
Epigenetic dynamics in meniscus cell
migration and its zonal dependency
in response to inflammatory conditions

Cite as: APL Bioeng. 9, 016109 (2025); doi: 10.1063/5.0239035
Submitted: 16 September 2024 . Accepted: 7 February 2025 .
Published Online: 20 February 2025

Yize Zhang,1,2 Ellen Y. Zhang,1,2 Catherine Cheung,1,2 Yuna Heo,1,2 Bat-Ider Tumenbayar,3

Se-Hwan Lee,1 Yongho Bae,4,5 and Su Chin Heo1,2,a)

AFFILIATIONS
1McKay Orthopaedic Research Laboratory, Department of Orthopaedic Surgery, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, Pennsylvania 19104, USA
2Department of Bioengineering, School of Engineering and Applied Science, University of Pennsylvania, Philadelphia, Pennsylvania
19104, USA

3Department of Pharmacology and Toxicology, Jacobs School of Medicine and Biomedical Sciences, University at Buffalo, Buffalo,
New York 14203, USA

4Department of Pathology and Anatomical Sciences, Jacobs School of Medicine and Biomedical Sciences, University at Buffalo,
Buffalo, New York 14203, USA

5Department of Biomedical Engineering, School of Engineering and Applied Sciences, University at Buffalo, Buffalo, New York
14203, USA

a)Author to whom correspondence should be addressed: heosc@pennmedicine.upenn.edu

ABSTRACT

Meniscus injuries are challenging to treat due to the tissue heterogeneity and limited treatment efficacy. Understanding meniscus cell migration,
crucial for healing, remains incomplete, especially its zonal dependency. This study explores how epigenetic mechanisms affect meniscus cell
migration under inflammation, focusing on healing implications. Distinct histone modifications and chromatin dynamics between inner and outer
cells were observed during migration, emphasizing the need to consider these differences in repair strategies. Furthermore, tumor necrosis factor
alpha (TNF-a), a proinflammatory cytokine, slows inner meniscus cell migration, while outer cells remain unaffected, indicating a zonal response.
Interestingly, TNF-a differentially alters histone modifications, particularly H3K27me3, between the cell types. Transcriptome analysis showed sig-
nificant gene expression changes with inner cells more affected than outer cells. Gene cluster analysis revealed different responses in chromatin
remodeling, extracellular matrix assembly, and wound healing between zones. We further identified potential therapeutic targets by using epigenetic
drugs, GSKJ4 (a histone demethylase inhibitor) and C646 (a histone acetyltransferase inhibitor), which restored inner meniscus cell migration under
inflammatory conditions, highlighting their potential in treating meniscus tears. This highlights their potential utility in treating meniscus tear inju-
ries. Overall, our findings elucidate the intricate interplay between epigenetic mechanisms and meniscus cell migration, along with its meniscus zonal
dependency. This study provides insight into potential targets for enhancing meniscus repair and regeneration, which may lead to improved clinical
outcomes for patients with meniscus injuries and osteoarthritis.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0239035

INTRODUCTION

The meniscus plays a crucial role in knee joint function, pro-
viding load-bearing support, shock absorption, and joint stability
in the knee.1–3 Prevalent among the middle-aged and elderly,
meniscus injuries pose a considerable challenge, particularly
within the avascular zone where intrinsic healing is limited.4–6

Current treatment options often involve arthroscopic surgeries,
including meniscectomy, which alleviate pain and prevent joint
locking, but unfortunately, they many inadvertently hasten osteo-
arthritis progression.7–9 Thus, elucidating the factors that govern
meniscus repair and regeneration is crucial for devising effective
therapies.
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Pro-inflammatory cytokines, especially tumor necrosis factor
alpha (TNF-a), are implicated in both meniscus injury10 and osteoar-
thritis pathogenesis.11 Studies have shown elevated TNF-a levels in
synovial fluid post meniscus injury are associated with subsequent
osteoarthritis.12–14 Notably, TNF-a impedes the healing process of
meniscus tissue post injury,11,15 whereas its inhibition via receptor
antagonists fosters integrative meniscus repair.11 Nonetheless, existing
studies often overlook the zonal-dependent mechanical and biological
properties of the meniscus in understanding the impact of injury on
cellular behaviors in the meniscus.

The meniscus is composed of zones with distinct characteristics:
the peripheral one-third (outer zone) is vascularized, whereas the inner
one-third (inner zone) is avascular.16 This zonal variation in vascular-
ity likely influences cellular behavior and the response to injury.
Meniscus cells are commonly classified into fibroblast-like cells,
chondrocyte-like cells, and intermediate cells exhibiting characteristics
of both.1,17,18 Specifically, outer zone cells are typically oval and fusi-
form in shape, resembling fibroblasts in both appearance and behavior,
and are thus classified as fibroblast-like cells. In contrast, inner zone
cells are rounder and exhibit chondrogenic characteristics, leading to
their classification as chondrocyte-like cells.17–19 Such phenotypic dis-
parity leads to diverse extracellular matrix (ECM) compositions; the
inner zone contains substantial amounts of both type-I and type-II col-
lagen and higher aggrecan content, while the outer meniscus zone pre-
dominantly contains type-I collagen.16,20–22 These zonal distinctions in
ECM composition suggest that factors influencing meniscus repair
and regeneration are zone dependent. Consequently, comprehending
these zone-dependent differences is essential for developing effective
repair and regeneration strategies.

