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Abstract: Objective: The study aimed to explore the pathogenicity of RET p.Phe147del in a Hirschsprung’irschspru 
(HSCR) family and facilitate the deeper understanding of HSCR families. Methods: Whole-exome sequencing (WES) 
was performed to decipher a HSCR family. We used a “GlycoEP” tool to analyze RET protein glycosylation. A series 
of molecular biological approaches including mutated plasmid construction, cell transfection, polymerase chain 
reaction, immunofluorescence and immunoblotting were introduced to determine the mutation status and altered 
expression of RET as well as its related genes or proteins. MG132 was applied to analyze the mechanism of mutated 
RET. Results: WES and Sanger results revealed that p.Phe147del in-frame mutation (IM) was a potential pathoge-
netic factor for familial HSCR. Moreover, the IM led to disrupted N-glycosylation of RET accompanied with protein 
structural change, resulting in the decreased transcriptional and protein level of RET, CCND1, VEGF and BCL2, and 
the decreased protein level of phosphorylated ERK and STAT3. Further studies revealed that the IM-evoked RET 
decline was reversed by inhibiting proteosome in a dose dependent manner, thus suggesting that the decrease in 
intracellular RET protein levels interrupted the transportation of RET protein from the cytoplasm to the cell surface. 
Conclusion: The newly found p.Phe147del IM of RET is pathogenic to familial HSCR and it disrupts RET structure 
and abundance via the proteasome pathway, representing evidence for the early prevention, clinical diagnosis and 
treatment of HSCR. 
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Introduction

Hirschsprung’s disease (HSCR) is a congenital 
disease resulting in developmental disorders of 
the enteric nervous system (ENS) characterized 
by pathological changes of enteric neural crest 
cells in the process of proliferation, differentia-
tion and migration. Its incidence rate ranks sec-
ond in digestive tract malformations in children 
and the highest cause of mortality is enterocol-
itis. HSCR is mainly characterised by the loss or 
dysplasia of neurons and ganglion cells in the 
intestine [1]. The clinical manifestations of the 
disease are mainly due to the weakening of the 
intestinal peristalsis and low and incomplete 
mechanical obstruction of colon wall, which 
results in stubborn constipation and abdominal 
distension. Depending on the presence of con-
comitant malformations in congenital megaco-
lon, HSCR can be divided into two types: simple 
and syndrome [2]. The syndrome type is com-

monly associated with trisomy 21 or other 
organ system malformations, such as gastroen-
teric malformation, urogenital sinus malforma-
tion or congenital cleft lip and palate, congeni-
tal heart disease and other malformations. 
Additionally, it can also be divided into familial 
or sporadic megacolon based on family disease 
history [3]. It was the first report in 1948 that 
Swenson performed the abdominal and perine-
al pull-out operation to treat congenital mega-
colon, highlighting that HSCR treatment has 
entered the era of radical surgery [4]. Therefore, 
in spite of simple or syndrome type, HSCR treat-
ment is standardized to surgically removing the 
intestinal segment lacking ganglia and recon-
structing the intestinal tract.

Environmental factors such as mycophenolate 
ester, a semi-synthetic biological inhibitor of 
guanine nucleotide, which inhibits the develop-
ment of nerve cells in zebrafish intestine and 
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also selectively inhibits the proliferation and 
migration of intestinal nerve precursor cells in 
mice, have been reported to induce symptoms 
similar to HSCR [5]. In addition, many pieces of 
literature show that vitamin B12 deficiency and 
anti-folate drugs such as methotrexate can 
increase the incidence rate of HSCR [6].

However, HSCR mainly follows a dominant 
inheritance pattern, and the non-Mendelian 
genetic model displays reduced penetrance  
or recessive inheritance to more complex spo-
radic cases [3]. To date, it has been found that 
activation or inactivation mutations of many 
genes, such as ECE, RET, END3, EDNRB, SRY-
BOX transcription factor 10 (SOX10), glial cell 
line-derived neurotrophic factor (GDNF), neuro-
trophic factor, transcription factors that func-
tions similarly to paired homologous gene 2B 
(PHOX2B) and KIAA12794, can lead to HSCR 
[7]. In 2012, Mantovani et al. used CRISPR/
Cas9 technique to edit the RET mutation in a 
vitro model, significantly recovering the im- 
paired intestinal neural crest cells. It indicates 
that RET gene mutation plays a crucial role  
in the pathogenesis of HSCR [8]. Previous 
reports have shown that at least 20% of HSCR 
cases are caused by mutations in the proto-
oncogene RET, highlighting its potential as the 
main gene involved in the aetiology of HSCR. 
The effective mutation of the RET gene is  
often caused by coding region variation and 
non-coding region enhancer variation. Trans- 
cription factors including SOX10 and PHOX2B 
promote or enhance RET expression in enteric 
neural crest cells, and a knockout of any one of 
these factors will lead to intestinal gangliosis 
[7, 9]. The signal pathways regulated by RET  
are involved in the pathogenesis of HSCR at 
multiple levels and dimensions, including 

embryology, genetics, transcriptional regula-
tion, protein function and epigenetics.

