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The objective of this study was to examine FoxO expression and
FoxO function in meniscus. In menisci from human knee joints with
osteoarthritis (OA), FoxO1 and 3 expression were significantly
reduced compared with normal menisci from young and old
normal donors. The expression of FoxO1 and 3 was also signifi-
cantly reduced in mouse menisci during aging and OA induced by
surgical meniscus destabilization or mechanical overuse. Dele-
tion of FoxO1 and combined FoxO1, 3, and 4 deletions induced
abnormal postnatal meniscus development in mice and these
mutant mice spontaneously displayed meniscus pathology at 6
mo. Mice with Col2Cre-mediated deletion of FoxO3 or FoxO4 had
normal meniscus development but had more severe aging-related
damage. In mature AcanCreERT2 mice, the deletion of FoxO1, 3,
and 4 aggravated meniscus lesions in all experimental OA models.
FoxO deletion suppressed autophagy and antioxidant defense
genes and altered several meniscus-specific genes. Expression of
these genes was modulated by adenoviral FoxO1 in cultured
human meniscus cells. These results suggest that FoxO1 plays a
key role in meniscus development and maturation, and both
FoxO1 and 3 support homeostasis and protect against meniscus
damage in response to mechanical overuse and during aging
and OA.
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he menisci play an important role in the biomechanics of the

knee joint. Meniscus damage is one of the most common
musculoskeletal injuries. Meniscal tears can be caused by trauma
or degenerative disease. Most meniscus lesions are of non-
traumatic origin. Traumatic meniscus injury is frequent among
high school athletes, with an incidence of 5.1 per 100,000 in the
United States (1, 2). Approximately 35% of the general pop-
ulation between 19 and 50 y of age has meniscus tears identified
by MRI, with incidence increasing with age (3), and up to 91%
among symptomatic osteoarthritis (OA) patients (4, 5). Trau-
matic meniscal tears are risk factors for the development of OA
and meniscus lesions are predictors of OA progression (6, 7).
While epidemiological and joint imaging data demonstrate that
meniscus damage is a risk factor for OA, the mechanisms of
meniscus damage are poorly understood, and in OA drug de-
velopment there is an inadequate consideration of how drugs
affect meniscus.

Current treatment strategies for meniscus lesions are primarily
aimed at pain relief and improvement of joint function. New
arthroscopic approaches for meniscal repair are limited to ap-
plication in young patients with a traumatic tear, and still have
high failure rates (8). A critical information deficit exists about
mechanisms of meniscus cell homeostasis and why these mech-
anisms fail with aging or after trauma, leading to the develop-
ment of meniscus degeneration (9-11).

Among the various levels in the signal transduction cascade, the
activation of transcription factors is a critical process that inte-
grates different extracellular and intracellular inputs to regulate
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cell differentiation, activation, and survival. Only a few transcrip-
tion factors have been examined for expression and function in
meniscus. Early growth response 1 (EGRI), a mediator of TGF-
p3—induced fibrosis (12) showed the largest differential expression
in the meniscus versus cruciate ligament during mouse embryonic
development (13).

Members of the FoxO family of transcription factors activate
defense mechanisms against various forms of stress and extend
life span and protect against diseases of aging (14). FoxOs are
downstream targets of phosphoinositide-3 kinase (PI3K)/Akt
signaling, and modulate cell proliferation, growth, apoptosis,
and the expression of antioxidant and autophagy proteins (15,
16). FoxOs also control the self-renewal of stem cell pop-
ulations (17, 18) and are involved in the regulation of cell
differentiation (19-23).

We reported earlier that the expression of FoxO is reduced in
aging and in OA-affected human and mouse cartilage (24) and
that FoxO deletion in mice leads to more severe cartilage
damage (25). This study used human tissues and cells and
mouse models to elucidate FoxO expression patterns in normal
meniscus, during aging, and in OA. We also tested FoxO
functions using gene deletions in mice and studies with human
meniscus cells.

Significance

Meniscus damage is a common musculoskeletal injury and a
major risk factor for knee osteoarthritis (OA). An important
knowledge gap exists about meniscus cell homeostasis mech-
anisms and how their impairment contributes to meniscus pa-
thology following trauma and in aging. Forkhead Box O (FoxO)
transcription factors are essential regulators of cellular ho-
meostasis. We performed analysis of expression patterns and
function of FoxO in human and mouse menisci. Our results
show that FoxOs are suppressed in degenerated meniscus and
that FoxO1 regulates meniscus growth and maturation, while
both FoxO1 and 3 have protective functions in meniscus during
aging and OA. These discoveries provide insight into mecha-
nisms of meniscus degeneration and targets for therapeutic
intervention.
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Results

FoxO Expression in Menisci from Normal and OA-Affected Human
Knees. RNA-sequencing (RNA-seq) of five normal human me-
niscus samples and seven OA human meniscus samples, showed
that FoxO1 and FoxO3 mRNA levels were lower in OA menisci
while FoxO4 was not significantly different (Fig. 14). Immuno-
histochemistry showed that FoxO1 and FoxO3 were expressed in
normal menisci and decreased in OA menisci (Fig. 1 B-D).
FoxO4 expression was not different between human young and
OA menisci (Fig. 1B).

