lead to irreversible pathology. Further studies assessing 

the ability of various viral vectors to effectively deliver CRISPR-Cas9 to the joint will be 

essential for the potential translation of this technology to the clinic.  
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In addition to fusion with KRAB and VP64, deactivated Cas9 (dCas9) has been 

fused to several other combinations of activators and epigenetic modifiers such as p300 

and DNMT3a. p300 acts a histone acetyl transferase, activating gene expression by 

opening chromatin structure at regulatory regions [72]. Likewise, DNA modifications can 

be specifically altered with DNMT3a methyltransferase [73]. These gene activators and 

repressors might have therapeutic potential for arthritic joints, by targeting epigenetic 

modifications in both inflammatory cells and resident cell types, although this remains 

largely unexplored. 

1.4 Regenerative Medicine and Tissue Engineering with 
Genetically Engineered Cells 

Regenerative medicine integrates solutions from materials science, cell biology, 

and gene therapy to provide cellular or tissue substitutes capable of restoring function to 

overcome degeneration caused by chronic diseases or injuries. Musculoskeletal 

regenerative medicine has made great progress due to advances in genetic engineering, 

which has provided promising avenues for engineering cartilage and bone substitutes 

with tissue mimetic properties [74-79]. Due to the ease-of-use and specificity of the 

CRISPR-Cas9 system, genome engineering and epigenome editing offer to extend the 

promise of personalized medicine [67,80]. Perhaps the most obvious approach would 

entail using nucleases to edit disease-causing mutations and subsequently transplanting 

cells with genetic corrections as therapies.  While such an approach is certainly feasible 

for many types of diseases, such as hematologic disorders, the multifactorial nature of 
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arthropathies suggests that a more nuanced strategy may be required. Offering much 

more promise than simply as a tool for correcting genetic mutations, site-specific 

nucleases open new avenues toward cell-based therapies for musculoskeletal diseases by 

improving stem cell differentiation protocols and by enabling the rewiring of intrinsic cell 

signaling pathways. 

Interest in generating cell-based therapies that combat the pro-inflammatory, 

arthritic environment has led to strategies that incorporate gene delivery vehicles driving 

expression of antagonists of IL-1 or TNF, or of anti-inflammatory cytokines such as IL-10 

[81-85]. While pioneering work toward this goal has involved constitutive ectopic 

expression of therapeutic transgenes, recent work has exploited the use of drug-inducible 

or synthetic cytokine-responsive promoters that allow for tuned expression of 

immunomodulatory factors [86,87]. Such strategies generally involve viral vectors for 

gene delivery, which could be impaired  by epigenetic silencing or pose the oncogenic 

consequences of insertional mutagenesis [88,89]. The CRISPR-Cas9 gene editing nuclease 

platform is attractive for applications in which the use of viral vectors may not be 

permissive, as nuclease-mediated targeted gene addition can allow for epigenetically 

stable, robust transgene expression from safe-harbor loci [90]. Furthermore, building on 

advances in genome and epigenome engineering, efforts to develop fine control over 

cellular responses to the environmental context are ongoing.  For example, targeted gene 

modification of endogenous inflammation-responsive promoters might circumvent the 



 

15 

need to ectopically express therapeutic transgenes and permit transient, context-

dependent expression. 

For instance, our laboratories have recently illustrated the efficacy of using this 

approach to engineer cytokine-activated and feedback-controlled expression of biologic 

therapies in murine pluripotent stem cells [91]. These stem cells were used to engineer 

articular cartilage capable of inducible and transient anti-inflammatory responses to the 

catabolic effects of IL-1 or TNF. Specifically, using CRISPR gene editing, targeted gene 

addition of IL1Ra or soluble TNF receptor (sTNFR) cDNA downstream of the Ccl2 

promoter was used to produce “smart” induced pluripotent stem cells (iPSCs) that 

initiated a dynamic negative feedback loop upon stimulation with inflammatory 

cytokines. After these iPSCs were differentiated to chondrocyte-like cells, their response 

to inflammatory stimuli was attenuated as evinced by the decreased expression of 

catabolic enzymes (Mmp-9/13) and the maintenance of glycosaminoglycan (GAG)-rich 

cartilage matrix. By ensuring tight control of therapeutic production, manipulation of 

endogenous circuitry may serve effectively as a cell-based “vaccine” for the treatment of 

chronic diseases such as OA and RA. “Designer” cell approaches such as this overcome 

limitations and consequences associated with delivery of large drug doses or constitutive 

overexpression of biologic therapies, which may have systemic pleiotropic effects as 

discussed above. Moreover, by specifically targeting and cleaving pre-determined 

sequences of DNA, the CRISPR-Cas9 platform can be exploited to selectively delete genes 
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from living cells.  Such an approach could be used as an alternative to existing RNAi 

strategies to modify the cellular response to pro-inflammatory signals in an arthritic 

environment. Proof-of-principle for this approach has been demonstrated by engineering 

murine pluripotent stem cells with functional deletion of the interleukin-1 receptor I 

(Il1r1)[92]. Knockout of Il1r1 resulted in iPSCs capable of producing articular cartilage that 

was resistant to IL-1a-mediated tissue degradation as measured by biochemical analysis 

of GAG content [92]. In other studies, epigenome editing at loci encoding cytokine 

receptors IL1R1 and TNFR1 using dCas9-KRAB has also been used to attenuate the 

catabolic response of human adipose stem cell (hASC)-derived chondrocyte-like cells to 

inflammatory environments [93]. Specifically, epigenetic silencing of IL1R1 and TNFR1 by 

targeting dCas9-KRAB to their promoters attenuated the downstream activation of NF-

kB, a transcription factor that initiates catabolic pathways, and protected cartilage matrix 

integrity in the presence of IL-1 or TNF [93]. CRISPR-based epigenome editing approaches 

have also been used to activate anti-inflammatory cytokines, such as IL1RN, and these 

may hold promise for engineering inflammation-resistant cartilage tissue [66]. 

A major challenge that limits the use of pluripotent stem cells as a source for 

regenerative medicine is the inability to efficiently and robustly drive differentiation of 

these cells toward a terminal fate of choice.  To overcome this, investigators often employ 

multi-staged differentiation protocols that involve fluorescence-activated sorting of 

purified cells based on the upregulation of markers of differentiation [94-96]. In many 
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cases, cell surface antigens associated with desirable cell states are not known or do not 

exist.  In such cases, purified, iPSC-derived populations can be sorted using genetically 

encoded fluorescent reporters that are activated upon cell fate induction.  Studies have 

shown that the use of collagen-specific promoters allows for purification of chondro- and 

osteo-progenitor populations from multi-staged, iPSC differentiation protocols for both 

human and mouse cells line [95,97]. Use of reporter lines will help optimize differentiation 

conditions for regenerative medicine therapies and uncover surface markers that should 

facilitate purification of differentiated cells. Additionally, epigenome editing with the 

CRISPR-Cas9 system has the potential for programming gene networks to 

deterministically direct cell lineage specification or transdifferentiation [51,98,99]. 

Therefore the CRISPR-Cas9 platform offers the possibility of repurposing pluripotent 

stem cells towards clinical use and potentially, for personalized regenerative therapy. 

1.5 Disease Modeling Applications 

In addition to the regenerative potential of engineered tissue, stem cell-derived 

cartilage and bone tissue can be used as a model system to test consequences of various 

environmental and genetic perturbations. The ability to target any locus in the genome 

holds great potential for modeling orthopedic disease. As discussed above, the most 

common types of arthritis are not monogenic diseases and are not amenable to targeted 

disruption of a single gene. Furthermore, identifying DMOADs has been challenging as 

we are only beginning to understand the fundamental pathways of OA pathogenesis. 
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Because a combination of environmental and genetic factors predisposes to these chronic 

diseases, functional interrogation of causative genetic elements, such as 

coding/noncoding SNPs or variable number tandem repeats (VNTRs), may provide a 

means of gaining insight into disease physiology and targeted drug development for 

personalized therapeutics (Figure 3). 

 

Figure 3. Functional analysis of candidate arthritis causal variants in an hiPSC 
arthritis modeling platform. A schematic of arthritis modeling by editing candidate 
variants in iPSCs and assaying the changes in induced cartilage tissue after 
application of disease stimuli (i.e. inflammatory cytokines, mechanical loading). 
Candidate disease modifying therapeutics can be then be assayed to reverse 
deficiencies in cells with variants.    

A collection of GWAS and candidate associations studies have identified 

hundreds of candidate SNPs as potentially causative of various forms of arthritis as 

discussed above. To our knowledge, no studies published to date have rigorously 

interrogated GWAS-associated SNPs to implicate a causal role in OA and RA 
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pathogenesis. This is due in part to the difficulty of arthritis disease modeling. Recent 

efforts directed towards arthritis disease modeling have shown that application of 

inflammatory cytokines IL1 and TNF to tissue engineered from murine iPSCs results in 

tissue degradation, consistent with the effects of these cytokines in patients with the 

various forms of arthritis [95,100]. Degradative changes in the induced cartilage could be 

ameliorated through small molecule-mediated inhibition of catabolic enzymes (Mmp-13) 

or transcription factors (Nf-kb) [100]. These findings demonstrate the use of an in vitro 

arthritis disease modeling platform to identify candidate DMOADs. Future efforts 

should entail extension of this concept to a human iPSC-based OA modeling platform in 

which human iPSC-derived cartilage tissue can be exposed to OA stimuli such as 

inflammatory cytokines and mechanical loading (Figure 3). Recent advances in 

chondrogenic differentiation of hiPSCs support the establishment of disease modeling 

platforms on which candidate DMOADs that prevent or reverse tissue degradation 

might then be tested for clinical efficacy [101-103]. Subsequent disease modeling studies 

will ask how cell lines with edited genetic backgrounds are differentially affected by 

these degradative stimuli and drugs efficacious for specific backgrounds might be 

identified. For example, interrogation of GDF5 rs143383 variants on OA susceptibility is 

an attractive proof of concept due to its known functional role in gene regulation, joint 

development, and OA pathogenesis [32-34,104]. 
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Genome/epigenome editing screens can be used to annotate and elucidate the 

effect of uncharacterized variants identified in these GWASs. Because sgRNA sequences 

can be readily synthesized and cloned into the appropriate vector, genome-scale CRISPR 

libraries (similar to siRNA libraries) have been created to screen each of the ~25000 

annotated genes in the genome for their effect on a phenotype of interest [105-109]. 

CRISPR-based activators and repressors are powerful tools that allow non-coding 

CRISPR activator/interference (CRISPRa/i) screens for context-independent elucidation 

of novel enhancer regions that may harbor GWAS hits (Fig 4B) [52,110-112]. For 

example, a non-coding CRISPRa screen at the human IL2RA locus (which has been 

associated with RA) identified an enhancer region that contained rs61839660, a SNP 

implicated in several autoimmune conditions [45,113]. Generation of knock-in mice 

bearing the human risk variant resulted in a decreased induction of IL2RA surface 

expression after antibody-mediated T-cell activation compared to controls. Deletion of 

the enhancer in primary human T-cells had a similar effect, bolstering its role in IL2RA 

upregulation after antibody-mediated activation. In a similar manner, enhancers 

containing SNPs associated with arthritis may be identified using CRISPRa screens, and 

subsequently incorporated into hiPSCs by genome editing to assay phenotypic 

differences after differentiation. Large drug screens could then identify small molecules 
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capable of rescuing the phenotype (Figure3).

 

Figure 4. Description of eQTLs and identification of candidate variants using 
CRISPR screening technology. A) Illustration of cis- and trans- expression 
quantitative trait loci (eQTL). i) Transcription factor A and B (TF-A/TF-B) bind to 
enhancer elements upstream of Gene X to promote transcription. ii) A polymorphism 
in the promoter sequence of Gene X inhibits binding of TF-A, reducing transcription 
of Gene X (cis-eQTL). iii) A polymorphism in the coding region of TF-A prevents TF-
A binding to Gene X enhancer element, attenuating expression. (trans-eQTL) B) Non-
coding CRISPR screen to identify enhancer elements of Gene X. gRNAs are saturated 
in non-coding regions flanking and within the open reading frame (ORF). The cell 
line of interest is transduced with a pool of lentivirus encoding the DNA library. 
Cells are sorted by expression of Gene X or phenotype of interest and gRNAs within 
positive and negative populations are sequenced to determine enrichment of gRNAs. 
Enriched gRNAs bind to candidate enhancers. GWAS-SNPs within these regions can 
be edited for functional validation as illustrated in Figure 3. 

With the ability to model the effects of disease-causing variants by generating 

isogenic lines harboring targeted combinations of genetic modifications, gene editing 



 

22 

technology similarly holds immense potential to uncover the role of arthritis-associated 

variants. To date, few studies have looked to use this technology for disease modeling to 

better understand joint physiology or pathology. Most studies addressing cartilage 

development in human cells have relied on comparisons between diseased and healthy 

patient-derived stem cells. For example, comparisons between patient-derived iPSCs 

harboring mutations in FGFR3 have been made to understand the effect of FGFR3 during 

chondrogenesis; this study found that statin therapy could rescue in vitro chondrogenesis 

in FGFR3-mutant human iPSCs [114]. Another study found that iPSCs from a patient with 

an NLRP3 mutation causing neonatal onset multisystem inflammatory disease (NOMID) 

presented enhanced chondrogenesis [115]. iPSCs derived from unique patients have been 

shown to have highly variable differentiation potential as a result of different genetic 

backgrounds [116,117]. As these studies use patient-derived iPSCs, they cannot control 

for inherent genetic variability among cell lines that could also alter chondrogenic 

potential. Consequently, the ability to use gene editing tools to create multiple isogenic 

cell lines from a single patient, in which only the gene of interest is mutated, controls for 

genetic variation between different patients and may allow genetic studies with greater 

fidelity. 

A handful of studies have used gene editing tools for the creation of isogenic lines 

to characterize protein function in cell types relevant to orthopedic disease modeling. In 

one example, gRNAs were designed to knockout hyaluronan synthase 2 (Has2), an 
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enzyme that generates hyaluronan, and whose loss of function is embryonic lethal in mice, 

in a rat chondrosarcoma (RCS) line that constitutively expressed Cas9 [118]119].  

Conditional knockout of Has2 in limb bud mesenchyme revealed its important role for 

chondrocyte maturation and growth plate organization. However, these studies 

precluded characterization of Has2 function in mature chondrocytes. By editing Has2 in a 

chondrosarcoma line, this study demonstrated that Has2 functions to retain Aggrecan (an 

important proteoglycan of articular cartilage) to the pericellular matrix of mature 

chondrocytes.  Thus, genome engineering can be applied to tissue engineering platforms 

to both replicate knockout studies in animal models and further elucidate protein function 

when traditional in vivo knockout is cumbersome. Analysis of clonal lines with isogenic 

backgrounds will become increasingly important when evaluating the function of genetic 

variation on orthopedic biology.  

1.6 Concluding Remarks 

The various forms of arthritis constitute the majority of musculoskeletal disease. 

Targeted regenerative medicine therapies for these conditions will require a more precise 

understanding of the various etiologies of disease. Dissecting these mechanisms can now 

be performed using genome engineering techniques. The development of new cell or drug 

therapies has required testing on patient-derived tissues, which are characterized by 

varying genetic backgrounds that can serve as confounding factors. However, recent 

approaches exploit genome and epigenome editing to characterize specific genetic 



 

24 

elements in an isogenic background, allowing the functional characterization of GWAS-

identified SNPs and enhancer elements and the determination of their role in cell 

differentiation and pathophysiology. Application of these approaches to arthritis disease 

models may greatly facilitate the continuing search for novel disease-modifying 

therapeutics. While research in other fields has extensively used these platforms for 

various genetics applications and synthetic biology, there remains great opportunity to 

revolutionize the fields of musculoskeletal biology and rheumatic disease with the help 

of gene editing tools. 
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2. Step-wise Chondrogenesis of Human iPSCs and 
Purification via a Reporter Allele Generated by CRISPR-
Cas9 Genome Editing 

2.1 Introduction 

Chondrocytes produce and maintain the hyaline articular cartilage that lines the 

surface of diarthrodial joints. Conditions that lead to articular cartilage degeneration, 

such as arthritis, arise from dysregulated chondrocyte homeostasis, resulting in 

chondrocyte apoptosis, hypertrophic differentiation of articular chondrocytes, and 

aberrant activation of inflammatory cascades [2,120,121]. Ultimately, these changes lead 

to pain and loss of joint function that necessitates total joint replacement with an 

artificial prosthesis [122]. Many cell-based strategies for cartilage repair and 

regeneration are designed to preserve the joint [101,123-126]. Human induced 

pluripotent stem cells (hiPSCs) are promising cell sources for cartilage regenerative 

therapies and in vitro disease-modeling systems due to their pluripotency and unlimited 

proliferation capacity [127,128]. Furthermore iPSCs provide a means of developing 

patient-specific or genetically-engineered cartilage for applications in drug screening for 

disease-modifying osteoarthritis drugs (DMOADs) [129]. Therefore, methods to rapidly 

and efficiently differentiate hiPSCs into chondrocytes in a reproducible and robust 

manner will be critical for their application in joint repair. 

