
T he meniscus is a fibrocartilaginous tissue that 
plays an important role in controlling the com-

plex biomechanics of the knee [1].  The menisci distrib-
ute loads,  absorb shock,  provide stability when the 
anterior cruciate ligament is deficient,  and are thought 
to assist in joint lubrication [2 , 3].  Proper functioning 
of the meniscus depends on the composition and orga-
nization of its extracellular matrix (ECM),  which is 
typically dominated by collagen fibers [4].  Injuries to 
this structure can greatly influence joint motion and 
daily living.  The prevalence of meniscal tearing 
increases with age [5].  There is a strong positive cor-
relation between the severity of degenerative changes in 
the meniscus and the degree of cartilage degeneration 

in end-stage human knee osteoarthritis (OA) [6].  
Therefore,  patients with meniscal injuries of the knee 
are at a higher risk of developing the disease.  Although 
little is known about the changes in the human menis-
cus associated with OA,  several researchers have inves-
tigated such modifications in animals.  In an OA model 
in rabbits,  cell density in the meniscus was either 
increased or decreased depending on the region,  and 
clusters of chondrocytes were frequently detected in 
degenerated areas [7-9].  However,  little is known 
regarding cell cluster formation in the human meniscus.  

A recent publication provided histological and 
molecular biological analyses of the human OA menis-
cus [9].  No pattern of cell clusters was reported,  but the 
study evaluated only the anterior horn segments of the 
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meniscus [9].  Cell clusters are more often observed in 
the posterior segment of degenerative menisci.  

Analyzing the role of cell clusters in the human 
meniscus remains an important task,  especially in rela-
tion to the structural and biomechanical changes in the 
menisci with age.  A previous study demonstrated that 
immoderate cyclic tensile strain (CTS,  0.5 Hz,  10% 
strain) induced the expression of catabolic factors and 
inhibited the expression of the cartilage-specific ECM 
molecule α1 (II) collagen (COL2A1) in human chon-
drocytic cells [10].  In addition,  mechanical stress plays 
an essential role in regulating Sry-type HMG box 9 
(SOX9)-dependent COL2A1 expression in the inner 
meniscus cells [11].

The purpose of this study was to evaluate the com-
position of ECM depositions around cell clusters in 
human OA menisci,  and to investigate changes in the 
expressions of 3 chondrogenic proteins—SOX9,  type II 
collagen,  and aggrecan—in different areas of late-stage 
OA human menisci.  

Materials and Methods

Material collection. Institutional Review Board 
approval and informed consent were obtained for all 
experimental studies.  Menisci were obtained through 
total knee arthroplasty from patients with OA knee 
joints (Kellgren-Lawrence grade 4) [12].  Twenty-six 
medial menisci from patients of both sexes (84% 
female) with a mean age of 76 ± 6.7 years (range 68-84) 
were studied.  Patients with knee valgus deformities 
were excluded.  Prior to analysis,  all OA menisci were 
photographed and their macroscopic appearance was 
recorded.  In this study,  evaluations were performed on 

the anterior and posterior segments of the menisci.  
Posterior segments of the menisci contained degenera-
tive areas in all cases and often included horizontal 
tears.  In contrast,  the anterior segments were well pre-
served,  including the superficial layer,  which made it 
possible to compare the changes in OA menisci directly 
in a site-to-site manner.  The entire OA menisci were 
analyzed,  both the degenerative and intact areas.  The 
medial meniscus was cut into 2 fragments (anterior and 
posterior segments of the meniscus),  each with a width 
of 5 mm (Fig. 1).  The anterior segment meniscus sam-
ples included the intact area (n = 15).  The posterior 
segment meniscus samples included the degenerative 
and horizontal tear areas (n = 15 and n = 11,  respec-
tively).  Meniscal samples were classified macroscopi-
cally according to the meniscal tear type (Fig. 2) [13].  

Evaluation of cell clusters. Safranin O staining 
was performed on 3 groups selected based on macro-
scopic observation: intact superficial,  degenerative tear 
and horizontal tear (Fig. 2).  Then,  localization of cell 
clusters was performed microscopically (Table 1).  
These chondrocyte clusters are characteristically round,  
located within a large lacuna,  and often contain many 
cells [14].

Immunohistochemical analyses. Meniscal tissues 
were fixed in 4% paraformaldehyde and embedded in 
paraffin at the time of excision.  The paraffin-embedded 
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Fig. 1　 Macroscopic appearance of a medial meniscus from a 
76-year-old woman.  (A) The solid box and dotted box indicate the 
degenerative area and intact area used for histological analysis,  
respectively.  (B) Solid arrowheads indicate degenerative areas and 
dotted arrowheads indicate intact areas of the meniscus.

