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Abstract

Gastrointestinal stromal tumors (GIST) are mesenchymal neoplasms, believed to originate from 

the interstitial cells of Cajal (ICC), often caused by overexpression of tyrosine kinase receptors 

(TKR) KIT or PDGFRA. Here, we present evidence that the embryonic stem cell factor 

FOXD3, first identified as “Genesis” and functioning in both gastrointestinal and neural crest 

cell development, is implicated in GIST pathogenesis; its involvement is investigated both in 
vitro and in zebrafish and a mouse model of FOXD3 deficiency. Samples from a total of 58 

patients with wild-type GISTs were used for molecular analysis, including sanger sequence, 

CGH and methylation. Immunohistochemistry and Western blot evaluation were used to access 

FOXD3 expression. Additionally, we conducted in vitro functional studies in tissue samples and in 

transfected cells to confirm the pathogenicity of the identified genetic variants. Germline partially 

inactivating FOXD3 sequence variants (p.R54H and p.Ala88_Gly91del) were found in patients 

with isolated GIST. Chromosome 1p loss was the most frequent chromosomal abnormality 

identified in tumors. In vitro experiments demonstrate the impairment of FOXD3 in the presence 

of those variants. Animal studies showed disruption of the GI neural network and changes in 

the number and distribution in the ICC. FOXD3 suppresses KIT expression in human cells; its 

inactivation led to an increase in ICCs in zebrafish, as well as mice, providing evidence for a 

functional link between FOXD3 defects and KIT overexpression leading to GIST formation.
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Introduction

Gastrointestinal (GI) stromal tumors (GIST) are the most common mesenchymal tumors 

of the GI tract. Most often, GISTs are caused by somatic or germline-activating mutations 

of the KIT and PDGFRA tyrosine kinase (TK) receptor genes and treated with imatinib 

mesylate (STI571) and other TK inhibitors (TKIs) (Gopie, et al. 2018; Miettinen and Lasota 

2006). Up to 15% of all GISTs do not have these mutations (“wild-type” or wt-GISTs). 

Patients with wt-GISTs tend to be younger and respond poorly to TKIs (Gopie, et al. 2018; 

Miettinen and Lasota 2006), suggesting additional molecular pathways involved in GIST 

pathogenesis.

In a subset of patients, multiple GISTs are associated with other tumors, in the dyad of 

paraganglioma (PGL) and gastric stromal sarcoma or Carney-Stratakis syndrome (CSS), 

and the triad of gastric leiomyosarcoma, functioning extra-adrenal PGL and pulmonary 

chondroma or Carney triad (CT) (Carney 2009). Germline variants of the succinate 

dehydrogenase (SDH) subunit genes SDHA, SDHB, SDHC and SDHD are found in patients 

with CSS (McWhinney, et al. 2007), and SDHC hypermethylation at somatic level is 

reported in CT. However, the genetic defect(s) responsible for most cases of CT remain 

elusive. Comparative genomic hybridization (CGH) has suggested that chromosome 1p is 

likely to harbor defect(s) associated with GISTs in these patients (Matyakhina, et al. 2007). 

Loss in the short arm of chromosome 1 is described, in addition to CT patients, also in 

sporadic wt-GIST (Derre, et al. 2001; El-Rifai, et al. 2000).
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In the present study, we used a genome-wide search tool (previously described by Assie 

et al., 2008 (Assie, et al. 2008) for the identification of genetic defects associated with 

GISTs in the sporadic setting, as well as in the context of CT. We present evidence that 

the embryonic stem cell factor FOXD3, first identified as “Genesis” and functioning in 

both gastrointestinal and neural crest cell development, is implicated in GIST pathogenesis. 

FOXD3 involvement is investigated both in vitro and in zebrafish and a mouse model of 

FOXD3 deficiency.

