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Abstract 1 

Objective: Cartilage tissue engineering strategies that use autologous chondrocytes require in vitro 2 

expansion of cells to obtain enough cells to produce functional engineered tissue. However, 3 

chondrocytes dedifferentiate during expansion culture, limiting their ability to produce 4 

chondrogenic tissue and their utility for cell-based cartilage repair strategies. The current study 5 

identified conditions that favor cartilage production and the mechanobiological mechanisms 6 

responsible for these benefits. 7 

Design: Chondrocytes were isolated from juvenile bovine knee joints and cultured with (primed) 8 

or without (unprimed) a growth factor cocktail. Gene expression, cell morphology, cell adhesion, 9 

cytoskeletal protein distribution, and cell mechanics were assessed. Following passage 5, cells 10 

were embedded into agarose hydrogels to evaluate functional properties of engineered cartilage. 11 

Results: Priming cells during expansion culture altered cell phenotype and chondrogenic tissue 12 

production. Unbiased RNA-sequencing analysis suggested, and experimental studies confirmed, 13 

that growth factor priming delays dedifferentiation associated changes in cell adhesion and 14 

cytoskeletal organization. Priming also overrode mechanobiological pathways to prevent 15 

chondrocytes from remodeling their cytoskeleton to accommodate the stiff, monolayer 16 

microenvironment. Passage 1 primed cells deformed less and had lower YAP1 activity than 17 

unprimed cells. Differences in cell adhesion, morphology, and cell mechanics between primed and 18 

unprimed cells were mitigated by passage 5. 19 

Conclusions: Priming suppresses mechanobiologic cytoskeletal remodeling to prevent 20 

chondrocyte dedifferentiation, resulting in more cartilage-like tissue-engineered constructs.  21 

 22 
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Introduction 4 

Articular cartilage has a limited self-healing capability from trauma or degenerative 5 

diseases, such as osteoarthritis (OA), resulting in joint pain and dysfunction. OA is the most 6 

common joint disease worldwide, affecting over 30 million adults in the United States1. Due to an 7 

aging population and an increase in younger patients (<60 years of age) developing cartilage 8 

defects2, there has been a shift towards using tissue engineering strategies to repair smaller, early-9 

stage cartilage lesions to restore joint biomechanics and prevent further damage.  10 

There have been significant advancements in the development of biological repair 11 

strategies, such as matrix-induced autologous chondrocyte implantation (MACI), that aim to 12 

overcome carWLODJH¶V�LQDELOLW\�WR�UHJHQHUDWH�E\�HQJLQHHULQJ�WLVVXH-scaffolds in vitro and implanting 13 

them directly into cartilage defects3. Although these techniques have shown promise, the 14 

engineered cartilage substitutes produced do not possess the same mechanical and biochemical 15 

properties as native articular cartilage, which may subsequently reduce implant longevity4. 16 

Chondrocyte dedifferentiation during monolayer expansion (i.e., two-dimensional, 2D) culture is 17 

responsible for the inferior quality of cartilage tissue substitutes5. Dedifferentiated chondrocytes 18 

experience a phenotypical and morphological shift towards fibroblast-like cells, resulting in a 19 

decreased ability to produce extracellular matrix (ECM) rich in collagen type II and aggrecan upon 20 

transfer to three-dimensional (3D) culture6-8.  21 

Cells are highly influenced by their surrounding microenvironment, with factors including 22 

substrate stiffness9-11, cell density, media osmolarity, gas concentration, and exogenous growth 23 
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factors12, 13 affecting gene expression and protein production. Specifically, priming cells with a 1 

combination of TGF-ȕ���)*)���DQG�3'*)-ȕȕ�GXULQJ��'�H[SDQVLRQ�FXOWXUH�KDV�EHHQ�HIIHFWLYH�LQ�2 

increasing chondrogenic matrix production in 3D culture. This technique has been used to create 3 

engineered cartilage with chondrocytes obtained from healthy adult canine joints14, juvenile 4 

bovine joints15, and both healthy and osteoarthritic human cartilage16, 17. Despite promising results, 5 

the mechanisms underlying the long-term effects of priming during 2D expansion on 3D tissue 6 

production remain poorly understood, and the presence of specific biomarkers that could predict 7 

successful development of cartilage-like tissue is yet to be determined.  8 

Thus, the objective of this study was to determine the relationship between cell properties 9 

during 2D expansion culture and 3D matrix production. Specifically, we investigated how growth 10 

factor priming during expansion culture alters cell phenotype and improves chondrogenic matrix 11 

production. Findings from this study provide valuable insights into cell characteristics that may 12 

be important for identifying and expanding autologous chondrocytes that can successfully 13 

recapitulate healthy functional cartilage. 14 

 15 

Materials and Methods   16 

Study Design 17 

Chondrocytes were isolated from juvenile bovine knee joints and cultured in media with (primed, 18 

+GF) or without (unprimed, -GF) a growth factor cocktail consisting of 1ng/mL TGF-ȕ�����QJ�P/�19 

PGDF-ȕȕ�� DQG� �QJ�P/� )*)-2 for up to passage 5 (Figure 1). The effect of priming on gene 20 

expression, cytoskeletal distribution, cell adhesion, and single-cell mechanics were evaluated 21 

following passage 1, 3, and 5. Analyses were performed to assess how cellular changes due to 22 
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priming translated to differences in tissue mechanics and biochemical composition in 3D culture. 1 