An important goal of such protocols is to minimize variability in hiPSC 

differentiation potential, which may arise from characteristics of the donor and/or 
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reprogramming method [116,117,130]. Although several approaches have been 

employed to generate articular chondrocytes from PSCs, most differentiation protocols 

have been based on trial-and-error delivery of growth factors without immediate 

consideration of the signaling pathways that direct and inhibit each stage of 

differentiation. Accordingly, chondrogenic differentiation is often dependent on the 

specific cell lines used, and broad application of iPSC chondrogenesis protocols has not 

been independently demonstrated with multiple cell lines [131]. 

Recently, critical insights from developmental biology have elucidated the 

sequence of inductive and repressive signaling pathways needed for PSC lineage 

specification to a number of cell fates [132-134]. By reproducing these reported signaling 

pathways in vitro, in combination with existing chondrogenic differentiation approaches, 

we sought to establish a rapid and highly reproducible protocol for hiPSC 

chondrogenesis that is broadly applicable across various hiPSC lines. Furthermore, as 

hiPSC differentiation processes are inherently “stochastic” and can often produce 

heterogeneous cell populations over the course of differentiation, we hypothesized that 

purification of committed chondroprogenitors would improve hiPSC chondrogenesis. 

Previously, enrichment of mouse iPSC-derived chondroprogenitors (CPs) resulted from 

isolating cells expressing Col2a1, which encodes for type II collagen – an important 

structural constituent of articular cartilage [95,100,135]. However, this transgenic 

approach is not feasible for human iPSCs, which motivated our pursuit of gene editing 
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methods to create a knock-in reporter of collagen II production at the human COL2A1 

locus.  

In this study, we demonstrate the development and application of a step-wise 

differentiation protocol validated in three unique and well-characterized hiPSC lines. 

We examined gene expression profiles and cartilaginous matrix production during the 

course of differentiation. To further purify committed CPs, we then used CRISPR-Cas9 

genome engineering technology to knock-in a GFP reporter at the collagen type II alpha 

1 chain (COL2A1) locus to test the hypothesis that purification of CPs could enhance 

articular cartilage-like matrix production. This type of approach for purification of 

hiPSC-derived CPs in conjunction with a reproducible differentiation protocol may 

facilitate the development of in vitro chondrogenesis platforms for disease modeling and 

drug screening.  

2.2 Results 

2.2.1 Step-wise Differentiation of hiPSCs into Chondroprogenitor 
Cells 

To establish a standardized protocol for hiPSC chondrogenesis, we optimized 

growth factor and small molecule concentrations using established principles of PSC 

differentiation along mesodermal lineages as described in Figure 5A [132]. To validate 

our differentiation approach, we measured expression of transcription factors 

representative of various stages of development with qRT-PCR and monitored cell 

morphology at multiple time points in three hiPSC lines (BJFF, ATCC, and RVR) (Figure 
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5B-G and 6). Over the course of differentiation, we observed a gradual decrease in 

expression of the pluripotency markers octamer-binding protein 4 (OCT4) and nanog 

homeobox (NANOG) (Figure 5B). Stage-specific expression of transcription factors was 

observed between days 1-3. At day 1, expression of an anterior primitive streak (PS) 

marker, mix paired-like homeobox (MIXL1), spiked in each cell line (Figure 5C). 

Subsequently, a spike in mesogenin 1 (MSGN1) expression at day 2 marked paraxial 

mesoderm specification, and early somitogenesis initiated at day 3, as evinced by 

upregulation of transcription factor 15 (PARAXIS) (Figure 5D-E). Interestingly, SRY-box 

9 (SOX9) expression was highly elevated at both paraxial mesoderm and sclerotome 

stages as compared to hiPSC stage for ATCC and RVR lines (Figure 5F). Furthermore, 

platelet derived growth factor receptors (PDGFR)a and PDGFRb gradually increased 

their expression levels over the course of mesodermal differentiation but PDGFRa was 

down-regulated, whereas PDGFRb maintained up-regulated, in chondroprogenitor (CP) 

cells (Figure 5F). The CP cells also expressed the highest levels of collagen type II alpha 1 

chain (COL2A1) but only a moderate increase of aggrecan (ACAN) as compared to 
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hiPSCs for all three cell lines examined (Figure 5G).

 

Figure 5. Chondrogenesis of hiPSCs through paraxial mesoderm specification. 
(A) Stepwise of differentiation of hiPSCs toward of paraxial mesoderm and 
chondrocyte-like cells. Gene expression levels of major transcriptional factors for (B) 
Pluripotency, (C) Anterior PS, (D) Paraxial mesoderm, (E) Early somite, (F) 
Sclerotome, and (G) Chondroprogenitor cells. (H) Heat map of representative surface 
marker expression of hiPSC and Chondroprogenitor (CP) cells of RVR cell line. (B-G) 
n = 3-4 experiments per cell stages per cell line (N=3 lines). Mean ± SEM. One-way 
ANOVA for each cell line using differentiation stage as factor. *p < 0.05 and †p < 0.01 
compared to hiPSC stage. For MSGN1 expression level at paraxial mesoderm stage, 
only the RVR-iPSC line is significantly different from its hiPSC stage. For ACAN 
expression level at chondroprogenitor stage, only RVR is not significantly different 
from its hiPSC stage. PS: primitive streak. Data points represent means and error bars 
signify SEM. 
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Figure 6. Cell morphology of each stage during mesodermal lineage 
differentiation for each cell line. Fibroblastic-like cells started to emerge at stage of 
early somite. Scale bar = 500 µm  

2.2.2 Characterization of Surface Markers of hiPSCs and CP cells 

Upregulation of chondrogenic markers in CPs suggested that this stage may be 

appropriate for further chondrogenic differentiation. The RVR-iPSC line was assessed 

for surface marker expression levels at iPSC and CP cell stages (Figure 5H). The hiPSCs 

and CP cells exhibited distinct expression patterns of surface proteins (Appendix A). 

hiPSCs exhibited a surface marker profile characteristic of primed hiPSCs 

(CD90+/CD24+/SSEA-4+/CD57+/CD45-). Pluripotency-specific markers SSEA-

4/CD57/CD24 decreased in CP cells, and the CP cells displayed a moderate increase in 

the surface markers CD105, CD146, CD166, and CD271. Interestingly, we also observed 
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that CP cells expressed surface proteins that are often absent on mesenchymal stem cells 

(MSCs) such as CD56, CD111, CD112, and CD117. 

2.2.3 Chondrogenic Gene Expression During Chondrogenesis 

After mesodermal specification and pre-chondrogenesis of hiPSCs, we further 

differentiated cells in chondrogenic pellet cultures with TGF-b3 supplementation. At 

days 7, 14, and 28, we assessed chondrogenic gene expression. Chondrogenic markers, 

particularly SOX9 and COL2A1, were significantly up-regulated at early stages of 

chondrogenesis, while the expression of ACAN level was not increased until 14 days 

post-induction of chondrogenic differentiation (Figure 7A-C). These findings suggested 

that COL2A1 could serve as critical marker and purification criterion for chondrogenic 

cells. These three chondrogenic markers remained highly elevated at day 28 of pellet 

culture as compared to hiPSC stage. We also observed that both hypertrophic 

chondrocyte marker (collagen type X, COL10) and fibroblast matrix gene (collagen type 

I, COL1) were increased at day 28 of chondrogenesis in particular cell lines (Figure 7D-

E). 
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Figure 7. Pellet culture time course. Gene expression profiles of (A)SOX9, (B) 
COL2A1, (C) ACAN, (D) COL1A1, and (E) COL10A1 and (F) GAG/DNA ratio of the 
pellets at various time points during 28 day chondrogenic pellet culture at various 
time points during 28 day chondrogenic pellet culture. n = 3-4 each time point per cell 
line. Mean ± SEM. One-way ANOVA for each cell line using differentiation stage as 
factor. *p < 0.05 and †p < 0.01 compared to hiPSC stage. 

2.2.4 Histological and Biochemical Analyses of Chondrogenesis 

Safranin-O and hematoxylin staining of day 28 pellets of each cell line showed 

high amounts of proteoglycan production and the presence of round chondrocyte-like 

cells within the matrix (Figure 8). Additional biochemical analysis of pellets during 
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chondrogenesis demonstrated increasing GAG/DNA ratio over time for each cell line. 

The ATCC-iPSC line produced less matrix compared to RVR- and BJFF-iPSC (Figure 7F). 

 

Figure 8. Representative safranin-O (Saf-O) and Type II collagen staining 
images of sections of day 28 pellets for (A)BJFF (B) ATCC, and (C) RVR cell line. (D) 
Human osteochondral tissue was used as positive control for both staining. The area 
of the white dash-square was magnified to reveal chondrocyte-like cell morphology 
within the pellet for each cell line. Scale bar = 0.4 mm and 0.2 mm for left and right 
panel, respectively.  
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Figure 9. Representative negative control of COL2 stain for (A) BJFF cell line 
and (B) human osteochondral tissue. Scale bar = 0.4 mm  

 

2.2.5 Generation and Validation of a COL2A1-GFP Knock-in Reporter 
Line 

While successfully validating a reproducible chondrogenic differentiation 

protocol applicable to multiple hiPSC lines, we observed some formation of non-

cartilaginous tissue from pellet culture systems within each cell line, attesting to 

heterogeneity inherent in PSC differentiation (Figure 8A). Therefore, we sought to 

further improve cartilaginous matrix production by purifying CP cells prior to 

chondrogenic differentiation. Using genome editing with CRISPR-Cas9, we integrated 

an EGFP reporter sequence downstream of the COL2A1 reading frame, separated by a 

P2A ribosomal skipping peptide sequence, in RVR hiPSCs (Figure 10A). Co-integration 

of a floxed puromycin resistance cassette allowed enrichment of successfully targeted 

hiPSCs, and subsequent excision of this cassette left a single loxP scar upstream of the 3’ 

untranslated region (UTR). Clonal populations were isolated from single cells and 

successful targeting of a 2A-EGFP sequence at the 3’ end of the COL2A1 reading frame 

was confirmed via junction PCR and Sanger sequencing (Figure 11).  

To functionally validate reporter activity, we activated endogenous COL2A1 by 

SOX9 lentiviral overexpression. Fluorescence imaging revealed clusters of bright round 

GFP-positive cells after 21 days, comprising roughly 5% of the total population (Figure 

10B and 10C). Reporter and unedited RVR lines exhibited comparable activation of 
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COL2A1 expression, suggesting that the addition of 2A-EGFP and a loxP scar upstream 

of the 3’ UTR did not significantly alter SOX9-dependent COL2A1 activation (Figure 

10D). The GFP+ population exhibited significant enrichment (40-fold) of COL2A1 

transcript over unsorted cells; conversely, the GFP- population exhibited decreased 

levels of COL2A1 transcripts (Figure 10D). Similar trends were observed for expression 

of other chondrogenic markers such as ACAN, TRPV4, and COL9A1 (Figure 10E-G).  
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Figure 10. CRISPR-Cas9 mediated knock-in of EGFP Reporter at the COL2A1 
Locus in hiPSCs (A) Schematic depicting generation of the reporter line. A gRNA 
overlapping the COL2A1 stop codon directed Cas9 to generate a double-strand break, 
which was repaired with a targeting vector containing the 2A-EGFP reporter and a 
puromycin resistance cassette (PUROR) flanked by ~700 bp homology arms upstream 
and downstream of the stop codon. After selection of clones with Puromycin, a CRE 
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recombinase expression plasmid was transfected to excise the PUROR cassette, leaving 
a residual loxP scar. (B) Brightfield and fluorescence imaging of reporter line after 
SOX9-mediated activation of COL2A1 (C) FACS sorting of GFP+/- populations after 
COL2A1 activation in the reporter line and unmodified controls. (D) Fold-change of 
COL2A1 expression in unmodified, reporter, GFP+, and GFP- populations relative to 
expression in hiPSC controls. (E-G) Fold-change of chondrocyte markers (E) ACAN, 
(F) TRPV4, and (G) COL9A1 in unmodified, reporter, GFP+, and GFP- populations 
relative to expression in hiPSC controls. Groups not sharing the same letter are 
statistically different by one-way ANOVA (p<0.05). Error bars represent mean ± SEM 
(n=3 independent experiments). LHA, RHA: Left Homology Arm, Right Homology 
Arm 

 

Figure 11. Confirmation of reporter integration (A) Junction PCR using 
primers shown in red to validate site-specific knock-in of EGFP reporter. One primer 
binds GFP while the other binds 3’ of right homology arm. See Appendix B for primer 
sequences. 

 

2.2.6 Application of Optimized Directed Differentiation Protocol to the 
COL2A1 Reporter Line 

After validating the utility of the reporter in purifying cell populations enriched 

for COL2A1 expression, we applied our directed differentiation protocol to the reporter 

line and observed reporter activation over time (Figure 12A). At D0 of differentiation, 

the COL2A1-GFP reporter line shows no fluorescence when compared to the 
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unmodified line, suggesting the lack of leakiness in reporter activity (Figure 12A). GFP 

fluorescence in the reporter line becomes evident as early as D3, during differentiation 

to paraxial mesoderm (Figure 12A) and the GFP florescence intensity continues to 

increase at D6 (Figure 12A), finally becoming a distinct GFP+ population by D9 and 12 

(Figure 12A), at the CP cell stage as described previously. At D15 we begin to observe 

the emergence of a brighter GFP population, which clearly bifurcates into two distinct 

GFP populations (high and low) at D21 (Figure 12A, 14A). Mean fluorescence intensity 

(MFI) of the overall population increased steadily over time (Figure 13). To characterize 

the sensitivity of the reporter in the context of directed differentiation, we sorted various 

GFP populations: GFP-, GFP+, GFPbottom (bottom 10th percentile of GFP+) , and  GFPtop(top 

10th percentile of GFP+), and assayed COL2A1 transcript levels compared to the unsorted 

population at multiple time points (Figure 12B). Consistent with the intensifying GFP 

signal over time, we observed a steady increase in COL2A1 in the unsorted population. 

GFP- and GFPbottom populations, gated at a constant MFI, exhibited steady levels of 

COL2A1 transcript over time (~100 and 200-fold, respectively). Cell sorting allowed for 

isolation of cells with significantly greater COL2A1 transcript levels in the GFP+ and 

GFPtop populations compared to unsorted cells (Figure 12B).  

To assay the utility of reporter fluorescence to serve as a surrogate for COL2A1 

expression, we compared the MFI and COL2A1 fold enrichment of the GFPtop population 

at each measured time point. MFI of GFPtop cells was highly correlated to COL2A1 
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transcript enrichment (r2=0.91) (Figure 12C). Taken together, these results suggest that 

our knock-in reporter is sensitive to relatively small changes in COL2A1 expression and 

functions with high fidelity over a wide dynamic range. GFP+ and GFPtop populations 

also exhibited significant enrichment of other chondrocyte-associated transcripts, with 

robust ACAN activation and steady up-regulation of SOX9 from D12 to D21 (Figures 

12D and 12E).  

