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Abstract

Dependence receptors are a group of receptor proteins with shared characteristics of transducing two different signals within cells.
They can transduce a positive signal of survival and differentiation in the presence of ligands. On the other hand, dependence
receptors can transduce an apoptosis signal in the absence of ligands. The function of these receptors depends on the availability
of their ligands. Several receptor tyrosine kinases (RTKs) have been reported as dependence receptors. When cells undergo
apoptosis by dependence receptors, the intracellular domain of some RTKs is cleaved by the caspases. Among the RTKs that
belong to dependence receptors, we focused on eight RTKs (RET, HER2, MET, ALK, TrkC, EphA4, EphB3, and c-KIT) that are
cleaved by caspases. In this review, we describe the features of the receptors, their cleavage sites, and the fate of the cleaved
products, as well as recent implications on them being used as potential therapeutics for cancer treatment.
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INTRODUCTION

Receptor tyrosine kinases (RTKs) are essential for signal
transduction as they relay signals from the outside to the in-
side cells. Conventionally, ligands bind to the extracellular
domain of RTK, activate tyrosine kinase inside the cells, and
transduce signals for diverse cellular responses such as pro-
liferation, differentiation, and migration. Signal transductions
other than kinase activation are present in cells, although
phosphorylation is the central part of the RTK function. One of
the unique methods of regulation is the cleavage of the RTK
intracellular domain by various enzymes such as caspases
(Huang, 2021). The proteolytic cleavage of RTK by caspases
is closely related to the dependence receptor (DR) concept.

The DR paradigm is based on the observation that some
receptors trigger apoptosis in the absence of their ligand while
activating signals in the presence of ligands. Without cognate
ligands, receptors are not only just in an “off” state, but can
also induce apoptosis. Since the discovery of the p75 neu-
rotrophin receptor (p75NTR) as the first DR (Rabizadeh et
al., 1993), more than twenty DRs have been reported. DRs
have been found in various receptor families without shared

structural features (Brisset et al., 2021). Representative DRs
include deleted in colorectal carcinoma (DCC), uncoordinated
five homologs (UNC5H (A-D)), NOTCH3 receptors, and sev-
eral receptor tyrosine kinases (Negulescu and Mehlen, 2018).

The mechanism of the apoptosis-inducing effects of DRs
has yet to be clearly elucidated. The cleavage of some re-
ceptors belonging to DRs has also been observed. The intra-
cellular domain of DRs can be cleaved by caspases without
ligands (Fig. 1). Several RTKs classified in DRs have also
exhibited the cleavage of intracellular tyrosine kinase domain
by caspases. Eleven RTKs have been identified as DR un-
til now: RET, HER2, MET, ALK, TrkA, TrkC, EphA4, EphB3
c-KIT, insulin receptor, and IGF-1 receptor (Negulescu and
Mehlen, 2018). The proteolytic cleavage of TrkA, insulin re-
ceptor, and IGF-1 receptor has also been reported (Huang,
2021). However, proteases other than caspases are involved,
and cleavage does not appear to be related to the DR func-
tion. The intracellular domain of the RTKs can be cleaved in
one or two sites by caspases (Fig. 2). The location of cleavage
sites is diverse: Some are within the tyrosine kinase domain,
while others are outside the tyrosine kinase domain (Fig. 2).
In this review, the cleavage of eight RTKs by caspases will be
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Fig. 1. Schematic representation of RTKs in the dependence receptor (DR) family. In the presence of ligands, RTKs are autophosphorylat-
ed by the intracellular tyrosine kinase domain and transduce signals for proliferation, differentiation, and migration (left panel). In the ab-
sence of ligands, RTKs are proteolytically cleaved by various enzymes such as caspases and induce apoptosis (right panel).
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Fig. 2. Cleavage of eight RTKs by caspases. Caspase cleavage sites are indicated in the intracellular domain of RTKs.
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Fig. 3. Cleavage of RET by caspases. In the absence of the RET ligand GDNF, RET is cleaved at the Asp-707 and Asp-1017 sites by cas-
pase-3. The intracellular cleavage product induces apoptosis, and the membrane-anchored truncated ectodomain contributes to cell adhe-

sion.

discussed in detail, and the fate of the cleaved products will
be described.

