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NKX3.2 plays a key role in regulating HIF1a-directed angiogenesis

in chondrocytes
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The cellular fraction of cartilage is mainly composed of one
single cell type, the chondrocyte, which secretes, shapes and
maintains the cartilaginous matrix that functions, in the case
of epiphyseal cartilage, as the template for bone elongation.
The biomechanical properties of cartilage are dependent
mainly on the composition, as well as the macromolecular
integrity of its matrix contributing to the functional and
phenotypic differences between cartilage subtypes (1).
For example, articular cartilage (AC) is a highly resilient
tissue that allows low-friction joint articulation. In
contrast, growth plate (GP) cartilage is populated by highly
proliferative chondrocytes that undergo hypertrophic
differentiation in an angiogenesis-promoting spatiotemporal
manner, serving as a mold for longitudinal bone growth.
As such, an in sharp contrast to AC, GP cartilage is a
transient tissue and is replaced by bone in a process known
as endochondral ossification (2).

Hypoxia is a major stimulus of chondrogenesis as well
as angiogenesis, by stabilizing hypoxia inducible factor la
(HIFla) (3). HIFla acts as a transcriptional activator of
SOXY, and of vascular endothelial growth factor (VEGF)
expression, promoting angiogenesis (4). Cartilage is hypoxic
in nature and angiogenesis-dependent reoxygenation of GP
cartilage is a major trigger for its hypertrophic differentiation.
While HIFlo-induced expression of VEGE and subsequent
angiogenesis is a normal process in GP hypertrophic
differentiation, AC, while hypoxic in nature, appears to be
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resistant to hypoxia-stimulated angiogenesis and subsequent
hypertrophic differentiation. The specific resistance of
AC to hypertrophic differentiation has been ascribed to
various soluble factors, such as parathyroid hormone related
protein (PTHTrP) (5), as well as the WN'T antagonists
DKK1 and FRZB that are highly expressed in AC, but not
in the GP (6). We have previously found that expression of
DKKI1 and FRZB is highly upregulated in chondrogenically
differentiating mesenchymal stem cells in hypoxic conditions
(7,8). Another important regulator for the prevention
of chondrocyte hypertrophy is NKX3.2. NKX3.2 is a
homeobox transcriptional regulator (9), and a downstream
transcriptional effector of SHH (10), PTHrP (11), and
bone morphogenic protein (BMP)-7 (12), and is expressed
as a target of SOX9 activity (13) (Figure 1A4). It inhibits
chondrocyte hypertrophy by repressing RUNX2 activity (14)
and in concert with this notion genetic deletion of NKX3.2
or overexpression (15) induce severe developmental skeletal
abnormalities which are ascribed to altered chondrocyte
maturation. The inactivating mutation in the NKX3.2
gene causing the human skeletal condition SMMD further
underscores its critical role in chondrocyte development (16).
Therefore, NKX3.2 is considered an important mediator
in preventing the switch to chondrocyte hypertrophy (17).
While the above molecular mediators provide avenues to
prevent chondrocyte hypertrophy of AC, these mechanisms
do not explain why VEGF-induced angiogenesis is not
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present in the hypoxic environment of cartilage tissue.

A recent paper in Cellular Signaling by Suhjean Im
and Dae-Won Kim (18) describes a mechanism by which
NKX3.2 may prevent angiogenic activity by inducing
target-specific HIF1la degradation in chondrocytes in the
hypoxic cartilage environment. In a series of experiments,
they uncover a novel NKX3.2-directed pathway that results
in an oxygen-concentration independent and proteasome-
independent degradation of HIF1a.

In an initial experiment, the authors tested the hypothesis
that NKX3.2 could modulate HIF1a protein expression,
thereby reducing a major vascularization trigger, typically
found in hypoxic tissues. Overexpression of NKX3.2 in
cells cultured in hypoxia, reduced the expression of HIF1a.
Inversely, knockdown of NKX3.2 resulted in elevated levels
of HIFla.

