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Abstract

The neurotrophin-3 (NT-3) receptor tropomyosin receptor kinase C (TrkC/NTRK3) has been

described as a dependence receptor and, as such, triggers apoptosis in the absence of its

ligand NT-3. This proapoptotic activity has been proposed to confer a tumor suppressor

activity to this classic tyrosine kinase receptor (RTK). By investigating interacting partners

that might facilitate TrkC-induced cell death, we have identified the basic helix-loop-helix

(bHLH) transcription factor Hey1 and importin-α3 (karyopherin alpha 4 [KPNA4]) as direct

interactors of TrkC intracellular domain, and we show that Hey1 is required for TrkC-induced

apoptosis. We propose here that the cleaved proapoptotic portion of TrkC intracellular

domain (called TrkC killer-fragment [TrkC-KF]) is translocated to the nucleus by importins

and interacts there with Hey1. We also demonstrate that Hey1 and TrkC-KF transcriptionally

silence mouse double minute 2 homolog (MDM2), thus contributing to p53 stabilization. p53

transcriptionally regulates the expression of TrkC-KF cytoplasmic and mitochondrial interac-

tors cofactor of breast cancer 1 (COBRA1) and B cell lymphoma 2–associated X (BAX),

which will subsequently trigger the intrinsic pathway of apoptosis. Of interest, TrkC was pro-

posed to constrain tumor progression in neuroblastoma (NB), and we demonstrate in an

avian model that TrkC tumor suppressor activity requires Hey1 and p53.

Author summary

Tropomyosin receptor kinase C (TrkC) is a transmembrane receptor at the cell surface

and has been described to work paradoxically both as an oncogene and as a tumor sup-

pressor. We partly solved this paradox in a previous study, demonstrating that TrkC is a

double-facet receptor: Upon interaction with its ligand neurotrophin-3 (NT-3), TrkC has

a tyrosine kinase activity and induces survival and proliferation of the cell; conversely, in
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the absence of the ligand, TrkC is cleaved and releases a "killer-fragment" that triggers

apoptosis. In this study, we analyze the fate of this fragment and show that TrkC killer-

fragment is translocated to the nucleus, where it stabilizes the apoptosis inducer p53. We

further find that p53 activates the transcription of cytoplasmic molecular partners, which

interact with TrkC killer-fragment and induce apoptosis. We also demonstrate that alter-

ation of this mechanism favors tumor growth in neuroblastoma (NB), an avian tumor

progression model for a pediatric cancer.

Introduction

The neurotrophins nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),

neurotrophin-3 (NT-3), NT-4/5, and their respective receptors neurotrophin receptor p75

(p75NTR) and tropomyosin receptor kinases (TrkA), B, and C have been notably studied for

their critical role in neurodevelopment [1]. Yet as TrkA, B, and C are tyrosine kinase receptors

(RTKs), their deregulated functions in cancer have been investigated [2]. The overall view is

that their kinase activity confers them the ability to activate mitogen-activated protein kinase

(MAPK) and phosphoinositide 3-kinase (PI3K)/AKT pathways known to promote cell sur-

vival, proliferation, and differentiation under physiological conditions and to contribute to

tumor progression when constitutively activated in cancers [2]. The kinase domains of TrkA,

B, and C are indeed involved in oncogenic translocations or mutated in cancers (for review

[2]). In line with the pharmaceutical rush to design antitumoral treatments based on RTK

inhibition, drugs targeting TrkA, B, and C have been under development [3]. Nevertheless,

TrkC expression has been paradoxically associated with favorable outcome in pediatric neo-

plasia, namely neuroblastoma (NB) and medulloblastoma, and was more recently shown to act

as a tumor suppressor in colon cancer ([4] and for review [5–8]). We and others have indeed

proposed that TrkC has a dual functionality: (i) In presence of its ligand NT-3, TrkC behaves

as a classical RTK, transducing positive signals; (ii) in absence of NT-3, TrkC does not stay

inactive but rather triggers apoptosis [9, 10]. TrkC thus belongs to the functional family of

"dependence receptors." These receptors play a crucial role in constraining the adequate num-

ber of cells in a tissue in which the ligand is expressed in a limited amount during neurodeve-

lopment but also during tumorigenesis: Cells in excess that carry an unbound dependence

receptor undergo apoptosis [11]. It was demonstrated in different types of tumors that (i) the

silencing of the dependence receptor by epigenetic mechanisms or genetic alterations or (ii)

the overexpression of the ligand confers to the tumor cells a survival selective advantage: The

dependence receptor is then no longer able to trigger apoptosis. TrkC expression was indeed

shown to be epigenetically silenced in colon tumors [4, 6]. Along the same line, we also dem-

onstrated that a large proportion of high-grade NB tumors shows an autocrine production of

NT-3 as a mechanism to constitutively block TrkC proapoptotic function. It was thus pro-

posed that interfering with ligand–receptor (NT-3/TrkC) interaction, either by gene silencing

or the use of a blocking antibody, is associated in different animal models with the inhibition

of tumor growth and metastasis [12].

The mechanism for TrkC proapoptotic activity has been investigated in recent years [9, 10,

13]. Upon ligand withdrawal, TrkC appears to be cleaved by caspase-like proteases at 2 sites

(D495 and D641) within its intracellular domain, and the released fragment (TrkC 496–641,

called the "killer-fragment" [TrkC-KF]) is necessary and sufficient to promote apoptosis. We

demonstrated recently that this fragment interacts with cofactor of breast cancer 1 (COBRA1),

which shuttles TrkC-KF to the mitochondria [13]. Once at the mitochondria, TrkC-KF and

TrkC triggers apoptosis via HEY1 and p53
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COBRA1 activate B cell lymphoma 2–associated X (BAX) and induce mitochondrial outer

membrane permeabilization (MOMP), the release of cytochrome c, and the subsequent apop-

tosome activation [13].

Here, we show that TrkC-KF is not only cytoplasmic as described previously but is also

observed in the nucleus. TrkC-KF is translocated to the nucleus by importins. A 2-hybrid

screen allowed us to identify that TrkC-KF then interacts with Hey1, a basic helix-loop-helix

(bHLH) transcription factor originally described as an effector of the NOTCH pathway. Hey1

and TrkC-KF bind on mouse double minute 2 homolog (MDM2) promoter and negatively

regulate MDM2 transcription. This decrease of MDM2 expression favors p53 stabilization,

which triggers the transcription of TrkC proapoptotic partners acting at the mitochondria. We

finally show in an avian model of NB tumor progression that Hey1- or p53-silencing abrogates

TrkC tumor suppressor activity.

Results

Importins mediate the nuclear translocation of TrkC proapoptotic

fragment TrkC-KF

We have previously shown that in absence of its ligand NT-3, TrkC is cleaved by caspase at 2

sites (D495 and D641) within its intracellular domain, leading to the release of several intracel-

lular fragments. This caspase-dependent cleavage can be detected both in vitro and in vivo and

is required for apoptosis induction, since the mutation of the caspase sites inhibits apoptosis

induced by TrkC [9, 12, 13]. TrkC cleavage by caspases leads to the generation of 3 fragments:

TrkC 1–495, TrkC 496–641, and TrkC 642–825 (Fig 1A). In various cell lines, including the

murine Neuro2a (N2A) and human SHEP NB cell lines enforced expression of the internal

caspase-generated fragment TrkC 496–641 (named TrkC-KF) was associated with cell death

induction, while TrkC 1–495 and TrkC 642–825 displayed no proapoptotic activity [9, 13]. In

addition to its mitochondrial localization described earlier [13], the green fluorescent protein

(GFP)–tagged TrkC-KF (TrkC-KF-GFP) was detected in the nucleus of N2A cells (Fig 1B). As

a control, full-length TrkC (TrkC-FL-GFP), the C-terminal cleavage fragment (TrkC-642-

825-GFP), and the intracellular fragment of an unrelated receptor—Neogenin (Neo-IC-GFP)

—were mostly detected outside the nucleus of transfected cells (Fig 1B). We used GFP-fused

fragments as none of the commercial antibodies or antibodies we generated were able to detect

endogenous TrkC-KF. We verified that Flag-tagged TrkC-KF was also observed both in the

cytoplasm and in the nucleus upon cellular fractionation (S1A Fig). In a yeast 2-hybrid screen

using TrkC-KF as bait and a mouse embryonic cDNA library as prey, we identified importin-

α3 (karyopherin alpha 4 [KPNA4]) (S1B Fig) [13]. Importins are cargo proteins shuttling cyto-

plasmic proteins into the nucleus [14, 15]. A proximity ligation assay (Duolink) using a pan-

importin antibody and an anti-GFP antibody allowed us to detect a close interaction between

TrkC-KF-GFP and endogenous importins (Fig 1C and 1D), suggesting that TrkC-KF is inter-

acting with importins. We thus treated N2A cells with Ivermectin, a pan-importin inhibitor,

and performed a fractionation experiment (Fig 1E and S1C Fig). As a control, we used a ver-

sion of Neo-IC deleted for its nuclear export sequence (Neo-IC-ΔNES) but with an intact

nuclear localization sequence (NLS), which is mostly localized in the nucleus [16]. We

observed that the amount of TrkC-KF was greatly reduced in the nucleus upon treatment with

Ivermectin, while the cytoplasmic pool was not significantly affected (Fig 1E and S1C Fig). As

a positive control, Neo-IC nuclear translocation was also affected by Ivermectin treatment.

TrkC-KF thus appears to be shuttled in the nucleus by importins. Importins need to first rec-

ognize NLSs in the proteins they are supposed to shuttle [14, 15]. Two putative NLSs could be

mapped in TrkC-KF sequence, and we thus generated constructs bearing 1 (KFΔNLS1) or the
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2 (KFΔNLS1/2) mutations of these putative sites (Fig 1F). While the mutation of NLS1 had no

effect on TrkC-KF nuclear translocation, mutation of NLS1/2 greatly reduced the amount of

TrkC-KF in the nuclear fraction of transfected SHEP cells (Fig 1G and S1D Fig). Furthermore,

the mutation of NLS1/2 (TrkC-KFΔNLS1/2) is sufficient to partially but significantly inhibit

TrkC proapoptotic activity (Fig 1H) without affecting its functionality. Indeed, TrkC-

KFΔNLS1/2 is able to bind COBRA1, its cytoplasmic partner, as wild-type TrkC-KF does

when overexpressed in cells (S1E Fig), suggesting that this mutant is still functional. TrkC-KF

Fig 1. TrkC-KF is translocated to the nucleus by importins. (A) Schematic representation of TrkC-KF, generated after TrkC cleavage by caspase in D495 and

D641, in absence of NT-3. A second fragment, TrkC 642–825, is also generated but has no apoptotic activity. (B) Expression of TrkC-FL, TrkC-KF, TrkC 642–

825, and Neo-IC fused to GFP in N2A murine neuroblastoma cells. Nuclei are stained with DAPI. (C) Proximity ligation assay (DuoLink) using a pan-

importins antibody and an anti-GFP antibody on untransfected SHEP cells or those transfected with TrkC-KF-GFP or TrkC-642-825-GFP: The protein–

protein interactions are visualized by red fluorescent spots (Cy3). (D) Quantification of the proximity ligation assay presented in (C): Data represent

mean ± SEM (at least 2 independent fields). �p< 0.05. t test compared with control (untransfected). (E) SHEP cells transfected with either TrkC-KF or Neo-

IC-ΔNES and treated or not with 10 μM of pan-importin inhibitor Ivermectin were fractionated into cytoplasmic (Cytoplasm, marker: GAPDH) and nuclear

(Nucleus, marker: histone) fractions. (F) Localization of the 2 putative NLSs in TrkC-KF sequence: Mutations of these NLSs used in experiment (G) are

indicated in red. TrkC-KF-ΔNLS1/2 is mutated on both NLS1 and NLS2. (G) SHEP cells transfected with the NLS-mutated constructs of TrkC-KF were

fractionated into cytoplasmic (Cytoplasm, marker: GAPDH) and nuclear (Nucleus, marker: histone) fractions. (H) Cell death quantification by trypan blue

exclusion after transfection of SHEP cells with TrkC-KF, TrkC-KF-ΔNLS1/2, or Bax. Data represent mean ± SEM (n = 3). �p< 0.05. t test. (I) Quantification of

luciferase activity in SHEP cells transfected with DCC-IC, TrkC-KF, or TrkC-492-825 constructs fused to the Gal4 DBD, and the gene coding for luciferase

under the UAS-Gal4 control. Data represent mean ± SEM. �p< 0.05. t test compared to control (Gal4-DBD). Underlying data can be found in S1 Data. Bax, B

cell lymphoma 2–associated X; DBD, DNA-binding domain; DCC-IC, deleted in colorectal cancer intracellular domain; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; GFP, green fluorescent protein; N2A, Neuro2a; Neo-IC, intracellular fragment of Neogenin; Neo-IC-ΔNES, Neo-IC deleted for its nuclear

export sequence; NES, nuclear export sequence; NLS, nuclear localization sequence; ns, nonsignificant; NT-3, neurotrophin-3; TrkC, tropomyosin receptor

kinsase C; TrkC-FL, full-length TrkC; TrkC-KF, TrkC killer-fragment; UAS, upstream activating sequence; WB, western blot.

https://doi.org/10.1371/journal.pbio.2002912.g001
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nuclear translocation seems therefore necessary for its proapoptotic activity in SHEP cells. In

addition, no nuclear export sequence (NES) could be found in TrkC-KF, suggesting that once

in the nucleus, TrkC-KF does not return in the cytoplasm. To monitor the role of TrkC-KF in

the nucleus, we investigated whether it is able to transactivate gene transcription. To first assay

this, TrkC-KF was fused to a Gal4 DNA-binding domain (DBD), and SHEP cells were forced

to express TrkC-KF-Gal4DBD together with a construct encoding a luciferase reporter gene

under the control of the upstream activating sequence (UAS)-GAL4 promoter. As shown in

Fig 1I and S1F Fig, TrkC-KF-Gal4DBD is unable to transactivate the UAS-GAL4, unlike

deleted in colorectal cancer intracellular domain (DCC-IC), as shown previously [17]. This

result suggests that TrkC-KF has no intrinsic transcriptional activity per se.