Intrinsic healing of meniscus tears necessitates proper cell
migration to the injury site, a process governed by intricate pheno-
typic and transcriptional changes, which are in turn tightly regu-
lated by epigenetic modifications.23–25 There is growing evidence
that global histone reorganization, marked by alterations in chro-
matin condensation, is essential for efficient cell migration. These
changes in chromatin structure facilitate the dynamic reconfigura-
tion of the nucleus, thereby facilitating cellular movements during
migration.25–27 Advances in super-resolution microscopy such as
stochastic optical reconstruction microscopy (STORM) have made
it possible to visualize and quantify chromatin organization at the
nanoscale.26,28,29 Research employing STORM has demonstrated
that a comprehensive reorganization of chromatin is necessary for
meniscus cell migration within the dense fibrous networks of
tissues.26 However, the specific epigenetic mechanisms that drive
the migration of meniscus cells, particularly the differential
responses of inner and outer meniscus cells in response to injury
and pro-inflammatory cytokines, remain to be elucidated. Tri-
methylation of Histone H3 lysine 27 (H3K27me3) is pivotal in
orchestrating phenotypic and transcriptomic alterations, signifi-
cantly impacting cell migration across diverse cell types.23–25

The downregulation of H3K27me3 levels via siRNA-mediated
knockdown of EZH2 (the enzyme responsible for this specific
methylation as a subunit of the polycomb repressive complex 2)
has been observed to modulate cell migration in fibroblasts, mes-
enchymal stem cells, epithelial cells, and cancer cells.30–33 These
observations highlight the regulatory importance of H3K27me3 in
cell motility within various biological settings. However, the

specific contributions of H3K27me3 to meniscus cell migration,
particularly its role in cells from different zones of the meniscus
before and after injury, remain to be fully elucidated.

Thus, the objective of this study is to investigate the impact and
zonal dependency of epigenetic mechanisms on meniscus cell migra-
tion. We particularly aim to explore how inflammatory conditions
modulate the migratory behaviors of inner and outer meniscus cells
migration. Furthermore, we interrogate the epigenetic mechanisms by
which inner and outer meniscus cells respond differently to proinflam-
matory cytokine TNF-a by focusing on discrepancies in histone modi-
fications along with global chromatin reorganization. This research
offers valuable insight into the intricate interplay between epigenetic
factors, inflammation, and meniscus cell behavior. Furthermore, this
study also highlights the therapeutic potential of epigenetic manipula-
tion, as evidenced by the restoration of cell migration speed following
the inhibition of specific histone modifiers. Taken together, our study
demonstrates that the migratory capacity of inner meniscus cells can
be restored under TNF-a treatment through the small molecule modu-
lation of histone methylation. This suggests a promising direction for
epigenetic-targeted therapies aimed at intrinsic meniscus regeneration
amidst inflammatory conditions. By advancing our comprehension of
the epigenetic regulation of meniscus cell migration and its zonal
dependency, this study makes a significant contribution to the field of
meniscus repair and regeneration.

RESULTS
Differential histone modification patterns and
chromatin dynamics drive distinct migration behaviors
in inner and outer meniscus cells

To assess the baseline migration behaviors of inner and outer
meniscus cells, juvenile bovine meniscus inner and outer cells were
seeded onto 12-well tissue culture plates, and a wound closure
“scratch” assay was performed over a 12-h period [Figs. 1(a) and 1(b)].
The 12-h timeframe was specifically chosen to minimize the influence
of cell proliferation on closure, as large-animal meniscus cells exhibit
extremely low proliferation rates under standard cell culture condi-
tions.34–36 This ensured that the wound closure process primarily
attributable to individual cell migration (supplementary material
Fig. 1). Quantitative analysis showed that both inner and outer cells
exhibited comparable migration speeds and wound closure rates at
12h post-scratch [Fig. 1(c)].

Next, to explore the changes in histone modification landscapes
during migration, we compared histone modification markers between
cells at the leading edge (“Front”) and those at the rear back (“Back”)
of the migration process [Fig. 1(d)]. This comparison aimed to discern
histone modification differences between the cells actively migrating at
the front and those lagging at the back. Notably, we observed that the
intensity of H3K27me3 (trimethylation of lysine 27 on histone H3, a
marker of repressed facultative heterochromatin predominantly local-
ized within the nuclei; supplementary material Fig. 2) in inner cells at
the migration “Front” was higher than that in inner cells at the migra-
tion “Back” 1-h post-scratch [Figs. 1(d) and 1(f)]. As migration pro-
gressed, the intensity of H3K27me3 gradually increased with cells
further from the migration front eventually matching the intensity lev-
els observed at the migration leading edge over the course of 12 h, sug-
gesting dynamic shifts in histone modification patterns during
migration [Figs. 1(e) and 1(f)]. More intriguingly, the baseline level of
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H3K27me3 in the inner cells was consistently higher than that in the
outer cells throughout the migration [Figs. 1(e) and 1(f)]. Similarly,
inner cells exhibited a higher average intensity of the heterochromatin
marker H3K9me3 (tri-methylation of lysine 9 on histone H3, a
repressed constitutive heterochromatin marker), although no

significant changes in H3K9me3 levels were detected in either cell type
during migration (supplementary material Fig. 3). There was no signif-
icant difference in the baseline intensity of the euchromatin marker
H3K4me3 (tri-methylation of lysine 4 on histone H3, indicative of
active euchromatin) between these cells (p> 0.05), with an observed

FIG. 1. H3K27me3 requires for inner meniscus cell migration: (a) Schematic illustrating isolation of inner and outer zone meniscus cells. (b) Representative images of wound
closure assay in inner or outer meniscus cells (scale bar: 500 lm) and (c) results quantified as percent wound closure over time (3 different donors in triplicate, ��: p< 0.01.
Mean 6 SD). (d) Schematic illustrating H3K27me3 immunofluorescence intensity measurement in inner or outer cells located at the migration front (Front) vs 10 cell layers
behind the migration front (Back). Representative immunofluorescence images and quantifications of (e) and (f) H3K27me3 (�: p< 0.05 vs Outer Back, þ: p< 0.05 vs Outer
Front, #: p< 0.05 vs Inner Back, Mean 6 SD), or (g) and (h) H3K4me3 (scale bar: 100 lm) after scratch (n> 100 cells/group, ��: p< 0.01, ���: p< 0.001). (i) Representative
H2B-STORM images and (j) percent change in chromatin condensation in nuclei at the migration “front” during migration (n¼ 7/group, ��: p< 0.01, ����: p< 0.0001. Mean 6
SD). (k) Comparison of inner vs outer meniscus cell migration with/without treatment with an EZH2 Inhibitor (GSK343, 10 lM, n¼ 6/group �: p< 0.05, Mean6 SD).
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increase in intensity only in the outer cells during migration [Figs. 1(g)
and 1(h)]. Similar changes were observed in H3K9ac (acetylation of
lysine 9 on histone H3, an active euchromatin marker) throughout the
migration process (supplementary material Fig. 4). These results point
to distinct histone modification pattern alterations between inner and
outer meniscus cell migration. Notably, H3K27me3 appears to play a
more pronounced role in the migration of inner meniscus cells.

