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An essential role for IGF2 in cartilage development and glucose
metabolism during postnatal long bone growth
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ABSTRACT
Postnatal bone growth involves a dramatic increase in length and
girth. Intriguingly, this period of growth is independent of growth
hormone and the underlying mechanism is poorly understood.
Recently, an IGF2 mutation was identified in humans with early
postnatal growth restriction. Here, we show that IGF2 is essential for
longitudinal and appositional murine postnatal bone development,
which involves proper timing of chondrocyte maturation and
perichondrial cell differentiation and survival. Importantly, the Igf2
null mouse model does not represent a simple delay of growth but
instead uncoordinated growth plate development. Furthermore,
biochemical and two-photon imaging analyses identified elevated
and imbalanced glucose metabolism in the Igf2 null mouse.
Attenuation of glycolysis rescued the mutant phenotype of
premature cartilage maturation, thereby indicating that IGF2
controls bone growth by regulating glucose metabolism in
chondrocytes. This work links glucose metabolism with cartilage
development and provides insight into the fundamental
understanding of human growth abnormalities.
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INTRODUCTION
Endochondral ossification is an essential process for long bone growth,
for which a cartilage template is used. Here, chondrocytes undergo
proliferation and hypertrophic differentiation (i.e. maturation), forming
a distinctive growth plate that drives longitudinal growth (Kronenberg,
2003). Newly formed chondrocytes are proliferative and
morphologically round, but eventually become flat chondrocytes to
form the ‘columnar zone’. Proliferating chondrocytes eventually exit
the cell cycle to enter the prehypertrophic phase, which is followed by
the hypertrophic phase. Such longitudinal growth is governed by the
parathyroid hormone-related protein (PTHrP)/Ihh signaling loop,
and mediated by the perichondrium (Kronenberg, 2003). The
perichondrium is also crucial for the appositional growth that
increases the girth of the developing bone and involves perichondrial

cell proliferation and differentiation. A key feature of the postnatal
period of bone growth is the rapid increase in girth, as well as the
appearance of the secondary ossification center (SOC), a process
that involves the hypertrophic differentiation of epiphyseal
chondrocytes and subsequent ossification (Blumer et al., 2008).

Although embryonic long bone growth has been extensively
studied, the mechanisms that govern postnatal bone development
are still largely elusive. Growth hormone (GH) is a major regulator
of postnatal bone growth, but GH receptor knockout mice grow
normally until postnatal day (P) 10, suggesting that early postnatal
growth is GH independent (Lupu et al., 2001). Insulin-like growth
factors (IGF1 and IGF2) are important growth factors that govern
both prenatal and postnatal body growth and development (Fisher
et al., 2005; Schlegel et al., 2010). IGF2, but not IGF1, is strongly
expressed in the proliferating zone of the growth plate (Reinecke
et al., 2000; Shinar et al., 1993; Tsang et al., 2007). Although
mutations in IGF1 and its receptor, IGF1R, have been reported in
humans with stunted growth, mutations in IGF2 had not been
identified until recently, when Begemann et al. showed that a
nonsense IGF2mutation is associated with human postnatal growth
restriction (Begemann et al., 2015; Klammt et al., 2011; Netchine
et al., 2011). This specifically highlights the importance of IGF2 in
controlling skeletal development after birth, raising the need to
understand how IGF2 exerts this activity.

In this article, we investigated the role of IGF2 in longitudinal and
appositional bone growth using Igf2 null mice, and discovered that an
underlyingmechanism bywhich IGF2 controls cartilage development
is through regulating glucose metabolism in chondrocytes.

RESULTS
The Igf2 null bone has an abnormal growth plate with a
disproportionally larger hypertrophic zone and delayed
secondary ossification center formation
To investigate the role of IGF2 on postnatal long bone growth, we
analyzed Igf2 knockout mice. Igf2 is an imprinted gene that is only
expressed from the paternally inherited allele (Baker et al., 1993).
Thus, the Igf2 knockout (KO) phenotype is observed from a
homozygote (Igf2−/−) as well as from a heterozygotewith a KO allele
from the father (Igf2+m/−p), which we refer to as an ‘Igf2 null’ or ‘Igf2
mutant’. We examined metatarsal bones of wild-type (WT) and Igf2
null mice, as the metatarsal bone is widely used as a model for
studying long bone development (Reno et al., 2006; Stickens et al.,
2004). Although Igf2 null embryos appear smaller than the WT, no
significant differences in length or width were observed between the
embryonicWT and Igf2 null metatarsal bones (Fig. 1A-C). However,
starting from P7, Igf2 null bones showed a substantial reduction in the
total length and width of the bone as well as the cartilage (Fig. 1D-G).
We have also observed similar phenotypes in the femur and tibia
(Fig. S1); however, these bones have a curvature associated with
the growth plate in later stages, making quantification difficult. InReceived 6 June 2017; Accepted 15 August 2017
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addition, because metatarsal bones are more immature than the
femur and tibia, they exhibit more significant postnatal growth,
which allows us to capture bone development more easily.
Therefore, we decided to continue analyzing metatarsal bones in
subsequent studies. Alcian Blue staining confirmed that the Igf2
null growth plate cartilage was shorter and disproportionally thinner
than the WT (Fig. 2A-F). The mutant growth plate was generally
well formed, but its hypertrophic zone was disproportionally larger
and the epiphyseal zone shorter (Fig. 2G,H). In addition, there was a
clear delay in SOC formation in the mutant, which contributed to
the shortened cartilage template (Fig. 2H).
Immunohistochemical (IHC) analysis indicated that collagen

type II (Col-II) and type X (Col-X) protein expression was
comparable between the WT and the mutant, but there is a clear
delay in Col-X expression in the SOC of the Igf2 null (Fig. 3A,B;
Fig. S2). The master chondrogenic regulator Sox9 is normally
expressed widely in columnar chondrocytes, but is reduced in
hypertrophic chondrocytes (Akiyama et al., 2002; Amarilio et al.,
2007; Huang et al., 2001; Saito et al., 2010) (Fig. 3C). In the Igf2
mutant, however, significantly higher levels of Sox9 persisted in
hypertrophic chondrocytes (Fig. 3C, arrows) as well as in
chondrocytes of the SOC, indicating a delay in repression of Sox9
expression upon chondrocyte hypertrophy (Fig. 3C). Ihh is another
key regulator of cartilage development; Ihh mRNA is specifically
expressed in the prehypertrophic zone, but its protein can diffuse
into neighboring zones (Bastepe et al., 2004; Bitgood and
McMahon, 1995; Kake et al., 2009). We found a shorter Ihh-
positive prehypertrophic zone in the Igf2 mutant (Fig. 3D),
indicating that IGF2 deficiency caused a shortening of the
prehypertrophic zone (Fig. 3D). The key hypertrophic zone