The transcription factor Hey1 interacts with TrkC-KF in the nucleus and

allows its binding to chromatin

As TrkC-KF does not seem to have a transcriptional activity, we looked for putative nuclear

interacting partners in the 2-hybrid screen mentioned in Fig 1, using TrkC-KF as bait. We

focused on Hey1, which was identified as a putative partner of TrkC-KF in the screen (S1B

Fig). Hey1 is a transcription factor that belongs to the bHLH-Orange (bHLH-O) family of

transcriptional repressors, together with Hey2 and HeyL [18]. NOTCH pathway activation

increases Hey1 expression, leading to the transcriptional inhibition of downstream targets.

Therefore, Hey1 is a critical effector of the NOTCH pathway, being involved in cardiac and

vascular development [19]. Hey1 is mostly nuclear but has also been detected in the cytoplasm

[20]. We showed by confocal microscopy that TrkC-KF-GFP colocalizes with Hey1 tagged

with red fluorescent protein (Hey1-RFP) in the nucleus of N2A cells (Fig 2AB). Silencing

Hey1 with a designed small interfering RNA (siRNA) was associated with a strong reduction

of Hey1 mRNA (S2A Fig) or protein (S2B Fig) without affecting the level of other members of

the bHLH-O transcription factor family members Hey2 and HeyL (S2A and S2C Fig). We fur-

ther showed in SHEP cells that TrkC-KF-GFP and endogenous Hey1 are interacting, by using

an anti-Hey1 antibody in a proximity ligation assay (Duolink) (Fig 2C and 2D). No signal of

interaction was detected when TrkC 642–825 was used instead of TrkC-KF or when Hey1 was

silenced with an siRNA (Fig 2C and 2D). Furthermore, TrkC-KF-GFP nuclear localization

was not affected by invalidation of endogenous Hey1 with the siRNA (S2D and S2E Fig). Thus,

Hey1 specifically interacts with TrkC-KF and does not seem to be required for TrkC-KF

nuclear translocation.

We next confirmed by coimmunoprecipitation performed in human embryonic kidney

293 T (HEK293T) cells that Hey1 interacts with TrkC-KF-GFP and full-length TrkC

(TrkC-FL-GFP) (Fig 2E). Furthermore, HeyL, a transcription factor closely related to Hey1,

fails to interact with TrkC-KF of TrkC-FL, showing that TrkC specifically interacts with Hey1

only (Fig 2E).

Interestingly, when cotransfected with Hey1, TrkC-KF-GFP was markedly detected in the

nucleus in the DNA-bound fraction (Fig 2F). Thus, Hey1 interaction with TrkC-KF allows

their joint binding to DNA complex.

Hey1 is a TrkC proapoptotic partner

In a previous study, we set up conditions in order to transiently express TrkC-FL without

inducing an artefactual dimerization and subsequent activation of the kinase domain, as it

may be the case with overexpressed RTKs [12, 13]. In this setting, we observed in absence of

NT-3 that the expression of TrkC-FL or TrkC-KF induces cell death in various cancer cell

lines, including N2A NB cells [13]. We show here that silencing of Hey1 by RNA interference

TrkC triggers apoptosis via HEY1 and p53
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abrogates cell death induced by TrkC-FL or TrkC-KF in N2A cells (Fig 3A). As a control, the

apoptosis induced by another dependence receptor, Patched (Ptc), is not affected by Hey1

silencing (Fig 3A). Rather than forcing TrkC expression, we investigated whether cell death

induced upon NT-3 withdrawal is also dependent on Hey1. We have previously shown that

SHEP cells are expressing both NT-3 and TrkC and that silencing of NT-3 is associated with

TrkC-induced apoptosis in these cells [12]. We therefore silenced Hey1 in NT-3-depleted

SHEP cells. As shown in Fig 3B, caspase-3 activation induced by NT-3 deprivation is similarly

abrogated by cosilencing of endogenous Hey1. We had also previously demonstrated that vari-

ous other NB cell lines overexpress NT-3 [12]. Among them, CLB-Ga [21] and LAN6 [22]

express NT-3 within the same range as SHEP cells (S3A Fig and [12]). Despite the fact that

Fig 2. TrkC-KF associates to the transcription factor Hey1 in the nucleus, and both bind to the chromatin. (A,B) Expression of TrkC-KF-GFP and Hey1-RFP

in N2A cells indicates a partial colocalization in the nucleus, as shown by confocal analysis (A) and by the associated Pearson’s coefficient (B). As controls, TrkC,

TrkC-642-825, and Neo-IC (fused to GFP) were also transfected. Data represent mean ± SEM (2 independent experiments). �p< 0.05. t test compared to control

(TrkC-GFP). (C) Proximity ligation assay (DuoLink) using an anti-Hey1 antibody (recognizing endogenous Hey1) and an anti-GFP antibody on SHEP cells

transfected with TrkC-KF-GFP, TrkC-642-825-GFP, GFP, or TrkC-KF-GFP and an siRNA against Hey1: The protein–protein interactions are visualized by red

fluorescent spots (Cy3). (D) Quantification of the proximity ligation assay presented in (C): Data represent mean ± SEM (4 independent fields). ��p< 0.01. t test

compared with TrkC-KF. (E) Immunoprecipitation of TrkC-KF-GFP and TrkC-642-825-GFP using an anti-GFP antibody in HEK293T transfected cells. Hey1 and

HeyL are revealed by an anti-Flag WB. (F) HEK293T cells transfected with TrkC-KF-GFP and Hey1-Flag constructs were fractionated into cytoplasmic, nuclear/

DNA-unbound, and nuclear/DNA-bound fractions. Actin and Histone H3 are used as loading controls. “Input” corresponds to construct expression in whole cell

lysates. Underlying data can be found in S1 Data. GFP, green fluorescent protein; HEK293T, human embryonic kidney 293 T; IP, immunoprecipitation; N2A,

Neruo2a; Neo-IC, intracellular fragment of Neogenin; RFP, red fluorescent protein; siRNA, small interfering RNA; TrkC, tropomyosin receptor kinase C;

TrkC-FL, full-length TrkC; TrkC-KF, TrkC killer-fragment; WB, western blot.

https://doi.org/10.1371/journal.pbio.2002912.g002
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LAN6 also expresses another Trk receptor, TrkA (S3A Fig), we demonstrate that interfering

with endogenous NT-3 by RNA interference also triggers caspase-3 activity in LAN6 cells and

that this caspase-3 activity can also be abrogated by cosilencing of Hey1 (S3B and S3C Fig). As

p75NTR has been suggested to mediate TrkC-induced apoptosis [10], we wondered whether its

cosilencing could abrogate the apoptosis induced by NT-3 deprivation in SHEP cells as well as

Hey1 did. As shown in S3D and S3E Fig, the caspase-3 activity measured by endogenous NT-3

invalidation is not altered upon treatment with an siRNA targeting p75NTR. p75NTR may thus

be dispensable, at least in our model, for the apoptosis triggered by TrkC via Hey1 in absence

of NT-3.

Fig 3. Hey1 is essential for the cell death mediated by TrkC. (A) Quantification of cell death by trypan blue exclusion in N2A cells transfected with the indicated

constructs (Ptc) and an siRNA control or an siRNA targeting Hey1. Expression of each construct was assessed by WB (lower panel). Data represent mean ± SEM

(n = 5). ��p< 0.01. t test. (B) Caspase-3 activity assay on SHEP cells transfected with siRNA control, siRNA NT-3, and siRNA Hey1. Data represent mean ± SEM

(n = 3) indexed to control. ��p< 0.01. t test. (C) Hey1 mRNA expression assessed by RT-QPCR on SHEP clones isolated from SHEP cells transiently transfected with

a CAS9-only-expressing vector (Control clones 1 and 2) or a CAS9- and Hey1-targeting gRNA-expressing vector (Hey1-KO clones 1 and 2). Data represent

mean ± SEM (n = 3) relative to HPRT mRNA expression (housekeeping gene) and indexed to control. Parental SHEP are used as control. (D) Immunofluorescence

staining using an anticleaved caspase-3 antibody (Cy3) performed on parental, control, and Hey1-KO SHEP cells and clones after transfection with siRNA control or

siRNA NT-3. A representative picture is shown for each condition. Nuclei are stained with DAPI. (E) Quantification of the cleaved caspase-3 staining shown in (D) as

a percentage of total cell number measured by DAPI staining. Data represent mean ± SEM (n = 3 independent fields). (F) Cleaved-PARP protein level was assessed by

WB in parental, control, and Hey1-KO SHEP cells and clones after transfection with siRNA control or siRNA NT-3. GAPDH is used as a loading control. Underlying

data can be found in S1 Data. CAS9, clustered regularly interspaced short palindromic repeat–associated protein 9; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; gRNA, guide RNA; HPRT, hypoxanthine phosphoribosyltransferase; KO, knock-out; N2A, Neuro-2a; NT-3, neurotrophin-3; PARP, poly [ADP-

ribose] polymerase; Ptc, Patched; RT-QPCR, quantitative real-time PCR; siRNA, small interfering RNA; TrkC, tropomyosin receptor kinase; TrkC-FL, full-length

TrkC; TrkC-KF, TrkC killer-fragment; WB, western blot.

https://doi.org/10.1371/journal.pbio.2002912.g003
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In order to work with cells constitutively knock-out for Hey1, we then invalidated endoge-

nous Hey1 in SHEP cells by clustered regularly interspaced short palindromic repeat

(CRISPR)/CRISPR-associated protein 9 (CAS9) editing and obtained 2 independent clones in

which Hey1 expression was fully abolished. As a control, we used clones that had undergone

the same selection process but without the transfection of the guide RNA (gRNA) (Fig 3C).

We labeled the various SHEP clones and parental cells with an anticleaved caspase-3 antibody

after siRNA NT-3 or siRNA control treatment. Hey1 knock-out clones displayed a much-

reduced staining compared to the clones still expressing Hey1 (Fig 3D and 3E). Along this

line, in a WB with an anticleaved poly [ADP-ribose] polymerase (PARP) antibody, we

observed that PARP cleavage (cPARP) is greatly reduced in Hey1 knock-out clones upon

siRNA NT-3 treatment (Fig 3F and S3F Fig).

Altogether, these data indicate that the transcription factor Hey1 acts as a specific proapop-

totic partner/effector of endogenous TrkC.

Hey1 contributes to TrkC-dependent p53 stabilization

Of interest, Hey1 has been previously identified in a screen aimed at finding new activators of

p53 [23]. This study indeed demonstrated that Hey1 stabilizes p53 by down-regulating the

expression of the p53 antagonist, MDM2. Along this line, we were able to detect an increase in

the amount of p53 protein in SHEP cells forced to express Hey1, and this increase was more

important when Hey1 was coexpressed with TrkC-FL or TrkC-KF (Fig 4A and S4A Fig). Con-

versely, coexpression of Hey1 with the intracellular uncleavable form of TrkC (TrkC-IC-

D495N/D641N [TrkC-IC-DM]) did not increase p53 protein amount in SHEP cells (Fig 4A

and S4A Fig). In order to determine whether p53 could be involved in the apoptosis mediated

by TrkC, we silenced p53 by siRNA and assessed whether TrkC-FL or TrkC-KF could still be

proapoptotic. Of interest, silencing p53 abrogates TrkC-FL- or TrkC-KF-mediated apoptosis

(Fig 4B and S4B Fig). We then took advantage of HCT116 cells, which have been knock-out

for p53, and their parental wild-type counterparts [24]. In p53 constitutively knock-out

HCT116 cells, TrkC-FL and TrkC-KF were both unable to trigger apoptosis compared to what

is seen in p53 wild-type HCT116 cells (Fig 4C).

Again, rather than forcing TrkC expression, we silenced NT-3 in SHEP cells. As shown in

Fig 4D and S4C Fig, silencing of NT-3 by siRNA is associated with an increased p53 protein

level, whereas this is not the case when NT-3 and Hey1 are cosilenced. Similarly, cosilencing of

NT-3 and p53 by RNA interference blocked NT-3 deprivation-induced apoptosis, demonstrat-

ing that p53 is necessary for TrkC apoptotic signaling (Fig 4E). As shown in S4D and S4E Fig,

we also confirmed that Hey1 and p53 are necessary to unliganded TrkC–induced apoptosis in

another NB cell line that expresses both NT-3 and TrkC: CLB-Ga cells (S3A Fig and [12]).

We then used a chemical inhibitor of p53-dependent transcriptional activation, pifithrin-α
[25], and treated SHEP cells with an siRNA targeting NT-3 or an siRNA control. We detected

an increased amount of the apoptotic cPARP fragment in siRNA NT-3-treated cells, and this

effect was reversed upon treatment with pifithrin-α (Fig 4F and S4F Fig). This result suggests

that p53 transcriptional activation is required to mediate TrkC-induced apoptosis.