RET CLEAVAGE

Rearranged during transfection (RET) is a receptor tyrosine
kinase encoded by ret proto-oncogene and activated by glial
cell line-derived neurotrophic factor (GDNF) family ligands
(Arighi et al., 2005). RET is involved in the development pro-
cess during embryogenesis as well as the proliferation and
survival of cells in several neural and neuroendocrine lineages
(Mulligan, 2014). RET has become a therapeutic target for
several cancer types based on the discovery of RET muta-
tions. Two types of oncogenic alterations of RET (point muta-
tions resulting in the constitutive activation of kinase activity
and chromosomal rearrangements resulting in RET fusion
proteins) have been identified in various cancer types (Drilon
etal., 2018). These studies were successfully translated to the
development of RET kinase inhibitors such as selpercatinib
(LOX0-292) and pralsetinib (BLU-667) for RET-driven can-
cers (Thein et al., 2021).

The cleavage of RET was first reported while investigating
the RET as a dependence receptor (Bordeaux et al., 2000).
In the absence of a ligand, the RET receptor triggers apop-
totic cell death, while a different signal is transduced by the
RET activation in the presence of its ligand GDNF (Gibert and

Mehlen, 2015). The overexpression of RET protein induced
apoptosis in the absence of GDNF and the addition of GDNF
can block this cell death (Bordeaux et al., 2000). The analyses
of RET sequence and mutagenesis experiments revealed two
caspase-3 cleavage sites: Asp-707 and Asp-1017. These two
sites are in the intracellular domain; therefore, caspase cleav-
age can result in a fragment comprised of amino acids 708
to 1017 (Fig. 3). The authors postulated that this intracellular
fragment may trigger a pro-apoptotic signal. The authors also
investigated the relationship between RET-induced apoptosis
and Hirschsprung disease (HSCR), a congenital disorder as-
sociated with loss-of-function mutations of RET (Amiel et al.,
2008). The results implied that HSCR might arise from apop-
tosis induced by RET mutations.

As a result of cleavage, another RET fragment at the N-
terminal, membrane-anchored truncated ectodomain, is gen-
erated as well as an intracellular fragment (Fig. 3). While the
intracellular fragment appears to contribute to apoptosis as a
dependence receptor (Bordeaux et al., 2000), the N-terminal
domain contributes to cell adhesion (Cabrera et al., 2011).
RET belongs to the cadherin superfamily with four cadherin-
like domains (Arighi et al., 2005). Cadherins are cell adhe-
sion proteins with Ca%-dependent properties. The presence
of cadherin-like domains in the extracellular region of RET
protein indicates that RET may have adhesive properties.
This hypothesis was tested in sympathetic neurons and the
N-terminal domain function as a cadherin accessory protein
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Fig. 4. Cleavage of HER2 by caspases. HER2 is cleaved at the Asp-1016/1019 and Asp-1125 sites by caspases.

inducing cell aggregation (Cabrera et al., 2011).

The primary function of RET is signal transduction via li-
gand-induced dimerization and phosphorylation. In addition
to its function as a receptor tyrosine kinase, RET can modu-
late cellular function via caspase-induced cleavage. Further
investigations are required to understand the role of individual
cleavage products clearly.

HER2 CLEAVAGE

Human epidermal growth factor receptor-2 (HER2/ErbB2/
neu) is a receptor tyrosine kinase that belongs to the EGFR
family with no cognate ligand. Instead of activation by ligands,
HER2 functions as a partner for the heterodimerization of oth-
er receptors in the EGFR family (Roskoski, 2019). Based on
the overexpression of HER2 in breast and ovarian cancers,
drugs interfering with the HER2 function have been devel-
oped and used in clinics. Trastuzumab is an antibody drug for
HERZ2, and lapatinib is a kinase inhibitor targeting EGFR and
HER?2 (DiPiro, 2023).