Additional menisci were analyzed by qPCR. FoxO1l and
FoxO3 mRNA levels in human degenerated meniscus were sig-
nificantly decreased in vascular and avascular zones as compared
to young normal menisci (S Appendix, Fig. S1). Only low levels
of FoxO4 mRNA were detected in normal menisci and there
were no differences compared with degenerated menisci (S
Appendix, Fig. S1).

Immunohistochemistry of FoxO expression in specific zones
(81 Appendix, Fig. S2) of normal human menisci (25 + 1 y)
showed that FoxO1-expressing cells were present throughout the
vascular, avascular, and superficial zones (Fig. 1C and SI Ap-
pendix, Figs. S34 and S4 A-C). Similar expression patterns were

observed for FoxO3 in vascular, avascular, and superficial zones
(Fig. 1D and SI Appendix, Figs. S34 and S4 D-F).

FoxO1l and FoxO3 expression were not different between
young and normal aging groups (56 + 1y) with no history of OA
and low-grade histological changes in cartilage and macroscop-
ically normal menisci (SI Appendix, Fig. S4 A-F). However,
FoxO1 and FoxO3 protein expression were lower in OA (72 + 6 y)
than in young and normal aging groups (Fig. 1 C and D and SI
Appendix, Fig. S4 G-L).

FoxO Expression in Normal Mouse Menisci and in Experimental OA
Models. FoxO expression was analyzed in mouse menisci in
specific zones and regions (SI Appendix, Fig. S2). In 4-mo-old
wild-type (WT) mouse menisci FoxO1 and FoxO3 were highly
expressed while levels of FoxO4 were much lower than FoxO1
and FoxO3 (SI Appendix, Fig. S5 A-C). In normal menisci of
mature 6-mo-old wild-type mice, there were differences in FoxO
expression in specific meniscus zones. FoxO1 and FoxO3 were
most highly expressed in cells in the superficial zone, and FoxO3
was higher in the vascular zone than in the avascular zone (S
Appendix, Fig. S3B).
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Fig. 1. FoxO expression in human and mouse meniscus. (A) RNA-seq of young (n =5, 19 + 1y), and OA (n = 7, 68 + 4 y) human menisci. (B) Immunohisto-

chemistry of FoxO1, FoxO3, and FoxO4 in human young and OA menisci. (Scale bar: 50 pm.) FoxO expression percentage in young (25 + 1y), aging (56 + 1),
and OA (72 + 6 y) human menisci; (C) FoxO1; and (D) FoxO3 (n =5 to 6 per group, *P < 0.05) VAS, vascular; AVAS, avascular; SUP, superficial). FoxO expression
percentage in normal mouse meniscus; (E) FoxO1 expression at different ages (6, 12, and 24 mo) in different meniscus regions; (F) FoxO3 expression at
different ages (6, 12, and 24 mo) in different meniscus regions (n = 6 per group, *P < 0.05). FoxO expression percentage in mouse meniscus after 6-wk
treadmill running of 6-mo-old mice; (G) comparison of FoxO1 and FoxO3 in the entire meniscus between control and treadmill running model; (H) comparison
of FoxO1 and FoxO3 expression in the entire meniscus between control and DMM model (n = 6 per group, *P < 0.05).
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In the C57BL/6 wild-type mouse joint aging model (26),
FoxO1 and FoxO3 were significantly decreased in the vascular
zone at 12 mo compared to 6 mo (Fig. 1 E and F). Significant
further decreases in the vascular and superficial zones were ob-
served at 24 mo for FoxO1 and FoxO3 (Fig. 1 E and F and SI
Appendix, Fig. S6). Moreover, the superficial zone in the anterior
region and the vascular zone in the posterior region showed the
largest decreases at 24 mo (SI Appendix, Fig. S6 A and B). There
were no differences between posterior avascular zone and pos-
terior vascular zone at 6 mo but FoxO1 and FoxO3 expression in
the posterior vascular zone was significantly decreased at 24 mo
(81 Appendix, Fig. S6 C and D).

In the mechanical overuse model (6 wk of treadmill running)
in C57BL/6 wild-type mice (25), histopathological scores of
meniscus damage in anterior and posterior regions were signif-
icantly increased (SI Appendix, Fig. S7 A and B). FoxO1 and
FoxO3 were significantly decreased in the superficial and pos-
terior vascular zones (SI Appendix, Fig. S7 C and D). FoxO1 was
significantly decreased in the superficial zone after 6 wk of
treadmill running, and FoxO3 was significantly decreased in both
vascular and superficial zones after running (Fig. 1G).