For extended methods please see supplemental material.  2 

RNA expression analysis  3 

Total RNA was isolated from unprimed and primed chondrocytes from each condition and sent to 4 

UCSF Genomics Core Facility for RNA-sequencing and data processing (n=3 wells/group). 5 

Differential expression was performed to determine pairwise combinations with respect to 6 

expansion culture condition (primed to unprimed). Differentially expressed genes (DEGs) with a 7 

false discovery rate (FDR) value <0.01 were considered significant. Gene ontology enrichment 8 

analysis of DEGs upregulated and downregulated due to priming (FDR<0.01) were analyzed 9 

separately using DAVID Bioinformatics Database. Categories with a Benjamini-Hochberg 10 

adjusted p-value < 0.05 were considered significant. Gene ratios were calculated for each enriched 11 

gene ontology term. Ingenuity Pathway Analysis (IPA) software was used to further analyze 12 

DEGs. The right-tailed Fisher's exact test (p<0.01) was used to calculate statistical significance 13 

and the z-score was used to identify the observed activation state (z-VFRUH���IRU�DFWLYDWHG�DQG��-2 14 

for inhibited). RNA-seq was validated with qPCR (Supplemental Table 1). Reactions (n=3 wells/ 15 

JURXS��ZHUH�UXQ�LQ�GXSOLFDWH��IROORZHG�E\�TXDQWLILFDWLRQ�XVLQJ�WKH�ǻǻ&t method with normalization 16 

to GAPDH. 17 

Mechanical characterization of single cells  18 

A custom-built microfluidic device with a microfluidic contraction channel embedded in 19 

polydimethylsiloxane (PDMS) was fabricated using standard soft-lithography and used to 20 

determine cell stiffness18. The device included a contraction channel that applied a compressive 21 

strain to cells as it traversed through the channel. A non-pulsatile inlet pressure was applied to 22 

flow cells through the channel, and a constant DC voltage was applied to measure current pulses 23 
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caused by cells as they transited the device. Current data was filtered using a low-pass filter, and 1 

a custom written software (https://github.com/sohnlab/NPS-analysis-chondrocytes) was used to calculate 2 

the magnitude and duration of each current sub-pulse. Each group was tested in triplicate using 3 

three different devices. Deformed diameter and transverse deformation were calculated based on 4 

a constant strain applied to cells (target strain range = 0.1-0.4) within the contraction channel based 5 

on methods described in Kim et al.18.  To account for differences in cell size, preliminary 6 

experiments were performed to determine the expected cell diameter and devices were fabricated 7 

with contraction channels of two sizes (9.8 and 10.5um) to achieve the target applied strain range 8 

for each passage and experimental group. One- to-one matching was used to ensure no significant 9 

difference in strains between primed and unprimed cells. After matching, two-sided permutation 10 

tests were used to compare unprimed and primed cells at each passage and evaluate the effect of 11 

passaging on transverse deformation (n=3 devices/group; >68 cells/group). 12 

Immunofluorescence  13 

48 hours after plating, cells were prepared for immunostaining of actin fibers and focal adhesions. 14 

First, cells were incubated with a primary antibody against vinculin, followed by a one-hour 15 

incubation with an Alexa Fluor 594 secondary antibody. Cells were then stained for F-actin using 16 

Alexa Fluor 488 Phalloidin and cell nuclei using DAPI. Maximum pixel projection images were 17 

generated in ImageJ and phalloidin stained images were used to calculate cell spreading area (n=3 18 

wells/group; 45-80 cells). F-actin images were randomized and shown to three independent graders 19 

(n=3 wells/ group; 52-79 cells). Graders classified each image in one of two groups based on stress 20 

fiber clarity in the cytoplasm (Supplemental Figure 1). Graders showed good interrater reliability, 21 

with 76% agreement (confidence interval: 72-����ț ������ 22 

https://github.com/sohnlab/NPS-analysis-chondrocytes
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To examine YAP nuclear localization, cells were cultured for 3 days, fixed, permeabilized, and 1 

blocked for non-specific binding. Cells were incubated with a mouse anti-Yap1 primary antibody, 2 

then incubated with Alexa Fluor 594 goat anti-mouse secondary antibody. DAPI was applied for 3 

nuclear staining before imaging. YAP distribution was calculated as the staining intensity in the 4 

nucleus divided by staining intensity in the cytoplasm (n=3 wells/group; 297 cells). Differences in 5 

YAP expression between P1 unprimed and primed cells was compared using an unpaired two 6 

tailed parametric t-test (p=0.006). 7 

Cell adhesion assays  8 

For centrifugation-based cell adhesion assays, cells were incubated in 10% serum media with 9 

1ug/mL Hoechst and seeded into 24 well plates for 20 minutes. Cells were imaged to determine 10 

initial cell number. Wells were filled with fresh media and plates were sealed, inverted, and 11 

centrifuged at 2250g for 5 minutes. Following centrifugation, fresh media was added, and the 12 

plates were re-imaged. ImageJ was used to overlay images and count the remaining cells (3 13 

wells/group, 3 images/well). 14 

For the trypsin-based adhesion assay, primary and P2 cells were expanded to ~70% confluence in 15 

24-well plates19. Hoechst was added to the culture media and cells were incubated for 30 minutes. 16 

