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Summary
MYCN, amember of theMYC proto-oncogene family, regulates cell growth and proliferation. Somaticmutations ofMYCN are identified

in various tumors, and germline loss-of-function variants are responsible for Feingold syndrome, characterized by microcephaly. In

contrast, onemegalencephalic patient with a gain-of-function variant inMYCN, p.Thr58Met, has been reported, and additional patients

and pathophysiological analysis are required to establish the disease entity. Herein, we report two unrelated megalencephalic patients

with polydactyly harboring MYCN variants of p.Pro60Leu and Thr58Met, along with the analysis of gain-of-function and loss-of-func-

tionMycnmousemodels. Functional analyses forMYCN-Pro60Leu andMYCN-Thr58Met revealed decreased phosphorylation at Thr58,

which reduced protein degradation mediated by FBXW7 ubiquitin ligase. The gain-of-function mouse model recapitulated the human

phenotypes ofmegalencephaly and polydactyly, while brain analyses revealed excess proliferation of intermediate neural precursors dur-

ing neurogenesis, which we determined to be the pathomechanism underlying megalencephaly. Interestingly, the kidney and female

reproductive tract exhibited overt morphological anomalies, possibly as a result of excess proliferation during organogenesis. In conclu-

sion, we confirm anMYCN gain-of-function-induced megalencephaly-polydactyly syndrome, which shows a mirror phenotype of Fein-

gold syndrome, and reveal thatMYCN plays a crucial proliferative role, not only in the context of tumorigenesis, but also organogenesis.
Introduction

MYCN (MIM: 164840) is a member of the MYC proto-onco-

gene family composed ofMYC (MIM: 190080),MYCL (MIM:

164850) andMYCN.1 MYC proteins act as transcription fac-

tors that regulate the expression of various genes involved in

fundamental cellular processes, suchas cell proliferation, dif-

ferentiation, and apoptosis,2,3 although emerging evidence

also suggests target gene-independent functions, such as

the promotion of transcription termination and transcrip-

tion elongation.4 MYCN was identified as a proto-oncogene

amplified in neuroblastoma, which is found in 20%–30%

of neuroblastoma patients and considered to be one of the

poorest prognostic markers.5 In addition, MYCN amplifica-

tion is also detected in other cancers, including Wilms’ tu-

mor, rhabdomyosarcomas, and lung cancers.6

MYCN and other MYC proteins are expressed, not only

in tumors, but also in the developing human fetal brain,
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limbs, heart, kidney, and lung tissues.7–10 Unsurprisingly,

based on these expression patterns, heterozygote loss-of-

functionMYCN variants adversely affect fetal development,

causing a genetic syndrome with congenital multiple

anomalies, called Feingold syndrome (MIM: 164280). Char-

acteristic features of Feingold syndrome consist of micro-

cephaly, intellectual disability, esophageal and duodenal

atresia, and limbmalformation, such as absent/hypoplastic

phalanx.11,12 In a loss-of-function mouse model, germline

homozygous mice were embryonic lethal and manifested

histological abnormalities of the central nervous system,

mesonephros, and lung, indicating essential functions for

MYCN during fetal development.13 Furthermore, neural

crest-specific Mycn conditional knock-out mice exhibit

decreased proliferation of granule neuron progenitors in

the cerebellum, leading to decreased foliation and reduced

cerebellar mass.14 Aside from the central nervous system,

skeletal mesenchymal stem cell-specific Mycn conditional
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knock-outmice recapitulate the limb abnormalities of Fein-