In the destabilization of the medial meniscus (DMM) model
(27), meniscus histopathological scores were significantly in-
creased in anterior and posterior regions 8 wk after surgery
compared to the sham control group (SI Appendix, Fig. S8 A and
B). FoxO1 and FoxO3 were significantly decreased in the me-
niscus superficial zone in mice with DMM (Fig. 1H). In the
anterior region, FoxO1 and FoxO3 were significantly increased
in the anterior region but decreased in the posterior region (S
Appendix, Fig. S8 C and D).
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Postnatal Meniscus Development, Maturation, and Degeneration in
Col2Cre Fox0 Knockout Mice. To determine the function of FoxO
in meniscus, we examined mice with Col2Cre-mediated individ-
ual deletion of FoxO1, FoxO3, or FoxO4 (SI Appendix, Fig. S5
D-F) and mice with Col2Cre-mediated deletion of all three
FoxO isoforms (FoxO triple knockout; TKO, SI Appendix, Fig.
S5 G and H). FoxO 1, 3, and 4 gene expression in meniscus was
decreased in the FoxO knockout (KO) mice (SI Appendix,
Fig. S9).

There were no apparent meniscus structural or cellular ab-
normalities at birth and postnatal day 1 (P1) in the FoxO KO
mice. However, from P7 to 2 mo, cell sizes (Fig. 2 4 and B) were
increased in the FoxO TKO, FoxO1 KO, and FoxO3 KO mice.
There were acellular regions in FoxO TKO, FoxO1 KO, FoxO3
KO mice at 2 mo (Fig. 24), and cell numbers per entire area of
the meniscus (Fig. 2C) were decreased in FoxO TKO mice.
Meniscus histopathology scores were already increased during
the early postnatal period in FoxO TKO mice at P7. FoxO TKO
and FoxO single KO mice showed significantly higher meniscus
histopathology scores than control mice at 2 mo (Fig. 2D).

Meniscus Changes in Mature AcanCreERT2 Fox0 KO Mice. Since FoxO
conditional deletion using Col2Cre (28, 29) resulted in defects in
postnatal meniscus maturation, we used the Aggrecan-CreERT2
(AcanCreERT2) knockin mice (30) to analyze the role of
FoxO in the maintenance of mature meniscus. Four-month-old
FoxO1'919% Fox031°¥1°% Fox Q411X AcanCreERT2 mice received
five injections of tamoxifen (TMX). Five months after tamoxifen
injection, menisci in AcanCreERT2-FoxO TKO mice sponta-
neously developed more severe histopathological changes than
the menisci in control mice (Fig. 3 A and D). Six weeks after
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Fig. 2. Changes in postnatal meniscus development in mice with Col2Cre-mediated conditional FoxO deletion. (A) Safranin-O staining of control, Col2Cre-
FoxO TKO, FoxO1, 3, and 4 single KO mice at P7 and 1 and 2 mo old; (B) Cell size (um?); (C) cell numbers per meniscus area; (D) meniscus histopathology scoring

and grading (n = 6 per group, *P < 0.05).
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Fig. 3. Changes in mature meniscus of AcanCreERT2-FoxO TKO mice. (A) Meniscus scores (0 to 25) and grading (0 to IV) of AcanCreERT2 TKO mice at 5 mo
after tamoxifen (TMX) injection. WT: Littermate AcanCreERT2-negative mice that also received tamoxifen injections. (B) Meniscus scores and grading of 6-mo-
old AcanCreERT2 TKO mice in specific meniscus regions after 6-wk treadmill running. (C) Meniscus scores and grading of 6-mo-old AcanCreERT2 TKO mice in
specific meniscus regions 8 wk after DMM surgery. (n = 6 per groups, *P < 0.05). (D) Safranin-O staining of AcanCreERT2 TKO mice at 5 mo after TMX in-
jection. (E) Safranin-O staining of AcanCreERT2 TKO mice in specific meniscus regions after 6-wk treadmill running. (F) Safranin-O staining of 6-mo-old
AcanCreERT2 TKO mice in specific meniscus regions after DMM surgery (PO 8 wk). (Scale bar: 100 pm.)

treadmill running, AcanCreERT2-FoxO TKO mice showed sig-
nificantly increased histopathology scores in the anterior and
posterior meniscus regions (Fig. 3 B and E). In the surgical
model 8 wk after DMM surgery, menisci in AcanCreERT2-FoxO
TKO mice also showed significantly increased histopathology
scores in the anterior and posterior meniscus (Fig. 3 C and F).