Materials & Methods

Clinical Studies and Human Samples

The institutional review boards at the US Eunice Kennedy Shriver National Institutes of 

Child Health and Human Development, the US National Institutes of Health (NIH), the 

Mayo Clinic (Rochester, MN USA) and Hôpital Cochin (Paris, France) approved the 

contact of the families and their participation in the study. Informed written consent was 

obtained from all individuals. Blood samples were collected from a total of 58 patients with 

wt-GISTs, including 22 CT patients as described previously (Assie, et al. 2008; Matyakhina, 

et al. 2007), 10 recent CT patients, and 26 wt-(not CT)-GISTs patients. Tumor tissue 

samples from a total of 36 patients were available. Of those, 20 CT (including GIST, 

paraganglioma and pheochromocytoma) and 5 wt-(not CT)-GIST patients were available 

and were processed for histopathology or immunohistochemistry following formalin-fixed 

and paraffin-embedded (method detailed below). Frozen tumor tissues from 27 CT patients 

and 3 wt-(not CT)-GISTs were available for molecular studies. Most of these tumors and 

their clinical features have been reported previously in Matyakina et al., 2007 (Matyakhina, 

et al. 2007). We report IHC data that were either available (Matyakhina, et al. 2007) or 

that we obtained for this study. By definition, we included only SDHB-negative tumors by 

IHC in the study because we were looking for genes mutated in SDHB-negative tumors that 

were negative for SDHx pathogenic variants. Also to be included in the study, all patients 

were SDHA, SDHB, SDHC and SDHD variant-negative; however, one patient that was 

SDHB IHC negative was later found to have CSS due to a germline SDHB mutation variant 

not identified in previous analysis (see results). Tumors were microdissected to isolate 

normal and tumorigenic tissue. DNA was isolated from tumor samples and lymphocytes, as 

described previously (Assie, et al. 2008; Matyakhina, et al. 2007). DNA samples from 375 

controls of similar ethnicity’s population, previously described (Faucz, et al. 2011), were 

used for comparison.

Genome-wide analysis

Infinium II assay on HumanHap300 V2 arrays were run on the Illumina Beadstation 

(Genomics Core Facility, Cleveland Clinic Foundation). To detect hemizygous somatic 

deletions in heterogeneous tumor samples, the Beadstation records B-allele frequency (BAF) 

on a scale from 0 (reflecting an AA genotype) to 1 (reflecting a BB genotype) and analyzed 

by the SOMATICs software as previously described (Assie, et al. 2008).

FOXD3 gene structure, primers, and sequencing—Two different sets 

of primers were used to amplify the FOXD3 coding region: AMP1 – 
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5’-CGCCGAGTGTGAGCTGAG-3’ (forward) / 5’-TCAGGGTCAGCTTCTTCTGC-3’ 

(reverse); and AMP2 – 5’-GAAGCCGCCTTACTCGTACA-3’ (forward) / 5’-

GTTTGCTCGACCAGCTTAGG-3’ (reverse). The amplification was done using AccuPrime 

Pfx DNA polymerase according to the manufacturer recommendations (Invitrogen, Inc). 

A touchdown PCR was performed with the annealing temperature ranging from 66°C 

to 60°C, decreasing 0.5°C per cycle. The total number of cycles was 40, including the 

touchdown part. Gel-purified PCR products were sequenced on 3130XL Genetic Analyzer 

(Applied Biosystems). Sequences were visually inspected and analyzed using Vector NTI 

Advance 11 (Invitrogen). All identified variations were verified on an independent DNA 

aliquot from the same patient. To assess a potential LOH, a nested PCR and sequencing 

were applied on microdissected tissue from an unstained slide. H&E stained tissue from 

proximal slices was used to select at least three microdissected sections for both tumor 

and normal cells. The nested PCR was done using the AMP1 amplicon for the first 

PCR and, for the nested, the primers: LOH - 5’-ACGGCCGAGGACGTGGACAT-3’ 

(forward) / 5’-AGGGTCAGCTTCTTCTGCGG-3’ (reverse). For the nested PCR the 

annealing temperature used was 62°C.

Methylation Assay

DNA methylation was quantitatively assessed at single CpG units by the MassARRAY 

technique (Sequenom, San Diego, CA) as previously described (Ehrich, et al. 2005). 

Briefly, 200–500 ng of genomic DNA were sodium bisulfite-treated, PCR-amplified, in vitro 
transcribed, processed by base-specific RNase A cleavage, and subjected to matrix-assisted 

laser desorption ionisation-time of flight mass spectrometry (MALDI-TOF). Methylation 

standards (prepared from whole genome amplified unmethylated and SSS.I in vitro 
methylated genomic DNA) and correction algorithms based on the R statistical computing 

environment were used for data normalization. The methylation analysis was divided in 7 

different areas, were the first 4 were located in the promoter region of FOXD3 and the last 

3 were located on the gene. The methylation results are displayed as heat maps using the 

Mutliple Experimental Viewer software (MeV) (Saeed, et al. 2003).