regulators Runx2, HIF1α and HIF2α were strongly expressed in the
hypertrophic zone and the developing SOC of theWT bone, but their
expression was clearly reduced in the hypertrophic zone of the Igf2
mutant, which might be related to increased Sox9 expression in this
zone (Fig. 3D-G). Additionally, theywere absent from the developing
SOC of the Igf2 mutant, indicating a delay in SOC development
(Fig. 3D-G). Interestingly, markers that are associated with terminal
differentiation, such as alkaline phosphatase (ALP) activity and
MMP13 expression, were not significantly affected in Igf2 mutants,
suggesting that it is unlikely that the lack of IGF2 had affected
mineralization or terminal differentiation of chondrocytes (Fig. S3).

To assess chondrocyte proliferation and survival, we performed
5-ethynyl-2′-deoxyuridine (EdU) incorporation, Ki67 (Mki67)
staining and terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining. In the columnar zone, similar
percentages of EdU-positive cells were observed between the WT
and the mutant, despite an overall reduction in the total number of
EdU-positive cells (Fig. 3H, Fig. S4), suggesting that the loss of
IGF2 did not affect the rate of columnar chondrocyte proliferation.
On the other hand, in the SOC, widespread EdU-positive cells were
found in the Igf2 null, which is consistent with a delay in
hypertrophic differentiation (Fig. 3H). Similar results were obtained
with Ki67 staining (Fig. S4). By contrast, TUNEL staining revealed
a significant increase in apoptosis (Fig. 3I), suggesting that IGF2 is
required for chondrocyte survival.

The Igf2 mutant does not represent a simple delay in bone
development
To address whether the observed phenotype represents a simple
delay in development in the Igf2 null, we compared WT and mutant

Fig. 1. Igf2 null mutants exhibit abnormalities
in postnatal metatarsal bone growth.
(A) Parameters used in metatarsal bone
measurement. The darker area in the diaphysis
indicates mineralized bone and calcified
cartilage. Note that the same image is used in
Fig. 5A. (B) Comparison of bone length between
WT and Igf2 null bones at E15.5 and E17.5.
(C) Comparison of bone width between WT
and Igf2 null bones at E15.5 and E17.5.
(D-G) Comparison of total bone length (D), bone
width at diaphysis (E), length of the cartilage
portion at metaphysis (F) and width of the
cartilage portion at metaphysis (G) in WT and
Igf2 null bones at postnatal stages P0-P21.
At least eight embryonic bones/group and
six postnatal bones/group were analyzed.
Mean±s.d. *P<0.05 (unpaired t-tests between
WT and Igf2 null).
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metatarsal bones of the same length. Based on the growth chart, WT
at P12 and Igf2 null at P21 are of the same bone length (Fig. 4A);
however, the Igf2 null growth platewas much smaller and resembled
the growth plate of a more mature bone (Fig. 4B,C). As a result of a
shortened growth plate, the mineralized diaphysis of the mutant was
disproportionally longer (Fig. 4B,C). Consistent with a more mature
phenotype in the Igf2 null, a stronger ALP activity was observed
(Fig. 4C). Interestingly, the Igf2 null bone was significantly thinner
than the length-matched WT bone (Fig. 4D), suggesting
uncoordinated longitudinal and lateral growth. In addition, the
Igf2 null bone had a disproportionally larger hypertrophic zone
(Fig. 4E). Similar results were obtained whenWT and mutant bones
from twomore pairs that were analyzed: P5WT versus P12 Igf2 null
and P9 WT versus P14 Igf2 null (Fig. S5). Thus, the Igf2 null does
not represent a simple delay in bone development.

IGF2 is required for perichondrium growth and development
To investigate why the Igf2 null bone was thinner, we examined the
perichondrium (Kobayashi et al., 2011; Kronenberg, 2006). For

consistency, the thickness of the perichondrium juxtaposing the
prehypertrophic zone where Ihh is expressed was quantified
(Fig. 5A-C). Overall, the perichondrium grew thicker over time,
but the mutant was consistently thinner (Fig. 5A-C). Although
distinct perichondrium markers are not well established, Thy1 (also
known as CD90) has been reported to be present in the outer layer of
the perichondrium (Fig. 5D) (Nakamura et al., 2010). Significantly,
Thy1 expression was diminished in the perichondrium of the Igf2
null bones (Fig. 5D). Interestingly, we did not observe a difference
in CD44, which was expressed in the inner layer of the
perichondrium (Fig. 5D) (Kobayashi et al., 2011). In addition to
the change in Thy1 expression, there was also a substantial decrease
in the number of Ki67- and EdU-positive cells and an increase in the
number of TUNEL-positive cells in the perichondrium in the Igf2
null bone (Fig. 5E,F). As perichondrial cells can differentiate into
osteoblasts and chondrocytes (Colnot et al., 2004; Kobayashi et al.,
2011; Srour et al., 2015), the expression of Sox9 and Runx2 was
assessed, and a reduction in these two proteins was observed
(Fig. 5G). To determine whether the reduced thickness in

Fig. 2. Igf2 null mutant metatarsal bones have abnormal growth
plate architecture and delayed secondary ossification center
formation in postnatal development. (A-E) Alcian Blue and
Hematoxylin staining of the cartilage portion from the distal end of
the middle metatarsal bone at P0, 7, 10, 14 and 21. Red, blue and
black bars indicate the hypertrophic zone (HZ), the columnar zone
(CZ) and the epiphyseal zone (EZ), respectively. (F) Comparison of
width/length ratio of the cartilage template betweenWT and Igf2 null
bones. The length is the sum of the lengths of HZ, CZ and EZ.
(G) Comparison of the ratio of the HZ in the cartilage template
(HZ/total) between WT and Igf2 null bones. (H) Comparison of EZ
length betweenWTand Igf2 null bones. Scale bars: 200 µm. At least
six bones/group were analyzed. Mean±s.d. *P<0.05, **P<0.01,
***P<0.001 (unpaired t-tests between WT and Igf2 null).
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perichondrium represents a simple delay in the development in the
Igf2 null bones, we compared the thickness of the perichondrium in
metatarsal bones of the same lengths. Although at the beginning, the
perichondrium of bones of the same lengths (WT P5 versus Igf2 null
P10, WT P9 versus Igf2 null P14) had similar thickness, later in
development, the mutant perichondrium was thinner and had very
little Ki67, Sox9 and Runx2 staining (WT P12 versus Igf2 null P21)
(Fig. 5H,I). This result suggests that the Igf2 null bone does not
represent a simple delay in perichondrium development. Together,
these data suggest that IGF2 is required for perichondrial cell
proliferation, survival and differentiation.