Cells were imaged to determine initial cell count, washed with PBS, and then trypsin was added 17 

to all wells. At each time point, 10% serum-media was added to the appropriate wells to deactivate 18 

the trypsin. Media was changed in each well to remove any floating cells. All wells were reimaged, 19 

and remaining cells were calculated (3 wells per time point, 3 images/ well). 20 

3D tissue culture: mechanics and biochemistry 21 

After P5, cells were embedded in 2%/wv Type VII-A agarose and cast between two glass plates 22 

(36.4±6.8x106 cells/mL). Cylindrical constructs (diameter=4mm, thickness=2.45±0.04mm) were 23 
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cultured for 35 days in serum-free chemically defined medium supplemented with 10ng/mL 1 

7*)ȕ��IRU�WKH�ILUVW����GD\V14, 17. Cells were also encapsulated in agarose after P3; however, those 2 

results are not presented due to an issue with nutrient diffusion (Supplemental Figure 2)20. 3 

Unconfined compression testing was performed to evaluate initial and final mechanical properties 4 

under stress relaxation (10% strain). Equilibrium modulus was calculated at the end of a 30-minute 5 

hold (n=8 constructs/group). After mechanical testing, wet weights (ww) were measured, and 6 

samples were lyophilized to determine dry weights (dw). Swelling ratio (SR) was calculated by 7 

normalizing day 35 ww by the average ww from day 1 for each group. Lyophilized samples were 8 

digested overnight in proteinase K. DNA, glycosaminoglycan (GAG), and hydroxyproline 9 

contents were measured (n=8/group). The mass ratio of hydroxyproline to collagen was assumed 10 

to be 7.64 and used to calculate total collagen content. GAG and collagen contents were 11 

normalized by ww and DNA content to measure matrix composition and cell activity in matrix 12 

production, respectively. 13 

Statistical analysis 14 

For statistics, a two-way ANOVA with factors of days in culture and priming was used to examine 15 

differences in gene counts, cell spreading area, cell adhesion, tissue mechanics, and matrix 16 

composition. Changes in cell adhesion over time was assessed with a two-way ANOVA (factors 17 

= passage and time point). A Tukey post-hoc analysis was performed whenever statistical 18 

VLJQLILFDQFH�ZDV�DFKLHYHG��S��������'LIIHUHQFHV�LQ�WLVVXH�FRPSRVLWLRQ�DQG�PHFKDQLFV�ZLWK�SULPLQJ�19 

was compared using an unpaired two-tailed parametric t-test. 20 

Results 21 

Transcriptional profiling reveals differences based on both growth factor priming and 22 

passage number during chondrocyte monolayer expansion  23 
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Hierarchical clustering and principal component (PC) analysis indicated clear clustering of gene 1 

expression profiles based on passage and priming, with P1 primed cells showing the greatest 2 

difference from other groups (Figure 2A-2B). At higher passages, primed and unprimed cells 3 

clustered similarly along PC2, suggesting a convergence with passaging. A similar ratio of 4 

downregulated to upregulated genes occurred at all passages; however, the number of significant 5 

DEGs were nearly 2-fold greater for P3 and P5 when compared to P1, and the greatest overlap in 6 

DEGs occurred between P3 and P5 (Figure 2C-2D). 7 

We identified three downregulated (CDH13, CCN3, and NID1; Figure 2E) and three upregulated 8 

(POSTN, COL8A1, and GPRC5A; Figure 2F) genes that were among the most significant at all 9 

passages. Genes associated with ECM function and organization were identified in the top ten 10 

most significantly expressed DEGs in unprimed cells, while highly expressed genes in primed cells 11 

related to matrix organization. RNAseq expression was compared to qRT-PCR for four 12 

chondrogenic genes21, and consistent values were observed, ensuring accuracy of the RNAseq 13 

analysis (Figure 2G). Next, we investigated the mRNA ratio of markers of differentiated 14 

chondrocytes in hyaline cartilage to markers of dedifferentiated chondrocytes in fibrocartilage and 15 

found a significant difference in the COL2A1/ COL1A1 and ACAN/VCAN ratio based on priming 16 

only at P1 (P1, p=0.0002; Figure 2H-2I).  17 

Gene expression shows enrichment for proliferation in primed cells and cell adhesion in 18 

unprimed cells 19 

The analysis of downregulated genes in primed cells compared to unprimed cells at all passages 20 

identified a prominent role of genes associated with cell signaling, communication, adhesion, and 21 

movement (Figure 3A). Cellular components significantly enriched for genes in unprimed were 22 

related to cellular adhesion at P1 and the matrix and vesicles at P3 and P5 (Figure 3B). 23 
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Furthermore, similar gene enrichment was identified between genes expressed in primed cells at 1 

P3 and P5, with biological processes related to the cell cycle, gene expression, RNA processing 2 

(Figure 3C) and cellular components in the nucleus (Figure 3D). These results suggest that primed 3 

cells may be in a more proliferative state compared to unprimed cells. In contrast, unprimed cells 4 

may be responding more to changes in substrate stiffness, with differentially expressed genes 5 

associated with signal transduction, cell adhesion, and movement. For completeness, differences 6 

in molecular functions with growth factor priming were also examined for each passage 7 

(Supplemental Figure 3). 8 

Growth factor priming during monolayer expansion reduces cell-substrate adhesion 9 

Numerous biological and cellular processes related to cell adhesion were identified as significantly 10 

enriched in DEGs downregulated with priming at all passages (p <0.01; Supplemental Table 2). 11 

Therefore, we performed further analysis on significant DEGs belonging to the downregulated GO 12 