The cleavage of HER2 in response to apoptotic stimula-
tion such as geldanamycin, staurosporine, and tumor necrosis
factor o has been reported (Tikhomirov and Carpenter, 2001;
Benoit et al., 2004). The caspase cleavage at Asp-1016/1019
generates a 47 kDa fragment at the C-terminal (Fig. 4). One
more cleavage at Asp-1125 results in a 25 kDa fragment from
Asp-1016/1019 to Asp-1125 (Strohecker et al., 2008). These
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two fragments contain a Bcl-2 homology domain 3 (BH3)-like
domain; therefore, these fragments induce apoptosis through
cytochrome c release (Strohecker et al., 2008).

MET CLEAVAGE

MET is a receptor tyrosine kinase activated by its ligand
hepatocyte growth factor (HGF), thereby mediating cell pro-
liferation, migration, differentiation, and morphogenesis. MET
has been investigated as a cancer drug target for a long time
based on the overexpression and activated mutations found
in cancer cells. The kinase activity inhibitors against MET
approved by the US Food and Drug Administration (FDA)
are capmatinib and tepotinib for non-small cell lung cancer
(NSCLC) patients (Mathieu et al., 2022).

The caspase cleavage of MET was reported in 2004, and
this research classified MET as a dependence receptor. Two
cleavage sites are Asp-1002 near the juxtamembrane site and
Asp-1374 within the C-terminal (Fig. 5) (Tulasne et al., 2004;
Foveau et al., 2007). The two cleavages are sequential, with
the cleavage at Asp-1374 preceding Asp-1002 cleavage (Fo-
veau et al., 2007). This caspase-dependent cleavage at both
sites generates a 40-kDa fragment containing kinase domain
(p40 MET). The ectopic expression of this p40 MET causes
apoptosis concomitantly with caspase-3 activation. In apop-
totic cells, p40 MET localizes in mitochondria and induces mi-
tochondrial permeabilization (Lefebvre et al., 2013). Detailed
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Fig. 5. Cleavage of MET by caspases. In the absence of the MET ligand HGF, the MET is cleaved at Asp-1374 and Asp-1002 sites by cas-
pase-3. The intracellular cleavage product induces apoptosis. Detailed information is explained in the main text.

investigation using GFP-p40 MET revealed that this fragment
localized to the site is called the mitochondria-associated ER
membrane (MAM) (Duplaquet et al.,, 2020). This fragment
localized to the zone between ER and mitochondria triggers
calcium exchange between ER and mitochondria. It is unclear
if kinase activity is required for the proapoptotic function of the
p40 MET fragment. Some of the studies have shown that the
kinase-dead mutant of p40 MET reduced apoptosis (Tulasne
et al., 2004). However, other studies have reported that the
p40 MET fragment-induced apoptosis is independent of tyro-
sine kinase activity (Lefebvre et al., 2013).

The caspase cleavage at Asp-1002 also results in another
fragment at the N-terminal, which contains an extracellular/
transmembrane domain and juxtamembrane domain with 100
kDa size (Fig. 5). This N-terminal fragment appears to act as a
decoy receptor by binding HGF, thereby preventing HGF from
activating a fully functional MET (Deheuninck et al., 2008).

The third fragment generated by caspase cleavage at Asp-
1374 is the C-terminal cytoplasmic tail (Fig. 5). To examine
the function of this small fragment, the 10-amino acid peptide
was synthesized and designated as M10 (Atanelishvili et al.,
2016). When the M10 synthetic peptide is treated in the cells,
the peptide moves into the cells and exhibits an antifibrotic
effect. The M10 interacts with Smad2 and inhibits the phos-
phorylation of Smad2, and this observation can be a putative
mechanism for the antifibrotic properties of M10.

The Caspase cleavage site Asp-1374 at C-terminal con-
sists of a DNAD-DEVD37:-T amino acid sequence with dual
caspase consensus site in humans. An attractive hypothesis
is presented for the function of this domain. Caspase-3 recog-
nizes and binds to this domain, resulting in the sequestration
of caspase-3 and the inhibition of apoptosis (Ma et al., 2014).