IGF2 regulates chondrocyte gene expression in vitro
To determine whether IGF2 is required locally to regulate
chondrocyte development, as the Igf2 null is a global knockout, we
cultured isolated metatarsal bones. We found that the mutant bones
grew more slowly in length and width, with a slightly larger

hypertrophic zone and a shortened columnar zone (Fig. 6A-C),
suggesting that IGF2 is required within the bone to regulate
chondrocyte development. To confirm this finding, we isolated
primary epiphyseal chondrocytes and cultured them in alginate beads
to maintain a 3D environment (De Ceuninck et al., 2004). Igf2 null
cells expressed significantly lower levels of the cartilagematrix genes
aggrecan (Acan), Col2a1 (Col-II) and Col10a1 (Col-X), which is
consistent with a delayed chondrocyte differentiation process
(Fig. 6D). We also evaluated the expression of Igf1, but did not
observe a significant difference. Treating cultured chondrocytes with
IGF2 protein induced cartilage gene expression (Fig. 6E), suggesting
that IGF2 is sufficient to promote chondrogenic gene expression.
Interestingly, Sox9 mRNA expression was not altered in these
manipulations (Fig. 6D,E), despite the protein expression being
altered in the hypertrophic chondrocytes in our in vivo analysis. This
suggests a potential difference in the regulation of SOX9 protein
and mRNA by IGF2. Because a key regulator of chondrocyte

Fig. 3. Histological analysis of the growth plate of WT and Igf2 null metatarsal bones at P7. (A-G) Collagen II (Col-II) (A), collagen X (Col-X) (B), Sox9 (C),
IHH (D), Runx2 (E), HIF1α (F) and HIF2α (G) IHC. Arrows in C indicate areaswith abundant Sox9-positive cells in the Igf2 null compared with theWT [hypertrophic
zone and the secondary ossification center (SOC)]. (H) EdU incorporation. The arrow indicates EdU-positive cells in the SOC of the Igf2 null bone. (I) TUNEL
assay. Arrows indicate TUNEL-positive cells in the proliferating zone as well as the hypertrophic zone in the Igf2 null bone. Boxed areas are magnified as
indicated. At least six bones/group were analyzed. Scale bars: 200 µm.
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hypertrophy, HIF2α, was the most upregulated by IGF2 compared
with other genes in our in vitro study (Fig. 6E, Hif2a), we blocked
HIF2α activity by using a chemical inhibitor (Pfander et al., 2003;
Regan et al., 2014; Scheuermann et al., 2013). A significant reduction
in Runx2 expression was observed, suggesting that IGF2 requires
HIF2α to regulate Runx2 expression (Fig. 6F).

IGF2 regulates glucose metabolism in growth plate
chondrocytes
To investigate the underlying mechanisms further, we tested the
possible role of IGF2 in regulating glucose metabolism, based on
prior reports showing IGF2 promoting glucose uptake in embryonic

limb bud chondrocytes (Bhaumick and Bala, 1991), and altering
glucose metabolism impaired extracellular matrix (ECM)
production (Heywood et al., 2014; Martin et al., 2012; Nishida
et al., 2013). We found that IGF2 treatment of WT postnatal
epiphyseal chondrocytes in 3D alginate beads significantly
increased glucose uptake by the end of the 7 day culture period,
but did not significantly affect the total amount of glucose
consumed in this period (Fig. 7A). Typically, as chondrocytes
reside in a hypoxic environment, they are known to rely mostly on
glycolysis to generate energy (Rajpurohit et al., 1999). On the other
hand, chondrocytes consume a basal level of oxygen to sustain the
mitochondrial respiratory chain to generate oxidants such as reactive
oxygen species (ROS) as electron acceptors to maintain cellular
redox balance. As such, glycolysis and electron transport are
coupled (Lane et al., 2015; Martin et al., 2012). To investigate how
these processes are changed in the Igf2 null chondrocytes, we
assayed the lactate level as a readout of glycolysis, and oxygen
consumption rate (OCR) and ROS production as indicators of
cellular respiration. We did not observe any significant changes in
lactate production, OCR or ROS levels after IGF2 treatment, which
is consistent with the observation that the ATP production level was
also not significantly changed (Fig. 7A).

However, these metabolic indicators were significantly different
between the Igf2 null and the WT. The Igf2 null chondrocytes had
consumed twice the amount of glucose compared with WT cells
after 7 days of culture, which was restored to basal levels if these
cells were cultured with exogenous IGF2 (Fig. 7B). The level of
lactate was also elevated in the Igf2 null (Fig. 7B). In addition, OCR
and ROS levels were increased in the Igf2 null, and were restored to
WT levels if these mutant cells were cultured with exogenous
IGF2 (Fig. 7B). Consistent with these observations, Igf2 null
chondrocytes exhibited an increased intracellular ATP level
compared with WT (Fig. 7B). These results indicate that there is
an overall increase in glucose metabolism in the Igf2 null cells,
including both glycolysis and oxidative phosphorylation. Because
in our culture conditions glycolysis took place even when there
was abundant oxygen, we consider chondrocytes to have used
aerobic glycolysis, as in the case of cancer cells (Lunt and Vander
Heiden, 2011).