Upon noting the distinct roles of H3K27me3 in the migration of
inner and outer meniscus cells, we further investigated differences in
the global chromatin condensation level changes between these cell
types during migration. Utilizing super-resolution stochastic optical
reconstruction microscopy (STORM), we examined the nanoscale
organization of histone H2B (H2B) to assess the global chromatin con-
densation in the nuclei of both cell types. For this, the inner and outer
meniscus cells were fixed at short-term (1 h) and long-term (12h)
intervals post-scratch to trigger migration. Initial observations at 1-h
post-scratch indicated increased chromatin condensation levels at the
migration front in both inner and outer cells, suggesting that chroma-
tin condensation is an early event in cell migration for both cell types
[Figs. 1(i) and 1(j)]. However, interestingly, long-term observations at
12 h revealed sustained chromatin condensation in inner cells, whereas
outer cells exhibited a significant reduction in chromatin condensation
compared to both control and inner cells [Figs. 1(i) and 1(j)]. This
indicates a differential regulation of chromatin dynamics during
extended migration periods in these cell populations.

Building on the observed changes in histone methylation during
the cell migration, we further investigated the necessity of H3K27me3
(the histone modification with significant changes during migration
and marked differences between inner and outer cells) for proper cell
migration. For this, we utilized GSK343, a selective inhibitor of
Enhancer of Zeste Homolog 2 (EZH2), which catalyzes the methyla-
tion of lysine 27 on histone H3. GSK343 was administered to both
inner and outer cells approximately 12 h prior to creating the scratch,
and its presence was maintained during migration induction. The
impact of EZH2 inhibition on cell migration was assessed using the
wound closure assay (WCA). Intriguingly, while GSK343 treatment
reduced the migration speed of inner meniscus cells, it did not affect
the migration speed of outer meniscus cell [Fig. 1(k)]. These findings
imply that H3K27me3 and its associated chromatin condensation play
a more specific role in the regulation of inner meniscus cell migration.

Zone-dependent effects of inflammation onmeniscus
cell migration via nanoscale histone reorganization

Given the known inflammatory responses triggered by meniscal
injury,12–14 which influence migratory behavior of endogenous menis-
cus cells,11,15 we further investigated the impact of TNF-a, a key pro-
inflammatory cytokine, on the migration of meniscus cells. For this,
juvenile bovine meniscus cells from the inner and outer zones were
cultured in 12-well cell culture plates to 80% confluency before the pre-
treatment with TNF-a overnight. Subsequently, a wound closure assay
(WCA) was performed, and cell migration was visually assessed 12h
post-induction [Fig. 2(a)]. Notably, TNF-a treatment markedly
reduced the migration speed of exclusively the inner zone cells,
whereas the outer zone cells’ migration remained unaffected when
compared to the untreated control groups (Ctrl) [Figs. 2(b) and 2(c)].
These findings suggest zone-dependent responses of meniscus cells in
response to inflammatory stimuli.

Observing that histone modification levels fluctuate during
meniscus cell migration (Fig. 1), our subsequent analysis focused on
the potential influence of TNF-a treatment on the migration velocity
of meniscus cells via alterations in histone modification levels. To
explore this, Inner and outer meniscus cells, cultured to 80% conflu-
ency, were subjected to fixation and staining for histone modification
markers (H3K27me3, H3K9me3, and H3K4me3) following a 12-h
exposure to TNF-a. Consistent with prior observations in Fig. 1, inner
cells exhibited elevated baseline levels of the heterochromatin marker
H3K27me3, which were notably diminished by TNF-a treatment—a
response not mirrored in outer cells [Figs. 2(d) and 2(e)]. Conversely,
the baseline levels of H3K9me3 were higher in inner cells, yet TNF-a
treatment led to a reduction in both cell types, with outer cells experi-
encing a more pronounced decrease [Figs. 2(h) and 2(i)]. Interestingly,
the euchromatin marker H3K4me3 displayed no initial disparity
between cell types; however, TNF-a treatment resulted in an increase
in inner cells and a decrease in outer cells [Figs. 2(f) and 2(g)]. These
results suggest that TNF-a selectively modulates histone modification
patterns in meniscus cells, particularly diminishing heterochromatin
markers and augmenting euchromatin markers within inner cells.
Further examination of global chromatin condensation levels during
cell migration utilizing STORM-H2B imaging, revealed that inner cells
at the migration forefront experienced a more substantial reduction in
chromatin compaction following TNF-a treatment compared to outer
cells (supplementary material Fig. 5). These findings indicate an overall
trend wherein inner cells respond more sensitively to TNF-a treatment
regarding H3K27me3 levels and chromatin condensation status,
thereby experiencing a more significant decrease in migration speed
under inflammatory conditions.

Transcriptomic divergence in inner and outer
meniscus cells in response to TNF-a

Given the distinct impact of TNF-a on histone modifications and
chromatin organization, influencing cell migration dynamics in inner
and outer meniscus cells, we further hypothesized that TNF-a treat-
ment would differentially alter the transcriptomic profiles in these cell
populations. To explore this hypothesis, we performed a comprehen-
sive whole-transcriptome analysis using mRNA samples from four
experimental conditions: outer control (OC), outer TNF-a treatment
(OT), inner control (IC), and inner TNF-a treatment (IT). By quanti-
fying expression levels of 27607 transcripts through next-generation
sequencing, we aimed to uncover differences and commonalities across
samples. Our unsupervised analysis, visualized via a principal compo-
nent analysis plot (PCA, supplementary material Fig. 6) revealed that
samples clustered primarily based on TNF-a treatment status along
the PC1 axis, emphasizing the pivotal role of TNF-a in driving tran-
scriptomic changes. Notably, within each treatment condition, the
outer and inner meniscus samples exhibited distinct segregation along
the PC2 axis, highlighting divergent transcriptomic responses to TNF-
a treatment in these two cell subpopulations.