Animal studies

All experiments were performed according to the National Institutes of Health Animal 

Care and Use Committee (ACUC) guide for the care and use of Laboratory animals (NIH 

Publications No. 8023, revised 1978), under approved protocol ASP# 18–033. The general 

euthanasia method for mice was CO2 followed by cervical dislocation. Isoflurane was 

used for chemical restraint. Animals were initially exposed to 3–5% isoflurane until the 

animal was recumbent. Flow was reduced to 2% and the animal was monitored until it 

was in a deep plane of anesthesia which was indicated by a lack of righting reflex, and a 

reduced respiratory rate. In compliance with the NIH Animal Research Advisory Committee 

guidelines and applying the U.S. Government Principle IV, the animals were observed by the 

team of technicians, and whenever signs of pain or distress were observed, measures were 

taken in accordance with the protocol guidelines so that these situations were eliminated. For 

the zebrafish study, the general euthanasia method was icy water for 3 minutes.
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Immunohistochemistry and Western Blot Analysis

On mouse paraffin-embedded GI ileum sections immunohistochemistry using 

immunofluorescence-detection was used to examine the role of Foxd3 heterozygosity 

on interstitial cells of Cajal (ICC) numbers. For immunohistochemistry, commercially 

available antibodies were used. Primary antibodies were as follows: c-kit (DAKO A450229) 

and Ano1 (Anti-TMEM16A; ab53212), for the secondary fluorescence antibody used 

for detection goat anti-rabbit Alexa Fluor 555 IgG (H+L) was used. Photomicroscopy 

images were taken using the Leica DMRX microscope attached to an Olympus DP72 

camera. Images were acquired using CellSens software (Olympus). Whole mount 

immunohistochemistry on zebrafish embryos was performed using TCA fixation for 30 

minutes, followed by permeabilization with 0.2 % Triton in PBS, and incubated overnight 

with primary and secondary antibodies (see below). Antibodies for human samples: FOXD3 

(ab64807), PDGFRA (ab61219), GAPDH (ab9485), c-KIT (ab5506). Antibodies for 

zebrafish experiments: c-kit (abcam16832), acetylated tubulin (SigmaAldrich); secondary 

fluorescence antibodies used for detection were goat anti-rabbit Alexa Fluor 488 IgG (H+L) 

(Invitrogen) and donkey anti-mouse Cy3 (Jackson ImmunoResearch, Inc.) Photomicroscopy 

images were acquired by confocal microscopy (LSM 510META, Carl Zeiss). Western 

blot analysis was performed as previously described (Park, et al. 1999). Complexes were 

visualized with appropriate horseradish peroxidase-conjugated secondary antibody and 

developed by enhanced chemiluminescence procedure (Santa Cruz Biotechnology).

siRNA experiments

HEK293 and NTERA-2 cells were transfected with 100 nM MISSION siRNA (Sigma- 

Aldrich, St. Louis, MO) specific for human FOXD3 (SASI_Hs01_00011568), or 

nontargeting pool siRNA using N-TER peptide transfection reagent (Sigma-Aldrich), as per 

manufacturer’s instruction. The efficiency of siRNA target gene disruption was confirmed 

by Western blot analysis following standard procedures.

Luciferase Reporter Assay

FOXD3 luciferase promoter construct was a generous gift from the laboratory of Dr. Robert 

Hromas (Indiana University, USA) (Guo, et al. 2002). Transfections were carried out 

in HEK293 cells using Lipofectamine 2000 Reagent (Invitrogen, Inc), the Promega Beta-

galactosidase enzyme and Luciferase assay systems (Promega, Madison, WI), according to 

manufacturer’s protocol. Data were controlled for transfection conditions and fold change 

was compared to wild type.