WHUP�³SRVLWLYH�UHJXODWLRQ�RI�FHOO�VXEVWUDWH�DGKHVLRQ��S��������)LJXUH��$���7KH�JUHDWHVW�RYHUODS�LQ�13 

transcribed genes related to cell adhesion occurred at P3 and P5.  14 

A centrifugation-based cell adhesion assay showed that priming significantly reduced cell 15 

adhesion at P1 and P3 (p<0.0001); however, at P5, cells remained attached to the substrate 16 

regardless of priming condition (p=0.99; Figure 4B). The trypsin-based adhesion assay confirmed 17 

cell adhesion results from the centrifugation-based assay, with a significantly greater percent of 18 

primed cells detaching from the substrate at both P1 (3.5-8 minutes, p0.02; Figure 4C) and P3 19 

(all time points, p0.02; Figure 4D) compared to unprimed cells.  Differences in cell adhesion 20 

based on passage revealed significantly more cells detaching at P1 than P3 (3.5-8 minutes, 21 

p൏0.0001; Figure 4E) in unprimed cells and no significant difference at any time point for primed 22 

cells (p>0.87; Figure 4F).  23 
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Priming decreases actin stress fiber formation and cell spreading area at low passages 1 

The greatest priming-dependent differences in cytoskeleton organization were observed at P1 2 

(Figure 5A), where unprimed cells had defined stress fibers and focal adhesions. The relative 3 

number of cells with stress fibers increased with each passage for both unprimed and primed cells, 4 

and unprimed cells consistently contained a greater percentage of cells with stress fibers (p<0.002) 5 

after P0 (p=0.99; Figure 5B). Cell spreading followed a similar pattern as actin distribution, where 6 

unprimed cells spread rapidly between initial seeding and P1, and this response was maintained 7 

through P5 (Figure 5C). In line with observed patterns in cell adhesion, priming prevented cell 8 

spreading during early passages (p<0.0001); however, by P5, cell spreading area was similar 9 

between groups (p=0.29). IPA results showed that cell protrusion formation, filament formation, 10 

and cytoskeleton organization were enhanced in unprimed cells at all passages (Figure 5D). 11 

Growth factor priming influences YAP1 signaling in passage 1 cells.  12 

QIAGEN IPA upstream regulator function identified transcriptional regulators YAP1 and TAZ to 13 

be inhibited in primed cells compared to unprimed cells at P1 (Figure 5E), but not at P3 or P5 14 

(Supplemental Table 3).  Specifically, 21 of 56 DEGs downstream of YAP1 showed an inhibition 15 

of YAP1 in primed cells (Figure 5F). Immunofluorescence imaging showed significantly greater 16 

YAP1 nuclear to cytoplasmic staining in unprimed cells than primed cells (Figure 5G), agreeing 17 

with our sequencing results that YAP was activated in unprimed cells. 18 

Single-cell mechanics during expansion culture are dependent on both growth factor 19 

priming and passage number  20 

Since YAP/TAZ activity corresponds to cytoskeletal tension, we sought to determine if growth 21 

factor priming during expansion culture causes detectable differences in chondrocyte mechanical 22 

properties using mechano-NPS (Figure 6). Unprimed cells were significantly larger than primed 23 
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cells at all three passages (Figure 6D). At P1, primed cells experienced greater deformations for 1 

an applied strain range than unprimed cells, suggesting that primed cells were less stiff (p <0.0001; 2 

Figure 6E). No differences in cell stiffness were observed with priming at P3 (p= 0.72; Figure 6F) 3 

or P5 (p=0.05; Supplemental Figure 4). There was a significant decrease in transverse deformation 4 

of primed cells between P1 and P3 (p=0.002; Figure 6G); however, an increase in transverse 5 

deformation was observed between P3 and P5 (p=0.009; Figure 6H). In contrast, no significant 6 

differences were seen in the transverse deformation of unprimed cells between P3 and P5 (p=0.65; 7 

Figure 6I). 8 

Priming during expansion culture improves development of functional engineered cartilage 9 

Gross construct morphology revealed an increase in volume and tissue opacity compared to day 1 10 

(Figure 7A). Constructs seeded with primed cells were ~15% smaller based on swelling ratio 11 

(Figure 7B). Both groups had similar proliferation rates in 3D culture (Figure 7C), suggesting that 12 

the increased proliferation rate in primed cells was limited to 2D culture. Constructs with primed 13 

cells produced tissue with greater GAG and collagen when normalized to DNA content (Figure 14 

7D-7E) and wet weight (Figure 7F-7G) compared to the unprimed group. Greater matrix 15 

production was associated with a ~25% larger compressive modulus in the primed group (Figure 16 

7H). Engineered tissue from both groups resulted in compressive mechanical properties (EY = 400-17 

1000 kPa) and GAG content (native = 5-10 %w/w) within the range of native cartilage22. Total 18 

collagen content was consistent with previous cartilage tissue engineering studies (1.5-2%/ww), 19 

but significantly less than native values (native = 10-20 /%ww). 20 

Discussion 21 

Previous studies showed that chondrocyte dedifferentiation occurs during expansion culture and 22 

that additional biochemical cues, such as endogenous growth factors, are important for tissue 23 
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production12, 13. While many of these studies showed that priming cells with growth factors 1 

increases GAG and collagen production and de novo tissue stiffness, it is unknown how priming 2 

during 2D culture affects long-term cell response in 3D culture14, 16, 23, 24. Thus, we examined how 3 

growth factor priming with TGF-ȕ���3*')-ȕȕ��DQG�)*)-2 alters cytoskeletal distribution, cell 4 

adhesion, single-cell mechanics, and gene expression to identify mechanisms by which cell 5 

behavior leads to improved tissue production. Our unbiased transcriptomic profiling and functional 6 

studies reveal that priming overrides mechanosensitive cytoskeletal remodeling during expansion 7 

culture, facilitating greater matrix production when cells are reintroduced to a 3D environment. 8 