We further conducted a likelihood ratio test (LRT) with a strin-
gent threshold of p< 0.001 to identify 2284 significantly altered tran-
scripts across experimental conditions. To gain unbiased insight into
the transcriptome alterations upon TNF-a treatment, we applied k-
means clustering, an unsupervised machine learning method, on LRT-
significant genes. K-means clustering divides data into k separate
groups based on expression profile similarity, enabling us to identify
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different clusters with consistent gene expression patterns across sam-
ples without prior information. As shown in the heatmap [Fig. 3(a)],
the k-means clustering divided the 2284 LRT-significant genes into
six distinct clusters. Notably, clusters 1 and 5 exhibited divergent

expression patterns in inner and outer meniscus cells following TNF-a
treatment. To elucidate the functional relevance of these clusters, we
performed gene ontology (GO) enrichment analysis. Cluster 1 was sig-
nificantly enriched for biological processes related to chromatin

FIG. 2. TNF-a decreases inner but not outer meniscus cell migration speed via modulation of H3K27me3 levels. (a) Schematic showing the design of the TNF-a treatment study (12-h
overnight treatment). (b) Representative images of wound closure assay (scale bar: 1mm) and (c) results quantified as percent wound closure over time (performed in triplicate with cells
from three different donors, ���: p< 0.001, Mean6 SD). Representative immunofluorescence images and quantifications of (d) and (e) H3K27me3, (f) and (g) H3K4me3, or (h) and (i)
H3K9me3 (scale bar¼ 100lm) in inner or outer meniscus cells treated with/without TNF-a (���: p< 0.001, ����: p< 0.0001, n> 100 cells/group).
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remodeling, cell cycle regulation, and protein localization to chromo-
somes [Fig. 3(b)]. This suggests distinct responses of inner and outer
meniscus cells in these cellular processes upon TNF-a treatment.
Furthermore, cluster 5 was enriched for processes associated with
extracellular matrix assembly, wound healing, and cell migration
[Fig. 3(c)]. Focusing specifically on cell migration-related genes, TNF-
a treatment elicited distinct responses in inner vs outer meniscus cells.
Inner meniscus cells exhibited more pronounced changes in
migration-related gene expression levels compared to outer cells, indi-
cating heightened sensitivity to TNF-a treatment [Fig. 3(d)].
Furthermore, TNF-a differentially regulated chondrogenic gene
expression between inner cells (IC) and outer cells (OC), further
emphasizing their distinct characteristics (supplementary material Fig.
7).

To further investigate the differential transcriptomic responses
elicited by TNF-a treatment in inner and outer meniscus cells, we per-
formed differential expression analysis and identified differentially
expressed genes (DEGs). This analysis revealed a total of 1266 DEGs
when comparing inner control (IC) vs inner tnf-a treatment (IT), with
785 genes upregulated and 481 genes downregulated [Fig. 3(e)].
Similarly, the comparison between outer control (OC) and outer TNF-
a treatment (OT) identified 1082 DEGs, consisting of 710 upregulated
and 372 downregulated genes [Fig. 3(f)]. Notably, an examination of
the top 30 upregulated and downregulated genes indicated that over
50% of these genes exhibited divergent expression between the inner
and outer meniscus cells (supplementary material Tables 1 and 2).
These data indicate the unique transcriptomic changes induced by
TNF-a treatment in each cell population, reflecting their distinct
responses to inflammatory conditions.

Differential expression and distribution of TNF-a
receptors in inner and outer meniscus cells

The distinct migration behaviors of inner and outer meniscus
cells under TNF-a treatments led us to hypothesize that these differ-
ences might be attributed from variations in the presence of TNF-a
receptors in these cells. Thus, we focused on two major TNF-a recep-
tors, TNF-a receptor 1 (TNFR1) and TNF-a receptor 2 (TNFR2), both
integral to cellular processes in mammalian cells. Employing macro-
scopic immunofluorescence and super-resolution STORM imaging,
we compared the baseline levels of TNFR1 and TNFR2 in both cell
types. Immunofluorescence analysis indicated a significantly higher
intensity of TNFR1 in inner meniscus cells compared to outer cells
[Figs. 4(a) and 4(b)]. Additionally, at the nanoscale level, we employed
STORM imaging for cells fixed and stained with TNFR1 antibodies
and then calculated the density of TNFR1 present on the cell mem-
brane. Consistent with the immunofluorescence data, STORM images
of TNFR1 revealed a significantly higher density in inner cells com-
pared to outer cells [Figs. 4(c) and 4(e)]. We also observed that the
TNFR2 expression was higher in inner compared to outer meniscus
cells, though the differences are not as significant as those for TNFR1
(supplementary material Fig. 8). These findings suggest that the differ-
ential distribution and density of TNF surface receptors between the
inner and outer meniscus cells contribute to the divergent responsive-
ness to TNF-a. Specifically, the higher levels and density of TNFR1 in
inner meniscus cells may lead to more significant changes in histone
modification and chromatin condensation levels, thereby influencing
cell migration under inflammatory conditions.

Selective inhibition of histone enzyme activation
restores TNF-a-mediated migration in inner meniscus
cells

Recognizing the pivotal role of H3K27me3 in TNF-a-mediated
reduction of inner meniscus cell migration speed, we next hypothe-
sized that altering the histone methylation levels affected by TNF-a
could potentially restore the impaired migration speed. To test this
hypothesis in this study, we leveraged established epigenetic drugs tar-
geting key histone modification processes. Specifically, we employed
GSKJ4, an inhibitor of the H3K27me3 demethylase JMJD3, known to
elevate the overall level of H3K27me3 in cells,37–40 and C646, an inhib-
itor of the histone acetyltransferase p300, which reduces the overall
level of histone acetylation.41–43