Zebrafish experiments

The sym1 (Stewart, et al. 2006) mutant zebrafish (foxd3zdf10/zdf10) harboring a point 

deletion resulting in a premature stop codon in the conserved forkhead domain of foxd3 
were ordered from ZIRC (Eugene, OR, USA) and maintained under standard conditions in 

the NIH Aquatic Facility.
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Mouse experiments

Foxd3+/− mice (Hanna, et al. 2002) were used in all experiments as the homozygous 

deletion is embryonically lethal. Foxd3+/− mice were maintained on a mixed genetic 

background and were maintained in accordance with protocols approved by the National 

Institutes of Health. Foxd3+/− and wild-type mice were presented for necroscopy at 12 

months (mo). The GI was dissected, and the ileum was collected, embedded in paraffin 

and sectioned at 10μm. Routine H&E (sections were used to examine morphology as 

well as determine muscularis thickness) was performed, as well as immunofluorescence 

immunohistochemistry, to quantitate the number of ICC, as determined by c-kit-positive 

(immunofluorescence).

Mouse data quantification

The number of ICC in the ileum, as determined by c-Kit immunostaining, was determined 

for each animal (wild-type n=3; Foxd3+/− n=5), in three sets of sections. Twenty randomly 

selected, non-overlapping fields were photographed per section at 20x magnification, as per 

previously described method (Szarek, et al. 2008). The number of all c-Kit-positive cells was 

totaled, manually.

Ileum muscularis thickness was determined from H&E stained sections. Three to five sets of 

sections per animal and 10–20 random fields were examined. Using Metamorphous software 

(Olympus) within each field, equally spaced lines were placed to cover the entire field. From 

here measurements were taken and the average thickness was determined per field.

Electron Microscopy

Mice were transcardially perfused fixed with 2.5% glutaraldehyde plus 4% PFA, made in 

0.1M sodium cacodylate buffer, pH 7.4. Excised GI tissues were cut into one-millimeter 

cubes and left to post fix overnight in the same fixative in a glass vial overnight at 

room temperature. Tissue samples were then rinsed in 0.1M sodium cacodylate buffer. The 

following processing steps were carried out using the variable wattage Pelco BioWave Pro 

microwave oven (Ted Pella, Inc., Redding, CA.): post-fixed in 1% osmium tetroxide made 

in 0.1M sodium cacodylate buffer, rinsed in double distilled water (DDW), 2% (aq.) uranyl 

acetate enhancement, DDW rinse, ethanol dehydration series up to 100% ethanol, followed 

by a Embed-812 resin (Electron Microscopy Sciences, Hatfield, PA.) infiltration series up to 

100% resin. The epoxy resin was polymerized for 20 hours in an oven set at 60°C. Ultra-thin 

sections were prepared on a Reichert-Jung Ultracut- E ultramicrotome (80nm). The sections 

were collected on 200 mesh cooper grids (Electron Microscopy Sciences, Hatfield, PA) and 

post-stained with uranyl acetate and lead citrate and examined in a JEOL 1400 transmission 

electron microscope operating at 80kV. Images were acquired on a Gatan UltraScan 1000XP 

camera.

Statistical Analyses

Graphs were generated using Graph Pad Prism version 9.2.0. Statistical analyses were 

performed using Student’s t test. Data are expressed as mean ± SEM. For immune staining 

assays, data represents the average of positive stained cells of each slide. Differences 

between mean values were considered significant when p <0.05.
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Results

The genome-wide screen for genetic defects in wt-GIST patients (CT and non-CT) (Assie, 

et al. 2008) identified chromosome 1p as the most frequently affected region in these lesions 

(Supplementary Fig S1). FOXD3 was deleted in 6 tumors from 5 patients (of a total of 22 

patients screened) with CT and wt-GISTs. All identified FOXD3 deletions (Fig 1A) were 

somatic and led to FOXD3 down-regulation in the tumors (Fig 2A). The profile observed in 

the samples with an alteration at the FOXD3 locus through CGH-array analysis is consistent 

with the presence of somatic deletions, ruling out uniparental disomy (Supplementary Fig 

S2). Furthermore, in line with these findings, the two GIST patients with 1p31 deletions 

and tissue available for immunohistochemistry consistently exhibited lighter staining in 

comparison to GIST tumors without chromosomal deletion (Fig 2B). In fact, all other eight 

tumors stained for FOXD3 showed normal levels of FOXD3 expression within the tumor 

and the normal tissue. This lighter staining observed in the patients with 1p31 deletion can 

be interpreted as either negative or decreased.