Contrary to the previous reports that suggested cleavage prod-
ucts can amplify the apoptotic process (Tulasne et al., 2004),
this study suggests that cleavage sites can function as an in-
hibitory regulation. Tulasne’s team proposed the model for the
MET regulation in survival/apoptosis balance, thus integrating
these discrepancies (Furlan and Tulasne, 2014). Caspase 3
is bound to the C-terminal at the DNAD-DEVD-T at an early
stage of apoptosis, thus protecting cells from apoptosis. At a
later stage of apoptosis, caspase activation becomes strong
enough to overcome the protection of the C-terminal region.
Cleavage at the juxtamembrane site occurs, thus generating a
proapoptotic p40 MET fragment. However, this model cannot
explain the caspase cleavage at the C-terminal (Asp-1374),
which is required for the cleavage of Asp-1002.

The Tyrosine residue at 1003, which is right next to the Asp-
1002, is essential for the negative regulation of MET by an
E3 ubiquitin ligase Casitas B-lineage lymphoma (CBL). MET
is activated by HGF and phosphorylated in several tyrosine
residues, including Y1003. CBL ubiquitinates MET protein with
phosphorylated Y1003, leading to degradation by the ubiqui-
tin-proteasome system (Peschard et al., 2004). CBL recog-
nizes the DYR site (ESVD1002Y1003R). @and phosphorylation at
Y1003 prevents the cleavage of D1002 by caspase and gen-
eration of p40 MET (Fig. 5) (Deheuninck et al., 2009). These
data indicate that the ESVD100.Y100sR motif is crucial in deter-
mining the cell fate of apoptosis and ligand-activated survival.

Approximately 3% of NSCLC patients have a mutation of
exon 14 deletion caused by splice site mutations, resulting in
the constitutive activation of MET (Cortot et al., 2017). Exon
14 contains the juxtamembrane domain. Therefore, cells with
exon 14 skipping mutation lack regulation mechanisms by
caspase and CBL. Along with this indirect clue for the tumori-
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genic potential of the D1002 site, knock-in mice with caspase
cleavage site mutation can provide direct evidence of tumori-
genesis.

ALK CLEAVAGE

Anaplastic lymphoma kinase (ALK) was discovered as a
nucleophosmin (NPM)-ALK fusion in anaplastic large cell lym-
phoma (ALCL). ALK fusion with partner proteins from chro-
mosomal rearrangements has been found in various cancers,
including NSCLC (Lin et al., 2017). The constitutive activation
of kinase activity from gene fusions is oncogenic; therefore,
ALK inhibitors such as crizotinib and alectinib were developed
and are currently used in clinics for NSCLC patients (Lin et al.,
2017). The physiological function of ALK has only begun to be
elucidated. ALK was an orphan receptor until 2015 when AL-
KAL1 (also known as FAM150A or Augmentor-$) and ALKAL2
(also known as FAM150B or Augmentor-a.) were identified as
ALK ligands (Guan et al., 2015; Reshetnyak et al., 2015).

The cleavage of ALK was also discovered while investigat-
ing the dependence receptor function (Mourali et al., 2006).
Because the ligands for ALK were not identified at the time of
the publication on dependence receptors, activating antibod-
ies specific to ALK were used instead of ligands (Moog-Lutz et
al., 2005). During apoptosis, the ALK protein is cleaved by the
caspase, and this phenomenon is blocked by ALK antibodies
(Mourali et al., 2006). The caspase cleavage site at Asp-1160
with the DELD motif was identified and located within the ki-
nase domain (Fig. 6), indicating that the cleavage of ALK dur-
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ing apoptosis results in the loss of kinase activity.

A deletion mutagenesis study revealed the segment of ALK
responsible for apoptosis enhancement (Mourali et al., 2006).
This segment is located in the intracellular region close to the
membrane (i.e., juxtamembrane) upstream of the tyrosine ki-
nase domain between the amino acids 1090 and 1125 (Fig.
6). This segment is called “addiction/dependence domain
(ADD),” with the function of apoptosis amplification (Mehlen
and Thibert, 2004). Interestingly, no sequence similarity has
been found in the ADD of ALK with any known protein motif
associated with apoptosis. The 36 amino acid sequence was
made as a synthetic peptide (P36) and tested for therapeutic
purposes in ALK-positive tumors. P36 exhibited a proapop-
totic effect in cancer cells harboring oncogenic ALK fusion
proteins in a caspase-dependent way (Aubry et al., 2015).
The P36 peptide can be useful for cancers with ALK tyrosine
kinase inhibitors or as a combination therapy with ALK inhibi-
tors (Aubry et al., 2019).

