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ABSTRACT Understanding how cells remember previous mechanical environments to influence their fate, or mechanical
memory, informs the design of biomaterials and therapies in medicine. Current regeneration therapies, such as cartilage regen-
eration procedures, require 2Dcell expansion processes to achieve large cell populations critical for the repair of damaged tissues.
However, the limit of mechanical priming for cartilage regeneration procedures before inducing long-term mechanical memory
following expansionprocesses is unknown, andmechanismsdefininghowphysical environments influence the therapeutic poten-
tial of cells remain poorly understood. Here, we identify a threshold to mechanical priming separating reversible and irreversible
effects ofmechanicalmemory. After 16 population doublings in 2D culture, expression levels of tissue-identifying genes in primary
cartilage cells (chondrocytes) are not recovered when transferred to 3D hydrogels, while expression levels of these genes were
recovered for cells only expanded for eight population doublings. Additionally, we show that the loss and recovery of the chondro-
cyte phenotype correlates with a change in chromatin architecture, as shown by structural remodeling of the trimethylation of
H3K9. Efforts to disrupt the chromatin architecture by suppressing or increasing levels of H3K9me3 reveal that onlywith increased
levels of H3K9me3 did the chromatin architecture of the native chondrocyte phenotype partially return, alongwith increased levels
of chondrogenic gene expression. These results further support the connection between the chondrocyte phenotype and chro-
matin architecture, and also reveal the therapeutic potential of inhibitors of epigeneticmodifiers as disruptors of mechanical mem-
ory when large numbers of phenotypically suitable cells are required for regeneration procedures.
SIGNIFICANCE Tissue regeneration procedures, such as cartilage defect repair (e.g., matrix-induced autologous
chondrocyte implantation), often require cell expansion processes to achieve sufficient cells to transplant into an in vivo
environment. However, the chondrocyte cell expansion on 2D stiff substrates induces epigenetic changes that persist even
when the chondrocytes are transferred to a different (e.g., 3D) or in vivo environment. Treatments to alter epigenetic gene
regulation may be a viable strategy to improve existing cartilage defect repair procedures and other tissue engineering
procedures that involve cell expansion.
INTRODUCTION

Cells constantly sense and adapt to cues from the mechani-
cal environment, affecting cell function, differentiation, and
disease states. Many studies have explored how the physical
and mechanical properties of the environment affect cellular
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behavior (1,2); however, little is known about how cellular
adaptations from previous physical environments are
maintained or how cells encode mechanical memory. The
key to mechanical memory is to understand how physical
priming in one environment will impact cellular perfor-
mance and fate in another, later environment (3–5). In
some cases, when exposure to physical priming is limited,
mechanical memory can persist for a short time period
(e.g., 1–3 days) and does not impact long-term cell fate
(6). In contrast, when the exposure time to a mechanical
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Epigenetic remodeling stores cell memory
environment increases past a critical threshold, the accumu-
lated memory of this environment reduces cellular
plasticity, resulting in cells reprogrammed to a state with a
persisting phenotype (4,7,8). In some cases, this reprog-
rammed state can be maladaptive and can aggravate dis-
eases such as fibrosis (4,7,9), influence cellular behavior
of cancer metastasis (10), or limit tissue regeneration pro-
cedures (4–6). However, mechanisms of mechanical
memory are not well understood, and investigating how to
disrupt maladaptive mechanical memory for translational
applications is critical.

Our studies focus on the impact of mechanical memory
on tissue regeneration therapies, such as cartilage defect
repair procedures. Various standard tissue engineering pro-
cedures involve culturing cells on 2D tissue culture plastic
(TCP) to generate sufficient cells to transplant into an in vivo
environment. However, this expansion and associated
mechanical priming alters cell fate in vivo (4,11), suggesting
that there is an exposure limit to in vitro culture expansion
before the memory of this environment alters the cells’ ther-
apeutic potential. Monolayer expansion in vitro is a crucial
step in some cartilage defect repair procedures, such as
MACI (matrix-induced autologous chondrocyte implanta-
tion) (12,13). This procedure is considered safe and
effective, but the repair often results in the formation of
fibrocartilage, which is mechanically inferior to hyaline
(native) cartilage. MACI involves three steps: 1) isolating
a biopsy taken from a nonload-bearing region of the knee,
2) expanding chondrocytes on TCP up to 16 population dou-
blings to acquire 0.5–1 million cells per cm2 of defect region
(14), and 3) seeding cells onto a porcine collagen matrix for
implantation into the defect (15). While native chondrocytes
are mostly quiescent cells, the exposure to a stiff 2D
substrate in vitro causes chondrocytes to proliferate.
Although the proliferation is beneficial to generate sufficient
cells for the MACI procedure, the exposure to stiff 2D sub-
strates is known to cause chondrocytes to dedifferentiate,
meaning that the hyaline chondrocyte phenotype is lost
and a fibroblast-like phenotype emerges (12,16,17). Previ-
ous work from our lab suggests that 2D culture influences
the chondrocyte phenotype through changes in nuclear
strain transfer (18). In fact, when the 3D geometry and
physiological nuclear strains are restored following transfer
to a 3D scaffold after dedifferentiation, it is well known that
the round chondrocyte hyaline morphology returns (19).
However, it is unknown how long the expansion process in-
fluences cell fate of the chondrocytes when transferred to a
3D scaffold and if the chondrogenic phenotype can be fully
restored (12,20). In this article, we define the ability to
regain the primary chondrocyte phenotype, through gene
expression of chondrogenic genes, as a measure of chondro-
genic potential (21). Previous studies have not yet explored
how stiff mechanical priming may instill mechanical
memory leading to a fibrotic repair and preventing proper
regeneration of cartilage, motivating us to understand the
extent to which chondrocytes demonstrate mechanical
memory and how to prevent this maladaptation to restore
the therapeutic potential of expanded chondrocytes.

Though mechanisms of mechanical memory are poorly
understood, recent studies focus on the organization of
chromatin architecture within the nucleus (3,5,8,22). There-
fore, changes in spatial organization of chromatin or
chromatin architecture could retain the persisting memory
of the dedifferentiated chondrocyte state. Chromatin archi-
tecture is mediated by various epigenetic factors, such as
DNA methylation or posttranslational modifications of
histones. Our studies explore the chromatin architecture of
repressive histone modification, H3K9me3, a heritable
epigenetic marker that mediates cellular memory and cell
fate in many cell types (23–26). H3K9me3 both restricts
cellular reprogramming (27) and is remodeled in chondro-
cytes (28) and other cell types (29) in response to a change
in the biophysical environment. We hypothesized that
expanding chondrocytes in vitro would result in the remod-
eling of H3K9me3-marked chromatin that persists even in
different physical environments, establishing a mechanical
memory in chondrocyte cells.

The objective of this study is to investigate the extent to
which chromatin remodeling, through spatial analysis of
H3K9me3 occupation in the nucleus, is associated with
the chondrocyte phenotype and retains a memory from the
in vitro expansion process on 2D stiff substrates. This
memory may limit the therapeutic potential of chondro-
cytes, specifically in the context of cartilage defect repair
procedures. Throughout the in vitro culture on TCP, we
show that the chromatin architecture of regions enriched
with histone modification H3K9me3 progressively change
while the chondrocyte phenotype is lost. When dedifferenti-
ated chondrocytes are encapsulated in a 3D environment,
the gene expression profile and chromatin architecture is
retained in a dose-dependent manner, suggesting a structural
epigenetic memory from the previous environment.
Using an inducible mouse model to suppress levels of
H3K9me3, we find that decreasing the levels of H3K9me3
does not stop the dedifferentiation process, but it also does
not prevent nuclear structural changes. However, by
increasing the levels of H3K9me3 through inhibition of
the demethylases of H3K9 (KDM4 enzymes), chondrocyte
dedifferentiation is attenuated, and main features of the
hyaline chondrocyte chromatin structure are retained.
MATERIALS AND METHODS

2D cell culture of bovine chondrocytes

We harvested chondrocytes from cartilage extracted from juvenile bovine

stifle (2-week-old knee) joints within 12 h of slaughter. Using aseptic tech-

niques (30,31), we harvested the cartilage of the femoral medial condyles,

ensuring that the cells from each animal were kept separate. We rinsed

obtained tissue three times with sterile PBS (Hyclone, Logan, UT, USA,

cat. no. SH30028.03) and digested the tissue with 0.2% collagenase-P
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(Roche Pharmaceuticals, Basel, Switzerland, 11213873001) for 5–6 h at

37�C with agitation (230 Rpm). After the digestion, we quenched the di-

gested tissue with media and filtered with a 70 mm filter (Fisher, cat. no.