Another branch of glucose metabolism is glycogenesis, in which
glucose is converted to glycogen rather than continuing with the rest
of the glycolysis pathways to generate lactate or go through
oxidative phosphorylation (Adeva-Andany et al., 2016). As
glycogen has been found to be present in growth plate cartilage
(Daimon, 1977; Long et al., 2006; Wang et al., 1999), we also
evaluated glycogen levels in the WT and Igf2 metatarsal bones by
performing Periodic Acid Schiff (PAS) staining. It is evident that in
the WT bone, abundant glycogen was present in the proliferating
chondrocytes, especially in the columnar zone (Fig. 7C, Fig. S6).
Much less glycogen was detected in the Igf2 null growth plate
(Fig. 7C). Thus, it is possible that the lack of IGF2 caused a shift
between glycogen storage and glucose usage.

To further probe the underlying mechanisms that caused the
difference in glucose uptake and consumption between the WT and
the Igf2 null chondrocytes, we examined glucose transporters Glut1
(Slc2a1) and Glut4 (Slc2a4) mRNA expression. Glut4 mRNA
levels were slightly decreased in the Igf2 null, and significantly
increased in the WT upon IGF2 protein administration (Fig. 7D).
IGF2 treatment slightly decreased the Glut1 mRNA level, but no
significant difference was observed between WT and Igf2 null,
suggesting that IGF2 regulates different glucose transporters in
different ways (Fig. 7D). We also performed western blot analysis

Fig. 4. Histological analysis of length-matched Igf2 null and WT
metatarsal bones. (A) P21 Igf2 null bones and P12 WT bones were length-
matched pairs. (B) Whole-mount Alizarin Red/Alcian Blue staining images.
Scale bars: 2 mm. (C) Magnified images of the boxed areas in B. Black dashed
lined squares indicate the area for which Alcian Blue/Hematoxylin, collagen X
and alkaline phosphatase (AP) staining is shown to the right. Arrows indicate
areas with positive AP activity. Scale bars: 200 μm. (D) Analysis of total bone
length, bone width, and the ratio of bone width/length in Igf2 null and WT
bones. (E) Analysis of growth plate (GP) length and ratios of hypertrophic zone
(HZ)/total (length of the cartilage portion) and HZ/GP in the cartilage template.
At least six bones/group were analyzed. Mean±s.d. *P<0.05, ***P<0.001
(unpaired t-tests between WT and Igf2 null).
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on growth plate chondrocytes to examine the activation of Akt and
AMP-activated kinase (AMPK), which are known to regulate
glucose metabolism and can act downstream of IGF signaling
(Greene and Loeser, 2015; Xi et al., 2016) but did not observe any
differences between the WT and the Igf2 null cells upon IGF2
treatment (Fig. S7). Our prior study on human adult articular
chondrocytes also failed to detect Akt activation by IGF2,
suggesting that IGF2 may act differently than IGF1 in
chondrocytes (Uchimura et al., 2015).
To investigate glucose metabolism in live cells, we assessed the

redox levels of growth plate chondrocytes from WT and Igf2 null

bones by two-photon fluorescence imaging. This imaging method
capitalizes on the endogenous fluorescence emitted by two key
co-enzymes in glucose metabolism: the oxidized form of flavin
adenine dinucleotide (FAD) and reduced form of nicotinamide
dinucleotide (NADH) (Huang et al., 2002). NADH is generated
early during glycolysis in the cytoplasm, whereas both NADH and
FADH2 are generated in the mitochondria during the Krebs cycle.
Then in the electron transport chain, NADH and FADH2 are
oxidized back to NAD+ and FAD, respectively (Huang et al., 2002).
Because the only significant endogenous fluorescence observed are
those from NADH and FAD, which represent opposite metabolic

Fig. 5. Histological analysis of the perichondrium in the Igf2 null and the WTmetatarsal bone in postnatal stages. (A) Area of the perichondrium focused
in histological analysis (red rectangle). Note that this is the same image as shown in Fig. 1A. (B) Comparison of perichondrium thickness between the Igf2
null and the WT using histological sections. Red brackets indicate the thickness of perichondrium. (C) Quantification of perichondrium thickness from P0 to P21.
(D) IHC analysis of Thy1 and CD44 of the Igf2 and WT perichondrium at P7. Yellow brackets indicate the thickness of perichondrium. (E) IHC of Ki67, EdU
incorporation, and TUNEL staining in the perichondrium. (F) Quantification on the percentage of Ki67-positive cells in the perichondrium. (G) IHC of Sox9
and Runx2 in the cartilage template. (H) Quantification of perichondrium thickness in metatarsal bones of the same length. (I) IHC of Ki67, Sox9 and Runx2 in
metatarsal bones of P12 WT and P21 Igf2 null mice. Scale bars: 50 µm in all histographs. At least six bones/group were analyzed. At least three repeats
were performed. Mean±s.d. *P<0.05 (unpaired t-tests between WT and Igf2 null).
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states (reduction versus oxidation) (redox), the balance of glycolysis
and oxidative phosphorylation can be reflected by the relative
fluorescence of these two molecules. As such, the optical ratio is
defined as FAD/(FAD+NADH) (Hassinen and Chance, 1968;
Heikal, 2010; Huang et al., 2002; Koenig and Schneckenburger,
1994; Kunz and Kunz, 1985; Masters, 1984; Scholz et al., 1969).
For example, under hypoxic conditions, a decrease in oxidative
phosphorylation in reference to anaerobic glycolysis is expected,
resulting in reduced conversion of NADH to NAD+, thus a surplus
of NADH, and ultimately a decrease in the optical redox ratio
(Quinn et al., 2013; Varone et al., 2014).
In our analysis, Igf2 null chondrocytes in 3D cultures showed a

lower redox ratio than the WT cells, but adding IGF2 to the mutant
cells restored the redox ratio to WT levels (Fig. 7E). Whereas our
biochemical analysis indicates an increase in both oxidative
phosphorylation and glycolysis in the Igf2 null, this optical redox
analysis suggests a shift in balance towards glycolysis. To determine
whether this is the case in vivo, we analyzed sections of the WT and
mutant metatarsal bones. Igf2 null chondrocytes in all zones of the
growing cartilage had a lower redox ratio, consistent with the
analysis on in vitro cultured chondrocytes (Fig. 7F). As a gain-of-
function experiment, we analyzed IGF2-treated metatarsal bones in
ex vivo cultures and found that exogenous IGF2 elevated the optical
redox ratios to WT levels in the Igf2 null (Fig. 7G). Thus, these
analyses indicate that loss of IGF2 causes an overall increase in
glucose metabolism, which can be restored by exogenous IGF2.