Cell adhesion is essential for cell function, and we found cell-substrate adhesion to be greater in 9 

unprimed cells at earlier passages (Figure 4). Like mesenchymal stem cells, dedifferentiated 10 

chondrocytes are known to adhere strongly to plastic in monolayer culture over successive 11 

passages; therefore, our results suggest that priming prevents dedifferentiation-associated cell 12 

adhesion5��&RQVLVWHQWO\�� WUDQVFULSWLRQDO�DQDO\VLV� UHYHDOHG� WKDW� WKH�JHQH�RQWRORJ\� WHUP�³SRVLWLYH�13 

regulation of cell-VXEVWUDWH� DGKHVLRQ´� ZDV� HQULFKHG� LQ� XQSULPHG� FHOOV�� DQG� WKUHH� RI� WKH� PRVW�14 

significant downregulated genes in primed cells were related to regulating cell-substrate adhesion 15 

(APOA1, CDH13, and NID1). Interestingly, all three genes have been related to OA,25-27 with 16 

downregulation of APOA1 in osteoarthritic cartilage and upregulation of CDH13 expression in 17 

posttraumatic OA. 18 

Vinculin imaging revealed development of focal adhesion complexes in unprimed cells, with 19 

fewer defined focal adhesions in primed cells until P3. Shin et al. showed an increase in focal 20 

adhesion area and length, and an upregulation of focal adhesion kinase with greater passages28. 21 

They also linked focal adhesion kinase expression to chondrocyte dedifferentiation, showing a loss 22 

of fibroblast characteristics and a recovery of collagen type II, aggrecan, and SOX9 expression 23 
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with focal adhesion kinase inhibition. While we did not observe downregulation of these genes 1 

with priming, our results agree with their findings that cell adhesion increased with passaging in 2 

unprimed cells, and the increase in cell-substrate adhesion could be delayed with priming. 3 

Cell shape is indicative of chondrocyte phenotype and dedifferentiated chondrocytes have a 4 

flattened, fibroblastic morphology with actin polymerization and prominent actin stress fibers10, 29-5 

31. An increase in actin polymerization has been linked to greater cell spreading area, while actin 6 

depolymerization results in chondrocyte redifferentiation32, 33. Interestingly, we found that priming 7 

preserved cell morphology, as noted by reduced cell spreading and fewer prominent F-actin fibers. 8 

At early passages, morphological characteristics of primed cells were similar to cells cultured on 9 

softer substrates with stiffnesses comparable to native cartilage. Specifically, primed cells at P1 10 

and cells expanded on soft substrates have a smaller area, fewer stress fibers, and fewer focal 11 

adhesions compared to unprimed cells or cells cultured on stiff substrates9, 11. 12 

Cell mechanics depend on cytoskeleton structure and are important for regulating cell growth, 13 

adhesion, migration, and differentiation. Sliogeryte et al. showed that P1 chondrocytes are stiffer 14 

than freshly isolated chondrocytes,34 and extensive research has shown a relationship between cell 15 

mechanics and substrate stiffness35. That is, cells adapt their cytoskeletal tension based on their 16 

microenvironment, leading to alterations in cell signaling36. Our findings showed that primed cells 17 

were less stiff than unprimed cells at P1, which agrees with previous work that showed an 18 

association between cell-substrate adhesion and cell stiffness37, 38. Generally, comparisons 19 

between unprimed and primed P1 cells were similar to previous observations between primary and 20 

passaged unprimed cells, including actin organization, focal adhesion, and cell spreading area28, 21 

33. Moreover, by being less stiff, primed cells again showed similarities to cells cultured on softer 22 
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substrates11. Taken together, our findings suggest that priming may act to preserve primary 1 

chondrocyte mechanics. 2 

A major finding in this study was the inhibition of YAP signaling in P1 primed cells. YAP and 3 

transcriptional co-activator TAZ are downstream effectors of the Hippo signaling pathway and 4 

play a major role in mechanotransduction. Additionally, YAP/ TAZ signaling has been linked to 5 

variations in chondrocyte phenotype in response to substrate stiffness, with chondrocytes cultured 6 

on softer substrates showing significantly less YAP nuclear localization and greater expression of 7 

Sox9, collagen type II, and aggrecan39. Zhang et al. found that human cartilage matrix stiffness 8 

increased with OA and that increasing matrix stiffness resulted in YAP activation with a gradual 9 

loss of chondrogenic phenotype40. Our results are consistent with these findings, where P1 10 

unprimed cells showed YAP activation, and primed cells had many parallels to cells cultured on 11 

softer substrates, with downregulated YAP expression and decreased nuclear localization. 12 

