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ABSTRACT
Osteoarthritis (OA) is a widespread chronic joint disease characterized by articular cartilage destruction and accompanied by pain and
disability. In this study, we found that the expression of Insulin-like Growth Factor II (IGF-II) was reduced in articular cartilage in human OA
patients as well as in the murine experimental OA model of destabilization of the medial meniscus (DMM). In primary human articular
chondrocytes, ectopic expression of lentiviral IGF-II inhibited pro-inflammatory cytokine IL-1b-induced NF-kB activation as well as catabolic
gene expression. Interestingly, IGF-II did not significantly alter the phosphorylation states of ERK1/2 or Akt, which are kinases typically
activated by IGF-I. Instead, it induced the activity of phospholipase C (PLC) and a PLC inhibitor blocked the inhibitory activity of IGF-II against
IL-1b, suggesting that this activity is mediated through PLC. Furthermore, IGF-II increased cartilage matrix levels and decreased MMP13
protein expression in explanted human OA cartilage cultures in vitro. In the in vivo DMMmodel, intraarticular injection of lentiviral IGF-II led
to enhanced cartilage matrix levels and decreased MMP13 protein expression, as well as reduced osteophyte formation and subchondral bone
sclerosis. Therefore, our results suggest that IGF-II can promote cartilage integrity and halt knee joint destruction in OA. J. Cell. Biochem. 116:
2858–2869, 2015. © 2015 Wiley Periodicals, Inc.
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Osteoarthritis (OA) is a widespread chronic joint disease that
leads to long-term disability [Goldring, 2012; Loeser et al.,

2012]. Characteristics of OA include pathological changes in joint
cartilage such as matrix loss and chondrocyte cell death, changes in
the synovium such as synoviocyte hyperproliferation and inflam-
matory cell infiltration (synovitis), as well as changes in the
subchondral bone such as increased thickness of the subchondral
bone plate (sclerosis) and the formation of ectopic bone along joint
margins (osteophytes) [Loeser et al., 2012; Kim et al., 2014; Thysen
et al., 2015]. Despite awareness of these structural changes in the
joint, current treatments for OA primarily focus on pain relief, and

there is no satisfactory therapy available to protect the integrity of
cartilage and other joint structures.

IGF-I and IGF-II are insulin-like growth factors that regulate
cartilage gene expression [Starkman et al., 2005; Hamamura et al.,
2008]. IGF-I is a known anabolic factor for chondrocytes and
regulates skeletal development in the embryo [Starkman et al., 2005;
Tahimic et al., 2013]. To determine its effect on cartilage matrix
destruction in vitro, several groups have treated chondrocytes with
pro-inflammatory cytokine IL-1b, which induces catabolic changes
in chondrocytes [Daheshia and Yao, 2008; Jotanovic et al., 2012;
Burleigh et al., 2012; Furman et al., 2014]. Indeed, IGF-I has the
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ability to reduce IL-1b-induced cartilage matrix reduction in vitro
and exhibits a synergistic effect with other factors [Montaseri et al.,
2011]. However, the effects of IGF-I on articular cartilage in vivo in
OA have not been reported. This might be related to the fact that IGF-
I has been shown to be upregulated rather than downregulated in the
synovial fluid and articular cartilage in OA [Matsumoto et al., 1996],
implying that supplying additional IGF-I into the OA joint may not
be an effective treatment method.

IGF-II is also expressed in cartilage; however, unlike IGF-I, the
role of IGF-II on cartilage matrix maintenance under inflammatory
and OA conditions has not been widely explored. In this report, we
show that the expression of IGF-II, but not IGF-I, is reduced in
human OA articular cartilage where the expression of endogenous
IL-1b is increased. Lentiviral IGF-II administration in primary
articular chondrocytes inhibits IL-1b-induced NF-kB activation and
catabolic gene expression. Additionally, the inhibitory effect of IGF-
II on catabolic genes is dependent on phospholipase C (PLC) activity.
Furthermore, IGF-II enhances matrix levels in human OA cartilage
explant cultures and intraarticular injection of lentiviral-IGF-II
promotes articular cartilage integrity and prevents osteophyte
formation and subchondral bone sclerosis in the destabilization of
the medial meniscus (DMM) murine OA model.

MATERIALS AND METHODS

ISOLATION OF NORMAL AND OA HUMAN CARTILAGE SPECIMENS
Normal human articular cartilage slices were isolated from the tibial
plateau of cadaveric joints (National Disease Research Interchange
and Articular Engineering age/sex: 84/M, 75/M, 65/F). Human OA
tibial plateau was obtained from patients undergoing total knee
replacement surgery at Tufts Medical Center (age/sex: 53/F, 63/F,
65/F, 73/F, 72/M). Each specimen was divided into two groups with
three samples for each group. One group was subjected to
histological analysis to confirm the integrity of the articular
cartilage using the Mankin scoring system [van der Sluijs et al.,
1992]. The other group was subjected to gene expression analysis by
RT-PCR (see details below).

