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ABSTRACT 

Emerging evidence suggests that Ret oncoproteins expressed in medullary thyroid cancer 

(MTC) might evade the pro-apoptotic function of the dependence receptor proto-Ret by 

directly impacting the apoptosis machinery. Identification of the molecular determinants of 

the interplay between Ret signaling and apoptosis might provide a relevant contribution to the 

optimization of Ret-targeted therapies. Here, we describe the cross-talk between Ret-M918T 

oncogenic mutant responsible for type 2B multiple endocrine syndrome (MEN2B), and 

components of death receptor-mediated extrinsic apoptosis pathway. In the human MEN2B-

type MTC cell line MZ-CRC-1 expressing Ret-M918T, Ret was found associated with Fap-1, 

known as inhibitor of the CD95 death receptor trafficking to the cell membrane, and with 

procaspase-8, the initiator pro-form caspase in the extrinsic apoptosis pathway. Cell treatment 

with the anti-tumor Ret kinase inhibitor RPI-1 inhibited tyrosine phosphorylation of 

procaspase-8, likely inducing its local activation, followed by downregulation of both Ret and 

Fap-1, and translocation of CD95 into lipid rafts. According to the resulting increase of CD95 

cell surface expression, the CD95 agonist antibody CH11 enhanced RPI-1-induced cell 

growth inhibition and apoptosis. RET RNA interference downregulated Fap-1 protein in MZ-

CRC-1 cells, whereas exogenous RET-M918T upregulated Fap-1 in HEK293 cells. Overall, 

these data indicate that the Ret oncoprotein exerts opposing controls on Fap-1 and CD95, 

increasing Fap-1 expression and decreasing CD95 cell surface expression. The functional 

interplay of the Ret mutant with the extrinsic apoptosis pathway provides a mechanism 

possibly contributing to MTC malignant phenotype and a rational basis for novel therapeutic 

strategies combining Ret inhibitors and CD95 agonists. 

 

Keywords: RET oncogene, Medullary thyroid cancer, Fap-1, CD95, MEN2B, Caspase 8  
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1. INTRODUCTION 

Medullary thyroid carcinoma (MTC) arises from thyroid C cells [1]. It represents 5% of 

thyroid cancers and may originate sporadically (75%) or as a component of the inherited 

multiple endocrine neoplasia type 2 (MEN2) syndromes including MEN2A, MEN2B and 

familial MTC [2]. MTC, which is the most common cause of death in MEN2 patients, is 

relatively unresponsive to radiotherapy and conventional chemotherapy. Thyroidectomy 

remains the standard treatment and the only curative therapy [3]. The lack of effective 

treatments for unresectable, recurrent, or metastatic MTC indicates the urgent need for new 

therapeutic options.  

Activating mutations of the RET proto-oncogene have been implicated in the 

pathogenesis of hereditary MTC being present in almost 100% of MEN2A and MEN2B cases 

and in 30-50% of sporadic cases [4,5]. RET encodes a receptor tyrosine kinase (TK) widely 

expressed in neural crest-derived tissues including thyroid C cells. Germline RET mutations 

are recognized as disease causative events [6]. MEN2 is characterized by strong 

genotype/phenotype association, with specific RET mutations identified in each disease 

subtype [7]. MEN2B, the most aggressive form, is primarily associated with missense 

mutations in the intracellular TK domain. Most MEN2B patients harbor the M918T mutation, 

whereas <5% of patients have the A883F mutation. RET M918T, which is also the most 

frequent somatic mutation in sporadic MTCs is prognostic of aggressive disease thus 

indicating a strong carcinogenic potential [3,7]. Substitution of methionine 918 with threonine 

results in increased Ret kinase activity, release of auto-inhibition, increased ligand-

independent formation of activated monomers and dimers, and change in substrate specificity 

contributing to the receptor oncogenic activity [8,9]. Preclinical studies have provided 

evidence that Ret oncoproteins may represent a therapeutic target exploitable in subsets of 

thyroid tumors [5,10,11]. By the screening of a series of novel synthetic arylidene indolin-2-
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one compounds in a kinase assay, we identified the indolin-2-one named RPI-1 as a Ret 

inhibitor and reported its ability to inhibit kinase activity, expression and downstream 

signaling of Ret oncoproteins in thyroid cancer models [12,13]. The drug showed antitumor 

activity in mice carrying tumor xenografts from a human MTC cell line (TT) harboring the 

RET C634W MEN2A-type mutation [14]. Tumor regressions in treated animals were 

observed in association with apoptosis induction and angiogenesis inhibition [15]. Currently, 

several agents targeting Ret among other kinases are under clinical investigation in thyroid 

cancers [3,16]. 

Proto-Ret belongs to the family of receptors defined as “dependence receptors” 

because they depend on their respective ligands to prevent apoptosis [17]. This group of 

structurally unrelated receptors shares the common feature of inducing two distinct forms of 

signal transduction: proliferation, survival, differentiation and migration in the presence of 

ligand, apoptosis in the absence of ligand. Apoptosis requires the receptor cleavage by 

specific caspases and the release/exposure of proapoptotic peptides [18]. The proapoptotic 

function is apparently lost in oncogenically activated Ret receptors, whereas recent studies 

suggest that they may intercept apoptotic pathways by multiple mechanisms. Indeed, either 

selective signaling disruption by RET dominant-negative or expression knockdown by RET 

siRNA induce apoptosis in TT cells [19,20]. We found that activation of Akt and Erks was 

inhibited by RPI-1 in TT cells, with the consequent activation of Bad and caspase-9, resulting 

in apoptosis induction through the intrinsic pathway [15]. Recently, Fas-associated 

phosphatase-1 (Fap-1, PTPN13) has been identified as one of the RPI-1-sensitive components 

in the signaling network of RET mutant-expressing MTC cells [21]. Fap-1, a large non-

receptor protein tyrosine-phosphatase (PTP), is the only protein known to associate with the 

C-terminal negative regulatory domain of CD95 (Fas/APO1) death receptor (DR) [22,23]. 