To further address the genetic issue, we 
focused on a HSCR family in our center. The 
newly found p.Phe147del IM of RET was proved 
to play a role in pathogenesis of familial HSCR, 
providing valuable evidence to understand the 
early prevention, clinical diagnosis and treat-
ment of HSCR. 

Materials and methods

Study design

The ethical review of Children’s Hospital 
Affiliated to Shanghai Jiaotong University 
approved this study (2020RY022-E01 and 
2022RY022-E01). The parents or legal guardi-
ans of the child signed the informed consent 
form. Main clinical data of the HSCR family 
were summarized (Supplementary Figure 1  
and Table 1). Haematoxylin and eosin (H&E) 
staining and immunohistochemistry were per-
formed on the sections of the dilated and sten-
otic bowels of the proband. In addition, we ran-
domly collected 20 samples of non-familial 
HSCR from our center (Supplementary Table 1). 

Sample collection and whole exon sequencing 
(WES)

The procedures were previously reported [10]. 
Briefly, peripheral blood was collected and 
genomic DNA was extracted following the  
manufacturer’s instructions (Genomic DNA 
Extraction Kit, QIAGEN, Germany). The sampl- 
es that passed quality control (QC) in polymer-
ase chain reaction (PCR) assay were applied to 
the constructed library. Illumina HiSeq 2500, X 
Ten or NovaSeq platform PE150 was used for 

Table 1. Information of 7 members of a Hirschsprung’s disease family

NO Visiting age Type Operation age Operation type Prognosis Sanger results of RET 
p.Phe147del

1 (III-1) 6 month Common 1 month Soave Good Mutation
2 (III-2) 12 year Common 3 month Soave Good Mutation
3 (III-3) 17 year Long segment 1 month (Phase I)

6 month (Phase II)
Soave Good Mutation

4 (II-1) 41 year Common 1 month Soave Good Mutation
5 (II-2) 45 year / / / / No mutation
6 (II-3) 40 year / / / / No mutation
7 (II-4) 42 year / / / / No mutation
Prognosis follow-up included defecation, enterocolitis, feces, etc. HSCR: Hirschsprung’s disease. 
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sequencing analysis. The ANNOVAR software 
was used to annotate the variation results.

Sanger sequencing 

The primers were devised using the Primer  
5.0 and Oligo 1.3 software (forward primer 
sequence: 5’-GCTTGAGGAACATGAGCTGAC-3’; 
reverse primer sequence: 5’-GCAGAGTAATC- 
ACCAGCTCC-3’). The forward and reverse  
primers, 10x buffer dNTPs, template DNA, 
LATAPDNA enzyme and double distilled water 
were added in order and then underwent PCR 
assay. 

RET glycosylation analysis

The influence of p.Phe147del on the glycosyla-
tion of RET was evaluated using GlycoEP, which 
predicts N-glycosylation and O-glycosylation 
[10]. Using the protein glycosylation data- 
base NetOGlyc:Prediction of O-GalNAc (mucin 
type) (http://www.cbs.dtu.dk/services/NetOGl- 
yc/), the glycosylation sites in the main protein 
were identified. Furthermore, on searching for 
N-glycosylation and O-glycosylation site con-
servative sequences in the protein sequence, 
the characteristic sequence of the amino  
acid of the N-glycosylation site conservative 
sequence was identified using the Asn-x-ser/thr 
method.

Cell culture, plasmid construction and trans-
fection

Human embryonic kidney cells 293T were cul-
tured in Dulbecco’s modified eagle medium 
(DMEM) supplemented with 10% fetal bovine 
serum. When 80% confluence was reached, 
they were sub-cultured in a ratio of 1:3. The 
constructs were built as previously described 
[11]. According to the target gene and its 
mutants, the target gene CDS fragments were 
obtained using whole genome synthesis. After 
PCR amplification, the target gene was molecu-
larly cloned to the receptor strain. The recon-
structed plasmid was used to transiently trans-
fect cells for 48 hours with the help of 
Lipofectamine 2000 and the RET overexpres-
sion was verified using Q-RT-PCR and Western 
blot. 