Moreover, the relationship our results reveal between priming and YAP localization are consistent 13 

with other findings where cells lacking YAP displayed lower cell adhesion, stiffness, and contact 14 

area, and fewer actin bundles and stress fibers37. Since YAP mediates mechanical cues from the 15 

microenvironment, these results further support the notion that priming prevents cells from 16 

responding to the stiff monolayer culture. 17 

Given the vast interactions of growth factors in cartilage development and homeostasis, it is likely 18 

that a combination of growth factors is required for regeneration12. The combination of TGF-ȕ���19 

PGDF-ȕȕ��DQG�)*)-2 has been used to assess changes in chondrocyte proliferation, migration, and 20 

proteomics in 2D and 3D culture14, 16, 23, 24. To our knowledge the effect of this combination on 21 

cell mechanics, cell adhesion, and gene expression has not been investigated.  This is important 22 

for understanding biomarkers that may predict preferred cartilage regeneration. Results from this 23 



Priming alters cell behavior and matrix production 
 

 16 

study were consistent with proteomic analysis of primed and unprimed canine chondrocytes, where 1 

proteins involved in synthesis and processing of ECM-components or associated with the 2 

cytoskeleton were downregulated in primed cells, while proteins associated with cell cycle 3 

regulation were upregulated14. 4 

Despite the findings of this manuscript, there are some important limitations. First, we cultured 5 

cells in hydrogel scaffolds following 5 passages. Future work should examine the relationship 6 

between cell properties and 3D tissue production during expansion culture at lower passages, 7 

where larger differences in cell behavior were observed. Second, gene expression analysis was 8 

only conducted on cells in 2D culture and 3D analysis only examined total glycosaminoglycan and 9 

collagen protein content. Further analysis on differences in 3D tissue growth would provide greater 10 

insight into long-term effects of priming during expansion culture. 11 

In conclusion, our results show that growth factor priming during expansion culture alters 12 

chondrocyte phenotype, preventing them from remodeling their cytoskeleton in response to a stiff 13 

microenvironment. Specifically, priming delayed dedifferentiation associated changes in cell 14 

adhesion and cytoskeletal organization, with unprimed cells showing both a transcriptional and 15 

mechanistic increase in cell adhesion. The increase in cell adhesion was accompanied by an 16 

increase in focal adhesions, cell spreading area, stress fiber development, cell stiffness, and YAP1 17 

activation. Furthermore, primed cells redifferentiated in 3D culture to produce de novo tissue with 18 

greater equilibrium modulus, GAG and total collagen content.  Taken together, these results 19 

suggest that priming suppresses mechanobiological cytoskeletal remodeling to prevent 20 

chondrocyte dedifferentiation and to promote superior tissue formation. Future studies should 21 

investigate whether these observations are transferable to human cells, and if specific target genes 22 
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can be identified to reduce the cost associated with regenerating articular cartilage.   1 
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Illustrations and Tables 1 

Figures 2 

Figure 1. Schematic of study design for chondrocytes primed (+GF) or unprimed (-GF) with a 3 

growth factor cocktail during expansion culture. Gene expression (RNA-seq and qPCR), cell 4 

morphology and cytoskeletal protein distribution (IF), cell mechanics (mechano-NPS), and cell 5 

adhesion (centrifugation-based and trypsin-based assay) were assessed following passages 1, 3, 6 

and 5. Following passage 5, cells were embedded into agarose hydrogels, and mechanical and 7 

biochemical properties were assessed at day 35. 8 

Figure 2. Unbiased RNA-sequencing results for primed and unprimed chondrocytes during 2D 9 

expansion culture through five passages. Culture media for primed chondrocytes was 10 

supplemented with a growth factor cocktail. (A) Heat map of z-scores show gene expression 11 

patterns for differentially expressed genes (DEGs) based on priming for each passage; blue 12 

indicates downregulated genes and red indicates upregulated genes. Columns represent samples 13 

and rows represent genes. (B) Principal component analysis shows the separation of samples 14 

based on priming and passage (n=3 per group). (C) Number of down and upregulated DEGs at 15 

each passage (FDR <0.01). (D) Venn diagram showing number of common and unique DEGs 16 

based on passage. Top ten down- (E) and up-regulated (F) genes based on false discovery rate 17 

(FDR) in primed cells relative to unprimed cells at each passage. Log2(fold change) values for 18 

each gene displayed at each passage in columns and FDR values displayed below each table. (G) 19 

Comparison of results from four genes measured using both RT-qPCR and RNAseq to validate 20 

results from RNAseq. Results from RT-qPCR are shown as mean ± standard deviation (n=3). 21 

mRNA ratio of collagen type II to collagen type I (H) and aggrecan to veriscan (I) in unprimed 22 

and primed cells at each passage (n=3 per group, mean ± SD).  Statistical analysis was performed 23 

)LJXUH�/HJHQGV



 2 

using a two-way ANOVA (factors = passage and treatment) with Tukey-Kramer post-hoc test. A 1 

represents statistical difference based on priming at each passage. B represents statistical 2 

difference compared to passage 1, for primed cells. C represents statistical difference compared 3 

to passage 1, for unprimed cells.   4 

Figure 3. Gene ontology (GO) enrichment analysis of differentially expressed genes based on 5 

priming for passages 1, 3, and 5 (P1, P3, and P5) identified using DAVID functional enrichment 6 

tool. Dot plots show biological processes and cellular components downregulated (A, B) and 7 

upregulated (C, D) in primed cells compared to unprimed cells. Top 10 significantly enriched GO 8 

terms with -log Benjamini±Hochberg adjusted p-value < 0.05 are shown. Gene ratio represents 9 

the ratio of the genes belonging to the gene ontology term to the total number of down or 10 

upregulated DEGs at that passage. Colored labels on y-axis represent grouping for clarity. Reg. 11 

