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Autologous chondrocyte implantation
(ACI) is a surgical procedure used to
treat cartilage defects in articular
joints. It involves removing healthy
cartilage cells called chondrocytes
from a patient, cultivating them in a
laboratory for several weeks, and then
reimplanting them into the patient’s
joint to regenerate the damaged carti-
lage (1). Although ACI has been her-
alded as a promising technique for
cartilage repair, expanding primary
chondrocytes in conventional tissue
culture vessels results in the irrevers-
ible loss of the chondrogenic pheno-
type and the emergence of a fibrotic
one (2). This phenomenon, known as
chondrocyte dedifferentiation, has hin-
dered the clinical translation of ACI in
patients. In this issue of Biophysical
Journal, a study from Scott, Neu, and
colleagues (3) provides new insights
into how culturing chondrocytes on
stiff substrates leads to changes in
chromatin architecture and concomi-
tant loss of the chondrocyte phenotype,
which can be partially prevented by
treatment with chromatin modifying
inhibitors.

Cells detect and process biophysical
cues in order to direct cellular pro-
cesses such as migration, proliferation,
and differentiation (4). New evidence
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in the last decade suggests that cells
not only directly respond to their me-
chanical environment but also retain
information about their previous me-
chanical environment. Hinz and col-
leagues initially described mechanical
memory in the context of myofibro-
blast differentiation (5). In their ex-
periments, fibroblasts from a lung
explant differentiated into myofibro-
blasts when cultured on a stiff
(Young’s modulus of 100 kPa) silicon
substrate, whereas cells adhered to a
soft (Young’s modulus of 5 kPa) sub-
strate retained their fibroblast pheno-
type. Surprisingly, when fibroblasts
were primed on stiff substrates for a
short period of time, they developed a
myofibroblast phenotype, which was
reversible when the cells were replated
onto soft matrices. In contrast, fibro-
blasts that had been mechanically
primed for an extended period of time
on stiff substrates retained their myofi-
broblast phenotype when transferred to
soft matrices. Since this seminal study,
mechanical memory has been demon-
strated for the differentiation of bone
marrow stromal cells into preosteo-
blasts (6,7) and myofibroblasts (5,8)
and for collective migration of epithe-
lial cells (9).

In this study, Scott and colleagues
extend the concept of mechanical
memory to chondrocyte dedifferentia-
tion (3). To accomplish this, the re-
searchers expanded freshly isolated
bovine chondrocytes on tissue culture
plastic for 8 and 16 population dou-

blings (PDs) and found that PD8 and
PD16 chondrocytes lost their chondro-
genic phenotype as indicated by a
decreased expression of chondrogenic
marker genes (SOX9, COL2AI,
ACAN) and an increased expression
of fibrotic-related genes (COLIAI,
VCAN, THYI). PD8 and PD16 chon-
drocytes were then encapsulated in a
soft hyaluronic acid-polyethylene gly-
col diacrylate hydrogel and cultured
for an additional 10 days. PD8 chon-
drocytes, but not PD16 chondrocytes,
regained the chondrogenic phenotype,
suggesting that the duration of me-
chanical priming on a stiff substrate
instills a mechanical memory in
chondrocytes, which 1is consistent
with findings from previous research
(5,6,9,10).

To investigate how chondrocytes
encode mechanical memory, the re-
searchers zoomed in on chromatin ar-
chitecture. Double-stranded DNA is
wound around histone proteins (nucleo-
somes) in the nucleus, where it is
densely packed into chromosomes.
The winding and unwinding of chro-
matin, a process that is regulated by his-
tone deacetylases and demethylases
(unwinding) and histone acetyltrans-
ferases and methylases (winding),
render DNA promoter sites either avail-
able or hidden from binding to tran-
scription factors. In this study, the
researchers investigated the role of
the triple methylation modification on
the ninth lysine residue of histone 3
(H3K9me3) in establishing mechanical
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FIGURE 1

Mechanical memory in chondrocytes is encoded in chromatin architecture. Naive chon-

drocytes are expanded for 8 or 16 population doublings on tissue culture plastic. The stiff substrate
drives condensation of H3K9me3 chromatin throughout the nucleus and loss of chondrogenic potential
(red filled circles). Encapsulation in a soft hydrogel rescues chromatin architecture and chondrogenic-
ity of PD8 chondrocytes, but not of PD16 chondrocytes, suggesting that mechanical memory is estab-
lished between 8 and 16 population doublings. To see this figure in color, go online.

memory because H3K9me3 has been
linked to chromatin condensation under
mechanical load and is involved in
stem cell differentiation. The re-
searchers discovered that H3K9me3-
marked chromatin was found adjacent
to the nuclear envelope in PDO chon-
drocytes but appeared as distinct foci
dispersed throughout the nucleus in
PD8 and PD16 chondrocytes. The nu-
clear architecture of PDS8, but not
PD16, chondrocytes was restored to
that of PDO cells after encapsulation
in hydrogels, as measured by the local-
ization and number of H3K9me3 foci,
nuclear area, and aspect ratio of the nu-
cleus, and the expression of chondro-
genic genes in these cells was
recovered (Fig. 1).