To evaluate the potential therapeutic strategies for meniscus heal-
ing, we evaluated the effects of GSKJ4 and C646 on the migration
speed of inner meniscus cells under TNF-a-induced inflammatory
conditions. Our wound closure assay results were promising, showing
that a 12-h treatment with GSKJ4 at both low (2lM, GSKL) and high
doses (5lM, GSKH) partially restored the migration capacity of TNF-
a-treated inner meniscus cells [Figs. 5(a) and 5(c)]. Similarly, pretreat-
ment with C646 at low (10lM, C646L) and high doses (30lM,
C646H) also led to partial recovery in migration capacity under TNF-
a treatment [Figs. 5(a) and 5(c)]. These findings suggest that the
epigenetic modulation by GSKJ4 and C646 can effectively counteract
the histone methylation alterations induced by TNF-a, potentially fos-
tering a transcriptional environment conducive to cell migration.
Considering the chronic inflammation and impaired healing associ-
ated with meniscal injuries, repurposing GSKJ4 and C646 emerge as a
novel therapeutic approach to enhance recovery. Future studies should
focus on the long-term effects of these treatments on meniscus cell
behavior and their potential to enhance functional recovery in vitro
and in vivo. Further exploration of the gene expression profiles and sig-
naling pathways affected by these epigenetic drugs will provide insight
into their mechanisms of action for developing targeted therapies for
musculoskeletal injuries. Taken together, this study reveals that the
modulation of histone methylation and acetylation can significantly
influence the migratory behavior of meniscus cells, potentially offering
new therapeutic intervention for enhancing tissue repair.

DISCUSSION

Meniscus injuries are common and challenging to treat, particu-
larly in the avascular inner zone where current interventions like sutur-
ing or meniscectomy fall short. Thus, there is a pressing need for the
development of new treatment methods. To address the unmet clinical
needs, in this study, we aimed to investigate the impact of epigenetic
mechanisms on meniscus cell migration under inflammatory condi-
tions, and understand the differential histone modification patterns
and chromatin dynamics driving distinct cell migration behaviors with
the ultimate goal of pioneering epigenetic-based therapies for meniscus
repair. Here, we established that the histone modification marker
H3K27me3 plays a critical role in facilitating the proper migration of
inner meniscus cells under inflammatory conditions. Furthermore, we
elucidated the alterations in chromatin condensation and transcrip-
tomic profiles that contribute to the observed migration pattern of
inner meniscus cells.

Our objectives were to elucidate the epigenetic mechanisms
influencing meniscus cell migration under inflammatory conditions
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FIG. 3. Transcriptomic landscape alterations in inner and outer meniscus cells upon TNF-a treatment. (a) Heatmap displaying expression patterns and K-means clustering (six
clusters) of 2284 likelihood ratio test (LRT)-significant genes (p< 0.001) across four conditions: outer control (OC), outer TNF-a (OT), inner control (IC), and inner TNF-a (IT).
Bubble plots showing representative biological processes enriched in (b) cluster 1, related to chromatin remodeling, cell cycle, and protein localization to chromosomes, and (c)
cluster 5, associated with extracellular matrix assembly, wound healing, and cell migration. Bubble size represents the number of genes associated with each process and color
intensity shows significance level �log10(p-value). (d) Heatmap displaying expression pattern of cell migration-related genes across IC, IT, OC, and OT measured in Z-score.
Volcano plots show the distributions of differentially expressed genes (DEGs) in (e) IT vs IC or (f) OT vs OC comparisons.
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and to explore therapeutic avenues for enhancing meniscus repair. To
this end, we exposed inner and outer meniscus cells to TNF-a known
to impede repair processes.44–46 Notably, our experiments confirmed
that TNF-a significantly curtails the migration speed of inner meniscus
cells without affecting outer cells. This led us to probe deeper into the

associated histone modification and transcriptomic changes.
Consequently, we administered existing epigenetic drugs targeting
histone acetyltransferase and histone demethylase to restore the
migratory capability of inner meniscus cells under inflammatory
conditions.

FIG. 4. Baseline TNFR1 expression is
higher in inner cells compared to outer
cells. (a) Representative immunofluores-
cence images of TNF-a Receptor 1
(TNFR1) in inner or outer cells (scale
bar: 100 lm) and (b) quantification of
TNFR1 intensity (n> 100 cells/group,
����: p< 0.0001). (c) Nanoscale
TNFR1 distribution measured in three
random areas per cell, and representa-
tive (d) TNFR1 STORM images and
density map, and (e) quantifications of
TNFR1 density (number of TNFR1
localizations per total area, demonstrat-
ing significantly higher density in inner
cells, n> 100 measurements/group,
mean6 SD).
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We discovered pronounced differences in histone modification
patterns and chromatin organization between the two cell types during
migration. Notably, inner meniscus cells exhibited higher levels of the
heterochromatin marker H3K27me3 compared to outer meniscus cells
during migration. The selective inhibition of EZH2, which aimed to
reduce H3K27me3 levels, resulted in a decreased migration speed
exclusively in inner cells, aligning with findings in other cell types.30–33

Conversely, outer meniscus cells remained unresponsive to EZH2 inhi-
bition, underscoring a specific regulatory role for H3K27me3 in inner

cell migration. Furthermore, TNF-a treatment was found to selectively
reduce H3K27me3 levels in inner cells. While the exact mechanism
behind TNF-a’s induction of zonal-dependent epigenetic changes is
not fully understood, the differential response hints at distinct sensitiv-
ities to pro-inflammatory signals between inner and outer meniscus
cells. This could be due to the higher density of TNF-a receptors on
inner meniscus cells. These insights accentuate the importance of con-
sidering the zonal properties of the meniscus when addressing its
inflammatory response. The zonal-dependent impact of TNF-a on

FIG. 5. GSKJ4 and C646 restore inner meniscus migration speed under TNF-a treatment. (a) Schematic illustrating the design of the epigenetic drug treatment study. Inner
meniscus cells were subjected to TNF-a overnight treatment, followed by 12 h of co-treatment with TNF-a and epigenetic drugs before performing the 12-h scratch assay. (b)
Wound closure assay images demonstrating the effects of drug treatments (scale bar¼ 1mm). (c) Quantification of wound closure over time, expressed as percent wound
closure (n¼ 5–6 per condition from three different donors; ���: p< 0.001, ����: p< 0.0001. Mean 6 SD, L: low dose, H: high dose).
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histone modifications could be pivotal in developing targeted therapies
for meniscus injuries.