Next, the authors investigated the mechanism of HIF1a
degradation. It has been described that HIF1a is targeted
for destruction by an E3 ubiquitin ligase, containing the
von Hippel-Lindau tumor suppressor protein (pVHL) (19).
In this pVHL-mediated proteasomal degradation pathway,
proline hydroxylation is essential. However, Im and Kim
found that this pathway was not involved in the NKX3.2-
mediated HIF1o degradation. Moreover, they found that
NKX3.2-induced HIFla degradation was proteasome
independent. In a subsequent experiment they showed that
in chondrocytes, both in normoxia and hypoxia, NKX3.2
induced HIFla degradation via a lysosomal pathway,
specifically via macroautophagy.

Autophagy is a degradative pathway that occurs in all
eukaryotic cells. Its main function is to recycle cytoplasm
to generate macromolecular building blocks and energy
under stress conditions, and to remove superfluous and
damaged organelles to enable adaptation to changing
nutrient conditions, as well as to maintain cellular
homeostasis (20). Macroautophagy is a specific type
of autophagy in which the substrates are sequestered
within cytosolic double membranes that are called
autophagosomes (20). The autophagosome fuses with
lysosomes and the contents are degraded and recycled.

Macroautophagy can be a selective process, regulated
by specific cargo adaptor proteins such as p62/SQSTMI,
Nbrl and BNIP3, that then bind to ATG8 homologs,
such as: LC3A and LC3B, to induce autophagy [reviewed
in (21), and articles in issue 16 of Nature Cell Biology]. Im
and Kim investigated whether NKX3.2 modulates the
interaction between HIFlo and these adaptor proteins.
They found that p62/SQSTM1 and LC3B are involved
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in the autophagy of HIF1a (Figure 1B). In addition, they
found that ubiquitination of HIFla by CHIP-E3 ligase,
was elevated by NKX3.2 expression. This ubiquitination
however, did not lead to proteasomal degradation, but led to
association of HIF1o with p62/SQSTMI and its subsequent
degradation by macroautophagy. CHIP had been previously
identified as the E3 ligase involved in HIFla degradation
in normoxic conditions (22,23). This makes us wonder
why ubiquitination of HIFla by CHIP does not lead to
proteasomal degradation but rather macroautophagy in
hypoxic conditions when NKX3.2 is involved?

The findings in this manuscript indicate that NKX3.2-
mediated regulation of HIFla stability may play a role in
the homeostasis of AC, by controlling angiogenic signals
and keeping vascularization in pace, thereby contributing in
the maintenance of a permanent AC phenotype.

What are the potential implications of this finding?

As described above, many papers, including our own
work (12,13,15,17), have shown that NKX3.2 expression
is associated with reduced chondrocyte hypertrophy, and
thus maintenance of a healthy AC phenotype. Taking the
mechanism into consideration described by Im and Kim,
this would imply that under healthy cartilage conditions
where NKX3.2 expression is relatively high, HIF1a would
be more effectively targeted for degradation. However,
this seems in sharp contradiction with the well-described
notion that increased HIF1a levels are beneficial for cartilage
homeostasis, not in the least place by regulating expression
of the cartilage master transcription factor SOX9 (24)
(Figure 1A4). The question arises what the order of events
is in regulating the expression of HIFla, SOX9, NKX3.2,
RUNX2, etc. One could postulate that it is a matter of
gradients as depicted in Figure 2, where an intricate balance
between multiple factors regulates the exact spatiotemporal
differentiation of the different zones of the cartilage in the
GP. As can be seen in Figure 2, HIF1la expression does
not necessarily correlate to the regions of hypoxia. In the
hypertrophic zone (HZ), close to the primary spongiosum,
HIF1la expression is higher than can be explained by the
absence of oxygen (Figure 2). It important to note that most
studies on HIF1a expression in the developing limb, are
based on the use of markers for hypoxia, such as EF-5, rather
than antibody-based staining of HIFla (25). The actual
HIF1lo expression pattern in the GP as depicted in Figure 2 is
therefore AN interpretation of the various studies combining
staining of hypoxia and HIF1a in sections of the GP.