 

Figure 12. Time course of directed differentiation applied to reporter line (A) 
FACS sorting of GFP+/- population at several time points. Beginning at D6 the top 
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(GFPtop) and bottom (GFPbottom) 10th percentiles of GFP+ cells were sorted (shaded 
orange and blue, respectively). (B) Differential COL2A1 transcript enrichment in 
various GFP populations over the course of differentiation. (C) Scatter plot showing 
correlation of COL2A1 transcript enrichment and change in mean fluorescence 
intensity (MFI) in GFPtop samples compared to MFI of undifferentiated population (r2 
> 0.91, p<0.0001). Curves peripheral to trendline represent 95% confidence intervals. 
(D,E) Differential ACAN and SOX9 transcript enrichment in GFP populations over the 
course of differentiation. Two-way ANOVA with Tukey’s post hoc comparison for 
each chondrogenic marker demonstrated significance along both time and population 
factors (p<0.05). Asterisks (*) represent significant enrichment (p<0.05) of GFPhigh 

compared to each other population at a given time point. Error bars represent mean ± 
SEM (n=3 independent experiments). 

 

We also examined expression of Runt-related transcription factor 2 (RUNX2), a 

marker for hypertrophic or osteogenic differentiation, during the course of 

differentiation (Figure 13C). Although we observed enrichment of RUNX2 in the GFPtop 

at D21, we did not observe activation of its downstream targets including in Matrix 

Metallopeptidase (MMP)-13 and COL10A1 (Figure 13EF). These findings imply that 

increased RUNX2 expression by itself may not indicate hypertrophic or osteoblastic 

differentiation in the GFPtop cells. Moreover, transcripts of COL1A1, a fibroblastic and 

osteogenic marker, were significantly depleted in the GFP+/top compared to unsorted 

controls (Figure 13D). 
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Figure 13. Reporter activation following directed differentiation (A) 
Histograms showing reporter activation over time and production of two distinct GFP 
populations by Day 21 in three independent replicates of differentiation shown in 
blue, green, and orange. (B) Average MFI at each time point. (C) Evaluation of RUNX2 
transcript enrichment in various GFP populations at multiple time points. (D-G) Fold 
change at Day 21 of hypertrophic markers COL1A1 (D), COL10A1 (E), MMP-13 (F), 
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relative to expression in hiPSCs. Groups not sharing the same letter are statistically 
different by one-way ANOVA. Error bars represent mean ± SEM (n=3 independent 
experiments). 

 

2.2.7 Purification of Chondroprogenitors Improves Cartilaginous 
Matrix Production 

Given the generation of two distinct GFP populations at D21 (termed GFPlow/high) 

of monolayer differentiation (Figure 14A) and differential expression of chondrogenic 

markers within these populations (Figure 12B, D, and E), we selected this time point to 

isolate committed CP cells. GFPlow and GFPhigh populations, along with an intermediate 

GFPmid population, were sorted and either directly used for chondrogenic pellet culture 

(P0 pellets) or expanded up to 5 passages prior the induction of chondrogenesis (P1-P5 

pellets) (Figure 14A).  

We evaluated pellets after 28 days of culture histologically and biochemically 

(Figures 14B-E). Pellets created from GFPhigh cells at all passages (P0-P5) were larger 

than those created from unsorted and GFPlow/mid populations, showed homogeneous 

matrix rich in glycosaminoglycan (GAG) and were void of other tissue types (Figure 14B 

and 15A). Biochemical analysis confirmed the histology with significantly higher 

GAG/DNA ratio in the GFPhigh pellets compared to unsorted ones. Interestingly, 

chondrogenesis of GFPmid cells improved with expansion, suggesting that this 

population may have been a less differentiated population compared to GFPhigh. 

Meanwhile GFPlow populations failed to produce cartilaginous matrix from P0-P5 
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(Figure 14C). In addition to GAG content, normalized collagen content was increased in 

GFPhigh pellets at P1 and P2 (Figure 15B).  

 

Figure 14. Evaluation of chondrogenic differentiation capacity of purified 
chondroprogenitors (A) Schematic of Experimental Design. D21 GFPhigh/low/mid 
populations were isolated and cultured as pellets or seeded for expansion. Pellets 
were generated from expanded cells at each passage up to 5 passages. (B) Safranin-O 
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(non-sulfated glycosaminoglycan)/Fast Green (collagen) stain of pellets from unsorted 
and GFP populations after FACS (P0) and 1 or 2 passages (P1 and P2, respectively) 
Scale bar (200 µm) (C) Biochemical analysis of GAG content normalized to DNA 
content in unsorted and GFP populations. Two-way ANOVA with Tukey’s post hoc 
comparisons for each chondrogenic marker demonstrated significance along both 
time and population factor (p<0.05). Asterisks (*) represent significant enrichment 
(p<0.05) of GFPhigh compared to each other population at a given passage. Error bars 
represent mean ± SEM (n=3 independent experiments). (D-G) Type II Collagen (D), 
Type VI Collagen (E), and Type I Collagen (F), and Type X Collagen (G) 
immunohistochemistry (IHC) of pellets derived from unsorted cells and GFPhigh cells 
at P0-P5. Scale Bar (200 µm) 

 

 

While the presence of type I collagen predominates in fibrocartilage, hyaline 

articular cartilage is characterized by the presence of type II collagen and the lack of type 

I collagen. Immunohistochemistry analysis of collagen composition demonstrated 

enrichment of type II/VI collagen in P0 pellets generated from GFPhigh cells compared to 

the unsorted cells (Figure 14D,E). P0 pellets from unsorted cells stained diffusely for 

type I collagen, and this was limited to the periphery of the tissue from GFPhigh P0 pellets 

(Figure 14F). No immunostaining of type X collagen was observed from either unsorted 

or GFPhigh pellets. Together, this suggests that purification of GFPhigh cells specifies the 

generation of matrix with qualities similar to hyaline cartilage rather than hypertrophic 

or fibrocartilage. Pellets derived from passaged CPs (P1-P5) had less type II/VI collagen 

accumulation as compared to P0 pellets, but we did observe modest enrichment of type 

II collagen up to P3 in GFPhigh pellets  (Figure 15B). In addition, late passage GFPhigh 

pellets (P3-P5) exhibited increased type I collagen accumulation compared to unsorted 
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controls beginning at P3 (Figure 15D). Type X collagen became apparent at the 

periphery in P3-P5 unsorted pellets, but pellets derived from the GFPhigh population did 

not stain for type X collagen (Figure 15E).
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Figure 15. Evaluation of matrix production of unsorted and purified 
chondroprogenitors after expansion (A) Safranin-O/Fast Green stain of aggregates of 
unsorted and GFP populations from P3-P5. (B) Hydroxyproline assay of pellet derived 
from GFP populations measured at P0-P5. Asterisks indicate significant enrichment 
(p<0.05) of GFPhigh population compared to each other population in passage (*) or to 
GFPmid/low(**).  (C,D,E,F) Type II (C) and Type VI (D), Type I (E), and Type X (F) 
collagen of pellets derived from unsorted and GFPlow/mid/high at P1-P5. Scale Bar 
(200 µm)  

2.2.8 Osteogenic Differentiation of hiPSCs Using Purified 
Chondroprogenitors  

During development, chondrocytes continue differentiation in the growth plate 

to become hypertrophic chondrocytes. These cells secrete a calcified matrix along with 

MMP-13 and other bone related markers in a process known as endochondral 

ossification. Recapitulation of this process using hiPSCs will be important for studies 

extending osteochondral tissue engineering approaches to this cell type. In addition, 

aberrant activation of these pathways leads to several pathologies such as vascular 

calcification and fibrodysplasia ossificans progressive (FOP).  While osteogenesis of 

hiPSCs has been described, we were interested to understand whether our purified CP 

population would demonstrate improved calcified matrix production in osteogenic 

conditions. To assess osteogenic differentiation of these populations, expanded unsorted 

and GFPhigh CPs (P2) were plated in monolayer and culture in osteogenic conditions for 

14 days. GFPhigh cells demonstrated markedly increased calcified matrix production as 

assessed by Alizarin Red staining (Figure 16A). After 14 days of osteogenic 

differentiation, expression of RUNX2, a master regulator of osteogenic differentiation,  

was enriched in the GFPhigh population compared to unsorted cells (Figure 16B).  
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However, we did not observe enrichment of other markers such as osteocalcin (BGLAP) 

or osteopontin (OPN), suggesting additional recombinant BMP-2 or prolonged 

differentiation might be necessary. 

 

Figure 16. Osteogenic differentiation of hiPSC-derived chondroprogenitors (A) 
Alizarin Red stain of unsorted and expanded CPs (P2) in monolayer culture. (B) Gene 
expression analysis of differentiated CPs normalized to expression in unsorted 
controls 



 

49 

2.3 Discussion 

Articular chondrocytes develop in vivo from a group of mesenchymal cells 

derived from mesoderm and ectoderm [114,134,136,137]. While craniofacial cartilage is 

generated from the ectoderm-derived neural crest, articular cartilage of the appendicular 

and axial skeleton is derived from paraxial and lateral plate mesoderm, respectively. 

Recent advances in developmental biology and the establishment of hPSC 

differentiation “roadmaps” can be applied to the in vitro generation of various 

musculoskeletal tissues through the specification of different mesodermal lineages 

[101,132,134]. While it is known that chondrocytes can be derived from paraxial 

mesoderm during embryonic development in vivo, the reproducible differentiation of 

hiPSCs to chondroprogenitors (CPs) has remained a major challenge to cartilage tissue 

engineering and arthritis disease modeling. Here, we describe a highly robust, stepwise 

protocol for in vitro chondrogenesis through the paraxial mesodermal lineage that is 

consistent among multiple hiPSC lines and further validated using a knock-in collagen II 

reporter system.  

Our approach successfully recapitulates mesodermal differentiation, as 

evidenced by the sequential stage-specific up-regulation of mesodermal master 

transcription factors including MIXL1, MSGN1 and PARAXIS. Interestingly, the findings 

of down-regulation of PDGFRa as well as SOX9, but not PDGFRb, in chondroprogenitor 

(CP) cells in response to BMP-4 treatment suggests possible interactions among 
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PDGFRa, SOX9, and BMP signaling pathways during CP cell commitment. Indeed, 

PDGFRα expression level has been reported to be involved in regulating BMP-

Smad1/5/8 signaling and induction of osteogenesis in MSCs [138]. Furthermore, using 

conditional deletion animal models, Lim et al. recently demonstrated that BMP-Smad4 

signaling controls pre-cartilaginous mesenchymal condensation in a SOX9 independent 

manner [139].  

CP cells expressed high levels of CD146 and CD166 but moderate to low levels of 

CD271, CD73, CD44, and stage specific embryonic antigen (SSEA)-4. These results 

suggest that the CP cells derived via our differentiation protocol are distinct from MSCs, 

which generally express these markers (CD271, CD73, CD44, SSEA4) [140]. Moreover, 

our finding of low CD44 levels in the CP cells is consistent with the results of a recent 

study showing that CD44 is expressed at a low level in pre-chondrocytes as compared to 

mature chondrocytes [141]. However, the results of surface marker analyses should be 

interpreted with caution, as surface markers do not necessarily reflect cell function and 

as stem and/or progenitor cells can be highly plastic, and lineage-origin dependent.   

The cartilaginous matrix produced by the P0 pellets showed enriched staining of 

type II/VI collagen and GAG, but was depleted of type I collagen, similar to hyaline 

articular cartilage. Similar to tissue generated from high passage primary articular 

chondrocytes (ACs) and bone marrow/adipose-derived mesenchymal stem cells (MSCs), 

pellet chondrogenesis of expanded chondroprogenitors (i.e. P3-P5) exhibited increased 
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production of fibrocartilage as evinced by immunodetection of Type I collagen [142-144]. 

However, unlike MSCs and more similar to ACs, type X collagen was not abundant in 

pellets derived from expanded chondroprogenitors and was depleted in purified 

chondroprogenitors [145]. Indeed, diffuse expression of type VI collagen further 

suggests the production of immature “neocartilage”. Prolongation of chondrogenesis in 

pellet culture may improve maturation of hiPSC derived-chondrocytes. Our protocol 

generates articular cartilage by extended treatment with TGF-b3, which has been shown 

to serve as an important step in the generation of articular cartilage from adult stem cells 

as well as human PSCs [95,101,102,114,146]. Extended treatment with BMP-4 in pellet 

culture on the other hand may promote a more hypertrophic phenotype [101]. 

It has been reported that the donor-to-donor variability for iPSCs may result 

from epigenetic memory of the somatic cell of origin or caused by different 

reprogramming methods [116,117,130]. As expected, variance among different hiPSC 

lines was also observed in our study. Indeed, expression levels of important 

transcription factors such as MIXL1, MSGN1 and PARAXIS varies among unique hiPSC 

lines prior to the induction of mesodermal differentiation, leading to noticeable 

differences in fold-changes of these stage-specific makers. However, despite the intrinsic 

variation of different cell lines, our protocol were able to generate articular cartilage-like 

tissue from multiple hiPSC lines through specification of paraxial mesodermal.  

Nonetheless, the subtle differences between human chondrocytes derived from 
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paraxial/lateral plate mesoderm or ectoderm remain unclear. Future investigation of 

hiPSC chondrogenesis along alternative developmental lineages, coupled with 

comprehensive genomic, transcriptomic, and/or proteomic analysis may facilitate 

identification of functional differences at multiple stages of differentiation. This 

information may be important for functional investigation of genetic arthritis 

susceptibility variants, which may cause joint-specific pathology [36,147].  

With the widespread availability of iPSCs and gene editing technologies, we now 

have the ability to assay the functional effects of disease susceptibility variants on 

developmental and pathological phenotypes [127,148-153]. Genome-wide association 

studies (GWAS) and candidate association studies have identified many genetic variants 

that may be involved in pathologies of articular cartilage, such as rheumatoid arthritis 

and osteoarthritis [41,154]. Follow-up analyses of these genetic variants has been 

challenging in iPSC-derived CPs due to the difficulty of isolating this cell population. 

Indeed, the heterogeneity of in vitro chondrogenesis may preclude our understanding of 

the mechanisms by which genetic variation can impact cartilage development and 

arthritis progression. Previous attempts to purify iPSC-derived CPs rely on many 

rounds of sorting multiple surface markers, using reporter constructs that are activated 

by minimal promoter regions of chondrocyte markers, or physical dissection of self-

aggregating chondroprogenitors [95,102,141,155,156]. During chondrocyte 

differentiation, COL2A1 expression is regulated by concerted coordination of promoter 
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regions, distal and intronic enhancers, and UTRs [157-159]. Therefore, the knock-in 

reporter approach described in this study enables precise monitoring of endogenous 

COL2A1 expression during differentiation and purification of a homogeneous CP 

population.  

High-throughput disease modeling and drug screening platforms of cartilage 

injury and repair will benefit from the ability to produce large quantities of 

homogeneous cartilaginous aggregates from purified CPs [100,103,114,129,155]. Our 

laboratory and others have demonstrated the utility of CPs as an expandable depot of 

cells for subsequent chondrogenesis [95,155]. We show that the day 21 purified CPs 

(GFPhigh population) maintain improved chondrogenic capacity over the course of 5 

passages compared to controls. In this manner, small molecule and cytokine screens can 

be readily applied to tissue derived from expanded purified CPs in a high throughput 

manner [100]. As demonstrated in previous studies of hiPSC chondrogenesis, we would 

expect matrix degradation upon treatment with inflammatory cytokines such as IL-1 

and TNF-a and diminished reporter activity, consistent with decreased COL2A1 

expression and other chondrocyte markers upon addition of cytokine [101]. However, 

compared to AC-derived cartilage, hiPSC-derived cartilage has been shown to be 

resistant to inflammatory cytokines, and higher doses may be needed to observe a 

response [160]. In addition to drug screening, CRISPR screening technology has recently 

become a powerful tool to identify coding and non-coding genetic elements that perturb 
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reporter or surface marker expression or affect viability [52,106,161]. Since our reporter 

enables purification of CP cells, it can also facilitate such screens to identify novel targets 

necessary or inhibitory for chondrogenesis. Validation of identified hits may provide 

targets to further improve hiPSC chondrogenesis protocols.  