IN VITRO CULTURING OF HUMAN ARTICULAR CHONDROCYTES AND
CARTILAGE EXPLANTS
For in vitro culturing of normal human articular chondrocytes,
primary normal human articular chondrocytes (nHAC) derived from
the knee joints of three donors (age/sex: 34M, 49M, and 38M) were
purchased from Lonza. Before use, nHAC were re-differentiated per
manufacturer instructions. Briefly, nHACwere encapsulated in 1.2%
alginate beads at a density of 8� 105 cells/ml and cultured in
chondrocyte differentiation media (CDM) containing TGF-b1
(Lonza) supplemented with ascorbic acid for 3 to 4 weeks. Alginate
beads were dissolved in 55mM EDTA supplemented with 10mM
HEPES to collect re-differentiated nHAC. Cell viability was
confirmed by MTT assay (Sigma). Usually more than 80% cell
viability was obtained. Re-differentiation of chondrocytes was
confirmed by elevated Col-II mRNA expression and alcian blue
staining before proceeding. For viral infection, re-differentiated
nHAC were infected with lentiviral-human IGF-II or GFP (Open

Biosystems, titer 108 IFU/ml) for 2 days and then cultured in CDM
media (Lonza) supplemented with ascorbic acid. For IL-1b treatment,
1 ng/ml IL-1b (Peprotech) was added. In the phospholipase C (PLC)
study, PLC inhibitor U73122 and its inactive analog U73343 (Tocris)
were used at the concentration of 1mM. For NF-kB inhibition, the
NF-kB inhibitor JSH-23 (Calbiochem) was used at the concentration
of 10mM. For Western blot analysis, cells were lysed after 1hr of IL-
1b treatment. For RT-PCR analysis, cells were lysed after 4 days of
IL-1b treatment.

For in vitro culturing of OA patient-derived primary articular
chondrocytes (OA-HAC), chondrocytes from three of the five OA
donors described above were used (53/F, 63/F, and 65/F). These
chondrocytes were isolated by enzymatic digestion with 1 h pronase
treatment followed by overnight collagenase P digestion (Roche)
[Otero et al., 2012]. After the digestion, OA-HAC at passage 0 were
immediately seeded and cultured in the absence or presence of IGF-II
(1 and 10 ng/ml, Peprotech) for 4 days. Culture medium consists of
DMEM supplemented with 10% FBS (Hyclone) and 1% Antibiotic-
Antimycotic (Invitrogen). Triplicate experiments were performed for
each condition and experiments were repeated for all three donors.

For ex vivo culturing of OA cartilage slices, OA cartilage pieces
were prepared from three of the five OA donors described above (53/
F, 63/F, 65/F). Cartilage slices were cut into 2� 3� 2mm3 and
cultured in the presence or absence of 10 ng/ml IGF-II (Peprotech) for
3 weeks with media changes every 3 days. Explant cultures were
performed in triplicate for each donor, and repeated for all three
donors.

ELISA ASSAY FOR IGF-II PROTEIN LEVELS AFTER LENTIVIRUS
INFECTION
Conditioned media was harvested from lenti-IGF-II and lenti-GFP-
infected nHAC at 3 days post-infection and IGF-II protein in the
media was measured by an ELISA detection kit (R&D). Briefly,
samples were centrifuged at 1,000 rpm to remove cell debris before
the assay. IGF-II protein was captured by goat anti-IGF-II antibody
(R&D) and detected by rabbit anti-IGF-II antibody (Abcam) followed
by incubation with biotin-conjugated anti-rabbit antibody (Vector
lab). Samples were incubated with the provided substrate (R&D) and
developed with Streptavidin-HRP (R&D). A standard curve was
generated with human recombinant IGF-II protein (Peprotech) and
the concentration of IGF-II protein was determined.

EXPERIMENTAL ANIMALS AND IN VIVO MANIPULATIONS
All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee at Tufts University.
Wild-type CD1 male mice were purchased from Charles River
Laboratories. Mice were caged in groups under the standard
conditions with a 12 h light/dark cycle and standard chow diet.
Destabilization of the medial meniscus (DMM) surgery was
performed on 7-week-old CD1 male mice according to the
established protocol [Glasson et al., 2007]. Briefly, under isoflurane
anesthesia, an incision was made along the medial border of the
patellar ligament to open the right knee joints (i.e., the stifle joints in
mice), and the anterior medial meniscotibial ligament (MMTL) was
severed. For sham surgery, MMTL from the left knee joints was
visualized but not severed. Mice were monitored for pain and
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infection post-surgery and allowed unrestricted movement. At least
six mice were used for each group. Five microliters of lentiviral-IGF-
II or lentiviral-GFP (Open Biosystems, titer 108 IFU/ml) were injected
intraarticularly into the mouse knees at two time points: at 1 and 2
weeks post-surgery. All mice were sacrificed at 7 weeks post-
surgery.

HISTOLOGICAL ANALYSIS
Mouse knee joints were fixed with 4% PFA overnight, decalcified
with 0.33M EDTA, embedded in paraffin and sectioned sagittally at
5mm thickness. Serial sections were obtained from the medial edge
to the midline of knee. Six IGF-II and six GFP lentivirus-injected
mice were evaluated after DMM surgery. Human cartilage slices
were fixed with 4% PFA, decalcified with 0.33M EDTA and
paraffin sectioned at 5mm thickness. All sections were stained
with 0.1% Safranin O and counterstained with Hematoxylin and
Fast green. After staining, bright-field images were taken under
the Olympus IX71 inverted microscope and Olympus DP70 digital
camera and associated software. Three to four sections of each
mouse knee joint and human cartilage slice within 100mm
intervals were then evaluated.

Cartilage destruction was evaluated by using the OARSI scoring
system and by analyzing percentage loss of Safranin O staining
and chondrocyte cell loss at the articular surface [Glasson et al.,
2010]. The software ImageJ (NIH) was used to delineate areas of
cartilage and Safranin O staining loss [Singh S, 2013]. Chon-
drocyte cell density (cellularity) was determined by quantifying the
total number of cells per unit area based on the Hematoxylin and
Fast green staining results. Lacunae with no occupancy of
chondrocytes were not taken into account [Loeser et al., 2012].
ImageJ was also used to delineate osteophytes and to measure their
sizes [Loeser et al., 2012]. Severity of synovitis was scored by the
established method [Krenn et al., 2006; Matsukura et al., 2015].
This scoring system has the following three criteria: enlargement
of the synovial cell layer (0–3 points), cellularity of resident cells
(0–3 points), and inflammatory infiltration (0–3 points). When the
points are totaled, a full score of nine points would indicate severe
synovitis with lower scores indicating less severe synovitis. The
extent of subchondral bone sclerosis was determined by the ratio
of subchondral bone plate area to total subchondral bone area
delineated by ImageJ [Thysen et al., 2015].