Because correlation does not imply
causation, the researchers looked into
ways to change the chromatin architec-
ture by altering the expression of
H3K9me3-marked heterochromatin.
They started with chondrocytes iso-
lated from H3K9M mice, which have
an inducible histone H3.3 lysine-to-
methionine mutation that acts as a
global dominant negative inhibitor of
H3K9 trimethylation. It was hypothe-
sized that H3K9M chondrocytes would
have a more open chromatin structure,
making them less susceptible to
dedifferentiation than wild-type cells.
Surprisingly, despite the reduced tri-
methylation of H3K9, the chromatin
architecture of PD16 H3K9M chon-

drocytes when primed on stiff mechan-
ical substrates was comparable to
that of wild-type cells. Furthermore,
H3K9M chondrocytes dedifferentiated
to the same extent as wild-type cells,
indicating that decreasing levels of
H3K9 methylation had no effect on
stiffness-induced chromatin remodel-
ing and dedifferentiation.

In contrast, treatment of chondro-
cytes with ML324, a chemical inhibitor
of KDM4, a demethylase of H3K9me3,
increased H3K9me3 levels and pre-
served the naive chondrogenic chro-
matin  architecture  during  stiff
substrate culture, resulting in increased
SOX9 and COL2AI gene expression
while decreasing COLIAI expression.
Interestingly, ACAN, VCAN, and
THYI gene expression in PD16 chon-
drocytes remained unchanged when
ML324 was used versus DMSO con-
trols. Thus, increasing the levels of
trimethylated H3K9 only partially pro-
tected the chondrogenic phenotype
when cultured on stiff substrates.
Together, these data suggest that re-
modeling of the chromatin architecture
is an essential feature for encoding me-
chanical memory, and the native chro-
matin architecture can be preserved in
chondrocytes by increasing the levels
of H3K9me3.

These findings are consistent with
previous research showing that chro-
matin remodeling in response to stiff-
ness or mechanical loading instills
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mechanical memory in marrow stromal
cells (MSCs) (10,11). However, the
devil, as is often the case in research,
is in the details. MSCs, unlike chondro-
cytes, exhibit increased chromatin
condensation when adhered to soft
matrices, and stiffness priming prevents
chromatin condensation, likely through
the action of histone acetyltransferase 1
(11). Thus, how mechanical memory is
encoded in the chromatin architecture
may be cell-type specific. Despite these
differences, mechanical memory shares
significant similarities across cell types.
For example, only stiff substrates, not
soft substrates, appear to instill a me-
chanical memory in cells. And stiff-
ness-induced changes in chromatin
architecture often result in a loss of
the naive cell state with a concomitant
increase of fibrotic or osteogenic
markers. Therefore, it is tempting to
speculate that mechanical memory
may be part of a pathological mecha-
nism that drives fibrotic diseases. It re-
mains, however, to be demonstrated if
cells acquire a mechanical memory in
in vivo settings, for example, in stiff
tumors or fibrotic lesions.
Nevertheless, even if mechanical
memory is a phenomenon that only
manifest in vitro, then preventing or
erasing mechanical memory could
serve as a tool to mitigate undesired
phenotypic changes that occur during
cell culture. Hinz and colleagues
demonstrated proof of concept by
transplanting MSCs into a dermal
wound, which improved wound healing
by reducing scarring and suppressing
myofibroblast formation and tissue
contracture when the cells were either
expanded on soft substrates or memory
erased by knocking down miR-21
levels (8). Given that the chondrogenic
phenotype is better preserved in chon-
drocytes that are expanded on soft
matrices (5kPa) (12), and based on
this work of the Neu group showing
the potential use of KDM4 inhibitors
to preserve the chondrogenic pheno-
type when cells are expanded on a stiff
substrate (3), epigenetic resetting of
mechanical memory prior to chondro-
cyte transplantation may hold promise
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for regenerating stable cartilage in vivo.
Although the field has yet to fully
comprehend how stiffness and mechan-
ical loading lock the chromatin archi-
tectures in a specific state, treatment
of cells with chromatin-modifying
agents may one day find its way to the
toolkit of the 21st century cell culturist.
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