The future of novel arthritis therapeutics lies in the application of hiPSC 

chondrogenesis to regenerative medicine and arthritis disease modeling [101,129]. The 

standardization of chondrogenesis protocols that follow developmental pathways will 

allow comparisons to be made between studies and improve reproducibility. By 

applying signaling logic aimed at activating and repressing specific developmental 

pathways, we can reliably guide hPSC differentiations along mesodermal lineage 

bifurcations [132,162]. This work shows that establishment of a standardized 

chondrogenesis protocol combined with purification of CP cells can produce a 

homogenous population of chondrocyte-like cells with improved matrix quality. Future 

studies investigating the effects of genetic or environmental perturbations on hiPSC-

derived cartilage-like tissue will benefit from the current differentiation method.  

2.4 Materials and Methods 

2.4.1 hiPSC lines and cell culture 

Three human iPSC lines were used in the current study: BJFF.6, ATCC®ACS-

1019 and RVR-iPSC [103,163].  Both BJFF.6 (BJFF) and ATCC®ACS-1019 (ATCC) were 

derived from foreskin fibroblasts of male newborn infants using sendai virus. BJFF was 
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obtained from iPSC core at Washington University in St. Louis, and the cells were 

maintained on vitronectin (VTN-N; Fisher Scientific, Hampton NH) coated plates in 

Essential 8 Flex medium (E8; Life Technologies, Carlsbad CA). The ATCC line was 

purchased from ATCC (Manassas VA), and the cells were maintained on CellMatrix 

Basement Membrane Gel (ATCC) in Pluripotent Stem Cell SFM XF/FF medium (ATCC). 

RVR-iPSCs were retrovirally reprogrammed from BJ fibroblasts and characterized 

previously [163]. The cells were maintained on vitronectin in mTeSR1 medium (Stemcell 

Technologies, Vancouver CA). Media were changed daily and cells were passaged at 80-

90% confluency.  

2.4.2 Mesodermal lineage specification 

Mesodermal differentiation medium: induction of hiPSCs into mesodermal 

lineages is based on a protocol reported by Loh et al. with slight modifications [132]. In 

brief, when hiPSCs reached 70% confluency, the culture medium was switched to 

mesodermal differentiation medium composed of IMDM GlutaMAXTM (IMDM; Fisher 

Scientific, Waltam MA) and Ham’s F12 Nutrient Mix (F12; Fisher Scientific) with 1% 

chemically defined lipid concentrate (Gibco, Gaithersberg MD), 1% insulin / human 

transferrin / selenous acid (ITS+; Corning, Durham NC), 1% penicillin / streptomyocin 

(P/S; Gibco), 450 µM 1-thioglycerol (Sigma, St. Louis MO)and 1 mg/ml polyvinyl alcohol 

(Sigma). Induction of anterior primitive streak (PS) (day 0): hiPSCs were rinsed with 

wash medium consisting of IMDM/F12 and 1% PS, and then fed with mesodermal 
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differentiation medium supplemented with 30 ng/ml of Activin A (Stemgent, 

Cambridge MA), 4 µM of CHIR99021 (CHIR; Stemgent), and 20 ng/ml human fibroblast 

growth factor (FGF; R&D Systems, Minneapolis MN) for 24 hrs. Induction of paraxial 

mesoderm (day 1): after a brief wash with DMEM/F12, cells were fed with mesodermal 

differentiation medium supplemented with 2 µM SB-505124 (SB5; Tocris, Bristol UK), 3 

µM CHIR, 20 ng/ml FGF, 4 µM dorsomorphin (DM; Stemgent) for 24 hrs. Induction of 

early somite (day 2): after a brief wash with DMEM/F12, cells were fed with mesodermal 

differentiation medium supplemented with 2 µM SB5, 4 µM DM, 1 µM Wnt-C59 (C59; 

Cellagen Technology, San Diego CA), and 500 nM PD173074 (PD17; Tocris) for 24hrs. 

Induction of sclerotome (day 3 – day 5): after a brief wash with DMEM/F12, cells were 

fed with mesodermal differentiation medium supplemented with 2 µM purmorphamine 

(Pur; Stemgent) and 1µM C59 for 3 days. Medium was changed daily. Induction of 

chondroprogenitor cells (day 6 to day 12-21): after a brief wash with DMEM/F12, cells 

were fed with mesodermal differentiation medium supplemented with 20 ng/ml human 

bone morphogenetic protein 4 (BMP-4; R&D Systems). Media was changed daily. 

2.4.3 Chondrogenic differentiation  

Monolayer cultured CP cells were dissociated with ethylenediaminetetraacetic 

acid (EDTA) at 37ºC, and EDTA was diluted with an equal amount of medium 

composed of DMEM/F-12, GlutaMAXTM (DMEM/F12; Gibco), 10% fetal bovine serum 

(FBS; Atlanta Biologicals, Flowery Branch GA), 1% ITS+, 55 µM 2-Mercaptoethanol (2-
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ME, Gibco), 1% MEM non-essential amino acids (NEAA; Gibco), and 1% P/S. The cells 

were then collected and centrifuged for 5 minutes at 300 x g. After aspirating the 

supernatant, the cells was re-suspended in chondrogenic medium composed of 

DMEM/F-12, 1% FBS, 1% ITS+, 55 µM 2-mercaptoethanol, 100 nM dexamethasone (DEX; 

Sigma-Aldrich), 1% NEAA, 1% P/S, 10 ng/ml human transforming growth factor beta 3 

(TGF-b3; R&D Systems), 50 µg/ml L-ascorbic acid 2-phosphate (ascorbate; Sigma-

Aldrich), and 40 µg/ml L-Proline (proline; Sigma-Aldrich), and 300,000 - 500,000 CP cells 

were then pelleted for chondrogenesis for 28 days. Chondrogenic medium was changed 

every three days.  

2.4.4 Osteogenic differentiation 

Unsorted and GFPhigh CPs were expanded under as described below for two 

passages and seed onto 0.1% gelatin-coated 12-well pates at a density of 10,000 cells/cm2. 

After 2 days of expansion media with 4 ng/mL bFGF, we cultured the cells for 14 days in 

osteogenic media, consisting of DMEM, 10% FBS, 100 nM DEX, 10 µM beta-

glyercophosphate (b-GP; Sigma) , 100 ng/mL recombinant human bone morphogenetic 

protein-2  (rhBMP-2; Peprotech), and 50 µg/mL ascorbate, chaging the media every two 

days. 

2.4.5 Alizarin red staining 

Calcification of CPs cultured in monolayer assay was assessed with Alizarin Red 

staining. Briefly, media was aspirated and 10% Formalin was added to 24-wells to fix 
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tissue. After 2 washes of 1x PBS, Alizarin Red was added to the plates and incubated for 

25 minutes on an orbital shaker. Alizarin Red was gently removed and cells were 

washed with ddH2O for 5 minutes four times. Plates were imaged using EVOS XL Cell 

Imaging System.   

2.4.6 Chondroprogenitor expansion 

The chondroprogenitor population was expanded as previously described.[95] 

Briefly, unsorted or sorted populations of Day 21 chondroprogenitors were seeded on 

tissue culture plastic precoated with 0.1% Gelatin at a density of 10,000/cm2 in a media 

composed of DMEM/F-12, GlutaMAXTM (DMEM/F12; Gibco), 10% fetal bovine serum 

(FBS; Atlanta Biologicals, Flowery Branch GA), 1% ITS+, 55 µM 2-Mercaptoethanol (2-

ME, Gibco), 1% MEM non-essential amino acids (NEAA; Gibco),1% P/S, 40µg/mL 

human bFGF(Sigma-Aldrich), and 50 µg/mL L-ascorbic acid 2-phospate(Sigma-Aldrich).  

Media was replaced every two days. At roughly 70-80% confluency cells were passaged 

for chondrogenic differentiation or further expansion.  

2.4.7 Histology 

Pellets were fixed in 10% formalin overnight and stored in 70% ethanol at 4ºC. 

They were then embedded in paraffin wax and sectioned at 8 µm thickness. Sections 

were stained with Safranin-O/hematoxylin standard protocol to reveal proteoglycan 

matrix.  
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2.4.8 Immunohistochemistry 

To perform immunohistochemistry of type II collagen (1:1, Iowa Hybridoma 

Bank, Iowa), type VI collagen (1:200, Fitzgerald, Cambridge UK ), or type I collagen 

(1:800, Abcam, Cambridge MA), sections were treated with xylenes and a decreasing 

ethanol series, incubated for 5 min with Digest-All 3 pepsin digestion (Thermo Fisher), 

treated with 30% peroxidase, blocked with goat serum, incubated with primary 

antibody for 1 h at room temperature, incubated with secondary antibody (ab97021 for 

type II and type I collagen, ab6720 for type VI collagen, Abcam, 1:500) for 30 minutes, 

treated with HRP streptavidin and AEC Red Single (Histostain-Plus BS, Thermo Fisher), 

counterstained with hematoxylin, and mounted with Clearmount (Thermo Fisher). 

Human osteochondral sections were used as both positive and negative controls.  

2.4.9 Biochemical analysis 

Pellets were rinsed with DPBS, digested overnight at 65ºC in 200 µl of papain 

solution consisting of 125 µg/ml papain, 100 mM sodium phosphate, 5 mM EDTA, and 5 

mM L-cysteine hydrochloride at 6.5 pH, then stored at -20ºC. Double-stranded DNA 

content was quantified using the PicoGreenTM assay (Invitrogen, Carlsbad CA). Total 

sulfated glycosaminoglycan (s-GAG) content was measured using the 

dimethymethlyene blue (DMMB) assay using bovine chondroitin sulfate (Sigma 

Aldrich) as a standard. Collagen content was measured using the hydroxyproline assay 

as previously described.[164] 
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2.4.10 Gene expression 

Cells in monolayer and pellets were rinsed with DPBS. Monolayer cells were 

lysed in 600 µl of Buffer RL (Norgen Biotek, Thorold Canada) and pellets were snap-

frozen in 350 µl of Buffer RL which were then stored at -80ºC. Pellets were homogenized 

using a miniature bead beater. The RNA was isolated using the Total RNA Purification 

Kit according to the manufacture’s recommendations (Norgen Biotek). Reverse 

transcription was performed using SuperScript™ VILO™ Master Mix (Thermo Fisher) 

per the manufacturer’s instructions. Quantitative RT-PCR was performed on the 

QuantStudio 3 (Thermo Fisher) and CFX96 Real Time System (Biorad, Hercules CA) 

using Fast SYBRTM Green Master Mix (Thermo Fisher) according to the manufacturer’s 

protocol. Fold changes were calculated using the ∆∆CT method relative to hiPSCs as the 

reference time point and TATA-box-binding protein (TBP) as the reference gene. Gene 

expression was probed using the primer pairs listed in Table 1. 

Table 1. qPCR primer pairs used to assay gene expression 
 

Forward Primer Reverse Primer 

ACAN TACCCTCAGGGGAGACTACT AGGGCCTTCTGTACTTTCCT 

ALP TCAGAAGCTCAACACCAACG AGCTGACCCTTGAGGATGC 

COL1A1 TGTTCAGCTTTGTGGACCTC TTCTGTACGCAGGTGATTGG 

COL2A1 GGCAATAGCAGGTTCACGTA CTCGATAACAGTCTTGCCCC 

COL9A1 TAGAGGGGCTGAAGGTGCTA ACCCTTTTCACCAGCAACAC 

COL10A1 CATAAAAGGCCCACTACCCAAC ACCTTGCTCTCCTCTTACTGC 
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MESP1 GAAGTGGTTCCTTGGCAGAC TCCTGCTTGCCTCAAAGTGT 

MIXL1 GGTACCCCGACATCCACTTG TAATCTCCGGCCTAGCCAAA 

MMP-13 AAGGAGCATGGCGACTTCT TGGCCCAGGAGGAAAAGC 

MSGN1 CGGAATTACCTGCCACCTGT GGTCTGTGAGTTCCCCGATG 

NANOG CCTGTGATTTGTGGGCCTG GACAGTCTCCGTGTGAGGCAT 

PARAXIS GAGCTGAGGAGAGTCCCGT TGTGCCTCTCTCTAGGTCCA 

PDGFRα CCGTGGGCACGCTCTTTACTCCATGT GGATTAGGCTCAGCCCTGTGAGAAGAC 

PDGFR! GGTGGGCACACTACAATTTGC GGTGGGTAGGCCTCGAACA 

RUNX2 AGCCTCTTCAGCGCAGTGAC CTGGTGCTCGGATCCCAA 

SOX9 AAGAAGGACCACCCGGATTA CTTGAAGATGGCGTTGGGG 

TBP AACCACGGCACTGATTTTCA ACAGCTCCCCACCATATTCT 

TRPV4 CTACGCTTCAGCCCTGGTCTC GCAGTTGGTCTGGTCCTCATTG 

OCT4 AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC 

 

2.4.11 Flow cytometric analysis for surface markers 

Surface markers of pluripotent  RVR-iPSCs and CP cells derived from this line 

were characterized using 361 PE-conjugated monoclonal antibodies (Biolegend, San 

Diego CA) according to manufacturer’s instructions. Stained cells were fixed and 

analyzed by LSRII (BD Biosciences, East Rutherford NJ). 

2.4.12 Fluorescence activated cell sorting 

At various time points during differentiation, cells were dissociated as described 

above. Pelleted cells were re-suspended in sort buffer containing PBS, 10% FBS, 2x P/S/F, 
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and 1 U/mL DNase I (Thermo Fisher)). Cells were sorted on a Sony SH800S Cell Sorter 

(Sony Biotechnology, San Jose CA) using a 130 µm sorting chip.  

2.4.13 Genome editing and clonal isolation 

To generate the COL2A1 reporter line, RVR-iPSCs were dissociated with accutase 

and 3x106 cells were re-suspended in 200 µL complete mTeSR. 6 µg of gRNA/Cas9-2a-

GFP expression vector and 3 µg of COL2A1 targeting vector were added. Cell 

suspension was placed into a 4 mm cuvette and transfected using the Gene Pulser XL 

(BioRad) electroporation system. Transfected cells were plated in a matrigel-coated 10cm 

dish in complete mTeSR supplemented with 10µM Rock Inhibitor (Y-27632). Selection 

began the following the day with 0.5 µg/mL Puromycin. After roughly 10 days 

puromycin-resistant colonies were transfected with a CRE recombinase expression 

vector to remove the floxed selection cassette. Transfected cells were expanded and 

plated at low density for clonal isolation(180 cells/cm2). After 10-14 weeks resulting 

clones were mechanically picked and expanded for PCR screening of targeting vector 

integration using the following primer pair: PuroF2: 5’-GCAACCTCCCCTTCTACGAG; 

RightOutReverse: 5’-GCAAGGGACACCCAAGAGTA-3’ 

2.4.14 Design and generation of COL2A1 sgRNA expression vector 
and EGFP targeting vector 

We obtained a plasmid encoding human codon optimized Streptococcus pyogenes 

Cas9 (spCas9-2a-GFP) and harboring an sgRNA cloning site (Addgene #48138). DNA 

sequence encoding sgRNA targeting the COL2A1 stop codon was ligated using the 
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following complimentary oligonucleotides: 5’-caccGGTCTGCTTCTTGTAAAAACC-3’ 

and 5’-aaacGGTTTTTACAAGAAGCAGACC-3’. Lower case nucleotides allowed 

cloning into the SpCas9 expression vectors by annealing to overhangs formed by BbsI 

restriction enzyme. To generate the COL2A1 targeting vector, we replaced homology 

arms of an OCT4-2A-EGFP targeting vector (Addgene #31938). 742 and 740 bp sequences 

were amplified from RVR-hiPSC gDNA to generate the left homology arm (LHA) and 

right homology arm (RHA) using the following primers: LHA Forward: 5’-

CCTGCAGGAGAGGGCAATAGCAGGTT-3’, LHA Reverse: 5’-

GCTAGCCAAGAAGCAGACCGGCCCTA-3’, RHA Forward: 5’-

GGCGCGCCAAACCTGAACCCAGAAAC-3’, RHA Reverse 5’-

GCGGCCGCTTCAGTGTTTACCTTCAA-3’. OCT4 homology arms were excised and 

COL2A1 homology arms were cloned into the targeting vector sequentially. COL2A1 

LHA was first cloned into the targeting vector by digesting vector and inserts with SbfI 

and NheI restriction enzymes. COL2A1 RHA was subsequently cloned into targeting 

vector by digesting vector and inserts with AscI and NotI restriction enzymes.  

