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The transcription factor AP-2e (activating enhancer-binding protein epsilon) is expressed in cartilage of humans and mice.
However, knowledge about regulatory mechanisms influencing AP-2¢ expression is limited. Using quantitative real time PCR,
we detected a significant increase in AP-2¢ mRNA expression comparing initial and late stages of chondrogenic differentiation
processes in vitro and in vivo. Interestingly, in these samples the expression pattern of the prominent hypoxia marker gene
angiopoietin-like 4 (Angptl4) strongly correlated with that of AP-2¢ suggesting that hypoxia might represent an external regulator
of AP-2¢ expression in mammals. In order to show this, experiments directly targeting the activity of hypoxia-inducible factor-1
(HIF1), the complex mediating responses to oxygen deprivation, were performed. While the HIFl-activating compounds 2,2'-
dipyridyl and desferrioxamine resulted in significantly enhanced mRNA concentration of AP-2¢, siRNA against HIFl« led to a
significantly reduced expression rate of AP-2e. Additionally, we detected a significant upregulation of the AP-2e mRNA level after
oxygen deprivation. In sum, these different experimental approaches revealed a novel role for the HIF1 complex in the regulation
of the AP-2¢ gene in cartilaginous cells and underlined the important role of hypoxia as an important external regulatory stimulus
during chondrogenic differentiation modulating the expression of downstream transcription factors.

1. Introduction Over the years, numerous transcription factors influenc-

ing cartilage development were discovered, with SRY- (sex-

Limb morphogenesis in vertebrates is a complex multistep
process that starts during embryogenesis and is completed
in adults when longitudinal growth of the long bones stops.
Initially, multipotent mesenchymal stem cells (MSC) derived
from the lateral-plate mesoderm aggregate to form conden-
sations at regions that prefigure the future limb skeleton
[1, 2]. After a series of differentiation events limb buds are
formed harboring chondrocytes that produce an abundance
of extracellular matrix proteins. Hence, an entirely cartilagi-
nous primary skeleton is assembled which grows rapidly
and subsequently is replaced by bone tissue during fetal and
postnatal development by a progress termed endochondral
ossification [3, 4].

determining region Y-) box 9 protein (SOX9) and runt related
transcription factor 2 (RUNX2) representing master regula-
tors of chondrogenic differentiation [5]. Then again, expres-
sion of these intrinsic transcription factors needs to be some-
how controlled and tightly synchronized by extrinsic stimuli.

Hormones and growth factors that influence chondroge-
nesis at various stages play a major role in this process. Of
those, Wnt ligands, Indian Hedgehog (IHH), and members of
the transforming growth factor-beta family (TGF- ) are most
commonly described [4-6]. However, more recently, the
importance of other extracellular signals affecting cartilage
morphogenesis in the fetal limb has been determined. A
number of studies suggest that hypoxia is a crucial external
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stimulus for chondrogenesis and limb development. The
primary mediator of adaptive responses of cells to changes in
oxygen supply is the transcription factor complex hypoxia-
inducible factor 1 (HIF1). HIF1 is a heterodimer that consists
of the stable subunit HIF1f3 and HIFl«, whose stability is
tightly regulated by the intracellular oxygen concentration
[7, 8]. Under normoxia, HIFle is hydroxylated by O,-
and Fe,-dependent prolyl hydroxylases (PHD) and quickly
degraded [9, 10]. Conversely, under hypoxic conditions these
enzymes are inactive resulting in HIFla stabilization and
accumulation in the cytoplasm. Subsequently, HIFle translo-
cates into the nucleus and forms the transcriptionally active
HIF1 complex after dimerization with HIF1S, which then
binds to hypoxia responsive elements (HREs; 5'-NCGTG-
3') within the promoter region of target genes and activates
their expression [I1]. Regarding embryogenesis, Schipani
revealed that cartilage structures in the limbs of E15.5 mouse
embryos are highly hypoxic and that HIFl« is essential for
accurate growth-plate and joint formation [I2]. This was
further addressed by Amarilio et al. who provided evidence
that HIFl« directly affects early chondrogenic differentiation
in the limb bud mesenchyme modulating expression of Sox9
[13]. The absolute prerequisite of the transcription factor
complex HIF1 for proper chondrocyte function becomes clear
in mice with an inactivation of HIFIe in all cartilaginous
structures. They die shortly after birth exhibiting massive cell
death in cartilage [14].

Recently, expression of another transcription factor, AP-
2¢, in human and murine cartilage was revealed by studies
in our group [15, 16]. AP-2¢ belongs to the AP-2 (activat-
ing enhancer-binding protein-2) transcription factor family
that consists of five isoforms (AP-2« to ¢) and was the
last identified member of the group [17, 18]. The proteins
are transcriptionally active as homo- or heterodimers and
regulate a large number of physiological processes ranging
from development and differentiation to tumorigenesis [19].
Other members of the AP-2 family are also known to be
expressed during chondrogenesis. For instance, AP-2« has
an inhibitory function during early chondroblast maturation
[20]. Concerning AP-2¢, an induction of AP-2¢ mRNA
expression during late stages of chondrogenic differentiation
of hMSC in 3D culture was determined [15]. Additionally,
we were able to detect the transcription factor in murine
hypertrophic chondrocytes as well as in human articular
cartilage via immunohistochemistry [15, 16]. Furthermore,
AP-2¢ was shown to be upregulated in osteoarthritic artic-
ular chondrocytes resulting in enhanced expression of the
chemokine CXCLI (C-X-C motif ligand 1), which in turn
promotes calcification and ECM degradation [21]. Finally, we
were able to prove positive regulation of AP-2e gene expres-
sion in human chondrosarcoma cells by the transcription
factor SOX9 via direct interaction with a consensus binding
site within the proximal promoter region of AP-2¢ [15].