Finally, in order to determine whether p53 stabilization is mediated by Hey1 transcription

repressor function, we coexpressed TrkC-KF with a mutant version of Hey1 bearing 3 point

mutations (Hey1-RK3: R50K, R54K, R62K). This triple mutation has been shown to affect

Hey1 DNA-binding basic domain and consequently Hey1 transcriptional activity [26]. We

observed that TrkC-KF when expressed with Hey1-RK3 is no longer able to induce p53 stabili-

zation, supporting the view that Hey1 transcriptional activity is required for p53-dependent

TrkC-KF proapoptotic activity (Fig 4G and S4G Fig).
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TrkC-KF and Hey1 cooperate in inhibiting MDM2 transcription by direct

binding to MDM2 promoter

Because we (i) failed to detect any interaction between MDM2 protein and neither Hey1 nor

TrkC-KF by proximity ligation assay (S5A Fig), (ii) observed that Hey1 DBD appears to be

important for TrkC-KF/Hey1-mediated stabilization of p53 (Fig 4G), and (iii) identified

MDM2 in a chromatin immunoprecipitation sequence (ChIP-Seq) aimed at screening Hey1

binding sites in Hey1 overexpressing cells (Gene Expression Omnibus [GEO] accession num-

ber GSE60699 [27]), we hypothesized that Hey1/TrkC-KF may transcriptionally regulate

MDM2 expression. We first measured MDM2 expression by quantitative real-time PCR

(RT-QPCR) in SHEP cells transfected with various expression plasmids. As described previ-

ously by Huang and colleagues, forced expression of Hey1 is able to deregulate MDM2

Fig 4. Hey1 is necessary for TrkC-KF-induced p53 stabilization. (A) p53 protein level was assessed by WB in SHEP cells transfected with the indicated constructs.

This construct is not cleaved by caspase. Actin is used as a loading control. (B) Quantification of cell death by trypan blue exclusion in SHEP cells transfected with the

indicated constructs and an siRNA control or an siRNA targeting p53. Expression of each construct was assessed by WB. Data represent mean ± SEM (n = 3).
�p< 0.05, ��p< 0.01. t test. (C) Quantification of cell death by trypan blue exclusion in WT HCT116 cells (gray bars) and HCT116 cells KO for p53 (black bars).

Cells were transfected with the indicated constructs and an siRNA control or an siRNA targeting Hey1. Data represent mean ± SEM (n = 3). �p< 0.05, ��p< 0.01. t
test. (D) p53 protein level was assessed by WB in SHEP cells transfected with siRNA control, siRNA NT-3, and siRNA Hey1. Actin is used as a loading control. (E)

Quantification of cell death by trypan blue exclusion in SHEP cells transfected with siRNA control, siRNA NT-3, and siRNA Hey1. Data represent mean ± SEM

(n = 3). ��p< 0.01. t test. (F) cPARP protein level was assessed by WB in SHEP cells transfected with siRNA NT-3 or siRNA control and treated either with Pifithrin-

α (20 μM), p53 inhibitor, or with its vehicle, DMSO. GAPDH is used as a loading control. (G) p53 protein level was assessed by WB in SHEP cells transfected with

TrkC-KF, Hey1, or Hey1-RK3 (mutation affecting Hey1 DNA binding site). Actin is used as a loading control. Underlying data can be found in S1 Data. Bax, B cell

lymphoma 2–associated X; cPARP, PARP cleavage; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; KO, knock-out; NT-3, neurotrophin-3; PARP, poly [ADP-

ribose] polymerase; siRNA, small interfering RNA; TrkC, tropomyosin receptor kinase C; TrkC-FL, full-length TrkC; TrkC-IC-DM, intracellular domain of TrkC

mutated on D495N and D641N; TrkC-KF, TrkC killer-fragment; WB, western blot; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2002912.g004
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expression [23]. Of interest, TrkC-FL itself is also able to deregulate MDM2 expression (Fig

5A). As a control, the TrkC 642–825 fragment, the uncleavable form of TrkC (TrkC-DM),

TrkC-FL in presence of caspase inhibitor z-vad, or an unrelated overexpressed receptor Ptc

does not significantly alter MDM2 expression (Fig 5A). We further assessed the importance of

Hey1 in TrkC-mediated MDM2 repression. As shown in Fig 5B, silencing of endogenous

Hey1 by an siRNA in SHEP cells, forced to express either TrkC-FL or TrkC-KF, restores

MDM2 expression. TrkC-FL- and TrkC-KF-mediated down-regulation of MDM2 was also

observed at the protein level, as shown by western blot on transfected SHEP cells (Fig 5C and

S5B Fig). Again, as a control, TrkC 642–825, TrkC-DM, or Ptc had no effect on MDM2 pro-

tein level (Fig 5C and S5B Fig).

As illustrated in Fig 5D, the MDM2 gene has 2 promoters and an enhancer box (E-box)

described as a putative binding site for various transcription factors, including bHLH-O fac-

tors like Hey1 [28]. We designed various primers all along the MDM2 promoter region and

performed chromatin immunoprecipitation (ChIP) on SHEP cells expressing Flag-tagged ver-

sions of TrkC-KF and/or Hey1. ChIP with an antibody targeting endogenous Hey1 resulted in

a slight enrichment of the promoter region amplified by primers located in close proximity to

the E-box (Fig 5E). As a negative control, no enrichment was observed after the use of primers

designed in 50 or in 30 of MDM2 promoter region (Fig 5E). Interestingly, TrkC-KF favors

endogenous Hey1 binding to MDM2 promoter, as observed by the increased DNA enrichment

in TrkC-KF-Flag transfected cells when compared to nontransfected cells expressing endoge-

nous Hey1 only (Fig 5E). When SHEP cells were forced to express TrkC-KF-Flag or Hey1, a

similar enrichment of the same promoter region was observed when chromatin was pulled

down with either an anti-Flag antibody (targeting TrkC-KF) or an anti-Hey1 antibody (target-

ing Hey1) (Fig 5F). Together, these results support the view that TrkC-KF and Hey1 interact

and bind to the same promoter region near the E-box of MDM2 promoter. To more formally

address this question, we silenced Hey1 in TrkC-KF-Flag-expressing SHEP cells. Silencing of

Hey1 fully reversed the DNA enrichment observed, indicating that TrkC-KF binding on

MDM2 promoter is dependent on its interaction with Hey1 (Fig 5G and 5H). Finally, to assess

direct binding of Hey1 and TrkC-KF to the MDM2 promoter E-box, we proceeded to an oligo-

nucleotide pull-down assay using biotin-labeled double-stranded oligonucleotides homolo-

gous to the promoter region spanning MDM2 E-box. Oligonucleotides were mutated (mut) or

not (WT) on the E-box sequence (Fig 5I) and incubated with lysates of SHEP cells expressing

Hey1-Flag and TrkC-KF-GFP. As illustrated in Fig 5J and 5K, we could demonstrate the asso-

ciation of Hey1 (Fig 5J) and TrkC-KF (Fig 5K) with the oligonucleotide containing the wild-

type E-box and much less with the mutated E-box oligonucleotide control. The number of

bound oligonucleotides is increased when both Hey1 and TrkC-KF are expressed (Fig 5J and

5K). Conversely, silencing of endogenous Hey1 strongly inhibits TrkC-KF binding to the oli-

gonucleotides corresponding to MDM2 promoter (Fig 5L). These data further confirm the

association of Hey1 with TrkC-KF in the promoter region spanning MDM2 E-box. Together,

these results show that TrkC-KF and Hey1 interact on MDM2 promoter and inhibit MDM2
transcription.

We described in a previous study the shuttling of TrkC-KF at the mitochondria by

COBRA1, in which both partners activated BAX and induced MOMP, the subsequent release

of cytochrome c, and apoptosome activation [13]. What is then the role of the nuclear pathway

and p53 stabilization by TrkC-KF/Hey1 interaction? Are the mitochondrial and the nuclear

pathways redundant, or are they sequentially activated? We first expressed TrkC-FL in N2A

cells and invalidated Hey1 by siRNA to abrogate cell death. We observed that in this setting,

transient overexpression of COBRA1 is sufficient to largely restore apoptosis (S5C Fig). Con-

versely, Hey1 expression does not significantly restore cell death upon COBRA1 silencing
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(S5D Fig). These results suggest that the nuclear Hey1/p53 pathway is acting upstream the

COBRA1/BAX mitochondrial pathway.

Fig 5. TrkC-KF and Hey1 cooperate to inhibit MDM2 transcription by direct binding on its promoter. (A) MDM2 mRNA expression was assessed by

RT-QPCR on SHEP cells transfected with the indicated constructs (TrkC-DM). Data represent mean ± SEM (n = 3) relative to HPRT mRNA expression

(housekeeping gene) and indexed to control. ��p< 0.01. Two-sided Mann-Whitney test compared to control. Some cells were treated with z-vad, a general

caspase inhibitor preventing TrkC cleavage. (B) MDM2 mRNA expression was assessed by RT-QPCR on SHEP cells transfected with the indicated constructs

and with an siRNA control or an siRNA targeting Hey1. Data represent mean ± SEM (n = 3) relative to HPRT mRNA expression (housekeeping gene) and

indexed to control. �p< 0.05. Two-sided Mann-Whitney test. (C) MDM2 protein level was assessed by WB in SHEP cells transfected with the indicated

constructs. Actin was used as a loading control. (D) Schematic representation of MDM2 promoter. Exons are indicated as gray boxes. An E-box contained in the

regulated promoter of MDM2 is indicated as a black box. The couples of primers a, b, and c used in the ChIP experiments described in figures (E) and (F) are also

indicated. (E,F) ChIP assays using chromatin isolated from SHEP cells transfected with a control plasmid or TrkC-KF-Flag (E) or transfected with TrkC-KF-Flag

or Hey1 (F). Proteins were immunoprecipitated with an anti-Flag antibody for TrkC-KF and an anti-Hey1 antibody for Hey1, as indicated. DNA sequences from

MDM2 promoter were amplified by RT-QPCR using couples of primers a (upstream control), b (binding site), and c (downstream control). Data represent

mean ± SEM (n = 3) indexed to isotypic IgG value. �p< 0.05 t test. (G,H) ChIP assays using chromatin isolated from SHEP cells, transfected with TrkC-KF-Flag,

and an siRNA control (G) or an siRNA targeting Hey1 (H). Proteins were immunoprecipitated with a control antibody (white bars), an anti-Flag antibody for

TrkC-KF (gray bars), and an anti-Hey1 antibody for endogenous Hey1 (black bars). DNA sequences from MDM2 promoter were amplified by RT-QPCR using

couples of primers a (upstream control), b (binding site), and c (downstream control), indicated on (D). Data represent mean values ± SEM (n = 3) indexed to

isotypic IgG value. (I) Sequences of MDM2 promoter WT E-box and mutated E-box used in (J), (K), and (L). (J,K,L) DNA pull down assay using 80 bp double-

stranded oligonucleotides (probe) corresponding to TrkC-KF and Hey1 binding site on MDM2 promoter: WT probe (WT) contains the WT sequence of E-box;

mut contains the mutated E-box indicated in (I). Biotinylated probes were incubated with nuclear lysates from SHEP cells transfected with TrkC-KF-GFP,

Hey1-Flag, or both. Hey1 was revealed by an anti-Flag WB (J), TrkC-KF was revealed by an anti-GFP WB (K) and (L). “Input” corresponds to protein expression

in whole nuclear lysate before incubation with the probes. (L) Biotinylated probes were incubated with nuclear lysate from SHEP cells transfected with an siRNA

control or an siRNA targeting endogenous Hey1. Underlying data can be found in S1 Data. ChIP, chromatin immunoprecipitation; E-box, enhancer box; GFP,

green fluorescent protein; HPRT, hypoxanthine phosphoribosyltransferase; IgG, immunoglobulin G; MDM2, mouse double minute 2 homolog; mut, mutated

probe; Ptc, Patched; RT-QPCR, quantitative reverse transciption PCR; siRNA, small interfering RNA; TrkC, tropomyosin receptor kinase C; TrkC-DM,

TrkC-D495N/D641N; TrkC-FL, full-length TrkC; TrkC-KF, TrkC killer-fragment; WB, western blot; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2002912.g005
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We made the hypothesis that p53 activation may transcriptionally supply the proteins that

are essential for the mitochondrial pathway triggered by TrkC. Indeed, COBRA1 promoter

has been previously identified as a target of p53 in a genome-wide ChIP assay [29]. We mea-

sured COBRA1 expression by RT-QPCR and observed that invalidation of endogenous NT-3

by RNA interference (i.e., the activation of TrkC/Hey1/p53 pathway) increases the amount of

COBRA1 mRNA in SHEP cells (S5E Fig). This effect was reversed upon coinvalidation of NT-

3 with Hey1 or p53 (S5E Fig). This result suggested that, indeed, p53 is important to allow the

expression of COBRA1.

In order to determine whether p53 is responsible for this transcriptional up-regulation of

COBRA1, we identified 2 putative p53 binding sites [30] on the COBRA1 promoter and

designed various pairs of primers spanning different regions of the COBRA1 promoter (S5F

Fig). The chromatin of SHEP cells transfected with either control or TrkC-KF and Hey1 was

pulled down with an anti-p53 antibody, and the region encompassing the 2 putative p53 sites

was more amplified than the 50 or 30 region of the promoter (S5G Fig). These results suggest

that p53 indeed binds to the COBRA1 promoter and contributes to the supply of COBRA1

proteins in the cytoplasm so that a pool of TrkC-KF fragments produced by the caspase cleav-

age in the cytoplasm can be shuttled at the mitochondria by COBRA1 proteins.

We also showed in our previous study that TrkC-KF and COBRA1, once anchored at the

mitochondrial membrane, activate BAX—but not B cell lymphoma 2 killer (BAK)—to trigger

MOMP [13]. BAX is a well-characterized target of p53 [31], so we also designed pairs of prim-

ers among which 1 pair spanned the p53 binding site (S5H Fig). The chromatin region ampli-

fied by this pair of primers was greatly amplified in SHEP cells transfected with TrkC-KF and

Hey1 (S5I Fig). Conversely, BAK promoter, another p53 target [32], was not amplified when

this experiment was repeated with primers spanning the p53 binding site on the BAK pro-

moter (S5J and S5K Fig). These results are consistent with the fact that the TrkC proapoptotic

pathway does not require BAK but requires BAX and COBRA1.