22363548, Thermo Fisher Scientific, Waltham, MA) to remove extracel-

lular material and isolate chondrocytes. Chondrocyte media consisted of

chemically defined DMEM/F12 (Gibco, cat. no. 11330-032) supplemented

with 10% fetal bovine serum (Gibco, cat. no. 26140-079), 0.1% bovine

serum albumin (Sigma, Burlington, MA, USA, cat. no. A9418-100g), 1�
penicillin/streptomycin (Gibco, cat. no. 15140-122) and 50 mg/mL ascor-

bate-2-phosphate (Sigma, cat. no. 49752-10G) (31). We seeded chondro-

cytes on TCP (Corning, Corning, NY, USA, cat. no. 430167, or Ibidi,

Fitchburg, WI, USA, cat. no. 8084) at a density of 4 � 104 cells/cm2 and

expanded the cells for up to 16 population doublings (PD16). Cells were

passaged around 80% confluency. All samples were incubated at 37�C
and 5% CO2 in chondrocyte media.
3D cell culture of bovine chondrocytes

We encapsulated chondrocyte cells after isolation (PD0), passage 2 (PD8),

and passage 4 (PD16) in 3D hyaluronan-poly(ethylene) glycol diacrylate

(HA-PEGDA) hydrogels and cultured for 1, 5, and 10 days. Chondrocytes

were culture for 10 days in 3D culture since previous studies exploring me-

chanical memory observed persisting or reversible phenotypes by 10 days

(5,6). To make HA-PEGDA hydrogels, we lyophilized 23%–25% thiolated

HA (LifecoreBiomedical, Chaska,MN,USA, cat. no.HA100k-5), dissolved

the HA in sterile PBS, and combined the HA with a PEGDA (Alfa Aesar,

Stoughton,MA,USA, cat. no. 46497,molecular weight¼ 3400Da) solution

(32). We used a final concentration of 20 mg/1 mL HA and 8.6 mg/mL

PEGDA, resulting in a ratio of 1:0.8 thiol groups to PEGDA. In the HA-

PEGDA gel, we encapsulated cells at a concentration 20 � 106 cells/mL in

100 ml gels. Next, we cultured the encapsulated cells at 37�C for 30 min to

facilitate the cross-linking between the diacrylate groups on the PEGDA

molecule and the thiol groups on the thiolatedHAmolecule, and then further

maintained them at 37�C and 5% CO2 in chondrocyte media. To name each

sample, we abbreviated encapsulated cells by the number of PDs undergone

before encapsulation and denoted these samples with ‘‘3D’’ because they

were cultured in a 3D culture. For example, cells encapsulated in HA-

PEGDA hydrogels after PD8 on TCP are abbreviated as PD8-3D cells.
2D cell culture of H3K9M and H3WT murine
chondrocytes

For H3.3 lysine-to-methionine mutant (H3K9M) and wild-type H3.3

(H3WT; control) studies, male mice carrying the transgene (33) were

bred to C57BL/6 (Jackson Laboratory, Bar Harbor, ME, USA, cat. no.

000664) female mice. The methods were performed in accordance with

relevant guidelines and regulations and approved by the Institutional

Animal Care and Use Committee. Mice were maintained in specific-path-

ogen-free, temperature-controlled housing with 12 h light cycles and

received food and water ad libitum. Chondrocytes from embryonic (embry-

onic day 18.15) H3K9M and H3WT mice were harvested and cultured with

chondrocyte media and 2 mg/mL doxycycline (Sigma, cat. no. D3072-1mL)

for PD0, PD8, and PD16 on TCP (Corning, cat. no. 430165, or Ibidi, cat.

no. 80841). To harvest embryonic chondrocytes, hind limb articular carti-

lage was isolated and washed 3� with PBS, transferred to 3 mg/mL

collagenase-P solution in DMEM F12 (with 1� penicillin/streptomycin),

digested for 12 hr at 37�C, filtered through a 70 mm mesh strainer, and

plated at a density of 4 � 104 cells/cm2 (34).
Immunofluorescence staining and imaging

We fixed cells cultured on TCP in 4% paraformaldehyde (PFA; Electron

Microscopy Sciences, Hatfield, PA, USA, cat. no. 15714-S) for 10 min
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and permeabilized them in 1% Triton-X100 (Sigma, cat. no. 78787-

100mL) in PBS for 10 min (29). Before incubating with the primary anti-

bodies, we blocked by incubating the cells with 10% natural goat serum (In-

vitrogen, Waltham, MA, USA, cat. no. 10000C), 1% bovine serum albumin

(BSA) in 0.1% PBT (0.1% Tween-20, Bio-Rad, Hercules, CA, USA, cat.

no. 170-6531, in PBS) for 60 min at room temperature (RT). We performed

the primary antibody incubation in 0.1% PBT containing 1% BSA at 4�C
overnight (12 h) and the H3K9me3 primary antibody (Abcam, Camrbdige,

UK, ab8898, 1:600) with agitation. Following the primary incubation, we

performed the secondary incubation in 0.1% PBT containing 1% BSA,

with Alexa Fluor 633 goat anti-rabbit immunoglobulin G (Life Technolo-

gies, Carlsbad, CA, USA, cat. No. A21070) at a dilution of 1:500 for

45 min (RT) with agitation. To visualize both actin and DNA, we counter-

stained with 488 Phalloidin (Invitrogen, cat. no. A12379, 1:80, 20 min in-

cubation in PBS) and DAPI (Invitrogen, cat. no. D1306, 1:1000, 10 min

incubation in PBS), respectively.

To stain cells encapsulated in 3D HA-PEGDA hydrogels, we used a

similar protocol. However, we fixed the cells in 4% PFA for 30 min, per-

meabilized them in 1% Triton-X100 in PBS for 15 min, and blocked

them with 5% natural goat serum and 1% BSA in 0.1% PBT for 60 min.

The primary antibody incubation was performed in 0.1% PBT containing

1% BSA at 4�C for 16 h with agitation. We used the same primary and sec-

ondary antibodies listed previously. Secondary incubation was also per-

formed in 0.1% PBT containing 1% BSA at a dilution of 1:200 for 2 h

(RT) with agitation. Lastly, we counterstained both actin and DNA with

488 Phalloidin (1:80, 40 min incubation in PBS) and DAPI (1:500,

15 min incubation in PBS), respectively.

Using an inverted Nikon A1R confocal microscope with a 60� oil im-

mersion objective, we imaged both encapsulated cells and cells grown on

TCP from all time points, treatments, and genotypes (Figs. 1 and 2). Spe-

cifically, we imaged the nucleus/DNA (DAPI; 405 nm), actin (phalloidin;

488 nm), and H3K9me3 (640 nm).
Image-based structural nuclear analysis

Using a customMATLAB (R2020a) code, we analyzed imaged nuclei from

each experimental group (n < 15 nuclei/experimental group/animal). For

each nucleus, the nucleuswas segmented using a reference (DAPI, 405 chan-

nel) signal, and intensity values were normalized according to previously

established methods (29). The nuclear area and aspect ratio were calculated

using theMATLAB image processing toolbox.H3K9me3 fociwere detected

by finding the local maxima in each segmented nucleus in the H3K9me3

signal (640 channel) using the MATLAB script FastPeakFind (v.1.13.0.0)

(35). Detected peaks were counted as H3K9me3 foci. To track the change

in location of the foci for the cell treatedwithML324 or DMSO, the distance

to the center of the nucleus (a) and the distance from the nuclear periphery (b)

were calculated for each detected H3K9me3 foci. The ratio of a/(aþ b) was

calculated to determine the relative location of each foci relative to the center

of the nucleus. MATLAB code is available upon request from the corre-

sponding author.
Gene expression assessed with quantitative real-
time PCR

We quantified expression of previously established genes that change dur-

ing chondrocyte dedifferentiation (COL2A1, COL1A1, ACAN, SOX9,

VCAN, THY1). Total RNA was isolated from both 3D and 2D cultures to

assess relative gene expression using quantitative real-time PCR. To isolate

RNA from 3D cultures, we homogenized the HA-PEGDA matrices using a

Tissue Ruptor for 30 s in QIAzol lysis reagent (Qiagen, Germantown, MD,

USA, cat. no. 79306) (36). Lysed cells from 2D cultures on TCP were

collected in QIAzol. After lysis, we extracted the total RNA with the

E.Z.N.A. Total RNA kit (Omega Tek, Norcross, GA, USA, cat. no.