Elucidation of mechanisms and players of the cross-talk between Ret signaling and 
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apoptosis pathways may provide a rational basis for the optimization of Ret-targeting 

approaches in MTC. The known function of Fap-1 as negative regulator of CD95 DR [24] 

prompted us to investigate the involvement of the extrinsic apoptosis pathway in RPI-1-

induced cell death. Here, we examined the role and the molecular determinants of DR-

mediated apoptosis in a cellular model of human MEN2B MTC, focusing on the 

interconnection between Ret and CD95-mediated apoptosis.  

 

 

2. MATERIALS AND METHODS 

2.1. Chemicals and reagents  

Synthesis and chemical structure of RPI-1 (1,3-dihydro-5,6-dimethoxy-3-[(4-hydroxyphenyl) 

methylene]-H-indol-2-one) (Cpd1) were previously reported [12]. The agonistic anti-CD95 

antibody, clone CH11, was purchased from MLB Co. (Nagoya, Japan). The caspase 

inhibitors: pan caspase inhibitor Z-VAD-FMK, caspase-8 inhibitor Z-IETD-FMK and 

caspase-9 inhibitor Z-LEHD-FMK were from Calbiochem (San Diego, CA). For cell 

treatments, RPI-1, dasatinib, sorafenib, and caspase inhibitors were dissolved in DMSO and 

diluted in cell culture medium (final solvent concentration 0.5%). 

 

2.2. Cell culture, growth inhibition and transfection assays  

The human MTC cell lines MZ-CRC-1, harboring the MEN2B-type RET M918T mutation 

and TT, harboring the MEN2A-type RET C634W mutation [25] were grown in DMEM and 

Ham's F12 medium (Invitrogen, Carlsbad, CA), respectively, supplemented with 15% FBS 

(HyClone Laboratories, Logan, UT), in a 5% CO2 atmosphere. NIH3T3 mouse fibroblasts and 

NIH3T3
MEN2B

, stably transfected with the RET M918T mutant (short isoform), were 

maintained in DMEM containing 10% and 5% calf serum (Colorado Serum Company, 
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Denver, CO), respectively, in a 10% CO2 atmosphere [26]. Human embryonic 293T cells 

(HEK293) were grown in DMEM supplemented with 10% FBS and transiently transfected by 

calcium phosphate precipitation with pRc/CMV expression vector carrying the insert 

RET
M918T 

(short isoform) [27,28]. 

For cell growth inhibition assays, fibroblasts were treated with RPI-1 the day after 

seeding whereas MTC cells were exposed to RPI-1 4 days after plating because of their 

prolonged lag period. The drug antiproliferative effect was evaluated after 3 days by cell 

counting (fibroblasts) or after 7 days by the sulforhodamine B (SRB) colorimetric assay 

(MTC cells) as previously described [14]. Drug concentrations able to inhibit cell growth by 

50% or by 80% (IC50, IC80) were calculated from dose-response curves. The effect of RPI-

1/CH11 combination treatment on cell growth was evaluated by SRB assay. Cells were 

incubated with RPI-1 for 96 h or with CH11 for 48 h, alone or in combination (CH11 in the 

last 48 h). Drug interactions, expressed as synergistic ratio (SR) values, were calculated 

according to Kern et al. [29]. SR > 1 indicates synergy; SR = 1, or SR < 1, indicates absence 

of synergy. 

 

2.3. RNA interference 

To silence RET in MTC cells, the Hs-RET-9-HP–validated siRNA from Qiagen (Santa 

Clarita, CA) was used. The negative control siRNA (AllStars) was from Qiagen. The 

oligonucleotides (final concentration 200 nM for MZ-CRC-1 cells and 100 or 200 nM for TT 

cells) were transfected into the cells using the Lipofectamine 2000 transfection reagent in 

serum-free Opti-MEM I (Invitrogen). Cells were incubated for 4h before complete medium 

addition. After 48h, the transfection procedure was repeated. Cells were then lysed for 

Western blot analysis, after additional 48 h. 
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2.4. Biochemical analyses  

Cells were processed for total protein extraction or immunoprecipitation, followed by Western 

blotting, as previously described [14,15]. The biochemical effects of CD95 stimulation were 

analyzed in MZ-CRC-1 cells treated with CH11 antibody for 48h. Where indicated, cells were 

pre-treated with RPI-1, or vehicle, for 48h before addition of the CH11 antibody. To study the 

effects of caspase inhibition, cells were pre-treated with 50 µM caspase inhibitors for 1h, and 

then exposed to vehicle or RPI-1 for 48h. Cells were treated with dasatinib and sorafenib for 

the indicated times at the concentrations corresponding to the IC80 and/or IC50 assessed by cell 

counting at 72 h. 

For the isolation of lipid rafts-enriched cell fractions, cells were washed twice in ice-

cold PBS containing sodium orthovanadate (0.1 mM), and lysed in 1% Triton X-100 lysis 

buffer as described [30]. Detergent-soluble and -insoluble (enriched in lipid rafts) fractions 

were separated by centrifugation (10000 x g for 15 min). Equal volumes of each fraction were 

analyzed by Western blotting. 

Mouse monoclonal antibodies used were: anti-phosphotyrosine, clone 4G10, from 

Upstate Biotechnology (Lake Placid, NY); anti-PKB/Akt from Transduction Laboratories 

(Lexington, KY); anti-β-tubulin from Sigma Chemical Company (St. Louis, MO); anti-Flip 

from Alexis Biochemicals (San Diego, CA); anti-caspase-8 from Cell Signaling Technology 

(Beverly, MA). Rabbit polyclonal antibodies used were: anti-Ret (H-300), anti-caspase-9 (H-

83) and anti-FAP-1 (H-300), anti-HSP90 α/β (H-114), anti-phospho-Ret (Y1062) from Santa 

Cruz Biotechnology (Santa Cruz, CA); anti-cleaved caspase-3, anti-phospho-p44/42 ERKs 

(T202, Y204), anti-phospho-Akt (S473), anti-cleaved poly(ADP-ribose) polymerase, anti-

phospho-Src (Y416), anti-Src, and anti- FADD from Cell Signaling Technology; anti-caspase-

8 from BD Pharmingen (Franklin Lakes, NJ); anti-p44/42 ERKs from Upstate Biotechnology; 

anti-actin from Sigma. The goat polyclonal antibody anti-TRAIL-R1 (DR4) was obtained 
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from R&D System (Abingdon, UK). 