Two FOXD3 coding variants were found among 26 unrelated patients who did not 

have CT but were affected by sporadic wt-GISTs: c.161G>A/p.R54H (rs199958231 – 

0.2%-GnomAD) and c.262_273del / p.Ala88_Gly91del (“del12” – rs151026788 – 0.09%-

GnomAD) (Fig. 1B). The R54H and del12 FOXD3 variants were rare among 372 

ethnically-matched populations controls (X2=4.567, p=0.03). A third coding sequence 

variant, c.286G>T/p.V96L (rs2274188 – 1.1%-GnomAD) (Fig 1B), was found in a pediatric 

GIST patient, but the frequency was not significantly different than in the control samples 

(4/372, p <0.05) and this patient was later found to have CSS due to a germline SDHB 
mutation (c.725G>A/p.R242H - rs74315368 – 0.001%-GnomAD). No other variants in 

SDHx genes (including SDHA, SDHB, SDHC, and SDHD genes) were present in this 

cohort. All the samples have been analyzed by both whole exome sequencing and Sanger 

sequencing of individual genes related to GIST, including BRAF, NF1, HRAS, NRAS, 
ARID1A, ARID1B, CBL, FGFR1, ATR, LTK, SUFU, PARK2, ZNF217, KRAS, MEN1 and 

PIK3CA. No mutations in these genes have been found in the samples tested in the present 

study. The few variants that we found in KRAS, BRAF, NF1 and other genes were reported 

separately in Boikos et al., 2016 (Boikos, et al. 2016). Given the absence of RNA-seq 

analysis, it is possible that some wild-type GISTs may harbor undetected oncogenic fusions, 

as previously described (Dermawan, et al. 2022; Luo, et al. 2022).

Peripheral blood and tumor DNA was available from one of the two patients with wt-

GIST and a FOXD3 sequence variant; loss of the normal c.161G FOXD3 allele (loss-

of-heterozygosity, LOH) was demonstrated for the tumor bearing the c.161G>A/p.R54H 

germline variant (Fig 1B). Furthermore, 7 tumors that did not harbor 1p deletions or 

sequencing defects were found to have acquired methylation (Fig 1C) of CpG units 

(consisting of one or several CpG dinucleotides) spread upstream of FOXD3 gene. The 

coding sequence region of the gene showed increased DNA methylation levels, however, 

these results did not reach statistical significance. One of those patients (CTRS03) showed 

decreased FOXD3 protein expression (Fig 2A)
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All the tumors studied here were “classic” wt-GISTs, in the sense that their primaries were 

primarily in the antrum of the stomach and their histology was epithelioid. As with other 

wt-GISTs, lymph node metastasis was present in 12 (out of 58 – 20.7%) patients. There 

was no specific histological or clinical feature that could distinguish the lesions harboring a 

FOXD3 variant from the ones without variant. Patients with FOXD3 variants had a clinical 

course that was generally indistinguishable from those that did not have these variants 

although the numbers of patients in either group is small for any conclusions.

The relative luciferase activation of the three FOXD3 variants found in our cohort were 

analyzed using the HEK293 cell line. The variants R54H and del12 showed a decreased 

ability to activate the target promoter. The variant V96L showed no significant difference, 

although it showed a trend of decreased activity. (Fig 3A) (Guo, et al. 2002).

Down-regulation of FOXD3 by small inhibitory (si) RNA in HEK293 and NTERA-2 cells 

resulted in an increase in c-KIT expression (Fig 3B). Furthermore, because melanocytic 

lesions are frequent in CT patients (Fig 2C), we assessed the foxd3 mutant zebrafish 

embryos for pigmentation: these fish were, indeed, heavily pigmented (Fig 4A, 4B, 4F, 

4G). In addition, foxd3 mutant zebrafish showed disruption of the GI neural network and an 

increased number of enlarged kit-immunoreactive Cajal-like cells (Fig 4C–4E, 4H–4J).

Ultrastructural changes in morphology of ICC in Foxd3+/− and wild type mice was 

examined using c-KIT+ immunostaining. Immunostaining revealed increased absolute ICC 

numbers (Fig 5A) in the inner circular muscularis of the ileum in all animals with Foxd3 

haploinsufficiency versus the wild type; in the outer longitudinal layer ICC numbers were 

decreased (Fig 5A) and there was no difference in the thickness of the muscularis (Fig 5B).