Total knee arthroplasty (n = 26)
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Anterior segment (n = 26) Posterior segment (n = 26)

Degenerative 
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Fig. 2　 Sample preparation.  Twenty-six medial menisci were 
obtained through total knee arthroplasty.  The anterior segment of 
meniscus samples included the intact area (n=15).  The posterior 
segment of meniscus samples included the degenerative and hori-
zontal tear areas (n=15 and n =11,  respectively).



specimens were sliced to a thickness of 5 μm and sub-
jected to safranin O staining and immunostaining for 
SOX9,  type II collagen,  and aggrecan.  The deposition 
of SOX9 was assessed by immunohistochemical analy-
ses using a mouse anti-SOX9 monoclonal antibody 
(1: 200; 1 h incubation,  clone 3C10; Sigma Aldrich,  
St. Louis,  MO,  USA) [15].  The deposition of type II 
collagen in human meniscal tissues was assessed by 
immunohistochemical analyses using a mouse anti-col-
lagen type II monoclonal antibody (working dilution 
1 : 50 ; 2 h incubation,  clone II-4C11,  Merck,  
Darmstadt,  Germany) [16].  The deposition of aggrecan 
was assessed by immunohistochemical analyses using a 
mouse anti-aggrecan polyclonal antibody (1: 100; 1 h 
incubation,  AB1031; Millipore,  Billerica,  MA,  USA) 
[17].  Immunohistochemical analysis was performed by 
dividing the samples into 3 groups: cell cluster area,  
degenerative area without cell clusters,  and superficial 
intact area.

Serial sections were deparaffinized by two 10-min 
baths in xylene.  The sections were then washed twice in 
100% ethanol for 5 min each,  in 70% ethanol for 3 min 
and in 50% ethanol for 3 min,  then rinsed under run-
ning tap water for 3 min,  and immersed in distilled 
water for 3 min.  Antigen retrieval was performed by 
immersing the sections in trypsin (0.25%; Sigma 
Aldrich) at 37°C for 30 min,  followed by treatment with 
hyaluronidase (1.45 IU/ml) and chondroitinase ABC 
(0.25 IU/ml; Seikagaku Corporation,  Tokyo,  Japan) at 
37°C for 30 min.  Briefly,  sections were soaked with 3% 
H2O2 in PBS for 15 min to inactivate endogenous per-
oxidases,  and nonspecific lectin hybridization was 
blocked by incubation in PBS supplemented with 3% 
BSA for 1 h at room temperature.  Tissue sections were 
then immersed in primary antibody overnight at 4°C.  
Thereafter,  samples were rinsed in PBS 3 times for 
5 min each.  PBS/BSA solution without primary anti-
body was used as a negative control.  Samples were then 
incubated with secondary antibody for 1 h at room 

temperature,  then immersed in substrate solution (DAB) 
for 5 min at room temperature.  Finally,  the slides were 
counterstained with hematoxylin.

Deposition of SOX9, type II collagen, and aggrecan.  
To quantify the deposition of ECM components in 
meniscal samples,  the signal density of SOX9,  type II 
collagen,  and aggrecan was assessed in different areas.  
Images were analyzed using ImageJ version 1.31 
[18 , 19].  Five regions of interest,  each with an area of 
500 × 400 μm,  were selected on each prepared slide,  
and the number of cells and cell size were evaluated.  
The 5 fields of view were set so that the cell cluster areas 
included as many clusters as possible.  The degenerative 
areas were observed using 5 fields of view including 
cells of the middle zone (Fig. 3A-E).  The staining inten-
sities of the degenerative and cell cluster areas were 
compared to that of the superficial intact area.

Statistical analysis. All experiments were per-
formed in triplicate.  The average staining intensity of 
SOX9,  type II collagen,  and aggrecan deposition was 
calculated for each image,  and the mean and standard 
deviation were calculated for the cell cluster area,  
degenerative area without cell clusters,  and superficial 
intact area.  Mean values were compared using one-way 
analysis of variance (ANOVA).  Post hoc comparisons 
were performed using the Holm-Sidak test.  Significance 
was set at p < 0.05.

Results

Macroscopic observations. Degenerative changes 
in medial menisci were mainly observed in the poste-
rior segments,  which were severely fibrillated.  
Fibrillated menisci have exposed collagen due to the 
absence of a macroscopically smooth surface.  When 
fibrillation is severe,  it can be clearly identified macro-
scopically.  Approximately half of the harvested degen-
erative menisci contained horizontal tears from the 
middle to the posterior segment.  No fibrillated area was 
observed in the anterior meniscal segments (Fig. 1).  

Cell clusters were observed in severely injured 
menisci. Cell clusters were observed in the inner 
region of the posterior segments of the medial menis-
cus.  Percentages of cluster formation were 46.7% in 
degenerative tears and 63.6% in horizontal tears.  No cell 
clusters were observed in the superficial intact areas of 
the anterior segment of the degenerative menisci 
(Table 1).
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Table 1　 Number of tear menisci and its present of cluster for-
mation.