2.4.15 Statistical analysis 

To compare matrix production and gene expression levels within each cell line 

(Figures 5, 7, and 10), one-way ANOVA using differentiation stage as the factor with 

Tukey’s post hoc testing was performed. For comparisons between multiple groups at 

various passages or time points (Figure 12 - 15), a two-way ANOVA using time 
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point/passage and GFP population as factors with Tukey’s post hoc testing were 

performed as appropriate. All statistical analyses were carried out using the Graphpad 

Prism software. To measure correlations, linear regression was performed; R square and 

p-values were reported. Significance was reported at the 95% confidence level. 
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3. Application of High-Throughput Chondrogenesis for 
Arthritis Disease Modeling 

3.1 Introduction 

Arthritis represents a family of pathologies that affect the joint, resulting in 

structural changes that affect several tissues, such as articular cartilage, synovium, and 

subchondral bone [1,4,165,166]. The resulting loss of cartilage and surrounding tissues 

becomes lifestyle limiting for many patients [2]. Treatment strategies aimed at targeting 

inflammation have limited efficacy; even the most successful biologic DMARDs, 

discussed in Chapter 1, have a clinical efficacy of roughly 30-50% for rheumatic forms of 

arthritis and are not beneficial for osteoarthritis (OA) [1,167,168]. Because of a lack of 

disease modifying OA drugs (DMOADs), the current treatment modalities for OA are 

limited to nutriceuticals, viscosupplementation, and nonsteroidal anti-inflammatory 

drugs (NSAIDs). [2] While these provide symptomatic relief for some, patients with 

continued disease progression necessitate total joint replacement [169]. The risk factors 

for arthritis development include genetic predisposition, injury, dysregulated 

metabolism, and age [2,6,8,165,170,171]. Given the combinatorial etiology of arthritis, 

targeting individual susceptibilities of arthritis may improve existing treatment 

modalities [172].  

The activation of inflammatory pathways is a common factor in the various 

forms of arthritis and mediates the degradation of joint tissue by upregulating the 

expression of degradative enzymes such as matrix metalloproteinases (MMPs) and 
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members of the a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) 

family, which degrade collagens and glycosaminoglycans (GAG), respectively [91,100].  

Previously, the in vitro chondrogenesis of human mesenchymal stem cells (MSCs) has 

been used to screen for compounds that promote chondrogenesis [173], but these 

compound are not necessarily useful as therapeutics [100]. Because primary 

chondrocytes dedifferentiate with expansion and adult stems cells have limited 

expansion potential, the use of iPSCs for an in vitro model of arthritis is a promising 

approach to identify patient-specific therapies [101,102,134,160,174]. Indeed, protocols 

that generate iPSC-derived chondrocyte-like cells have demonstrated matrix 

degradation after inflammatory cytokine administration [101,160]. After patient-derived 

iPSCs are used to develop large quantities of cartilaginous tissue as described in the 

previous chapter, small molecules can be tested for their ability to prevent matrix 

degradation after inflammatory stimuli [100]. Thus by combining patient-derived tissue 

and arthritis-specific stimuli, we may be able to identify therapeutics most efficacious for 

mitigating cartilage loss for a given patient.  

Previous work from our lab has established a proof of concept of this approach 

using murine iPSCs (miPSCs) [100]. Treatment with inflammatory cytokine IL-1a 

resulted in dose-dependent tissue loss, upregulation of MMP expression, and inhibition 

of col2a1/aggrecan expression.  Furthermore, small molecules targeting MMP activity 

successfully prevented tissue loss in this in vitro model of arthritis. Others have 
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demonstrated the ability of inflammatory cytokine IL-1b to mediate matrix degradation 

in hiPSC-derived chondrocyte-like cells, however, it remains unclear to what extent 

these differentiated cells are similar to adult chondrocytes [160]. A recent study 

suggested that hiPSC-chondrocytes, like juvenile chondrocytes, are resistant to 

inflammatory cytokine compared to adult chondrocytes [160]. Although this study only 

evaluated differentiated chondrocyte-like cells from a single hiPSC line, this may explain 

why others have reported matrix degradation only at supraphysiologic doses of IL-1a 

and TNF-a [91,92,101,160].  

An increasing amount of evidence from GWAS and candidate association studies 

suggests that patient susceptibility to arthritis  may be due to genetic variation 

[29,41,175-179]. This variation may affect joint development and homeostasis or 

modulate the response to inflammatory stimuli [33,180,181]. Furthermore, although 

GWAS have identified susceptibility regions, the causal variants have not been 

identified. Indeed the effect size of a single causal variant may be small  and 

environmental factors further complicate insights into how genetic variation contributes 

to arthritis risk [2,34]. A greater mechanistic understanding of how genetic variation 

modulates susceptibility to cartilage degradation may provide useful insights into the 

pathogenesis and treatment of arthritis. Ultimately, we aim to engineer cartilage tissue 

from genome-edited hiPSCs in order to generate cartilage that differs only in the causal 

variant of interest. Differentiated hiPSCs harboring the full allelic series of the variant(s) 
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in question can then be assessed for differences in gene expression, tissue production, 

and response to inflammatory cytokine. Future studies will allow these iPSC lines to be 

used to examine the influence of these causal variants on other joint tissues, such as 

ligament, bone, and synovium.  

As a first step toward this goal, we sought to the full allelic series of two variants 

associated with OA in GDF5 and COL6A3. Growth/Differentiation Factor 5 (GDF5) has 

long been recognized to be an important growth factor for chondrogenic differentiation 

[32,182-186]. During development GDF5 is expressed in the joint interzone and specifies 

a joint progenitor population. Candidate associations studies have identified a common 

C/T single nucleotide polymorphism (SNP) – rs143383 - in the 5’ untranslated region (5’ 

UTR) to be associated with osteoarthritis (OA)[34] [33]. Reporter assays suggest that the 

T allele results in decreased expression of GDF5 compared to the C allele [33]. Others 

have tested for evidence of allelic expression imbalance (AEI) in patients heterozygous 

at rs143383 and have observed decreased abundance of transcripts with T compared to 

C in the 5’ UTR [34]. Regulation of GDF5 expression by rs143383 is thought to occur by 

modulating the binding of transcriptional repressors, such as SP1, SP3, and DEAF-1 

[104,187]. However, it is unclear whether rs143383 is causal for decreased expression of 

GDF5 or if other variants in linkage with rs143383 control expression. Because rs143383 

lies in the 5’ UTR of GDF5 mRNA transcript, allelic expression can be determined by 

sequencing the transcripts’ complementary DNA (cDNA). Generation of a heterozygous 
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C/T line at rs143383 will allow us to test the hypothesis that the T allele is causal for 

decreased expression. Subsequent generation of the full allelic series at rs143383 in 

hiPSCs will allow mechanistic studies.  

In addition, to GDF5 rs143383, a common variant, we sought to create isogenic 

lines with rare variants of COL6A3, which codes for a chain of type VI collagen. Type VI 

collagen is the primary constituent of the pericellular matrix (PCM), which together with 

the chondrocyte, forms the structure known as the chondron [188]. The PCM is thought 

to be involved in transducing biomechanical and biochemical signals to the chondrocyte, 

and type VI collagen is necessary for maintaining normal chondrocyte 

mechanotransduction [189]. Perturbations in chondrocyte PCM are associated with early 

OA [190]. Whole exome sequencing of a subset of patients from the GARP study 

(Genetics, arthrosis, and progression study) has identified rare coding variants in 

COL6A3 to be associated with OA [191]. These variants (rs5638008543, rs369034667, and 

rs14223596) are located in the N-terminal von Wildebrand Factor associated (VWFA) 

domain. Each variant lies within an exon, creating non-synonymous mutations. Though 

I describe the generation of these lines in this thesis, the application of these edited lines 

to our high-throughput chondrogenesis and disease modeling platform will be 

accomplished in future studies and is not within the scope of this dissertation.  
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3.2 Results 

3.2.1 Characterization of Chondrogenesis in Unsorted versus Purified 
Chondroprogenitors 

In Chapter 2, we described the use of a COL2A1 reporter not only to purify 

chondroprogenitors but also monitor chondrogenic differentiation of hiPSCs. 

Measurement of COL2A1 expression may also be a useful tool to rapidly assay the 

extent of matrix degradation after inflammatory stimulus. Such an assay, however, will 

only be useful if 1) reporter expression in pellet culture is high, 2) intra-heterogeneity of 

pellets is low, and 3) decreased reporter activity reflects tissue degradation. Purification 

of chondroprogenitors in our platform enables the generation of tissue similar to hyaline 

cartilage; however, it remained unclear to what extent chondrogenic differentiation 

progressed in pellet culture. After dissociating pellets, we measured GFP fluorescence 

with flow cytometry. Although we hypothesized that a greater proportion of cells would 

successfully undergo chondrogenic differentiation in the pellets derived from purified 

chondrocytes, roughly 80% of cells were GFPhigh in both unsorted and purified pellets at 

D28 (Figure 17A). Furthermore, we were interested in evaluating the heterogeneity 

between pellets of unsorted and purified populations. Indeed, though both unsorted 
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and GFPhigh 

 

Figure 17. Measurement of reporter activity in pellets made from purified and 
unsorted chondroprogenitors. Flow cytometry of digested pellet cultures (generated 
after 2 rounds of expansion) of unsorted and GFPhigh chondroprogenitors 

pellets exhibited roughly equal proportions of cells undergoing chondrogenesis and 

similar high levels of COL2A1-GFP fluorescence intensity (Figure 17B) , flow cytometry 

of pellets derived from unsorted CPs demonstrated a broad peak of GFP fluorescence 

(Figure 18A) and a significantly increased coefficient of variance (Figure 18C) compared 

to GFPhigh pellets. We did not observe a significant difference in the MFI between groups 

(Figure 18B). Together, these results suggest that unsorted pellets contain cells with 

more heterogeneous expression of COL2A1, but the average expression level of COL2A1 

is similar. Pellets derived from purified CPs had remarkably consistent fluorescence 

(Figure 18A,C), highlighting their application for a disease modeling system. These 



 

72 

findings confirm that using pellets derived from the GFPhigh population will be more 

useful for a disease modeling system by minimizing pellet to pellet variability.  

3.2.2 Biochemical Analysis after Inflammatory Cytokine 
Administration  

 Having confirmed high reporter activity and decreased heterogeneity between 

pellets derived from the GFPhigh population, we next used these pellets to assess the 

degradative effects of inflammatory cytokines on engineered tissue. IL-1a and TNF-a 

are two of the most important inflammatory cytokines for arthritis development. While 

TNF-a is the predominant cytokine in chronic RA [192], synovial fluid of OA patients 

has similar concentrations of IL-1a and TNF-a. [193] Although pathological 

concentrations of both TNF-a and IL-1a are roughly 100 pg/mL in these patients, 

previous studies testing cytokine treatments in miPSCs suggest that higher 

concentrations (1 ng/mL IL-1a and 20 ng/mL TNF-a) are needed to observe tissue loss 

[91,92,100,101,160]. This may be due to the relatively short exposure of engineered 

cartilage to inflammatory cytokines (3 days) or an inherent resistance of iPSC-derived 

cartilage to inflammatory cytokines. For these reasons we chose a dose range that 

included pathological concentrations found in joint synovial fluid and concentrations 

which have historically yielded matrix degradation in our miPSC disease modeling 

platform (IL-1a [1-4000 pg/mL], TNF-a[0.08-50 ng/mL]). 
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Figure 18. Characterization of heterogeneity between unsorted and purified 
CPs. (A) Flow cytometric analysis of GFP fluorescence of cells in pellets derived from 
unsorted and GFPhigh cells (n=23-24 per group) at D28 (B) Mean fluorescence intensity 
and (C) Coefficient of Variance of GFP in pellets from Unsorted and GFPhigh (high) 
groups at Day 28.  Asterisks (*) represents significance by 2-tailed t-test 
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We hypothesized that this range of cytokine would be suitable to assay matrix 

degradation in hiPSC-derived cartilage tissue. To assess the effect of inflammatory 

cytokines on matrix degradation, P2 GFPhigh pellets were cultured for 21 days in 

chondrogenic media with TGF-b3/Dexamethasone. After chondrogenic differentiation, 

pellets were treated with inflammatory cytokine for 9 days and were then harvested for 

biochemical analysis and flow cytometry (Figure 19A). 

 

Figure 19. Cytokine dose response to hiPSC-derived cartilage. (A) 
Experimental Design. Purified CPs were differentiated in pellet culture in high-
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throughput 96-well format and treated with various doses of IL-1a or TNF-a. (B,E) 
DMMB assay measuring GAG content of pellets after cytokine treatment. (C,F) 
PicoGreen Assay measuring DNA content of pellets. (D,G) GAG normalized to DNA 
content. All assays showed significance by dose factor (p<0.05) by ANOVA. Asterisks 
(*) represent significance compared to untreated control by Dunnet’s post hoc 
comparison  

We observed decreasing GAG content with increasing dose of inflammatory cytokine 

for both IL-1a and TNF-a. Both cytokines seemed to result in small but significant 

increases in DNA content, consistent with previous reports suggesting a proliferative 

effect of cytokine treatment.  

 Matrix metalloproteinase secretion after exposure to cytokine can be a useful tool 

to gauge the level of cartilaginous matrix degradation. 

 

Figure 20. MMP activity after inflammatory cytokine. Measurement in relative 
fluorescence units the activity of MMP with increasing dose of (A) IL-1a and (B) TNF-
a. Asterisks represent p<0.05 by ANOVA and Dunnet’s post-hoc testing compared to 
no cytokine treatment.  
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Increased MMP activity was consistent with increased GAG loss at high doses (>2 

ng/mL) of cytokine treatment. At highest dose of IL-1a (4 ng/mL) we observed a roughly 

20-fold increase in MMP activity and we observed a roughly 40-fold increase with the 

highest dose of TNF-a (50 ng/mL).  

3.2.3 Assessment of Reporter Fluorescence after Inflammatory 
Cytokine Administration 

  We next sought to better understand the effect of inflammatory cytokines on 

reporter activity to determine its utility for screening applications. While IL-1a and TNF-

a resulted in catabolic matrix degradation of hiPSC-derived cartilage as evaluated by 

biochemical analysis, we were interested in measuring the reduction of anabolic 

metabolism by COL2A1-GFP expression. After dosing pellets with cytokine (Figure 19), 

we digested pellets and measured fluorescence by flow 

  

sFigure 21. COL2A1 reporter fluorescence after cytokine treatment. Dose response of 
(A) IL-1a ranging from 1-4000 pg/mL and (B) TNF-a ranging from 0.08-50 ng/mL. 
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cytometry. We observed a dose dependent decrease in the proportion of GFPhigh cells in 

pellet culture for both IL-1a and TNF-a (Figure 21). While the highest dose of TNF-a (50 

ng/mL) resulted in complete shift to a GFPlow state, we only observed a shift away from 

the GFPhigh population at the highest dose of IL-1a (4 ng/mL). In order to use the 

reporter for screening, we observed strong correlation between the proportion of GFPhigh 

cells and GAG content after inflammatory cytokine administration (Figure 22A,B). Thus, 

measurement of COL2A1 expression might serve as a useful high-throughput surrogate 

of matrix degradation after cytokine treatment, particularly TNF-a. Future studies 

utilizing the reporter to characterize the anabolic effects of IL-1a  might necessitate 

increased cytokine concentration.  

 

 

Figure 22. % GFPhigh  versus GAG content. Mean normalized GAG plotted 
against proportion of GFPhigh cells in pellets after (A) IL-1a and (B) TNF-a.  
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3.2.4 GDF5 OA Risk Allele Editing 

 

Figure 23. GDF5 rs143383 gene editing in human iPSCs. (A) GDF5 targeting 
gRNA and Cas9-2a-GFP expression vectors were co-transfected with a single stranded 
donor (ssODN) harboring a C nucleotide flanked by regions upstream and 
downstream of rs143383. Transfected cells were sorted to enrich for edited clones. (B) 
Successful editing in a clone verified by Sanger sequencing. Edited allele is boxed in 
red. (C) Deep sequencing cDNA derived from the differentiated edited line to 
evaluate allelic expression imbalance (AEI) in cDNA compared to gDNA control. 
Asterisks (*) p<0.05 by two-tailed t-test.  
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Now having developed a cytokine based platform for arthritis disease modeling, 

we sought to test the effects of OA-associated loci on the response to cytokine treatment. 