Attenuating glycolysis restores normal longitudinal growth
rate and chondrocyte maturation in Igf2 null bones
To address whether increased glucose metabolism in the Igf2 null
causes the chondrocyte maturation phenotype in longitudinal bone

growth, we applied a widely used glycolysis inhibitor to Igf2 null
bones in ex vivo cultures. This inhibitor, 3-bromopyruvate (3-
BrPA), specifically inhibits hexokinase II, a key enzyme that
converts glucose to glucose-6-phosphate (Geschwind et al., 2002;
Jones et al., 1995; Ko et al., 2004; Sugita et al., 2011). Significantly,
although the Igf2 null bones were consistently smaller than the WT
bone, the rate of longitudinal growth of the Igf2 null bone after 3-
BrPA treatment became similar to that of the WT bone (Fig. 8A,B).
Histological analysis demonstrated that 3-BrPA caused a decrease
in the length of the hypertrophic zone and an increase in the ratio of
the columnar zone over the hypertrophic zone (Fig. 8C,D), thus
rescuing the defect in chondrocyte maturation of the Igf2 null bone.
Interestingly, we did not observe significant differences in WT
chondrocytes caused by 3-BrPA administration. It is possible that
the amount of 3-BrPA used in our experiments was not high enough
to lower glycolysis to a level that affectedWT development; but was
high enough to reduce elevated glucose metabolism in the Igf2 null.
Therewas no significant difference in the intensity of Col-X staining
between theWT and the mutant (Fig. 8E). However, very little Ki67
staining was observed in the mutant, and treatment with 3-BrPA
significantly increased the number of Ki67-positive cells,
suggesting of an enhancement of chondrocyte proliferation
(Fig. 8E). Therefore, this study indicates that the regulatory role
of IGF2 on chondrocyte maturation and matrix production in
endochondral ossification is mediated by its activity on glucose
metabolism in chondrocytes.

DISCUSSION
In this study, we show that IGF2 is an essential factor for
coordinated longitudinal and appositional growth as well as glucose
metabolism in early postnatal cartilage development (Fig. 9).

Fig. 6. Ex vivo bone organ culture and
in vitro chondrocyte analyses of the Igf2
null bone. (A) Representative images of
metatarsal bones of WT and Igf2 null after
7 days of ex vivo culture. (B) Percentage of
growth in length and width of metatarsal
bones after 7 days of culture. (C) Alcian Blue
and Hematoxylin staining of the metatarsal
bones after 7 days of culture. The ratio of the
lengths of hypertrophic zone (HZ)/total
length of the cartilage template, as well as
the ratio of the columnar zone (CZ)/HZ
between the WT and Igf2 null bones were
compared. For A-C, at least ten bones were
analyzed for each group (WT and Igf2 null).
Scale bars: 200 μm. (D) RT-qPCR analysis
of Igf2 null andWTepiphyseal chondrocytes
after 1 week of culturing in alginate beads.
Data are presented as the ratio of Igf2 null/
WT gene expression. (E) RT-qPCR analysis
of epiphyseal chondrocytes treated with
exogenous 10 ng/ml IGF2 and cultured in
3D alginate beads for 1 week. Data are
presented as the ratio of gene expression
from IGF2 treatment versus non-treated
control in WT chondrocytes. (F) RT-qPCR
analysis of selected genes after the
treatment with an HIF2α inhibitor, HIF2
antagonist 2. For D-F, the experiments were
conducted with biological triplicates and
repeated three times. Mean±s.d. *P<0.05,
**P<0.01, ***P<0.001 (D,E: unpaired t-test
between WT and Igf2 null; F: ANOVA
followed by Dunnett’s test).
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Fig. 7. Igf2 null chondrocytes have altered glucose metabolism. (A,B) Analysis of glucose uptake in chondrocytes at day 7 of culture, total glucose
consumption after 7 days of culture, L-lactate levels, oxygen consumption rates (OCR), reactive oxygen species (ROS), and intracellular ATP levels at day 7 of
culture inWTand Igf2 null in the absence or presence of IGF2. (C) PAS staining images of the metatarsal bones of P10WTand Igf2 null sections. Arrows indicate
punctate PAS-positive staining areas indicating glycogen deposits. The diffuse staining reflects other polysaccharides in the cartilage matrix (see Fig. S6). The
magnified areas indicate intense PAS staining in the prehypertrophic zone. (D) RT-qPCR analysis of glucose transporters GLUT1 and GLUT4 in Igf2 null andWT
epiphyseal chondrocytes after 1 week of culturing in alginate beads, orWT chondrocytes treated with 10 ng/ml of IGF2. Data are presented as the ratio of Igf2 null/
WT gene expression, and the ratio of gene expression from IGF2 treatment versus non-treated control in WT chondrocytes, respectively. (E) Analysis of optic
redox ratios FAD/(FAD+NADH) of epiphyseal chondrocytes. (F) Analysis of optic redox ratios FAD/(FAD+NADH) in the columnar zone (CZ), hypertrophic zone
(HZ) and secondary ossification center (SOC) using sections of the WT and Igf2 null bones. Mineralized areas in SOC and HZ were not analyzed owing to their
endogenous fluorescence. (G) Analysis of optical redox ratios FAD/(FAD+NADH) of chondrocytes using sections of WT and Igf2 null newborn bones cultured in
the absence or presence of 10 ng/ml IGF2 for 7 days. Three mice/genotype and four sections/mouse were analyzed. Mean±s.d. *P<0.05 (A,B,D,E,G: ANOVA
followed by Dunnett’s test; F: unpaired t-test between WT and Igf2 null). Scale bars: 200 µm (C,F,G); 50 µm (E).
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Earlier studies have indicated that IGF2 is widely expressed in many
tissues during embryonic and early postnatal stages prior to the
weaning age (DeChiara et al., 1991; Liu, 1993), but its function on
bone growth has not been defined. Our age-matched and length-
matched analyses of WT and mutant metatarsal bones demonstrate
that IGF2 regulates chondrocyte development in several ways.
First, IGF2 regulates the progression of chondrocytes from the

proliferating to the hypertrophic phase. As indicated by Ihh staining,
the Igf2 mutant has a shorter prehypertrophic phase than the WT.