Our study elucidated differential changes in global chromatin
condensation between inner and outer meniscus cells during extended
migration. We observed that chromatin condensation in inner cells
not only persisted but increased over time, whereas it decreased in
outer cells. This observation supports the “pack and go” hypothesis,
which posits that chromatin condensation is essential for initiating cell
migration.25–27 The sustained increase in chromatin condensation in
inner cells may reflect enduring transcriptional changes linked to their
migratory phenotype. Conversely, the reduction in chromatin conden-
sation in outer cells could suggest a distinct transcriptional program
that facilitates their migration. To understand the disparate epigenetic
responses of inner and outer meniscus cells to TNF-a treatment, we
analyzed the TNF surface receptors. Our findings indicate a higher
abundance and density of TNF-a receptor 1 (TNFR1) in inner cells,
correlating with the reduced migration speed under inflammatory con-
ditions. The pronounced presence of TNFR1 implies a heightened sen-
sitivity of inner cells to TNF-a, leading to downstream epigenetic
alterations, particularly affecting H3K27me3 levels, which are crucial
for the migration of inner meniscus cells.

To explore the cellular mechanisms driving changes in cell
migration induced by inflammation, we employed RNA sequencing
(RNA-seq) to profile transcriptomic alterations in response to TNF-a.
Principal component analysis (PCA) identified TNF-a as a significant
influencer of transcriptomic shifts, demonstrating the divergent tran-
scriptomic responses between inner and outer meniscus cell popula-
tions. Employing a stringent Likelihood Ratio Test (LRT) and k-means
clustering, we identified 2284 significantly altered transcripts and six
distinct clusters with unique expression profiles. Notably, clusters per-
tinent to chromatin remodeling and cell migration displayed contrast-
ing expression patterns between the two cell types. Interestingly, key
cell migration-related genes such as MAPK14 and MAPK8IP3 were
found to be downregulated in inner meniscus cells post-treatment,
which are recognized for their role in promoting cell migration.47

Additionally, genes associated with the Rho GTPase family, including
Rac1 and CDC42EP5, exhibited reduced expression in inner cells, pro-
viding a potential mechanism underlying their diminished migration
speed under inflammation conditions.48 Additionally, the differential
expression analysis revealed the distinct cellular mechanisms activated
in each population. The variable regulation of chromatin dynamics
emphasizes the meniscus’s inherent heterogeneity, calling for tailored
approaches to cater to the specific cellular responses during the healing
process. Through the elucidation of these molecular pathways, our
goal is to forge more effective methods for facilitating meniscus repair
and regeneration, ultimately enhancing clinical outcomes for patients
with meniscus injuries. These findings underscore the importance of
accounting for zonal-dependent properties in meniscus repair and
regeneration.

A significant accomplishment of this study is the novel applica-
tion of existing epigenetic drugs for treating meniscus tear injuries.
Our selected drug candidates, GSKJ4 (a histone demethylase inhibi-
tor)37–40 and C646 (a histone acetyltransferase inhibitor)41–43 effec-
tively restored the migration speed of the inner meniscus cells under
TNF-a treatment. This aligns with prior research suggesting that
inflammatory cytokines activate JMJD3 via the NF-kB pathway,
diminishing H3K27me3 levels.49 Both GSKJ4 and C646 have

demonstrated anti-inflammatory effects in various models, linking
their roles in limiting inflammation with promoting cell migration in
meniscus cells.50,51 Similarly, C646 has shown promise in alleviating
inflammatory responses in conditions such as inflammatory lung dis-
ease52 and anti-bacterial macrophages.53

Our study is the first to demonstrate that only inner meniscus
cells modify key heterochromatin markers, particularly H3K27me3, in
response to TNF-a, influencing their migration speed. While the epige-
netic effects were observed using specific inhibitors, transgenic mouse
models could offer significant insights into genetic and epigenetic
mechanisms. Additionally, we chose bovine meniscus tissue for its
closer anatomical and mechanical similarities to human menisci,
which are critical for evaluating the translational potential of repair
strategies. Furthermore, given the substantial differences in cell migra-
tion behavior between 2D and 3D environments, employing advanced
3D migration assays will be critical to validating the potential of anti-
TNF-a therapies in meniscus tissue engineering. We also recognize
that in vivo studies are necessary to strengthen our findings. Future
work will incorporate animal models to assess the impact of epigenetic
interventions on meniscus healing and repair. In addition, although
the precise mechanisms by which H3K27me3 alterations regulate
migration-related gene expression remain unclear, future research uti-
lizing epigenetic sequencing techniques, such as ChIP-seq and ATAC-
seq, will be essential for elucidating the epigenetic landscape governing
cell migration. These efforts will help bridge the gap between basic sci-
ence and clinical applications, enhancing the relevance of our findings
for human treatments.

Finally, in this study, we focused on the primary cell types derived
from the inner or outer meniscus; however, we acknowledge the limi-
tations in identifying specific subpopulations within these regions.
While fibroblast-like and chondrocyte-like cells are the primary cell
types in the meniscus,1,17,18 other minor cell types, such as endothelial
cells and stem/progenitor cells, are also resided in the meniscus and
play crucial roles in its repair.36,54 Additionally, the findings presented
in this study reflect the collective responses of mixed cell populations
rather than isolated behaviors. Thus, future studies employing
advanced techniques, such as single-cell RNA sequencing or flow
cytometry, will be critical for isolating and characterizing these cell
types to provide a more detailed understanding of their individual
roles in meniscus regeneration. Despite these limitations, our findings
indicate the importance of zonal differences in cellular phenotypes as
key drivers of the observed epigenetic responses, emphasizing the need
to consider zone-specific dynamics when developing targeted strategies
for meniscus repair.