As a first step towards this goal we generated edited hiPSC lines using CRISPR-Cas9 

mediated HDR. GDF5 rs143383 T/T homozygous hiPSCs were transfected with gRNA 

and Cas9-2a-GFP expression vectors, and a single stranded donor mutation harboring 

the C allele (Figure 23A). Transfected cells were isolated using FACS and isolated clones 

were screened by sanger sequencing (Figure 23B). After chondrogenic differentiation of 

the reporter line, we assayed for evidence of allelic expression imbalance (AEI) in the 

heterozygous line using next generation sequencing. We observed significantly 

increased reads of transcripts containing the C allele compared to the T allele (Figure 

23C), providing evidence that the C allele is in fact causal for increased expression of 

GDF5.  

3.2.5 COL6A3 Risk Allele Editing 

We next sought to generate the full allelic series of COL6A3 variants identified by 

whole exome sequencing as described in the introduction (Table 2). Each of these 

mutations is predicted to be damaging by SIFT scoring.  

As a first step to identify the mechanisms by which these variants contribute to 

OA, we sought to generate lines harboring the full allelic series of these variants. Three 

to five gRNAs were designed flanking each variant (Figure 24A), and their efficacy was 

determined using a Surveyor assay after transfection in HEK293T cells (Figure 24B).  
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The most efficient gRNAs were used to target each variant. After transfection 

with gRNA/Cas9 ribonucleoprotein (RNP), we assessed the generation of edited lines for 

each variant (Figure 24C). Thus far, we have successfully edited, in a parental line, the 

full allelic series of the rs144223596 variant (Figure 24 C,D) as confirmed by Sanger 

sequencing. 

Amino	Acid
Position(s)

Length	(AA) Description	 Mutation	OA Domain

39-213 175 VWFA	1 P192L	(GARP) N10

242-419 178 VWFA	2 G338W	(GARP) N9

445-620 176 VWFA	3 N8

639-816 178 VWFA	4 N7

837-1009 173 VWFA	5 N6

1029-1205 177 VWFA	6 N5

1233-1404 172 VWFA	7 N4

1436-1609 174 VWFA	8 R1504W	(GARP) N3

1639-1812 174 VWFA	9 N2

1838-2024 187 VWFA	10 N1

2038-2097 60 Collagen-like	1 Triple	Helix

2104-2163 60 Collagen-like	2 Triple	Helix

2174-2233 60 Collagen-like	3 Triple	Helix

2249-2300 52 Collagen-like	4 Triple	Helix

2314-2373 60 Collagen-like	5 Triple	Helix

2402-2581 180 VWFA	11 C1

2619-2815 197 VWFA	12 C2

Unique	Domain C3

2991-3085 95 Fibronectin	type-III C4

3112-3162 51 BPTI/Kunitz	Inhibitor C5

Fig	5.	High-impact	COL6A3	mutations	identified	in	the	
GARP	study	

Table 2. Domains of COL6A3 and location of risk alleles.  
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Figure 24. Targeted editing of COL6A3 risk alleles. A) gRNAs were designed 

targeting genomic DNA in a 250 bp window flanking each COL6A3 variant B) Surveyor 

assay assessing cutting efficiency of gRNAs designed in (A). C) Schematic of optimized 

gRNA targeting rs144223596 and ssODN harboring T risk allele to facilitate mono- and bi-

allelic editing. D) Representative sanger sequencing of PCR amplicons from edited lines 

demonstrating generation of heterozygous (T/C) and homozygous (T/T) cell lines.   
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3.3 Discussion 

The development of arthritis therapeutics has been limited due to an incomplete 

understanding of the mechanisms that govern cartilage matrix degradation and 

homeostasis. Patient-specific and multifactorial etiologies of arthritis progression have 

contributed to our hampered understanding of pathogenesis. Recently, the 

differentiation of hiPSCs to several tissue types has allowed the generation of patient-

derived tissue in vitro for regeneration, disease modeling, and drug screening [153,194]. 

Such platforms have been applied to other cell and tissue types such as neural, cardiac, 

and skeletal muscle tissues for screening of novel therapeutics and toxicity profiling 

[195].  

The work presented in this chapter aimed to use hiPSCs for a scalable high-

throughput arthritis disease modeling platform. In Chapter 2, we observed that pellets 

derived from the GFPhgh population produce the highest amount of glycosaminoglycan 

(GAG) normalized to DNA content, and that these pellets might provide the highest 

dynamic range of GAG loss after arthritis stimuli. Expanding on this work, we 

demonstrated that purification and expansion of CPs with our reporter allowed highly 

reproducible and scalable generation of engineered cartilage tissue in vitro. Although the 

quality (in terms of GAG and collagen content) of tissue derived from the GFPhigh 

population seemed to be improved, similar proportions of both unsorted and purified 
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CPs seem to undergo chondrogenesis as defined by COL2A1 expression. However, it 

appeared that purification of the GFPhigh cells allowed minimization of heterogeneity 

between pellets as evaluated by reporter fluorescence. Taken together, these results 

suggest that P2 GFPhigh CPs are the optimal cell source for hiPSC chondrogenesis for 

disease modeling.   

 Several cytokines play a role in the development of arthritis, the two most 

important being TNF-a and IL-1a [83,84,92,93,100,196-198]. Here, we have evaluated the 

response of hiPSC-derived cartilage to these arthritis stimuli. Similar to results in 

miPSC-derived cartilage we observe a dose dependent loss of hiPSC-derived 

cartilaginous tissue; however, cartilage derived from this particular hiPSC line seemed 

to necessitate higher cytokine doses to achieve similar levels of matrix degradation (1 

ng/mL of IL-1a and 20 ng/mL TNF-a) [91,92,100]. Future studies evaluating other hiPSC 

lines to determine whether this is a cell line specific finding or is true for hiPSCs in 

general. Therefore, in this study, we used a wide range of cytokine doses to encompass 

both pathological levels and minimal effective doses in miPSC-derived cartilage. While 

we observed high levels of matrix degradation with high doses of TNF-a, the observed 

response to IL-1a was relatively weak. Future studies evaluating the effects of IL-1a on 

hiPSC-derived tissue should examine the effects of  higher doses of cytokine as well as 

increased exposure to cytokine. Furthermore, because our tissue is more similar to 
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“neocartilage” as suggested in Chapter 2 by diffuse type VI collagen staining, levels of 

cytokine receptors IL1R1 and TNFR may not expressed at levels comparable to adult 

tissues. Future efforts should be directed at developing techniques to generate more 

mature hiPSC-derived chondrocytes. We speculate that longer exposure to IL-1a at more 

physiologic doses on more mature tissue might be more reflective of an OA phenotype.  

 While other groups have used high-throughput culture conditions to screen for 

factors that promote chondrogenic differentiation[199], the reproducible generation of 

hiPSC-derived cartilage along with administration of inflammatory cytokine may prove 

to be a valuable platform to screen small molecules that can prevent or ameliorate 

matrix degradation. Because matrix degradation tightly correlates with the proportion of 

GFPhigh  cells, we can measure reporter fluorescence after inflammatory stimulus and 

small molecule administration, which significantly increases the throughput of the 

platform. Subsequent media analysis for MMP activity may further serve as a rapid 

validation of hits from fluorescence screening. This may be valuable for both OA and 

RA, given the lack of DMOADs and the limited clinical efficacy of DMARDs. We are 

currently testing libraries of epigenetic modifiers and kinase inhibitors for their ability to 

ameliorate GAG loss.  

Because various forms of arthritis are driven by distinct cytokine milieus, 

subsequent studies might focus on recapitulation of the cytokine profile in synovial fluid 
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of arthritis patients. While periodic increases in TNF-a mediate flares in RA,  IL-1a is 

thought to be a driver of OA [20,171]. Understanding the differences in the response to 

IL-1a vs. TNF-a may provide valuable insight into the distinct mechanisms behind 

disease progression. We are continuing to study the differences in gene expression as a 

result of IL-a and TNF-a stimulation by assessing expression of known target genes and 

inflammatory markers, but more thorough RNA-seq analysis will be critical to identify 

targetable pathways in both conditions.  

Determining the mechanism by which genetic variation modulates arthritis 

progression will be pivotal not only for our understanding of arthritis susceptibility but 

also but also for the development of patient specific therapeutics. To this end we have 

engineered OA-associated variants of GDF5 and COL6A3 in an isogenic background. 

GDF5 is a secreted pro-chondrogenic growth factor and the variant rs143383 acts as a cis-

eQTL. It will be interesting to assess how decreased expression of GDF5 conferred by the 

T risk allele will influence differentiation and response to cytokine treatment. In 

addition, we hypothesize that coding variants of COL6A3 will affect the pericellular 

matrix and perturb mechanotransduction [200]. 
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3.4 Materials and Methods  

3.4.1 High-throughput hiPSC chondrogenesis 

Pellets were generated from purified and unsorted chondroprogenitors (CPs) 

after two rounds of expansion in 96-well plate format. Briefly, CPs were dissociated with 

0.25% trypsin and resuspended at a density of 500K cells/mL. 125K cells (250 µL of cell 

suspension) were added to non-adherent round bottom 96-well plates and spun at 200xg 

for 5 minutes in Chondrogenic Media (see 2.4.3). Media changes of 200 µL were 

performed every three days.  

3.4.2 Flow cytometry of chondrocyte-like cells in pellet culture   

After 28-30 days of culture, cells were dissociated with 0.8% Collagenase Type II 

(Worthington Biochemical) for 1-2 hours at 37 C with mechanical dissociation every 15 

minutes. Once pellets were fully digested, suspension was transferred to a V-bottom 96 

well plate and spun at 200xg for 5’. Cell pellets were resuspended in 1x PBS. Flow 

cytometry of cell suspensions was performed with an Accuri C6. All analysis of FCS files 

was performed in FlowJo software.  

3.4.3 Media Analysis for MMP Activity  

MMP activity was performed as described previously [100,201]. Briefly, MMPs 

were activated with p-APMA and activity was measured using a MMP-specific, 

quenched, fluorogenic substrate (Dab-Gly-Pro-Leu-Gly-Met-Arg-Gly-Lys-Flu).   
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3.4.4 Biochemical Analysis 

Pellets were rinsed with DPBS, digested overnight at 65ºC in 200 µl of papain 

solution consisting of 125 µg/ml papain, 100 mM sodium phosphate, 5 mM EDTA, and 5 

mM L-cysteine hydrochloride at 6.5 pH, then stored at -20ºC. Double-stranded DNA 

content was quantified using the PicoGreenTM assay (Invitrogen, Carlsbad CA). Total 

sulfated glycosaminoglycan (s-GAG) content was measured using the 

dimethymethlyene blue (DMMB) assay using bovine chondroitin sulfate (Sigma 

Aldrich) as a standard.  

3.4.5 Generation of hiPSCs harboring OA risk alleles 

3.4.5.1 Derivation of GDF5 rs143383 C/T line 

Derivation was of GDF5 variant line was performed with a strategy similar to 

that described in 2.4.12. Rather than a targeting vector for, a single stranded donor 

(ssODN) harboring the variant allele ( C ) was co-transfected. Co-expression of GFP on 

Cas9 expression vector allowed selection of transfected clones. Clones were isolated 

using low density plating (25 cells/cm2); after 10-14 days of culture clones were picked 

and screened for presence of the edited allele by restriction fragment length 

polymorphism assay (RFLP).  
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3.4.5.1 Derivation of COL6A3 rs144223596 allelic series 

Generation of COL6A3 variants was performed using Cas9/gRNA 

ribonucleoprotein (RNP). Briefly, gRNAs were screened in 293Ts for efficacy using the 

surveyor assay (Figure 24C). For each site an optimal gRNA was determined and 

synthesized by IDT. gRNAs were complexed with Cas9 protein at 25 C for 10-15’ and 

added to a cell suspension of 500K cells in 400 µL mTeSR. For each transfection, 500 

pmol of ssODN harboring the targeted variant was added to cell suspension. Cells were 

electroporated with BioRad Gene Pulser system with the following conditions: [250 V, 

750 µF, ¥ W, 0.4 cm].  

3.4.6 Statistical analysis 

To compare GAG loss and MMP activation after cytokine administration, one-

way ANOVA using differentiation stage as the factor with Dunnett’s post hoc testing was 

performed in which each experimental group was compared to the no cytokine control. 

All statistical analyses were carried out using the Graphpad Prism software. To measure 

correlations, linear regression was performed; R square and p-values were reported. 

Significance was reported at the 95% confidence level. 
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4. Identification of Transcription Factors that Regulate 
Chondrogenesis  

4.1 Introduction  

The ability to specify hiPSC lineage commitment and engineer desired cell and 

tissue types in vitro is advancing efforts in disease modeling and regenerative medicine. 

Various cell fates are induced by delivery of not only small molecules and growth 

factors but also natural and synthetic transcription factors (TFs) 

[98,99,101,132,134,162,202,203]. Exposure to small molecules and growth factors 

systematically alters the epigenetic profile of PSCs and guides them towards a 

prescribed lineage.  Small molecules and growth factors initiate signaling cascades, 

which ultimately activate lineage specifying TFs capable of mediating PSC 

differentiation [204]. However, transduction of these signals often proceeds through 

multiple receptors and nodes of kinase intermediates, leading to non-specific activation 

of effectors that can result in differentiation along undesired lineages [205,206]. The 

extent of activation of these signaling cascades may also vary between cell lines. 

Therefore, to restrict differentiation along a desired lineage, many efficient hiPSC 

differentiation protocols minimize heterogeneity by activating and repressing signaling 

pathways at each stage [132,162]. Furthermore, in order to successfully activate 

regulatory TFs, these signaling cascades must overcome epigenetic barriers, which may 

be unique between hiPSC lines [99,207]. Thus, variability in signal responses resulting 
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from cell line specific characteristics may explain differences in differentiation after 

administration of protocols employing growth factor and small molecules.  

Exogenous delivery of TFs has several advantages including rapid and direct 

reprogramming of cell identity [208,209], in vivo differentiations [210], and more 

homogenous differentiations by bypassing progenitor states and circumventing the 

variability observed with small molecule/growth factor administration [203,211-213]. 

Examples of these “master” TFs include NGN2 (neurogenic specification), and MYOD 

(myogenic specification) and RUNX2 (osteogenic specification). In addition, other TFs 

such as PDX1 and FOXP3 have recently been identified to specify pancreatic b-cell and 

regulatory T-cells, respectively, in particular cell types [214,215]. Ectopic overexpression 

of master TFs, typically achieved by lentiviral delivery, reprograms cell identity by 

overcoming the epigenetic barriers controlling their expression. Accordingly, 

endogenous activation of master regulators, using CRISPR/dCas9-based transcriptional 

activators, can be used for cell reprogramming as an alternative to TF overexpression 

[98,99]. In this system, gRNAs are designed near promoters and/or enhancers of target 

TFs and co-expressed with dCas9 fused to transcriptional activators, such as VP64 

(Figure 2). Due to the low expense and rapid synthesis of gRNAs, CRISPR-based 

activation allows high-throughput and unbiased screening of target genes [52,216]. 
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Chondrogenic lineage commitment in vivo occurs through both mesodermal and 

ectodermal specification and involves the condensation of mesenchymal cells derived 

from either of these germ layers [133,134,137,155,217,218]. The convergence of these two 

distinct lineages results in phenotypically similar articular chondrocytes, and the 

differences between mesoderm-derived versus ectoderm-derived chondrocytes are 

unclear. The TF SOX9 plays an essential role in chondrogenic differentiation of 

mesenchyme derived from both lineages, but it is not a TF specific to chondrocytes or 

chondrogenic lineage commitment [158,219-221]. While several reports have described 

the importance of the SOX trio (SOX5/6/9) in chondrogenesis and their ability to 

promote chondrogenic differentiation of certain progenitor populations [159,222], these 

TFs are also involved in lung, foregut, gonad, and cardiac development [221,223,224] 

and together are not sufficient to transdifferentiate fibroblasts or differentiate hiPSCs to 

chondrocyte-like cells [225].  