The aim of this study was to further enhance our
understanding of regulatory mechanisms modulating AP-2¢
expression during the chondrogenic differentiation process.
Here, special emphasis was put on the analysis of the effects
of hypoxic stimuli on the expression rate of the transcription
factor in cartilaginous cells.
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2. Methods

2.1. Tissue Preparation and Cell Culture. All mouse tissue
preparations were carried out under aseptic conditions using
SV/129 wild type (WT) mice. Mice were bred at 26°C,
70% relative humidity, and a 12h light/12h dark cycle at
the university hospital of Regensburg. They were fed with
a breeding/maintenance diet (Altromin GmbH, Lage, Ger-
many) and water ad libitum. The mice were randomly housed
in polypropylene cages with sawdust bedding. The cages were
sanitized twice weekly. Animal care and all experimental
procedures were carried out in accordance with guidelines
of the German law governing animal care. All adult mice
(including pregnant females) were killed after anesthetiz-
ing by Isoflurane-inhalation (2-chloro-2-(difluoromethoxy)-
1,1,1-trifluoro-ethane) via cervical dislocation. New born mice
at the age of 4 days were killed by decapitation. According
to the German Animal Welfare Act 2006 (article 4) it is
sufficient to obtain supervision from the local animal welfare
officer (Dr. Thilo Spruss, University Hospital Regensburg) for
the killing of mice for scientific purposes (including tissue,
embryo, and cell extraction) if no experimental procedures
were carried out with the animals. As that was the case in
this study, no further notification or approval by the Ethics
Committee for Animal Research of the Bavarian government
was necessary.

To obtain mesenchymal limb bud cells of E11.5 mouse
embryos adult pubescent mice were coupled overnight and
the weight of the females was documented. 11 days later,
successful pregnancy was determined by a weight increase of
at least 3 g. Then, pregnant mice were killed (see above) and
embryos were harvested by carefully opening the abdominal
wall and the uterus. Subsequently, the embryos were killed by
decapitation. All limb buds derived from an entire litter (12
to 32 limb buds each) of a pregnant female were pooled and
dissolved in DMEM/F12 (PA A, Pasching, Austria) containing
dispase (1U/mL) (Life Technologies, Carlsbad, California,
USA), 10% fetal calf serum (FCS; PAN Biotech GmbH, Aiden-
bach, Germany), and penicillin (100 U/mL) and streptomycin
(10 pg/mL) (both Sigma, Deisenhofen, Germany) at 37°C for
30 min. Single cells were collected by passaging through a 40
pm filter and centrifugation at 280 g for 4 minutes. To refine
mesenchymal cells the cells were resuspended in DMEM/FI12
(1:1) containing 10% FCS and penicillin/streptomycin and
incubated for 3 hours at 37°C and 5% CO, for cell attachment.
Subsequently, the cells were carefully washed with PBS.
This way, cells which do not adhere under these conditions
(e.g., endothelial cells) and cells which should rapidly enter
apoptosis (e.g., neurons) were removed. After that, the mes-
enchymal cells were harvested and total RNA was isolated.
This is an established procedure to isolate and concentrate
mesenchymal cells from murine limb buds, for example, to
initiate mesenchymal micromass cultures [22-24]. Overall,
the litters of four female mice were utilized.

Epiphyseal cartilage of 4-5-day-old newborn mice was
isolated by cutting off the cartilaginous portions of distal
femora and proximal tibiae. For each mouse the samples
of both hind legs were pooled and total RNA was isolated
after pulverization of the cartilage using liquid nitrogen and
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a mortar. For each time point nine young mice derived from
3 independent litters were used.

Murine MSC were isolated from bone marrow of tibiae
and femora of 6-8-week-old mice and cultured as previously
described [25]. For the experiments cells of two independent
isolations (6 mice each) at passage two to five were used.

Human bone marrow was obtained from the iliac crest
of patients undergoing surgery with approval of the Ethics
Committee of the University Medical Center of Regensburg,
Regensburg, Germany. Written consent from the donors was
obtained for use of this bone marrow samples in research.
After Percoll gradient fractionation, Dulbeccos modified
Eagle’s Medium with 10% fetal bovine serum was added to the
aspirate and 10 x 10° nucleated cells/100 mm dish were plated
and grown at 37°C with 5% CO, until the cells reached 80%
confluency. For spheroid formation, adherent cell colonies
were trypsinized and counted and 2 x 10° cell aliquots were
spun down in V-bottom polypropylene 96-well plates (Nunc,
Wiesbaden, Germany) in a defined medium, previously
shown to induce the chondrogenic differentiation of these
cells in this culture system [26, 27]. The aggregates were then
kept in culture up to 28 days for chondrogenic differentiation
with medium exchanges carried out every 3 days.