In conclusion, this study enhances our understanding of the
interplay between epigenetic mechanisms, zonal-dependent properties,
and meniscus cell migration. Our findings also highlight the impor-
tance of considering meniscus heterogeneity and provide insights into
potential targets for improving meniscus repair and regeneration.
These results suggest promising avenues for developing targeted inter-
ventions to enhance clinical outcomes for individuals with meniscus
injuries and osteoarthritis. Further research is needed to elucidate the
specific molecular mechanisms underlying the observed epigenetic
changes and their functional consequences in meniscus repair and
regeneration. The approach employed in this study also shows promise
for treating injuries in other tissues, including tendon, muscle, cardio-
vascular, skin, and neural tissues, warranting further exploration.
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METHODS
Meniscus cell isolation and culture

Inner and outer meniscus cells were isolated following previously
established protocols.18,26,34,55 Briefly, juvenile bovine menisci
(<3months, Research 87, Inc., Boylston, MA) were harvested and
divided into the inner and outer meniscus areas. First, the superficial
layers of the meniscus were removed. The inner one-third of the
meniscus, characterized by its avascular and more transparent appear-
ance, was sectioned into small cubes (approximately 1mm3) to isolate
inner meniscus cells. Similarly, the outer one-third, which is less trans-
parent and whiter in appearance, was cut, and the central portion of
this section was diced into small cubes (approximately 1mm3) for
outer meniscus cell extraction. [Fig. 1(a)]. The respective meniscus tis-
sues were then cut into 5mm cubes. To isolate meniscus cells,18,26 the
inner and outer meniscus tissue cubes were cultured separately in basal
growth media consisted of Dulbecco’s Modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 1% penicillin, streptomy-
cin, and fungizone (PSF) in an incubator maintained at 37 �C and 5%
CO2 for approximately 14days, after which inner and outer meniscus
cells were collected. To ensure consistent cell conditions, only passage
1 (P1) cells were used for all subsequent experiments.

Wound closure assay

To assess 2D migration of inner and outer meniscus cells, a wound
closure “scratch” assay (WCA) was conducted. Cells (at passage, P1)
were seeded onto the twelve-well tissue culture dish (2� 105 cells per
well). The cells were cultured additionally for 1–2days until they reached
90% confluency. Subsequently, the WCA was initiated by creating a
scratch on the surface of the plate using a 20ll standard pipette, forming
one horizontal and one vertical scratch intersecting at the center of the
plate. Images were captured using an Inverted Microscope (Nikon
ECLIPSE TS100) at 0, 6, or 12h post-scratch. The percent closure of the
wound was determined by analyzing the images with ImageJ.

For the drug or pro-inflammatory cytokine treatments during the
WCA, P1 cells were initially seeded in the twelve-well tissue culture
dishes at a density of 2� 105 cells per well and cultured until reaching
80% confluency (typically taking 1–2 days). To investigate the effect of
the EZH2 inhibitor on cell migration speed, cells were then treated
with GSK343 (SML0766-Sigma-Aldrich) at concentrations of 10lM
in BM overnight before conducting the “scratch” assays. To examine
how the inflammatory cytokine TNF-a influences meniscus cell migra-
tion speed, cells were treated with TNF-a (T7539-Sigma-Aldrich) at
concentrations of 50 ng/ml prior to the “scratch” assays [Fig. 3(a)].

To explore the potential of using existing small molecule histone
modification drugs to restore inner meniscus cell migration speed under
inflammatory conditions, cells were pretreated with TNF-a (T7539-
Sigma-Aldrich) overnight before co-treatment with C646 (a histone
acetyltransferase inhibitor, SML0002-Sigma Aldrich) at a concentration
of 10lM (Low dose, L) or 30lM (High dose, H) or GSKJ4 (a histone
demethyltransferase inhibitor, ab144395-Abcam) at concentration of
2lM (L) or 5lM (H) for 12h prior to the scratch assay [Fig. 5(a)].

RNA-sequencing

To investigate the transcriptomic level changes leading to differ-
ent responses to TNF-a between inner and outer meniscus cells, RNA
sequencing was performed on both cell types with and without TNF-a

treatment. Passage 1 (P1) cells were seeded in six-well tissue culture
dishes at a density of 1� 106 cells per well. The cells were cultured for
an additional 1–2 days until they reached 90% confluency. For the con-
trol group, total RNA from inner and outer meniscus cells was col-
lected after 2 days of culture using TRIzol Reagent (Invitrogen). For
the TNF-a treatment group, cells were treated with TNF-a (T7539-
Sigma-Aldrich) at a concentration of 50ng/ml in 3ml of BM overnight
(12h) before RNA collection using the same method. The collected
RNA was purified using Direct-zol RNA Microprep Kits (Zymo
Research). RNA sample quality was assessed with a NanoDrop
Spectrophotometer (Thermo Fisher Scientific), a Qubit Fluorometer
(Thermo Fisher Scientific), and an Agilent 2100 Bioanalyzer (Agilent
Technologies). RNA-Seq library preparation (rRNA depletion) and
sequencing (150 bp paired-end) were performed at Genewiz (South
Plainfield, New Jersey). Sequence reads were trimmed to remove possi-
ble adapter sequences and low-quality nucleotides using Trimmomatic
v.0.36. The trimmed reads were then mapped to the Bos taurus refer-
ence genome (available on Ensembl) using the STAR aligner v.2.5.2b.
Unique gene hit counts were calculated using featureCounts from the
Subread package v.1.5.2.

Differential expression analysis between the experimental condi-
tions Outer Control (OC), Outer TNF-a (OT), Inner Control (IC),
and Inner TNF-a (IT) was performed using the DESeq2 package of R
programming language.56 The EnhancedVolcano R package was used
to visualize the global transcriptional change across the groups com-
pared.48 The DESeq2 Likelihood Ratio Test (LRT) was applied to test
for differential expression between contrasts of interest. A stringent
significance threshold of p< 0.001 was used for this analysis to ensure
a robust level of confidence in the rejection of the null hypothesis.
Additionally, the DESeq2 package was used to identify differentially
expressed genes (DEGs). DEGs were selected based on the following
thresholds: Benjamini-Hochberg adjusted p-value of <0.05, absolute
log2(fold-change) of>1.0. R pheatmap package57 was used to illustrate
expression patterns, clusters, and distributions of LRT-significant
genes.