Densitometric analysis of blots was done by the Quantity One 4.6.3 software (BioRad, 

Hercules, CA). Signal intensities were determined using volume analysis with local 

background correction. Band values were normalized versus the calculated amount of tubulin 

in the same samples. 

 

2.5. Apoptosis and caspase activity detection 

Apoptosis was assessed by the terminal deoxynucleotidyl transferase–mediated deoxyuridine 

triphosphate nick-end labeling (TUNEL) assay as previously described [15]. Apoptosis in the 

presence of CH11 antibody was assayed by Cell Death Detection Elisa Plus Kit (Roche 

Diagnostic GmbH, Manheim, Germany) according to the manufacturer instructions. 

Cytoplasmic histone-associated DNA fragmentation was corrected for protein content 

evaluated by SRB assay performed in parallel. The catalytic activity of caspase-3, caspase-8, 

and caspase-9 was determined as the ability to cleave the fluorogenic substrates N-acetyl-Asp-

Glu-Val-Asp-AMC (DEVD-AMC), N-acetyl-Ile-Glu-Thr-Asp-AMC (IETD-AMC) and N-

acetyl-Leu-Glu-His-Asp-AMC (IETD-AMC), respectively, by means of the specific 

Apopcyto caspase assay kits (MBL). The hydrolysis of the specific substrates by the different 

caspases was monitored by spectroflurometry with 380-nm excitation and 460-nm emission 

filters. 

 

2.6. Confocal laser microscopy and FACS analysis 

For confocal immunofluorescence analysis, cells grown on glass coverslips were 

permeabilized and fixed in methanol/glacial acetic acid (3:1) for 5 min, then washed in PBS. 

Unspecific binding sites were blocked with 1% BSA in PBS for 30 min. Cells were then 

incubated with goat anti-Ret (C-20, 1:200) or rabbit anti-Fap1 (H-300, 1:100) antibodies 
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(Santa Cruz Biotechnology) for 1 h at room temperature. After washing in PBS, cells were 

incubated with anti-goat Alexa Fluor 546 or anti-rabbit Alexa Fluor 488 antibodies 

(Invitrogen), diluted 1:1000, for 30 min at room temperature. Confocal laser scanning analysis 

was carried out with a Microradiance 2000 laser scanning microscope (Bio-Rad Laboratories, 

Inc., Hercules, CA) equipped with Ar (488 nm), HeNe (593 nm) and Red (637 nm) diode 

lasers. Images (512X512 pixels) were obtained with 60X objective and analyzed using 

ImagePro 6.3 software. For fluorescence-activated cell sorter (FACS) analysis of CD95 cell 

surface expression, cells were incubated with 1% BSA in PBS for 45 min, and then with 

rabbit anti-CD95 antibody (FL335, Santa Cruz Biotechnology, 1:50) for 1h , followed by 

Alexa Fluor 488 goat anti-rabbit IgG (1:500) for 30 min at room temperature. Cells were then 

washed in PBS and analyzed by flow cytometer FACSCalibur (Becton Dickinson, San Jose, 

CA). Dead cells were gated out by forward and side light scattering.  

 

2.7. Antitumor activity 

In vivo experiments were performed using 8–11-week-old female SCID mice (CB17/ICR-

Prkdc
SCID

/Crl by Charles River, Calco, Italy). Experimental protocols were approved by the 

Ethics Committee for Animal Experimentation of the Fondazione IRCCS Istituto Nazionale 

dei Tumori (Milan, Italy), according to the United Kingdom Coordinating Committee on 

Cancer Research Guidelines [31]. Experimental groups included 5 to 10 mice. Exponentially 

growing MZ-CRC-1 cells (2.8 x 10
7
) were injected s.c. and tumor growth was followed by 

biweekly tumor diameter measurements using a Vernier caliper. Tumor weight (TW) was 

calculated according to the formula: TW (mg) = tumor volume (mm
3
) = d

2
 x D/2, where d and 

D are the shortest and the longest diameter, respectively. Treatments with RPI-1 started 5 days 

after tumor cell inoculum, when TW was approximately 70 mg. The drug was dissolved in 

vehicle (polisorbate 80: ethanol: distilled water, 20:8:72 v:v:v) and was delivered orally, by 
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gavage, at the dose of 100 or 150 mg/kg, bis in die (BID) for 45 days. Control mice were 

treated with vehicle. The efficacy of drug treatment was assessed as TW inhibition percent 

(TWI%) in drug-treated versus control mice expressed as TWI% = 100 - (mean TW treated / 

mean TW control x 100). Drug tolerability was assessed as body weight loss percent during 

treatment and lethal toxicity (i.e., any death in treated groups occurring before any death in 

the control group). 

 

2.8. Statistics  

Statistical analyses by 2-tailed Student’s t test, or Mann-Whitney test for in vivo experiments, 

were performed using the GraphPad Prism software, version 4.0 (GraphPad Prism Inc., San 

Diego, CA). P values lower than 0.05 were considered significant. 

 

3. RESULTS 

3.1. RPI-1 inhibits Ret-MEN2B transforming activity in NIH3T3 cells and induces apoptosis 

in MTC cells through the extrinsic pathway 

In a preliminary set of experiments, the biochemical and biological effects of Ret inhibition 

were examined in NIH3T3
MEN2B

 transfectants harboring the RET MEN2B-type mutation 

M918T. Upon treatment with the Ret inhibitor RPI-1, cell growth inhibition (IC50 = 4.7±0.2 

µM) was associated with reduction of Ret tyrosine phosphorylation/expression and with stable 

reversion of the transformed cell morphologic phenotype (Supplementary Figures S1 A and 

B). Drug-induced abrogation of Ret tyrosine phosphorylation and downregulation of Ret 

expression were then confirmed in the human MTC cell line MZ-CRC-1 expressing 

endogenous RET M918T (Fig. 1A). A strong reduction of activating phosphorylations in 

either ERKs or AKT in treated cells also indicated the downmodulation of the Ras/ERK and 

PI3K/AKT proliferation/survival pathways, both described as highly activated by the Ret 
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M918T mutant [10]. Cell treatment in a range of RPI-1 concentrations active against the Ret 

kinase inhibited cell growth in a dose-dependent way (Fig. 1B). 

