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Abstract

Phosphatidylinositol-3-kinase (PI3K) is a key regulator of diverse biological processes including
cell proliferation, migration, survival, and differentiation. While a role of PI3K in chondrocyte
differentiation has been suggested, its precise mechanisms of action are poorly understood. Here
we show that PI3K signaling can down-regulate Nkx3.2 at both mRNA and protein levels in
various chondrocyte cultures in vitro. In addition, we have intriguingly found that p85p, not p85a.,
is specifically employed as a regulatory subunit for PI3K-mediated Nkx3.2 suppression.
Furthermore, we found that regulation of Nkx3.2 by PI3K requires Rac1-PAK1, but not Akt,
signaling downstream of PI13K. Finally, using embryonic limb bud cultures, ex vivo long bone
cultures, and p85p knockout mice, we demonstrated that PI3K-mediated suppression of Nkx3.2 in
chondrocytes plays a role in the control of cartilage hypertrophy during skeletal development in
vertebrates.
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1. Introduction

During vertebrate skeletal development, condensed mesenchymes first give rise to cartilage
primordia, and later, hypertrophied cartilage tissues are replaced with mature bone cells.
This multi-step process, collectively termed endochondral ossification, is responsible for
forming the majority of the skeleton, including vertebral columns and limbs [1-4].

Nkx3.2, also known as Bapx1, belongs to the NK2 class of the homeo-box superfamily, and
the NK family of homeobox genes has been shown to play an important role in cell fate
determination during diverse organ development [5-9]. In particular, Nkx3.2 is initially
expressed in chondrogenic progenitor cells and promotes chondrogenic cell fate [10-18].
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Nkx3.2 has also been shown to play a role in protecting chondrocytes from programmed cell
death [19,20]. Additionally, Nkx3.2 has been shown to up-regulate type Il collagen [21] and
down-regulate type X collagen [18]. Consistent with these observations, Nkx3.2 has been
suggested to play a role in BMP7-induced inhibition of hypertrophy [22] and in hypoxia-
mediated suppression of hypertrophy [23]. Taken together, these results strongly suggest that
Nkx3.2 functions in early phase chondrocytes, while antagonizing terminal phase
chondrocytes during chondrogenesis.

Homozygotic disruption of Nkx3.2 in mice severely reduces ventro-medial parts of vertebral
bodies, leading to neonatal lethality [8,24,25]. Consistent with these knockout (KO)
phenotypes, mutations of Nkx3.2 in humans have been identified for Spondylo-
Megaepiphyseal-Metaphyseal Dysplasia (SMMD), a skeletal disorder resulting in a
disproportionately short stature with a short and stiff neck and trunk [26].

Phosphatidylinositol-3-kinase (PI3K) is a ubiquitous lipid kinase that is well documented as
a key regulator of a number of cellular processes including cell growth, differentiation, and
survival [27-29]. While three catalytic subunits including p110a, p110p, and p1106 have
demonstrated functions in various cell types [30], most previous studies identify p85a as the
key regulatory subunit [31,32]. In addition, Akt, a protein kinase downstream of PI3K, has
also been extensively investigated in conjunction with PI3K and shown to have diverse roles
in multiple biological processes [33-35]. Racl GTPase is another well characterized
downstream target of PI3K signaling that is involved in cyto-skeletal arrangement,
endocytosis, cell cycle regulation, cancer migration, and ROS production by fibroblasts [36—
39].

In chondrocyte regulation, PI3K and Racl signaling pathways have been implicated in
chondrogenic differentiation and hypertrophic maturation [40], as well as in proteoglycan
biosynthesis [40,41]. Most relevant to this study, LY 294002, a pharmacological inhibitor of
PI3K, has been shown to suppress cartilage hypertrophy in ex vivo long bone cultures [42].
Furthermore, in vivo gene ablation studies suggest that these pathways are necessary for
appropriate skeletal development [43]. While these findings indicate that PI3K signaling
plays a significant role in chondrocyte differentiation, the precise molecular mechanism of
P13K-associated pathway function during cartilage development remains unclear.

Here, we show that PI3K signaling can effectively suppress Nkx3.2, which in turn permits
chondrocyte hypertrophy that is necessary for normal progression of cartilage maturation
during endochondral bone development.

2. Materials and methods

2.1. Chemical reagents and antibodies

LY294002 (MERCK Millipore; Damstadt, Germany), NSC23766, BKM120, BYL719, and
MK?2206 (Selleckchem; Houston, TX, USA) were used as PI3 kinase signaling inhibitors.
MG132 (A.G. Scientific; San Diego, CA, USA) was used as a proteasome inhibitor.
Recombinant human BMP2 was obtained from Cellumed (Seoul, Korea) and Insulin—
transferrin—selenium (ITS) supplements for chondrocyte maturation were purchased from

Cell Signal. Author manuscript; available in PMC 2016 April 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 3