Cases Percentage of cluster 
formation,  %,  (cases)

No tear (intact area) 15 0% (0/15)
Degenerative tear 15 46.7% (7/15)
Horizontal tear 11 63.6% (7/11)



Cluster cells were found in hypocellular regions and 
were enlarged. The cell cluster areas had fewer cells 
than other areas,  but the cell size within the clusters 
was substantially larger than that in normal meniscal 
cells found in other areas (Fig. 3F, G).

Cell clusters contained high concentrations of safr-
anin O-stained proteoglycans and depositions of SOX9, 
type II collagen, and aggrecan. Safranin O specifi-
cally stained OA meniscal cell clusters,  which showed a 
round and chondrocytic morphology.  In addition,  sin-
gle cells in the clusters appeared larger than typical 
fibrochondrocytes (Fig. 4A).  SOX9 deposition was 
observed within the cluster cells (Fig. 4B),  type II colla-
gen deposition was observed around the clusters 
(Fig. 4C),  and aggrecan deposition was observed within 
parts of the clusters (Fig. 4D).  These results prompted 
us to investigate the differences between the cell cluster 
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Fig. 3　 Histological assess-
ment of meniscus cellularity.  (A) 
Degenerative meniscus in the 
posterior segment.  (B) Superficial 
intact meniscus of the anterior 
segment.  (C–E) To evaluate the 
number and size of cells,  fields of 
view of 500 ×400 μm were 
selected for analysis.  (C) Cell 
cluster area.  (D) Degenerative 
area without cell cluster.  (E) 
superficial intact area.  (F ,G) The 
number of cells and cell size in 
five regions.  (F) Total cell count 
in each region.  (G) Cell size in 
each region.  Arrows,  meniscus 
cells.  Scale bars : 200 μm.  
＊p<0.05.

A B

DC

Fig. 4　 Histology and immunohistochemistry of the cell clusters.  
(A) Deposition of safranin O-stained proteoglycans.  (B) Deposition 
of SOX9.  (C) Deposition of type II collagen.  (D) Deposition of 
aggrecan.  Inlets,  negative controls.  Scale bar: 50 μm.
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areas,  degenerative areas without clusters,  and normal 
intact areas.  As determined through image analysis,  
the relative SOX9,  type II collagen,  and aggrecan levels 

were markedly higher in the cluster areas than in the 
superficial intact areas of the meniscus (Fig. 5-7).
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Fig. 5　 Deposition of SOX9 (A-C).  (A) Cell cluster area of the meniscus.  (B) Degenerative area without cell cluster of the meniscus.  
(C) Superficial intact area of the meniscus.  (D) Negative control in the cell cluster area.  (E) Relative SOX9 density in the different areas 
of the meniscus.  Scale bar: 50 μm.  ＊p<0.05.
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Fig. 6　 Deposition of type II collagen (A-C).  (A) Cell cluster area of the meniscus.  (B) Degenerative area without cell cluster of the 
meniscus.  (C) Superficial intact area of the meniscus.  (D) Negative control in the cell cluster area.  (E) Relative type II collagen density in 
the different areas of the meniscus.  Scale bar: 50 μm.  ＊p<0.05.
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Fig. 7　 Deposition of aggrecan (A–C).  (A) Cell cluster area of the meniscus.  (B) Degenerative area without cell cluster of the menis-
cus.  (C) Superficial intact area of the meniscus.  (D) Negative control in the cell cluster area.  (E) Relative aggrecan density in the different 
areas of the meniscus.  Scale bar: 50 μm.  ＊p<0.05.



Discussion

This study compared chondrogenic protein expres-
sion in the cell cluster areas,  degenerative areas without 
cell clusters,  and superficial intact areas of diseased 
human menisci from patients with late-stage OA.  We 
demonstrated that the expression of 3 chondrogenic 
proteins—SOX9,  type II collagen,  and aggrecan—were 
markedly increased in and around the cell clusters com-
pared to those in the degenerative areas without cell 
clusters and in the superficial intact areas of the 
menisci.

SOX9,  type II collagen,  and aggrecan were probed 
to confirm a chondrogenic phenotype because of their 
presence and key functional roles in the meniscus.  We 
focused on the changes in expression of these 3 chon-
drogenic proteins in different areas of the degenerative 
meniscus.  

In normal menisci,  fibrochondrocytes are cells with 
a round or oval shape that are mostly located in the 
inner region of the meniscus,  excluding complete dis-
coid lateral menisci [20]; they express both type I and 
type II collagen [21].  In degenerative areas,  tissue 
fibrillation and disruption are first observed in the inner 
region,  spread to the articular surfaces of the meniscus 
over time,  and finally progress to the total disruption or 
loss of the meniscal tissue,  mainly in the avascular 
zone; the posterior horn is the most commonly affected 
region [22].  The meniscus of the posterior horn is the 
site most affected by load stress from daily living,  espe-
cially by squatting.  We previously reported that the 
expression of chondrogenic proteins in the meniscus 
was increased by mechanical stress [11].  However,  as 
the relationship between mechanical stress and cell clus-
ter expression is unknown in this study,  further 
research is necessary.