Drug treatment also showed efficacy in in vivo experiments (Fig. 1C). In fact, upon 

oral administration at 100 or 150 mg/kg, BID for 45 days in mice bearing subcutaneous MZ-

CRC-1 xenografts, tumor growth inhibition was maintained during the treatment period (TWI 

at day 36 = 76% in both treated groups, P < 0.002 and P < 0.005, respectively). One week 

after treatment end, inhibition reached 72% and 75% (P < 0.005 and P < 0.01 vs controls) with 

the doses 100 and 150 mg/kg, respectively, without evidence of toxicity. 

MZ-CRC-1 cells treated with RPI-1 were then examined to assess apoptosis. Fig. 2A 

shows dose-dependent apoptosis measured by TUNEL staining. As previously described in 

MEN2A-type MTC cells (TT) [15], RPI-1-induced apoptosis was caspase-dependent. In fact, 

caspase-3 and, to a lesser extent, caspase-9 activation was detected by enzyme assays in a 

dose- and time-dependent way (Fig. 2B). Noteworthy, drug-treated MZ-CRC-1 cells, also 

showed a significant activation of caspase-8, the main initiator caspase of the extrinsic 

apoptosis pathway. 

 

3.2. CD95 apoptotic signal is potentiated by RPI-1 treatment in MEN2B-type MTC cells  

The CD95 DR inhibitor Fap-1 has been previously implicated in the signaling network 

sensitive to RPI-1 in MTC cells [27], and caspase-8 activation in MZ-CRC-1 cells suggested 

the engagement of DR-mediated apoptosis. Thus, we focused our investigation on the drug 

effects on CD95 cell death pathway. CD95-mediated signaling involves its translocation into 

lipid rafts even in the absence of the CD95 ligand [32]. In such functional microdomains, the 

formation of the death-inducing signaling complex (DISC) allows recruitment and 

autocatalytic processing of procaspase-8 [33]. To explore signaling events involved in RPI-1-

induced activation of this pathway, we examined the distribution of DISC components in cell 
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fractions insoluble in Triton X-100, typically enriched in lipid rafts [34]. CD95 showed a 

prevalent localization in the Triton X-100-soluble fraction of MZ-CRC-1 cells in basal 

conditions (Fig. 3A). Treatment with RPI-1 (60 μM, 96 h) induced a complete translocation of 

CD95 to the insoluble fraction suggesting its recruitment into the DISC; consistently, the 

adaptor molecule Fas-associated protein with death domain (FADD) and procaspase-8 

translocated from the soluble to the insoluble fraction after drug treatment. By contrast, the 

constitutive localization in the insoluble fraction of the cellular FLICE-inhibitory protein (c-

FLIPL), an endogenous caspase-8 antagonist, was not affected by drug treatment. 

Next, we examined whether RPI-1 treatment could enhance exogenous stimulation of 

CD95 sensitizing cells to CD95-mediated apoptosis. A partial re-localization of CD95 and 

procaspase-8 into the detergent-insoluble fraction was observed in cells stimulated with the 

anti-CD95 agonist monoclonal antibody CH11 (300 ng/ml). A similar re-distribution of the 

two apoptosis effectors was observed in cells treated with 30 μM RPI-1. However, the re-

localization of both CD95 and procaspase-8 was dramatically enhanced in cells exposed to the 

combined CH11/RPI-1 treatment, with a complete translocation to the lipid rafts-enriched 

fraction (Fig. 3B). At variance, the distribution of the TNF-related apoptosis inducing ligand 

receptor DR4, which also signals apoptosis through the extrinsic pathway [35], and that of c-

FLIPL were not modulated by treatments. Fap-1, a CD95-binding protein not participating to 

the DISC [24], maintained its prevalent distribution in the soluble fraction. Interestingly, it 

disappeared in cells receiving the combined treatment (Fig. 3B). Cell growth and apoptosis 

were then analyzed in cells exposed to the two agents (Figures 3C and 3D). Whereas CH11 

alone induced only a slight reduction of cell growth, the combination with RPI-1 produced a 

superadditive/synergistic interaction (SR = 1.2 and 2.1 in treatments combining 300 ng/ml 

CH11 with 15 µM and 30 µM RPI-1, respectively) (Fig. 3C). Likewise, the pro-apoptotic 

effect of the two agents was potentiated, as indicated by cell death assay (Fig. 3D) and by the 
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biochemical analysis showing increased cleavage of caspases and PARP, a substrate of 

executioner caspases, as compared to single agent treatments (Fig. 3E and Supplementary Fig. 

S2). 

 

3.3. RPI-1 treatment downregulates Fap-1 and upregulates cell surface CD95 in MZ-CRC-1 

cells  

The PTP Fap-1 is known to act as a negative switch in the CD95 pathway by binding CD95 in 

intracellular compartments and preventing its localization at the cell surface [24]. Changes in 

the levels of endogenous Fap-1 can modulate CD95 cell surface expression [36]. Since Fap-1 

levels in MZ-CRC-1 cell fractions appeared lowered by treatment with RPI-1 alone, and 

abolished by co-treatment with CH11 (Fig. 3B), we further investigated the relationship 

between the drug effects on Fap-1 cellular levels and apoptosis induction. In time-course 

experiments, Fap-1 levels decreased after RPI-1 treatment (60 μM) beginning at around 48h, 

and disappearing by 72h (Fig. 4A). A similar kinetics was observed for the cleavage of 

caspase-3 and PARP, indicating that Fap-1 downregulation paralleled apoptosis execution. 

Unexpectedly, cleaved forms of caspase-8 appeared earlier, being already detectable after 6h 

of RPI-1 treatment. A similar kinetics was observed for the downregulation of signaling 

pathways downstream of Ret as indicated by the abrogation of activating phosphorylations of 

AKT and ERKs (Fig. 4A). 

The biochemical and biological effects associated with Ret inhibition shown so far 

were consistent with the induction of CD95-mediated apoptosis promoted by the removal of 

the negative constraint exerted by Fap-1 on CD95. To test this hypothesis by an independent 

approach, we determined CD95 cell surface expression by FACS analysis (Fig. 4B). MZ-

CRC-1 cells showed low surface CD95 levels in basal conditions, however, CD95 

immunodetection increased in a dose-dependent way, beginning around 72 h after RPI-1 
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treatment. These findings confirmed that drug-induced downregulation of Fap-1 was reflected 

in the upregulation of CD95 at the cell surface. 