Thermo Fisher (Waltham, MA, USA). Anti-HA polyclonal antibody was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Anti-V5 monoclonal- and anti-Myc
polyclonal antibodies were obtained from Merck Millipore (Damstadt, Germany). Anti-Flag
monoclonal antibody was purchased from Sigma (St. Louis, MO, USA). Anti-Type X
collagen (COL 10) antibody (Cosmobio; Tokyo, Japan) was used for immunohistochemistry
(IHC). Anti-GAPDH and anti-B-actin antibodies (AbFrontier; Seoul, Korea) were used as
loading controls for Western blotting. Anti-Nkx3.2 antibody purchased from Abcam
(Cambridge, UK) and custom-made anti-Nkx3.2 antibody was obtained from
Cosmogenetech (Seoul, Korea). Horseradish peroxidase (HRP)-conjugated anti-mouse 1gG
and anti-rabbit 1gG were purchased from Cell Signaling (Danvers, MA, USA) and Cy3-
conjugated anti-rabbit 1gG was purchased from Jackson ImmunoResearch Inc. (West Grove,
PA, USA).

2.2. Cell culture

ATDCS5 (Riken Cell Bank; Ibaraki, Japan) cells were maintained in DMEM-Ham’s F-12
(1:1) (Thermo Fisher; Waltham, MA, USA) supplemented with 5% fetal bovine serum
(FBS) (GE Healthcare; Wauwatosa, W1, USA) and 1% penicillin—streptomycin (PS)
(Thermo Fisher; Waltham, MA, USA). HEK293T, C2C12, and C3H10T1/2 (ATCC;
Manassas, VA, USA) were grown in DMEM supplemented with 10% FBS and 1% PS.
NIH3T3 cells (ATCC; Manassas, VA, USA) were maintained in DMEM supplemented with
10% NCS and 1% PS. Human articular chondrocytes (HACs) (ScienCell; Carlsbad, CA,
USA) were maintained in a chondrocyte medium containing 5% FBS, 1% chondrocyte
growth supplement, and 1% PS according to the manufacturer’s instruction.

2.3. Micromass culture system

When ATDCS5 cells reached at confluence, cells were detached using 0.05% trypsin-EDTA
(Thermo Fisher; Waltham, MA, USA), centrifuged, and resuspended in chondrogenic media
containing 10 ng/ml BMP2 and 1% ITS supplement. Cells (2 x 10°) in 10 pl media were
spotted onto 24 well plates. After 40 min, 500 pl chondrogenic media were gently added.
Media were exchanged every three days.

2.4. Knockout mice and in vivo experiments

p85p knockout mice (p85p—/-) with a disruption of the first exon of the Pik3r2 gene [32]
were housed in individually-ventilated microisolation cages in the specific pathogen-free
facility of the Yonsei Laboratory Animal Research Center (YLARC). Mouse genotypes were
determined by PCR using wild-type and common primers to PCR amplify the wild-type
gene, and null and common primers to PCR amplify the knockout gene.

p85B null primer: 5-TGT TAA GAA GGG TGA GAA CAG AGT ACC-3'.
p85p common primer: 5-GTC GCC TGT GAC TTC TGG AAG T-3'.
p853 WT primer: 5’-GCA TCC AGC CCA CAT TGT GT-3'.

All animals were maintained on a 12 h:12 h light/dark cycle with access to food and water
ad libitum. All behavioral procedures were conducted during the light phase of the cycle. All
experimental procedures were approved by the Institutional Animal Care and Use
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Committee (IACUC) of YLARC and performed in accordance with the YLARC IACUC
guidelines for the ethical use of animals.

2.5. Mouse embryo limb bud culture and chondrogenic differentiation

Wild-type and p85f knockout embryos were obtained at E11.5, and limb buds were
dissected and subjected to micromass cultures. Limb bud mesenchymal cells were isolated
by digestion with 0.1% dispase (Thermo Fisher; Waltham, MA, USA) at 37 °C for 1 h,
dissociated by vigorous pipetting, and passed through a 40 um nylon cell strainer (Thermo
Flsher; Waltham, MA, USA). Next, cells were centrifuged and the supernatant was
discarded. Cell pellets were resuspended in 2:3 DMEM/F12 media supplemented with 10%
FBS and 1% PS. The resuspension volume was 5 pl for each limb bud, and a 10 pl cell
droplet was spotted per well (24 well plates). Cell spots were maintained in 2:3 DMEM/F12
media supplemented with 10% FBS, and 1% PS, containing ITS supplement for
chondrogenic differentiation.

2.6. Expression plasmids and transfection

An empty vector, pCS2, was used to adjust total DNA amounts. Expression plasmids of
Nkx3.2, Cbfp, RAC1, p85a, or p85p were sub-cloned into pCS4 or pCS5 vectors in our
laboratory. The pCS4 and pCS5 epitope-tagging vectors were gifts from C. Y. Yeo (Ewha
Women’s University, Seoul, Korea). The 2 kb proximal promoter of Nkx3.2 was cloned into
a pGL3-Basic vector (Nkx3.2p-Luc) (Promega; Madison, WI, USA) for use in reporter
assays. All newly generated constructs were verified by DNA sequencing. Short hairpin
RNAs (shRNAs) of p85a and p85p were purchased from Thermo Scientific (Waltham, MA,
USA). pPCMV6 M-Pakl WT and kinase-dead mutant were a gift from Jonathan Chernoff
(Addgene plasmid # 12209) (Addgene; Cambridge, MA, USA). Cells were transiently
transfected using Vivamagic (Vivagen; Seoul, Korea) according to the manufacturer’s
instructions.