Aside from these factors, the prochondrogenic capacity of other TFs in the 

context of hiPSC differentiation has not been systematically characterized. The step-wise 

differentiation protocol described in Chapter 1 (Figure 5) efficiently differentiates 

hiPSCs to CPs through the sequential, stage-specific activation of TFs, and the knock-in 

reporter line allows monitoring of chondrogenic differentiation. This line and 

differentiation protocol, combined with a TF-targeting CRISPR activation (CRISPRa) 
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library, can allow for unbiased and genome-wide screening of prochondrogenic 

transcription factors. Our differentiation platform will be well suited to assess the 

chondrogenic potential of each TF since it successfully generates an environment 

supportive for chondrogenic differentiation. We hypothesize that activation of 

prochondrogenic TFs during differentiation will be enriched in a reporter-high 

population. 

4.2 Results 

4.2.1 Identification of Candidate Regulators of hiPSC Chondrogenesis 

To evaluate the effect of activated TFs on chondrogenic differentiation, we 

generated, in the COL2A1-2A-GFP background, a line stably expressing dCas9 fused to 

VP64 transactivation domains at both N- and C-terminals (VP64dCas9VP64) (Figure 25A). 

[98,99] Transduced cells were selected to generate a polyclonal activator line. This 

polyclonal line robustly activated endogenous Neurogenin 2 (NGN2) after transduction 

of gRNA targeting its promoter (Figure 25B).  

To generate a TF-targeted CRISPR activation library, our lab has extracted TF-

targeting gRNAs from a previously described, publicly available, genome-scale 

activation library [216,226]. The gRNA library was cloned into a Lenti-CRISPR construct 

harboring an mCherry-2a-PuroR expression cassette to allow selection of transduced 

lines (Figure 26A). Transduction of Lenti-CRISPR library at low multiplicity of infection 
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(MOI) into our activator/reporter line ensured one gRNA per cell, and adequate 

coverage (>500x) of the library was maintained. Transduced cells were then 

differentiated as described in Chapter 2 (Figure 5,26A). Transduction of the gRNA 

library seemed to eliminate the bimodal distribution of GFP at day 21; nevertheless, 

GFPhigh/low populations were sorted (Figure 26B). We observed significant (adjusted p-

value <0.05) differential enrichment of 36 gRNAs (Figure 26C, Appendix B). 

 

Figure 25. Generation and validation of a polyclonal transactivator line (A) 
Schematic of VP64dCas9VP64-2A-blasticidin expression cassette. (B) Activation of 
endogenous NGN2 after transduction of NGN2. 
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Notably two gRNAs targeting SOX9 were significantly enriched in the GFPhigh 

population. We also observed strong enrichment for two gRNAs targeting SOX10, 

another transcription factor known to be involved in limb bud chondrogenesis [227,228]. 

The roles of SOX15 and TBR1, remain to be validated and defined. Interestingly, several 

more gRNAs were enriched in the GFPlow population. As expected, gRNAs targeting TFs 

strongly expressed in the pluripotent state, such as PRDM14 and NR5A2, were enriched 

in this population. However, other commonly cited pluripotency TFs such as NANOG 

and OCT4 were not enriched in this population. Surprisingly, gRNAs targeting TFs that 

are induced during chondrogenesis, such as PITX1, HES1, ID4, SP9, and SIX6, (data not 

shown) were also enriched in the GFPlow population. gRNAs enriched over 3-fold in 

either population, but not meeting significance criteria, are colored in blue (Figure 26C, 

Appendix B). 

4.2.2 Preliminary Validation of Screening Results by SOX9 
Overexpression  

While SOX9 is a known chondrogenic transcription factor that binds directly to 

promoter and enhancer elements of genes encoding cartilage matrix proteins, it was 

unclear what effect SOX9 activation would have in the context of our staged 

differentiation. Gene expression data from time course experiments (Figure 12) suggests 

that SOX9 activation occurs at D12 of this differentiation protocol. To determine the 

effect of SOX9 overexpression on chondrogenesis in the context of our differentiation 
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scheme, we transduced lentivirus encoding SOX9 cDNA to reporter hiPSCs and 

assessed reporter fluorescence after 6 days of differentiation (Figure 27A). At this stage, 

cells have not yet been exposed to chondrogenic growth factor BMP-4, and the 

establishment of protocol that bypasses the need for the lengthy (6-15 day) pre-

chondrogenic differentiation in monolayer would be valuable. Indeed, much of the 

variability that we observe in our chondrogenic differentiation protocol occurs at this 

stage of differentiation. 
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Figure 26. TF-targeted gRNA screen to identify regulators of chondrogenesis (A) 
Experimental schematic demonstrating generation of activator line in the reporter line 
and lentiviral packaging of gRNA library. After transduction of library and 
chondrogenic differentiation, GFPhigh and GFPlow cells were sorted and gRNAs were 
recovered from both populations. Differential expression of gRNAs were compared 
using next-generation sequencing. (B) Histogram of GFP fluorescence after library 
transduction and chondrogenic differentiation. Gates show GFPhigh and GFPlow sorted 
populations. (C) Volcano plot illustrating significantly enriched gRNAs in GFPhigh 
and GFPlow populations (red) as well as gRNAs not meeting significance criteria but 
with high (>3) log2(fold change). See Appendix B for larger volcano plot.  
After 6 days of differentiation with SOX9 overexpression and prior to any BMP-4 

treatment, we observed a GFPhigh population of roughly 2-3% of the total population 

(Figure 27B). SOX9 transduction also seemed to broaden the distribution of reporter 

fluorescence to the left. Fluorescence intensity of this population generated by SOX9 
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overexpression was comparable to that of reporter cells at day 21 of differentiation, 

though the proportion of these cells was considerably lower (Figure 27C).  

 

Figure 27. Validation of SOX9 in context of directed differentiation. (A) Schematic of 
experimental design. Differentiation of reporter hiPSCs with SOX9 overexpression to 
sclerotome, followed by flow cytometry at day 6. (B) Flow cytometry at day 6 of 
unmodified line compared to reporter line with (red) and without (black) SOX9 
lentivirus. (C) Comparison of day 6 data with GFP fluorescence at day 21 (blue) of 
differentiation. 
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4.3 Discussion  

While the derivation of hiPSC-derived chondrocyte-like cells holds enormous 

potential to advance cell-based therapies for arthritis and arthritis disease modeling, 

some of the remaining challenges include variability between the chondrogenic 

differentiation of hiPSC lines, the length of culture, and the maturity of hiPSC-derived 

chondrocytes. While purification of CPs using engineered reporter lines might correct 

for some of the cell line – cell line variability [229], moving away from a small molecule 

based differentiation approach might allow for more consistent and rapid differentiation 

as has been shown for hPSC neurogenesis.  

Most of the functional interrogation of TFs on chondrogenic differentiation has 

been performed in animal models or in human cell types that have chondrogenic 

capacity, such as MSCs [230-232]. Few studies, however, have assessed the ability of 

specific combinations of TFs to directly reprogram pluripotent or somatic cells. Wang et 

al. described the generation of an osteo-chondroprogenitor population from mouse 

dermal fibroblasts (MDFs) by retroviral overexpression of Klf4, c-Myc, and Sox9 

[225,233,234]. However, such an approach has not been successfully applied to a hPSC 

chondrogenesis model as of yet. 

  Validation of the results of the screen described in this chapter may identify key 
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regulators of chondrogenesis. Here, we show the results a high-throughput screen of all 

TFs for their ability to regulate chondrogenesis. SOX9, which we expected to be enriched 

in the GFPhigh, population served as an internal control. Other factors known to be 

involved in chondrogenesis such as SOX10 were also enriched in the GFPhigh population. 

SOX10 has been shown to be involved in limb bud chondrogenesis and coordinates the 

chondrogenic program along with SOX9 and SOX8 [227], and may be involved 

promoting hypertrophic differentiation of chondrocytes [228]. A potential role of TBR1 

and SOX15 for chondrogenesis is less clear; SOX15 has been implicated in muscle 

regeneration, [235,236] and TBR1 is known to be expressed glutamatergic neurons. 

However, it will be interesting to see how these TFs function outside their native 

context. It is conceivable that these TFs, when ectopically activated in 

chondrosupportive conditions, may boost chondrogenesis. The extent to which this 

occurs remains to be evaluated.  

Our screen generated far more hits that were enriched in the GFPlow population. 

It might be expected that strong activation of most TFs might impede chondrogenic 

specification at various stages of differentiation. The most significantly enriched gRNAs 

in this population target PRDM14, an indispensable regulator of naïve pluripotency 

[211,237]. gRNAs targeting NR5A2, also highly expressed in pluripotency, are also 

enriched in this population. Notably gRNAs targeting TFs that are involved in and 
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activated during chondrogenesis, such as PITX1, are also enriched in the GFPlow. After 

validating that activation of these TFs throughout the course of differentiation inhibits 

chondrogenesis, it will also be interesting to assess whether inhibition of these targets 

may further improve chondrogenesis.  

In our validation experiment to test SOX9 overexpression in the context of 

differentiation, we observed, after 6 days of differentiation, the emergence of a GFPhigh 

population prior to the addition of BMP-4, suggesting that exogenous delivery of TFs 

may bypass the pre-chondrogenic phase of differentiation. It appears that hiPSC-derived 

sclerotome was appropriately poised to activate COL2A1 in response to SOX9; however, 

a more thorough time course study must be performed to better understand the stage-

specific regulation of SOX9. The proportion of this population compared to what was 

observed with the full 21 day differentiation protocol was lower, and a longer culture 

period or more concentrated SOX9 lentivirus may be necessary to increase the 

proportion of GFPhigh cells. Close analysis of the histogram shown in Figure 27B reveals 

that overexpression of SOX9, in addition to generating a GFPhigh, seems to increase the 

height of the left tail of histogram, which suggests overexpression of SOX9 may also be 

inhibiting chondrogenic differentiation in a subset of cells. Single-cell genomic analysis 

will be particularly interesting to begin to understand if and how a single TF can have 

disparate effects in a population.  
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In addition to screening the effects of TF activation by single gRNAs, 

combinatorial screens targeting multiple genes have been recently employed to assess 

the effects of perturbations at two loci [238-240]. Since SOX9 seems to accelerate 

chondrogenic differentiation, an activation screen of TFs as described in this chapter in 

combination with SOX9 CRISPR activation might be fruitful in identifying the TFs that 

coordinate with SOX9 to improve chondrogenic differentiation.  

In summary, we demonstrate the utility of a high-throughput hiPSC 

chondrogenesis platform using a COL2A1 knock-in reporter to screen pro-chondrogenic 

TFs. The screen successfully enriched gRNAs targeting the known chondrogenic TF 

SOX9 and produced several other interesting hits. Future efforts will be directed at 

validating these candidate TFs in the context of both CRISPRa/i, lentiviral 

overexpression, and knock-out. We speculate that successful validation of a subset of the 

candidates might improve techniques to generate hiPSC-derived cartilage or to specific 

various chondrocyte subtypes (i.e. articular versus growth plate) [101]. In the lab, such a 

screening methodology has also been applied to larger libraries, such as the genome-

scale CRISPR knock-out (GeCKO) library, which consists of roughly 120,000 gRNAs 

split into two libraries, and we are currently awaiting results from this experiment.  
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4.4 Materials and Methods 

4.4.1 Generation of TF-targeted CRISPR Activation Library 

gRNAs targeting annotated TFs as described in Vaqerizas et al.,  [226] were 

extracted from the library described in Horlbeck et al. [216], resulting in a library 

comprised of 8,435 gRNAs (roughly 5 gRNAs per TF).  The library was amplified and 

cloned into a modified lenti-CRISPR construct containing an mCherry-2A-PuroR 

expression cassette using Gibson Assembly as described by Shalem et al [109]. 

4.4.2 Lentiviral Production and Titration 

Lentiviral packaging of gRNA library and VP64dCas9VP64 expression vector was 

performed by transfecting pooled gRNA library plasmids or VP64dCas9VP64 plasmid (20 

µg), pMD2.G (Addgene, 12259, 6 µg), and psPAX2 (Addgene, 12260, 15 µg) into 3E6 

HEK 293Ts using calcium phosphate precipitation [241]. After 16 hours, media was 

replaced. Viral supernatant was collected 24 and 48 hours later and concentrated using 

Lenti-X concentration system (Clonetech) according to the manufacturer’s instructions.  

Titration of lentivirus containing gRNA library was performed by transduction 

of COL2A1-2A-GFP; VP64dCas9VP64 hiPSCs in a 24-well plate at 60K cells/cm2 eight hours 

after plating. 10-fold serial dilutions of concentrated lentivirus, ranging from 5E-5 to 5 

µL were added, were added to the media. Media was changed 16 hours after 
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transduction and mCherry fluorescence was measured using BD Accuri C6 cytometer to 

determine transduction efficiency at D3.  

4.4.3 Generation Validation of CRISPR activator hiPSC line 

COL2A1-2A-GFP reporter hiPSCs were transduced with lentivirus carrying an 

expression cassette of dCas9 fused to VP64 transactivation domains at N- and C- termini 

as described above. Cells were selected with 100 µg/mL blasticidin for 5 days. The 

resulting polyclonal line was validated by transduction of NGN2-targeting gRNA. After 

3 days, cells were lysed and NGN2 expression was assessed by qRT-PCR. 

4.4.4 Gene expression 

Cells in monolayer and pellets were rinsed with DPBS. Monolayer cells were 

lysed in 350 µl of Buffer RL (Norgen Biotek, Thorold Canada). The RNA was isolated 

using the Total RNA Purification Kit according to the manufacture’s recommendations 

(Norgen Biotek). Reverse transcription was performed using SuperScript™ VILO™ 

Master Mix (Thermo Fisher) per the manufacturer’s instructions. Quantitative RT-PCR 

was performed on the QuantStudio 3 (Thermo Fisher) and CFX96 Real Time System 

(Biorad, Hercules CA) using Fast SYBRTM Green Master Mix (Thermo Fisher) according 

to the manufacturer’s protocol. Fold changes were calculated using the ∆∆CT method 

relative to hiPSCs as the reference time point and TATA-box-binding protein (TBP) as 

the reference gene. Gene expression of NGN2 was assessed using the primer pair:  
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F: 5’- CAGGCCAAAGTCACAGCAAC – 3’ 

R: 5’ – CGATCCGAGCAGCACTAACA – 3’ 

4.4.5 Lentiviral gRNA screening of TF-targeted library 

To maintain >500-fold library coverage, 5 15-cm matrigel coated dishes 

containing 4.5 x 106 million cells each were transduced with lentiviral gRNA library in 25 

mL of complete mTeSR at an MOI of 0.2 to ensure that most cells contained 0 or 1 gRNA. 

Transduced cells were selected with 0.5 µg/mL Puromycin for 3 days and passage at 

density of 10K/cm2  in 4 15-cm matrigel coated dishes. At this time point an sample of 5 

x106 cells were sampled to serve an input control for each replicate. 24 hours after 

seeding cells were selected with puromycin for another 2 days to ensure complete 

selection. Cells were differentiated to chondroprogenitors as described in 2.4.3 for 21 

days. At this timepoint, the top/bottom 5th percentiles were collected in addition to an 

unsorted population. After sorting, input, unsorted, GFPhigh, and GFPlow populations 

were harvested for genomic DNA purification (Qiagen).  

4.4.6 gRNA library sequencing 

gRNA libraries were amplified from each population by amplifying from 12 µg 

of gDNA split into twelve 100µL PCR reactions using Q5 Hot-Start Polymerase (NEB, 

M0493L). We used the following PCR conditions: 60 degree annealing temperature, 20’’ 

extension time, for 25 cycles. The following primers were used:  
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F: 5’ AATGATACGGCGACCACCGAGATCTACACAATTTCTTGGGTAGTTTGCAGTT-3’  

R: 5’- CAAGCAGAAGACGGCATACGAGAT (NNNNNN) GACTCGGTGCCACTTTTTCAA – 3’ 

where NNNNNN denotes 6-bp barcode sequence.  