Discussion

Wt-GISTs are rare tumors accounting for about 15% of all gastrointestinal tumors and being 

more frequent at younger ages (Gopie, et al. 2018). Among the wt-GISTs, including some 

CT patients without SDHx variants, a frequently found somatic chromosomal alteration is 

the deletion of the short arm of chromosome 1 (1p31.1), spanning several genes, including 

FOXD3 (Derre, et al. 2001; El-Rifai, et al. 2000; Matyakhina, et al. 2007). In the present 

study, we were able to confirm the presence of 1p loss at the somatic level in 5 out 

of 22 patients (22.7%). A significantly higher frequency of FOXD3 coding changes was 

also observed in patients with wt-(not CT)-GISTs (8%) compared with 372 ethnically 

matched population controls. A significant difference was also observed when the frequency 

of variants was compared with a population database (https://gnomad.broadinstitute.org) 

(0.36%, p < 0.0001, odds ratio 22.96, 95% confidence interval 5.41–97.42). When compared 

to other genes with a potential predisposition to the development of wt-GISTs, the 

prevalence of FOXD3 variations in our wt-GISTs group was similar or higher. Also, based 

on in silico analysis, the two original residues of FOXD3 variants found in this work (R54H 

and del12) are highly conserved across species.

Epigenetic silencing of cytosines in CpG dinucleotides via methylation is a well-

acknowledged GE regulatory mechanism (Sabatucci, et al. 2020). FOXD3 methylation has 
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been previously reported in colorectal cancer, hepatocellular carcinoma, and ovarian cancer 

(He, et al. 2015; Luo, et al. 2019; Xu, et al. 2019). However, until now, it was not described 

in benign tumors such as wt-GISTs. In this study, we observed increased levels of FOXD3 
upstream methylation in the tumors of patients with wild-type FOXD3 gene sequence, 

despite the analysis being limited to a small subset of patients (8 out of 58). It is important 

to note that due to the small number of patients analyzed, other genes, such as SDHx, could 

also potentially be subject to epigenetic silencing. Further investigations with larger patient 

cohorts are warranted to explore the potential epigenetic regulation of additional genes 

involved in the pathogenesis of these tumors. Protein analysis by western blot of one of these 

patients (CTRS03) showed a decrease in FOXD3 protein expression when compared with 

patients without any known FOXD3 defect. This indicates that epigenetic regulation through 

aberrant DNA methylation could be an important mechanism impacting FOXD3 expression 

and thereby contributing to the development of tumors such as wt-GISTs. Important to note 

that due to the it is possible that other patients may have epigenetic silencing of SDH.

In addition, in some CT patients, we observed the presence of an increased number of 

melanocytic lesions. Finally, strong pigmentation was also seen in foxd3 mutant zebrafish.

Next, we investigated how FOXD3 suppression could lead to GIST development. FOXD3 
encodes a winged helix/forkhead class transcription factor that is expressed in pre-migratory 

neural crest cells and regulates neural crest cell fate through interaction with different key 

players in the nucleosome and chromatin organization to maintain multipotency and define 

cell destination (Lukoseviciute, et al. 2018; Stewart, et al. 2006; Xiao, et al. 2019). In rats, 

it has been demonstrated that Foxd3, together with Foxd4, is important for the development 

of hindgut (Wang, et al. 2018). Foxd3 and Kit expression are coordinated in melanocyte 

differentiation in zebrafish (Cooper, et al. 2009; Teng, et al. 2008). In the present work, we 

show that FOXD3 expression is negatively correlated with c-KIT expression in the human 

cell lines HEK293 and NTERA-2. In the Foxd3-haploinsufficient mice, an increase of c-Kit 

expression was observed in the inner circular muscularis of the ileum, which correlated with 

an increase in the absolute number of interstitial cells of Cajal. This observation provides 

a link between in vivo FOXD3 deficiency and an increase in the precursor cells of GISTs. 

GISTs have long been considered a stem cell neoplasm, thought to originate from the 

interstitial cells of Cajal (ICCs). ICCs are pacemaker cells of the GI tract expressing both 

neural (KIT) and mesenchymal (CD34) markers and are located between the circular and 

longitudinal muscle layers of the muscularis propria (the GI muscle wall) in intimate contact 

with smooth muscle cells and proximal to autonomic ganglia (Kindblom, et al. 1998). In 

foxd3 mutant zebrafish, the disruption of the GI neural network may indicate a disruption of 

tissue homeostasis, favoring the development of tumors in that region.