TRKC CLEAVAGE

The tropomyosin receptor kinase C (TrkC) is one of the
neurotrophin receptors with neurotrophin-3 (NT-3) as a ligand
(Nakagawara, 2001). Working as a dependence receptor,
TrkC can also undergo caspase cleavage at two sites: Asp-
496 and Asp-641 (Fig. 7) (Tauszig-Delamasure et al., 2007).
The intracellular fragment between amino acids 496 and 641
generated by cleavage, termed killer fragment (TrkC-KF),
can induce apoptotic cell death (Tauszig-Delamasure et al.,
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Fig. 7. Cleavage of TrkC by caspases. In the absence of the TrkC ligand neurotrophin-3, the TrkC is cleaved at Asp-496 and Asp-641 sites
by caspases. Intracellular cleavage products TrkC-KF contribute to apoptosis. Detailed information is explained in the main text.

2007). To explore the mechanism of TrkC-KF, several interact-
ing partners of TrkC-KF were identified. The cofactor of breast
cancer 1 (Cobra1) is one of the interactors localized in the
cytosol (Ichim et al., 2013). The function of Cobra1 appears
to shuttle TrkC-KF to mitochondria, and Trk-KF induces cyto-
chrome c release, resulting in apoptosis. Another interacting
protein of TrkC-KF identified is Hey-1, a transcription factor
(Menard et al., 2018). The Hey-1 protein mediates the function
of TrkC-KF in the nucleus as transcriptional control of MDM2.
The inhibition of MDMZ2 transcription results in proapoptotic
effects mediated by p53 stabilization.

The prototype dependence receptors such as DCC (De-
leted in Colorectal Carcinoma) and UNC5H3 are considered
tumor suppressors. In contrast, receptor tyrosine kinases in
the dependence receptor group described above (i.e., RET,
ALK, and MET) are oncogenic (Brisset et al., 2021). Given the
proapoptotic activity of dependence receptors without ligands,
it is logical to assume that dependence receptors function as
tumor suppressors. Indeed, the down-regulation of TrkC in
certain types of cancer indicates the tumor suppressor func-
tion of TrkC (Genevois et al., 2013; Luo et al., 2013; Menard et
al., 2018). Unlike other tyrosine kinases classified as depen-
dence receptors, TrkC follows the paradigm of dependence
receptors.

EPHA4 CLEAVAGE

The ephrin type-A receptor 4 (EphA4) receptor binds the
ephrins family as ligands, thus making them belong to the A
class of the Eph receptor family. Since both receptors and li-
gands are membrane-bound proteins, the interaction of Eph
and ephrin occurs in the context of cell-cell contact (Wilkinson,
2001). EphA4 pairs with ephrinB3 as a ligand and regulates
cell migration and adhesion such as neuronal guidance.

EphA4 is also a dependence receptor triggering apoptotic

cell death in the absence of ephrinB3. The cleavage of EphA4
occurs at D773/774 by caspase 3 (Fig. 8), and this cleavage is
required for the pro-apoptotic function of EphA4 (Furne et al.,
2009). The cleavage results in approximately 19-23 kDa frag-
ments at the C-terminal. Unlike RET and MET, this intracellular
fragment does not induce apoptosis. Instead, the expression
of the N-terminal fragment (i.e., amino acid 1-774) induced
cell death, implying that the addiction/dependence domain is
located at the N-terminus rather than the C-terminus.

The research on the EphA4 receptor following the depen-
dence receptor paradigm has been reported (Royet et al.,
2017). EphA4 triggers apoptosis acting as a putative tumor
suppressor. The overexpression of the ephrinB3 ligand to-
gether with EphA4 has been observed in human glioblastoma
(Royet et al., 2017). With the expression of both ligand and
dependence receptor pairs, glioblastoma cells appear to by-
pass the pro-apoptotic effect of EphA4.

