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Summary
Mammalian Meckel’s cartilage is a temporary structure
associated with mandible development. Notably, its elimination is
not executed by apoptosis, and autophagy was suggested as the
major mechanism. Simultaneous reports point to pro-apoptotic
caspases as novel participants in autophagic pathways in general.
The aim of this research was to find out whether activation of
pro-apoptotic caspases (-2, -3, -6, -7, -8 and -9) was associated
with autophagy of the Meckel’s cartilage chondrocytes. Active
caspases were examined in serial histological sections of mouse
mandible using immunodetection and were correlated with
incidence of autophagy based on Beclin-1 expression. Caspase-2
and caspase-8 were found in Beclin-1 positive regions, whereas
caspase-3, -6, -7 and -9 were not present. Caspase-8 was further
correlated with Fas/FasL and HIF-1a, potential triggers for its
activation. Some Fas and FasL positivity was observed in the
chondrocytes but caspase-8 activation was found also in FasL
deficient cartilage. HIF-la was abundantly present in the
hypertrophic chondrocytes. Taken together, caspase-8 activation
in the Meckel s cartilage was demonstrated for the first time.
Caspase-8 and caspase-2 were the only pro-apoptotic caspases
detected in the Beclin-1 positive segment of the cartilage.
Activation of caspase-8 appears FasL/Fas independent but may
be switched on by HIF-1a.
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Introduction
Mammalian Meckel’s cartilage (MC) is
a temporary structure connected with proper mandible
development and can be anatomically divided into three
basic segments endowed with different fate (Amano et al.
2010). The anterior (distal) part contributes to formation
of the mandibular symphysis, the posterior (proximal)
provides a basis for formation of the malleus whereas the
middle (intermediate) part becomes gradually degraded
along with progressing ossification of the mandibular
bone (Ishizeki et al. 1999, Parada and Chai 2015). In the
mouse (the most common mammalian model), the onset
of elimination corresponds with the prenatal day 15
(Sakakura ef al. 2007, Yang et al. 2012) (Fig. 1A, B). At
this stage, chondrocytes of the middle segment become
hypertrophic and committed to terminal differentiation
along with a progressive degradation of the extracellular
matrix (Sakakura et al. 2007). The middle segment of the
cartilage disappears at the prenatal day 18, starting from
the region related to the first molar tooth germ (Sakakura
et al. 2007, Ishizeki et al. 1999, Parada and Chai 2015).
The major mechanism involved in eliminating the
middle MC segment was considered apoptosis (Shimada et
al. 2003), the common mode of physiological programmed
cell death. This was supported by studies showing
increasing trend in p53 expression during MC degradation
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(Trichilis and Wroblewski 1997). However, no typical  death based on the strong expression of Beclin-1 and
apoptotic features were found in chondrocytes within the =~ LC3b, the major autophagic proteins, in the cells
degrading MC (Harada and Ishizeki 1998). Recently, committed to elimination (Yang et al. 2012).

autophagy was suggested as an alternative pathway of cell
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Fig. 1. Detection of pro- apoptotic and autophagic markers in histological sections of the middle part of the Meckel’s cartilage.
(A) Bilateral mouse Meckel ‘s cartilages (transversal section) at the prenatal day 15, (B) detail of the middle part of the Meckel ‘s cartilage
formed by hypertrophic chondrocytes. (C-H) Active caspases in frontal sections at the prenatal day 15: (C) caspase-2,
(D) caspase-3, (E) caspase-6, (F) caspase-7, (G) caspase-8, (H) caspase-9. (I-J) Cell death in the middle part of the Meckel s cartilage,
longitudinal sections: (I) autophagy/Beclin-1, (3) apoptosis/TUNEL labeling. (K) Fas, (L) FasL and (M) HIF-1q, (N) active caspase-8 in wild
type and (0O) FasL knock-out (g/d) Meckel ‘s cartilage at the prenatal day 15. (A, B) haematoxylin-eosin and Alcian blue staining, (C-1, K-M)
immunofluorescence, positive cells in green, DAPI counterstain in blue, (I") negative control for immunofluorescence, (J, N, O)
immunohistochemistry, positive cells in brown, haematoxylin counterstain in blue, (") negative control for immunohistochemistry.
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Independently and in parallel to these
investigations, molecular cross-talks between apoptosis
and autophagy have been gradually discovered
(Eisenberg-Lerner et al. 2009) and pro-apoptotic caspases
suggested as novel important regulators (Tsapras and
Nezis 2017). Pro-apoptotic caspases are cysteine-
proteases activated in cascades and triggered either by
ligand-receptor binding or vie the intrinsic pathway
initiated from mitochondria or endoplasmic reticulum.
Caspase-8 and caspase-9 are considered as the initiator
caspases, while caspases-3, -6 and -7 are an executive trio
and caspase-2 has yet an unclear position (Shalini et al.
2015).

So far, caspase-2 was reported in the MC in
frame of a general study showing presence of this caspase
during the course of cephalic development (Vanmuylder
et al. 2015). Caspase-3 was specifically detected in the
MC, but only in perichondrium, and was related to
apoptotic cells (Yang ef al. 2012). Investigation of other
pro-apoptotic caspases or their possible association with
autophagy in the MC has not yet been performed.