The human chondrosarcoma cell line SW1353 was
obtained from the American Type Culture Collection
(ATCC, #HTB-94). The cells were maintained in DMEM
high-glucose (PAA) supplemented with penicillin (400 U/
mL), streptomycin (50 ug/mL) (both Sigma), and 10% FCS
(PAN Biotech GmbH) and were incubated in humidified
atmosphere containing 21% O,, 8% CO, at 37°C. Cells were
passaged using trypsin-EDTA solution (Life Technologies) at
al:8 ratio every 3-4 days.

2.2. Induction of the Transcriptional Activity of the HIFI
Complex with DB, DFX, or 1% O,. For treatment of
mMSC (murine mesenchymal stem cells) with the hypoxia-
mimicking iron chelators 2,2'-dipyridyl (DP; dissolved in
EtOH) and desferrioxamine (DFX; dissolved in water) (both
Sigma) cells were cultured in six-well plates for 24h to
a density of about 60%. After that, the culture medium
was replaced and DP/DFX was added at a concentration
of 100 and 250 uM. Respective controls were treated with
solvent only. 24 h later cells were harvested and total RNA or
protein was isolated. Before incubation of mMSC at hypoxic
conditions (1% O,) cells were cultured in six-well plates
for 24h to a density of about 60%. After that, the culture
medium was replaced and the cells were transferred into
a New Brunswick Galaxy 48 series incubator (Eppendorf
AG, Hamburg, Germany) flushed with 1% O, and 8% CO,.
Excessive O, was replaced by nitrogen. Respective controls
were incubated at normoxia (21% O,). After 24 h cells were
harvested and total RNA or protein was isolated. Both
experiments were repeated at least five times.

2.3. Transient Transfection and Luciferase Assay. siRNA
transfection of SW1353 cells was performed using Lipofec-
tamine 2000 (Life Technologies) according to the manufac-
turer’s instructions. Cells were cultured in six-well plates for

24 h to a density of about 40% and transfected with 100 pmol
of HIFla siRNA (Hs_HIFIA_5 and Hs_HIFIA_6, Qiagen,
Hilden, Germany) or a scrambled negative control siRNA
(Qiagen), respectively. Two days after transfection, cells were
harvested for RNA or protein isolation. Each experiment was
carried out at least three times. For luciferase assays cells were
used one day after transfection as described below.

Plasmid-DNA transfection of SW1353 and murine mes-
enchymal stem cells was performed using Lipofectamine LTX
(Life Technologies) as suggested by the manufacturer. For
luciferase assays cells were cultured in six-well plates for 24 h
to a density of about 60%. Each cationic lipid/plasmid DNA
suspension was prepared using 0.5 ug of luciferase reporter
plasmid and 0.1 ug of the pRL-TK Renilla luciferase control
vector in the transfection solutions. 24 h later cells were
harvested, lysed, and analyzed for luciferase activity with a
luminometer, using Promega dual-luciferase assay reagent
(Promega Corporation, Madison, WI, USA). Transfection
efficiency was normalized to Renilla luciferase activity. To
confirm successful treatment of cells with DP, DFX, and
HIFla siRNA leading to a modulation of the transcriptional
activity of the HIFI protein complex, a reporter plasmid
containing six consecutive HRE binding motifs from the
human phosphoglycerate kinase promoter was used (6xHRE;
kindly provided by Christina Warnecke) [28]. Additionally,
a 604 bp human AP-2¢ promoter construct was used (AP-
2prom604) [15]. For both, promoter activity was normalized
to the respective control vector pGL3basic. Each experiment
was carried out at least three times.

2.4. RNA Isolation, Reverse Transcription (RT), and Quan-
titative Real-Time PCR (qRT-PCR). Total RNA of cells and
tissues was isolated using e.Z.N.A. MicroElute Total RNA
Kit (peqlab Biotechnologie GmbH, Erlangen, Germany)
as described by the manufacturers. For isolation of RNA
from the pulverized cartilage samples lysis in TRK buffer
supplemented with 2% p-mercaptoethanol was expanded to
45 min on ice. Purity as well as concentration was measured
in a NanoDrop (peglab Biotechnologie GmbH). cDNA was
generated by RT. The RT reaction was performed in 20 uL
reaction volume containing at least 150 ng of total RNA,
4 uL of 5x first-strand buffer, 2 uL of 0.1M DTT (both Life
Technologies), 1 uL of dN6 primer (10 mM) (Roche Applied
Science, Mannheim, Germany), and 1 yL of dNTPs (10 mM)
(Amersham Pharmacia biotech, Pittsburgh, PA, USA). The
reaction mix was incubated for 5min at 70°C and 1uL of
Superscript II reverse transcriptase (Life Technologies) was
added subsequently. RNA was transcribed for 1h at 37°C.
Finally, reverse transcriptase was inactivated at 70°C for
10 min, and RNA was degraded by digestion with 1 uL RNase
A (10 mg/mL) (Roche) at 37°C for 30 min.