Q-RT-PCR

PCR primers were designed and synthesized 
according to the target gene. The primers  
were as follows: RET: forward primer (5’-GCG- 

AGAATTCGGCGGAATTCGGCAGTAAATGGCAG- 
TACCC-3’) and reverse primer (5’-GCGAGGAT- 
TCGACGGGATCCACAGACTGTCCCCACACAGC- 
3’); GFRa-1: forward primer (5’-ACTCCTGGA- 
TTTGCTGATGTCGG-3’) and reverse primer (5’- 
CGCTGCGGCACTCATCCTT-3’); Cyclin D1: for-
ward primer (5’-GCTGCGAAGTGGAAACCATC-3’) 
and reverse primer (5’-CAGGACCTCCTTCTG- 
CACAC-3’); VEGF: forward primer (5’-CGAAA- 
CCATGAACTTTCTGCTGTC-3’) and reverse prim-
er (5’-TCACCGCCTCGGCTTGTCACAT-3’); BCL-2: 
forward primer (5’-TACCGTCGTGACTTCGCAG- 
AG-3’) and reverse primer (5’-GGCAGGCTGA- 
GCAGGGTCTT-3’). After obtaining the cDNA, it 
was diluted 5-fold. Then, 1 μL of it was used  
as the template during PCR, which was per-
formed according to the following conditions. 
The PCR system contains template, 1 μL; 10 × 
PCR buffer, 2.5 μL; dNTP, 2.5 μL; forward/
reverse primer, 1.2 μL; easy Taq enzyme, 0.2 
μL; water supplement; total volume, 25 μL. The 
PCR condition was as following: 94°C for 4  
min, 94°C for 30 s, 55°C for 30 s, 72°C for 30 
s, 72°C for 4 min and 16°C for holding [12].

Western blot

Proteins were extracted and quantified in  
RIPA buffer as previously described [13]. The 
lysates were separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluo-
ride (PVDF) membrane. The membranes were 
blocked in 5% skimmed milk buffer and incu-
bated with antibodies of target proteins (RET 
1:500, abcam, #ab134100; GARF1 1:1000 
#11711-1-AP; Cyclin D1 1:1000, abcam, #ab- 
134175; VEGF 1:1000, abcam, #ab32152; 
Bcl-2 1:500, abcam, #ab32124; ERK 1:1000, 
abcam, #ab32537; STAT3 1:1000, abcam, 
#ab68153) and internal reference proteins 
overnight at 4°C. The membranes were then 
rinsed thrice with 1 × TBST and incubated  
with the secondary antibody at room tempera-
ture for 1-2 h. The blots were developed by 
Luminescent Image Analyzer (Fujifilm, LAS-
4000) after incubation with enhanced chemilu-
minescence reagents (Millipore, WBKLS0500). 
Image J software was used to collate data and 
conduct subsequent analysis. 

Immunofluorescence 

Human 293T cells were divided into four gro- 
ups and transfected with RET p.Phe147del 
plasmid. A 12-well culture plate was used for 
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triplicate. Different concentrations of MG132 
(Sigma M7449) were added to each group of 
cells for 12 hours and immunofluorescence 
staining was performed when the cell conflu-
ence was approximately 80%. Cells were 
washed with preheated (37°C) 1 × PBS for 3 
times. 4% paraformaldehyde was added to fix 
the cells for 20 min and the cells were block- 
ed with 0.01% Triton and 5% BSA buffer for 30 
min at room temperature. Primary antibodies 
against RET (1:500, abcam, #ab134100) were 
incubated in dark overnight at 4°C and se- 
condary antibodies (Abcam, #ab6046) were 
incubated at room temperature for 2 h. The 
samples were routinely rinsed 3 times with 1 × 
PBS for 10 min each time at room temperature 
before the blocking and antibody incubation 
steps. Subsequently, DAPI was added follow- 
ed by an anti-quenching agent at room temper-
ature. The staining of the cell nucleus and tar-
get protein under different fluorescence condi-
tions was observed using an inverted phase 
contrast microscope and fluorescence micro-
scope. ImageJ software was used to analyse 
the images obtained and merge the nuclear 
staining photos with the corresponding target 
protein staining photos for further analysis.

Cell signal pathway

We additionally measured the transcriptional 
and protein level of cyclin D1 (CCND1), VEGF 
and BCL2 that might be part of the down- 
stream signal pathway of RET [14, 15]. The pro-
tein expression of p-ERK/ERK and p-STAT3/
STAT3 that were also reported to be the down-
stream signal pathway [16] was analyzed as 
well.