PCR-amplified libraries were purified using Agencourt AMPure XP beads (Beckman 

Coulter) using double selection to remove large fragments and primer dimers by first 

adding a bead volume of 0.65x PCR volume and then 1x original PCR volume. After 

resuspension in water, library concentrations in each sample was determined using the 

Qubit dsDNA High Sensitivity kit (ThermoFisher). Samples were pooled and 21-bp 

paired end sequencing was performed on Illumina Miseq using the following read and 

index primers: 

Read 1: 5’-GATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG-3’ 

Read 2: 5’-GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3’ 

Index: 5’-GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC – 3’ 

4.4.7 Analysis of differential gRNA enrichment 

FASTQ files generated by MiSeq sequencing were aligned to custom indexes 

using Bowtie 2 as described previously [52] with the options -p 32 --end- to-end --very-

sensitive -3 2 -I 0 -X 200. We then created a counts table for the number of reads of each 

gRNA in each sequenced population. Significant enrichment of each gRNA was assessed 

using the DESeq2 package in R. We compared unsorted to GFPhigh, unsorted to GFPlow, 

and GFPhigh to GFPlow; here we only show data for the GFPhigh to GFPlow comparison. 
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4.4.8 Validation of candidate TFs 

Reporter hiPSCs were transduced with lentivirus containing SOX9 cDNA as 

described in 4.4.3 alongside non-transduced controls. After two days of recovery, cells 

were differentiated according to the chondrogenic protocol described in 2.4.2 but 

harvested at the sclerotome stage (D6). At this time point, chondrogenic differentiation 

was evaluated using flow cytometry with Accuri C6 cytometer. 
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5. Conclusions  
Here, we demonstrate the generation of high-throughput scalable platform for 

hiPSC chondrogenesis. Previous descriptions of chondrogenesis for hiPSCs have been 

limited to single cell lines and suffer from low efficiency of differentiation. In Chapter 2, 

we describe a standardized protocol for chondrogenesis that has been applied to 

multiple independently derived hiPSC lines. Furthermore, we have a developed a 

genome engineered cell line that is capable of selecting cells committed to a 

chondrogenic lineage. These purified chondroprogenitor cells demonstrate improved 

matrix production compared to unselected chondroprogenitors. In Chapter 3, we 

expanded on this work and demonstrated the utility of this differentiation for arthritis 

disease modeling. Treatment with inflammatory cytokines (IL-1a and TNF-a) result in a 

dose dependent decrease in cartilaginous matrix, reporter fluorescence, and an increase 

in MMP activity. Because reporter fluorescence and GAG content are tightly correlated, 

we speculate that the COL2A1 reporter will be a metric for matrix degradation to 

facilitate high-throughput small molecules screening as has been done for other tissue 

types. Since our differentiation protocol efficiently derives chondroprogenitors from 

hiPSC and the reporter allows measurement of this differentiation, we also applied this 

system to a CRISPR screening platform to assess the pro-chondrogenic capacity of each 

transcription factor. This screen yielded several interesting candidates including the 
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known pro-chondrogenic TF SOX9. Subsequent studies assessing the effects of these TFs 

on chondrogenic differentiation may improve cartilage generation for tissue engineering 

and disease modeling.  
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Appendix A: Surface Marker Profiling of hiPSC Derived 
Chondroprogenitors  
Table 3. Surface marker expression in RVR hiPSCs and RVR-derived 
Chondroprogenitors  

Antibody % PE Positive For  

iPSC 

% PE Positive for CP 

Cells 

APCDD1 0 1.22 

B7-H4 2.9 97.7 

β2-microglobin 29.1 97.7 

BTLA 0.4 0.27 

C3AR 0.55 0 

Cadherin 11 0.04 0.38 

CCR8 4.4 0.39 

CCR10 9.7 3.51 

CCRL2 0.8 0.16 

CRTAM 0 0.21 

CX3CR1 5.9 0.48 

CXCL16 0 0.43 

CXCR7 1.5 0.84 

CCX-CKR 0.78 0.2 

Delta Opiod Receptor 0 0.49 

DLL1 0 0.013 

DLL4 0 0 

Dopamine Receptor D1 (DR1) 0 0.66 
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DR3(TRAMP) 0 0.013 

EGFR 0 1.43 

EphA2 2.6 2.34 

erbB3/HER-3 0 0.45 

FceRIa 0 0.34 

FPR3 0 0.2 

Ganglioside GD2 0 18.8 

GARP(LRRC32) 0.2 0.58 

GITR 0 0.014 

GPR19 0.8 1.66 

GPR56 0 0.015 

GRP83 0 0.23 

HLA-A,B,C 7.8 1.94 

HLA-DR 0 0.3 

HLA-E 0.9 0.013 

HVEM(TR2) 1.3 0.65 

IFN-γRβ chain 4.5 1.76 

IgD 0.1 1.03 

IgG Fc 0 0.26 

IgM 0 0 

Ig light chain k 0 0 

Ig light chain λ 0 0.71 

IL15-Rα 1 0.71 

IL-21R 0 0 
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IL-28RA 0 0.82 

Integrin-α9β1 0.5 26.8 

integrin β5 0.24 2.21 

integrin β7 0 0.25 

Jagged 2 0.7 0.015 

KLRG1 0 1.24 

Ksp37 0 0.054 

LAP 0 0.026 

LOX-1 0 0.85 

LY6G6D 0 0.032 

Lymphotoxin β Receptor(LT-βR) 0.1 0.92 

MICA/MICB 0.1 1.76 

MERTK 0.2 1.26 

MRGX2 0.1 0.88 

MSC(W3D5) 2.8 1.74 

MSC(W7C6) 0.6 1.97 

MSC and NPC(W4A5) 17.2 1.18 

MSCA-1(MSC, W8B2) 0.8 4.24 

MUC-13 0 0.025 

NKp80 0 0.026 

Notch 1 0 0.029 

Notch 2 0 1.23 

Notch 3 0 0.33 

Notch 4  0 0.042 
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NPC(57D2) 18.2 0.64 

NTB-A(NTBA) 0.5 0.028 

PDGFRα 0 0.17 

PDGFRβ 1.4 14.8 

Podoplanin 63.6 3.18 

PSMA 0 0 

ROR1 1.2 9.15 

Sialyl Lewis X 0 0.39 

Siglec-7 0.3 0.026 

Siglec-8 0 0 

Siglec-9 0 0 

Siglec-10 0 0.013 

SSEA-3 29.9 1.22 

SSEA-4 62.4 3.52 

SSEA-5 63.8 5.8 

SUSD2 0.4 0.17 

TACSTD2 0.65 0 

TCR a/β 0.1 0 

TCR g/d 1.4 0 

TIGIT 0.44 0 

Tim-4 0 0 

TLT-2 0 0.013 

TM4SF20 0 0.17 

TMEM8A 0 1.57 
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TRA-1-60-R 26.7 0.39 

TRA-1-81 21 0.27 

TRA-2-49 18.5 7.28 

TRA-2-54 19.7 3.3 

TSLPR(TSLP-R) 0 0.013 

VEGFR3 0.4 0.014 

XCR1 2.7 0.38 

CD1a 0 0.22 

CD1b 0 0.58 

CD1c 0 0.039 

CD1d 0.9 0.77 

CD3 0 0.013 

CD4 0 0.013 

CD5 0 0.025 

CD6 0 0 

CD7 0 0.35 

CD8 0 0 

CD8a 0 0 

CD9 38.1 14 

CD11a 0 0.1 

CD11b 0 0.09 

CD11c 0 0.4 

CD13 0.2 3.8 

CD14 1.4 1.24 



 

116 

 

CD15  0.4 20.5 

CD16 0 0.039 

CD18 0 0.078 

CD19 0 0.065 

CD20 0 0.38 

CD21 0 0 

CD22 0 0.46 

CD23 0 0 

CD24 65.3 44.5 

CD25 0 0.025 

CD26 0 0.091 

CD27 0 0.14 

CD28 1.6 0.44 

CD29 34.3 99.7 

CD30 0.2 0.31 

CD31 0 0.038 

CD32 0 0.42 

CD33 0.1 0.1 

CD34 0 1.51 

CD35 0 0.013 

CD36 0 0.26 

CD36L1 0 0.79 

CD38 0 0.98 

CD39 0 1.1 
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CD40 0 0.013 

CD41 0 0 

CD42b 0 0 

CD43 3.1 1.44 

CD44 0 3.05 

CD45 0 0.049 

CD45RO 0 0.16 

CD45RA 0 0.48 

CD45RB 0 0.45 

CD46 0.4 50.3 

CD48 0.2 0.013 

CD49a 0.3 33.7 

CD49b 0.3 2.72 

CD49c 0.9 19 

CD49d 0 0.13 

CD49e 6.4 2.63 

CD49f 30 2.16 

CD50(ICAM-3) 0 0.038 

CD51 3.6 10.6 

CD52 0 1.21 

CD54 0 6.81 

CD55 4.3 1.08 

CD56(NCAM) 0.7 70.7 

CD57 45.3 3.93 
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CD58 9.5 33.2 

CD59 38.2 63.1 

CD61 0 0.51 

CD62E 0 0 

CD62L 0 0 

CD62P(P-Selectin) 0 0.013 

CD63 11.1 63.6 

CD64 0.3 0.027 

CD66a/c/e 0 0.55 

CD66b 0.4 0.21 

CD69 0 0 

CD70 0 0.53 

CD71 2.9 5.74 

CD73 0.8 0.31 

CD74 1 0.068 

CD79b 4.5 0.61 

CD80 0 0.039 

CD81 20.3 98.3 

CD82 4.4 16.8 

CD83 0.9 0.29 

CD84 0 0.18 

CD85a(ILT5) 0.3 0.14 

CD85d(ILT4) 1.9 0.32 

CD85g(ILT7) 0 0 



 

119 

 

CD85h(ILT1) 0 0.57 

CD85j(ILT2) 0 0.47 

CD85k(ILT3) 0 0 

CD86 0 0.79 

CD87 0.5 0.039 

CD88 0 0.14 

CD89 0.2 0.038 

CD90(Thy1) 50.1 61.1 

CD92 1.7 2 

CD93 0.4 0.039 

CD94 0 0.013 

CD95 0.7 35.5 

CD96 0 0 

CD97 0 0.038 

CD99 6.4 96.6 

CD100 0.42 3.29 

CD102 0 0.15 

CD103 0 0.013 

CD104 0 0.05 

CD105 0 14.9 

CD106 0 11.1 

CD107a(LAMP-1) 5.2 8.35 

CD107b(LAMP-2) 2 3.44 

CD109 0 4.5 
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CD111(Nectin-1) 0 88.1 

CD112(Nectin-2) 6.9 99 

CD114 0 0.49 

CD115 7.73 0.5 

CD116 1.4 2.3 

CD117(c-kit) 0 28.6 

CD119(IFN- γ R α chain) 0 12.7 

CD120b 7.6 0.23 

CD122 0 0 

CD123 0 0.23 

CD124 0 0.15 

CD126(IL-6Rα) 0.5 0.12 

CD127(IL-7Rα) 0 5.56 

CD129(IL-9R) 0.4 0.91 

CD130 0 0.49 

CD131 0 0.11 

CD132 4.9 0.57 

CD134 0.3 0.56 

CD135 0 0.25 

CD137(4-1BB) 0 0.17 

CD137(4-1BB Ligand) 1.9 1.64 

CD138 0 1.98 

CD141 0.5 0.12 

CD142 0.6 4.42 
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CD143 0 0.26 

CD144 0 0.16 

CD146 2 86.2 

CD148 0 47.2 

CD150 (SLAM) 0 21 

CD151 15.3 99.1 

CD152(CTLA-4) 0 0.086 

CD154 0 0.09 

CD155(PVR) 2.8 18.3 

CD156c(ADAM10) 1.4 98.8 

CD158 0 0.59 

CD158b(KIR2DL2/L3,NKAT2) 0 0.12 

CD158e1(KIR3DL1, NKB1) 0 0 

CD160 0.5 0.31 

CD161 0 0.013 

CD162 0 0.56 

CD163 0 0.22 

CD164 0.6 37.3 

CD165 1.6 98.9 

CD166 6 82.4 

CD169 0.3 26.2 

CD170(Siglec-5) 0 1.02 

CD172a/b(SIRPα/β) 0 1.75 

CD172g(SIRPγ) 0 0.013 
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CD178(Fas-L) 0 0.25 

CD179a 1 0.63 

CD179b 0 0.18 

CD180(RP105) 0 0 

CD181(CXCR1) 1.3 0.77 

CD182(CXCR2) 0 0.69 

CD183 4.5 4.01 

CD184(CXCR4) 4.2 1.3 

CD185 1.3 0.42 

CD186 0 0.14 

CD191 0.2 7.24 

CD192 1.1 0.19 

CD193(CCR3) 1 0.76 

CD194 3.9 1.59 

CD195(CCR5) 15 0.82 

CD196 9.8 1.16 

CD197(CCR7) 1.2 0.5 

CD199 3.9 0.83 

CD200(OX2) 10.9 91.9 

CD200R 0 0.23 

CD201(EPCR) 5 0.45 

CD202b(Tie2Tek) 0 1.34 

CD203C(E-NPP3) 0 0.73 

CD205 0 0.19 
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CD206 0 0 

CD207(Langerin) 0 0.039 

CD209(DC-SIGN) 0 0.024 

CD210(IL-10R) 4.4 0.48 

CD213α1 0 0.37 

CD213α2 0.4 0.16 

CD217 0 0.049 

CD220 0.1 0.95 

CD221(IGF-1R) 0 10.6 

CD223 0 0.013 

CD226(DNAM-1) 0 0.027 

CD227 0.1 16.3 

CD229(Ly-9) 0 0 

CD230(Prion) 0.8 0.57 

CD231(TALLA) 0.5 0.19 

CD235ab 0 0.28 

CD243 0.8 0.64 

CD244(284) 0 0.62 

CD245(p220/240) 0.4 12.3 

CD247(B7-H1,PD-L1) 2.2 1.02 

CD252(OX40L) 0.4 0.23 

CD254 0.3 1.02 

CD255(TWEAK) 4.8 0.61 

CD258(LIGHT) 0.7 0.63 
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CD261(DR4, TRAIL-R1) 0.4 1.43 

CD262(DR5, TRAIL-R2) 1.9 92.4 

CD263(DcR1-TRAIL-R3) 0.5 3.59 

CD266(Fn14) 0.3 12.5 

CD267(TACI) 1.1 0.22 

CD268(BAFF-R, BAFFR) 0 0.013 

CD269 0 0.044 

CD271 0 17 

CD275(B7-H2, B7-RP1, ICOSL) 0 1.9 

CD276 32.5 99.4 

CD277 0.9 0.051 

CD279(PD-1) 0 0.052 

CD282(TLR2) 0 0.2 

CD284(TLR4) 0.6 0.32 

CD290 0 0.026 

CD294 1.6 0.47 

CD298 56.7 99.7 

CD300c 0.4 0.12 

CD301 1.3 37 

CD303 0 0.089 

CD304 0 0.13 

CD307 0 0.1 

CD309/VEFGR2 1.2 0 

CD314(NKG2D) 0.1 0.1 
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CD317 0.04 18.5 

CD318 0 0.78 

CD319(CRACC) 0 0.72 

CD323 0.1 12.9 

CD324(E-Cadherin) 1.2 6.48 

CD325 0.5 0.19 

CD326(Ep-CAM) 61.6 4.24 

CD328(Siglec-7) 0 0.025 

CD334(FGFR4) 0 1.63 

CD335(NKp46) 0 0 

CD336(NKp44) 0 0 

CD337(NKp30) 0 0.05 

CD338(ABCG2) 0.1 0.88 

CD340(ErB2/HER2) 5.5 53 

CD344(Frizzled-4) 1.5 14 

CD354(TREM-1) 0 0.013 

CD357(GITR) 0 0.091 

CD360 0.5 0.43 

CD365((Tim-1) 0.5 0.16 

CD366(Tim-3) 0 0 

CD367(CLEC4A) 0.5 0.087 

CD368(CLEC4D) 0 0.39 

CD369(Dectin-1/CLEC7A) 0 0.24 

CD370(CLEC9A/D NGR1) 0 0.051 
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CD371(CLEC12A) 0 0.11 
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Appendix B: Analysis of gRNA enrichment after TF-
targeted CRISPRa screen  
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