 

3.4. Fap-1 levels are regulated by Ret-MEN2B through a molecular interaction 

 To test further the connection between Ret inhibition, Fap-1 downregulation, and 

CD95-mediated apoptosis in MZ-CRC-1 cells, we used another Ret kinase inhibitor, 

sorafenib, structurally unrelated to RPI-1 [37]. Indeed, cell treatment with sorafenib (IC50, for 

24 and 48 h) downregulated Ret as previously reported [38] and this effect was consistently 

associated with Fap-1 downregulation and caspase-8 activation (Supplementary Fig. S3A). 

 Then, to get insight into the functional interplay of Ret with Fap-1, we performed 

RNA interference and transfection experiments. As shown in Fig. 5A, siRNA-mediated RET 

silencing in MZ-CRC-1 cells resulted in a remarkable reduction of Ret protein expression 

which was reflected in a marked downregulation of Fap-1 protein levels. Similar results were 

obtained in the MTC cell line TT harboring the MEN2A-type C634W RET mutant, indicating 

that the inhibitory effect of RET silencing on Fap-1 protein expression was not restricted to 

the MZ-CRC-1 MTC model (Supplementary Fig. 3B). We next performed transient 

transfections with expression plasmids encoding the RET-MEN2B mutant M918T in HEK293 

cells which do not express detectable levels of endogenous Ret but express low levels of Fap-

1. Cell lysates were analyzed for vector expression and Fap-1 levels 48 h after transfection 

(Fig. 5B). Phosphorylation of Ret Tyr1062, the docking site controlling most of Ret-

dependent signaling, was also detected to assess the activation state of the expressed Ret-

MEN2B protein. Ret-MEN2B was highly and dose-dependently expressed in transfected 

cells, showing also elevated phosphorylation levels. In agreement, its constitutive activation 

was reflected in increased phosphorylation of ERKs. Cells expressing the Ret mutant showed 

higher levels of Fap-1 as compared to the parental cells (Fig. 5B). These data indicated that 
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endogenous Fap-1 is likely stabilized by Ret mutant expression in MTC cells.  

A possible interaction between the two molecules was explored by co-

immunoprecipitation experiments. Fig. 5C shows that tyrosine phosphorylated Fap-1 was co-

immunoprecipitated with Ret from untreated MZ-CRC-1 cells. Reciprocal co-

immunoprecipitation confirmed the molecular interaction of Ret with Fap-1. As expected, a 

24 h-treatment with RPI-1 (60 µM) abrogated tyrosine phosphorylation of Ret and markedly 

downregulated its expression. Tyrosine phosphorylation of the Fap-1 was also decreased in 

treated cells as expected [27], although its binding to Ret was scarcely affected after 24 h of 

exposure to the drug. The persistence of the Ret-Fap-1 binding in treated cells suggested that 

the interaction between the two proteins was independent of Ret overall tyrosine 

phosphorylation. 

Having established that Ret and Fap-1 are present in a molecular complex in MZ-

CRC-1 cells, we analyzed their sub-cellular distribution by confocal microscopy after double 

labeling with specific antibodies. Indirect immunofluorescence staining revealed a similar 

dotted distribution of the two proteins throughout the cell (Fig. 5D). Merging of the two 

fluorescence signals showed partial co-localization thereby confirming that the two proteins 

can be found in the same intracellular compartments. 

 

3.5. Role of caspases in RPI-1-induced downregulation of Fap-1 and Ret  

We sought to investigate the mechanism leading to the downregulation of both Ret and Fap-1 

in MZ-CRC-1 cells exposed to RPI-1. Our data showed that drug treatment induced an early 

caspase-8 activation which preceded the occurrence of Fap-1 downregulation and the increase 

in CD95 cell surface expression (Fig. 4). Moreover, we observed that although cell treatment 

with CH11 was able to enhance Fap-1 downregulation in the presence of RPI-1, treatment 

with the CD95 agonist antibody alone did not affect Fap-1 protein levels (Fig. 6A). These 
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findings suggested that caspases, in particular caspase-8, might play a role also in events 

occurring before CD95 engagement, and confirmed that Fap-1 level decrease required Ret 

inhibition. 

To investigate the role of caspases in RPI-1-induced downregulation of both Fap-1 and Ret, 

MZ-CRC-1 cells were treated with the drug in the presence of caspase inhibitors. Fap-1 

downregulation induced by 48 h-treatment with RPI-1 was abolished by the caspase-8 

inhibitor peptide Z-IETD, as well as by the caspase-9 inhibitor Z-LEHD, or by the broad–

spectrum inhibitor Z-VAD (Fig. 6B). A distinct pattern of sensitivity to caspase action was 

displayed by Ret, which was still fully downregulated by RPI-1 treatment in the presence of 

Z-VAD and partially downregulated in the presence of the caspase-8 or -9 inhibitors. In these 

experimental conditions, Z-VAD inhibited the full cleavage of caspase-3 and completely 

abrogated PARP cleavage, thereby confirming the blockade of caspase executioners of 

apoptosis. In contrast, both Z-IETD and Z-LEHD induced only partial inhibition of caspase-3 

and PARP cleavage (Fig. 6B). These findings showed that whereas several caspases, 

including caspase-3, -8 and -9, may contribute to Fap-1 downregulation induced by RPI-1, 

Ret downregulation is at least partially dependent on the activity of initiator caspases 8 and 9 

but not of executioner ones such as caspase-3. 