Statistics

GraphPad Prism 9 (GraphPad Software) soft-
ware was used to visualize the experimental 
data. The quantitative data are shown as 
means ± standard error. Unpaired two-tailed t 
test was used in comparisons between two 
groups and one-way ANOVA was used in com-
parisons among more than two groups for all 
experiments. P < 0.05 was considered as sta-
tistically significant.

Results

Diagnosis of congenital HSCR in a family

The number of ganglion cells in the submucosa 
of the intestinal wall and the myenteric plexus 

of the expanded segment was normal and 
showed good development. The ganglion cells 
in the submucosa of the intestinal wall and the 
myenteric plexus of the expanded segment 
gradually decreased from the expanded seg-
ment to the narrow segment, accompanied by 
an increase in dense wavy unsheathed nerve 
fibres and Schwann cells and a complete 
absence of ganglion cells in the narrow seg-
ment (Figure 1A, 1B). Combined with im- 
munohistochemical results (CD56, NSE, S100, 
SYN, β-Catenin), the diagnosis of HSCR was 
verified (Figure 1C-E). Immunohistochemistry 
of the stenosis segment, CD56, NSE, S100, 
β-catenin, Bcl-2 and SYN (Figure 1E) revealed 
that ganglion cells were negative and some 
nerve fibres were positive. Furthermore, no 
ganglion cells were found in the nerve plexus 
and the number of thickened nerve trunks was 
more than that of the expanded segments. 

Detection of pathogenic genes in the members 
of one HSCR family using WES and evaluation 
of 20 sporadic HSCR patients

To identify rare pathogenic variants of familial 
HSCR in gene coding or splicing regions, we 
sequenced all exons of the seven family mem-
bers (II-1, II-2, II-3, II-4, III-1, III-2 and III-3). We 
detected 239,225 mutations, of which at least 
one family member’s allele differed from the 
reference genome, including 217,172 substitu-
tions and 22,053 insertions and deletions 
(Supplementary Table 2). For the three affected 
boys (III-1, III-2 and III-3), Mendel’s error esti-
mates are approximately 1.10%, 1.43% and 
1.33%, respectively, which indicates that these 
variables have high reliability. As hereditary 
HSCR is very rare in the general population, 
there will likely be few pathogenic variations in 
the healthy population. To identify rare vari-
ants, we first obtained their minor allele fre-
quencies (MAF) from the gnomAD database. By 
excluding non-coding and synonymous vari-
ants, we screened out 1059 rare variants in the 
family (MAF < 0.1%). Moreover, as HSCR can be 
inherited through autosomal dominant and 
recessive patterns, autosomal dominant and 
recessive variations were considered. Among 
homozygous and biallelic variants, four patients 
did not share the recessive variant. Under the 
assumption of autosomal dominant inherit-
ance, incomplete female II-4 was speculated to 
be the carrier of the pathogenic variant due to 
incomplete penetrance. Finally, we identified 
18 major variants (Supplementary Tables 2, 3), 
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including 14 missense mutations, 1 nonsense 
mutation, 2 frameshift mutations and 1 whole 
code mutation.

To identify pathogenic variants, we used bioin-
formatics tools [17] such as SIFT, PolyPhen, 
MutationTaster, M-CAP, DDIG-in and SIFT in- 
del to evaluate the pathogenicity of the 18 
main variants obtained. For the 14 missense 
variants, we used SIFT (≤ 0.05), PolyPhen (≥ 
0.957), MutationTaster (Disease causing) and 
M-CAP (> 0.025) for filtering, which revealed 
CAPN9, GLYCTK and DRD5 as potentially path-
ogenic variants. DDIG-in and SIFT Indel predic-
tion algorithms also identified RET, FANCI and 
CALN1 Indels to be potentially pathogenic. 
Additionally, the nonsense mutation of NPHP3 
was also identified as potentially pathogenic  
by MutationTaster and DDIG-in. Thus, seven 
genes, namely CPN9, GLYCTK, DRD5, NPHP3, 
FANCI, CALN1 and RET, were identified to have 

potential HSCR pathogenicity. To evaluate the 
relationship between these mutations and 
HSCR, we conducted a comprehensive litera-
ture search on the seven potentially pathogenic 
genes. First, we found that the p.Phe147del 
mutation in the RET gene is the most common 
pathogenic gene in HSCR. Nonetheless, other 
genes, such as GLYCTK [18] , DRD5 [19] , 
NPHP3 [20] and FANCI [21], were also patho-
genic for some recessive or polygenic rare dis-
eases, such as D-glycosuria, attention deficit 
hyperactivity disorder, Meckel syndrome and 
Fanconi anaemia; however, these genes were 
excluded in further analyses owing to their 
recessive genetic characteristics.