Together, these data support the idea that the nuclear apoptotic pathway triggered by

TrkC-KF with Hey1 and p53 is essential to provide the adequate number of TrkC proapoptotic

partners in the cytoplasm to finally induce MOMP and apoptosome activation.

Hey1/p53-dependent TrkC-induced apoptosis constrains tumor growth in

vivo

We previously demonstrated that TrkC-mediated apoptosis constrains tumor growth in NB

[12] and proposed that some NB cells escape from TrkC-induced apoptosis by up-regulating

NT-3. We thus took advantage of an avian model in which we showed that interference with

NT-3/TrkC is associated with NB growth inhibition [12, 33]. SHEP cells were inoculated on

the highly vascularized chorioallantoic membrane (CAM) of E10 chicken embryos (Fig 6A).

Five days later, a primary tumor was formed at the inoculation site. When we inoculated

parental SHEP cells or the control clone of SHEP cells, silenced for NT-3 by RNA interference,

the size and weight of the tumors were reduced in comparison with tumors generated by

scramble siRNA-transfected cells (Fig 6B and 6C). We inoculated 2 independent clones

knock-out for Hey1 (CRISPR/CAS9 edited as shown in Fig 3). The weight of the tumor did

not vary significantly in Hey1 knock-out clones upon NT-3 invalidation by siRNA, suggesting

that Hey1 is necessary for TrkC to limit tumor progression in absence of NT-3 (Fig 6B). We

also observed that cosilencing of NT-3 with either Hey1 or p53 by RNA interference in SHEP

cells also reverses siRNA NT-3-induced tumor suppressive effect (Fig 6C), as it had previously

been demonstrated upon NT-3 and TrkC cosilencing [12]. The reduction in size of tumors

formed by NT-3-silenced SHEP cells was associated with high apoptosis, as shown by TUNEL
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staining performed on tumor cryosections (Fig 6D and 6E). As expected, this induction of apo-

ptosis triggered by NT-3 silencing is reversed when Hey1 or p53 is invalidated (Fig 6D and

6E). These results demonstrate in vivo that TrkC tumor suppressor activity requires Hey1 and

p53.

To analyze whether silencing of the proapoptotic pathway induced by TrkC/Hey1 in

absence of NT-3 could be associated with patient poor prognosis, we analyzed various tran-

scriptomic analyses performed on human NB tumors (S6 Fig). It had previously been shown

in a limited number of human samples that TrkC expression is associated with favorable out-

come in NB [34] and that Hey1 expression is greatly reduced in NB when compared with

benign tumors [35]. We made the same observation on a larger cohort, published by T. Wolf

on the National Center for Biotechnology Information (NCBI) GEO, analyzed by Agilent-

Fig 6. p53 and Hey1 are essential for TrkC-mediated inhibition of tumoral growth in a xenograft model of neuroblastoma. (A) Schematic representation of the

experimental setting of tumor growth in the chick embryo. Tumoral cells are inoculated on the CAM of E10 chick embryo. Five d later, a primary tumor has grown

and can be dissected, weighted, and immunohistologically analyzed. (B) Measures of tumor weights 5 d after inoculation of Control (cl.1) and Hey1-KO (cl.1 and

cl.2) SHEP clones generated by CRISPR/CAS9 editing and transfected with siRNA control or siRNA NT-3. A one-way ANOVA with Sidak’s multiple comparison

test is performed (siRNA NT-3 versus siRNA). ��p< 0.01. (C) Measures of tumor weights for each condition, as indicated. A one-way ANOVA with Sidak’s

multiple comparison test is performed (siRNA NT-3 versus siRNA control, siRNA NT-3 + siRNA Hey1 versus siRNA Hey1, siRNA NT-3 + siRNA p53 versus

siRNA p53), taking into account siRNA intrinsic toxicity of siRNA p53. �p< 0.05. (D) TUNEL (orange) and DAPI (blue) staining performed on cryosections of the

dissected tumors from (C). A representative picture is shown for each condition. ×20 magnification, scale bar = 1 μm. (E) TUNEL-positive cells and DAPI-positive

cells were quantified by ImageJ64 for n = 3–8 sections of at least 3 tumors for each condition. The ratio of TUNEL-positive cells over the total number of cells (DAPI

positive) is calculated. A ratio with the value obtained in the corresponding control condition (siRNA NT-3 versus siRNA control, siRNA NT-3 + siRNA Hey1

versus siRNA Hey1, siRNA NT-3 + siRNA p53 versus siRNA p53) is calculated as indicated for each section to consider siRNA intrinsic toxicity, and the mean

values ± SEM (n = 3) are indicated. A 2-sided Mann-Whitney t test is performed, ����p< 0.0001. Underlying data can be found in S1 Data. CAM, chorioallantoic

membrane; CAS9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeat; KO, knock-out; ns, nonsignificant; NT-3,

neurotrophin-3; siRNA, small interfering RNA; TrkC, tropomyosin receptor kinase C.

https://doi.org/10.1371/journal.pbio.2002912.g006
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Microarray 44K (GSE45480, 649 samples) for both TrkC and Hey1 (S6A and S6B Fig). TrkC

and Hey1 expression is significantly lower in aggressive stage 4 NB tumors than in stage 1–3

NB tumors. We further calculated the intergrade median of expression for NT-3, TrkC, and

Hey1. We then selected 3 profiles of tumors based on the mode of action of NT-3 inhibiting

the death induced by TrkC and Hey1: (i) tumors which express low levels of NT-3 (beyond the

intergrade median of NT-3 expression), high levels of TrkC, and high levels of Hey1—i.e.,

tumors in which TrkC is prone to induce apoptosis (NT-3low, TrkChigh, Hey1high); (ii) tumors

in which the 3 genes are expressed at a low level or silenced—i.e., this death pathway is blocked

(NT-3low, TrkClow, Hey1low); and (iii) tumors with other profiles. As shown in S6C Fig, the

proportion of tumors in which the TrkC death pathway is "ON" (NT-3low, TrkChigh, Hey1high)

is high in low-grade NB1–3 tumors but decreases when the grade increases (22% in NB1–3

and 12% in NB4). Conversely, the percentage of tumors in which the death pathway is "OFF"

(NT-3low, TrkClow, Hey1low) is limited in low-grade tumors and increases with tumor aggres-

siveness in NB (S6C Fig). This result is in agreement with our hypothesis that a functional

TrkC proapoptotic pathway is associated with a favorable outcome, whereas the silencing of

this pathway confers a selective advantage to NB tumors. We observed the same trend when

analyzing 3 microarrays performed on other cohorts (L. Shi [36], O. Delattre [37], and R. Ver-

steeg [35]). Finally, a Kaplan-Meier analysis performed on the survival data of the T. Wolf

cohort indicated that tumors having a functional TrkC death pathway (Group A: NT-3low,

TrkChigh, Hey1high) are significantly associated with a better prognosis than tumors with

silenced TrkC proapoptotic pathway (Group B: NT-3low, TrkClow, Hey1low) or other types of

tumors (Group C) (S6D Fig).

Altogether, these data support the view that TrkC constrains tumor growth via Hey1- and

p53-mediated apoptosis in vivo, and this proapoptotic pathway is affected in patients with

high-grade tumors.

Discussion

We previously demonstrated that, upon NT-3 deprivation, TrkC-KF is released and shuttled

to the mitochondria by its proapoptotic partner, COBRA1. Once at the mitochondria,

TrkC-KF and COBRA1 activate BAX and induce the MOMP and the subsequent activation of

the apoptosome (S7 Fig and [13]). With this work, we decipher the complex upstream mecha-

nisms involved in TrkC-induced cell death. TrkC-KF is translocated in the nucleus via impor-

tins and interacts there with Hey1. Hey1 and TrkC-KF interact and jointly bind to MDM2
promoter E-box, in which TrkC-KF favors Hey1 repressor function on MDM2 transcription.

MDM2 transcriptional inhibition promotes p53 stabilization and thus apoptosis. p53 target

genes include COBRA1 [29] and BAX [31]. We show here that forced expression of TrkC-KF

and Hey1 is associated with enhanced p53 binding to COBRA1- and BAX-respective promot-

ers. Furthermore, we show that COBRA1 expression is enhanced by the activation of the

TrkC/Hey1/p53 pathway. When this pathway is altered by Hey1 silencing, the supply of

COBRA1 by transient transfection is sufficient to restore TrkC-induced apoptosis. Therefore,

the nuclear function of TrkC-KF may not only lead to apoptosis through classic p53 effectors

but also through the enhancement of the TrkC mitochondrial pathway by the transcriptional

supply of its interactors. Similar fine regulation of proapoptotic protein amounts released in

the cytoplasm has indeed already been described for p53 [38].

NB tumors derive from the sympathoadrenal lineage originating from the neural crest cells

(NCCs) [39]. NCCs contribute to the formation of the peripheric ganglia, the sympathetic and

sensory ganglia, and the medullary region of the adrenal gland. The adequate number of neu-

ronal precursors in the forming ganglia during peripheric nervous development is tightly
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regulated by peaks of programmed cell death controlled by neurotrophin amounts in the close

proximity of the precursors that express at their surface the corresponding neurotrophin

receptors (for review [40]). This mechanism of programmed cell death is crucial during gang-

liogenesis. Indeed, an aberrant number of neuronal precursors in ganglia favors the develop-

ment of NB, as already observed in mice bearing NB-driving mutations. As a first example,

MycN is expressed by migrating NCC [41], and mice having a forced expression of MycN in

the sympathetic lineage (TH-MycN) display a hyperplasia of paravertebral ganglia neuroblasts,

which are resistant to NGF deprivation–induced apoptosis [42, 43]. In parallel, mice bearing a

mutation identified in sporadic and familial cases of NB, anaplastic lymphoma kinase F1178L

(ALKF1178L), present a higher number of sympathetic neuroblasts per ganglion than wild-type

mice [44]. These studies illustrate the crucial need to clearly identify the actors, which define

the adequate number of precursors in the peripheric ganglia. It has been well established that

NT-3 and TrkC control the adequate number of precursors in the developing sensory ganglia

[45]. We have shown in primary sensory neurons and in the chick embryo model that part of

the apoptosis occurring upon NT-3 deprivation during neurodevelopment is actively triggered

by TrkC itself [9] via COBRA1 [13]. Interestingly, Kessler and collaborators observed that the

constitutive up-regulation of Hey1 expression in mutant mice results in a significant loss of

TrkC positive sensory neurons. Conversely, Hey1 mutant mice display an increased number

of TrkC-positive sensory neurons [46]. These observations are consistent with the fact that

TrkC may trigger apoptosis via Hey1 in supernumerary neurons in a setting where the amount

of NT-3 is limited. We decipher in this study the mechanisms that may underlie this process.

Along this line, Barde and collaborators demonstrated in murine models that TrkA and

TrkC constrain the adequate number of peripheric neurons during development by actively

triggering apoptosis when deprived of their respective ligands, NGF and NT-3. Conversely,

TrkB has no proapoptotic activity in this context [10]. Interestingly, TrkA and TrkC expres-

sion have long been associated with regressing NB tumors, whereas TrkB expression is a

marker of poor prognosis [2]. We have demonstrated here and in a previous study [12] that

TrkC proapoptotic activity controls NB tumor progression. It would be of interest to deter-

mine whether TrkA and TrkC proapoptotic activity also controls NB tumor initiation in elimi-

nating supernumerary neuroblasts or neurons in the peripheric ganglia.

In their study, Barde and colleagues suggested that p75NTR intracellular domain mediated

TrkA and TrkC proapoptotic activity [10]. In our N2A cellular model, p75NTR is not required

by TrkC to trigger apoptosis. Moreover, we were able to trigger apoptosis in 3 independent NB

cell lines (SHEP, LAN6, and CLB-Ga) displaying various patterns of expression of neurotro-

phins and their receptors. Further investigations would be needed to investigate the putative

interactions between neurotrophin receptors in the control of NB tumor progression.

With this work, we have confirmed in vivo that the TrkC/Hey1/p53 proapoptotic pathway

indeed limits NB tumor growth. p53 and its inhibitor MDM2 have been particularly studied in

NB (for review [47]). However, while mutations in p53 are generally considered to affect half

of human adult cancers, pediatric cancers are characterized by the lack of p53 mutations [48–

50]. More specifically, in NB, p53 is mutated in less than 1% of the tumors at diagnosis [51].

Tumors with wild-type p53 probably rely on other mechanisms to inactivate p53, and it is thus

of interest to note that in pediatric tumors, and more specifically in NB, MDM2 is frequently

up-regulated [52]. In the present study, we analyzed the transcriptomic public data sets avail-

able and showed that the silencing of TrkC proapoptotic pathway (NT-3low, TrkClow, HEYlow)

is also associated with poor patient outcome (S6 Fig). In parallel, TrkC expression has been

shown to be epigenetically controlled in various cancers [4, 6]. It is thus tempting to investigate

whether reactivating TrkC proapoptotic activity in these patients with p53 wild-type tumors

may constitute an interesting therapeutic strategy.
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Materials and methods

Cell culture, transfection, and treatment

N2A, SHEP, and HEK293T were described previously [13]. WT HCT116 and p53-KO

HCT116 were kindly provided by B. Vogelstein (Ludwig Center at Johns Hopkins, Baltimore,

MD) [24]. SHEP, LAN6, and CLB-Ga were kindly provided by V. Combaret (CRCL, Lyon)

[12]. N2A cells were grown in DMEM/F-12, GlutaMAX (Life Technologies), supplemented

with 10% FBS (Lonza); SHEP, LAN6, and CLB-Ga cells were grown in RPMI1640, GlutaMAX

(Life Technologies), supplemented with 10% FBS (Lonza); and HEK293T, WT HCT116, and

p53-KO HCT116 cells were grown in DMEM (Life Technologies), supplemented with 10%

FBS (Lonza). The plasmid constructs and siRNA were transfected using JetPrime (PolyPlus)

for cell death assays and Lipofectamine RNAiMAX (Life Technologies) for RT-QPCR assays

following manufacturer’s instructions. Caspase activity was inhibited in SHEP cells by treat-

ment with 20 μM of z-VAD-fmk (Merck-Millipore), a general caspase inhibitor. The pan-

importins inhibitor Ivermectin (Sigma I8898) was added to the cells at a final concentration of

10 μM 2 h before cell collection. Pifithrin-α (Sigma P4359), p53 inhibitor was used at a concen-

tration of 20 μM for 30 h.