For immunohistochemistry (IHC) of collagen II and MMP13,
enzymatic antigen retrieval was performed using 0.3% hyaluroni-
dase and 0.15% trypsin (Invitrogen) at 37°C for 10min. For NF-kB/
p65, IGF-II and GFP IHC staining, heat-induced antigen retrieval in
10mM citric acid buffer at pH 6.0 was performed. The primary
antibodies are: mouse anti-collagen II (Generous gift from Dr.
Linsenmayer, Tufts University), rabbit anti-IGF-II (Abcam, ab9574),
mouse anti-MMP13 (Abcam, VIIIA2), chicken anti-GFP (Abcam,
ab3970), rabbit anti-NF-kB/p65 (Cell Signaling, E498), and goat
anti-IGF-II (R&D, AF792). The secondary antibodies are: biotin
conjugated goat/horse anti-mouse/rabbit/chicken antibodies (Vec-
tor laboratories). For chromogenic staining, the Vectastain ABC Elite
kit and M.O.M. kit (Vector Laboratories) were used according to the
manufacturer0s instruction. IHC sections were counterstained with
Methyl green.

RT-QPCR ANALYSIS
Total RNA was isolated using the RNeasy mini kit (Qiagen) and
reverse transcribed using M-MLV reverse transcriptase (Invitrogen).
Quantitative PCR was carried out using iTaq universal SYBR Green
supermix on the iQ5 Real Time PCR Detection System (BioRad).
TATA binding protein (TBP) was used as a reference gene. Primer
sequences for qPCR are listed in supplemental Table S1.

WESTERN BLOT ANALYSIS
Chondrocytes were lysed using the standard RIPA buffer. Nuclear
and cytoplasmic fractions were obtained using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Pierce) according tomanufacturer
instructions. Protein concentrations were determined using the
DCTM Protein Assay (Bio-Rad). Total protein (10mg), cytoplasmic
protein (10mg), and nuclear protein (10mg) were loaded. Primary
and secondary antibodies were: rabbit anti-Akt (C73H10), rabbit
anti-phospho-Akt (Thr308, C31E5E), rabbit anti-phospho-Akt
(Ser473, D9E), rabbit anti-ERK1/2, rabbit anti-phospho-ERK1/2
(Thr202/Tyr204), rabbit anti-IGF-II (Abcam, ab9574), mouse anti-a-
tubulin (DSHB, 12G10), and goat anti-rabbit or mouse IgG, (HþL)
HRP conjugate (Millipore/Chemicon).

PHOSPHOLIPASE C (PLC) ACTIVITY ASSAY
PLC activity assaywas performed using total protein lysate of human
articular chondrocytes after 3 days of lentiviral IGF-II and lentiviral
GFP infection. Two types of PLC activities were assessed. The PC-PLC
activity, which releases inositol 1,4,5-trisphosphate (IP3) and 1,2-
diacylglycerol (DAG), was determined using the EnzChek direct
phospholipase C assay kit (Invitrogen). The PI-PLC activity, which
releases phosphocholine and DAG, was assayed using an established
protocol [Burg-Golani et al., 2013]. Briefly, 1mg of total protein
lysate diluted in 100ml water was mixed with 100ml of assay
solution (0.036 g phosphatidyl-inositol in 1ml of 58mM sodium-
cholate, 10mMCaCl2, and 7ml of 0.15MNaCl) and incubated at 37°C
overnight. Then the photo-absorbance at 510 nm was measured as
the relative PI-PLC activity. Three independent experiments were
performed in triplicate.

NF-kB TRANSACTIVATION ASSAY
Seventy nanogram of a six-copy NF-kB element-driven luciferase
reporter construct (generous gift from Dr. Sonenshein, Tufts
University) and 10 ng of Renilla luciferase internal control were
transiently co-transfected into nHAC using X-tremeGENE HP
(Roche). Twenty-four hours after transfection, chondrocytes were
treated with 1 ng/ml IL-1b for 16 h. Luciferase assay was conducted
using the Dual Luciferase Assay kit (Promega). NF-kB luciferase
activity was normalized to Renilla luciferase activity. Fold induction
of normalized luciferase activity was determined based on the
control sample (GFP) as a baseline. At least three independent
experiments in triplicate were performed.

STATISTICAL ANALYSIS
Data are reported as mean� standard deviation or box-and-whisker
plot. For parametric data, statistical analysis was performed using a
Student0s t-test or one-way analysis of variance followed by post
hoc Tukey test with P-values of <0.05 considered significant.
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For semi-quantitative ordinal scoring systems (as with the OARSI
scores), nonparametric statistical analysis was performed using the
Kruskal–Wallis test followed by Mann–Whitney U test with
Bonferroni correction. P-values of<0.05 are considered significant.
All statistical analyses were conducted with GraphPad Prism (Graph
Pad, San Diego, CA).

RESULTS

IGF-II MRNA EXPRESSION IS REDUCED IN OA CHONDROCYTES
To ascertain IGF expression in OA cartilage, we performed RT-
qPCR analysis using cartilage specimens obtained from the tibial
plateaus of three normal healthy cadaveric donors and five OA
patients undergoing total knee replacement surgery. Portions of
the cartilage specimens were sectioned and stained with Safranin O
to assess the integrity of the cartilage and scored using the
modified Mankin scoring system (Fig. 1A). When these specimens
were analyzed, it was evident that human OA chondrocytes had
lower mRNA levels of cartilage matrix genes (Agg, Col-IX) and

higher expression levels of cartilage matrix degradation related
genes (MMPs, iNOS) (Fig. 1B). Furthermore, the level of pro-
inflammatory cytokine IL-1b was also dramatically increased in
OA cartilage (Fig. 1B). IGF-I expression was not significantly
different between the normal and OA specimens, while IGF-II gene
expression was reduced in OA cartilage (Fig. 1B).