2.7. Lentiviral infection system

To effectively knock down endogenous p85a and p85f in cells, we generated lentiviral
particles using the following protocol. pLKO-based shRNA plasmids were packaged into
lentiviral particles by co-transfecting with packaging plasmids pMD2.G and pPAX2 into
HEK?293T cells in growing media without antibiotics. One day later, supernatants containing
lentiviral particles were harvested and resupplied daily with complete growing media for
three days. Lentiviral particles were used to infect ATDC5 cells with 8 pg/ul polybrene
(Sigma; St. Louis, MO, USA).

2.8. RT-PCR and real-time qPCR

RNA was isolated using an Easy-spin™ Total RNA Extraction kit (Intron Biotechnology;
Seongnam, Korea). cDNA was synthesized from isolated RNA using TOPscript™cDNA
Synthesis kit (Enzynomics; Daejeon, Korea) and the level of Nkx3.2 expression was
analyzed by conventional PCR followed agarose gel electrophoresis stained with ethidium
bromide (EtBr) or real-time qPCR using SYBR® Premix Ex Taq (Tli RNaseH Plus)
(TaKaRa; Shiga, Japan).
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The following primers were used in conventional PCR:
p85a forward: 5’-ATTTCACCCCCTACTCCCAA-3'.
p85a reverse: 5-GGCTGTCTCTCATTCCATTC-3'.
p85p forward: 5’-CGCAACACGGACAGACTGGT-3'.
p85p reverse: 5-TAGCAGACGCACAGGGAAGT-3'.
Nkx3.2 forward: 5-AGCCCCTAAACCGCGAAAGAA-3.
Nkx3.2 reverse: 5-GGTCATGCAGAGGCGAGCAGGTC-3'.
GAPDH forward: 5-TTTGTGATGGGTGTGAACCACG-3'.
GAPDH reverse: 5-TTGTGAGGGAGATGCTCAGTGTTG-3'.

The following quantitative real-time PCR primers were used:
p85a forward: 5’-CAGTTTGCCCCTCCTGATGT-3'.
p85a reverse: 5’-AATTCTGCAGGGTTGCTGGA-3'.
p85p forward: 5’-AGGACGAGTGGACGTACTCA-3'.
p85p reverse: 5-GGTAGAGAAGGCGTGTGTCC-3'.
Nkx3.2 forward: 5-AAAGTGGCCGTCAAGGTGCT-3'.
Nkx3.2 reverse: 5-AGCCCGGGAGACAGTAGTAA-3'.
Type X collagen (COL10) forward: 5-AGGGAGTGCAATCATGGAGC-3'.
Type X collagen (COL10) reverse: 5-AGGACGAGTGGACGTACTCA-3'.
B-Actin forward: 5-GATGTGGATCAGCAAGCAGGA -3'.
B-Actin reverse: 5-AGGGTGTAAAACGCAGCTCAG-3'.

2.9. Immunoblotting

Cells were washed in phosphate-buffered saline (PBS) and lysed in a buffer containing 50
mM Tris (pH 6.8), 2% sodium dodecyl sulfate (SDS), 1 mM dithiothreitol (DTT), and
8.75% glycerol. Cells lysates were boiled and protein concentrations were measured using
the Bio-Rad DC™protein assay kit (Bio-Rad; Hercules, CA, USA), and equal amounts of
protein were analyzed by SDS-PAGE and Western blotting followed by ECL detection
according to the manufacturer’s protocol (GE Healthcare; Wauwatosa, W1, USA and
DoGen; Seoul, Korea).

2.10. Reporter assay

Nkx3.2p-Luc and pRL-TK normalization plasmids were transiently co-transfected into
ATDCS cells. After 16 h, DMSO and 20 uM LY294002 were added to the cultures for 24 h.
Luciferase activity was measured using a Dual-Luciferase Reporter Assay System
(Promega; Madison, WI, USA) with a 20/20n single-tube luminometer (Promega; Madison,
WI, USA). The results were normalized to the expression of the renilla luciferase
transfection control (pRL-TK).
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2.11. Immunohistochemistry

For immunohistological analysis, femurs of wild-type and p858 knockouts were fixed in 4%
paraformaldehyde (PFA) in PBS for 24 h at room temperate (RT). Femurs were next
embedded in paraffin, sectioned at 4 um thickness, and mounted on silane-coated slides
(Muto-Glass; Tokyo, Japan). Deparaffinization was performed in xylene, a xylene/ethanol
mixture, and serial ethanol dilutions. To retrieve antigen, sections were incubated with 10
mM citrate (pH 6.0) containing 0.05% Tween-20 for 20 min at 80 °C, followed by a PBS
wash containing 0.05% Tween-20. Sections were then pre-incubated with a blocking buffer
containing 5% goat serum, 0.05% sodium azide, and 0.1% Triton-X-100 in PBS for 45 min
at RT, and incubated overnight at 4 °C with anti-COL10 and anti-Nkx3.2 antibodies in PBS
containing 1% goat serum, 0.05% sodium azide, and 0.02% Tween-20. Sections were then
incubated with Cy3-conjugated anti-rabbit IgG in the dilution buffer described above for 30
min at RT.