In addition to the HSCR family, we collected 
clinical data and performed Sanger sequencing 
for 20 sporadic HSCR patients, showing that 
p.Phe147del IM was detected in only 5% of 
HSCR patients (Supplementary Table 1).

Figure 1. Imaging examination results and immunohistochemical results of the dilated intestinal wall. 
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p.Phe147del affects RET protein expression

We constructed a GFRA1 plasmid and RET wild 
type plasmid. Based on the RET wild type 
sequence, we constructed a RET p.Phe147del 
plasmid, RET p.L56M and p.W85X plasmid, 
wherein RET p.L56M is a known mutation that 
does not affect the expression and function of 
RET and RET p.W85X is a known inactivation 
mutation that inhibits RET protein expression 
(Figure 2A). The core fragments of the above 
plasmids were obtained using whole genome 
synthesis and identified via sequencing (Figure 
2B and 2C). Furthermore, sequencing analyses 
confirmed the deletion of phenylalanine at posi-
tion 147 in the RET p.Phe147del plasmid, 
amino acid change from leucine at position 56 
to methionine in L56M and tryptophan at posi-
tion 85 to asparagine in RET p.L56M and RET 
p.W85X, respectively (Figure 2D).

As shown in Figure 3A, compared with wild-
type RET, RET p.Phe147del, RET p.L56M and 
RET p.W85X had lower mRNA expression; how-
ever, no significant difference was observed 
among the expression levels of each mutant. 
Then, RET p.Phe147del, RET p.L56M and RET 
p.W85X were co-expressed with GFRA1. The 
expression of RET at the mRNA level and its 
regulation on downstream genes were detect-
ed using q-RT-PCR. As shown in Figure 3B, the 
co-expression of GFRA1 and RET-WT signifi-
cantly activated the expression of cyclin D1, 
VEGF and BCL2, which are downstream of RET. 
Meanwhile, the activation efficiency of RET  
p.L56M and RET-WT was the same, whereas 
RET p.Phe147del and RET p.W85X inhibited the 
activation of RET downstream genes. Thus, the 
expression of related genes returned to the 
background level before GFRA1 co-expression. 
These findings indicate that the mutation of 
p.Phe147del has a serious impact on the 
expression or function of RET protein, inhibiting 
its downstream signalling functionality. It is 
speculated that the inactivation mutation at 
the RET147 site inhibits the binding of GFRA1 
and its tyrosine kinase receptor complex with 
RET protein, thereby inhibiting the activation of 
RET downstream signalling pathways and con-
sequently leading to the lack of proper ganglion 
cells in the intestinal segment (narrow seg-
ment) of HSCR.

p.Phe147del reduces RET protein expression 
and downstream regulation

According to the results of binding protein 
detection, we speculate that the stability of 
p.Phe147delRET protein was seriously affected 
by the mutation, which needs further experi-
mental verification. Similarly, we first overex-
pressed RET p.Phe147del and RET p.L56M and 
RET p.W85X, respectively. The expression of 
RET at the protein level was detected using 
western blot, and the phosphorylated RET was 
also detected to evaluate its phosphorylation 
activation. As shown in Figure 4A and per  
previous literature, RET p.L56M is a mutation 
reported to not affect RET expression and  
activation, whereas RET p.W85X mutation sig-
nificantly affects RET protein expression. 
Furthermore, our newly identified p.Phe147del 
mutation also makes RET undetectable at the 
protein level, regardless of its phosphorylation 
status. Then, RET p.Phe147del, RET p.L56M 
and RET p.W85X were co-expressed with 
GFRA1, and the activation of cyclin D1, VEGF 
and BCL2, which are important downstream 
factors of RET, at the protein level was detected 
using western blot. As shown in Figure 4B, the 
co-expression of GFRA1 and RET-WT signifi-
cantly increased the expression of cyclin D1, 
VEGF and BCL2 downstream of RET at the pro-
tein level, indicating the activation of the RET 
signalling pathway. The activation efficiency of 
L56M and RET-WT on downstream signals was 
consistent. RET p.W85X maintained some 
activity on some downstream targets, while 
RET p.Phe147del inhibited the activation of the 
downstream factors of RET. The above experi-
mental results show that p.Phe147del mutation 
induces a significant decrease in RET protein 
expression and the loss of signal transduction 
function, which is a typical inactivation muta-
tion of the RET signalling pathway.