Quantitative RT-PCR was carried out with the Lightcy-
cler480 system from Roche. A volume of 1 uL cDNA template,
0.5uL of forward and reverse primer (20 mM), 10 uL of
SYBR-Green Premix (Roche), and 8 yL water were combined
to a total volume of 20 L. PCR primers were obtained from
Sigma (Table 1). The following PCR program was used: 95°C
for 10 min (initial denaturation); 4.4°Csec”! temperature
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TABLE 1: Primer pairs used for quantitative real-time PCR.

Gene Species Primer Product Sequence (5'-3")

AcAN Humn e gz 17 TGITGOAGOCTAGGTTAC

pear e L GTAGAGGTAGACCGTTCTCACG

Acrs Humn e ssiby GATGGAGCCGOCATCCACACGG

At Mune e sshen sty TAAAACGCAGCTCAGTAACAGTOCG

ANGPTLY Humn i ssire ity CTOCTCGAGCTGOACGAGTCCATAL

Angpt Mudne o 8% TGCCGTGGGATAGAGTGOAAG

TEAR2E Humn e e 268ty GGGTGTOGCTG TGAAGTCAGAGG

a2 Muine e siore 1540 CACCICCGGOGCCOCTTANA

cotan Humn o i 7t GOTCAGGTCAGCCATTCAGT

Colza Mune e oisrer 62bp GGACCATCATCTCCAGGTTCTCC

HIFIA Humn e 0sies 105bp ATGCAGGCTGTTCACTG

MIACDRAP ity GATAAGCT I TACTGGCAGTAGAAATC

wco-Rap e 207bp GCCAGGTCTCCATAGTAACC.

509 Y oy 220 AGGTGAAGGTGGAGTAGAGGE

Sox9 Murine mSox9_799for 127 bp CTCTGGAGGCTGCTGAACGAGAGC

mSox9_926rev

TTCTTCACCGACTTCCTCCGCCG

transition rate up to 95°C for 10 sec; 60°C for 10 sec; 72°C for
20 sec, 80°C acquisition mode single, repeated for 45 times
(amplification). The PCR product was evaluated by melting-
curve analysis. Each sample was analyzed in duplicate. The
expression level of the analyzed genes was normalized to the
expression level of the house keeping gene S-actin.

2.5. Protein Isolation and Western Blot. For HIFla protein
isolation cells were harvested and treated with a special lysis
buffer containing 6.65 M urea, 10% glycerol, 1% SDS, 10 mM
tris (pH 6.8), 5mM DTT, and protease inhibitors (Roche)
for 15min on ice. To shear genomic DNA samples were
sonicated in an ultrasonic water bath for 30 sec. After that
cell debris was separated via centrifugation at 16,000 g at
4°C for 15 min. Protein concentration was determined using
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Rockford, USA). Before measuring, samples were diluted
1:3 with water because the kit is not suitable for solutions
containing more than 3 M urea.

For SDS-PAGE equal amounts of protein (always 50 pug
per lane) were denatured at 70°C for 10 min after addi-
tion of Roti-load-buffer (Roth, Karlsruhe, Germany) and
subsequently separated on an 8.75% polyacrylamide gel.

After blotting onto a PVDF-membrane (Bio-Rad, Richmond,
CA, USA) and blocking for 1h with 5% milk powder in
TBS the membrane was incubated overnight at 4°C with
a specific primary anti-HIFl«x antibody (Novus Biologicals,
Littleton, USA). After three washing steps with TBS the
membrane was incubated for 1h with an alkaline phosphate-
coupled secondary anti-rabbit IgG antibody (Chemicon,
Hofheim, Germany) and then washed again. After that,
immunoreactions were visualized by BCIP/NBT (Sigma)
staining. Subsequently, the membrane was incubated with a
primary anti-3-actin antibody (Sigma) for 1h, washed, incu-
bated with an alkaline phosphate-coupled secondary anti-
mouse IgG antibody (Chemicon) for 1h, and washed again.
Finally, B-actin specific immunoreactions were visualized
by BCIP/NBT staining. It should be noted that the anti-
HIFl« antibody produced one unspecific band which can be
detected in all controls but whose intensity was not altered in
our experiments. After DP/DFX treatment and under 1% O,
the specific band of HIFla became apparent in mMSC (cf.
Figures 3(b) and 5(b)). This band was already detectable in
SW1353 cells under physiological conditions and its intensity
was clearly reduced after transfection of siRNA against HIFl«
(cf. Figures 4(a) and 4(c)II). Densitometry was performed
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with the program Image] (http://rsbweb.nih.gov/ij/). For the
measurement the aforementioned unspecific lower band was
excluded.

2.6. Statistical Analysis. Results are expressed as mean +
SEM. Comparison between groups was made using the
Student paired t-test. A p value < 0.05 was considered
statistically significant (*). A p value < 0.01 is depicted with
two stars (**) and a p value < 0.001 is depicted with three stars
(***). All calculations were performed using the GraphPad
Prism software (GraphPad software Inc., San Diego, USA).