R6834-01) or the Direct-zol RNA MiniPrep (Zymo Research, Irvine, CA,



FIGURE 1 Extended culture on stiff substates leads to global remodeling of trimethylated H3K9 and a decrease in levels of H3K9me3 locally on dedif-

ferentiation marker genes. (A) Bovine chondrocytes were isolated and plated on tissue culture plastic (0 population doublings [PD0]), passaged two times

(PD8), and passaged 4 times (PD16). As PDs increased, chondrocytes dedifferentiated into fibroblast-like cells. PD8 and PD16 chondrocytes became more

spread out (scale: 5 mm). (B) Expression of hallmark chondrogenic genes (SOX9, COL2A1, and ACAN) decreased (mean5 SE, N¼ 6 biological replicates).

(C) Chondrocytes expanded in a 2D stiff environment show changes in chromatin architecture reorganization (DAPI) and H3K9me3 location and distribution

(scale: 10 mm). Chromatin architecture of PD0 cells and native chondrocytes imaged ex vivo was similar. White indicators highlight H3K9me3 foci. (D) With

increased time on 2D stiff substrates, both nuclear area and the number of H3K9me3 foci increased (5SD, N ¼ 6 biological replicates, n > 22 nuclei/treat-

ment/replicate). (E) Expression of dedifferentiation markers (COL1A1, VCAN, and THY1 mRNA levels) increased compared with PD0 cells (mean 5 SE,

N ¼ 6 biological replicates). (F) Occupancy levels of H3K9me3 on the promoters of dedifferentiation genes decreased with PDs, while the background

(immunoglobulin G) remained low, potentially allowing for increased expression of these genes in the PD16 state (5SD, N ¼ 3–4 biological replicates).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. To see this figure in color, go online.

Epigenetic remodeling stores cell memory
USA, cat. no. R2050). To reverse transcribe the isolated RNA to cDNA, we

used iScript Reverse Transcription Supermix (Bio-Rad, cat. no. 1708841).

Quantitative real-time PCR was performed using Sso AdvancedTMUniver-

sal SYBR Green Supermix (Bio-Rad, cat. no. 1725271) in a CFX96 Touch
adthermocycler (Bio-Rad). We designed all primers (sequences listed in

Table S4) using NCBI primer blast, ensuring that all primers spanned an

exon-exon junction and were specific for all known splice variants and

that the efficiency of all primers was calculated to be above 90%. Integrated
Biophysical Journal 122, 1428–1444, April 18, 2023 1431



FIGURE 2 Expanded chondrocytes encapsulated in 3D hydrogels exhibited a dose-dependent mechanical memory shown by chondrogenic gene expres-

sion and H3K9me3 nuclear architecture but not local gene regulation of dedifferentiation markers. (A) After 0, 8, and 16 chondrocyte PDs, cells were encap-

sulated into hydrogels and cultured for 1, 5, and 10 days (PD0-3D, PD8-3D, PD16-3D). (B) Cells were stained for H3K9me3 to assess chromatin architecture

adaptations in 3D culture (scale: 5 mm). (C) Chondrogenic potential was assessed by changes in gene expression of chondrogenic genes of PD8-3D and

PD16-3D cells compared with PD0-3D cells. Although chondrogenic gene expression (COL2A1, ACAN) of PD16-3D cells did not return to levels of

PD0-3D cells after 10 days, the gene expression of PD8-3D cells did return to levels similar to PD0-3D cells after 5 or 10 days in culture, indicating a

(legend continued on next page)

Scott et al.
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DNA Technologies (Coralville, IA, USA) performed the synthesis of

primers. We normalized all data to the average of reference genes,

HPRT1 and GAPDH. To evaluate the relative change in gene expression,

we used the DDCt method.
RNA sequencing (RNA-seq) gene expression

H3K9M and H3WT chondrocytes were cultured in the presence of doxycy-

cline (2 mg/mL) for PD16 and lysed with Qiazol, and RNAwas extracted us-

ing Direct-zol RNA MiniPrep (Zymo Research, cat. no. R2050). Poly

A-selected RNAwas sequenced at the Genomics Shared Resource Facility

at UCAnschutzMedical Campus (Aurora, CO, USA).Wemapped reads us-

ing hisat2 v.2.1.0 (37) and custom parameters to the UCSC mouse genome

releasemm10.We summarized reads to genes annotated byUCSCusing fea-

tureCounts v.1.6.2 (38). We further assessed count data in R 3.6 using DE-

Seq2 (39) to analyze differentially expressed genes and used

clusterProfiler (40) for the gene set enrichment analysis of Gene Ontology

pathways. We compared our data with publicly available RNA-seq data of

embryonic proliferating chondrocytes (41) using in-house scripts based on

DeepTools (42) and the bamTools and bedTools suite. Our RNA-seq data

are found on the NIH GEO database (GEO: GSE190339).
Chromatin immunoprecipitation (ChIP)

For adherent chondrocyte cells cultured on 2D, we crosslinked 2�106-4�106

cells in 1% PFA in PBS for 10 min, quenched in 150mMglycine (Fisher, Cat.

No.BP381-500), and scraped toharvest the cells. To harvest cells from theHA-

PEGDAhydrogels,we followedaprotocol for harvesting tissues forChIP (43).

Briefly, we homogenized the hydrogels using a disposable plastic pestle in ice

coldPBS.Then,we crosslinked the cellswith 1%methanol-free formaldehyde

for 15minwith agitation and quenched in 150mMglycine.Next,we harvested

the hydrogels by centrifugation at 2000g for 10mins.

We lysed both 2D and 3D cultured cells in lysis buffer, 50 mM Tris-Cl

(Sigma, 93,363-50G), 10mM EDTA (Fisher, Cat. No. BP120-1), 0.5%

SDS (Sigma, Cat. No. L3771-100g), 1� Protease Inhibitor (Sigma, Cat.

No. SRE0055-1BO). Then, we sheared the chromatin by sonicating the

samples in a Bioruptor UCD-200 (Diagenode) or an M220 Focused Ultra-

sonicator (Covaris) so that fragment sizes of chromatin were between

200 bp to 500 bp. After shearing, we added 20 mg of chromatin to IP buffer

(16.7 mM Tris-Cl, 1.2 mM EDTA, 167 mM NaCl (Fisher, Cat. No. S271-

500), 1% Triton X-100). We performed ChIP on both cells cultured in

3D and on 2D (44) with 2 mg of ChIP validated antibody for the protein

of interest, H3K9me3 (abcam, ab8898), as well as negative control non-spe-

cific immunoglobulin G (Millipore, Cat. No. 12370) and a positive control

H3 (abcam, Cat. No. ab1791) antibodies. Antibody chromatin complexes

were incubated overnight with rotation. Protein A/G magnetic beads

(Pierce, Cat. No. 88803) were then added for 3 h at 4�C with rotation.

We washed the beads with a series of buffers: low Salt Buffer (20 mM

Tris-Cl, 2mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), High

Salt Buffer (20 mM Tris-Cl, 2mM EDTA, 500 mM NaCl, 0.1% SDS, 1%

Triton X-100), LiCl Buffer (10mM Tris-Cl, 1mM EDTA, 250 mM LiCl;

Sigma, Cat. No. L9650-100G), 1% Sodium Deoxycholate (Sigma, Cat.