Relationship of Meniscus and Cartilage Changes in Mice with Fox0
Deletion. To examine the temporal relationship between cartilage
and meniscus lesions in the FoxO KO mice, we compared the
histopathology scores of cartilage and meniscus from the same
mice in the different experimental models. In Col2Cre-FoxO TKO
mice, meniscus and cartilage histopathology scores were already
significantly higher than in control mice at 2 mo, with the severity
of meniscus damage being relatively higher than in cartilage (Fig.
4 A and B). At 2 mo, the FoxO single KO mice also had signifi-
cantly increased meniscus scores while the cartilage scores were
still normal (Fig. 4 C and D). At 4 and 6 mo, meniscus scores in all
FoxO KO mice increased further and cartilage scores became
significant in the FoxO TKO and FoxO1 KO mice. Col2Cre-FoxO
TKO mice and Col2Cre-FoxO1 KO mice were not maintained
beyond 6 mo of age due to the severe changes in the joints. FoxO3
KO mice had significantly increased meniscus scores by 12 mo but
cartilage scores became only significant at 18 mo. These results
suggest that degenerative changes caused by FoxO gene deletion
occurred earlier in meniscus than in articular cartilage.

Changes in the Expression of Fox0 Target Genes in Menisci from FoxO
KO Mice. Immunohistochemistry showed that the FoxO target gene
Sesn3 was decreased in all meniscus regions of Col2Cre-FoxO
TKO mice (2 mo old) (Fig. 54). Prg4 was highly expressed in
avascular and superficial zones of WT mice and significantly de-
creased in all regions in TKO mice (Fig. 5B). The meniscus hy-
pertrophy marker Coll0al was increased in all meniscus regions
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and Mmp13 was increased in vascular and superficial zones (Fig. 5
C and D). However, the autophagy marker Lc3, and Veam-1 an
angiogenesis and neovascularization marker which in damaged
meniscus is part of the repair process (31-33), were decreased in
entire the meniscus (Fig. 5 E and F). In the AcanCreERT2-FoxO
TKO mice (6 mo old), Sesn3, Prg4, Lc3, and Veaml were de-
creased in all meniscus regions (Fig. 5 G, H, K, and L) while
Col10al and Mmp13 were increased in all meniscus regions (Fig. 5
I and J).

Menisci were collected from AcanCreERT2-FoxO TKO and
WT mice for RNA isolation and gene expression analysis. Menisci
from AcanCreERT2-FoxO TKO mice showed significantly de-
creased expression of meniscus extracellular matrix (ECM) genes
(Acan, Comp, and Prg4), decreased transcription factors (Sox5,
Sox9, and Runx2), decreased antioxidant defense-related genes
(Sesnl, Sesn3, Gpx3, Sod2, and Catalase), redox regulatory gene
(Txnip), adaptation to energy stress (Prkaa2), and also decreased
autophagy genes (Maplc3b, Becnl, Gabarapll, and Bnip3). The
expression of I/-1f3 was increased (Fig. 6A4).

FoxO Function in Cultured Human Meniscus Cells. As an additional
approach to test a direct function of FoxO in meniscus cells, we
transduced human normal avascular meniscus cells with adenovirus
encoding a constitutively active form of FoxO1 (Ad-FoxO1) (34).
FoxO1 overexpression in human meniscus cells significantly in-
creased meniscus ECM genes (Comp, Collal, Col2al, and Prg4),
antioxidant defense-related genes (Sesnl, Sesn3, Gpx3, Sod2, and
Catalase), and autophagy-related genes (Maplc3b, Becnl, Gabarapll,
and Bnip3) while [I-1p was decreased (Fig. 6B).

Discussion

This study reports on patterns of FoxO expression in normal, aged,
and degenerated menisci from humans and several mouse models.
To investigate FoxO function we used mice with conditional FoxO
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12, and 18 mo old (n = 6 per group, *P < 0.05).

deletion and in vitro models with human meniscus cells. The focus
of the present study on FoxO is based on the important role of
these transcription factors in regulating essential cellular homeo-
stasis mechanisms (16). We performed a prior analysis of FoxO in
articular cartilage using the same mouse models and reported that
FoxOs are essential in protecting against cartilage damage (25). In
the present study, we examined menisci from the same mice that
were previously studied for changes in cartilage, thus allowing si-
multaneous analysis of changes in these two interacting joint
tissues.

Our results on FoxO expression in normal human and mouse
menisci show that FoxO1 and 3 are more abundant than FoxO4.
While there is similar expression of FoxO1 and 3 in all meniscus
regions in normal human and mouse menisci, in mature mice
there are significantly higher FoxO1 and 3 expressions in the
superficial zone as compared to the other meniscus regions. In
mice, the posterior region showed higher FoxO1 and 3 expres-
sions than the anterior region.