3. Results

In a previous study, we revealed a strong induction of AP-
2e mRNA expression during late stages of chondrogenic
differentiation of hMSC in 3D spheroid culture systems
[15]. In the same study, we were able to determine that the
transcription factor SOX9 transactivates AP-2¢ expression in
human SW1353 chondrosarcoma cells. However, so far we did
not analyze whether there are other modulators of AP-2¢ gene
expression besides SOX9.

Interestingly, we now found that expression of the promi-
nent hypoxia-sensitive gene angiopoietin-like 4 (ANGPTL4)
was also strongly induced during the hMSC spheroid dif-
ferentiation and showed a striking correlation with expres-
sion of AP-2¢ (Figure1(a)). It is known that expression of
ANGPTL4 in chondrocytes and other cell types is heavily
dependent on low oxygen concentrations [29-31]. Hence,
the expression pattern of ANGPTL4 indicated that oxygen
supply to the cells within the spheroids vastly decreases
during the differentiation progress and that this affects gene
expression in these cells. Further, AP-2¢ and Angptl4 also
showed a similar expression pattern in vivo comparing
early and late stages of cartilage development (Figure 1(b)).
More precisely, we analyzed gene expression in condensed
mesenchymal cells derived from the limb buds of E1l5
mouse embryos shortly prior to cartilage formation and
in epiphyseal cartilage of new born miceharbouring highly
differentiated chondrocytes [32]. In the latter, we detected a
significant increase in the expression rate of both AP-2¢ and
the hypoxia marker Angptl4 (Figure 1(b)). As it was already
shown that the reduction of oxygen supply is an important
external stimulus contributing to limb and cartilage morpho-
genesis and due to the confirmatory results from the two
independent systems, hypoxia could represent a trigger of
AP-2¢ expression throughout chondrocyte differentiation [12,
33]. To address this question, the human and the murine AP-
2e promoter sequences were analyzed for hypoxia responsive
elements (HREs) (—2999 bp relative to the translation start).
An alignment of the two sequences revealed that only the
first 600 bp is generally well conserved across the two species
(data not shown). In this region one HRE with the sequence
5'-CCGTG-3' could be identified in both species (-108 to
—104 bp in the human promoter and —89 to —85bp in the
murine promoter) (Figure 2). Additionally, in each species
three more HRE motives were found further upstream within
the promoter sequence (Figure 2). The presence of these

putative HIF1 binding sites within the AP-2e promoter in
both species further supported the hypothesis of hypoxia
being a general trigger of AP-2¢ expression in chondrogenic
cell types.

In order to investigate this, we performed experiments
targeting intracellular activity of HIFI, the primary medi-
ator of adaptive responses to hypoxia. First, we treated
murine mesenchymal stem cells (mMSC) with the hypoxia-
mimicking iron chelators 2,2'—dipyridyl (DP) and desfer-
rioxamine (DFX) for 24h at a concentration of 100 and
250 uM, respectively. Compared to the respective controls,
we detected a significant upregulation of AP-2¢ mRNA
expression in cells incubated with DP/DFX (Figure 3(a)I).
The same result was obtained for the positive control Angptl4
(Figure 3(a)II). Additionally, expression of the prominent
cartilage matrix proteins type 2 collagen (Col2al), Aggrecan
(Acan), and melanoma inhibitory activity/cartilage-derived
retinoic acid-sensitive protein (MIA/CD-RAP) was analyzed.
HIF1-dependent modulation of Col2al and Acan expression
has already been described and also here expression of both
tended to be enhanced albeit only partially statistically signif-
icant (Figure 3(a)IIL, IV) [34]. In contrast, the transcription
rate of MIA/CD-RAP was completely unaffected by DP/DFX
(Figure 3(a)V). Furthermore, in accordance with publica-
tions of other groups describing Sox9 as regulated by HIF1, a
significant induction of Sox9 expression could be determined
in this experiment (Figure3(a)VI) [13, 35]. Intracellular
HIFl« protein accumulation triggered by the chemical com-
pounds was controlled by western blot analysis (Figure 3(b)).
In addition, enhanced transcriptional activity of the HIF1
protein complex in the nuclei of the cells was confirmed with
aluciferase reporter construct driven by a promoter fragment
containing six hypoxia-responsive elements (6xHRE) from
the human phosphoglycerate kinase gene. As expected, a
strong upregulation of promoter activity could be measured
after incubation with DP/DEX (Figure 3(c)). In one of our
previous studies, a 604 bp human AP-2¢ promoter construct
(AP-2prom604; —604 to —1 bp relative to the translation start)
in a luciferase reporter gene vector was generated [15]. As
already described, the respective DNA region contains a HIF1
binding motive, which can also be found in the murine pro-
moter (cf. Figure 2), in addition to the Sox9 binding site ana-
lyzed previously. Thus, the construct was used to test whether
this motive could be responsible for the DP/DFX-mediated
induction of AP-2¢ mRNA expression. AP-2prom604 was
active in the murine cells (approximately 3-fold relative to
the control vector pGL3basic). However, DP/DFX treatment
did not result in an upregulation of AP-2¢ promoter activity,
thereby excluding this HRE motive and hypoxia-dependent
regulation of Sox9 to be regulatory active (Figure 3(d)).