 

3.6. RPI-1 treatment induces early local activation of Ret-associated caspase-8 independent 

of Src  

 The caspase-dependent downregulation of Ret induced by RPI-1 (Fig. 6B) reminded 

the dependence receptor function of Ret. A possible interaction of Ret with caspase-8 in MZ-

CRC-1 cells was analyzed by immunoprecipitation experiments. Procaspase-8 was co-

immunoprecipitated with Ret from either treated (60 μM RPI-1, for 6h) or untreated MZ-

CRC-1 cells (Fig. 6C). The immuno-precipitates also included Src, a known Ret-binding 
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signaling molecule and modulator of caspase-8 activation [12,39], whereas procaspase-3, or 

DISC components such as FADD or c-FLIP were absent (not shown). The presence of 

procaspase-8 in immuno-complexes containing Ret and Src tyrosine kinases prompted us to 

analyze the zymogen phosphorylation status in MZ-CRC-1 cells. In fact, tyrosine 

phosphorylation has been reported to play a role in the control of procaspase-8 processing by 

inhibiting its proteolytic activation [40]. Immunoprecipitation with anti-phosphotyrosine 

antibody revealed the procaspase basal tyrosine phosphorylation which was reduced by RPI-1 

treatment in a dose-dependent way (Fig. 6D). Moreover, this effect paralleled the zymogen 

cleavage. Procaspase-8 co-immunoprecipitated with Ret was also tyrosine phosphorylated 

(Supplementary Fig. S4A). Both RPI-1 and dasatinib, a TK inhibitor known to target Src [41] 

but not directly active on Ret (data not shown), were able to inhibit tyrosine phosphorylation 

of the Ret-bound zymogen. However, the effect of the Src inhibitor was not associated with 

early (6h) caspase-8 activation (Supplementary Fig. S4A), or with Ret and Fap-1 

downregulation and PARP cleavage at later times (24-48 h) (Supplementary Fig. S4A, B). 

These effects were thus plausibly induced by RPI-1 as a consequence of Ret inhibition. 

 

 

4. DISCUSSION 

The present study describes for the first time the cross-talk between a Ret oncoprotein 

responsible for development of inherited MEN2B syndrome and players of the extrinsic 

apoptosis pathway. In the context of a study exploring the therapeutic opportunity of targeting 

Ret in MEN2B-type MTC, we found that oral treatment of mice bearing subcutaneous 

xenograft tumors of the human MTC cell line MZ-CRC-1, carrying endogenous RET M918T 

mutation, with the Ret TK inhibitor RPI-1, resulted in a remarkable antitumor activity. 

Investigation of cellular effects indicated that drug treatment induced apoptosis through the 
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CD95 DR pathway. Our data showed that the RET mutant was able to regulate protein levels 

of the PTP Fap-1, a major negative regulator of CD95, likely through its stabilization. Ret 

formed a complex with Fap-1 and with zymogenic caspase-8. Targeting of Ret with RPI-1 

resulted in inhibition of procaspase-8 tyrosine phosphorylation and its early local activation 

followed by downregulation of both Ret and Fap-1, and CD95 engagement to apoptosis.  

Our data support a role of Fap-1 as a mediator of the cross-talk between Ret signaling 

and the CD95 pathway in MZ-CRC-1 cells. Fap-1 is a cytoplasmic PTP characterized by the 

presence of multiple protein-protein interaction motifs, including five PDZ domains, which 

allow it to function as a scaffold protein directing the assembly of macromolecular signaling 

complexes. Besides CD95, which can bind two PDZ domains, several signaling proteins have 

been described as Fap-1-binding proteins including HER2, IRS-1, STAT4, Ephrin B1, IkBα, 

and p75
NTR

 [42]. We show here that Ret co-localized with Fap-1 and the two proteins were 

co-immunoprecipitated from MZ-CRC-1 cells. Although our data do not allow for definitely 

establishing whether Ret binds Fap-1 directly, this hypothesis is suggested by the presence at 

the cytoplasmic tail of Ret of a sequence, Ser-Pro-Val, previously shown to be involved in the 

interaction between a PDZ domain of Fap-1 and p75
NTR

. Moreover, the Ret sequence Ser-Tyr-

Val, containing the autophosphorylation residue Tyr905, is also consistent with the canonical 

PDZ motif S/T-X-V [43]. 

Fap-1 is expressed at high levels in several tumor types [36]; its implication in cancer 

is complex and context-dependent being reported as either a tumor promoting or a tumor 

suppressor in different studies [23,42,44]. Interestingly, the recent identification of Fap-1 as a 

target of the epithelial-to-mesenchymal transition regulator miR-200c, which is lost during 

cancer progression, provides a mechanistic explanation for the early loss of sensitivity of 

cancer cells to CD95-mediated apoptosis during neoplastic transformation [45]. Our data 

support an anti-apoptotic role for Fap-1 in the context of MTC. Indeed, in MZ-CRC-1 cells 
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the Fap-1 function as inhibitor of the CD95 trafficking to the cell surface appeared to be 

controlled by Ret. In fact, disruption of the complex formed by Ret and Fap-1, following Ret 

inhibition, resulted in the upregulation of CD95 cell surface expression and ligand-

independent apoptosis which could be further enhanced by the CD95 agonist antibody CH11. 

Most likely, various mechanisms can contribute to upregulate Fap-1 in different tumor types 

[44]. In Ewing’s sarcomas, identification of Fap-1 as a transcriptional target for the oncogenic 

fusion protein EWS-FLT1 directly implicated Fap-1 in tumorigenesis [42]. In MZ-CRC-1 

MTC cells, Fap-1 did not seem to be regulated by Ret at the transcriptional level since Fap-1 

mRNA levels were not significantly reduced by RPI-1 treatments abrogating Ret expression 

in time-course experiment up to 96 h (not shown). Based on evidence that both proteins were 

subjected to caspase degradation following Ret inhibition, it is conceivable that engagement 

in a molecular complex with Ret might reduce proteolytic degradation of Fap-1, which is a 

labile protein in physiological conditions [46]. In agreement with this hypothesis, silencing of 

RET in the MTC cell lines MZ-CRC-1 or TT resulted in downregulation of Fap-1, whereas 

exogenous expression of RET-MEN2B in HEK293 cells increased Fap-1 protein levels. Fap-1 

stabilization might thus provide a mechanism contributing to survival in RET mutant-

expressing MTC cells. Although our study suggests that Fap-1 associates with Ret 

independently of Ret tyrosine phosphorylation, additional studies are needed to establish 

whether the Ret-Fap-1 interaction is regulated by reciprocal 

phosphorylation/dephosphorylation on specific tyrosine residues. The interaction between Ret 

and Fap-1 described in this study is in line with emerging evidence suggesting that a 

bidirectional communication between caspases and protein kinases/phosphatases contributes 

to the control of cell survival and cell death [47]. The cross-talk between these enzymes 

would normally allow for the fine tuning of the apoptotic threshold in response to alterations 

in the cellular environment. Consistently, cell transformation, which is often associated with 
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deregulation of the survival/apoptosis balance on favor of survival, frequently involves 

protein kinases and phosphatases. 