IGF-II PROMOTES CARTILAGE MATRIX GENE EXPRESSION AND
INHIBITS NF-kB ACTIVATION IN NORMAL HUMAN CHONDROCYTES
Since IL-1bmRNA expression level was increased and IGF-II mRNA
expression level was reduced in OA articular cartilage, we tested
whether IGF-II could antagonize IL-1b activity in primary normal
human articular chondrocytes by utilizing lentiviruses encoding
human IGF-II or GFP control. We first confirmed the production of
IGF-II protein by performing ELISA, which showed 1–2 ng/ml of
IGF-II in the media from lentiviral IGF-II-infected normal primary
human articular chondrocytes, while only 0.1–0.2 ng/ml of
endogenous IGF-II was detected in the medium obtained from
lentiviral GFP-infected chondrocytes (data not shown). As expected,
IL-1b downregulated Aggrecan (Agg), Col-II and Col-IX mRNA
expression, and upregulated MMP1, MMP13 and iNOS mRNA
expression. Co-treatment of IL-1b with IGF-II restored Col-II and
Col-IX expression and inhibited Col-I, MMPs and iNOS induction,
but did not affect Agg expression (Fig. 2A).

To investigate the mechanisms by which IGF-II functions, we
performed Western blot analysis on kinases Akt and ERK1/2 as they
have been implicated in IGF-I signaling and cartilage gene
expression regulation [McMahon et al., 2008; Zhang et al., 2009;
Montaseri et al., 2011]. However, we did not observe any significant
differences in the phosphorylation states of these kinases in IGF-II
and GFP-treated samples (Fig. 2B), suggesting that IGF-II may
function differently from IGF-I [Starkman et al., 2005]. Apart from
those kinases, phospholipase C (PLC) has been reported to act
downstream of IGF-I and IGF-II [Foncea et al., 1997; Maeng et al.,
2009]. We thus assayed for PLC activity in lentiviral IGF-II and
lentiviral GFP-infected chondrocytes. Two types of PLC activities
were assessed: the PC-PLC activity, which releases inositol 1,4,5-
trisphosphate (IP3) and 1,2-diacylglycerol (DAG) and the PI-PLC
activity, which releases phosphocholine and DAG [Burg-Golani
et al., 2013]. We found that IGF-II induced both PI and PC-PLC
activities (Fig. 2C). In the presence of a pan-PLC inhibitor U73122
[Shen et al., 2013], IGF-II no longer prevented IL-1b-induced
MMP13 expression in these human articular chondrocytes. In
contrast, an inactive analog of PLC inhibitor, U73343, could not
prevent IGF-II from inhibiting MMP13 mRNA expression (Fig. 2D),
suggesting that PLC mediates IGF-II activity in this respect.

To determine how IL-1b signaling is perturbed by IGF-II, we
investigated NF-kB activation, as NF-kB is a master mediator of this
inflammatory stimulus [Marcu et al., 2010]. Indeed, we confirmed in
our system that, JSH-23, an inhibitor that prevents NF-kB trans-
location into the nucleus, dramatically inhibited IL-1b-induced
catabolic gene expression (Fig. 2E). Considering the importance of
NF-kB in the signaling cascade of IL-1b, we then tested whether IGF-
II inhibited IL-1b-induced NF-kB activation. We found that while
IL-1b treatment reduced cytoplasmic IkBa protein and increased
nuclear NF-kB subunit p65, IGF-II co-treatment dramatically

Fig. 1. IGF-II mRNA expression is reduced in OA cartilage. (A) Articular
cartilage pieces isolated from the tibial plateau of normal and OA patients were
sectioned and stained for Safranin O and counterstained with Hematoxylin and
Fast green. The Mankin scores for specimens from normal donors (age/sex) are:
84/M¼ 1, 75/F¼ 2, 65/F¼ 3. The Mankin scores for cartilage specimens from
OA donors (age/sex) are: 72/M¼ 8, 53/F¼ 6, 63/F¼ 7, 65/F¼ 9, 73/F¼ 7.
Representative images from sections of donor 65/F (normal) and 65/F (OA)
cartilage are shown. Scale bar¼ 200mm. (B) RT-qPCR analysis on cartilage
matrix genes and catabolic genes in cartilage specimens isolated from normal
and OA patients. TATA Binding Protein (TBP) served as a reference gene. Data
are reported asmean� standard deviation from all three normal healthy donors
and five OA patients. �P< 0.05, healthy donors versus OA patients.
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inhibited IL-1b-induced NF-kB nuclear localization (Fig. 2F). To
confirm that IGF-II led to a reduction in NF-kB signaling, we
transfected chondrocytes with an NF-kB luciferase reporter con-
struct. As expected, IL-1b significantly induced NF-kB luciferase
activity in lentiviral GFP-infected cells, but this induction was
inhibited upon lentiviral IGF-II treatment (Fig.2G), indicating that
IGF-II inhibited IL-1b-induced NF-kB activation.