Plasmid construction

The plasmids encoding full-length TrkC, TrkC-KF, TrkC-642-825, TrkC495-825, TrkC-DM

(TrkC-D495N/D641N), Ptc, DCC-IC, and Neogenin IC GFP were described elsewhere [9, 16].

The plasmids encoding Hey1, HeyL, and Hey1-RK3 were a kind gift of M. Gessler (University

of Wuerzburg, Germany) [26]. TrkC-KF-ΔNLS 1 and 2 were generated by site-directed muta-

genesis using QuickChange kit (Stratagene) and the following primers: TrkC-KF-ΔNLS1 for-

ward: 50-CATATGTTCAACACATCGCCGCCGCCGACATCGTGTTGAAG-30, reverse: 50-

CTTCAACACGATGTCGGCGGCGGCGATGTGTTGAACATATG-30. TrkC-KF-ΔNLS1/2

forward: 50-GAGAGACATCGTGTTGGCCGCCGCCGCCGGTGAGGGAGCCTTT-30, re-

verse: 50-CAAAGGCTCCCTCACCGGCGGCGGCGGCCAACACGATGTCTCT-30.

The plasmid encoding the sgRNA targeting Hey1 (TGACGCGCACGCCCTTGCTA)

cloned into the pSPCAS9 BB-2A-GFP (PX458) was generated by GenScript.

siRNA and shRNA

siRNAs were purchased from Sigma-Aldrich for siRNA control (siRNA Universal Negative

Control #2 SIC002_10Nmol), siRNA huHey1 (NM_001040708; SASI_Hs02_00309099),

siRNA hup53 (NM_000546; SASI_HS02_00302766), siRNA huCOBRA1 (NM_015456;

SASI_hs01_00236976), siRNA muCOBRA1 (SASI_Mm01_00110121), and from Santa-Cruz

for siRNA control (sc-37007), siRNA mHey1 (sc-42126), siRNA huNGFR p75 (sc-36057), and

siRNA huNT-3 (sc-42125).

Two-hybrid screen

The 2-hybrid screen was performed by Hybrigenics (Paris, France) using the Mouse Embryo

Brain RP2 library as a prey and pB27 (N-LexA-bait-C fusion) and pB66 (N-GAL4-bait-C

fusion) vectors. TrkC-KF construct was used as bait.

Cell death assays

N2A and SHEP cells were transfected with the indicated constructs: After 4 h, the medium was

replaced by medium without serum for 24 h to 72 h. Caspase-3 activity was measured as
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described in [12], using the Ac-DEVD-AFC substrate assay (Biovision, K105-400). Cell death

percentages were assessed by trypan blue exclusion, as described in [13].

Immunoprecipitation

HEK293T cells were lysed in 50 mM HEPES pH 7.6, 125 mM NaCl, 5 mM EDTA, and 0.1%

NP-40 in the presence of protease inhibitors and were further incubated with an anti-GFP

antibody (A11122, Life Technologies) and then with protein G sepharose (Sigma Aldrich) to

pull down proteins of interest. Western blots were performed using an anti-Flag antibody

(F3165, Sigma Aldrich).

Western blotting

HEK293T, SHEP, and N2A cells were lysed in 50 mM HEPES pH 7.6, 125 mM NaCl, 5 mM

EDTA, and 0.1% NP-40 in the presence of proteases inhibitors. For p53 western blots, SHEP

cells were lysed in 50 mM Tris–HCl pH 7.5, 100 mM NaCl, 10% glycerol, 0.1% NP-40, and 0.2

mM EDTA in the presence of proteases inhibitors. Western blots were quantified using the

ImageJ64 software.

Antibodies

We used the following antibodies: anti-GFP (A11122, Life technologies), anti-GAPDH (sc-

25778, Santa Cruz), anti-Histone (07–449, Millipore), anti-Flag (F3165, Sigma), anti-Actin

(MAB1501R, Chemicon), anti-Hey1 (anti-HRT1, sc-16424, Santa Cruz), anti-p53 (SAPU,

[53]), anti-Ptc (sc-6149, Santa Cruz), anti-TrkC (AF1404, R&D), anti-MDM2 (VMA00406,

BioRad), anti-COBRA1 (F7E4, GeneTex), anti-BAX (sc-526, Tebu Bio), anti-BAK (G-23,

Santa Cruz), anti-NT-3 (sc-547, Santa Cruz), and anticleaved PARP (9541T, Cell Signaling).

The following antibodies were used for proximity ligation assays (DuoLink): anti-GFP (TP401,

Biolabs), anti-Flag (F3165, Sigma), anti-Hey1 (anti-HRT1, sc-16424, Santa Cruz), anti-p53 (sc-

126, Santa Cruz), and anti-importins (I1784, Sigma Aldrich).

Immunofluorescence and immunohistochemistry

N2A, SHEP, LAN6, and CLB-Ga cells were cultured on coverslips, transfected with indicated

plasmids using JetPrime, and then fixed 20 min in 4% paraformaldehyde and permeabilized in

PBS/0.2% Triton. Nuclei were stained using DAPI. Images were obtained by confocal micros-

copy and analyzed using ImageJ64. For cleaved caspase-3 staining, after permeabilization,

SHEP, LAN6, and CLB-Ga cells were incubated in blocking solution (PBS-BSA2%-normal

serum 2%) for 1 h before incubation overnight with anticleaved caspase-3 antibody (9661, Cell

Signaling) diluted to 1:1,000 in PBS. After incubation with secondary antibody (Alexa Fluor

Donkey anti-Rabbit IgG 555, Invitrogen A31572) diluted to 1:2,000 in PBS for 1 h, slides were

mounted in DAPI-fluoromount G (17984–24, EMS) and imaged using a Zeiss AxioImager

microscope. Quantification was performed using ImageJ64.

Subcellular fractionation

SHEP cells were transfected using JetPrime (PolyPlus). When indicated, cells were treated

with Ivermectin (Sigma I8898) 10 μM 2 h before collection. After 4 h, the medium was

replaced with medium without serum. 24 h after transfection, cells were harvested, and nuclei

were isolated from cytoplasm using the Nuclei Pure Prep Isolation kit (Sigma Aldrich).

Input, cytoplasmic, and nuclear fractions were analyzed by western blot, with GAPDH as cyto-

plasmic marker and Histone H3 as nuclear marker. HEK293T cells were transfected with
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TrkC-KF-GFP and Hey1 using JetPrime. After 4 h, the medium was replaced with medium

without serum. Twenty-four h after transfection, cells were harvested, and cytoplasmic, DNA-

bound, and DNA-unbound fractions were separated using the Subcellular Protein Fraction-

ation Kit for Cultured Cells (ThermoFisher Scientific). Fractions were analyzed by WB, using

Histone as nuclear marker and actin as loading control.

Proximity ligation assays (DuoLink)

To assay protein interactions in cells by fluorescence, the DuoLink PLA kit was used (Sigma

Aldrich). Briefly, cells were cultured on coverslips and then fixed in 4% PFA for 30 min

and washed using PBS/7.5% glycine for 5 min. Cells were then permeabilized in PBS/0.2%

Triton and incubated in a blocking solution for 30 min (PBS/2% BSA). After an overnight

incubation with the primary antibodies, cells were incubated with Plus and Minus PLA

probes. The probes were ligated and amplified using the Duolink In Situ Detection Reagents

Orange (Sigma Aldrich). After several washes with the Duolink In Situ Wash Buffers for Fluo-

rescence (Sigma Aldrich), nuclei were stained using DAPI, and coverslips were mounted in

fluoromount.

The analysis was made by fluorescence microscopy, and signal quantification was assessed

using the ImageJ64 software to count the number of red fluorescence spots compared to total

cell number (assessed using DAPI staining).

RNA isolation and RT-PCR RT-QPCR

To assay mRNA expression, total RNA was extracted from cells using the Nucleospin RNAII

kit (Macherey-Nagel). One microgram of RNA was reverse-transcribed using the iScript

cDNA Synthesis Kit (Bio-Rad). RT-QPCR was performed using a Light-Cycler 480 (Roche

Applied Science) and the FastStart TaqMan Probe Master Mix (Roche Applied Science). The

primers and probes (Universal Probe Library, Roche Applied Science) used are indicated on

S1 Table.

Luciferase assay

To assay TrkC-KF transcriptional activity, SHEP cells were transiently transfected with the

indicated constructs fused to Gal4 DBD, a plasmid containing the firefly luciferase gene under

the UAS-Gal4 control, and a plasmid coding for the Renilla luciferase gene under the CMV

promoter as a control. To assess Firefly and Renilla luciferase activities, Dual-Luciferase

Reporter Assay System was used following manufacturer’s instructions (Promega). Data repre-

sent Firefly value over Renilla value, indexed to control (Gal4).

Generation of SHEP Hey1-KO clones using CRISPR/CAS9 editing

SHEP cells were transiently transfected with the plasmid encoding SpCAS9, Hey1-targeted

gRNA, and GFP (Genscript, target sequence: GATAACGCGCAACTTCTGCC) using Jet-

Prime. Two d after transfection, GFP-positive cells were sorted as single cells in 96-well plates

for clonal selection. Hey1 mRNA expression level was measured by RT-QPCR for all obtained

clones, and 2 clones with significant decrease in Hey1 mRNA level compared to the parental

SHEP cell line were selected for further analysis. Editing of the Hey1 gene was confirmed by

sequencing for both clones. Control clones were obtained using a plasmid encoding SpCAS9

and GFP (Addgene). GFP-positive sorted clones were analyzed by RT-QPCR to confirm no

change in Hey1 mRNA expression level as compared to the parental SHEP cell line, and 2 of

them were selected for further analysis.
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ChIP

SHEP cells transfected with the indicated plasmids were incubated with 1% formaldehyde for

cross-link: Reaction was stopped by the addition of 125 mM glycine. Cells were scraped in

swelling buffer (25 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl, and 0.1% NP-40), and

nuclei were isolated using dounce homogenizer. After centrifugation, nuclei were resuspended

in sonication buffer (50 mM Hepes pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,

0.1% Nadeoxycholate, and 0.1% SDS) and sonicated to obtain chromatin fragments of 400 bp

to 600 bp size. Chromatin was then incubated with primary antibodies or isotypic IgG (Sigma

Aldrich) overnight: anti-Flag (F3165, Sigma), anti-Hey1 (anti-HRT1, sc-16424, Santa Cruz),

and anti-p53 (sc-126, Santa Cruz). Complexes were pulled down using protein G sepharose

(Sigma Aldrich). After washes, immune complexes were eluted, and cross-linking was reversed

at 65˚C. Eluates were incubated with RNase A and proteinase K; then, DNA was recovered by

phenol-chloroform extraction. DNA fragments were analyzed by RT-QPCR using a Light-

Cycler 480 (Roche Applied Science) and the FastStart TaqMan Probe Master Mix (Roche

Applied Science). The primers and probes (Universal Probe Library, Roche Applied Science)

used are indicated on S2 Table.

DNA pull-down assay

To assay Hey1 and TrkC-KF ability to bind MDM2 promoter, SHEP cells were transiently

transfected with Hey1-Flag and TrkC-KF-GFP-expressing plasmids: Cells were resuspended

in hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothrei-

tol with protease inhibitors [Roche]) and incubated on ice for 10 min. Nuclei were isolated by

centrifugation, resuspended in RIPA buffer supplemented with complete proteases inhibitors,

and incubated on a rotating wheel at 4˚C for 20 min to obtain a nuclear proteic extract. Mean-

while, biotinylated oligonucleotides corresponding to Hey1 and TrkC-KF binding sites on

the MDM2 promoter, and containing either a WT E-box (CACGTG) or a mutated E-box

(CCCGGG), were annealed to form double-stranded oligonucleotides of 80 bp size. For WT

E-box, the forward oligonucleotide is 50-biotinylated with the following 50–30 sequence:

gggggctcggggcgcggggcgcggggcatggggcacgtggctttgcggaggttttgttggactggggctaggcagtcgcc. WT

E-box reverse oligonucleotide: ggcgactgcctagccccagtccaacaaaacctccgcaaagccacgtgccccatgccc

cgcgccccgcgccccgagccccc.

For mut E-box, the forward oligonucleotide is 50-biotinylated with the following 50–30

sequence: gggggctcggggcgcggggcgcggggcatggggcccggggctttgcggaggttttgttggactggggctaggcag

tcgcc. Mut E-box reverse oligonucleotide: ggcgactgcctagccccagtccaacaaaacctccgcaaagccccgggcc

ccatgccccgcgccccgcgccccgagccccc.

Three micrograms of double-stranded biotinylated oligonucleotides were incubated with

300 μg of nuclear protein extract for 2 h at 4˚C. Complexes were pulled down using 50 μL of

streptavidin-agarose beads (Sigma Aldrich) incubated for 1 h at 4˚C. The protein-DNA-strep-

tavidin-agarose complex was washed 3 times with RIPA buffer and loaded onto an SDS gel.

Detection of Hey1-Flag and TrkC-KF-GFP proteins was performed by western blot as

described in [13].