No. D2510-100G), 1% IGEPAL (Sigma, Cat. No. 18896-50ML)). We

eluted the chromatin in elution buffer (1% SDS, 100mM NaHCO3; Fisher
dose-dependent genetic memory from the previous culture (mean 5 SE, N ¼ 6

replicates, n > 16 nuclei/treatment/replicate, only p values for P0-1D comparis

H3K9me3 foci was restored to levels of the P0-3D cells only with lower PDs (PD

process on a stiff 2D substrate (5SD, N ¼ 6 biological replicates, n > 16 nucl

clarity, Table S1 reports all p values). (F) Expression of dedifferentiation genes

however, the expression of these genes did not show a dose-dependent memory

PD16-3D cells revealed a persistent lower occupancy level of H3K9me3 (with lo

genes compared with PD0-3D cells, which did not change after 10 days (5S

****p < 0.0001. To see this figure in color, go online.
Cat. No. S233-500), and added 5 mL of 5 MNaCl to reverse the crosslinking

during an overnight incubation at 65�C. Protein and RNAwas digested with

Proteinase K (Ambion Life Technology, Cat. No. AM2542) and RNAse A

(Ambion Life Technology, Cat. No. AM2272) before the DNAwas purified

with either DNA clean and concentrator kit (Zymo, Cat. No. D5201) or

phenol chloroform (VWR, Cat. No. 97064-692) extraction and ethanol pre-

cipitation. We analyzed the purified DNA using qPCR with primers de-

signed to amplify the promoter regions of the following genes, COL1A1,

THY1, VCAN. We designed the DNA primers (Table S5) using NCBI primer

blast and ordered the primers from Integrated DNATechnologies. To deter-

mine the relative enrichment of each protein of interest for the specified pro-

moter regions, we calculated the percent input, or the signal of an IP sample

relative to the qPCR signal from the input samples (samples without IP)
Western blot

Following PD16, H3K9M and H3WT chondrocytes were prepared for

Western blot analysis by nuclear isolation following a previously reported

protocol (29). Briefly, cells were resuspended in cold nuclear isolation

buffer (50 mM Tris-HCl pH 8, 15 mM NaCl, 60 mM KCl, 5 mM MgCl2,

1 mM CaCl2, 250 mM sucrose, 1 mM dithiothreitol, 0.6% IGEPAL

(Sigma-Aldrich)) supplemented with complete protease inhibitors

(Sigma-Aldrich) and incubated for 5 min on ice. Isolated nuclei were

then centrifuged (960 � g for 5 min), washed in nuclear isolation buffer

and lysed in RIPA buffer (50 mM Tris-HCL (pH 8), 150 mM NaCl, 0.1%

SDS, 0.5% sodium deoxycholate, 1% Triton X-100 and 1 mM EDTA (all

from Sigma-Aldrich) supplemented with complete protease inhibitors

(Sigma-Aldrich) and 0.01 U ml–1 benzonase (Novagen). We sonicated

the resulting lysates 10 times for 30 s with a 30 s pause between pulses us-

ing a Bioruptor Pico sonicator (Diagenode). The lysates were then cleared

to remove cell debris through centrifuging and collecting the supernatant

which was boiled together with Laemmli sample buffer (100 mg mL–1

SDS, 250 mM Tris pH 6.8, 1 mg mL–1 bromophenol blue and 50% glyc-

erol (all from Sigma-Aldrich) and loaded into 4–20% mini-Protean TGX

precast protein gels (BioRad). Protein was transferred to PVDF membranes

(Bio-Rad) and blocked for 1 h in 5% powdered milk in Tris-buffered saline

and Tween-20. The following primary antibodies were used: H3K9me3

(Abcam, 8898; 1:1000), H3 (Abcam, 1791; 1:10,000 dilution). Goat,

anti-rabbit-HRP-conjugated (Invitrogen, PI31460; 1:2000 dilution) was

used as the secondary antibody. Immobilon western chemiluminescent

HRP substrates (Millipore) were used to detect proteins.
ML324 treatment

Twenty-four hours after seeding isolated chondrocytes (PD0), we treated

the cells with chondrocyte medium supplemented with 10 mM of ML324

(45) (MedChemExpress, Cat. No. HY-12725) or a carrier control DMSO

(Sigma, Cat. No. 276855-100mL) and continued to supplement the media

throughout the expansion process. All inhibitors were dissolved in

DMSO (final concentration <0.1%, which has been shown to not change

basic metabolic activity and cell proliferation) (46), and we confirmed

that the DMSO did not significantly affect cell viability (Fig. S3 B). Control

culture medium contained 0.1% DMSO. We collected cells for imaging and

gene expression analysis on PD0 (24hrs after isolation), PD8 and PD16.
biological replicates). (D) Quantified nuclear area (5SD, N ¼ 6 biological

ons are shown for clarity, Table S1 reports all p values) and (E) number of

8-3D cells only), demonstrating a mechanical memory from the expansion

ei/treatment/replicate, only p values for P0-1D comparisons are shown for

decreased to levels of PD0-3D cells for both PD8-3D and PD16-3D cells;

(mean 5 SE, N ¼ 6 biological replicates). (G) ChIP results of PD8-3D and

w immunoglobulin G background) on the promoters of the dedifferentiation

D, N ¼ 3 biological replicates). *p < 0.05, **p < 0.01, ***p < 0.001,
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Statistical analysis

All statistical testing was performed using R (version 4.0.3) and Rstudio

(version 1.3.1093) software.All datasets (number of foci, nuclear area, nuclear

aspect ratio, ChIP results, gene expression results, foci location)were analyzed

using a linear mixed effect model (nlme package, version 3.1-149) with a type

II or III sum of squares ANOVA using the containment method for estimating

denominator degrees of freedom (car package, version 3.0-10). Type III

ANOVA was used when the model contained an interaction term (Fig. 4 C,

D, E, and F) and a type II ANOVA was used for all other linear models.

Each model contained Doubling Time and/or Treatment as fixed effects and

we allowed themodel intercept to varywith the experimental animal to control

for difference among animals. Normality of the residuals was evaluated using

the Shapiro-Wilk test and, if necessary, the response was transformed to meet

the assumptions of themodel. Specifically, nuclear areameasurements (Figs. 1

D, 2D, 3C,4C and S4B) were transformed using a square root function (mea-

surement(1/2)), nuclear aspect ratio measurements (Figs. S1, 4 B) were trans-

formed using a natural log function (ln(measurement)) and the foci location

data was transformed using a arcsine-square root transformation (arcsin(mea-

surement(1/2))). All Shapiro-Wilk test statistics (W) values for the final models

were greater than 0.9,meeting the assumption of normality of residuals. Addi-

tionally, homogeneity of the residual variance was evaluated for each data set

by plotting the residuals against the fitted values of the linear model. In some

models (number of foci: Figs. 1D, 2 E, 3C, and 4D, nuclear area: Figs. 1D, 2

D, 3C,4C andS4B, nuclear aspect ratio: Figs. S1, 4B) thevariancewasdepen-

dent on the PD level, so a heterogeneous variancesmodelwas used to allow for

differences in variance among the groups. The use of the heterogeneous vari-

ance model was also justified when the likelihood ratio test showed a signifi-

cant difference (p > 0.05) between the heterogeneous variance model and

the linear mixed model with constant variance. We then used the emmeans

function (package emmeans, version 1.5.3) to calculate the estimatedmarginal

means and test whether each treatment levels was statistically significantly

different from each other level, accounting for the differences in variance.

The containment method was again used for estimating denominator degrees

of freedom. p values were adjusted for multiple comparisons using the Tukey

method. A p-value less than 0.05 was considered significant, and significance

was denoted as *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.

Note the linear model of data with low numbers of samples may have too

low of power to determine accurate p-values when the effect size is small

(Fig. 1 F, comparison between PD0 and PD8). However, when the effect

size is large enough (Fig. 1 F, comparison between PD0 and PD16), the

p-values are considered accurate.
RESULTS

H3K9me3 marked chromatin spatially remodeled
on 2D stiff substrates during expansion

To understand how the nucleus changed in response to the
mechanical environment, we first analyzed the bulk nuclear
morphology and intranuclear organization of bovine chon-
drocytes during expansion on a stiff 2D substrate (TCP).
We confirmed the dedifferentiated phenotype reported in
literature (12,47) by observing the cellular morphology
(cell spreading and actin reorganization) and assessing the
change in mRNA expression of hallmark chondrogenic
genes (ACAN, SOX9, COL2A1) compared to chondrocytes
analyzed after isolation (Fig. 1 A, and B). As the chondro-
cytes dedifferentiated, we observed that the nuclear area
and nuclear aspect ratio increased (Figs. 1 C, D S1 A). By
staining DNA using DAPI, we found that the chromatin
architecture spatially differed between chondrocytes after
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isolation (PD0) and after PD16 (Fig. 1 C, middle column).
Specifically, euchromatin regions (low intensity DAPI
signal) were located in the center of the nucleus, while
heterochromatin regions (high intensity DAPI signal) were
located toward the nuclear envelope. The structural reorga-
nization of heterochromatin and euchromatin suggested that
expansion time on TCP influenced mechanisms associated
with regulating chromatin architecture and gene expression
(e.g. histone modifications, DNA methylation).