2.12. Ex vivo experiment

Hind limbs of E15.5 mice were dissected and digested with 0.1% dispase (Thermo Fisher;
Waltham, MA, USA) in Puck’s solution A containing 10% chicken serum at 37 °C for 1.5 h.
Femurs were then isolated and incubated overnight in differentiation media containing 0.2%
BSA Cohn fraction V (Sigma; St. Louis, MO, USA), 50 pg/ml gentamycine (Sigma; St.
Louis, MO, USA), 300 ug/ml L-glutamate (Thermo Fisher; Waltham, MA, USA), 50 pug/ml
ascorbic acid (Sigma; St. Louis, MO, USA), and 1 mM B-glycerophosphate (Sigma; St.
Louis, MO, USA). Femurs were then cultured in this medium with 20 uM LY294002 or
DMSO. After 6 days of treatment, femurs were fixed with 4% PFA. Sections (4 um) of
paraffin embedded femurs were analyzed by IHC. The differentiation media and inhibitor
were exchanged every two days.

2.13. X-ray radiography analysis

X-ray radiographic analysis was performed using a DXS 4000 pro system (KODAK;
Rochester, NY, USA). The distance from the 1st cervical vertebra to 1st coccyx vertebra
(LCC) and femur length of p85f (+/+), p85p (=/+) and p85p (—/-) mice were measured at 4,
6 and 8 weeks of age.

2.14. Statistical analysis

Graphs were drawn with GraphPad Prism (GraphPad Software Inc.; San Diego, CA, USA)
and Microsoft Excel (Microsoft; Redmond, WA, USA). Statistical data comparisons were
analyzed using Student’s t-test with GraphPad Prism.

3. Results

3.1. PI3K signaling negatively regulates Nkx3.2 at protein level

To understand the molecular mechanisms of PI3K-mediated control of chondrocyte
differentiation, we first investigated whether P13K signaling can modulate Nkx3.2
expression. To this end, using various PI3K inhibitors such as LY294002, BKM120, and
BYL719 [44-46], we found that PI13K inhibition significantly elevated Nkx3.2 protein levels
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in human primary articular chondrocytes (HACs) (Fig. 1A). We next examined the effect of
PI3K inhibition on the protein levels of ectopically expressed Nkx3.2. Similar to results
obtained from endogenous Nkx3.2 proteins (Fig. 1A), pharmacological inhibition of PI3K
also resulted in a remarkable increase in transiently overexpressed Nkx3.2 protein, whose
expression is driven by a CMV promoter. Cbf} expressed from the same vector was tested in
parallel as a control (Fig. 1B).

We next asked whether a catalytic PI13K subunit is associated with this regulation. Since
p110a is the most abundant catalytic subunit of PI3K in multiple chondrogenic cell lines
that we have tested (unpublished observation), we first asked whether a constitutively active
or dominant negative p110a can affect Nkx3.2 protein levels. Consistent with the results in
Fig. 1A and B, in transient transfection assays Nkx3.2 protein levels were significantly
reduced by co-expressing constitutively active p110a (CA-p110a; membrane-targeted
CAAX-pl110a) [47], and substantially increased by a kinase-dead form of p110a (KD-p110
a) [48] (Fig. 1C and D). Therefore, these results clearly indicate that PI3K signaling
negatively regulates Nkx3.2 protein levels.

3.2. PIBK-mediated regulation of Nkx3.2 specifically employs p85@ regulatory subunit

Having verified that p110a can be used as a catalytic subunit in PI3K-mediated Nkx3.2
regulation, we next wanted to determine which regulatory subunit of PI3K (i.e., p85a or
p85p) was associated with this process. To do this, we first used RT-gPCR (reverse
transcription-quantitative real-time PCR) to analyze the expression levels of p85a and p85f
mMRNA in mouse cell lines with chondrogenic (i.e., ATDC5) or hon-chondrogenic (i.e.,
NIH3T3, C3H10T1/2 and C2C12) backgrounds, and found that absolute expression levels of
p85 regulatory subunits (i.e., sum of p85a and p85f expression) are notably lower in
chondrogenic ATDCS5 cells than in non-chondrogenic cells (Fig. 2A, compare bars 1-6 and
bars 7-8). We also noticed that that expression of p85p is 2.5-fold higher than p85a in
ATDCS5 cells (Fig. 2A, compare bars 7 and 8), while p85a and p85f had comparable
expression levels in non-chondrogenic NIH3T3, C3H10T1/2 and C2C12 cells (Fig. 2A, see
bars 1-6).