In this study,  an increase in safranin O-stained cell 
clusters was observed in the posterior region of the knee 
OA medial menisci,  with severe injuries in the inner 
region.  The stained cells displayed a round and chon-
drocytic morphology.  In addition,  single cells within 
the cluster were larger than the typical fibrochondro-
cytes.  In humans,  chondrogenesis occurs at higher 
rates in the inner meniscus than in the outer meniscus 
[23].  Gene expression studies [11 , 24] have provided 
evidence for the accumulation of water-binding proteo-
glycans in aging and degenerating human menisci;  
these changes suggest an attempt at adaption or regen-

eration of the menisci.  
Cell clusters in OA menisci of ACL-deficient rabbit 

knees appear to develop as a result of the disruption of 
the normal cellular network,  which involves cell prolif-
eration and rearrangement [25].  In addition,  chondro-
genic progenitor cells (CPCs) were identified as a sub-
population of cells found in the repair tissue of late 
stages of OA [26].  CPCs are regulated by the balance 
between the transcription factors RUNX2 and SOX9 
[26].  This study showed that the expressions of SOX9 
and type II collagen may have increased linearly with 
cell cluster density,  a property of CPCs.  In terms of cell 
clusters in articular cartilage,  the abnormal activation 
and differentiation pattern of cluster cells in OA carti-
lage has been interpreted as chondrocyte dedifferentia-
tion [27],  where the differentiated articular chondro-
cytes change gene expression patterns in response to 
changes in the extracellular signaling environment [28].  
A series of recent studies have suggested the presence of 
cells with phenotypic markers and functions of progen-
itor cells in mature articular cartilage [29-31].  Surgical 
injuries to the articular cartilage are also associated with 
the proliferation of progenitor cells for ECM repair [32].

In older patients,  the meniscus undergoes degener-
ative changes and further cleavage releases meniscal 
debris into the joint [33].  In a recent report,  meniscal 
debris was found to contain stem or progenitor cells that 
can participate in meniscal regeneration [33 , 34].  In 
addition,  increased cell counts were observed in degen-
erative superficial layer menisci after treatment with 
hyaluronic acid [35].  These reports supported our 
results showing that cell clusters were localized near 
fissures and clefts in the lost superficial layer.  This 
shortens the diffusion distance for cell mediators from 
synovial fluid,  but also decreases the diffusion distance 
for cluster-derived mediators into the synovial space.

Here,  we propose that the repair of meniscal lesions 
causing ECM damage would require the replication of 
cells adjacent to the damaged area,  followed by differ-
entiation and new ECM formation.  Cell clusters 
showed remarkable uniformity in menisci exposed to a 
broad range of injuries,  and although their numbers 
were smaller than in other areas,  the cells were hyper-
trophic and expressed chondrogenic proteins at higher 
levels.  However,  the degenerative area without cell 
clusters expressed more chondrogenic proteins than the 
superficial layer intact area.  These results suggest the 
complex regulatory roles of signaling proteins and 
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mechanical stress [11].  The activation of cell clusters 
and their products appears to contribute to the manifes-
tation of cartilage diseases such as ECM degradation 
and calcification,  as well as joint inflammation.  In this 
study,  the increased expression of chondrogenic pro-
teins,  upon which cell clusters are dependent,  illus-
trated the ability of a subpopulation of meniscal cells to 
undergo activation and proliferation,  even in older 
individuals.  Correcting this abnormal differentiation 
and harnessing the regenerative potential of these cells 
may offer new pharmacological approaches to meniscal 
repair and OA therapy.

This study presents some limitations,  including the 
small sample size.  In addition,  we investigated only 3 
major chondrogenic proteins.  We did not examine sev-
eral proteoglycans such as versican and decorin.  In 
addition to cartilage progenitor cells,  stem cells are also 
involved in cartilage tissue repair.  The expression of 
stem cell markers such as CD73,  90,  205,  44,  36,  and 
STRO-1 in cell clusters has not been evaluated.  Further 
investigations will be required to understand the differ-
ential expression of proteoglycans in human meniscal 
cell clusters.  

In conclusion,  we demonstrated that cell clusters 
localized near the fissures and clefts of the lost superfi-
cial layer showed remarkable uniformity in menisci 
exposed to a broad range of injuries.  In addition,  the 
chondrogenic proteins type II collagen,  SOX9,  and 
aggrecan were found to be highly expressed there.  
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