p.Phe147del induces RET protein degradation 
via the proteasome pathway

GDNF is an endogenous ligand of GARF1, which 
can activate RET signalling pathway and lead to 
the phosphorylation activation of downstream 
ERK and STAT3 signalling pathways. We used 
this model to evaluate the function of RET  
p.Phe147del. As shown in Figure 4C, the addi-
tion of exogenous GDNF stimulated the phos-
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phorylation of ERK and STAT3, which are down-
stream of RET-WT. However, RET p.Phe147del 
could not phosphorylate ERK and STAT3. 
Furthermore, we overexpressed the cells with 
RET-WT, RET p.Phe147del, RET p.L56M and 
RET p.W85X and co-expressed with MG132 in 
increasing doses. As shown in Figure 4D, the 

expression of RET-WT and RET p.L56M was  
not affected by the addition of MG132, main-
taining a high level of expression. Similarly, RET 
p.W85X expression was also not affected by 
the addition of MG132 and it maintained at  
a level that could not be detected by wes- 
tern blot. Contrarily, the expression of RET  

Figure 2. Construction and sequence alignment of different plasmids. A. Plasmid construction pattern diagram. B. 
Wild type RET sequence and NCBI sequence alignment map. C. Wild type GFRA1 sequence and NCBI sequence 
alignment map. D. Sequence comparison diagram of RET p.Phe147del plasmid, RET p.L56M plasmid and RETp.
W85X plasmid.
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p.Phe147del increased significantly with the 
addition of MG132 until it reached a significant-
ly high expression level.

The immunofluorescence method was used to 
further verify this change in expression levels 
after MG132 addition. As shown in Figure 4E, 
the expression of RET increased significantly 
with the increase in MG132 concentration. This 
result suggests that RET p.Phe147 mutation 
does express the protein; however, it is degrad-
ed through the proteasome pathway owing to 
its instability. Hence, RET protein cannot be 
successfully expressed and transported to the 
cell surface.

Prediction of RET p.Phe147del protein struc-
ture

We simulated the protein structure of RET 
p.Phe147del in silico and characterized the sta-

bility data. mUpro calculates the Gibbs free 
energy of the wild type first followed by that of 
the mutant type. This process lasts for 50 
cycles. After the program is completed, the ΔΔ 
G data is obtained. If ΔΔ G value is negative, 
that is, the free energy of the mutant is higher 
than that of the wild type, it indicates that the 
stability of the mutant is reduced. As shown in 
Figure 5A, for the p.Phe147del mutation, the 
free energy increased significantly (ΔΔ G= 
-1.8998757), indicating that the stability is 
reduced, which is consistent with our previous 
results.

The p.Phe147del whole code mutation of RET 
potentially affects the structure of RET protein

We used ClusterX-2.1-win software to compare 
RET mutant amino acids with other homolo-
gous species: chimpanzees (Pan troglodytes), 

Figure 3. Transcriptional measure-
ment of RET and its downstream 
genes. A. The expression of wild 
and mutant RET at the mRNA level 
was detected using polymerase 
chain reaction (PCR). B. The ex-
pression of wild and mutant RET 
downstream genes was detected 
using PCR.
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Figure 4. Immunoblots of RET and its downstream proteins and immunofluorescence of RET expression. A. Western blot (WB) was used to detect the expression of 
wild and mutant RET at the protein level. B. WB was used to detect the expression of wild and mutant RET downstream proteins. C. WB was used to detect the phos-
phorylation activation of wild and mutant RET downstream proteins stimulated by GDNF. D. WB was used to detect the expression of wild and mutant RET proteins 
when MG132 inhibited the proteasome activity. E. Immunofluorescence of RET expression induced by MG132 at different concentrations. RET p.Phe147del was 
overexpressed in 293T cells and was treated with MG132 of different concentrations simultaneously, which were analysed using immunofluorescence.
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Macaca mulata, dogs (Canis lupus familiaris), 
cattle (Bos Taurus), mice (Mus musculus), 
brown mice (Rattus norvegicus), chickens 
(Gallus gallus), and Xenopus tropicalis (http://
www.ncbi.nlm.nih.gov/homologene). The am- 

ino acid sequences were compared to analyse 
the conservatism of mutant amino acids in the 
process of species evolution. MutationTaster 
(http://www.mutationtaster.org) (Protein refer-
ence ID: P000471; protein reference trans- 