Proto-Ret is known as a “dependence receptor” inducing, in the absence of ligand, an 

active pro-apoptotic signal dependent on the receptor proteolytic processing by caspase 

activation [17]. Dependence receptors are structurally different but functionally related 

receptors involved in neuronal development and survival [48]. Notably, the interaction with 

Fap-1 is shared with another dependence receptor, the neutrophin receptor p75
NTR 

[49], thus 

suggesting that Fap-1 may be a common partner used by these receptors to regulate apoptosis. 

It remains poorly understood how the dependence receptor proapoptotic function is evaded by 

oncogenic Ret mutants. It has been postulated that the mutant receptor is “stuck” in the “off” 

position with respect to cell death induction, rendering cells insensitive to the lack of ligand 

availability [50]. The results reported here suggest that the “on” position for apoptosis 

induction may be restored by targeting Ret in MEN2B-type MTC cells. Activation of the 

caspase-8 pro-enzyme associated with the Ret mutant may be the initial event unlocking the 

dependence receptor function as endogenous caspase amplifier. In RPI-1-treated MZ-CRC-1 

cells, caspase-8 activation preceded by several hours caspase-3 activation. Indeed, we found 

that RPI-1-induced downregulation was at least partially dependent on caspase-8 enzyme 

activity. Procaspase-8 was co-immunoprecipitated with Ret. Moreover, Ret harbors a number 

of non-canonical and canonical caspase substrate cleavage sites including the known DEXD 

sequence required by caspase-8 [50] (www.casbase.org/casvm/index.html). It is worthy of 

note that in contrast with the proteolytic process of proto-Ret activated following GDNF 

deprivation [17], proteolysis of the Ret-MEN2B-type mutant likely does not involve caspase-

3.  

A general open question in apoptosis induced by dependence receptors concerns the 

initiation mechanisms [50]. We showed that procaspase-8 in MZ-CRC-1 cells, including that 

http://www.casbase.org/casvm/index.html
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associated with Ret, was tyrosine phosphorylated and treatment with RPI-1 strongly reduced 

this phosphorylation. It is tempting to speculate that Ret kinase inhibition might trigger local 

caspase-8 activation and the consequent Ret processing. These results are reminiscent of cell 

death mediated by the 3-integrin, another dependence receptor, which depends upon the 

ability of the integrin  subunit to recruit and activate locally caspase-8 in a DR-independent 

manner [50,51]. Our data also indicated that caspase-8 activation by RPI-1 could not be 

ascribed to the direct or indirect inhibition of Src, although phosphorylation of caspase-8 by 

Src was previously reported as inhibitory of the caspase proapoptotic function [39]. In 

addition, the data indicate that the local caspase-8 activation induced by Ret targeting is not 

sufficient to activate apoptosis. Rather, it appears to provide the initial event triggering a 

cascade of selective proteolytic processes, involving Ret and Fap-1, which eventually allows, 

several hours later, CD95 redistribution at the cell surface. The latter is regarded as a self-

sufficient event able to induce ligand-independent apoptosis or to decrease the threshold 

required to induce apoptosis by altering the balance between positive and negative (e.g. c-

FLIP) molecules participating to the DISC [52,53]. 

Collectively, our data support a hypothetical model in which Ret-MEN2B signaling 

and CD95-mediated apoptosis pathway cross-talk through Fap-1. According to this model, 

Ret forms a complex with both Fap-1 and procaspase-8. Ret kinase inhibition induces a 

sequence of events including: 1) inhibition of tyrosine phosphorylation and local activation of 

the associated zymogenic caspase; 2) Ret proteolytic processing (and possibly caspase 

amplification); 3) Fap-1 destabilization and proteolytic degradation; 4) CD95 release and 

engagement to lipid rafts; 5) ligand-independent CD95-mediated apoptosis. 

The findings reported in this study reveal previously unrecognized aspects of Ret 

molecular interactions which may potentially contribute to the malignant phenotype and 

provide the basis for novel therapeutic strategies in MEN2B-type MTC. The ability of Ret-
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MEN2B to exert a control on the cell surface expression of CD95 represents a mechanism 

whereby the oncoprotein can interfere with the extrinsic apoptosis pathway in MTC cells and 

may have a role in important steps of cancer development and progression such as immune 

escape [54] and resistance to apoptotic stimuli including chemotherapy [45,55]. The 

regulatory mechanisms described here may hold even a wider relevance since a possible role 

of RET is emerging in malignant tumors other than thyroid cancer [11]. Moreover, the same 

cross-talks can be shared by different receptor tyrosine kinases [56]. 

Multi-target therapeutics including Ret inhibitors have recently entered clinical trials 

showing significant activity in patients with MTC [3]. Noteworthy, we found that one of these 

agents, sorafenib [38], showed effects on the Ret /Fap-1 system comparable to those described 

for RPI-1. Although available reports from clinical trials hold promise, currently none of the 

tested mono-therapies appears to be curative, thus emphasizing the need for additional novel 

strategies to improve clinical responses. In conclusion, the results of the present study, 

showing that Ret inhibition enhances susceptibility to CD95-mediated apoptosis in MEN2B-

type MTC cells, suggest that combinatorial approaches with CD95 agonists warrant further 

investigation. 
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FIGURE LEGENDS 

 

Fig. 1. Effects of RPI-1 on Ret-MEN2B signaling and growth of MZ-CRC-1 MTC cells in 

vitro and in vivo. (A) Cells were treated with solvent (-) or drug (6, 20, 60 µM) for 24 h. Ret 

or phospho-tyrosine (pY) immunoprecipitates (IP) and whole cell lysates (WCL) were 

analyzed by Western blotting with the indicated antibodies. Tubulin is shown as a control for 

protein loading. (B) Growth curves of cells exposed to solvent or increasing concentrations of 

RPI-1, evaluated by SRB assay. Bars represent the mean of two separate experiments  SD, 

each performed in eight replicates. 
#
P < 0.001, 

##
P < 0.0001. (C) SCID mice inoculated s.c. 

with MZ-CRC-1 cells were treated orally BID with vehicle or RPI-1 for 45 days. Connected 

arrows indicate the beginning and the end of the treatment period. *P< 0.01, **P < 0.005. 