In addition to this atypical enrichment of p85§3, we have interestingly observed that Nkx3.2
protein levels can be significantly attenuated by co-expressing p85p, but not p85a (Fig. 2B).
Because these results were unexpected, we next attempted to confirm whether p858, but not
p85a, is specifically involved in PI3K-mediated Nkx3.2 regulation. To this end, we first
examined the specificity of pLKO-based shRNA reagents [49] to be used for p85a or p85f
knockdown (KD) experiments and Western blotting analyses verified isoform-specific KD
of p85 regulatory subunits using these reagents (Fig. 2C). We found that p85a KD did not
alter Nkx3.2 protein levels (Fig. 2D, compare lanes 1 and 3), and also did not affect p85p-
induced Nkx3.2 down-regulation (Fig. 2D, compare lanes 2 and 4). Furthermore, protein
levels of Nkx3.2 in ATDCS5 cells were effectively increased by p85p KD (Fig. 2E). Taken
together, these results suggest that p85p, rather than p85a, plays a role as a regulatory
subunit in PI3K-mediated Nkx3.2 suppression.

To further investigate the involvement of p85f in this process, we generated a dominant
negative form of p85p (DN-p85p) that is defective in p110 binding [50,51], and found that
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protein levels of ectopically expressed Nkx3.2 significantly increased in a dose-dependent
manner following DN-p85f co-transfection (Fig. 2F). In addition, endogenous Nkx3.2
protein levels in ATDC5 cells were elevated by lentiviral infection with DN-p85f (Fig. 2G,
compare lanes 1 and 3). Finally, we found that p85p-mediated Nkx3.2 suppression can be
abolished by treating with proteasome inhibitor, MG132, suggesting that Nkx3.2 down-
regulation triggered by PI3K involves, at least in part, proteasome-dependent protein
degradation (Fig. 2H).

3.3. Functional Rac1 and PAK1 are necessary for Nkx3.2 degradation mediated by PI3K

As we established that PI3K signaling is capable of inducing proteasomal degradation of
Nkx3.2, we next wanted to identify downstream components of this pathway. Since Akt has
been well documented as a key component in PI3K-associated signaling, we first asked
whether Akt is involved in PI3K-mediated Nkx3.2 degradation. In this case, we found that
constitutively active Akt [52] did not alter protein levels of Nkx3.2 in transient transfection
assays (Fig. 3A). Consistent with these results, pharmacological inhibition of Akt using
MK?2206 [53] also failed to alter protein levels of endogenous Nkx3.2 in either HACs or
ATDCS cells (Fig. 3B). Therefore, these results indicate that Akt does not play a critical role
in PI3K-triggered Nkx3.2 degradation.

We next investigated the involvement of Ras-related C3 botulinum toxin substrate 1 (Racl),
which has been implicated in Akt-independent signaling pathways downstream of PI13K
[54]. To this end, we used NSC23766, a Racl inhibitor [55], and interestingly found that
Nkx3.2 protein levels were significantly elevated by pharmacological inhibition of Racl
(Fig. 3C). Consistent with these results, overexpression of dominant negative Racl [56]
abrogated p85p-triggered Nkx3.2 degradation (Fig. 3D).

Since Racl could mediate downstream signaling from PI3K leading to Nkx3.2 degradation,
we next asked whether p21-activated kinase 1 (PAK1), which is downstream of Racl [57], is
associated with this pathway. As shown in Fig. 3E, protein levels of Nkx3.2 in human
primary chondrocytes were significantly augmented by administering IPA-3, a PAK1
inhibitor [58]. In addition, as seen in Fig. 3F, Nkx3.2 protein levels were remarkably
attenuated by co-transfecting wild-type PAK1, but not kinase-dead PAK1 [59].
Overexpression of kinase-dead PAK1 gave rise to complete abrogation of p85p-induced
Nkx3.2 degradation (Fig. 3G). Therefore, these results together clearly suggest that a Rac1-
PAK1 axis is required to be intact for PI3K-triggered Nkx3.2 degradation.

3.4. PI3K signaling suppresses Nkx3.2 expression at mRNA level

Since we established that PI13K signaling regulates Nkx3.2 protein expression, we next
investigated whether PI3K signaling may also control Nkx3.2 transcription by testing the
effect of inhibiting PI3K on Nkx3.2 mRNA levels in ATDCS cells. Interestingly,
pharmacological inhibition of PI3K by LY294002 treatment significantly augmented Nkx3.2
MRNA levels as judged by RT-PCR assays (Fig. 4A). Consistent with these results, RNA
knockdown of p85f also notably elevated Nkx3.2 transcript levels (Fig. 4B). Conversely,
DN-p85p overexpression via lentiviral infection caused a remarkable increase in Nkx3.2
mRNA levels (Fig. 4C). We also found that a luciferase reporter driven by the 2 kb proximal
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promoter of Nkx3.2 was activated upon pharmacological inhibition of PI3K using
LY294002 (Fig. 4D). Together, these results revealed that PI3K signaling can down-regulate
Nkx3.2 at the transcription level.

3.5. Inhibition of PI3K during chondrogenesis delays hypertrophic maturation via Nkx3.2
up-regulation
After demonstrating that PI13K signaling can effectively suppress Nkx3.2 in chondrocyte
monolayer cultures in vitro, we next evaluated the biological significance of this regulation
using ex vivo and in vivo assays.