Because we observed a change in heterochromatin organi-
zation, we next studied the specific arrangement of
H3K9me3, a marker of heterochromatin, during chondrocyte
dedifferentiation.Wewere alsomotivated to studyH3K9me3
specifically because this repressive histone modification is
crucial for the regulation of cell fate (23–26) and has been
shown to remodel in response to changes in the mechanical
environment (28). We hypothesized that expanding chondro-
cytes invitrowould result in remodeling ofH3K9me3marked
chromatin and this change in chromatin architecture would
influence cell fate. We first observed that H3K9me3 was
localized near the nuclear envelope of the PD0 chondrocyte,
but during dedifferentiation the regions of H3K9me3 formed
more distinct foci distributed evenly throughout the nucleus
(Fig. 1C). We confirmed that the PD0 chromatin architecture
state resembled the native chondrocyte by imaging chondro-
cytes in native tissue and also found low levels of H3K9me3
foci and an occupation of H3K9me3 toward the nuclear
envelop (Figs. 1 C, S4 A, and B). Although the occupation
of H3K9me3 toward the nuclear envelop was not as promi-
nent in the chondrocyte images in vivo (Figs. 1 C, S4 A, and
B), this observation may be partially due to the limitations
of imaging through dense cartilage tissue. To quantify the
overall structural shift from the native chondrocyte chromatin
architecture to the dedifferentiated chromatin architecture
state,we used a customMATLABcode to analyze the number
of H3K9me3 foci in the imaged nuclei (Fig. 1 D) and found
the average number of H3K9me3 foci in each nucleus
increased with exposure time to the 2D stiff environment.
Occupation levels of H3K9m3 decreased on
chondrocyte dedifferentiation genes by PD16

Because of the observed spatial reorganization of H3K9me3
during passaging, we explored whether this epigenetic
modification mediates typical chondrocyte specific changes
in gene expression during the dedifferentiation process.
Using chromatin immunoprecipitation (ChIP) in conjunc-
tion with qPCR, we found that occupancy levels of
H3K9me3 on promoters of chondrogenic genes (SOX9,
COL2A1, ACAN) of PD0 cells were close to background
levels, which was expected since these genes were highly
expressed at PD0 (Fig. S2 A). By PD16, the levels
of H3K9me3 occupancy did not increase on the promoters
of SOX9, COL2A1, or ACAN, indicating that H3K9me3
did not suppress these chondrogenic genes during



FIGURE 3 Suppression of H3K9me3 did not prevent nuclear architecture remodeling of H3K9 trimethylated chromatin and dedifferentiation of expanded

chondrocytes. (A) Chondrocytes were isolated from H3K9Mmice or H3WTmice and expanded to PD16. Immunofluorescence imaging showed a decrease in

H3K9me3 signal in the H3K9M cells because of the suppressed levels of H3K9me3, but the nuclear architecture changes (H3K9me3 foci) from PD0 to PD16

appeared similar to control cells. (B) Quantified H3K9me3 density relative to total H3 density from Western blots decreased in H3K9M cells compared with

(legend continued on next page)
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dedifferentiation (Fig. S2 A). Additionally, we measured
mRNA expression of the well-established dedifferentiation
genes COL1A1, VCAN, and THY1 (12,48), which increased
expression compared with PD0 cells as the chondrocytes
became more like fibroblast cells (Fig. 1 E). We hypothe-
sized that a decrease in occupancy levels of repressive
marker H3K9me3 would allow for an increase in expression
of these genes. We found that the occupancy levels of
H3K9me3 on the promoters of chondrocyte dedifferentia-
tion genes (COL1A1, VCAN, THY1) decreased after PD16
compared with the PD0 cells (Fig. 1 F), while H3 density
only decreased on the promoter of VCAN (Fig. S2 B). At
the same time, gene expression levels of COL1A1 and
THY1 increased after PD8, but the occupancy levels of
H3K9me3 did not significantly decrease relative to PD0
cells (Fig. 1 F), suggesting that other mechanisms initiated
the upregulation of COL1A1 and THY1 of PD8 cells. Alto-
gether, our results showed that a decrease in H3K9me3
occupancy levels is associated with an increased expression
of COL1A1, VCAN, and THY1 after PD16 on a 2D stiff
substrate. However, the initial change in gene regulation
was not driven directly by H3K9me3.
Recovery of the chondrogenic phenotype
depended on the exposure time to 2D culture,
establishing a mechanical memory

Next, we encapsulated PD0, PD8, and PD16 chondrocytes in
3D thiol-modified 2% HA-PEGDA hydrogels and analyzed
cells after 1, 5, and 10 days in 3D culture to understand if
the chromatin architecture of H3K9me3 persisted in 3D
culture (Figs. 2, A and B). We assessed the changes in chon-
drogenic potential, or the ability to regain the hyaline chon-
drocyte phenotype (redifferentiation) (49), by quantifying
gene expression of chondrogenic genes (Fig. 2C). Compared
with PD0-3D controls (chondrocytes encapsulated right after
isolation), the chondrogenic gene expression of SOX9 was
rescued by encapsulating the cells in hydrogels for 10 days
for both the PD8 encapsulated cells (PD8-3D) and PD16
encapsulated cells (PD16-3D) (Fig. 2 C). In contrast, expres-
sion levels of COL2A1 and ACAN were not rescued with 3D
culture; expression of COL2A1 and ACAN of PD16-3D cells
remained significantly lower compared with PD0-3D cells
even after 10 days elapsed in 3D culture (Fig. 2 C). The
decreased plasticity of the PD16 cells to redifferentiate
suggested that the changes in gene expression of select genes
H3WT cells to confirm suppression of H3K9me3 (þSD, N ¼ 4 biological repli

change significantly between H3WT and H3K9M cells of the same passage

*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, ns: p> 0.05. (D) RNA-se

PD16 H3K9M and H3WT cells. (E) However, most chondrogenic and dediffe

H3K9M and H3WT cells. (F) Compared with previously published data of nativ

that 91% of the variance of the changes in gene expression in the system can be a

the native chondrocytes (S1, S2), indicating that both H3K9M and H3WT cells

Although the lack of H3K9me3 did not prevent dedifferentiation, H3K9me3 did

drogenic pathways were suppressed significantly for H3K9M cells. To see this
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(COL2A1, ACAN) in 3D culture depended on the previous
exposure time to a stiff 2D substrate.
Changes in nuclear structure and chromatin
architecture of H3K9me3 also depended on the
exposure time to 2D culture, demonstrating an
intranuclear structural memory

To understand how the dedifferentiated chondrocyte pheno-
type was retained, we next explored how changes to nuclear
morphology and chromatin architecture from 2D culture
may be retained in 3D culture. Since we showed that the
bulk nuclear properties (e.g., nuclear area and nuclear aspect
ratio) changed during dedifferentiation, we investigated if
the nuclear area and aspect ratio decreased in subsequent
3D culture as chondrocytes redifferentiated. We determined
that after encapsulation of PD8 or PD16 cells, the nuclear
aspect ratio did not return to levels of the PD0-3D cells
(Fig. S1 B). Notably, we observed a general decrease in nu-
clear area of all chondrocytes encapsulated in hydrogels
compared with the analysis of chondrocytes cultured on
TCP (Figs. 1 D and 2 D). However, the nuclear area of
PD8-3D and PD16-3D cells significantly decreased after 5
and 10 days in culture, potentially due to the physical
constraints of the 3D environment (Fig. 2 D). We confirmed
that this decrease in nuclear area was not due to cell death by
imaging and analyzing the percentage of viable cells after
encapsulation in hydrogels (Fig. S3 A). We also found that
the nuclear area of PD16-3D cells decreased over the course
of 10 days (Fig. 2 D; p < 0.0001), but PD16-3D
cells cultured for 10 days still had larger nuclei compared
with PD0-3D cells encapsulated for the same culture time
(Fig. 2 D; p < 0.0001). In contrast, the nuclear area of
PD8-3D cells decreased after 10 days, approaching levels
statistically similar to PD0-3D cells after 1 day in culture
(Fig. 2 D; p ¼ 0.2535). The increased adaptability of cells
exposed to the stiff TCP for less time (PD8 cells) suggested
that the expanded chondrocytes retained a structural nuclear
memory of the previous physical environment.

Next, we assessed the intranuclear architecture of
H3K9me3 over time in 3D culture. The number of
H3K9me3 foci of PD0-3D cells remained low over the course
of 10 days (Fig. 2 E). As a control, we cultured ex vivo carti-
lage plugs to confirm that the hydrogel culture did not change
the nuclear architecture of isolated chondrocytes (Fig. S4 A).
We found that the chondrocytes cultured exvivomaintained a
cates). *p < 0.05. (C) Nuclear area and number of H3K9me3 foci did not

(5SD, N ¼ 4 biological replicates, n > 16 nuclei/genotype/replicate).

q analysis revealed 392 significantly differentially expressed genes between

rentiation genes were not significantly expressed when comparing PD16

e chondrocytes (samples S1 and S2), principal-component analysis revealed

ccounted for by the difference between the expanded (M1–M5 samples) and

dedifferentiated and differ between them in a much smaller proportion. (G)

play a protective role in maintaining the chondrocyte phenotype since chon-

figure in color, go online.