IGF-II ENHANCES CARTILAGE MATRIX LEVELS IN HUMAN OA
CHONDROCYTES
After establishing that IGF-II inhibits IL-1b-induced catabolic
events in normal human chondrocytes, we investigated the effect of

IGF-II on OA chondrocytes, which, as shown in Fig. 1, have reduced
cartilage matrix gene expression (Col II, Col IX, Agg) and increased
catabolic genes expression (IL-1b, MMPs, iNOS), compared to
normal chondrocytes. We found that increasing levels of IGF-II led
to elevated expression of cartilage matrix genes Agg, Col-II and
Col-IX, and reduced the mRNA level of IL-1b (Fig. 3A). However,
there was no effect on the expression of MMP13, MMP1 and iNOS
(Fig. 3A). We considered that it is possible a longer culture time is
necessary to elicit a difference in these genes. However, as these OA
chondrocytes were already senescent and could not sustain a longer
culture period without significant cell loss and de-differentiation, we
opted to use OA cartilage in an explant culture system that allows a

Fig. 2. IGF-II promotes cartilage matrix expression and inhibits IL-1b-induced NF-kB/p65 activity in normal human articular chondrocytes (nHAC). For all experiments, nHAC
were first infected with lentiviral IGF-II (LV-IGF-II) or GFP (LV-GFP) for 2 days before they were treated with PBS control or 1 ng/ml IL-1b. (A) RT-qPCR gene expression analysis
after 4 days of IL-1b treatment. All samples treated with IL-1b exhibited significant differences as compared to their untreated counterpart in LV-GFP-treated samples.
Statistical significances between LV-IGF-II and LV-GFP-treated samples were indicated by “*”. (B) Western blot analysis of phosphorylation status of Akt and ERK1/2. a-tubulin
served as a loading control. (C) PLC activity assay. Two types of PLC activities were assessed: the PC-PLC activity, which releases inositol 1,4,5-trisphosphate (IP3) and 1,2-
diacylglycerol (DAG); and the PI-PLC activity, which releases phosphocholine and DAG. Data were presented as fold induction of lentiviral IGF-II samples compared with the
lentiviral GFP control. (D) Assessment of the effect of a pan-PLC inhibitor U73122 (1mM) onMMP13mRNA expression after IL-1b treatment for 4 days. As a control for U73122
(1mM), an inactive analog U73343 (1mM) was used. (E) RT-qPCR assessment of the effect of NF-kB inhibitor JSH-23 on IL-1b-induced MMP13 expression after IL-1b
treatment for 4 days. (F) Western blot analysis of IkBa degradation and localization of NF-kB/p65 after IL-1b treatment for 1 h. Cytoplasmic and nuclear proteins were blotted
for IkBa and NF-kB/p65.a-tubulin was used as a loading control for cytoplasmic proteins and TBP was used as a loading control for nuclear proteins. (G) NF-kB transactivation
assay after IL-1b treatment for 16hr. Renilla luciferase activity served as an internal control. For quantification, NF-kB luciferase activity was normalized to Renilla luciferase
activity. For all qPCR analysis, TBP was used as a reference gene. Data are reported as mean� standard deviation from at least three independent experiments in triplicates.
*P< 0.05. LV¼ lentivirus.
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longer culture time, a system that has been used by other
investigators, to further test the effect of IGF-II on OA chondrocytes
[Sondergaard et al., 2006; Temple et al., 2006]. We found that IGF-II-
treated OA cartilage explants exhibited much stronger Safranin O
staining and higher levels of Col-II in both the superficial zone (SZ)
and deep zone (DZ) compared to PBS controls, which was semi-
quantified using ImageJ (Fig. 3B and C). Interestingly, although very
little Safranin O staining was observed in these OA specimens at the
beginning of culture (Fig. 1A), we did observe substantial staining
after 3 weeks of culturing, suggesting that OA chondrocytes still
have the capacity to secrete cartilage matrix once placed under
favorable conditions. Upon examining MMP13 protein expression,
we found that it was only present at very low levels in the superficial

zone after 21 days of culture, but was clearly visible around
chondrocytes in the deep zone in the control sample. In contrast,
lower levels of MMP13 were observed in IGF-II-treated specimens
(Fig. 3D). The fact that we have observed very little MMP13 staining
on the superficial zone is consistent with the appearance of higher
matrix levels in the superficial zone in these cultures. These results
suggest that IGF-II is capable of promoting cartilage matrix
maintenance in human OA cartilage cultures.

ECTOPIC IGF-II EXPRESSION INHIBITS JOINT DESTRUCTION IN A
MURINE EXPERIMENTAL OA MODEL
To determine the effect of IGF-II on OA joint damage in vivo, we
utilized the mouse DMM (destabilization of the medial meniscus)

Fig. 3. IGF-II enhances cartilage matrix production in human OA chondrocytes. (A) RT-qPCR analysis of OA articular chondrocytes after 4 days of treatment with IGF-II at 1 and
10 ng/ml. (B) Histological analysis on sections of articular cartilage explants after 3 weeks of culturing with 10 ng/ml IGF-II. Safranin O staining was counterstained with
Hematoxylin and intensity of staining was quantified by ImageJ. (C) IHC analysis for Col-II and quantification of staining intensity. (D) IHC analysis forMMP13 and quantification
of MMP13-positive cells. Rectangles denote areas shown in subsequent magnified images. SZ: Superficial zone. DZ: deep zone. In C and D, negative controls from IHC with no
primary antibodies are shown. Scale bar¼ 200mm. Data are reported as mean� standard deviation from three independent experiments in triplicates. �P< 0.05. For all qPCR
analysis, TBP was used as a reference gene.
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model, which is an established OAmodel that mimics injury-induced
OA and a system routinely used in the lab [Glasson et al., 2007; Leahy
et al., 2015]. Here, the meniscotibial ligament of 7-week-old CD1
male mice was severed to destabilize the joint, causing increased
mechanical stress and subsequent knee joint destruction [Glasson
et al., 2007]. As a control, we performed a sham surgery on the
contralateral knee in which the ligament was visualized but not
severed. Normally, IGF-II protein is expressed in the articular
cartilage, the meniscus and the synovium. However, upon DMM
surgery, its expression seemed to be overall reduced in articular
cartilage, although to a lesser degree in the synovium (Fig. 4).