Figure 5. The prediction of protein stability and the structural change of RET. A. The prediction of protein stability of 
RET p.Phe147del. B. The structural change of wild-type and p.Phe147del RET.
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cript ID: ENST000000355710) predicts the 
impact of gene mutation on protein function 
based on a score. According to the known RET 
protein structure model, the post-mutation 
model of 147 site was constructed. Further- 
more, Swiss PdbViewer software was used to 
analyse the changes in protein spatial struc- 
ture caused by amino acid changes before and 
after RET gene mutation. The results suggest-
ed the presence of a hydrogen bond between 
nonpolar hydrophobic Asn424 and Pro421 in 
the wild type RET protein. After the mutation  
to the polar hydrophilic Asn424, the original 
hydrogen bond did not change, but another 
hydrogen bond was added to the same part of 
Pro421, resulting in a changed protein struc-
ture. Furthermore, it is predicted that the abnor-
mal change in threonine-arginine synthesis will 
lead to an abnormal structure of RET protein 
after mutation (Figure 5B).

Discussion

HSCR is a polygenic defect characterized by 
complete absence of neuronal ganglion cells in 
a portion of the intestinal tract [5]. In this study, 
we performed WES on seven members of a 
HCSR family and 20 non-familial HSCR pa- 
tients to identify the p.Phe147del IM of RET 
gene playing a role in reduced expression of 
RET and its downstream targets. The IM-in- 
duced RET decrease was associated with dis-
rupted RET glycosylation and regulated by the 
proteosome pathway. These findings conclude 
the pathogenetic role of p.Phe147del IM of RET 
and provide further insight into deeper under-
standing of HSCR. 

RET mutations are critical in the pathogenesis 
of HSCR in both humans and mice as pre- 
viously reported, such as RET(N394K) in 
humans [22], single-nucleotide polymorphism 
(SNP) rs2435357 in humans [23] and 
Ret(S812F) in mice [24]. Our study first identi-
fied the new p.Phe147del IM of RET by WES  
in 7 members from a HSCR family and evaluat-
ed the IM in 20 sporadic HSCR patients in 
Shanghai Children’s Hospital. Notably, less 
than 1.5% of studies (11 studies in mainland 
China and 804 studies in total, calculated in 
Web of Science) concerning RET mutations  
and HSCR were conducted in mainland China. 
Therefore, our study provides some evidence  
in HSCR patients in China. 

Previous studies showed that RET mutation  
disturbed glycosylation and affected phospho-
rylation on GDNF activation, thus playing a  
role in the pathogenesis of HSCR [3, 10]. Our 
study revealed the disrupted RET glycosyla- 
tion by the p.Phe147del IM. In addition, several 
studies indicated that RET acts as a membrane 
receptor of tyrosine kinase (RTK) family and is 
bound to GDNF, activating the downstream 
pathways that play a role in neural cell growth 
and survival. We measured the declined mark-
ers of cell growth and survival such as CCND1, 
VEGF and BCL2 [25, 26]. In cancer research, 
RTK signaling represents the activation of 
phosphorylated ERK1/2 and STAT3 [25], and 
STAT3 acts as a transcription factor that binds 
to the promoter of RET [27, 28], thus potentially 
forming a positive feedback loop between RET 
and STAT3. Our results showed the decreased 
protein level of p-ERK and p-STAT3 in the p.
Phe147del IM cells, providing some evidence 
for this claim.

The ubiquitin-proteosome pathway is the major 
proteolytic way in eukaryotic cells [29]. MG132 
is an effective and reversible cell permeable 
20S proteasome inhibitor, which is commonly 
used to study protein degradation. Our results 
showed that the p.Phe147del IM degraded  
RET protein via the ubiquitin-proteosome path-
way. Furthermore, in silico structural analysis 
for p.Phe147del RET represented the reduction 
of intracellular RET protein stability with ΔΔ 
G=-1.8998757. 

Some limitations and future plan of our study 
should be noted. Due to the lack of a large 
number of familial HSCR cases, we only investi-
gated 7 members in one family. We will collabo- 
rate with other hospitals to enroll more familial 
HSCR patients. In addition, we failed to perform 
experiments to verify the disrupted RET glyco-
sylation in the p.Phe147del IM status, but we 
aimed to modify the conditions and accomplish 
the glycosylation assay in the future. Notably, 
more cell function tests and animal model stud-
ies need to be performed in the next project.