Xenografts in ovo

SHEP cells were transfected with jet prime and siRNA NT-3 (100 nM) and/or siRNA Hey1 or

sip53 (50 nM) 24 h before inoculation. Five million cells were suspended in 25 μl complete

medium and 25 μl matrigel (Corning 356231) and seeded on 10-d-old (E10) chick CAM. On

day 15, tumors were resected and weighted. To monitor apoptosis on primary tumors, they

were fixed on 4% PFA, cryoprotected by overnight treatment with 30% sucrose, and embedded
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in Cryomount (Histolab). TUNEL staining was performed on tumor cryostat sections (Roche

Diagnostics), and nuclei were stained with DAPI. Three to eight sections were analyzed at ×20

magnification for at least 3 tumors for each condition. TUNEL and DAPI positive cells were

counted by ImageJ64 software.

Transcriptomic data sets analysis

The expression values analyzed here are publically available in GEO database (http://www.

ncbi.nlm.nih.gov/geo/). T. Wolf cohort (GSE45480[54]) analysis was performed with

Agilent-020382 Human Custom Microarray 44k (GPL16876); the following data set probes

were used: NT-3 (NTF3) UKv4_A_23_P360797, TrkC (NTRK3) UKv4_A_23_P205900,

UKv4_A_23_P88538, and Hey1 UKv4_A_32_P83845. In this study, for TrkC and Hey1

expression values, a mean of the values obtained with the various probes was calculated.

Kaplan-Meier analysis was performed in R2: Genomics Analysis and Visualization Platform

(http://r2.amc.nl). The p-value is calculated to determine the optimal cutoff and is finally cor-

rected by Bonferoni as described in [55]. A new grouping variable was made on the basis of

NT-3, TrkC, and Hey1 as described in the main text.

Statistical treatment of the data

Number of experiments and statistical tests used is indicated in figure legends. Statistical treat-

ment of the data was performed with Prism 6.0e (GraphPad) and BiostaTGV online statistical

software (http://marne.u707.jussieu.fr/biostatgv/).

Supporting information

S1 Data. Raw data of histograms.

(XLSX)

S1 Table. Primers and probes used for RT-QPCR. RT-QPCR was performed using the Taq-

Man technique, requiring the indicated probes (Universal Probe Library, Roche Applied Sci-

ence). RT-QPCR, quantitative real-time PCR.

(XLS)

S2 Table. Primers and probes used for ChIP. RT-QPCR was performed using the TaqMan

technique, requiring the indicated probes (Universal Probe Library, Roche Applied Science).

ChIP, chromatin immunoprecipitation; RT-QPCR, quantitative real-time PCR.

(XLS)

S1 Fig. TrkC-KF is translocated to the nucleus by importins and has no intrinsic transcrip-

tional activity per se. (A) SHEP cells transfected with either control plasmid, TrkC-KF-Flag,

TrkC-FL, or Neo-IC were fractionated into cytoplasmic (Cytoplasm, marker: GAPDH) and

nuclear (Nucleus, marker: histone) fractions. Input corresponds to the construct expression in

whole cell lysates. (B) Candidate partners for TrkC-KF obtained in the 2-hybrid screen assay.

(C) Quantification of the western blots presented in (Fig 1E): Signal of the anti-GFP western

blot is compared to GAPDH signal (for the input and cytoplasmic fraction) and Histone H3

signal (for the nuclear fraction). Data represent values indexed to control (TrkC-KF). (D)

Quantification of the western blots presented in (Fig 1G): Signal of the anti-GFP western blot

is compared to GAPDH signal (for the input and cytoplasmic fraction) and Histone H3 signal

(for the nuclear fraction). Data represent values indexed to control (TrkC-KF). (E) IP of

TrkC-KF-GFP and TrkC-KF-ΔNLS1/2-GFP using an anti-GFP antibody in HEK293T-trans-

fected cells. COBRA1 is tagged with a Flag epitope. Neo-IC-GFP is used as unrelated negative

TrkC triggers apoptosis via HEY1 and p53

PLOS Biology | https://doi.org/10.1371/journal.pbio.2002912 May 11, 2018 20 / 27

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://r2.amc.nl/
http://marne.u707.jussieu.fr/biostatgv/
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2002912.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2002912.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2002912.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2002912.s004
https://doi.org/10.1371/journal.pbio.2002912


control. (F) Gal4, DCC-IC, TrkC-KF, and TrkC-495-825 mRNA expression were assessed by

RT-QPCR to verify the expression of constructs used in the luciferase assay presented in Fig

1I. Data represent values (arbitrary units) relative to HPRT mRNA expression (housekeeping

gene). Underlying data can be found in S1 Data. COBRA1, cofactor of breast cancer 1;

DCC-IC, deleted in colorectal cancer intracellular domain; GAPDH, glyceraldehyde 3-phos-

phate dehydrogenase; GFP, green fluorescent protein; HEK293T, human embryonic kidney

293 T; HPRT, hypoxanthine phosphoribosyltransferase; IP, immunoprecipitation; KPNA4,

karyopherin alpha 4; Neo-IC-GFP, Neogenin intracellular domain tagged with GFP; NLS,

nuclear localization sequence; RT-QPCR, quantitative real-time PCR; TrkC, tropomyosin

receptor kinase C; TrkC-FL, full-length TrkC; TrkC-KF, TrkC killer-fragment.

(TIF)

S2 Fig. TrkC-KF associates specifically to the transcription factor Hey1 in the nucleus. (A)

Mouse Hey1, Hey2, and HeyL mRNA expression were assessed in N2A cells transfected with

an siRNA control or an siRNA targeting Hey1. Data represent values (arbitrary units) relative

to HPRT mRNA expression (housekeeping gene). (B) Hey1 expression was assessed by west-

ern blot in N2A cells transfected with a Hey1-Flag expression construct and an siRNA control

or an siRNA Hey1 at 2 different concentrations (20 nM and 30 nM). GAPDH is used as a load-

ing control. (C) Hey2 and HeyL expression was assessed by western blot in N2A cells trans-

fected with Hey2-Flag and HeyL-Flag constructs and an siRNA control or an siRNA targeting

Hey1 at 30 nM. Actin is used as a loading control. (D,E) Expression of TrkC-KF-GFP in N2A

cells, transfected with an siRNA control or an siRNA targeting Hey1, indicates a partial lo-

calization in the nucleus, as shown by confocal analysis (A) and by the associated Pearson’s

coefficient (B), in presence or absence of Hey1. Data represent mean ± SEM (3 independent

fields). t test compared to control (TrkC-GFP + siRNA control). Underlying data can be found

in S1 Data. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent pro-

tein; HPRT, hypoxanthine phosphoribosyltransferase; N2A, Neuro2a; ns, nonsignificant;

siRNA, small interfering RNA; TrkC, tropomyosin receptor kinase C; TrkC-KF, TrkC killer-

fragment.

(TIF)

S3 Fig. Hey1 is essential for the cell death mediated by TrkC. (A) TrkA, TrkB, TrkC, NGF,

BDNF, and NT-3 mRNA expression was assessed by RT-QPCR on CLB-Ga, LAN6, and SHEP

cells relative to HPRT mRNA expression (housekeeping gene). A representative experiment is

shown. (B) Immunofluorescence staining using Cy3 performed on LAN6 cells transfected or

with the indicated siRNA. A representative picture is shown for each condition. Nuclei are

stained with DAPI. (C) Quantification of the Cy3 staining shown in (B) as a percentage of total

cell number measured by DAPI staining. Data represent mean ± SEM (n = 3 independent

fields). (D) Caspase-3 activity assay on SHEP cells transfected with siRNA control, siRNA

NT-3, and siRNA p75NTR (p75). Data represent mean ± SEM (n = 3) indexed to control.
��p< 0.01. t test. (E) p75NTR expression was assessed by western blot in N2A cells transfected

with a p75NTR expression construct and an siRNA control or an siRNA p75NTR at 2 different

concentrations (50 nM and 100 nM). Actin is used as a loading control. (F) Quantification of

the western blot presented in (Fig 3F): signal of the anticleaved PARP western blot is compared

to anti-GAPDH signal. Data represent values indexed to control (parental SHEP transfected

with siRNA control). Underlying data can be found in S1 Data. BDNF, brain-derived neuro-

trophic factor; Cy3, anticleaved caspase-3 antibody; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; HPRT, hypoxanthine phosphoribosyltransferase; NGF, nerve growth factor;

N2A, Neuro2a; NT-3, neurotrophin-3; p75NTR; neurotrophin receptor p75; PARP, poly [ADP-

ribose] polymerase; RT-QPCR, quantitative real-time PCR; siRNA, small interfering RNA;
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TrkC, tropomyosin receptor kinase C.

(TIF)

S4 Fig. Hey1 is necessary for TrkC-KF-induced p53 stabilization. (A) Quantification of the

western blot presented in (Fig 4A), which has been reproduced and quantified 3 times: Signal

of the anti-p53 western blot is compared to anti-Actin signal. Data represent values indexed to

control, mean ± SEM (n = 3). �p< 0.05, ��p< 0.01. t test. (B) p53 expression was assessed by

western blot in SHEP cells transfected with an siRNA control and an siRNA p53 at 100 nM.

Actin is used as a loading control. (C) Quantification of the western blots presented in (Fig

4D): Signal of the anti-p53 western blot is compared to anti-Actin signal. Data represent values

indexed to siRNA control. (D) Immunofluorescence staining using Cy3 performed on CLB-

Ga cells transfected or with the indicated siRNA. A representative picture is shown for each

condition. Nuclei are stained with DAPI. (E) Quantification of Cy3 staining shown in (D) as a

percentage of total cell number measured by DAPI staining. Data represent mean ± SEM

(n = 3 independent fields). �p< 0.05, ��p< 0.01. t test. (F) Quantification of the western blot

presented in (Fig 4F): Signal of the anti-p53 western blot is compared to anti-Actin signal.

Data represent values indexed to control. (G) Quantification of the western blot presented in

(Fig 4G): Signal of the anti-p53 western blot is compared to anti-Actin signal. Data represent

values indexed to control. Underlying data can be found in S1 Data. Cy3, anti-cleaved caspase-

3 antibody; siRNA, small interfering RNA; TrkC-KF, TrkC killer-fragment.

(TIF)

S5 Fig. TrkC-KF and Hey1 cooperate to inhibit MDM2 transcription by direct binding on

its promoter. (A) Proximity ligation assay (DuoLink) using an anti-MDM2 antibody (recog-

nizing endogenous MDM2) on SHEP cells transfected with TrkC-KF-Flag (anti-Flag anti-

body) or not transfected (anti-Hey1 antibody targeting endogenous Hey1 and anti-p53

antibody targeting endogenous p53): The protein–protein interactions are visualized by red

fluorescent spots (Cy3). (B) Quantification of the western blot presented in Fig 5C, which has

been reproduced and quantified 3 times: MDM2 signal is compared to actin signal. Data repre-

sent values indexed to control. (C) Quantification of cell death by trypan blue exclusion in

SHEP cells transfected with siRNA control or siRNA Hey1 and plasmids encoding TrkC-FL

and COBRA1. Data represent mean ± SEM (n = 3). ��p< 0.01. t test. (D) Quantification of

cell death by trypan blue exclusion in SHEP cells transfected with siRNA control or siRNA

COBRA1 and plasmids encoding TrkC-FL and Hey1. Data represent mean ± SEM (n = 3). t
test. (E) Human COBRA1 mRNA expression was assessed by RT-QPCR on SHEP cells trans-

fected with siRNA control, siRNA NT-3, siRNA Hey1, or siRNA p53. Data represent mean ±
SEM (n = 3) relative to GAPDH mRNA expression (housekeeping gene) and indexed to con-

trol. �p< 0.05. Two-sided Mann-Whitney test compared to control. (F,H,J) Schematic repre-

sentation of COBRA1 promoter (F), BAX promoter (H), and BAK promoter (J). Exons are

indicated as gray boxes. The p53 binding site is indicated as a black box “P,” with the corre-

sponding sequence. The couples of primers a, b, and c used in the ChIP experiments described

in figures (G), (I), and (K) are also indicated. (G,I,K) ChIP assays using chromatin isolated

from SHEP cells, which were untransfected (white bars), transfected with control (gray bars),

or TrkC-KF and Hey1 constructs (black bars). Proteins were immunoprecipitated with an iso-

typic control antibody (white bars) or an anti-p53 antibody. DNA sequences from COBRA1
promoter (G), BAX promoter, (I) and BAK promoter (K) were amplified by RT-QPCR using

couples of primers a (upstream control), b (p53 binding site), and c (downstream control)

indicated on (F,H,J). Data represent mean values ± SEM (n = 3) indexed to isotypic IgG value.

Underlying data can be found in S1 Data. BAK, B cell lymphoma 2 killer; BAX, B cell lym-

phoma 2–associated X; ChIP, chromatin immunoprecipitation; COBRA1, cofactor of breast
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cancer 1; IgG, immunoglobulin G; MDM2, mouse double minute 2 homolog; ns, nonsignifi-

cant; NT-3, neurotrophin-3; siRNA, small interfering RNA; RT-QPCR, quantitative real-time

PCR; TrkC, tropomyosin receptor kinase C; TrkC-FL, full-length TrkC; TrkC-KF, TrkC killer-

fragment.

(TIF)

S6 Fig. NB tumors gain a selective advantage when the TrkC apoptotic pathway is silenced.

(A, B) TrkC and Hey1 expression in neuroblastic tumors. Dot plots of TrkC (A) and Hey1 (B)

mRNA expression values in neuroblastic tumor samples stages 1 to 3 versus stage 4 analyzed

using the Agilent microarray 44K (T. Wolf cohort [54], 649 samples, NB1–3 [n = 357], and

NB4 [n = 214]). For (A, B) statistical analysis, a 2-sided Mann-Whitney nonparametric test

was used to compare the expression values corresponding to NB1–3 versus NB4. � p< 0.05.
���� p< 0.0001. (C) Analysis of expression data obtained with Agilent-Microarray 44K on T.