The expression pattern of NKX3.2 would explain the
absence of vascularization of the hypoxic areas in the resting
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Figure 1 Mechanism of HIFla degradation by NKX3.2. (A) Hypoxia leads to stabilization of HIF1a, resulting in the expression of VEGE.
This will result in cartilage remodeling and will eventually lead to endochondral bone formation. SOX9 is a HIF1o target that will induce

expression/activity of NKX3.2. NKX3.2 inhibits RUNX2 expression, thereby preventing cartilage hypertrophy. In addition, NKX3.2

induces HIF 1o degradation via autophagy (B). As a result, angiogenesis is prevented in areas where NKX3.2 is present; (B) NKX3.2 recruits

CHIP-E3 ligase, resulting in ubiquitination of HIF1a, binding of p62 and LC3B, followed by macro-autophagy and lysosomal degradation.

zone (RZ) and proliferative zone (PZ). However, the absence
of HIF1a in these areas would also suggest a reduction of
the amount of SOX9 expression, as SOX9 is a target gene of
HIF1oa (24). This however, is not the case. One could speculate
that this is due to the fact that SOX9 is able to regulate its own
expression via a positive feedback loop with SOX 5/6, which
has been shown to be sufficient for cartilage development (28).
"This is substantiated by the finding that SOX9 expression was
independent of the oxygen concentration (29).

Another possible explanation of the findings is that
timing is critical in the regulation of cartilage and
endochondral ossification. It is possible that HIF1a
activates SOX9 in the onset of limb formation, when
HIF1lo is expressed homogeneously throughout the
limb bud (11). SOX9 then activates SOX5/6 expression
and can, via a positive feedback loop, ensure its own
transcription. During later stages, when the fetal primary
GP with the various cartilage zones is formed, there are
more distinct expression patterns of the various factors
involved in regulation of proliferation, differentiation and
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hypertrophy (Figure 2). In these different zones of the GP,
an intricate network of signals regulates the various stages
of endochondral ossification? (26). Interestingly, NKX3.2
starts to be expressed in the developing limb at stage E10.5
and at later developmental stages is mainly expressed in
the PZ and decreases towards the HZ (Figure 2) (30). As
most studies investigating the role of NKX3.2 in cartilage
have been performed in the prenatal and early postnatal
stages, it is hard to speculate what the role of NKX3.2 is in
other endochondral ossification-related processes like the
secondary ossification center and in fracture healing.

We conclude that the NKX3.2-guided mechanism
of HIFla degradation as described by Im and Kim
(18), is an interesting finding with respect to protecting
cartilage to angiogenic signals, thereby maintaining
cartilage homeostasis. However, this finding leads to many
unanswered questions considering the role of hypoxia
and HIFla expression as a mechanism of controlling
chondrocyte hypertrophy by regulating expression and
activity of the pro-cartilage factor SOX9.
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Figure 2 Crosstalk between many factors in the epiphyseal GP regulate the expression and activity of the two main transcription factors for
cartilage and bone formation, SOX9 and RUNX2, respectively. The expression of HIF1a, SOX9, RUNX2, NKX3.2 in the different zones
of the GP cartilage are shown. SOX9 is mainly expressed in the RZ, PZ, and less in the HZ, whereas RUNX2 expression is predominant

in the HZ and bone. Other factors indicated are the pro-cartilage factors TGF-B, and PTHrP, and the pro-hypertrophic factors BMP,
wingless-type MMTV integration site family (WNT) and IHH. Expression patterns were reviewed in (24-27). RZ, resting zone; PZ,

proliferative zone; HZ, hypertrophic zone; TGF-B, transforming growth factor p; PTHrP, parathyroid hormone related protein; BMP, bone

morphogenic protein; IHH, Indian hedgehog.
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