FIGURE 4 Treatment with a KDM4 demethylase

inhibitor, ML324, partially maintained chondrogenic

nuclear architecture and gene expression. (A) During

the expansion process, chondrocytes were treated

with a demethylase inhibitor to increase levels of

H3K9me3 and enhance the chondrogenic potential

of expanded chondrocytes. (B) Chondrocytes were

treated with a KDM4 demethylase inhibitor,

ML324 (10 mM), or the vehicle control (DMSO)

and imaged to assess nuclear architecture of

H3K9me3. (C) ML324 treatment decreased the nu-

clear area of PD8 and PD16 cells compared with

PD8 and PD16 DMSO controls (5SD, N ¼ 3 bio-

logical replicates, n> 25 nuclei/treatment/replicate).

(D) ML324 treatment also decreased the number of

H3K9me3 foci compared with DMSO controls.

(5SD, N ¼ 3 biological replicates, n > 25 nuclei/

treatment/replicate). (E) The average foci location

within the nucleus shifts from the periphery (1) to

the center (0) of the cell to PD16; however, the

ML324 treatment causes a shift in the distribution

of foci location toward the periphery of the cell

(box: 25th to 75th percentile,5SD, N ¼ 3 biological

replicates, n > 25 nuclei/treatment/replicate). (F)

With the treatment of ML324, the expression of

the chondrogenic genes SOX9 and COL2A1 is signif-

icantly upregulated and the dedifferentiation gene

COL1A1 is significantly downregulated by PD16

compared with DMSO controls (mean 5 SE, N ¼
3 biological replicates). *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. To see this figure

in color, go online.
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similar nuclear architecture to PD0-3D cells with low nuclear
area, low number of H3K9me3 foci, and low aspect ratios
(Fig. S4 B). The encapsulated PD8 and PD16 cells both had
a high number of H3K9me3 foci after 24 h. However,
throughout the 10 days in culture, the amount of H3K9me3
foci of the PD8-3D cells decreased to levels statistically
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similar to PD0-3D cells encapsulated for 1 day (Fig. 2 E; p¼
0.1681). At the same time, the mean number of foci observed
in the PD16-3D nuclei after 10 days remained higher than the
mean number ofH3K9me3 foci in the PD0-3D cells encapsu-
lated for 1 day (p< 0.0001).We concluded that the organiza-
tion of H3K9me3 depended on exposure time to the previous
2D stiff substrate, and thus the encapsulated chondrocytes re-
tained an intranuclear structural memory. Additionally, the
recovery of chondrogenic genes correlated with the hyaline
chondrocyte chromatin architecture (characterized by low
numbers of H3K9me3 foci).
Dedifferentiation genes did not retain dose-
dependent memory from the previous
environment

Given that the chromatin architecture of H3K9me3
correlated with changes in the chondrocyte phenotype, we
hypothesized that occupancy levels of H3K9me3 on a single
gene level would regulate the persistence of the dedifferen-
tiated phenotype in 3D culture. We specifically focused on
occupation of H3K9me3 on COL1A1, THY1, and VCAN
in the 3D culture since the occupation of H3K9me3
decreased during dedifferentiation. When assessing the
expression of dedifferentiation genes of encapsulated chon-
drocytes, we found that the expression levels did not show
evidence of a dose-dependent memory from the previous
environment. Unlike the expression of the chondrogenic
genes after encapsulation (Fig. 2 C), the exposure time to
2D culture prior to encapsulation did not influence the
magnitude of the decrease in dedifferentiation gene expres-
sion after 10 days in the hydrogel culture (Fig. 2 F). After
10 days, the expression of dedifferentiation genes of both
the PD8-3D and the PD16-3D cells decreased to similar
levels. However, the average change in expression of all
dedifferentiation genes from 1 to 5 days in culture was
greater for PD8 cells, suggesting that a memory from the
previous culture may have influenced the initial redifferen-
tiation rate. To further understand gene regulation of these
dedifferentiation genes in the hydrogels, we performed
ChIP on the 1 and 10 day samples and assessed the occu-
pancy levels of H3K9me3 and total H3 on the promoters
of the dedifferentiation genes (Figs. 2 G and S2 C). Overall,
we found that the occupancy levels of H3K9me3 on the
promoter of VCAN and THY1 was lower for PD8-3D and
PD16-3D cells compared with PD0-3D cells. Although
gene expression of the dedifferentiation genes for PD8-3D
and PD16-3D cells decreased over time, we did not find
that the occupancy levels of H3K9me3 increased. Instead,
we demonstrated that the levels of H3K9me3 on the pro-
moters of COL1A1, VCAN, and THY1 remained at statisti-
cally similar levels after 10 days for both PD8-3D and
PD16-3D cells. However, the density of total H3 protein
on promoters of COL1A1, VCAN, and THY1 of PD8-3D
and PD16-3D cells increased to statistically similar levels
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to PD0-3D cells after 10 days (Fig. S2 C), suggesting that
other regulatory mechanisms were important for suppress-
ing these dedifferentiation genes following encapsulation.
We did conclude that the occupancy level of H3K9me3 on
the promoters of VCAN and THY1 depended on whether
the chondrocytes were exposed to a 2D stiff environment
previously since PD8-3D and PD16-3D cells had lower
levels of H3K9me3 occupancy compared with PD0-3D cells
(Fig. 2 G). This observation suggested that epigenetic
changes that occurred during dedifferentiation were retained
in 3D culture. However, our results indicate that as a whole,
occupancy levels of H3K9me3 did not retain a gene level
memory of the dedifferentiated state when observing the
occupancy of H3K9me3 on COL1A1, VCAN, and THY1.
Suppressing levels of H3K9 methylation did not
prevent chromatin architecture remodeling or
dedifferentiation

Because our findings indicated a correlation between the
chromatin architecture of H3K9me3 and the chondrocyte
phenotype, we explored how decreasing H3K9 methylation
could alter chromatin architecture and potentially alter the
dedifferentiation process. We cultured chondrocytes from a
mouse model with an inducible histone H3K9M, which
acts as a global dominant negative inhibitor of H3K9 trime-
thylation. For controls, we used mice with an inducible
expression of H3WT (33). Unexpectedly, the overall chro-
matin architecture of H3K9M PD16 cells was not disrupted
and remained similar to the PD16 H3WT cells (Figs. 3, A
and C, and S1 C). Although the fluorescent intensity of
H3K9me3 (Figs. 3A and S5B) and the protein content shown
by Western blots (Figs. 3 B and S6 A) decreased, the number
of H3K9me3 foci, nuclear area, and aspect ratio of H3K9M
chondrocytes still increased with exposure time to a 2D stiff
mechanical environment (Figs. 3C and S1 C). Subsequently,
wewanted to understand if suppression ofH3K9methylation
led to changes in gene expression. With gene expression
profiling by RNA-seq, we found significant changes in
expression of 392 genes (Fig. 3 D); however, expression of
the majority of selected chondrogenic or dedifferentiation
genes (Table S1) of H3K9M chondrocytes did not change
significantly compared with H3WT control chondrocytes
(Fig. 3 E). To understand if there was a difference between
the dedifferentiation process of the H3K9M and H3WT
chondrocytes, we compared the gene expression profiles to
previously published gene expression data collected from
murine articular native chondrocytes (41). We found that
compared with the native articular chondrocytes, both
H3K9M and H3WT cells dedifferentiated (Figs. 3 F and
S7). Principal-component analysis revealed that H3K9M
and H3WT cells shared similar expression profiles but
clustered separately from native chondrocytes, suggesting a
similar adaptation to the 2D stiff culture (Fig. 3 F). Expres-
sion of chondrogenic genes (Sox9, Col2a1, Acan) for both
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H3K9M cells and H3WT cells decreased compared with
native chondrocytes (Fig. S7 A; Tables S2 and S3). Dediffer-
entiation genes (Col1a1, Col1a2, Thy1, Vim, Col3a1) all
increased compared with native controls (Fig. S7 B;
Tables S2 and S3). Vcan expression of H3K9M and H3WT
cells did not increase significantly comparedwith native con-
trols, which is likely due to the development timing of the
native chondrocyte cells since Vcan is known to be more
actively expressed in developing tissue compared with adult
tissue (50). Therefore, the suppression of H3K9me3 did not
prevent the chromatin architecture remodeling nor dediffer-
entiation of chondrocytes when exposed to stiff 2D substates,
further supporting our previous findings that changes in chro-
matin architecture correlated with changes in the chondro-
cyte phenotype.