Wolf cohort. Tumors in which expression of the corresponding gene is below the intergrade

median are considered as "low." Tumors in which expression of the corresponding gene is

above the intergrade median are considered as "high." Tumors with a NT-3low, TrkChigh, and

Heyhigh or a NT-3low, TrkClow, and Heylow profile were counted and indicated as a percentage.

"Others" encompasses tumors (NT-3high, TrkChigh, Heylow), (NT-3high, TrkChigh, Heyhigh),

(NT-3high, TrkClow, Heylow), or (NT-3high, TrkClow, Heyhigh). (D) Kaplan-Meier survival curve

based on T. Wolf cohort. Tumors were classified as in (C) to form groups A (NT-3low,

TrkChigh, Hey1high; n = 81), B (NT-3low, TrkClow, Hey1low; n = 47), and C (others; n = 287). For

234 samples of the cohort, patients’ survival information was not available. Group A (NT-3low,

TrkChigh, Hey1high; n = 81) shows a better event-free survival compared to Group B (NT-3low,

TrkClow, Hey1low; n = 47) and Group C (others; n = 287), in which TrkC apoptotic signaling is

impaired. Logrank p = 0.059. Underlying data can be found in S1 Data. NB, neuroblastoma;

NT-3, neurotrophin-3; TrkC, tropomyosin receptor kinase C.

(TIF)

S7 Fig. Schematic representation of TrkC proapoptotic pathway. When TrkC is deprived of

its ligand, its intracellular domain is double cleaved by caspase, and the released fragment is

called TrkC-KF. TrkC-KF is shuttled into the nucleus by importins and interacts there with

Hey1 bHLH transcription factor. Hey1 and TrkC-KF bind jointly on MDM2 promoter and

deregulate MDM2 expression, consequently stabilizing p53. Among other putative functions,

p53 transactivates the expression of COBRA1 and BAX. COBRA1 shuttles TrkC-KF to the

mitochondria where it activates BAX, induces MOMP, cytochrome c release, and the subse-

quent apoptosome activation. BAX, B cell lymphoma 2–associated X; bHLH, basic helix-loop-

helix; COBRA1, cofactor of breast cancer 1; MDM2, mouse double minute 2 homolog;

MOMP, mitochondrial outer membrane permeabilization; TrkC, tropomyosin receptor kinase

C; TrcK-KF, TrkC killer-fragment.

(TIF)
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Visualization: Clélia Costechareyre, Gabriel Ichim, David Neves.

Writing – original draft: Patrick Mehlen, Servane Tauszig-Delamasure.

References
1. Reichardt LF. Neurotrophin-regulated signalling pathways. Philos Trans R Soc Lond B Biol Sci. 2006;

361(1473):1545–64. Epub 2006/08/31. doi: G280147415872711 [pii] https://doi.org/10.1098/rstb.2006.

1894 PMID: 16939974.

2. Nakagawara A. Trk receptor tyrosine kinases: a bridge between cancer and neural development. Can-

cer Lett. 2001; 169(2):107–14. PMID: 11431098.

3. Vaishnavi A, Le AT, Doebele RC. TRKing down an old oncogene in a new era of targeted therapy. Can-

cer discovery. 2015; 5(1):25–34. Epub 2014/12/21. https://doi.org/10.1158/2159-8290.CD-14-0765

PMID: 25527197; PubMed Central PMCID: PMC4293234.

4. Genevois AL, Ichim G, Coissieux MM, Lambert MP, Lavial F, Goldschneider D, et al. Dependence

receptor TrkC is a putative colon cancer tumor suppressor. Proc Natl Acad Sci U S A. 2013; 110

(8):3017–22. Epub 2013/01/24. https://doi.org/10.1073/pnas.1212333110 PMID: 23341610; PubMed

Central PMCID: PMC3581924.

5. Tauszig-Delamasure S, Bouzas-Rodriguez J. Targeting neurotrophin-3 and its dependence receptor

tyrosine kinase receptor C: a new antitumoral strategy. Expert opinion on therapeutic targets. 2011; 15

(7):847–58. Epub 2011/04/09. https://doi.org/10.1517/14728222.2011.575361 PMID: 21473736.

6. Luo Y, Kaz AM, Kanngurn S, Welsch P, Morris SM, Wang J, et al. NTRK3 is a potential tumor suppres-

sor gene commonly inactivated by epigenetic mechanisms in colorectal cancer. PLoS Genet. 2013; 9

(7):e1003552. https://doi.org/10.1371/journal.pgen.1003552 PMID: 23874207; PubMed Central

PMCID: PMC3708790.

7. Mehlen P, Tauszig-Delamasure S. Dependence receptors and colorectal cancer. Gut. 2014; 63

(11):1821–9. Epub 2014/08/29. https://doi.org/10.1136/gutjnl-2013-306704 PMID: 25163468.

8. Grady WM. Context is everything for dependence receptors in colorectal cancer. Proc Natl Acad Sci U

S A. 2013; 110(8):2697–8. Epub 2013/02/12. https://doi.org/10.1073/pnas.1300758110 PMID:

23396845; PubMed Central PMCID: PMC3581887.

9. Tauszig-Delamasure S, Yu LY, Cabrera JR, Bouzas-Rodriguez J, Mermet-Bouvier C, Guix C, et al. The

TrkC receptor induces apoptosis when the dependence receptor notion meets the neurotrophin para-

digm. Proc Natl Acad Sci U S A. 2007; 104(33):13361–6. https://doi.org/10.1073/pnas.0701243104

PMID: 17686986.

10. Nikoletopoulou V, Lickert H, Frade JM, Rencurel C, Giallonardo P, Zhang L, et al. Neurotrophin recep-

tors TrkA and TrkC cause neuronal death whereas TrkB does not. Nature. 2010; 467(7311):59–63.

Epub 2010/09/03. doi: nature09336 [pii] https://doi.org/10.1038/nature09336 PMID: 20811452.

11. Gibert B, Mehlen P. Dependence Receptors and Cancer: Addiction to Trophic Ligands. Cancer Res.

2015; 75(24):5171–5. https://doi.org/10.1158/0008-5472.CAN-14-3652 PMID: 26627011.

12. Bouzas-Rodriguez J, Cabrera JR, Delloye-Bourgeois C, Ichim G, Delcros JG, Raquin MA, et al. Neuro-

trophin-3 production promotes human neuroblastoma cell survival by inhibiting TrkC-induced apoptosis.

TrkC triggers apoptosis via HEY1 and p53

PLOS Biology | https://doi.org/10.1371/journal.pbio.2002912 May 11, 2018 24 / 27

https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1098/rstb.2006.1894
http://www.ncbi.nlm.nih.gov/pubmed/16939974
http://www.ncbi.nlm.nih.gov/pubmed/11431098
https://doi.org/10.1158/2159-8290.CD-14-0765
http://www.ncbi.nlm.nih.gov/pubmed/25527197
https://doi.org/10.1073/pnas.1212333110
http://www.ncbi.nlm.nih.gov/pubmed/23341610
https://doi.org/10.1517/14728222.2011.575361
http://www.ncbi.nlm.nih.gov/pubmed/21473736
https://doi.org/10.1371/journal.pgen.1003552
http://www.ncbi.nlm.nih.gov/pubmed/23874207
https://doi.org/10.1136/gutjnl-2013-306704
http://www.ncbi.nlm.nih.gov/pubmed/25163468
https://doi.org/10.1073/pnas.1300758110
http://www.ncbi.nlm.nih.gov/pubmed/23396845
https://doi.org/10.1073/pnas.0701243104
http://www.ncbi.nlm.nih.gov/pubmed/17686986
https://doi.org/10.1038/nature09336
http://www.ncbi.nlm.nih.gov/pubmed/20811452
https://doi.org/10.1158/0008-5472.CAN-14-3652
http://www.ncbi.nlm.nih.gov/pubmed/26627011
https://doi.org/10.1371/journal.pbio.2002912


J Clin Invest. 2010; 120(3):850–8. Epub 2010/02/18. doi: 41013 [pii] https://doi.org/10.1172/JCI41013

PMID: 20160348.

13. Ichim G, Genevois AL, Menard M, Yu LY, Coelho-Aguiar JM, Llambi F, et al. The dependence receptor

TrkC triggers mitochondria-dependent apoptosis upon Cobra-1 recruitment. Mol Cell. 2013; 51(5):632–

46. Epub 2013/09/17. https://doi.org/10.1016/j.molcel.2013.08.021 PMID: 24034695.

14. Jans DA, Xiao CY, Lam MH. Nuclear targeting signal recognition: a key control point in nuclear trans-

port? Bioessays. 2000; 22(6):532–44. Epub 2000/06/08. https://doi.org/10.1002/(SICI)1521-1878

(200006)22:6<532::AID-BIES6>3.0.CO;2-O PMID: 10842307.

15. Chook YM, Blobel G. Karyopherins and nuclear import. Current opinion in structural biology. 2001; 11

(6):703–15. Epub 2001/12/26. PMID: 11751052.

16. Goldschneider D, Rama N, Guix C, Mehlen P. The neogenin intracellular domain regulates gene tran-

scription via nuclear translocation. Mol Cell Biol. 2008; 28(12):4068–79. https://doi.org/10.1128/MCB.

02114-07 PMID: 18391016.

17. Taniguchi Y, Kim SH, Sisodia SS. Presenilin-dependent "gamma-secretase" processing of deleted in

colorectal cancer (DCC). J Biol Chem. 2003; 278(33):30425–8. Epub 2003/07/04. https://doi.org/10.

1074/jbc.C300239200 PMID: 12840034.

18. Davis RL, Turner DL. Vertebrate hairy and Enhancer of split related proteins: transcriptional repressors

regulating cellular differentiation and embryonic patterning. Oncogene. 2001; 20(58):8342–57. https://

doi.org/10.1038/sj.onc.1205094 PMID: 11840327.

19. Fischer A, Schumacher N, Maier M, Sendtner M, Gessler M. The Notch target genes Hey1 and Hey2

are required for embryonic vascular development. Genes Dev. 2004; 18(8):901–11. https://doi.org/10.

1101/gad.291004 PMID: 15107403; PubMed Central PMCID: PMC395849.

20. Belandia B, Powell SM, Garcia-Pedrero JM, Walker MM, Bevan CL, Parker MG. Hey1, a mediator of

notch signaling, is an androgen receptor corepressor. Mol Cell Biol. 2005; 25(4):1425–36. https://doi.

org/10.1128/MCB.25.4.1425-1436.2005 PMID: 15684393; PubMed Central PMCID: PMC548017.

21. Van Maerken T, Speleman F, Vermeulen J, Lambertz I, De Clercq S, De Smet E, et al. Small-molecule

MDM2 antagonists as a new therapy concept for neuroblastoma. Cancer Res. 2006; 66(19):9646–55.

https://doi.org/10.1158/0008-5472.CAN-06-0792 PMID: 17018622.

22. Carr J, Bell E, Pearson AD, Kees UR, Beris H, Lunec J, et al. Increased frequency of aberrations in the

p53/MDM2/p14(ARF) pathway in neuroblastoma cell lines established at relapse. Cancer Res. 2006;

66(4):2138–45. https://doi.org/10.1158/0008-5472.CAN-05-2623 PMID: 16489014.

23. Huang Q, Raya A, DeJesus P, Chao SH, Quon KC, Caldwell JS, et al. Identification of p53 regulators by

genome-wide functional analysis. Proc Natl Acad Sci U S A. 2004; 101(10):3456–61. Epub 2004/03/03.

https://doi.org/10.1073/pnas.0308562100 PMID: 14990790; PubMed Central PMCID: PMC373483.

24. Rhee I, Bachman KE, Park BH, Jair KW, Yen RW, Schuebel KE, et al. DNMT1 and DNMT3b cooperate

to silence genes in human cancer cells. Nature. 2002; 416(6880):552–6. Epub 2002/04/05. https://doi.

org/10.1038/416552a [pii]. PMID: 11932749.

25. Komarov PG, Komarova EA, Kondratov RV, Christov-Tselkov K, Coon JS, Chernov MV, et al. A chemi-

cal inhibitor of p53 that protects mice from the side effects of cancer therapy. Science. 1999; 285

(5434):1733–7. PMID: 10481009.

26. Heisig J, Weber D, Englberger E, Winkler A, Kneitz S, Sung WK, et al. Target gene analysis by microar-

rays and chromatin immunoprecipitation identifies HEY proteins as highly redundant bHLH repressors.

PLoS Genet. 2012; 8(5):e1002728. Epub 2012/05/23. https://doi.org/10.1371/journal.pgen.1002728

PMID: 22615585; PubMed Central PMCID: PMC3355086.

27. Weber D, Heisig J, Kneitz S, Wolf E, Eilers M, Gessler M. Mechanisms of epigenetic and cell-type spe-

cific regulation of Hey target genes in ES cells and cardiomyocytes. Journal of molecular and cellular

cardiology. 2015; 79:79–88. https://doi.org/10.1016/j.yjmcc.2014.11.004 PMID: 25446183.

28. Weber D, Wiese C, Gessler M. Hey bHLH transcription factors. Curr Top Dev Biol. 2014; 110:285–315.

https://doi.org/10.1016/B978-0-12-405943-6.00008-7 PMID: 25248480.

29. Botcheva K, McCorkle SR, McCombie WR, Dunn JJ, Anderson CW. Distinct p53 genomic binding pat-

terns in normal and cancer-derived human cells. Cell Cycle. 2011; 10(24):4237–49. Epub 2011/12/01.

https://doi.org/10.4161/cc.10.24.18383 PMID: 22127205; PubMed Central PMCID: PMC3272258.