In summary, p.Phe147del whole code mutation 
leads to a significant reduction in RET protein 
expression and loss of corresponding signal 
transduction function. It is a typical inactivation 
mutation of the RET signalling pathway, where-
in the stability of the RET protein is affected. It 
is degraded through the proteasome pathway, 
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which ultimately leads to the reduction of the 
mutated RET protein and the failure to activate 
the downstream signalling pathway. These 
results provide potential important value for 
enriching the relevant theories of HSCR patho-
genesis and providing laboratory evidence for 
the early prevention and clinical diagnosis and 
treatment of HSCR.

Conclusion

The newly identified p.Phe147del IM of RET 
leads to a type of familial HSCR by disrupting 
RET expression, glycosylation, structure and its 
downstream pathways via the proteasome 
pathway, providing evidence for prevention, 
diagnosis and treatment of HSCR.
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Supplementary Table 1. Information of 20 patients with Hirschsprung’s disease

NO Visiting 
age Type Operation age Operation type prognosis Sanger results of 

RET p.Phe147del
1 1 month Common 1 month Soave Good No mutation

2 6 month Common 6 month Laparoscopic-assisted Soave Good No mutation

3 5 month Common 5 month Soave Good No mutation

4 1 month Short segment 1 month Soave Good No mutation

5 2 month Common 2 month Laparoscopic-assisted Soave Good No mutation

6 1 month Common 1 month Laparoscopic-assisted Soave Good No mutation

7 1 month Short segment 1 month Soave Good No mutation

8 2 month Common 2 month Laparoscopic-assisted Soave Enterocolitis No mutation

9 1 month Long segment 1 month Fistulation 
6 month Radical operation

Modified Duhamel Occasional feces No mutation

10 1 month Long segment 1 month Fistulation 
7 month Radical operation

Modified Duhamel Good No mutation

11 1 month Whole segment 1 month Fistulation 
5 month Radical operation

Modified Duhamel Good No mutation

12 2 month Common 2 month Laparoscopic-assisted Soave Good No mutation

13 half month Short segment half month Soave Good No mutation

14 2 month Common 2 month Laparoscopic-assisted Soave Enterocolitis No mutation

15 1 month Common 1 month Soave Good No mutation

16 1 month Short segment 1 month Soave Good No mutation

17 1 month Common 1 month Laparoscopic-assisted Soave Good No mutation

18 1 month Short segment 1 month Soave Good mutation

19 1 month Common 1 month Laparoscopic-assisted Soave Good No mutation

20 1 month Common 1 month Laparoscopic-assisted Soave Good No mutation
Prognosis follow-up included defecation, enterocolitis, feces, etc. 

Supplementary Figure 1. Pedigree of the three-generation Chinese family with four affected individuals. Squares 
indicate males and circles represent females. Black and white symbols represent affected and unaffected individu-
als, respectively. The proband is indicated by an arrow.
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Supplementary Table 2. The basal information of autosomal chromosome mutation
Chr Start End Ref Alt
chr10 43597893 43597895 CTC -
chr15 89850741 89850741 - A
chr1 230916316 230916316 C T
chr3 52325906 52325906 G A
chr3 132418294 132418294 G A
chr4 9784375 9784375 T C
chr7 71868249 71868249 - GG
chr20 57429470 57429470 G C
chr21 37626146 37626146 C G
chr22 18609484 18609484 G T
chr22 20754984 20754984 C T
chr3 66433559 66433559 C T
chr3 69167989 69167989 G T
chr3 150931834 150931834 C T
chr4 8293256 8293256 G A
chr4 20717736 20717736 G T
chr7 38766568 38766568 C T
chr7 100647186 100647186 A C

Supplementary Table 3. The basal information of the main 18 mutated genes
Chr Start End Ref Alt Func.refGene Gene.refGene
chr10 43597893 43597895 CTC - exonic RET
chr15 89850741 89850741 - A exonic FANCI
chr1 230916316 230916316 C T exonic CAPN9
chr3 52325906 52325906 G A exonic GLYCTK
chr3 132418294 132418294 G A exonic; splicing NPHP3; NPHP3
chr4 9784375 9784375 T C exonic DRD5
chr7 71868249 71868249 - GG exonic CALN1
chr20 57429470 57429470 G C exonic GNAS
chr21 37626146 37626146 C G exonic DOPEY2
chr22 18609484 18609484 G T exonic TUBA8
chr22 20754984 20754984 C T exonic ZNF74
chr3 66433559 66433559 C T exonic LRIG1
chr3 69167989 69167989 G T exonic LMOD3
chr3 150931834 150931834 C T exonic P2RY14
chr4 8293256 8293256 G A exonic HTRA3
chr4 20717736 20717736 G T exonic PACRGL
chr7 38766568 38766568 C T exonic VPS41
chr7 100647186 100647186 A C exonic MUC12