Aging is a main risk factor for meniscus degeneration (26).
From our large autopsy collection of human knee joints (35), we
selected menisci from older donors who had macroscopically
normal articular cartilage and menisci with minimal histopatho-
logical changes. Interestingly, these menisci did not show reduced
FoxO1 or FoxO3 expression. Mice, however, showed aging-related
meniscus damage and reduced FoxO1 and FoxO3 expression al-
ready at 12 mo with further reduction at 24 mo. At 12 mo there is
already aging-related meniscus damage (36) and FoxO1 and 3
expression were most reduced in the posterior vascular zone.
Degenerative changes were also most severe in the posterior
vascular zone.

In human degenerated menisci, FoxO1 and 3 expressions were
significantly reduced. In the mouse DMM and treadmill models
there was also an association between reduced FoxO expression
and meniscus degeneration. FoxO1 and 3 suppressions were
most profound in the superficial and vascular zones in the aging
and treadmill models, while reduced FoxO in the DMM model
was only seen in the superficial zone. In the anterior region,
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FoxO1 and 3 expressions were strongest in the superficial zone.
However, FoxO1 and 3 expressions were significant decreased in
the posterior avascular and vascular zone in the DMM model.

To examine the role of FoxO in meniscus function in vivo, we
used mice with conditional FoxO deletion. Mice with conditional
gene deletion in cartilage have been widely and successfully used
in OA research. A challenge in using mutant mice for meniscus
research is that there is no gene known to be exclusively expressed
in this tissue that is not also expressed in other joint tissues such as
cartilage, tendons, and ligaments and could be used as a driver for
gene deletion in meniscus. Here we used mice with FoxO deletion
mediated by the Col2A1-CRE or Acan-CRE-ERT drivers. Col2al
and Acan are predominantly expressed in the superficial and
avascular meniscus (28, 29). In the inner third of the meniscus,
Col2al and Acan are stained more prominently than in the
outer third (30). Col2al is also expressed in fibrochondrocytes
of anterior and posterior meniscus horns (37). Col2al is not
expressed in mouse meniscus between embryonic day 13.5 and
1 wk of age (38). Consistent with this, we did not observe any
developmental abnormalities in the meniscus, even in the
Col2Cre FoxO TKO mice. In mature meniscus, the inner part is
more cartilage-like and expresses higher levels of collagen II,
whereas the outer part is more fibrous and expresses more
collagen I (38). By the age of 2 mo we observed significantly
increased histopathology scores in the Col2Cre FoxO triple and
single KO mice.

We used a second Cre driver, the tamoxifen-inducible Acan-
CreERT?2 to more accurately assess the consequences of FoxO
deletion in joints from 4-mo-old mice that had reached matu-
rity without any abnormalities in cartilage or meniscus. Acan-
CreERT?2 drives gene expression or deletion predominantly in
the inner zone and in the superficial zone of the mouse meniscus
(31). Acan-CreERT2 also has the advantage that it mediates
more efficient recombination in joint tissues when tamoxifen is
administered during postnatal periods (39). The Acan-CreERT2
FoxO TKO mice spontaneously developed more severe histo-
pathological changes than the menisci in control mice by the age
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meniscus at 2 mo old (A-F) and AcanCreERT2 TKO at 6 mo old (G-L). (n = 6 per group, *P < 0.05.) (Scale bar: 100 pm.)

of 9 mo, and treadmill running-induced meniscus damage was
also more severe. The results from the AcanCreERT2-FoxO
TKO mice show that FoxO are required for the maintenance
of meniscus integrity during adulthood.

FoxO TKO and FoxO1 KO mice at 1 mo showed significantly
increased meniscus cell size, indicative of hypertrophic cells.
These cellular changes preceded degenerative changes, which
started at 2 mo and progressed to severe damage by 4 mo. These
results from the Col2alCre FoxO KO mice indicate that FoxO,
in particular FoxOl, is indispensable for normal postnatal me-
niscus growth and maturation.