In conclusion, the identification of FOXD3 somatic variants, epimutation and somatic 

loss of FOXD3 in wt-GISTs, as well as the demonstration of the correlation between 

FOXD3 deficiency and ICC dysregulation in vitro and in vivo, is an important step 

toward understanding the molecular basics of GISTs. These results have multiple clinical 

applications, including providing personalized clinical decision support and development of 

targeted therapeutic agents against these rare tumors.

Faucz et al. Page 9

Endocr Relat Cancer. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Molecular analysis of FOXD3, including CGH, sanger sequencing and methylation 
analysis
(A) CGH array showing somatic loss of the 1p locus harboring the FOXD3 in a 

Gastrointestinal stromal tumor (GIST) from a patient with Carney triad (CT); (B) Top: 

Sanger sequencing showing genetic variants in FOXD3; from left to right: Germline 

heterozygous variant c.161G>A (DNA from blood), LOH-consistent appearance of 

c.161G>A (*) in DNA from matched tumor tissue, germline deletion (p.Ala88_Gly91del, 

del12), germline variant p.V96L; bottom: conservation of the corresponding FOXD3 loci 

across species; (C) Left: DNA methylation analysis (range of DNA methylation from 0 to 

100% is indicated by yellow-blue color gradient, gray indicates missing information) of 

CpG units within the FOXD3 upstream and promoter region in (i) normal abdominal tissue; 

(ii) tumor DNA from wild-type GIST; (iii) tumor DNA from GIST and PGL samples of 

CT patients; (iv) germline DNA from patients with wild-type GIST and CT (CT patient 

indicated with *); right: schematic representation of the identified genetic variants along the 

FOXD3 gene; CpG sites are indicated.
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Fig 2. Down regulation of FOXD3
(A) Top: Western blot showing decreased FOXD3 protein expression in tumors with 1p31 

deletion (*) or FOXD3 promoter methylation (#) compared to samples without known 

FOXD3 defects; bottom: band densitometry quantification of each sample; bars represent 

the ratio FOXD3 / GAPDH; (B) decreased FOXD3 immunoreactivity in a tumor with 1p31 

deletion (right) compared to a GIST caused by a PDGFRA mutation (left); bar indicates 10 

μm; (C) Pigmented skin lesions in a patient with CT whose tumor showed methylation.
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Fig 3. In vitro tests for evaluation of FOXD3 variants activity and relation between FOXD3 and 
c-KIT expression
(A) Decreased transcriptional transactivation of the identified FOXD3 sequence variants; 

*p <0.001; (B) Top: siRNA knockdown of the FOXD3 resulted in an upregulation of 

c-KIT expression in both HEK293 (left) and NTERA-2 (right) cell lines; bottom: band 

densitometry quantification of each sample in each cell line; for each sample the black bars 

represent the ratio FOXD3 / GAPDH and the grey bars represent the ratio c-KIT / GAPDH;
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Fig 4. foxd3zdf10/zdf10 mutant zebrafish embryos and gastrointestinal immunohistochemistry 
analysis
Foxd3 mutant zebrafish (B,G) embryos show hyperpigmentation (white brackets and black 

arrows) compared to wild-type (A,F). Foxd3 mutant zebrafish embryos show increased 

numbers of Cajal-like cells and decreased neural innervations (H-J) compared to wild-type 

(C-E), bar indicates 10 μm.
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Fig 5. Analysis of the number of Interstitial Cells of Cajal and thickness in the muscularis of the 
ileum in Foxd3+/− mutant and wild type 12-month old mice
(A) Interstitial cells of Cajal (ICC) identified by c-Kit immunostaining; right: Foxd3+/− 

mutant showing a higher c-Kit staining in the inner circular muscularis and a lower c-Kit 

staining in the outer longitudinal muscularis when compared with a wild type 12-month old 

mice (left); bar indicates 20 μm; (B) c-Kit positive cells were counted in random fields from 

the ileum (n=3 wild type and n=5 Foxd3+/− mutant mice); (C) Thickness of the muscularis 

was measured in random fields (10–20 measurements/field) from the ileum (n=3 wild type 

and n=5 Foxd3+/− mutant mice). Data represented as mean ± SEM. * p <0.0001.
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