 

Fig. 2. Apoptosis induction in MZ-CRC-1 cells by RPI-1. (A) TUNEL staining analyzed by 

FACS after 7 days of drug treatment. A representative dose-response experiment is shown 

together with quantitative data obtained in three independent experiments. Mean percentages 

± SD. (B) Caspase activity assessed by fluorimetric assay. Lysates from cells treated with 

solvent (-) or RPI-1 were incubated with labeled peptide substrates specific for caspase-8, -9, 

or -3. Enzyme activity was detected using a fluorescence microplate reader and expressed 

relative to control cells. One experiment representative of two is shown. *P < 0.05, **P < 

0.0005. 

 

Fig. 3. Activation and potentiation of CD95-mediated apoptotic signaling by RPI-1. (A) MZ-

CRC-1 cells were treated with solvent (-) or 60 µM RPI-1 for 96 h. The distribution of DISC 

components in Triton-X-100-soluble (S) and -insoluble (I) cell fractions was analyzed by 

Western blotting. (B) Cells were treated with solvent (-) or 30 µM RPI-1 for 96 h and/or with 

300 ng/ml of anti-CD95 mAb CH11 in the last 48 h. Cell fractions were analyzed as in (A) 
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with the indicated antibodies. In (A) and (B), actin is shown as an example of protein whose 

distribution is not affected by treatments. (C) and (D), cells were treated with solvent (-) or the 

indicated concentrations of RPI-1 for 96 h and/or CH11 in the last 48 h. Cell growth (C) was 

evaluated by SRB assay and apoptosis (D) by cytoplasmic histone-associated DNA 

fragmentation assay. Bars represent mean values referred to control cells ± SD obtained in 

three separate experiments. 
#
SR = 1.2, 

##
SR = 2.1. (E) Cells were exposed to solvent (-) or 30 

µM RPI-1 and/or 300 ng/ml CH11. Whole cell lysates (WCL) were analyzed by Western 

blotting to assess caspase and PARP cleavage. Quantitative data on these blots are provided in 

Supplementary data, Fig. S2. Anti-tubulin blot shows protein loading.  

 

Fig. 4. Fap-1 levels and CD95 surface levels are inversely regulated by RPI-1 in MZ-CRC-1 

cells. (A) Kinetics of RPI-1 effects on Fap-1 protein levels, caspase activation and AKT/ERK 

signaling. Lysates from cells treated with solvent (-) or 60 µM RPI-1 for the indicated times 

were subjected to Western blot analysis with the indicated antibodies. For the detection of 

activating phosphorylations of AKT 
 
(pAKT) and ERK (pERK), filters were probed with 

phospho-specific antibodies and then blots were stripped and reprobed with antibodies 

directed against the respective proteins. (B) CD95 cell surface expression in cells treated with 

solvent (control) or RPI-1 at 30 µM and 60 µM for 96 h (upper panel) or RPI-1 at 60 µM for 

48 h, 72 h, and 96 h (lower panels). Cells were incubated with rabbit anti-CD95 antibody and 

then stained with Alexa Fluor 488 dye-conjugated anti-rabbit antibody followed by flow 

cytometry analysis. Shadowed histograms represent no primary antibody controls. Data are 

representative of three independent experiments. 

 

Fig. 5. Ret-MEN2B interacts with Fap-1 and regulates its levels in MZ-CRC-1 cells. (A) Cells 

were transfected with control or RET siRNA, or treated with the transfection reagent 
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(Lipo2000) alone. After 48 h, cells were subjected to an additional round of transfection and 

incubated with RPI-1 (60 µM) as indicated. Cell lysates were prepared 48 h later and analyzed 

for Ret and Fap-1 expression by Western blot. Values obtained by densitometric analysis of 

bands, normalized vs tubulin, are reported. (B) HEK293 cells were transiently transfected 

with increasing amounts (4 and 8 µg) of RETM918T expression vector (RET
MEN2B

). Cell 

lysates prepared after 48 h were probed with the indicated antibodies by Western blotting to 

detect Ret expression and activation, as well as Fap-1 expression. Protein loading was 

controlled by tubulin (A) or Hsp90 (B). (C) Cells were treated with solvent (-) or 60 µM RPI-

1 (+) for 24 h and then subjected to immunoprecipitation (IP) with anti-Ret or anti-Fap-1 

antibody. Immunoprecipitates were probed by Western blotting with the same antibodies or 

anti-phosphotyrosine (pY) antibody. As a control, Ret and Fap-1 protein levels were detected 

in whole cell lysates (WCL). Tubulin shows protein loading. (D) Confocal fluorescence 

microscopy showing Ret (red) and Fap-1 (green) immunodetection. Yellow staining indicates 

co-localization of the two proteins. Images show one single frame out of 26. Scale bar = 10 

µm. Representative data from two to three independent experiments are shown. 

 

Fig. 6. Role of caspases in Ret and Fap-1 downregulation induced by RPI-1 in MZ-CRC-1 

cells. (A) The CD95 agonist antibody CH11 alone does not modulate Fap-1 protein levels but 

enhances RPI-1-induced Fap-1 downregulation. Cells were incubated with solvent (-) or 30 

µM RPI-1 for 96 h in the presence or absence of 300 ng/ml CH11 in the last 48 h. (B) Effect 

of caspase peptide inhibitors on RPI-1-induced downregulation of Ret and Fap-1 cellular 

levels. Cells were pre-incubated with 50 µM z-VAD (broad-spectrum caspase inhibitor), z-

LEHD (caspase-9 inhibitor) or Z-IETD (caspase-8 inhibitor) for 1 h and then exposed to 

solvent or 60 µM RPI-1 for 48 h. (C) Procaspase-8 co-immunoprecipitation with Ret. Cells 

treated with solvent (-) or 60 µM RPI-1 for 6 h were processed for immunoprecipitation (IP) 
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with anti-Ret antibody or whole cell lysate (WCL) preparation. (D) Inhibition of procaspase-8 

tyrosine phosphorylation in cells treated with RPI-1. Cells exposed to increasing drug 

concentrations (6, 20, 60 µM) for 24 h were subjected to IP with anti-phosphotyrosine 

antibody (pY) or WCL preparation. In each panel, samples were probed with specific 

antibodies by Western blotting. Tubulin blots represent protein loading controls. 
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