In chondrocyte maturation assays using 3D micromass culture [60], we found that
LY294002 treatment notably elevated the levels of Nkx3.2 mRNA expression, and that this
increase was accompanied by a significant reduction of type X collagen (COL10) expression
(Fig. 5A). Since type X collagen is the most reliable hypertrophy marker indicating
chondrocyte maturation, these results strongly imply that inhibition of PI3K up-regulates
Nkx3.2 expression, which, in turn, suppresses hypertrophic chondrocyte maturation.

Consistent with these results, ex vivo organ cultures using femora isolated from E15.5
mouse embryos [42] also demonstrated that pharmacological inhibition of PI3K can
remarkably increase Nkx3.2 expression in proliferating tissues of the growth plate (Fig. 5B,
compare white-dotted rectangles in panels a and c). This augmentation is associated with a
significantly reduced type X collagen (COL10) expression in hypertrophic tissues (Fig. 5B,
compare yellow dotted rectangles in panels b and d).

To confirm the relationship between PI3K signaling and Nkx3.2 with respect to cartilage
hypertrophy, we next compared Nkx3.2 expression levels in p85f knockout and wild-type
littermates. We assessed Nkx3.2 and type X collagen expression from micromass cultures
using E11.5 limb buds [61] dissected from either wild-type or p85p knockout embryos.
Typical results of PCR genotyping of p85f (+/+), p85p (-/+), and p85p (—/-) are shown in
Fig. 5C. Similar to the results from ATDC5 micromass cultures with pharmacological
inhibition of PI3K, real-time-gPCR assays revealed that Nkx3.2 mRNA levels are
significantly increased, and type X collagen levels are significantly decreased, in p85f KO
embryos (Fig. 5D). We next compared Nkx3.2 protein levels in femur growth plates of wild-
type and KO mice by immunohisto-chemistry (IHC) and found substantially more Nkx3.2
expression and expansion of Nkx3.2 expressing cells in the femoral growth plates of new-
born (PO) p85B KO mice than in wild-type mice (Fig. 5E). Taken together, these results
indicate that PI3K-mediated Nkx3.2 suppression plays a significant role in proper
progression of chondrocyte hypertrophy during cartilage development.

3.6. Homozygotic deletion of p85@ results in post-natal dwarfism

As we have validated PI3K-mediated suppression of Nkx3.2 using various in vitro, ex vivo,
and in vivo experiments, we next sought to assess the physiological significance of this
regulation by analyzing skeletal phenotypes of p85f8 knockout mice. p853 KO mice showed
no apparent defects in overall skeletal patterning; however, skeletal size in p85p KO mice
was significantly reduced in the post-natal period. Representative radiographic images of
this skeletal dwarfism are shown in Fig. 6A. Quantitative LCC analysis (Length from 1st
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Cervical vertebrae to 1st Coccyx vertebrae) values of control (i.e., p85f (+/+) and p85f3
(=/+)) and KO (i.e., p85p (—/-)) mice at 4, 6 and 8 weeks of age revealed consistently less
skeletal growth in KO mice than in control mice (Fig. 6B). Analysis of femur length in
control (i.e., p85p (+/+) and (-/+)) and KO (i.e., p85p (=/-)) mice showed that femurs from
both female (Fig. 6C) and male (Fig. 6D) KO mice were considerably shorter than those
from control littermates. These results suggest that deletion of p85f regulatory subunit of
PI3K causes post-natal attenuation of skeletal growth in both genders.

4. Discussion

While PI3K-mediated signaling has been shown to regulate chondrocyte functions [34,42],
its precise mode of action is poorly understood. In this work, we have elucidated molecular
mechanisms of chondrocyte hypertrophy control triggered by PI3K signaling. Our findings
revealed that PI3K triggers a signaling pathway employing Racl and PAK1 to modulate
chondrocyte hypertrophy. We also found that Akt is not a critical component of this pathway.
In addition, our results showed that Nkx3.2 suppression, a typical event that advances the
initiation of hypertrophic chondrocyte maturation [14,18,62], is mediated by signaling
through the PI3K—-Rac1-PAK1 axis.

Indian hedgehog (lhh) signaling has been shown to control chondrocyte hypertrophy during
skeletal development [18]. Along with Ihh, a variety of Wnt family members function as key
regulators of chondrocyte differentiation [63—65]. In particular, Wnt5a has been shown to
play a critical role in regulating chondrocyte hypertrophy [18,66]. Interestingly, our current
findings suggest that PI13K signaling also plays a role in hypertrophic chondrocyte
maturation. Interestingly, apart from PI3K-mediated Nkx3.2 suppression shown in this work,
we previously showed that a pathway triggered by Ihh and Wnt5a can also effectively down-
regulate Nkx3.2 [18], and that this inhibition of Nkx3.2 by the Ihh—-Wnt5a signaling axis
plays a role in controlling cartilage hypertrophy [18]. These multiple lines of evidence
suggest that elimination of Nkx3.2 might be a common goal of signaling pathways that
control chondrocyte hypertrophy. Thus, Nkx3.2 can be considered as a key factor that must
be eliminated in a timely fashion for appropriate chondrocyte hypertrophy to be achieved
during endochondral ossification.