Since IGF-II expression is reduced in OA, we next determined
whether ectopically introducing IGF-II into the joint was sufficient to
halt joint destruction after DMM surgery. Thus, lentiviruses encoding
IGF-II or GFP (control) were injected intraarticularly into Sham and
DMM knee joints after the surgery. The efficiency of viral
transduction was assessed by immunohistochemical (IHC) analysis
(Fig. 5A and B). Lentiviral IGF-II and GFP clearly infected several
layers of the articular cartilage as well as the meniscus and synovium
(Fig. 5A andB). To determine the effect of ectopic IGF-II expression on
articular cartilage destruction, we performed a series of histological
analysis. It is evident that DMM surgery caused significant loss of
Safranin O staining accompanied by elevated MMP13 and NF-kB
subunit p65 expression (Fig. 6A and B). No significant differences
were observed between the Sham surgery-operated knee joints
injected with lentiviral-IGF-II or GFP. On the other hand, in the DMM
knees, lentiviral-IGF-II injected knee joints retained more Safranin O
staining and reduced MMP13 and p65 expression as compared to the
joints injected with the GFP virus (Fig. 6A and B).

To evaluate the effects of IGF-II on the extent of OA damage, we
analyzed osteoarthritic parameters and IHC staining using the

semi-quantitative evaluation systems. The DMM knee lost 30% of
the matrix on average on its articular surface at 7 weeks post-
surgery. Strikingly, with lentiviral-IGF-II injection, only 15% of the
matrix on average was lost in the DMM knee joints (Fig. 6C). When
the OARSI scoring system that is based on the staining of cartilage
matrix was used, we observed similar results (Fig. 6D) [Glasson et al.,
2010]. In addition to matrix loss, these histological sections
demonstrated a 50% reduction in cell number in the articular
cartilage of DMM knees, while IGF-II viral delivery significantly
reduced chondrocyte loss in the DMM knee by half (Fig. 6E).
Furthermore, we performed IHC to ascertain MMP13 and NF-kB
expression, and performed a semi-quantitative assessment of cells
that are positive for these OA-associated proteins. It was apparent
that MMP13 and NF-kB expression was reduced by IGF-II treatment
as well (Fig. 6F and G).

We next evaluated effects of ectopic IGF-II expression on
osteophyte formation, synovitis and subchondral bone sclerosis.
No osteophytes were observed in the Sham knee, while osteophyte
formation in the medial tibial plateau was observed in all of the
DMMknee joints assessed (Fig. 7A andB). In lentiviral-IGF-II infected
knees, however, DMM surgery-induced osteophyte size was signifi-
cantly reduced (Fig. 7A and B). Moderate synovitis was also observed
in the DMM joint. Interestingly, lentiviral IGF-II injected knee joints,
despite having significant IGF-II expression in the synovium, did

Fig. 4. Immunohistochemical analysis of endogenous IGF-II protein
expression in DMM and Sham mouse knee joints. Images of IHC staining
using a mouse IGF-II antibody on knee sections obtained from mice 7 weeks
post-DMM or Sham surgery. Scale bar¼ 200mm. Rectangles denote areas
shown in higher magnification. Fe¼ femur, Ti¼ tibia, Sv¼ synovium,
Me¼meniscus. Sections incubated with no primary antibody served as a
negative control for the staining.

Fig. 5. Lentiviral-IGF-II and lentiviral-GFP expression in the knee joints after
intraarticular injection. Lentiviral-IGF-II and lentiviral-GFP were injected into
the knee joints after sham surgery, first at 1 week and then subsequently at 2
weeks. IHC was performed at 3 weeks after the last virus injection. Images of
IHC staining using (A) anti-GFP and (B) anti-human IGF-II antibodies are
shown. As lentiviral-IGF-II encodes human IGF-II, an antibody of human IGF-II
was used. Scale bar¼ 200mm. Rectangles denote areas shown in higher
magnification. LV¼ lentivirus.

JOURNAL OF CELLULAR BIOCHEMISTRY2864 IGF-II ACTIVITY ON ARTICULAR CARTILAGE IN OA



not show significant reduction of the severity of synovitis, suggesting
that IGF-II acts differently in the synovium (Fig. 7A and C). Finally,
we examined subchondral bone sclerosis by measuring subchondral
bone plate thickness of the medial tibial plateau [Thysen et al., 2015].
DMM surgery resulted in a significant increase in subchondral plate
thickness compared to sham surgery in GFP knees. In contrast, the

thickness of subchondral bone plate was restored to its normal level
in knee joints injected with lentiviral-IGF-II (Fig. 7D). Taken
together, these data indicate that IGF-II is capable of halting key
events of joint knee destruction in OA including articular cartilage
loss, osteophyte formation and subchondral bone sclerosis in our
analysis using a murine experimental OA model.

Fig. 6. Histological analyses of articular cartilage of post-DMM mouse knee joints injected with lentiviral-IGF-II and lentiviral-GFP. (A) Images of Safranin O staining with
Hematoxylin and Fast green counterstaining. Rectangles denote areas shown in higher magnification. (B) Images of IHC analysis on the protein expression ofMMP13 and NF-kB/
p65. Black arrows indicate cells with high levels of nuclear NF-kB/p65 expression. Open arrows indicate cells having very low basal levels of NF-kB/p65 or showing no evidence of
nuclear NF-kB/p65 staining. Scale bar¼ 100mm. Fe¼ femur, Ti¼ tibia, Sv¼ synovium, Me¼meniscus, An¼ anterior side, Po¼ posterior side. (C) Percentage of cartilage
matrix loss was quantified based on the loss of Safranin O staining at the articular surface. (D) Degree of cartilage matrix destruction was examined according to the OARSI
scoring system. (E) Cellularity in articular cartilage was quantified as the total number of cells per total area based on the Hematoxylin and Fast green staining results. (F)
Percentage of MMP13-positive cells among the total number of chondrocytes in articular cartilage. (G) Percentage of cells with strong NF-kB/p65 staining (as cells indicated by
black arrows) among the total number of chondrocytes in articular cartilage. Data are reported either by box-plot or as mean� standard deviation. *P< 0.05. LV¼ lentivirus.
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DISCUSSION