In a next experiment, we applied two siRNA species
against HIFl« to knock down the HIFloe mRNA and protein
level. We did not use mMSC for the knockdown experiment
as protein expression of HIFla in mMSC was very low under
normoxia (Figure 4(a)) and the cells exhibited only low
transfection efficiency. As a result no sufficient knockdown
of HIFl« via siRNA could be established in this cell type.
Instead, we employed SW1353 chondrosarcoma cells for the
application of siRNA against HIFla because of their relatively
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FIGURE 1: Expression of AP-2¢ and the hypoxia marker angiopoietin-like 4 strongly correlate during chondrogenic differentiation. (a) 3D
spheroid cultures of hMSC were cultured in chondrogenic medium for a period of 28 days and mRNA was isolated at days 1, 14, 21, and
28. Expression of both AP-2e and ANGPTL4 significantly increased over the course of the experiment. (b) mRNA expression was analyzed
in mesenchymal cells derived from the limb buds (LB) of E11.5 mouse embryos and in chondrocytes from the epiphyseal cartilage (EC) of
4-day-old new born mice, representing early and late stages of chondrogenic differentiation. In the latter, a significant upregulation of the
AP-2¢ as well as the Angptl4 mRNA level could be detected (data are given as means + SEM; ns, not significant; “ p < 0.05; ** p < 0.01).

high physiological HIFle protein expression (Figure 4(a)).
Here, a significant downregulation in the expression rate
of AP-2¢ as well as the positive control ANGPTL4 was
detectable in cells transfected with siRNA against HIFlx
(Figure 4(b)I, II). Further, as expected, expression of
COL2A1 and ACAN tended to be reduced after the siRNA
treatment while MIA/CD-RAP againstayed completely
unchanged (Figure 4(b)IIL IV, V). In contrast to the DP/DFX
experiment, expression of SOX9 was not significantly altered
by the HIFla knockdown (Figure 4(b)IV). Successful
knockdown of HIFlx was confirmed on mRNA and protein
level (Figure 4(c)I, II) as well as in luciferase assays using the

6xHRE reporter plasmid (Figure 4(d)). In addition, activity
of the 604 bp AP-2¢ promoter construct was determined in
these cells after si_HIFla transfection. Again, no response
could be detected which underscores that modulation of
AP-2¢ gene expression by HIF1 happens outside of this
604 bp region (data not shown). Further, SW1353 cells were
also incubated with DP/DFX to confirm the upregulation of
AP-2¢ observed in mMSC in the previous experiment (cf.
Figure 3(a)I). As expected, both compounds led to a clear
induction of AP-2¢ expression (approximately 4.5-fold with
250 uM DP and 2.5-fold with 250 uM DFX) in the cell line
(data not shown).
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FIGURE 2: Analysis of human and murine AP-2¢ promoter sequences for HRE motives. Schematic drawings of the human and murine AP-
2¢ promoter (—2999 to —1bp). All numbers refer to the translation start. The transcription start is marked with an arrow. Putative hypoxia
responsive elements (5'-NCGTG-3') are depicted as black boxes (HRE). Further, the position of a 604 bp human AP-2e promoter construct

(AP-2prom604) which was generated for a previous study is given [15].

Finally, we cultivated mMSC for 24 h under real hypoxia
at low oxygen concentration (1% O,) and compared the gene
expression pattern to cells exposed to normoxic conditions
(21% O,). Here, we detected an upregulation of AP-2¢ and
Angptl4 as well as Sox9 mRNA expression in response to
hypoxia (Figure 5(a)l, II, VI). Expressions of Col2al and
Acan were not significantly altered but there was a trend
towards induction for both (Figure 5(a)IIl, IV). This time,
MIA/CD-RAP was slightly downregulated (Figure 5(a)V).
HIFla protein accumulation in response to hypoxia was
controlled by western blot analysis (Figure 5(b)).

Taken together, our in vitro experiments clearly show
that hypoxia plays an important role in the regulation of
AP-2¢. Further, the HIFlae knockdown experiment confirms
that the transcription factor complex HIF1 is a mediator of
this effect. We feel that these results provide a reasonable
explanation for the observed increase of AP-2¢ expression
during spheroid differentiation of human cells as well as
during murine cartilage development.

Hence, the study underlines the important role of hypoxia
as an external regulatory stimulus during chondrogenic
differentiation influencing the expression of down-stream
transcription factors like AP-2e.

Our approaches revealed a novel role for the HIF1
complex in the regulation of the AP-2¢ gene in cartilaginous
cells and underlined the important role of hypoxia as an
important external regulatory stimulus during chondrogenic
differentiation modulating the expression of down-stream
transcription factors.