The catalytic subunit of PI3K comprises p110a, p110p, and p1108. p110a and p110p are
expressed ubiquitously, while the expression of p1108 is restricted to immune cells [67]. We
have repeatedly observed that p110a is most abundantly expressed in multiple chondrogenic
lineage cells, while other p110 subunits (i.e., p110p and p1108) are barely detectable (data
not shown). In addition, the ability of BYL719, a p110a-specific PI3K inhibitor, to suppress
Nkx3.2 is similar to the broader specificity PI3K inhibitors, LY294002 and BKM120 (Fig.
1A). Taken together, these results demonstrate that p110a is the catalytic subunit responsible
for PI3K-mediated inhibition of Nkx3.2.

In most cellular contexts investigated to date, p85a has been shown to be the dominant
regulatory subunit of PI3K [31]. However, we have interestingly found that p85p3, and not
p85a, is specifically involved in PI3K-mediated Nkx3.2 suppression (Fig. 2). We also found
that, in contrast to many non-chondrogenic lineage cells, p85f expression is at least 2-fold
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greater than p85a in ATDC5, a murine chondrogenic cell line, (Fig. 2A) as well as in
various human primary chondrocytes (data not shown). Since p85a and p85p share a highly
conserved p110a binding domain (i.e., iISH2 domain), the fact that p85f is specifically
associated with p110a-dependent inhibition of Nkx3.2 is indeed unusual. Nonetheless, p85a
and p85p have been previously shown to execute discrete functions under certain
circumstances. For example, a single amino acid difference (i.e., alanine vs. serine) in the
p110a binding region of different p85 isoforms can cause distinct oncogenic fusions with
HUMORFS8, a deubiquitinating enzyme [68]. Furthermore, due to different phosphorylated
residues of p85 isoforms, p85a and p85B function differently during T cell activation [69].
Along with these rare examples, our current findings provide additional evidence supporting
isoform-specific functions of PI3K signaling pathways.

In conclusion, this study uncovered a novel PI3K-dependent pathway specifically using
p85p and p110a, which effectively suppresses Nkx3.2 to promote chondrocyte hypertrophy.
Our results also support the idea that a Rac1-PAK1 axis may have a significant role in
cartilage hypertrophy control by mediating signals from PI3K to Nkx3.2.
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Fig. 1.

NI?XS.Z protein levels can be suppressed by PI3K signaling. (A) Human articular
chondrocytes (HACs) were cultured in the presence of 20 uM LY 294002, 1 uM BKM120,
and 10 uM BYL719, respectively, for 24 h. Cell lysates were subjected to Western blotting
with the indicated antibodies. (B) Nkx3.2 and Cbfp expression plasmids were overexpressed
in 293T cells by transient transfection. After transfection, cells were treated with LY294002
for 24 h, harvested, and cell lysates were examined by Western blotting. Nkx3.2 and Cbff3
protein levels were analyzed with the indicated antibodies. (C, D) Nkx3.2 and the
constitutively active form of p110a (CA-p110a-Myc), or kinase-dead form of p110a (KD-
p110a-HA) expression plasmids were transiently transfected alone or in combination into
293T cells as indicated. After transfection, cell lysates were examined by Western blotting
with the indicated antibodies.
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Fig. 2.

PI?SK-mediated Nkx3.2 regulation employs p85p. (A) Expression of p85a and p85f in non-
chondrogenic mouse cell lines, NIH3T3, C3H10T1/2 and C2C12, and in the chondrogenic
mouse cell line ATDC5 were assessed by real-time quantitative PCR. (B) 293T cells were
transfected with plasmids expressing Nkx3.2-Flag and isoforms of p85 (p85a-HA, p85f-
HA). Cells were harvested and cell lysates were analyzed by Western blotting with the
indicated antibodies. (C) p85a and p85f expression plasmids and their ShRNA constructs
were co-transfected into 293T cells. ShRNA knockdown efficiency was validated by Western
blotting with the indicated antibodies. (D) Nkx3.2 and p85p expression plasmids were
transiently transfected with or without a p85a shRNA construct into ATDC5 cells. Cells
were harvested and expression of Nkx3.2 and p85f was examined by Western blotting. (E)
An Nkx3.2 expression plasmid (Nkx3.2-HA) and a p85p shRNA (sh-p85p) construct were
transiently co-transfected into ATDCS cells. Cell lysates were examined by Western blotting
with the indicated antibodies. (F) An Nkx3.2 (Nkx3.2-HA) expression plasmid was
transiently transfected into 293T cells alone, or in combination with increasing amounts of a
plasmid expressing dominant negative (DN) p853 (DN-p853-HA). Total cell lysates were
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analyzed by Western blotting. (G) ATDCS5 cells were infected with lentiviruses expressing a
control (Mock) or HA-tagged DN-p85p. Cell lysates were analyzed by Western blotting with
the indicated antibodies. (H) Nkx3.2 (Nkx3.2-Flag) and p85f (p85p-HA) expression
plasmids were transiently transfected into ATDCS5 cells. After 34 h, indicated cells were
incubated with 20 uM MG132 for 8 h. Cell lysates were analyzed by Western blotting with
the indicated antibodies.
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Fig. 3.