Perhaps as a result, mutant hypertrophic chondrocytes retained
higher levels of Sox9 expression, which may explain the abnormal
expression of many of the hypertrophic markers in the mutant
(Runx2, HIF2α). Although matrix protein expression (Col-II and
Col-X) generally did not appear altered when detected by IHC,
a reduction in their mRNA expression in isolated epiphyseal
chondrocytes was indeed observed. The shortened prehypertrophic
phase and retained Sox9 expression in the hypertrophic zone of the
mutant are consistent with the notion of an accelerated pace toward
bone maturation during longitudinal growth in the absence of IGF2.
As a result, by the time the Igf2 null bone reaches the same length as
the WT bone, it shows features of a more mature bone in terms of
longitudinal bone growth compared with age-matchedWT, including
a shortened growth plate and higher levels of ALP expression
(Fig. 4C). It has been reported that SOC formation is dependent on
thyroid hormone-induced Ihh and osterix (Sp7) activation (Xing
et al., 2014). As Igf2 null bones have smaller Ihh-positive
prehypertrophic chondrocytes, it is also possible that a delay in
SOC formation is caused by altered Ihh expression. Additionally,
because the Igf2 null bones are smaller and narrower, the center of the
epiphysis could have higher oxygen tension, which would delay
HIF1α expression and vascular invasion (Araldi and Schipani, 2010;
Maes et al., 2012).

Second, IGF2 regulates perichondrial cell proliferation and
differentiation. Perichondrium is plays a crucial role in long bone
elongation by facilitating the PTHrP/Ihh signaling loop as well as
providing a source of osteoblasts (Colnot et al., 2004; Derks et al.,

Fig. 8. Attenuating glycolysis rescues the
phenotype of Igf2 null bones.
(A) Representative images of ex vivoWTand
Igf2 null metatarsal bones cultured in the
absence or presence of 1 µM glycolysis
inhibitor 3-BrPA for 7 days. (B) Percentage of
growth of metatarsal bones after 7 days of
culture. (C) Alcian Blue and Hematoxylin
staining of the metatarsal bones after 7 days
of culture. Magnified views of the proliferation
and hypertrophic zones of the growth plate
are presented on the right. (D) The ratio of
the lengths of hypertrophic zone (HZ)/total
length of the cartilage template, as well as
the ratio of the columnar zone (CZ)/HZ
between the WT and Igf2 null bones were
compared. Six bones/group were analyzed.
(E) Images of IHC for Col-X and Ki67 in Igf2
null metatarsal bones grown the absence or
presence of 3-BrPA. In C and E, red, blue
and black bars indicate the hypertrophic
zone (HZ), the columnar zone (CZ) and the
epiphyseal zone (EZ), respectively. Scale
bars: 200 µm.
Mean±s.d. At least three repeats were
performed. *P<0.05 (ANOVA followed by
Dunnett’s test).

Fig. 9. Model of the role of IGF2 in regulating postnatal bone growth. IGF2
maintains the balance of glycolysis and glucose metabolism, as wells as
glycogen levels, controlling the pace of hypertrophic differentiation and
chondrocyte cell survival and cell proliferation during postnatal long bone
growth. Blue represents hypertrophic chondrocytes; orange represents
periochondrial cells. Arrows indicate direction of movement as cells mature.
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2013; Hill et al., 2005; Hojo et al., 2013; Kobayashi et al., 2011;
Srour et al., 2015; Van Osch et al., 2000). However, mechanisms to
ensure perichondrial cell proliferation and survival during rapid
postnatal bone growth are not well understood. Our data suggest that
IGF2 is required for perichondrial cell proliferation and survival as
well as for Sox9 and Runx2 expression in the inner perichondrium,
which may account for the reduced perichondrium and bone
thickness in the Igf2 null bones. It will be interesting to investigate
further the relationship between IGF2 and these other signaling
pathways in perichondrial cell proliferation and chondrogenic
differentiation. As perichondrial cells are heterogeneous (Hojo
et al., 2013), it will also be interesting to determine whether IGF2
promotes chondrogenic and osteogenic differentiation from the
same progenitor cells or simply maintains the progenitor
population.
It has been reported that IGF2 is required for embryonic growth as

well as overall postnatal body growth (Baker et al., 1993; Burns and
Hassan, 2001; DeChiara et al., 1990, 1991; Louvi et al., 1997).
However, we have analyzed at least eight metatarsal bones per stage,
and did not observe significant differences in the length and width
of the mutant and WT embryonic bones. It is possible that a study
involving a much larger number of embryos might reveal statistical
differences, or that the differences between the mutant and the WT
might be more pronounced in larger bones. Nevertheless, our data
suggests that IGF2 has a relatively subtle activity on embryonic
metatarsal bone growth.
It is not clear how IGF2 exerts its activity on cartilage

development. IGF2 is capable of binding to IGF1R, IGF2R and
the insulin receptor (IR; INSR), although its affinity to IR is low
(Hartmann et al., 1992). Additionally, their activities are modulated
by various IGF-binding proteins (Fisher et al., 2005). The Igf1r null
mouse has shorter bones, but the IR null mouse has a normal bone
length (Wang et al., 1999; Zhang et al., 2014). However, both
knockouts had a reduced hypertrophic zone (Wang et al., 1999,
2015; Zhang et al., 2014), which is consistent with the phenotype of
the Igf1 knockout (Wang et al., 1999). Igf2 null bones, on the other
hand, exhibit a disproportionally larger hypertrophic zone. These
data indicate different roles of IGF1 and IGF2 on cartilage
development. Consistent with this notion, although IGF2
overexpression promoted postnatal growth, it failed to compensate
the phenotype caused by the loss of IGF1 (Moerth et al., 2007).
IGF2 is unique in its ability to bind to IGF2R (Takigawa et al.,
1997), and it has been shown that the direct binding of IGF2 to
IGF2R stimulated proteoglycan synthesis and induced calcium
influx in chondrocytes, as it occurs even in the presence of an anti-
IGF-IR antibody (Poiraudeau et al., 1997; Sessions et al., 1987;
Takigawa et al., 1997). On the other hand, knockout of Igf2r
exhibits increased skeletal growth (Eggenschwiler et al., 1997).
Thus, none of the single knockout of the potential receptors exhibits
the same phenotype as that of the Igf2 null mouse. However, it is
possible that the phenotype of the Igf2 null mouse is a result of its
binding to multiple receptors, together with interaction of multiple
IGF-binding proteins and subsequent complex downstream
signaling. Thus, it will be important to evaluate these IGF
signaling components in the context of IGF2 in future experiments.
Although it has been recently discovered that glucose metabolism