We used two independent approaches to investigate FoxO
target genes in meniscus, including gene expression analysis in WT
and FoxO KO mice and in cultured human meniscus cells with
FoxO1 overexpression. These studies revealed that FoxO1 regu-
lates genes involved in several important functions, including
autophagy, ECM, transcription factors, antioxidant defense, ECM
degradation, and inflammation. We previously reported that there
is compromised autophagy in meniscus in models of joint injury
(40). The present findings suggest that FoxO suppression is one
candidate mechanism for deficient autophagy and protection
against oxidants in meniscus. These results also reveal a function
of regulating meniscus expression of PRG4, an essential joint lu-
bricant (41). The protein is produced by cells in synovium, the
superficial zone of articular cartilage, and cells in the superficial
zone of the meniscus. We show here that the expression of PRG4
protein is significantly reduced in menisci of the FoxO KO mice.
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In human meniscus cells, adenoviral FoxO increased PRG4. Thus,
like in cartilage, PRG4 is a FoxO target gene in meniscus. Re-
duced expression of PRG4 as a consequence of FoxO suppression
may lead to damage in the meniscus superficial zone. If this
protective layer is not maintained by FoxO, meniscus tissue is
more susceptible to damage as indicated by the more severe
disease in the KO mice in the DMM and treadmill models.
FoxO-deficient mice present increased numbers of cells with
hypertrophic morphology, associated with increased abnormal
expression of hypertrophy-related genes. In this regard, FoxO
suppression in meniscus might contribute to meniscal calcifi-
cation which is associated with meniscus degeneration and
predisposes to cartilage lesions (42). MMP13 and Coll0al are
markers of chondrocyte hypertrophy and both are increased in
menisci from FoxO KO mice. However, we also observed that
expression of these genes was increased after Ad-FoxOl1 trans-
duction of cultured human meniscus cells. In the in vitro studies
with human meniscus cells and Ad-FoxO1, MMP13 appears to
be an exception as a catabolic mediator that is not suppressed by
FoxO. Most catabolic factors are suppressed by FoxO or in-
creased under FoxO deficiency so that the overall effect of FoxO
deficiency is to aggravate tissue destruction, predominantly by
controlling genes involved in cellular defense and homeostasis
mechanisms.

While our results demonstrate a role of FoxO in meniscus
cells, there is an experimental challenge in distinguishing the role
of a gene in meniscus versus cartilage, as there are no Cre drivers
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Fig. 6. Changes in mature meniscus by FoxO knockout and FoxO overexpression. (A) Gene expression in AcanCreERT2-FoxO TKO mice at 6 mo old: FoxO
genes (FoxO1, Fox03, and FoxO4), meniscus-specific genes (Col1a1, Col2al, Acan, Comp, Prg4, Mkx, Sox5, and Sox9), hypertrophy genes (Runx2, Col10a1, and
Mmp13), antioxidant defense genes (Sesn1, Sesn3, and Gpx3), autophagy genes (Map1lc3b, Becn1, Gabarapl1, Bnip3, and Prkaa2), and redox regulation
(Catalase, Sod2, and Txnip). Relative gene expression was normalized by expression values of each gene in comparison between data from AcanCreERT2 TKO
mice littermate AcanCreERT2-negative mice that also received tamoxifen injections. RNA was collected from 6-mo-old mice (medial and lateral menisci from
both joints of each mouse were pooled) for qRT-PCR analysis (n = 6 mice per group, *P < 0.05). (B) Cells from human OA menisci were transduced with
adenovirus encoding FoxO1-AAA, a constitutively active form of FoxO1. RNA was collected after 48 h for gRT-PCR analysis (n = 6 per group, *P < 0.05).

that selectively delete a gene only in meniscus or cartilage. FoxO
deficiency occurs with aging and in OA in cartilage and meniscus
and is likely to impact cartilage and vice versa. Both tissues
closely interact through biomechanical (43, 44) as well as bio-
chemical mechanisms (7, 45).

In conclusion, FoxO expression is reduced in meniscus aging
and following meniscus injury in humans and mice. FoxO sup-
pression is a risk factor for the development of meniscus degen-
eration and restoring FoxO expression or activity is a candidate
approach to prevent or treat meniscus damage.

Methods

Human Meniscus Tissues from Normal, Aging, and OA Knees. Normal human
knee joints were obtained from tissue banks (approved by Scripps In-
stitutional Review Board). Knees were collected by resection of femur, tibia,
and fibula 15 cm above and below the joint line. The knees were received
within 48 h postmortem. Subjects with a history of knee trauma were ex-
cluded. Macroscopic and microscopic grading of the articular cartilage in all
knee compartments was performed with a modified Outerbridge system as
described (46-48). Menisci were also obtained from OA joints at the time of
knee arthroplasty. We reported previously on macroscopic and histopatho-
logic analysis of human knee menisci in aging and OA (35). In the previous
study, six cases in three groups (young, old, and osteoarthritis) were ran-
domly selected for analysis. In this study, young (average age 25 + 1, n = 6),
aging (average age 56 + 1, n = 6), and OA (average age 72 + 6, n = 6) were
analyzed with the same methods of the previous study (35).

Lee et al.

RNA-Sequencing. Full thickness human normal meniscus tissue from the
central region was harvested for RNA isolation from five male donors (ages 18
to 20, mean 19 + 1). OA-affected menisci were harvested from the tissue
removed during knee replacement surgery from four female and three male
donors (ages 57 to 85, mean 68 + 4).