= regulation. 12 

Figure 4. Effect of growth factor priming on cell adhesion. (A) Heat map showing z-scores of 13 

significaQWO\�H[SUHVVHG�'(*V�LGHQWLILHG�DV�SDUW�RI�WKH�JHQH�RQWRORJ\�WHUP�³SRVLWLYH�UHJXODWLRQ�RI�14 

FHOO� VXEVWUDWH� DGKHVLRQ´� �6XSSOHPHQWDO�7DEOH� ���� (B) Centrifugation-based assay results (n=3 15 

wells/group; 9 images/well). Statistical analysis was performed using a two-way ANOVA, with 16 

IDFWRUV�SDVVDJH�DQG�JURZWK�IDFWRU�WUHDWPHQW��DQG�D�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�SRVW�KRF�WHVW���17 

Groups were compared based on growth factor priming at each passage (*p<0.0001 for connected 18 

groups). A Trypsin-based assay was performed to evaluate differences in cell detachment based 19 

on priming at (C) passage 1 and (D) 3 (n =3 wells/group; 3 images/well). Statistical analysis was 20 

performed using a two-ZD\�$129$��ZLWK�IDFWRUV�SDVVDJH�DQG�FXOWXUH�WLPH��IROORZHG�E\�D�7XNH\¶V�21 

multiple comparisons test. Groups were compared based on growth factor priming at each time 22 

point, *p<0.02. The trypsin-based assay was used to compared differences in cell detachment 23 



 3 

between passage 1 and 3 for (E) unprimed and (F) primed cells (two-way ANOVA factors = 1 

passDJH� DQG� WLPH�� 7XNH\¶V� PXOWLSOH� FRPSDULVRQV� SRVW-hoc, n=3 wells/group; 3 images/well) 2 

Groups were compared based on passage number at each time point, *p<0.0001. Grey lines 3 

indicate mean േ standard deviation (SD). 4 

Figure 5: Growth factor priming influences stress fiber development, cell spreading, and YAP1 5 

signaling at passage 1. (A) Visual representation of immunofluorescent staining of F-actin and 6 

vinculin in primed and unprimed cells 48 hour following plating and passage 1, 3 and 5. Images 7 

of passage 1 cells are selected with a grey box to highlight differences. Scale bar:10 m. Differences 8 

in (B) percent of cells with stress fibers (n=3 wells/ group; 52-79 total cells/group) and (C) cell 9 

spreading area (n=3 wells/ group; 45-80 total cells/group) based on priming were found using 10 

phalloidin stained cells at passage 1, 3, and 5. Two-way ANOVA, factors= passage and growth 11 

IDFWRU�SULPLQJ��IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVWV��*URXSV�FRQQHFWHG�E\�WKH�VDPH�12 

letter are not statistically different. (D) Diseases and biological functions identified by IPA 13 

Downstream Effects Analysis that are associated with DEGs in primed cells compared to unprimed 14 

cells. Activation z-scores shown for each category, blue (negative z-score) indicates the biological 15 

diseases is decreased in primed cells compared to unprimed (z-2 is a statistically significant 16 

decrease). All groups displayed have -log(p-value)>13.2, calculated by IPA using right-tailed 17 

Fishers Exact test. (E) IPA Upstream Regulators tool predicted expression of YAP1 and TAZ based 18 

on DEGs in primed cells compare to unprimed cells (z-2 is inhibited). P-value calculate using 19 

right-tailed Fishers Exact test. (F) Target molecules in dataset in support of inhibition of YAP1 20 

expression in passage 1 (P1) primed cells compared to unprimed. Blue (downregulated) and pink 21 

(upregulated) are the log2FC expressions of the gene in the data set. Grey scale shading represents 22 

the predicated measurement direction of YAP1 based on the measurement direction of that gene 23 
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(inhibited, activated, or affected). For genes labeled affected, literature suggests the genes are 1 

regulated by YAP1, but it is unknown if the gene is upregulated or downregulated by YAP1 2 

expression. (G)Representative images of YAP1 and nucleus immunostaining of cells at passage 1. 3 

Scale bar:10 m.(H) Quantification of nuclear to cytoplasm staining intensity of YAP1 based on 4 

priming in P1 cells (n=3 wells/group; 297 total cells/group). Statistical analysis was performed 5 

using an unpaired two tailed parametric t-test, p=0.006. 6 

Figure 6: Influence of growth factor priming on chondrocyte mechanics during monolayer expansion. (A) 7 

Schematic representation of mechano-NPS microfluidic device used to measure cell mechanics, including 8 

a series of node-pore segments where free cell diameter is calculated and a contraction channel where cells 9 

experience a constant strain. (B) Cross-sectional view of a node-pore segment and the contraction channel 10 

occupied by a cell (red circle). wpore, wnode, wcont, and hchannel correspond to the widths of the pores, nodes, 11 

contraction channel, and the channel height, respectively. For the devices used, wpore = 18 , wnode=24 , 12 

wcont= 9.8 or 10.5 , and hchannel =16.6 or 16.67 .  (C) Expected current pulses as a cell transits the device. I, 13 