Although both H3K9M and H3WT cells dedifferentiated
compared with native controls, gene expression differences
suggest that H3K9me3 was involved in regulating the
chondrocyte cell fate through influencing other pathways
that are not directly related to dedifferentiation. Decreased
H3K9me3 in mutant histone samples altered the expression
of genes that were related to cell fate commitment (Fig. S6
B), which was expected since H3K9me3 is a critical epige-
netic modification during the differentiation process (51).
While individual dedifferentiation genes did not change
significantly between H3WT and H3K9M samples, func-
tional annotation revealed that gene expression signatures
characteristic of chondrocytes were deenriched in H3K9M
samples (Fig. 3G). Assessment of the significantly changing
genes in these pathways revealed several downregulated
genes (e.g. Pth1r, Nkx3-4, Grem-1, Snai2, Chadl) that
lead to an osteogenic lineage when suppressed (Fig. S6 C)
(52–54). Overall, our results indicated that the presence of
H3K9me3 does protect a subset of specific chondrogenic
functional pathways, but the suppression of H3K9me3 does
not significantly influence the dedifferentiation process.
Demethylase inhibition partially restored both
chondrogenic H3K9me3 chromatin architecture
and gene expression following expansion on a
stiff 2D substrate

Since suppressing H3K9 methylation was not successful in
preventing the remodeling of chromatin architecture and the
dedifferentiation process, we hypothesized that inhibiting a
demethylase of H3K9me3, KDM4, throughout the expan-
sion process would retain the chondrogenic chromatin
architecture and increase the chondrogenic potential of
expanded chondrocytes (Fig. 4 A). This hypothesis is also
supported by our ChIP experimental findings since the
loss of H3K9me3 occupancy levels correlated with the
loss of the chondrocyte identity (Fig. 1 F). Additionally,
we found that the average normalized intensity of
H3K9me3 decreased with expansion time (Fig. S5 A), sug-
gesting that increasing levels of H3K9me3 may protect the
chondrogenic phenotype. When we treated cells with a
KDM4 inhibitor, ML324 (55), throughout the expansion
process, we confirmed that the ML324 treatment increased
levels of H3K9me3 intensity through imaging (Fig. S5 C).
During the expansion process, we found that chromatin
architecture (H3K9me3 foci, nuclear area) of ML324-
treated cells changed significantly compared with the
vehicle control (DMSO) cells (Figs. 4, B–D), yet the nuclear
aspect ratio did not change significantly compared with
DMSO controls (Fig. S1 D). With ML324, we found that
not only did the number of foci change but also the location
of the foci. Most foci in the treated cells appeared to be
concentrated around the periphery of the nucleus rather
than evenly throughout the nucleus like the DMSO controls
(Fig. 4 B). To quantify the shift in location of the foci, we
calculated the average normalized distance of all foci
from the center of the nucleus (value of 1 means the foci
was found toward the nuclear envelope, while a value of
0 means the foci was at the center of the nucleus). We found
that the average distance of foci from the periphery to the
center was lower for PD8 and PD16 DMSO control cells
(Fig. 4 E). However, with the ML324 treatment, the average
foci location from the center was higher and statistically
similar to the PD0 cells (Fig. 4 E). Additionally, ML324
treatment led to a significant increase in expression of
SOX9 and COL2A1 and a decrease in expression of
COL1A1 but did not decrease the expression of dedifferen-
tiation gene VCAN (Fig. 4 F). When comparing the cell
morphology of the ML324 expanded (PD16) cells compared
with the expanded (PD16) DMSO controls, we found that
the ML324-treated cells displayed less stress fibers, and
the overall actin intensity decreased (Fig. S8 A). When
comparing the gene expression of the PD16 ML324 cells
with the PD16-3D 1 day cells, we found that COL1A1
expression was lower and that COL2A1 expression
increased with the ML324-treated cells, while the gene
expression of other genes was statistically similar (Fig. S8
B). We also compared the gene expression of the PD16 cells
treated with ML324 with the gene expression of PD0 cells
and found that while the treatment does increase chondro-
genic gene expression compared with untreated PD16 cells,
the treatment does not maintain the PD0 state (Fig. S8 C).
Taken together, our results suggested that increasing levels
of H3K9me3, by inhibiting KDM4 enzymes throughout
the expansion process, partially protected the chondrogenic
phenotype by maintaining the chromatin architecture even
when cultured on stiff 2D substrates.
DISCUSSION

Our work demonstrated how cellular adaptations to the
mechanical environment can be encoded in altered gene
regulation through epigenetic modifications. As previously
demonstrated in the literature, we observed that longer
exposure times to stiff mechanical environments led to
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decreased cellular plasticity when transferred to new
mechanical environments. In our experiments, the plasticity,
or ability for cells to change phenotypes, was reflected by
alterations in the chromatin architecture of the epigenetic
modification H3K9me3. In response to a 2D stiff mechani-
cal environment, the chromatin architecture of chondrocyte
cells remodeled. When the chondrocytes were transferred to
3D hydrogels, the nuclear architecture persisted in a dose-
dependent manner according to exposure time to a 2D stiff
environment, demonstrating a structural nuclear memory of
H3K9 trimethylated chromatin. Notably, the chromatin
architecture of PD16 cells exposed to a 2D stiff substrate
persisted for at least 10 days. We also found that the change
in gene expression over a specified time in 3D culture was
greater for PD8-3D than PD16-3D cells, supporting the
idea that PD8-3D cells were more able to adapt quickly.
Therefore, transfer to a 3D environment only rescued the
chondrogenic potential of cells that had been exposed to a
stiff 2D substrate for less time (as in the case of PD8 cells).

To understand the role of H3K9me3 in regulating the
chondrocyte phenotype, we suppressed levels of H3K9me3.
Surprisingly, we found that lower levels of H3K9me3
did not influence the dedifferentiation processes signifi-
cantly. However, we noticed that the heterochromatin remod-
eling characteristic of the dedifferentiated phenotype still
occurred. When inhibiting the demethylase of H3K9me3
and effectively increasing levels of H3K9me3, the typical
chromatin remodeling of the dedifferentiation process was
partially prevented,whichwas also associatedwith increased
expression of chondrogenic genes. Therefore, we speculate
that the chromatin architecture of H3K9me3, not necessarily
the levels of H3K9me3, was associated with maintaining the
chondrocyte phenotype.

The decreased plasticity due to an exposure to a stiff 2D
mechanical environment suggested there was a limit to 2D
expansion time before cells no longer adapt to new environ-
ments. Specifically, for cartilage defect repair, these data
suggested that after expanding chondrocytes for PD16,
the chondrogenic potential, measured by changes in gene
expression of chondrogenic genes, decreased. However,
the dose-dependent mechanism that causes the change in
chromatin architecture is still unknown. Other studies
have demonstrated the role of nuclear localization of
transcriptional regulators (YAP/TAZ), which retained a
memory induced by exposure to stiff cultures and promoted
an osteogenic lineage (6). Similarly, levels of microRNA-21
expression have been shown to preserve a fibrotic cell fate
in rat mesenchymal stem cells, and the knockdown of
microRNA-21 erased the accumulated memory from
priming on stiff substrates (4). Perhaps, over time, the inter-
action and balance between less stable and more stable gene
regulatory mechanisms determined the threshold between
reversible and irreversible memory, and thus determined a
loss in plasticity, similar to a ball becoming more stable
while rolling down into a valley of Waddington’s landscape
1440 Biophysical Journal 122, 1428–1444, April 18, 2023
(Fig. 5) (56). For example, we found that as chondrocytes
dedifferentiated, the occupancy levels of H3K9me3
decreased by PD16 on dedifferentiation genes COL1A1,
VCAN, and THY1. However, the levels of H3K9me3 were
not lost at PD8, while the expression of these genes already
increased. It is possible that the loss of H3K9me3 was a
more stable epigenetic change, suggesting the PD16 cells
were less plastic, represented as a ball in a deeper valley
in Fig. 5. Future work should explore how the interaction
between H3K9me3 and other epigenetic mechanisms,
such as DNA methylation, histone methylation, or histone
acetylation, could contribute to the overall memory of
gene expression. For example, although the occupancy
levels of H3K9me3 of the PD8 cells remained elevated on
the promoters of dedifferentiation genes, other epigenetic
mechanisms (e.g., histone acetylation) or transcriptional
regulators could be activating the expression of these genes,
and these mechanisms of gene regulation could be less
stable or more transient. Alternatively, regulation of the
chromatin architecture could stem from the connection to
the cytoskeleton through the LINC complex. Our lab has
previously shown that dedifferentiation of chondrocytes
was associated with a decrease in expression of nuclear
envelope and LINC complex proteins, such as lamin A/C
and nesprins 1 and 2 (18). We hypothesize that dose-depen-
dent changes in nuclear envelope proteins could alter the
chromatin architecture, as shown previously (57). Changes
in nuclear envelope proteins may also alter the mechanical
properties of the nucleus, such as altering the viscoelastic
response (58). In turn, the nucleus could be more susceptible
to plastic deformation rather than elastic deformation,
similar to how the previously described ‘‘motor-clutch’’
mechanism depends on the balance between elastic and
plastic deformation in response to increased actomyosin
tension due to a stiff environment (59). Future work could
disrupt the protein expression of nuclear envelope proteins
or the LINC complex to explore how the nuclear integrity
influences the accumulation of memory and chromatin
remodeling. Overall, understanding how cellular plasticity
is controlled by the mechanical environment through
changes in epigenetic factors could provide information to
reverse the effects of cell expansion or optimize cellular
programming for tissue regeneration procedures.