RNA was isolated from a minimum of 150 mg of meniscus (dry weight) as
previously described (49). RNA integrity numbers (RINs) were calculated us-
ing a 2100 Bioanalyzer (Agilent). Average RIN numbers were 6.08 + 0.95.
Library preparation and sequencing. Total RNA (150 ng per sample) from five
normal and seven OA meniscus donors was sequenced to generate a total of
8 to 30 million 100-bp reads as described (50).

The number of reads sequenced per sample ranged from 19 to 24 million
reads, which should be sufficient for gene level quantification, but only 2 to
12 million reads per sample mapped to protein coding genes. To account for
this issue, we applied high stringency to the filtering of lowly expressed genes
(log counts per million [cpm] >3) so that only the differential expression
analysis included only genes that were expressed in high enough abundances
to be confident in their relative gene expression values.

Read mapping, quantification, and differential expression were performed
as described (56). Only genes with counts with log, cpm greater than 3.0 in one
or more samples were considered expressed. Genes with an adjusted P value
of <0.05 (based on the moderated t statistic using the Benjamini-Hochberg
[BH] method to control the false discovery rate) (50) and a |log2FC| > 1 were
considered significantly differentially expressed (DE).

Mouse Aging Model. All animal studies were performed with approval by the
Scripps Institutional Animal Care and Use Committee. Pathogen-free C57BL/6J
mice were purchased from the Scripps Research Institute breeding facility.
The mice were sacrificed at various ages and knee joints were collected for
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analysis. Both male and female mice were included in this study. A total of
18 mice at three different ages were assessed: 6 (n = 6), 12 (n = 6), and 24
(n = 6) month-old mice. We performed histological and immunohisto-
chemical analyses in the three age groups and quantified changes in dif-
ferent zones of the anterior horn and posterior horn of the menisci as
illustrated in S/ Appendix, Fig. S2.

Mice with Conditional Postnatal FoxO Deletion. Col2a1Cre/+ transgenic
mice (28, 29) and Aggrecan (Acan)CreERT2 knockin mice (30) on a C57BL6/J
background were obtained from The Jackson Laboratory. FoxO1'¥1°x,
Fox03'*/'°*, and Fox04'>/'°* were obtained from R. DePinho (The University of
Texas MD Anderson Cancer Center, Houston, TX) (51). Col2a1 (28, 29) and
Acan (30) are predominantly expressed in the hyaline cartilage, pericellular
and extracellular locations of the meniscus (52). In the inner third of the me-
niscus, Col2a1 and Acan are stained prominently (53). Also, Col2a1 is expressed
in fibrochondrocytes of anterior and posterior meniscus horns (44). With
Col2Cre, we generated mice with deletion of individual FoxO 1, 3, or 4, and
mice with deletion of FoxO1, 3, and 4 (FoxO triple KO, FoxO TKO). In the
AcanCreERT2 model, we bred AcanCreERT2/+ knockin mice with FoxO1'9/°%;
Fox03'%/°%: Fox04'/'°* triple transgenic mice to obtain AcanCreERT2 TKO
mice. Tamoxifen (Sigma-Aldrich) was intraperitoneally injected at a dose of
1.5 mg/10 g body weight on 5 consecutive days in 4-mo-old mice. Genotyping
was performed by PCR using tail DNA. Littermates homozygous for the floxed
FoxO not expressing Cre recombinase were used as controls of Col2Cre-FoxO
KO mice, and AcanCreERT2—/- littermates were injected with tamoxifen
as controls for AcanCreERT2 TKO mice. Knee joints were collected from 1-,
2-, 4-, 6-, and 12-mo-old control, Col2Cre TKO, and Col2Cre-FoxO1/3/4
single KO mice. In addition, knee joints were collected from control
and AcanCreERT2 TKO mice 5 mo after tamoxifen injection.

Surgical and Treadmill Running-Induced OA Models. The surgical OA model was
created by DMM (27) in 6-mo-old mice. In the treadmill-induced OA model,
6-mo-old mice were placed on a treadmill (Columbus Instruments Exer 3/6
treadmill) at a 10° incline for 45 min at a speed of 15 m/min, including 2 min
of warming up (54). Mice were killed 8 wk after DMM surgery and 6 wk after
treadmill exercise, and six knee joints from each group were collected.

Histological Analyses of Mouse Joints. A total of 36 WT mice (aging, n = 18;
surgical model, n = 6; treadmill-induced OA, n = 12) and 108 transgenic mice
(Col2Cre-FoxO WT, n = 24; Col2Cre-FoxO KO, n = 24; AcanCreERT2-FoxO WT,
n = 18; AcanCreERT2-FoxO KO, n = 18; surgical, n = 12; and treadmill, n = 12)
were graded by Kwok’s meniscus scoring system (score 0 to 25) (36).