Multiple factors have been shown to regulate the process of joint
damage in vivo in experimental OA, including secreted proteins
(such as MMP13, ADAMTS5, TGFb, FGF2, PRG4, and a2-macro-
globulin) [Goldring, 2012; Loeser et al., 2012; Oh et al., 2012; Ruan
et al., 2013], intracellular factors (such as Zinc-transporter ZIP8)
[Kim et al., 2014] as well as small molecules (such as MG132
proteasome inhibitor) [Radwan et al., 2014]. Despite the large
amount of work on IGF signaling in chondrocytes in vitro, most of

the work was focused on IGF-I, which in fact has been reported to be
upregulated in OA [Matsumoto et al., 1996]. Furthermore, the effect
of IGF signaling either from IGF-I or IGF-II in OA progression in vivo
has not been demonstrated. Our study suggests that IGF-II is capable
of halting cartilage matrix destruction in an injury-induced OA
model (DMM) in mice as well as in human chondrocyte and cartilage
culture systems. In addition to matrix maintenance, we found that
IGF-II can prevent loss of chondrocytes, osteophyte formation and
subchondral bone sclerosis in vivo, indicating that IGF-II inhibits
multiple aspects of joint degeneration in OA (Fig. 8).

Fig. 7. Histological analysis on osteophyte formation, synovitis and subchondral bone sclerosis of post-DMM mouse knee joints injected with lentiviral-IGF-II and lentiviral-
GFP. (A) Osteophyte and synovitis images at the medial tibial plateau of the DMM knees. Rectangles denote areas shown in higher magnification. Dashed circles indicate areas of
osteophytes for quantification using ImageJ. (B) Quantification of osteophyte sizes and (C) degree of synovitis. (D) Images of subchondral bone at the medial tibial plateau of the
knee joints. Rectangles denote areas shown in higher magnification. Dashed lines indicate the border of subchondral bone plate (SBP) in subchondral bone (SB). Scale
bar¼ 200mm. Data are reported either by box-plot or as mean� standard deviation. *P< 0.05. ***P< 0.001, DMM; LV-GFP versus DMM; LV-IGF-II. LV¼ lentivirus. Fe¼ femur,
Ti¼ tibia, Me¼meniscus, An-Sv¼ anterior synovium.
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It is known that IGF-II is required for skeletal growth during
embryogenesis [Baker et al., 1993; Liu, 1993]. After birth, however,
IGF-II null mice resume growth at a normal rate, suggesting that
IGF-II is primarily involved in embryonic growth, but not postnatal
growth [Baker et al., 1993; Liu, 1993]. Yet, it remains possible that
IGF-II is involved in biological processes other than growth in
postnatal animals. Recent studies have noted that IGF-II is expressed
in adult tissues such as the muscle and meniscus as well as in several
tumor types [Takigawa et al., 1997; Hellio Le Graverand et al., 2001;
Dynkevich et al., 2013]. Our data indicate that IGF-II protein levels
are reduced in the articular cartilage of mice subjected to DMM
surgery as well as in human OA cartilage, which is consistent with
prior reports indicating a decline of IGF-II level in the synovial fluid
and the meniscus under OA conditions [Hellio Le Graverand et al.,
2001]. On the other hand, Steck et al. [2012] reported that IGF-II
mRNA level increased by two-fold in OA cartilage. The discrepancy
between our studies could be due to sample selection. Steck et al.
[2012] selected normal donors ranging from 13–52 years of age,
while OA donors ranged from 47–88 years of age. In our study, the
ages of normal and OA donors were similar. In addition, while we
only used tibial cartilage from the donors for RT-PCR analysis, Steck
et al. [2012] used the entire joint cartilage. It would be important to
include additional donors and compare tibial vs femur cartilage gene
expression to address these differences.

Functionally, while IGF-II has been found to promote chondrocyte
clonal growth [Vetter et al., 1986], chondrocyte survival [Loeser and
Shanker, 2000] and proteoglycan synthesis [Takigawa et al., 1997;
Davenport-Goodall et al., 2004], we did not observe a significant
effect of IGF-II in chondrocyte behavior in these aspects in normal
chondrocytes without an IL-1b challenge. This discrepancy could be
due to the fact that we did not serum-starve the cells in our functional
assays. On the other hand, our result is consistent with work by
Bhaumick andBala [1991] where they demonstrate that IGF-II did not
promote cartilagematrix synthesis in differentiatedmouse embryonic

limb bud chondrocytes, while IGF-I did [Bhaumick and Bala, 1991].
Additionally, IGF-II was much more effective at promoting glucose
incorporation than IGF-I [Bhaumick and Bala, 1991]. It is unclear
whether IGF-II regulates glucose uptake in adult articular chondro-
cytes, nor is it clear whether its effect on cartilage gene expression
under inflammatory or OA conditions is related to glucose
metabolism.

However, in the presence of IL-1b, IGF-II significantly inhibited
MMPexpression and promoted cartilagematrix production in normal
human chondrocytes. IGF-II also has a similar effect on OA
chondrocytes, which already express a higher level of IL-1b mRNA.
Therefore, our data suggests that the role of IGF-II lies more in
inhibiting cartilage matrix destruction and maintaining matrix levels
under adverse conditions. An earlier report examined the effect of
IGF-II on IL-1b-treated equine chondrocytes and showed that
although IGF-II induced GAG synthesis, IGF-II did not prevent the
reduction of total amount of GAG [Davenport-Goodall et al., 2004].
The discrepancy between this study and ours is perhaps related to the
shorter culture time (72h) used for the explant culture in this prior
study, as compared to the longer culture time in ours (21 days).