regulates osteogenesis (Esen et al., 2013;Wei et al., 2015), its role in
cartilage development is largely unknown. Significantly, our study
indicates that IGF2 is required to regulate glucose metabolism,
possibly by keeping both anaerobic glycolysis and oxidative
phosphorylation under control. It is not clear why both Igf2 null
chondrocytes and IGF2-treated chondrocytes had increased glucose

uptake, and why such increased glucose uptake is coupled to
increased glucose metabolism in the Igf2 null bone. It is plausible
that IGF2 alters the presence of glucose transporters on the cell
membrane and the balance of glucose breakdown and glycogen
storage. Perhaps an optimal amount of glucose metabolism is
required for proper cartilage development. Our optical imaging data
on live cells as well as tissue sections indicates that substrate
utilization can be very dynamic. It suggests a shift toward anaerobic
glycolysis over oxidative phosphorylation in the Igf2 null
chondrocytes, even though both were apparently increased in Igf2
null chondrocytes based on results from biochemical testing.
Shapiro et al. showed in the growing tibial cartilage of 4-week-old
chicks a higher NADH fluorescence in the hypertrophic zone and an
increased NAD+/NADH fluorescence ratio when cartilage became
calcified, although no signals that regulate this process have been
elucidated (Shapiro et al., 1982). We did not observe such a
dramatic difference in the redox ratio, perhaps because we also have
taken the endogenous fluorescence of FAD into account, or because
of a difference in species and age of the animals as well as imaging
methods. Shapiro et al. employed scanning microfluorimetry to
record fluorescence signals with a resolution of 100 µm, whereas we
used two-photon excited fluorescence microscopy with a resolution
in the order of a micron. Nevertheless, both data support the notion
that regulation of glucose metabolism plays a role in cartilage
development. Although current technology does not allow precise
measurement of each aspect of glucose metabolism (such as glucose
uptake and consumption) in the whole animal as in in vitro
situations, we have used the best available in vivo assessment
method to indicate an altered glucose metabolism in vivo in the Igf2
null mouse, thus complementing the biochemical analysis.

Altered levels of glucose metabolism in chondrocytes cause
multiple effects. Pathways regulating glucose metabolism are
known to influence body growth (Baker et al., 1993; Zhu et al.,
2011). It was reported that culturing chondrocytes in high-glucose
medium led to reduced chondrogenic phenotypes (Heywood et al.,
2014), and that inhibiting glycolysis impaired ECM production
(Nishida et al., 2013). It has also been reported that higher ATP
production in chondrocytes led to increased chondrocyte cell death
in a knockout mouse with reduced phosphate level (Hyp mouse)
(Sugita et al., 2011). Interestingly, in these mutant bones, an
elongated hypertrophic zone was found, which we also observed in
the Igf2 null mouse. Strikingly, attenuating glycolysis with the
hexokinase II inhibitor 3-BrPA in growing Igf2 null bones rescued
this phenotype, suggesting that enhanced chondrocyte hypertrophy
in the Igf2 null cells results from higher glucose levels and that
elevated glucose metabolism promotes chondrocyte maturation. It is
not clear how IGF2 elicits its activity on glucose metabolism. It has
been reported that ROS promote chondrocyte hypertrophy and cell
death during endochondral ossification (Del Carlo and Loeser,
2002; Morita et al., 2007; Zuscik et al., 2008). However, it is unclear
whether it is the case for the Igf2 null bone. Future studies will focus
on determining the underlying mechanisms, including the receptors
and downstream pathways.

In mice, it has been demonstrated that neonatal or early postnatal
growth takes place in a growth hormone-independent manner
(Stratikopoulos et al., 2008). In humans, it was also reported that
some infants with growth hormone deficiency grow normally in the
first 6 to 9 months (Ogilvy-Stuart, 2003; Wit and van Unen, 1992).
Altered IGF2 activity is associated with Beckwith–Wiedemann
syndrome and Silver–Russell syndrome (Bartholdi et al., 2009;
Poole et al., 2012). Most recently, a nonsense mutation (p.Ser64Ter)
was identified in a multi-generational family of postnatal growth
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restriction, resembling Silver–Russell syndrome (Begemann et al.,
2015). Very similar growth curves were observed in these patients
compared with the growth curve of Igf2 null mice. This mutation is
expected to result in a truncated IGF2 protein that is devoid of
binding sites to the receptor and IGF-binding proteins, rendering a
loss-of-function phenotype. Although the underlying mechanisms
for IGF2-associated human conditions are not completely
understood, these studies indicate a clinical relevance of our
investigation and support the notion that Igf2 null mice can be used
to model growth deficiency conditions in humans.

MATERIALS AND METHODS
Experimental animals
All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committees of Tufts University. Mice
were housed with standard chow diet under 14 h light/10 h dark cycle.

Murine epiphyseal chondrocytes in vitro culture
Murine epiphyseal chondrocytes were isolated based on a previously
published protocol (Gosset et al., 2008). P1 chondrocytes were encapsulated
in 1.2% alginate beads at a density of 8×105 cells/ml and cultured in
DMEM/F-12, 10% fetal bovine serum (FBS), 25.5 μg/ml ascorbic acid for
7 days before being subjected to RT-qPCR and glucose metabolism assays.
Beads were treated with 10 ng/ml IGF2 (Peprotech) and/or 10 µM HIF-2
antagonist 2 (Sigma). For collecting encapsulated cells, alginate beads were
dissolved in 55 mM sodium citrate buffer supplemented with 10 mM
HEPES.

Metatarsal bones ex vivo culture
The middle three developing metatarsal bones were isolated from newborn
mice and cultured based on a protocol adapted from other published reports
(Mårtensson et al., 2004; Minina et al., 2001). Briefly, isolated bones were
cultured in DMEM supplemented with 0.25% FBS, 50 μg/ml ascorbic acid
and 1.25 mM sodium pyruvate (Sigma) for 7 days in the absence or
presence of 10 mg/ml IGF2 or 1 µM 3-bromopyruvate (3-BrPA).

Tissue preparation for cryo/paraffin sectioning
Samples were fixed in 1% paraformaldehyde and then decalcified in 0.33 M
EDTA. Samples were embedded in OCT (Tissue-Tek Sakura) for
cryosections and paraffin (Paraplast Plus, McCormick Scientific) for
paraffin sections. All were sectioned at 5 µm thickness.