4. Discussion

Previously, we discovered expression of AP-2¢ in murine
hypertrophic chondrocytes and in human articular cartilage.
Additionally, an upregulation of AP-2¢ transcript levels dur-
ing late stages of chondrogenic differentiation of hMSC in 3D
spheroid culture could be detected [15, 16]. We performed
a similar experiment for this study and found that the
expression of ANGPTL4, a prominent hypoxia marker and

HIF1 target gene, was also strongly induced during the differ-
entiation process indicating a definite decrease in the oxygen
supply to the cells within the spheroids. This, most likely,
is explained by increasing cell aggregation and compaction
as well as progressive extracellular matrix production as a
result of the chondrogenic differentiation process. The latter
was confirmed by enhanced expression of the cartilage ECM
proteins COL2al, ACAN, and MIA/CD-RAP (cf. supplemen-
tary Figure 1, in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/380590). Presumably, these
effects minimize diffusion of media and oxygen into the
interior of the spheroids resulting in hypoxic conditions and
thus upregulation of ANGPTL4 expression.

Another correlation between Angptl4 and AP-2¢ could be
determined in vivo as expression of both genes was signifi-
cantly upregulated in differentiated epiphyseal chondrocytes
from new born mice compared to mesenchymal cells derived
from embryonic limb buds (E1L5). It was shown that very
early limb bud mesenchyme of mouse embryos (E10.5) is
hypoxic exhibiting expression and transcriptional activity
of HIFl«x [33]. We assumed that hypoxia is also important
for later stages of cartilage development because oxygen
supply to chondroblasts/chondrocytes vastly decreases as the
volume of the avascular cartilaginous template increases [36].

Due to these findings we hypothesized that hypoxia is
an external stimulus regulating not only Angptl4 but also
AP-2¢ expression in chondrogenic cells and the current
study was designed to investigate this in detail. In turn, the
obtained data should help to enhance our understanding of
mechanisms controlling gene expression in chondrocytes.

To define the influence of HIF1 and hypoxia on AP-2¢
expression, we conducted three experimental approaches.
Treatment of mMSC with the PHD inhibitors DP or DFX
[9, 37] as well as cultivation of mMSC at 1% atmospheric
O, resulted in a significant upregulation of the AP-2¢ tran-
scription rate. Conversely, siRNA mediated downregulation
of HIFla in SW1353 cells significantly reduced AP-2¢ expres-
sion. In sum, these three experiments clearly show that AP-
2¢ expression is regulated by hypoxia and that HIFI is an
intermediary factor involved in this process.
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FIGURE 3: Upregulation of AP-2¢ mRNA expression in mMSC after treatment with DP and DFX. (a) mMSC were treated with the hypoxia-
mimicking iron chelators 2,2'-dipyridyl (DP) and desferrioxamine (DFX) at a concentration of 100 and 250 M. Respective controls were
incubated with solvent only. 24 h later total RNA was isolated and mRNA expression was analyzed via qRT-PCR. Compared to the controls,
a significant upregulation in the expression of AP-2¢ (I) as well as of the positive control Angptl4 (II) was detected after DP/DFX treatment.
Expression of Col2al (III) and Acan (IV) also tended to be enhanced while expression of MIA/CD-RAP (V) was completely unaffected by
DP/DEX. Further, a significant induction of Sox9 (VI) expression could be determined. (b) HIFl« protein accumulation due to the chemical
compounds was confirmed by western blot analysis. Numbers indicate densitometric measurement of the intensity of the HIFla specific
band (labeled). (c) Enhanced HIFI transcriptional activity was shown by transfection of a reporter plasmid containing six consecutive HRE
binding motifs (6xHRE) into mMSC which were treated as above. 24 h later luciferase activity was measured and a significant upregulation of
promoter activity could be detected after incubation with DP/DFX. (d) Additionally, the activity of a 604 bp human AP-2¢ promoter construct
(AP-2prom604) was measured in the cells. DP/DFX treatment for 24 h did not result in an upregulation of its activity (data are given as means
+ SEM; ns, not significant; * p < 0.05; ** p < 0.01).

Interestingly, in the DP/DFX and 1% O, experiments
also an induction of Sox9 expression could be determined.
It has already been reported that the gene encoding this
transcription factor is a target of HIF1 and is upregulated in
cartilaginous cells and tissues subjected to hypoxic conditions
[13, 35]. Additionally, as mentioned in the introduction, we
were able to show that SOX9 is a transactivator of the human
AP-2¢ gene in SW1353 cells [15]. Thus, Sox9/SOX9 could have
represented a link between hypoxia and the induction of

AP-2¢ expression. However, several lines of evidence speak
against this theory.