Toward understanding underlying mechanisms, we have dem-
onstrated that IGF-II could inhibit IL-1b-induced NF-kB activation,
a key mediator in catabolic gene expression and cartilage
destruction [Marcu et al., 2010], and have shown for the first time
that IGF signaling inhibits NF-kB expression in vivo under OA
conditions. Interestingly, in our in vitro experiments, we did not
observe that IGF-II activated any of the following kinases (Akt,
ERK1/2), which are typically activated by IGF-I [McMahon et al.,
2008; Zhang et al., 2009; Montaseri et al., 2011], suggesting that
IGF-II may inhibit NF-kB activity through mechanisms different
from IGF-I. Such differential activities may be related to the
repertoire of IGF binding proteins or different receptors, which are
likely associated with different signaling kinases [Bhakta et al.,
2000; Siddle, 2011]. It has been shown that the direct binding of IGF-
II to the IGF-II receptor, a receptor that IGF-I does not bind,
stimulated proteoglycan synthesis and induced calcium influx in
chondrocytes, as it occurs even in the presence of an anti-IGF-IR
antibody [Sessions et al., 1987; Poiraudeau et al., 1997; Takigawa
et al., 1997]. Thus, it will be interesting to determine whether IGF-II
signals through the IGF-II receptor in our setting under IL-1b or OA
conditions. As it has been shown that IGF-II Receptor has a G-protein
binding site and phospholipase C (PLC) can act downstream of this
receptor for signal transduction [Ikezu et al., 1995; Maeng et al.,
2009], we have evaluated PLC activity and found it was increased by
IGF-II. In addition, a PLC inhibitor completely blocked the activity of
IGF-II in inhibiting IL-1b-induced MMP13 expression. This result is
consistent with a prior report indicating that PLC is also required for
IGF-II-mediated calcium influx in chondrocytes [Poiraudeau et al.,
1997]. Our result adds to that notion indicating that PLC is also
required for IGF-II0s inhibitory effects on MMP13 expression.
However, additional studies are required to determine the molecular
mechanisms of IGF-II signaling and how PLC mediates its activity.

It is also unclear whether the IGF-II signaling pathway interacts
with other pathways (such as Wnt, Ihh, FGF, TGFb, or BMP) that
regulate cartilage destruction during OA. Both Wnt and IGF
signaling are known to inhibit GSK-3 in other cell types such as

Fig. 8. Model on the chondroprotective activity of IGF-II. In vitro, IGF-II
inhibits IL-1b-induced catabolic gene expression and enhances cartilage
matrix gene expression in chondrocytes. Our model is that IGF-II induces PLC
activity and inhibits the activation of the NF-kB pathway. In vivo, IGF-II
promotes articular cartilage integrity and prevents osteophytes formation and
subchondral bone sclerosis in injury-induced OA.
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muscle and endothelial cells [Devi et al., 2011; Pansters et al., 2011].
Additionally, IGF and FGF signaling pathways are known to
crosstalk during embryo development [Pera et al., 2003]. Further-
more, it has been shown that TGFb potentially mediates IGF-II
activity in chondrogenesis in vitro [Hamamura et al., 2008]. Thus, it
would be interesting to determine whether IGF-II signaling in the
joint could alter these other pathways.

It is accepted that OA is not just a cartilage disease, but instead a
“whole joint” disease with ectopic bone formation and synovium
inflammation [Loeser et al., 2012]. We have found that IGF-II
inhibited osteophyte formation and subchondral bone sclerosis in
addition to its effect on cartilage matrix. However, it does not affect
synovitis. This is consistent with other studies where not all aspects
of OA pathology are changed by gene manipulations. For example,
the zinc regulator Zip8 knockoutmice showed a decrease in cartilage
destruction without any changes in osteophyte formation upon
DMM surgery [Kim et al., 2014]. Since we did not observe any
significant reduction in synovitis in lentiviral IGF-II-infected knee
joints even though there was ample IGF-II viral infection of the
synovium, it suggests that the effect of IGF-II on joint cartilage may
not act through the synovium and that IGF-II may function
differently in these two tissues. On the other hand, even though there
was no significant IGF-II viral infection in the subchondral bone,
significant reduction of subchondral bone thickening was observed,
suggesting that such an effect is not a direct effect of IGF-II on bone
cells. In a similar case with Dkk-1 adenovirus intraarticular injection
in the DMM model, reduced cartilage loss and subchondral bone
sclerosis were both observed, even though viral expression in the
bone was not noted [Oh et al., 2012]. It is possible that the effect on
the subchondral bone is due to the enhanced articular cartilage
integrity in these cases.

It is worth noting that this study involves the use of just onemouse
strain, at one age, andone experimentalOAmodel. Itwill be important
to test the effect of IGF-II on other mouse strains, at older ages, and in
other experimental OA models such as cruciate ligament transection,
naturally occurringOAorhigh fat dietmodels [Goldring, 2012; Loeser
et al., 2012;Oh et al., 2012; Ruan et al., 2013;Wang et al., 2014], asOA
is a disease of heterogeneous origins with multiple subtypes [Loeser
et al., 2012]. It has been reported that opposite results were obtained
when testing the effect of FGF2 in the mouse and in human cartilage
specimens [Li et al., 2012], highlighting the importance of testing in
humancells and tissues. Inour study,weobserved consistent effects of
IGF-II on human chondrocytes and OA cartilage slices as well as the
mouse joint in vivo, which is suggestive of the translational potential
of IGF-II in OA intervention.
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