EPHB3 CLEAVAGE

The ephrin type-B receptor 3 (EphB3) also belongs to the
Eph receptor family and displays effects similar to EphA4 as a
dependence receptor. EphB3 mediates cell death in the ner-
vous system as a dependence receptor, and these effects are
blocked by its ligand Ephrin B3 (Theus et al., 2014; Tsenkina
et al., 2015). EphB3 is cleaved by the caspase at Asp-849,
resulting in the 20 kDa fragment at the C-terminal (Fig. 9).

¢-KIT CLEAVAGE

Proto-oncogene c-KIT (also known as CD117) is activated
by its ligand, the stem cell factor (SCF). c-KIT transmits sig-
nals related to cell proliferation, differentiation, and migration
(Ali and Ali, 2007). The function of c-KIT is highlighted in the
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Fig. 8. Cleavage of EphA4 by caspases. In the absence of the EphA4 ligand EphrinB3, the EphA4 is cleaved at the Asp-773/774 site by
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Fig. 9. Cleavage of EphB3 by caspases. In the absence of the EphB3 ligand EphrinB3, the EphB3 is cleaved at the Asp-849 site by cas-
pases.

process of melanogenesis, gametogenesis, hematopoiesis, son et al., 2005). Imatinib, a bcr-abl inhibitor used in chronic
and brain angiogenesis (Lennartsson et al., 2005). The mu- myeloid leukemia treatments, has also been used as a c-KIT
tation causing the constitutive activation of c-KIT has been activity inhibitor for GIST treatments.

found in tumors, particularly gastrointestinal stromal tumors c-KIT became a member of the dependence receptor in
(GISTs), acute myeloid leukemia, and mastocytosis (Lennarts- 2018 by demonstrating a pro-death effect of the kinase-dead
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mutant (Wang et al., 2018). The cleavage of c-KIT also oc-
curs at the Asp-816 site by caspase (Fig. 10) (Wang et al.,
2018). The tumor suppressor function of c-KIT has been in-
vestigated as a dependence receptor, although c-KIT is known
as tumorigenic. The overexpression of c-KIT induces tumor
regression in mice xenograft (Wang et al., 2018). The function
of the intracellular fragment generated by cleavage has not
been reported yet.

CONCLUSION

Eight RTKs that belong to the dependence receptor family
with the characteristic of caspase cleavage were discussed in
this review (Table 1). The intuitive result of RTK cleavage in
the intracellular domain can be a loss of tyrosine kinase func-
tion. In addition to the inability to activate downstream signal-
ing, fragments of receptors generated from caspase cleavage
have appeared to regulate cellular processes. The amplifica-
tion of apoptosis by cleavage products was observed in sev-
eral RTKs such as RET, MET, ALK, and TrkC. Another cellular
function other than apoptosis may be regulated by cleavage
products, as shown by the antifibrotic effect of the MET cleav-
age product (Fig. 5). Further research will reveal the regula-
tory function of the cleavage products of other RTKs.

RTK downregulators are currently being developed exten-
sively for anticancer agents, as represented by PROTAC tech-
nology (Khan et al., 2020; Dale et al., 2021). Along with RTK
proteasomal degradation, RTK cleavage induction is another
way to downregulate RTK. As with the case of RTK degra-
dation, small molecules inducing cleavage can be developed
and utilized for cancer therapy. Anticancer drugs with novel
mechanisms are expected, as they follow in the footsteps of
kinase activity inhibitors and kinase degraders.

Table 1. Caspase cleavage sites of receptor tyrosine kinases

Receptor .
) ) . Kinase
tyrosine Ligand Cleavage site )
. domain
kinase
RET GDNF 707, 1017 636-657
HER2 - 1016/1019, 1125 653-675
MET HGF 1002, 1374/1380 933-955
ALK ALKL1, ALKL2 1160 1039-1059
TrkC Neurotrophin-3 496, 641 439-453
EphA4 EphrinB3 773/774 548-569
EphB3 EprhinB3 849 633-896
c-KIT Stem cell factor 816 525-545

GDNF, glial cell line-derived neurotrophic factor; HGF, hepatocyte
growth factor; ALKL1, ALK ligand 1; ALKL2, ALK ligand 2.

Columns of cleavage site and kinase domain indicate amino acid
numbers of receptor tyrosine kinases.
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