One notable change in the nucleus of the dedifferentiated
chondrocyte was the increased number of H3K9me3 foci.
From a biophysics perspective, the formation of these
heterochromatin foci could be driven by liquid-liquid phase
separation, in which interactions between multivalent
macromolecules can cause the formation of separated
compartments (60). Functionally, these foci regions may
have represented chromocenters, composed of clusters of
pericentromeres and characterized by methylated DNA and
the occupation of H3K9me2/me3 bound to HP1 (61), but
we did not confirm this experimentally. Since centromeres
are responsible for correct chromosome segregation during



FIGURE 5 Our work suggests that there is a limit to chondrocyte expansion after which chondrocytes become less likely to redifferentiate, which we

represent as the PD16 ball rolling into a separate valley on Waddington’s landscape. Before reaching this less plastic state, in the PD8 state, chondrocytes

still have a greater potential to redifferentiate to the PD0 or native chondrocyte state when encapsulated in a 3D environment. Our results suggest that treat-

ments to inhibit epigenetic modifiers can reduce epigenetic barriers (shown in green), so PD16 cells are more likely to redifferentiate to the PD0 chondrocyte

state. To see this figure in color, go online.
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cell division (61), it would make sense that these chromocen-
ters may be more evenly distributed and accessible for
chromatin organization as the number of PDs increases
because chondrocytes are known to divide much more
quickly on 2D TCP environments when compared with 3D
environments or in vivo (49). Perhaps the increased cell divi-
sion required reorganization of chromatin architecture to
distribute chromocenters throughout the cell for efficient
segregation of chromosomes. Future work is needed to
explore how the nuclear architecture of PD0 chondrocytes
changes in response to cell division. Since our data indicate
that the most substantial change in chromatin remodeling
occurred between the PD0 and the PD8 states, exploring tem-
poral changes in the first cell divisions and experimentally
testing if the H3K9me3 foci coincide with chromocenters
will likely provide insight into the functional importance of
the H3K9me3 foci.

In addition to the number of foci, we found that there was a
shift in localization of H3K9me3 from the periphery of
the nucleus to being distributed throughout the nucleus
during dedifferentiation. Specifically, we highlight how the
ML324 treatment partially restores the increased localization
of H3K9me3 toward the nuclear envelope. As genes not
necessary for cell identity are generally repressed in the
lamina-associated domains (LADs), and as genes that are
actively transcribed are more likely found toward the center
Biophysical Journal 122, 1428–1444, April 18, 2023 1441
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(62,63), this change in chromatin architecture may reflect a
shift in cell phenotype and may represent the activation of
genes not necessary for the hyaline chondrocyte function.
For example, we hypothesize that the location of chondrocyte
dedifferentiation genes (e.g., COL1A1, VCAN, THY1) would
be foundmore toward the center of the nucleus as they become
activated during the dedifferentiation process, while chondro-
genic genes (e.g., COL2A1, ACAN, SOX9) may be found
closer to the periphery as they become suppressed. Future
work using DNA fluorescence in situ hybridization could
explore the localization of chondrogenic and dedifferentiation
genes to understand the role of chromatin organization.

The chromatin remodeling in response to the 2D stiff
environment could be partially due to the changes in cyto-
skeleton structure during dedifferentiation. Mechanical
strain can cause cytoskeleton remodeling, increased accumu-
lation of nuclear envelope proteins such as emerin, and global
chromatin rearrangements, including decreased localization
of H3K9me2/me3 in the LADs (57). Because the LADs are
connected to the cytoskeleton through the LINC complex,
the reorganization of chromatin in response to changes in
the cytoskeleton is plausible. Additionally, previous
work disrupting the cytoskeleton of chondrocytes has been
beneficial to attenuate the dedifferentiated state (46,64). We
postulate that the shift in chromatin architecture could
partially be due to the drastic changes in the cytoskeleton
that are known to disrupt the organization of H3K9me3.
When the chondrocytes are encapsulated, the cellular
morphology changes, and the actin cytoskeleton remodels
again. Consistent with previous literature, the change in
cell morphology is related to amore chondrogenic phenotype
(19). Although we observed a dose-dependent memory, the
3D culture eventually rescued the expression of SOX9, a
master regulator of chondrogenesis, over time in 3D culture.
Perhaps this change in gene expression is due to the change in
nuclear tension from the 3D environment, as expression of
SOX9 has been shown to be influenced by the mechanical
environment (28). Although the 3D environment rescues
the expression of SOX9, our experiments show that epige-
netic changes persist even with the change in cytoskeleton
structure, suggesting that other interventions could enhance
the effects of 3D encapsulation.

For this reason, we explored the effect of an epigenetic
treatment on chondrocytes during the dedifferentiation
process. Epigenetic treatments are increasingly being
approved by the FDA, supporting the feasibility of using
epigenetic treatments clinically (65–68). Additionally,
many epigenetic treatments have been shown to be useful
to direct the chondrocyte phenotype (13,69). We found
that the demethylase inhibitor ML324 altered the chromatin
architecture to appear more similar to that of native hyaline
chondrocytes, despite the persistent biophysical cues from
the in vitro expansion process. However, the chondrocyte
phenotype was not completely restored to the original native
state. Future work should be done to assess the advantage of
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ML324 and other epigenetic treatments in combination with
a return to 3D culture to increase the chondrogenic potential
of cultured chondrocytes.

Although the results from this study provide valuable
insight into how epigenetic remodeling is associated with
changes in chondrocyte cell fate, several limitations of this
study should be noted. While the HA-PEGDA hydrogels
presented an ideal tunable system to ensure a chondrogenic
response (36), this environment does not mimic the exact
collagen I/III matrix used in the MACI procedure or the
native cartilage in the knee joint. With an instantaneous
modulus of around 70 kPa and an equilibrium modulus
around 25 kPa (36), 2% HA-PEGDA gels are much less stiff
compared with native cartilage (70). However, the stiffness
more closely matches that of the collagen I/III matrix used
in the MACI procedure (71). Additionally, the porosity of a
2% HA-PEGDA gel (5–10 mm (72)) may also influence the
redifferentiation process. Future studies could explore how
varying the mechanical and physical properties of the
HA-PEGDA gels could influence chondrocyte cell fate. An
additional limitation of our study is that the KDM4 inhibitor
affects both the demethylation of H3K9me3 and H3K36me3
(45). Therefore, changes in chromatin architecture could also
be due to remodeling of the activation marker H3K36me3,
not only H3K9me3. However, since we were most interested
in heterochromatin changes, we chose to use ML324 instead
of a broad demethylase inhibitor (e.g., JIB-04) since this
demethylase inhibitor would also influence other heterochro-
matin markers, such as H3K27me3 (73).
CONCLUSIONS

Taken as a whole, our results reveal the influence of the
mechanical environment on cellular plasticity and the role
of chromatin remodeling during dedifferentiation and in
response to physical cues.An enigmaof chromatin regulation
is how epigenetic changes provide both stability and cellular
plasticity to internal and external signals. Ourwork addresses
this question, showing that exposure time to a stimulus deter-
mines the stability and plasticity of cellular responses.
Overall, a deeper understanding of how the physical environ-
ment influences chromatin remodeling and gene regulation
could both improve strategies for tissue regeneration and pro-
vide critical information about diseases and development.
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