Rz?cl and PAK1 are required for PI3K-mediated Nkx3.2 regulation. (A) Nkx3.2 (Nkx3.2-
Flag) and constitutively active Akt (CA-Akt—HA) expression plasmids were transiently
transfected into 293T cells as shown. Cell lysates were analyzed by Western blotting with
the indicated antibodies. (B) HACs and ATDCS cells were cultured in the presence of 2.5
UM of the Akt inhibitor MK2206. After 24 h, cell lysates were analyzed by Western blotting
with the indicated antibodies. (C) HACs were cultured in the presence of 5 or 10 uM Racl
inhibitor (NSC23766) for 24 h. Total lysates were analyzed by Western blotting with the
indicated antibodies. (D) Nkx3.2 (Nkx3.2-V5), p85f (p85B-HA) and the dominant negative
form of Racl (DN-Rac1-HA) expression plasmids were transiently co-transfected into
293T cells. Cell lysates were analyzed by Western blotting with the indicated antibodies. (E)
HACs were cultured in the presence or absence of 10 uM the PAK inhibitor, IPA-3. After 24
h, cells were harvested with lysis buffer and total lysates were analyzed by Western blotting
with the indicated antibodies. (F) Nkx3.2 (Nkx3.2-V5) and wild-type (WT-PAK1-Myc) or
kinase-dead (KD-PAK1-Myc) PAK1 expression plasmids were transiently transfected into
293T cells. Cell lysates were analyzed by Western blotting with the indicated antibodies. (G)
Nkx3.2 (Nkx3.2-V5), p85p (p85p-HA), and kinase-dead PAK1 (KD-PAK1-Myc) expression
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plasmids were transiently co-transfected into 293T cells. Cell lysates were analyzed by
Western blotting analysis with the indicated antibodies.
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Fig. 4.

N|§(]X3.2 MRNA levels can be diminished by PI3K signaling. (A) ATDCS cells were
incubated with or without 20 uM LY 294002 for 24 h. RNA was isolated and then cDNA was
generated from it. Levels of Nkx3.2 and GAPDH, as a house keeping gene, mRNA were
assessed by RT-PCR. (B) p85f was knocked down by infecting ATDCS cells with a sh-p853
shRNA lentivirus. After 72 h, RNA was isolated and expression of Nkx3.2, p85a, p85f and
GAPDH were examined by RT-PCR. (C) Lentivirus expressing a DN-p85f or mock were
infected into ATDCS cells. RNA was isolated and Nkx3.2 and GAPDH mRNA levels were
determined by RT-PCR. (D) An Nkx3.2p-Luc reporter plasmid containing 2 kb of the
Nkx3.2 upstream proximal promoter region in the pGL3B vector was transiently transfected
into ATDCS5 cells. After 24 h, ATDCS5 cells were cultured with or without 20 uM LY 294002
for 24 h. Cells were harvested with 1x passive lysis buffer, and luciferase activity of the cell
lysates was determined according to manufacturer’s protocol.
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Fig. 5.
PI3K inhibition up-regulates Nkx3.2 and suppresses hypertrophic maturation. (A) ATDC5

cells were micromass cultured in chondrogenic media containing 1% ITS and 10 ng/ml
BMP2 for 6 days. During chondrogenic differentiation, cells were cultured with or without
20 pM LY 294002 or DMSO. Total RNA was isolated and expression of type X collagen and
Nkx3.2 mRNA was determined by real-time gPCR. (B) Femurs of E15.5 mice were cultured
in differentiation media in the presence of LY294002 or DMSO. After 6 days, femurs were
fixed, embedded in paraffin blocks and sectioned at 4 um. Regions of Nkx3.2 and type X
collagen expression were identified by immunohistological analysis. (C) Mouse genotypes
were validated by PCR. An asterisk indicates the wild-type and a double-asterisk indicates
the knockout (KO) genotype. (D) Mesenchymal cells from E11.5 embryos carrying
heterozygotic or homozygotic KO of p85f3 were micromass cultured in differentiation media
containing 1% ITS for 7 days. Total RNA was isolated and type X collagen and Nkx3.2
expression levels were examined by real-time gPCR. (E) Wild-type and homozygotic p85p
knockout mice were sacrificed and dissected at PO. Fixed femurs were embedded in paraffin
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and sectioned at 4 pm. Regions of Nkx3.2 and type X collagen expression in growth plates
were identified by immunohistological analysis.
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Fig. 6.

At?lation of p85p results in skeletal growth retardation. (A) Skeletal growth of control and
homozygotic p85f knockout (KO) mice were analyzed by X-ray radiography. (B) The length
from 1st cervical vertebrae to 1st coccyx vertebra (LCC) of control and homozygotic p85
knockout (KO) mice were examined at 4, 6, and 8 weeks by X-ray radiographic analysis. (C,
D) Femur length of control and KO female (C) and male (D) mice were measured at 4, 6 and
8 weeks by X-ray radiographic analysis. All quantitative data were analyzed with GraphPad
PRISM. P values of each analysis were less than 0.05.
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