Histological analysis
For Hematoxylin and Eosin staining, sections were stained with
Hematoxylin for 10 min and 1% Eosin for 30 s. For Alcian Blue staining,
sections were stained with 1% (w/v) Alcian Blue and counterstained with
Hematoxylin. Whole-mount Alcian Blue/Alizarin Red staining was
performed based on a previously published protocol (Ovchinnikov, 2009).
For collagen II (Col-II), collagen X (Col-X) and MMP13 IHC, enzymatic
antigen retrieval was used (0.3% hyaluronidase and 0.15% trypsin at 37°C,
12 min). For CD44, Ki67, Runx2, Sox9, HIF1α, HIF2α and Ihh staining,
heat-induced antigen retrieval was used (10 mM citric acid buffer, pH 6.0
for 10 min in steam). Information regarding primary antibody sources and
dilutions is listed in Table S1. All antibodies were validated by western blots
and IHC analyses with positive and negative controls, in reference to
literature. For fluorescence staining, 15 µg/ml Dylight594 Streptavidin
(Vector Laboratories) was sometimes used for Ki67 and Sox9 staining. For
chromogenic staining, the VECTASTAIN ABC Elite kit (Vector
Laboratories) was used. For staining involving mouse primary antibodies,
the M.O.M. kit (Vector Laboratories) was used. Alkaline phosphatase
activity was assayed by washing cryosections with NTMT (100 mM NaCl,
100 mM Tris-HCl pH 9.5, 50 mMMgCl2, 0.1% Tween-20) and incubating
with NBT/BCIP (Roche). TUNEL assay was performed using the TUNEL
in situ cell death detection kit (Roche). EdU assay involves the
intraperitoneal injection of EdU (50 µg/g body weight) and analyzing the
tissues using the Click-iT EdU imaging kit (Invitrogen) 2 h later. For PAS

staining, cryosections were rehydrated in water for 1 h, and incubated with
0.5% periodic acid for 5 min, then incubated in Schiff reagent for 15 min.
As controls for specificity for glycogen staining, sections were either treated
with 100% saliva or 10% α-amylase (Sigma) for 1 h before periodic acid
treatment.

RT-qPCR analysis
Total RNA was isolated using the RNeasy mini kit (Qiagen) and reverse
transcribed using the M-MLV reverse transcriptase (Invitrogen). qPCR was
carried out using the iQ5 Real Time Detection System (Bio-Rad). TATA-
binding protein (Tbp) served as a reference gene.

Western blot analysis
Isolated murine epiphyseal chondrocytes at passage 2 were grown to
confluency in DMEM/F12, 10% FBS before culturing in serum-free
DMEM/F12 medium for 16 h. The cells were subsequently treated with or
without 10 mg/ml IGF2 in serum-free medium for 1 h, and then lysed in the
‘Phosphatase inhibition’ protein isolation buffer (300 mM NaCl, 5 mM
EDTA, 50 mM NaF, 40 mM sodium pyrophosphate, 50 nM K2PO4,
10 mM sodium molybdate) (Fagotto et al., 1999) supplemented with 2 mM
orthovanadate, 0.5% Triton X-100, 0.6 mM DTT, 0.2 M Tris-HCl pH 7.5,
and 0.1% Protease inhibitor cocktail set III (Millipore). Protein
concentrations were determined using the DC Protein Assay (Bio-Rad).
Primary and secondary antibody information can be found in Table S1.
Bands were visualized using the Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific).

Glucose metabolism assays
For glucose uptake, glucose-free DMEM with 100 μg/ml 2-NBDG was
applied to the chondrocytes, and the uptake of 2-NBDGwas assayed 30 min
later (Glucose Uptake Cell-based Assay Kit, Cayman Chemical) using a
plate reader (FlexStation II, Molecular Devices). For glucose consumption,
3 μl of the media was incubated with 250 μl assay reagent [Glucose (HK)
assay kit (Sigma)], and read in a plate reader (Bio-Rad Benchmark Plus).
For the L-lactate assay, the medium was de-proteinized with a 10 kDa
MWCO spin filter to remove lactate dehydrogenase, and then incubated
with the assay buffer (L-lactate assay kit I, Eton Biosciences), and read in a
plate reader (Bio-Rad Benchmark Plus). For intracellular ATP,
chondrocytes cultured in alginate beads for 7 days were lysed in 200 mM
Tris pH 7.5, 2 M NaCl, 20 mM EDTA and 0.2% Triton X-100 for 5 min,
and assayed using the ATP Determination Kit (Invitrogen), and read in
microplate luminometer (Perkin Elmer, 1450 Microbeta TriLux). For OCR
and ROS assays, chondrocytes cultured in alginate beads were extracted and
plated in 96-well plates at 5×104 cells/well. OCR was assayed using the
OCR kit (Cayman Chemical), and ROS was assayed using the Image-iT
Live Green Reactive Oxygen Species Detection Kit (Invitrogen). Both were
read in a plate reader (FlexStation II, Molecular devices). In all assays, the
total cell numbers based on Hoechst reading were used for normalization.

Microscopy
Metatarsal bones were viewed under the Leica MZ16F stereomicroscope.
Sections were viewed under an Olympus IX71 inverted microscope. Images
were acquired using Olympus DP70 digital camera and associated software.
For redox imaging, two-photon excited fluorescence microscopy was
performed on a Leica TCS SP2 confocal microscope equipped with a
tunable (710-920 nm) titanium-sapphire laser (Mai Tai; Spectra Physics).
NADH fluorescence images were acquired with an excitation 755 nm and
emission 460 (±20) nm filter. FAD images were acquired with an excitation
860 nm and emission 525 (±25) nm filter (Huang et al., 2002; Quinn et al.,
2013).

Statistical analysis
Calculations of power and sample size were performed using Intercooled
Stata version 14 (College Station, TX, USA). For all experiments, at least
three independent experiments were conducted, with triplicate biological
repeats/experiment. Outlier analysis was performed using the GraphPad
outlier calculator program (Burns et al., 2005). Data were reported as
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mean±s.d., and analyzed using an unpaired t-test or one-way analysis of
variance followed by post hoc Dunnett’s test using GraphPad Prism. P<0.05
is considered significant.
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