Firstly, MIA/CD-RAP was not and Col2al was only
slightly upregulated in the experiments despite both being
directly activated by Sox9 (cf. Figures 3(a) and 5(a)) [38-
40]. A possible explanation for this is that expression of
Sox9 might be induced by DP/DFX and 1% O, with a
certain temporal delay which would explain why we did
not yet observe a significant increase in MIA/CD-RAP and
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FIGURE 4: Downregulation of AP-2¢ mRNA expression in SW1353 cells after treatment with siRNA against HIFl«. (a) HIFla protein
expression under normoxic conditions was compared in mMSC and SW1353 chondrosarcoma cells via western blot. SW1353 cells exhibited
much higher physiological HIFlex protein levels (the HIFlx specific band is labeled; cf. Methods, Protein Isolation and Western Blot) and thus
were preferred for the following HIFlx knockdown experiment. (b) mRNA expression was analyzed in SW1353 cells after transfection with
two siRNA species against HIFla. Compared to cells transfected with unspecific control siRNA, a significant reduction of the mRNA level of
AP-2¢ (I) and ANGPTLA4 (II) could be determined. Expression of COL2A1 (III) and ACAN (IV) also tended to be reduced while expression
of MIA/CD-RAP (V) and SOX9 (VI) was not significantly altered in this experiment. (c) Successful depletion of HIFl«x after siRNA treatment
was confirmed on mRNA (I) and protein level (IT). Numbers indicate densitometric measurement of the intensity of the HIFl« specific band
(labeled). (d) To confirm modulation of the transcriptional activity of the HIF1 protein complex the 6xHRE reporter plasmid (cf. Figure 3(c))
was transfected into SW1353 cells which were treated as above. 24 h later luciferase activity was measured and a significant downregulation
of promoter activity could be detected with siRNA against HIFl« (data are given as means + SEM; ns, not significant; * p < 0.05; " p < 0.01;

5 < 0.001).

Col2al expression when the cells were harvested 24 hours
after initiation of the treatment. However, AP-2¢ expression
already was strongly upregulated at this time indicating that
this happens independently of Sox9.

Secondly, the activity of a human 604 bp AP-2¢ promoter
construct was not altered by DP/DFX in mesenchymal
cells although in a previous study we could show that the
respective DNA region contains a consensus SOX9 binding
site (—450 to —445 bp), which mediates activation of AP-2¢
transcription by SOX9 in SW1353 cells [15]. Hence, it is likely
that Sox9 alone is not sufficient to trigger AP-2¢ expression
in this cell type in contrast to the SW1353 chondrosarcoma
cell line, probably due to a missing coactivator in the mes-
enchymal cells. Contrary to the promoter fragment, AP-2¢
mRNA expression was induced in the mMSC after DP/DFX
treatment which indicates that this happens independently of
Sox9.

Thirdly, in contrast to AP-2¢ the expression of SOX9 was
not significantly reduced after siRNA transfection against
HIFla in SW1353 cells. Currently, we do not know why SOX9
was not stronger regulated in this assay; however, this finding
again supports that AP-2¢ induction in response to hypoxia
is independent of SOX9.

In summary, AP-2¢ is either a direct HIF1 target gene
or indirectly regulated by means of an intermediate tran-
scription factor other than Sox9/SOX9 under hypoxic con-
ditions. Concerning the aforementioned, examination of the

AP-2¢ promoter sequence (-1 to —2999bp relative to the
translation start) revealed four putative HIF binding sites
in humans and mice (cf. Figure 2). As already stated, the
activity of the proximal —604 bp AP-2¢ promoter construct
was not altered after DP/DFX treatment of mMSC. The
same was true for transfection of siRNA against HIFla in
SW1353 cells. Hence, it can be excluded that this region
including its HRE motive mediates the upregulation of
AP-2¢ expression. However, in each species three further
HRE motives can be found (cf. Figure 2). Although the
positions are not directly conserved, one of them might
represent the HIF1 binding site inducing promoter activity
and AP-2¢ gene expression. Further experiments are needed
to define whether HIF1 indeed interacts with one of these
motives or alternatively to investigate a potential indirect
mode of regulation via an intermediate factor. Certainly,
hypoxia-dependent regulation of AP-2¢ expression in both
human and murine cells suggests HIF1 to be a conserved
mediator influencing AP-2¢ gene transcription in mam-
mals. Finally, it was reported that an additional depletion
of oxygen supply is a hallmark of osteoarthritic cartilage
accompanied by an increase of HIFI transcriptional activity
[41, 42]. This finding might be an explanation for the
enhanced AP-2¢ expression observed in osteoarthritic chon-
drocytes where it regulates the expression of the chemokine
CXCL1, an inductor of ECM calcification and degradation
[21].
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FIGURE 5: Upregulation of AP-2e mRNA expression in response to hypoxia. (a) mMSC were cultured at hypoxia (1% O,) or normoxia (21%
0,) for 24 h. After that, mRNA expression was analyzed via qRT-PCR. Compared to the control, a significant upregulation of AP-2¢ (I) as
well as Angptl4 (II) and Sox9 (IV) expression in cells incubated at 1% O, was detected. Expression of Col2al (III) and Acan (IV) also tended
to be enhanced while MIA/CD-RAP (V) was even slightly downregulated. (b) HIFla protein accumulation due to hypoxia was confirmed by
western blot analysis. Numbers indicate densitometric measurement of the intensity of the HIFl« specific band (labeled) (data are given as

means + SEM; ns, not significant; “ p < 0.05; ** p < 0.01).

5. Conclusion

Taken together, we discovered a significant increase in the
expression rate of AP-2¢ during chondrocyte differentiation
in vitro and in vivo and our experiments provide evidence
that hypoxia is crucial for this process. Further, we revealed
a novel role for HIFI as a direct or indirect transactivator
of AP-2¢ gene expression in chondrogenic cells. Thus, the
study underscores hypoxia as an important external stimulus
regulating down-stream gene expression during cartilage
development.
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