ǻ,np��DQG�ǻ,c, correspond to the baseline current and the current drops in the node-pore and contraction 14 

channel segmenWV��ǻ7c FRUUHVSRQGV�WR�WKH�FHOO¶V�WUDQVLW�WLPH�LQ�WKH�FRQWUDFWLRQ�FKDQQHO��)LJXUH�DGDSWHG�15 

from 18. (D) Cell diameter measured using mNPS in preliminary experiments to determine appropriate 16 

contraction channel sizes that maintained a consistent strain range (n=114, two- way ANOVA, factors= 17 

SDVVDJH�DQG�JURZWK�IDFWRU�SULPLQJ��IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVWV��*URXSV�FRQQHFWHG�E\�18 

the same letter are not statistically different). Deformed diameter verse strain for (E) passage 1 (n=109 19 

cells/group) and (F) passage 3 (n=115 cells/group) cells based on priming. Line of best fit (linear) 20 

displayed for clarity. Differences in transverse deformation based on passage number for primed cells at 21 

(G) P1 and P3 (n=68 cells/ group; applied strain = 0.15- 0.39) and at (H) P3 and P5 (n=117cells/group; 22 

applied strain = 0.1- 0.34) (I) Comparison of transverse deformation in unprimed cells based on passaging 23 

at P3 and P5 (n=262 cells/group; applied strain = 0.1- 0.35). At least 3 microfluidics devices were used 24 

for each group in all experiments.  For statistical analysis of results from mechano-NPS (E-I), 1-1 matching 25 



 5 

with a caliper of 0.1 was used to ensure no significant differences between groups based on strain and then 1 

a two-sided permutation test was used to calculate p-values (see methods for information on test statistics). 2 

Figure 7: Engineered tissue production of constructs primed and unprimed during expansion culture at 3 

day 35. (A) Representative images of constructs containing cells primed during expansion culture at day 1 4 

and 35 and a construct containing unprimed cells at day 35. (B) Swelling ratio, defined as day 35 wet 5 

weight normalized to average wet weight at day 1 for each group, for constructs containing cells primed 6 

and unprimed during expansion culture. (C) The number of cells/ constructs measured weekly for the 5-7 

week culture period (n=6-8 constructs/ group; two-way ANOVA, factor= growth factor priming and days 8 

of culture, followed by Tuke\¶V�PXOWLSOH�comparisons post-hoc). Groups connected by the same letter are 9 

not statistically different. GAG and collagen content normalized by DNA content (D, E) and wet weight (F, 10 

G), respectively, for constructs with cells primed and unprimed during expansion (Day 35 values). (H) 11 

(TXLOLEULXP�<RXQJ¶V�PRGXOXV�IRU�FRQVWUXFWV�DW�GD\�����(B, D-H) Statistics were calculated using a two-12 

tailed parametric t-test (n=8 constructs/ group, mean േ SD). **p<0.01, ***p<0.001, ****p<0.0001. 13 

 14 

 15 
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Supplemental Figures 1 

Supplemental Figure 1: Representative images of cells classified as (A) cells with no defined 2 

stress fibers in the cytoplasm and (B) cells with clearly defined stress fibers. Scale bar is 10 m. 3 

Supplemental Figure 2: Representative image of engineered cartilage constructs seeded with 4 

primed cells at passage 3. The restriction of nutrient diffusion resulted in unreliable mechanical 5 

testing data. The scale bar is 1mm. 6 

Supplemental Figure 3. Molecule function gene ontology terms identified in growth factor primed cells 7 

compared to unprimed cells at passage 1, 3, and 5. Top 10 most significant GO terms from each passage 8 

with a -log Benjamini±Hochberg adjusted p-value < 0.05 are shown. Gene ratio represents the ratio of the 9 

genes belonging to the gene ontology term to the total number of down or upregulated DEGs at that 10 

passage. 11 

Supplemental Figure 4: Deformed diameter verse strain for passage 5 primed and unprimed cells 12 

(n=3 microfluidic devices/group; 152 cells/group). The linear line of best fit is displayed for 13 

clarity. For statistical analysis, 1-1 matching with a caliper of 0.1 was used to ensure no significant 14 

differences between groups based on strain and then a two-sided permutation test was used to 15 

calculate p-values (see methods for information on test statistics). 16 

Supplemental Table 1: Primer sequences for genes used in qPCR21. 17 

Supplemental Table 2: Significant gene ontology terms identified by DAVID that are related to 18 

cell adhesion in DEG based on priming at passage 1, 3, and 5. All terms shown are downregulated 19 

in primed cells compared to unprimed unless they contain (+GF) in the column labeled passage. 20 

Count represents the number of DEGs belonging to that gene ontology term. Percent represents 21 

the ratio of the genes belonging to the gene ontology term to the total number of down or 22 

upregulated DEGs at that passage. Benjamini±Hochberg adjusted p-value < 0.05. 23 



 7 

Supplemental Table 3: IPA predicted expression of YAP1 and TAZ as upstream regulators based 1 

on DEGs in primed compared to unprimed cells at P3 and P5. Z-score -2 is predicted to be 2 

significantly inhibited and z-score 2 is predicted to be significantly activated. P-values were 3 

calculated with a right-WDLOHG�)LVKHU¶V�([DFW�WHVW�DQG�WKH�QXPEHU�RI�WDUJHW�PROHFXOHV�LQ�WKH�GDWD�4 

set identified by IPA is presented. The significance and expression of both genes in the 5 

experimental data set are included (RNA-sequencing columns). 6 
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