The aim of this research was to investigate
activation of pro-apoptotic caspases (caspase-2, -3, -6, -7,
-8, -9) in the hypertrophic chondrocytes within the middle
Meckel’s

degradation to find out for possible temporospatial

segment of the cartilage undergoing
correlations with autophagic cell death.

Histological sections of mouse heads were used
to detect active caspases in the MC at the stages
corresponding to the onset of autophagy in the middle
2012).

immunofluorescence (IF) and

segment (Yang et al In these sections,
immunohistochemistry
(IHC) based on application of specific primary antibodies
allowing for detection of the active forms were exploited
(caspase-2/PA5-39872  Thermo  Fisher  Scientific;
caspase-3/9664, cleaved caspase-6/9761, caspase-7/9491,
caspase-8/8592, caspase-9/9509, all from Cell Signaling;
IHC and IF protocols in Svandova ef al. 2014, Svandova
et al. 2018).

The screening at the onset of degradation
day 15) indicated that

(Fig. 1C) and caspase-8 (Fig. 1G) were abundantly

process (prenatal caspase-2
activated in the middle segment of the cartilage, whereas
caspase-3, -6, -7 and -9 were not present (Fig. 1D, E, F,
H). The majority of hypertrophic chondrocytes at this
stage was Beclin-1 positive (Fig. 1I) and TUNEL
negative (Fig. 1J) in agreement with earlier published
data (Yang et al. 2012). The same pattern of caspase-2

and -8 activation was observed the following two days

(prenatal day 16 and 17) (data not shown) when the
autophagic degradation peaks and Beclin-1 expression is
followed by appearance of LC3b (Yang et al. 2012).

The co-activation of caspase-2 and caspase-8
suggests their possible interactions as already reported in
other systems. Both caspases were indeed described to act
via t-Bid (Lin et al. 2004, Fava et al. 2012). Additionally,
caspase-2 can be a substrate of caspase-8 (van de Craen
et al. 1999, Fava et al. 2012). However, caspase-8 has
a general potential to activate all executive pro-apoptotic
caspases whereas caspase-2 does not cleave executors
(Forsberg et al. 2017). As no processing of executors
(3, 6, 7) was observed in the hypertrophic chondrocytes
within the degrading part of the cartilage, caspase-8 may
act on other targets including caspase-2. To further
explore this association in vivo is presently hindered by
the caspase-8 knock-out mice lethality before
MC degradation (Varfolomeev et al. 1998).

Regarding autophagy, pro-apoptotic caspases
including caspase-2 and caspase-8 are considered to have
regulatory effects (Tsapras and Nezis 2017) although the
data are mostly based on in vitro experiments with cancer
cells. So far, caspase-2 was reported as involved in the
control of mitochondrial levels of reactive oxygen species
by preventing their accumulation (Tiwari et al. 2011).
More specifically, caspase-8 was demonstrated as able to
cleave the autophagic proteins ATG3, ATGS and
Beclin-1 as well as RIPK1, which augments autophagy
(Laussmann et al. 2011, He et al. 2012) and to modulate
autophagy via interaction with p62 (Huang et al. 2013,
Pan et al. 2013). Caspase-8 was also shown engaged in
autophagy regulation by the FADD adapter (Young ef al.
2012) which is associated with FasL/Fas signaling, the
most common trigger of caspase-8 mediated apoptosis
(Strasser et al. 2009).

Fas/FasL
investigated in the early stages of human mandible
MC degradation
(Hatakeyama et al. 2000). Therefore, additional analysis

expression has been previously

development, however prior to
of Fas and FasL expression in the middle segment of the
cartilage during the degradation process was performed.
Serial histological sections of the MC and immunofluo-
rescence (FasL sc-835, Fas sc-1024, both from Santa
Cruz Biotechnology; protocol in Svandova et al. 2017)
were used for this purpose. Fas and FasL expression was
observed in the chondrocytes within the Beclin-1 positive
segment of the MC (Fig. IK, L). To find out if the
FasL/Fas

activation, the Meckel’s cartilage in FasL deficient (gld)

system could be engaged in caspase-8
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mice was investigated. Samples of gld mice were
available from a previous study (Svandova et al. 2017).
Based on immunohistochemistry, caspase-8 activation
was demonstrated also in the gld MC (Fig. 1N, O).

As another candidate activating caspase-8 in the
MC chondrocytes can be considered HIF-la (hypoxia
inducible factor 1, alpha subunit). Activation of caspase-8
via HIF-lo was shown earlier in the growth plate
chondrocytes in vivo and in rib cartilage derived cells in
vitro (Bohensky et al. 2007). In these cells, decreased
Beclin-1 expression and loss of caspase-8 was
demonstrated after HIF silencing. Despite growth plate
and degrading MC chondrocytes differ, e.g. possible
osteogenic fate of growth plate chondrocytes has been
demonstrated recently (Yang et al. 2014, Jing et al.
2016), HIF-1a expression was reported in both systems
(Sakakura et al. 2008). To find out if temporospatial
correlations can apply for HIF-la, caspase-8 and
autophagy in the hypertrophic chondrocytes of the
degrading middle segment of  the MC,
immunofluorescence of HIF-1 (NB100-479SS, Novus
Biologicals, citrate pre-treatment/10 min, 1:50/ON/4 °C)
HIF-la was

was performed. Notably, abundantly
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