The entire knee joints were fixed in 10% zinc buffered formalin for 2d and
decalcified in TBD-2 Decalcifier (Thermo Fisher Scientific) for 24 h. Sections of
the mouse knee joints were stained with Safranin-O Fast Green for further
analysis. To calculate cell numbers, among the mouse genotypes and
treatment conditions, we normalized the measured area for each meniscus.
Each meniscus size was divided by the smallest P7 size to set the ratio. The
ratio after normalization was used for calculating cell numbers per area.

Histological scoring of OA-like changes on the medial femoral condyle and
the medial tibial plateau was performed using the Osteoarthritis Research
Society International (OARSI) cartilage OA histopathology semiquantitative
scoring system (score 0 to 24) (55).

Immunohistochemistry. Knee joint sections were deparaffinized, washed, and
blocked with 10% goat serum for 1 h at room temperature. Primary antibodies
against FoxO1A (1:250, Abcam), FoxO3A (1:500, Abcam), FoxO4 (1:250, Abcam),
Sesn3 (1:200, Proteintech), Prg4 (1:300, Abcam), and VCAM1 (1:100, Abcam)
were applied in 0.1% Tween 20 and incubated overnight at 4 °C, followed
by secondary antibody using ImmPRESS regents (Vector Laboratories). All
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antibodies were of rabbit origin and rabbit IgG staining was used as nega-
tive control (S/ Appendix, Fig. S10). The signal was developed with di-
aminobenzidine (DAB, Sigma-Aldrich) and counterstained with methyl
green or hematoxylin.

Quantification of Imnmunohistochemistry. For quantification of changes in the
mouse or human tissues, menisci were divided into vascular, avascular, and
superficial zones (SI Appendix, Fig. S2). The number of positive cells per field
was counted under a microscope at the 40x magnification for each of the
three zones from each meniscus section. The percent positive cells per field
was determined as the ratio of the total number of positive cells to the total
cell number of meniscus in the respective zone.

Fox01 Overexpression Using Adenoviral Vector. Recombinant adenoviral
vector encoding constitutively active FoxO1-AAA was constructed using pAd/
CMV/V5-DEST Gateway vector with pcDNA3-FLAG-FoxO1-AAA (Addgene
plasmid 13508). Human meniscus cells were infected with Ad-FoxO1-AAA or
control Ad-GFP (Sanford-Burnham-Prebys Medical Discovery Institute) at
10 multiplicity of infection (MOI). The cells were collected for RNA isolation
after 48 h.

RNA Isolation from Menisci. RNA was collected from 6-mo-old mice (medial
and lateral menisci from both joints of each mouse were pooled) for gRT-PCR
analysis (n = 6 mice per group). For human menisci, vascular and avascular
zones were separated from OA patients (70 + 4 y; 4 females, 2 males) and
young normal cadavers (19 + 1y; 6 males) for RNA extraction. Total RNA was
extracted from mouse meniscus tissues or cultured meniscus cells using
TRIzol (Invitrogen), followed by Zymo Direct-zol RNA MiniPrep kits (Zymo
Research). Human meniscus tissue was resuspended in RNA-later (Qiagen)
immediately after harvest and stored at —20 °C until RNA extraction. For
RNA isolation, meniscus tissues were homogenized in Qiazol Lysis Reagent
(Qiagen) at a concentration of 25 mg tissue sample per 700 pL Qiazol. RNA
was extracted from meniscus using the fibrous tissue RNA extraction kit
(Qiagen). RNA was isolated using RNAqueous kit (Ambion) and then, on-
column DNase treatment was performed using the DNase | (Qiagen) and the
RNeasy MinElute Cleanup kit (Qiagen).

PCR. Quantitative-PCR analysis was conducted on a LightCycler 480 Real-Time
PCR System (Roche Diagnostics) with up to 45 cycles using TagMan Gene Ex-
pression Assay probes (Life Technologies) (S/ Appendix, Table S1). The levels of
mRNA were calculated as relative quantities in comparison to Gapdh (S/ Ap-
pendix, Fig. S11).

Statistical Analyses. Results were analyzed using Prism version 5.2 (GraphPad
Software, Inc.). A Mann-Whitney t test (unpaired and nonparametric tests)
was used to establish statistical significance between two groups in the gRT-
PCR results. Statistical analysis of qQRT-PCR was based on delta Ct values and
graphs present log, fold change. Two-way ANOVA test was used for mul-
tiple comparisons between groups in the histopathology analyses. Variance
was used to compare multiple groups, with subsequent pairwise (group)
comparisons assessed at an experimentwise error level of 0.05. P values less
than 0.05 were considered statistically significant.

Data Availability. All data relevant to the conclusions of the manuscript are
included in S/ Appendix. Any additional data are available upon request.
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