To gain a deeper understanding of the functional profiling associ-
ated with LRT-significant genes, a gene enrichment analysis was per-
formed to examine highly enriched biological processes. The analysis
was carried out using the g:GOSt function on the gProfiler web server
(https://biit.cs.ut.ee/gprofiler/gost).58 The significance threshold was
set to the Benjamini-Hochberg FDR (false discovery rate) value, and
significant Gene Ontology (GO) terms were defined by an adjusted p
value of �0.05. For visualization purpose, bubble plots for the repre-
sentative GO terms were generated using the ggplot2 package of R.59

Immunofluorescence

To examine the dynamics of various histone modification
markers during cell migration and drug treatments, cells were fixed
with 4% paraformaldehyde for 20min at 37 �C at different time points,
specifically 1, 6, and 12h after creating the scratch. Cells were permea-
bilized for 5min in a solution of 0.05% Triton X-100 in PBS supple-
mented with 320mM sucrose and 6mMmagnesium chloride.

For fluorescence labeling of histone modification markers, cells
were incubated at 4 �C overnight with primary antibodies targeting
H3K27me3 (Rabbit, 9733 CST, 1:300, Thermo), H3K9me3 (Mouse,
6F12 CST, 1:300, Thermo), and H3K4me3 (Rabbit, 9751 CST, 1:300,
Thermo), H3K9ac (Rabbit, MA5-11195, 1:200, Thermo) in PBS. Cells
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were then incubated for 60min at room temperature with Alexa-Fluor
goat anti-mouse or anti-rabbit secondary antibody (1:200; Thermo
Fisher). Images were acquired using a widefield microscope (Leica
DM6000) at 20� magnification and analyzed for fluorescence mean
intensity at the migration front and migration back [Fig. 2(a)] using
ImageJ.

To assess the effects of TNF-a treatment on histone modification
marker expressions in inner and outer meniscus cells, inner and outer
cells were seeded on 24 well-treated plates for 1–2 days were then
treated with 50 ng/ml TNF-a (T7539-Sigma-Aldrich) overnight (12h).
Fixed cells were then stained and imaged for H3K27me3, H3K9me3,
H3K4me3, or H3K9ac. Additionally, to investigate the distribution of
the TNF-a surface receptors-1 or 2 (TNFR1 or TNFR2) on inner and
outer meniscus cells, cells were fixed and stained with primary anti-
bodies against TNFR1 (Rabbit, 1:200, ADI-CSA-815; ENZO) and
TNFR2 (Rabbit, 1:200, ab15563; Abcam). Images were acquired using
a widefield microscope (Leica DM6000) at 20� magnification and
then analyzed for fluorescence mean intensity per cell using ImageJ.

STORM imaging

To investigate the effect of TNF-a treatment on chromatin con-
densation levels at the nanoscale in the cells, inner and outer meniscus
cells were seeded on 8-well cover glass chambers (NuncTM Lab-TekTM

II Chambered Coverglass) for 2 days in BM before conducting the
WCA. TNF-a (50 ng/ml) was added to the chamber, and cells were
treated overnight with TNF-a, followed by fixation with methanol-
ethanol (1:1) at �20 �C for 7min. To optimize antibody staining and
minimize nonspecific bindings, a blocking buffer (BlockAid,
ThermoFisher) was added to each well and incubated for 1 h. Diluted
anti-histone H2B (Rabbit, 1:50, 15857-1-AP; Proteintech) was then
added to the wells and incubated overnight at 4 �C to specifically label
the H2B histone protein.

Following sample preparation, samples were washed and subse-
quently incubated for 40min with secondary antibodies custom-
labeled with activator-reporter dye pairs (Alexa Fluor 405–Alexa Fluor
647, Invitrogen) for STORM imaging.26,28,29,60 All imaging experi-
ments were conducted using a commercial STORM microscope sys-
tem (ONI Nanoimager). During imaging, the 647-nm laser was
utilized to excite the reporter dye (Alexa Fluor 647, Invitrogen) and
switch it to the dark state. Subsequently, a 405-nm laser was employed
to reactivate the Alexa Fluor 647 in an activator dye (Alexa Fluor
405)–facilitated manner. An imaging cycle was implemented in which
one frame belonging to the activating light pulse (405nm) was alter-
nated with three frames belonging to the imaging light pulse (647nm).
To ensure proper photo-switching of the Alexa Fluor 647, an imaging
buffer, prepared according to a previously established proto-
col,26,28,29,60 was utilized. The imaging buffer comprised 10mM cyste-
amine MEA (Sigma Aldrich, 30070–50G), 0.5mg/ml glucose oxidase,
40mg/ml catalase (Sigma), and 10% glucose in PBS.26,28,29,60 Cellular
localization at the migration front was achieved using a 640 nm laser
to excite the Alexa Fluor 647 dye, acquiring a total of 20,000 frames of
images per nucleus. STORM image localizations were obtained using
Nanoimager software (ONI) and rendered with custom-written soft-
ware Insight3 (a gift from B. Huang, UCSF, USA). For quantitative
analysis, custom-written MATLAB codes were employed.26,28,29,60

TNFR1 nanoscale distribution was quantified via random sampling of
three different locations on the cell surface (three locations covering

approximately 50% of the cell area/cell), and then the ratio of localiza-
tion/area (the number of localizations with detected localization/the
total pixels in the sampled area) was analyzed [Fig. 4(c)].

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9
(La Jolla, CA). For comparisons between two groups, a Student’s t-test
was utilized, and two-way analysis of variance (ANOVA) with Tukey’s
honestly significantly different (HSD) post hoc test was used for multi-
ple group comparisons. Transcriptomic data analysis was performed
using the DESeq2 Likelihood Ratio Test (LRT) to assess differential
expression between contrasts of interest, applying a significance
threshold of p< 0.001, Benjamini-Hochberg adjusted p-value
of< 0.05, and absolute log2(fold-change) of >1.0. The R pheatmap
package was employed to visualize expression patterns, clusters, and
distributions of LRT-significant genes, as well as the associated Gene
Ontology terms. Results are presented as means6 SD, and differences
were considered statistically significant at p< 0.05. Sample and repli-
cate numbers are provided in the figure legends.

SUPPLEMENTARY MATERIAL

See the supplementary material for four additional figures and
two tables for RNA-seq data.
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