30. el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B. Definition of a consensus binding site

for p53. Nat Genet. 1992; 1(1):45–9. Epub 1992/04/01. https://doi.org/10.1038/ng0492-45 PMID:

1301998.

31. Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional activator of the human bax

gene. Cell. 1995; 80(2):293–9. Epub 1995/01/27. PMID: 7834749.

32. Graupner V, Alexander E, Overkamp T, Rothfuss O, De Laurenzi V, Gillissen BF, et al. Differential regu-

lation of the proapoptotic multidomain protein Bak by p53 and p73 at the promoter level. Cell Death

TrkC triggers apoptosis via HEY1 and p53

PLOS Biology | https://doi.org/10.1371/journal.pbio.2002912 May 11, 2018 25 / 27

https://doi.org/10.1172/JCI41013
http://www.ncbi.nlm.nih.gov/pubmed/20160348
https://doi.org/10.1016/j.molcel.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24034695
https://doi.org/10.1002/(SICI)1521-1878(200006)22:6<532::AID-BIES6>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-1878(200006)22:6<532::AID-BIES6>3.0.CO;2-O
http://www.ncbi.nlm.nih.gov/pubmed/10842307
http://www.ncbi.nlm.nih.gov/pubmed/11751052
https://doi.org/10.1128/MCB.02114-07
https://doi.org/10.1128/MCB.02114-07
http://www.ncbi.nlm.nih.gov/pubmed/18391016
https://doi.org/10.1074/jbc.C300239200
https://doi.org/10.1074/jbc.C300239200
http://www.ncbi.nlm.nih.gov/pubmed/12840034
https://doi.org/10.1038/sj.onc.1205094
https://doi.org/10.1038/sj.onc.1205094
http://www.ncbi.nlm.nih.gov/pubmed/11840327
https://doi.org/10.1101/gad.291004
https://doi.org/10.1101/gad.291004
http://www.ncbi.nlm.nih.gov/pubmed/15107403
https://doi.org/10.1128/MCB.25.4.1425-1436.2005
https://doi.org/10.1128/MCB.25.4.1425-1436.2005
http://www.ncbi.nlm.nih.gov/pubmed/15684393
https://doi.org/10.1158/0008-5472.CAN-06-0792
http://www.ncbi.nlm.nih.gov/pubmed/17018622
https://doi.org/10.1158/0008-5472.CAN-05-2623
http://www.ncbi.nlm.nih.gov/pubmed/16489014
https://doi.org/10.1073/pnas.0308562100
http://www.ncbi.nlm.nih.gov/pubmed/14990790
https://doi.org/10.1038/416552a
https://doi.org/10.1038/416552a
http://www.ncbi.nlm.nih.gov/pubmed/11932749
http://www.ncbi.nlm.nih.gov/pubmed/10481009
https://doi.org/10.1371/journal.pgen.1002728
http://www.ncbi.nlm.nih.gov/pubmed/22615585
https://doi.org/10.1016/j.yjmcc.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25446183
https://doi.org/10.1016/B978-0-12-405943-6.00008-7
http://www.ncbi.nlm.nih.gov/pubmed/25248480
https://doi.org/10.4161/cc.10.24.18383
http://www.ncbi.nlm.nih.gov/pubmed/22127205
https://doi.org/10.1038/ng0492-45
http://www.ncbi.nlm.nih.gov/pubmed/1301998
http://www.ncbi.nlm.nih.gov/pubmed/7834749
https://doi.org/10.1371/journal.pbio.2002912


Differ. 2011; 18(7):1130–9. Epub 2011/01/15. https://doi.org/10.1038/cdd.2010.179 PMID: 21233848;

PubMed Central PMCID: PMC3131957.

33. Stupack DG, Teitz T, Potter MD, Mikolon D, Houghton PJ, Kidd VJ, et al. Potentiation of neuroblastoma

metastasis by loss of caspase-8. Nature. 2006; 439(7072):95–9. https://doi.org/10.1038/nature04323

PMID: 16397500.

34. Brodeur GM, Nakagawara A, Yamashiro DJ, Ikegaki N, Liu XG, Azar CG, et al. Expression of TrkA,

TrkB and TrkC in human neuroblastomas. J Neurooncol. 1997; 31(1–2):49–55. PMID: 9049830.

35. Revet I, Huizenga G, Chan A, Koster J, Volckmann R, van Sluis P, et al. The MSX1

homeobox transcription factor is a downstream target of PHOX2B and activates the Delta-Notch path-

way in neuroblastoma. Exp Cell Res. 2008; 314(4):707–19. https://doi.org/10.1016/j.yexcr.2007.12.008

PMID: 18201699.

36. Wang C, Gong B, Bushel PR, Thierry-Mieg J, Thierry-Mieg D, Xu J, et al. The concordance between

RNA-seq and microarray data depends on chemical treatment and transcript abundance. Nat Biotech-

nol. 2014; 32(9):926–32. https://doi.org/10.1038/nbt.3001 PMID: 25150839; PubMed Central PMCID:

PMC4243706.

37. Janoueix-Lerosey I, Lequin D, Brugieres L, Ribeiro A, de Pontual L, Combaret V, et al. Somatic and

germline activating mutations of the ALK kinase receptor in neuroblastoma. Nature. 2008; 455

(7215):967–70. Epub 2008/10/17. https://doi.org/10.1038/nature07398 PMID: 18923523.

38. Haupt S, Berger M, Goldberg Z, Haupt Y. Apoptosis—the p53 network. J Cell Sci. 2003; 116(Pt

20):4077–85. https://doi.org/10.1242/jcs.00739 PMID: 12972501.

39. Maris JM, Hogarty MD, Bagatell R, Cohn SL. Neuroblastoma. Lancet. 2007; 369(9579):2106–20.

https://doi.org/10.1016/S0140-6736(07)60983-0 PMID: 17586306.

40. Dekkers MP, Barde YA. Developmental biology. Programmed cell death in neuronal development. Sci-

ence. 2013; 340(6128):39–41. https://doi.org/10.1126/science.1236152 PMID: 23559240.

41. Wakamatsu Y, Watanabe Y, Nakamura H, Kondoh H. Regulation of the neural crest cell fate by N-myc:

promotion of ventral migration and neuronal differentiation. Development. 1997; 124(10):1953–62.

PMID: 9169842.

42. Hansford LM, Thomas WD, Keating JM, Burkhart CA, Peaston AE, Norris MD, et al. Mechanisms of

embryonal tumor initiation: distinct roles for MycN expression and MYCN amplification. Proc Natl Acad

Sci U S A. 2004; 101(34):12664–9. https://doi.org/10.1073/pnas.0401083101 PMID: 15314226;

PubMed Central PMCID: PMC515113.

43. Alam G, Cui H, Shi H, Yang L, Ding J, Mao L, et al. MYCN promotes the expansion of Phox2B-positive

neuronal progenitors to drive neuroblastoma development. Am J Pathol. 2009; 175(2):856–66. https://

doi.org/10.2353/ajpath.2009.090019 PMID: 19608868; PubMed Central PMCID: PMC2716980.

44. Cazes A, Lopez-Delisle L, Tsarovina K, Pierre-Eugene C, De Preter K, Peuchmaur M, et al. Activated

Alk triggers prolonged neurogenesis and Ret upregulation providing a therapeutic target in ALK-

mutated neuroblastoma. Oncotarget. 2014; 5(9):2688–702. https://doi.org/10.18632/oncotarget.1883

PMID: 24811913; PubMed Central PMCID: PMC4058037.

45. Marmigere F, Ernfors P. Specification and connectivity of neuronal subtypes in the sensory lineage. Nat

Rev Neurosci. 2007; 8(2):114–27. Epub 2007/01/24. doi: nrn2057 [pii] https://doi.org/10.1038/nrn2057

PMID: 17237804.

46. Mukhopadhyay A, Jarrett J, Chlon T, Kessler JA. HeyL regulates the number of TrkC neurons in dorsal

root ganglia. Dev Biol. 2009; 334(1):142–51. Epub 2009/07/28. doi: S0012-1606(09)01045-8 [pii]

https://doi.org/10.1016/j.ydbio.2009.07.018 PMID: 19631204.

47. Barone G, Tweddle DA, Shohet JM, Chesler L, Moreno L, Pearson AD, et al. MDM2-p53 interaction in

paediatric solid tumours: preclinical rationale, biomarkers and resistance. Current drug targets. 2014;

15(1):114–23. PMID: 24387312.

48. Imamura J, Bartram CR, Berthold F, Harms D, Nakamura H, Koeffler HP. Mutation of the p53 gene in

neuroblastoma and its relationship with N-myc amplification. Cancer Res. 1993; 53(17):4053–8. PMID:

8358734.

49. Komuro H, Hayashi Y, Kawamura M, Hayashi K, Kaneko Y, Kamoshita S, et al. Mutations of the p53

gene are involved in Ewing’s sarcomas but not in neuroblastomas. Cancer Res. 1993; 53(21):5284–8.

PMID: 8221663.

50. Vogan K, Bernstein M, Leclerc JM, Brisson L, Brossard J, Brodeur GM, et al. Absence of p53 gene

mutations in primary neuroblastomas. Cancer Res. 1993; 53(21):5269–73. PMID: 8221661.

51. Carr-Wilkinson J, O’Toole K, Wood KM, Challen CC, Baker AG, Board JR, et al. High Frequency of

p53/MDM2/p14ARF Pathway Abnormalities in Relapsed Neuroblastoma. Clin Cancer Res. 2010; 16

(4):1108–18. https://doi.org/10.1158/1078-0432.CCR-09-1865 PMID: 20145180; PubMed Central

PMCID: PMC2842933.

TrkC triggers apoptosis via HEY1 and p53

PLOS Biology | https://doi.org/10.1371/journal.pbio.2002912 May 11, 2018 26 / 27

https://doi.org/10.1038/cdd.2010.179
http://www.ncbi.nlm.nih.gov/pubmed/21233848
https://doi.org/10.1038/nature04323
http://www.ncbi.nlm.nih.gov/pubmed/16397500
http://www.ncbi.nlm.nih.gov/pubmed/9049830
https://doi.org/10.1016/j.yexcr.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18201699
https://doi.org/10.1038/nbt.3001
http://www.ncbi.nlm.nih.gov/pubmed/25150839
https://doi.org/10.1038/nature07398
http://www.ncbi.nlm.nih.gov/pubmed/18923523
https://doi.org/10.1242/jcs.00739
http://www.ncbi.nlm.nih.gov/pubmed/12972501
https://doi.org/10.1016/S0140-6736(07)60983-0
http://www.ncbi.nlm.nih.gov/pubmed/17586306
https://doi.org/10.1126/science.1236152
http://www.ncbi.nlm.nih.gov/pubmed/23559240
http://www.ncbi.nlm.nih.gov/pubmed/9169842
https://doi.org/10.1073/pnas.0401083101
http://www.ncbi.nlm.nih.gov/pubmed/15314226
https://doi.org/10.2353/ajpath.2009.090019
https://doi.org/10.2353/ajpath.2009.090019
http://www.ncbi.nlm.nih.gov/pubmed/19608868
https://doi.org/10.18632/oncotarget.1883
http://www.ncbi.nlm.nih.gov/pubmed/24811913
https://doi.org/10.1038/nrn2057
http://www.ncbi.nlm.nih.gov/pubmed/17237804
https://doi.org/10.1016/j.ydbio.2009.07.018
http://www.ncbi.nlm.nih.gov/pubmed/19631204
http://www.ncbi.nlm.nih.gov/pubmed/24387312
http://www.ncbi.nlm.nih.gov/pubmed/8358734
http://www.ncbi.nlm.nih.gov/pubmed/8221663
http://www.ncbi.nlm.nih.gov/pubmed/8221661
https://doi.org/10.1158/1078-0432.CCR-09-1865
http://www.ncbi.nlm.nih.gov/pubmed/20145180
https://doi.org/10.1371/journal.pbio.2002912


52. Manfredi JJ. The Mdm2-p53 relationship evolves: Mdm2 swings both ways as an oncogene and a

tumor suppressor. Genes Dev. 2010; 24(15):1580–9. https://doi.org/10.1101/gad.1941710 PMID:

20679392; PubMed Central PMCID: PMC2912554.

53. Khoury MP, Bourdon JC. The isoforms of the p53 protein. Cold Spring Harbor perspectives in biology.

2010; 2(3):a000927. https://doi.org/10.1101/cshperspect.a000927 PMID: 20300206; PubMed Central

PMCID: PMC2829963.

54. Kocak H, Ackermann S, Hero B, Kahlert Y, Oberthuer A, Juraeva D, et al. Hox-C9 activates the intrinsic

pathway of apoptosis and is associated with spontaneous regression in neuroblastoma. Cell death &

disease. 2013; 4:e586. https://doi.org/10.1038/cddis.2013.84 PMID: 23579273; PubMed Central

PMCID: PMC3668636.

55. Bewick V, Cheek L, Ball J. Statistics review 12: survival analysis. Critical care. 2004; 8(5):389–94.

https://doi.org/10.1186/cc2955 PMID: 15469602; PubMed Central PMCID: PMC1065034.

TrkC triggers apoptosis via HEY1 and p53

PLOS Biology | https://doi.org/10.1371/journal.pbio.2002912 May 11, 2018 27 / 27

https://doi.org/10.1101/gad.1941710
http://www.ncbi.nlm.nih.gov/pubmed/20679392
https://doi.org/10.1101/cshperspect.a000927
http://www.ncbi.nlm.nih.gov/pubmed/20300206
https://doi.org/10.1038/cddis.2013.84
http://www.ncbi.nlm.nih.gov/pubmed/23579273
https://doi.org/10.1186/cc2955
http://www.ncbi.nlm.nih.gov/pubmed/15469602
https://doi.org/10.1371/journal.pbio.2002912