gold syndrome, where down-regulation of the PI3K

pathway has been suggested to be a partial pathophysiolog-

ical cause of the skeletal defects.15

We previously reported a 15-year-old boy with a de novo

gain-of-function MYCN variant (p.Thr58Met).16 Interest-

ingly, the variant is often identified as a somatic mutation

inmalignant tumors, such as neuroblastoma, astrocytoma,

and mesonephric carcinoma.17,18 Furthermore, glycogen

synthase kinase 3 beta (MIM: 605004)-mediated phos-

phorylation at Thr58 (T58) destabilizes MYCN pro-

tein,19,20 and functional analysis of T58M variants demon-

strated decreased phosphorylation at T58, which resulted

in accumulation of MYCN-T58M compared with wild-

type (WT) because of reduced ubiquitination-mediated

degradation.16 This increased stability makes it possible

for MYCN-T58M to up-regulate downstream targets

in vitro. In contrast with the microcephaly and hypoplastic

phalanx characterized in Feingold syndrome, the clinical

phenotype of the gain-of-function MYCN-related disorder

includemegalencephaly, ventriculomegaly, postaxial poly-

dactyly, and, notably, neuroblastoma during infancy.16

The phenotypes partially overlap with those of megalen-

cephaly-polymicrogyria-polydactyly-hydrocephalus syn-

drome 3 (MPPH3 [MIM: 615938]) caused by gain-of-func-

tion cyclin D2 (CCND2 [MIM: 123833]) variants. Given

that CCND2 is one of the target genes of MYCN, it is not

surprising that patients with the two disease conditions

show similar clinical manifestations, although there are

some distinct features, including morphological features

of the corpus callosum and the presence or absence of pol-

ymicrogyria and hydrocephalus. However, our knowledge

of the clinical details ofMYCN gain-of-function-related dis-

orders is limited because there have not been any addi-

tional patients reported to date. Furthermore, pathophysi-

ological analyses of MYCN gain-of-function mutations

have not been performed to date. Although many investi-

gations relating to MYCN have been performed in both

cellular and animal models, the investigations mainly tar-

geted pathogenicity in malignant tumors or loss-of-func-

tion mutations in development.13–15,21

In this study, we present detailed clinical information of

two patients with de novo MYCN variants, MYCN-

Thr58Met and MYCN-Pro60Leu, which were identified

through exome sequencing and whose gain-of-function

nature was confirmed by cellular analysis. Both patients,

a fetus subjected to termination of pregnancy and an

8-month-old boy, exhibited overlapping phenotypes

with those observed in the previous case, including mega-

lencephaly, ventriculomegaly, and postaxial polydactyly.

Notably, the latter case developed neuroblastoma, as did

our previous case. Furthermore, we established MYCN

T58M knock-in mice as a gain-of-function model and

investigated howMYCN contributes to normal embryonic

development and how gain-of-function MYCN variants

cause the characteristic symptoms in our patients. T58M

knock-in mice recapitulated the patients’ phenotypes,
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which was attributed to over-proliferation of tissues in

the developing brain, kidney, and female reproductive sys-

tem. Thus, gain-of-function MYCN variants cause a mega-

lencephaly-polydactyly syndrome. In addition, cellular

and pathological analyses of gain-of-function mouse

models demonstrated important roles for Mycn during

early development, which contributes to our understand-

ing of organogenesis.
Material and methods

Animals
Mycn T58M/WTand FS/WTmice were generated with the CRISPR/

Cas9-mediated gene editing system. Briefly, zygotes were injected

with sgRNA and Cas9 protein, synthesized with PCR using the

indicated primer (px-330-guide-forward: 50-caccGCTGGGCGA

CAACGGGGGCGT-30 and px-330-guide-reverse: 50-aaacACGCC

CCCGTTGTCGCCCAGC-30), as well as a single-stranded oligo-

deoxynucleotide (50-GGCGGTCCCGACTCGACCCCACCGGGG

AGGACATCTGGAAGAAGTTTGAGCTGCTGCCCATGCCCCCGG

TTGTCGCCCAGCCGCGCCTTCCCAGAGCACAGCCCGGAGCC

TTCGAATTGGG-30), and then transferred to pseudo-pregnant fe-

male mice. The acquired F0 mice were crossed to C57BL/6NCr,

purchased from Japan SLC, Inc., generating the F1 mice of each

strain. Genotypes were validated with Sanger sequencing using

the following primers: Mycn (forward: 50-TGGTTGTAGAGTTG

GAGG-30; reverse: 50-CGTGCTGTAGTTTTTCGT-30). The mutant

mice were backcrossed to a C57BL/6NCr background. Because

mutant mice were unable to reproduce naturally, analyses were

performed in mice born from embryos transplanted into ICR

mice, purchased from Japan SLC, Inc. Desired mice were obtained

by fertilizing WT oocytes with heterozygous sperm of the T58M/

WTor FS/WT mice. All animals were group housed in an environ-

ment with temperatures ranging from 20�C to 26�C and humidity

levels of 40%–60%, with a 12-h light and dark cycle. All animal ex-

periments were approved by the Institutional Animal Experiment

Committee of the Nagoya City University in accordance with all

appropriate regulations and guidelines.

Whole-exome analysis
Genetic diagnosis was performed using whole-exome sequencing

as described previously.22,23 Briefly, genomic DNA was extracted

fromperipheral blood, partitioned using the SureSelect XTHuman

All Exon V6 capture library (Agilent Technologies) or Twist

Comprehensive Exome Panel (Twist Bioscience), and DNA

sequencing performed with a HiSeq 4000 or NovaSeq 6000 (Illu-

mina) sequencer. After alignment to the reference genome

(hg19), we excluded variants with a minor allele frequency over

0.5% in public databases, except previously identified pathogenic

variants in the ClinVar database and the Human Gene Mutation

Database. We then focused on nonsynonymous single nucleotide

variants, insertions and deletions, and splice site variants. Identi-

fied variants were confirmed by Sanger sequencing of PCR-ampli-

fied products with the following primers: MYCN (forward:

50-TACCCGGACGAAGATGAC-30; reverse: 50-CCCACAGCTCGTT

CTCAA-30).

Plasmids
pcDNA3-hemagglutinin-tagged humanMYCNwas obtained from

Addgene (plasmid #71463). Site-directed mutagenesis (KOD-Plus
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Mutagenesis Kit, Toyobo) was then used to generate MYCN-T58M

and MYCN-P60L mutant constructs. Mouse Fbw7 cDNA, a kind

gift from Prof. K. Nakayama (Kyushu University), was cloned

into the pCAG-Myc vector. All constructs were verified by DNA

sequencing.
Cell culture
HEK293T cells were cultured in DMEM (Gibco) supplemented

with 10% FBS (Gibco), L-glutamine and penicillin-streptomycin

(Sigma Aldrich). Transfection was performed with Lipofectamine

3000 (Thermo Fisher Scientific) according to the manufacturer’s

guidelines.
Protein extraction
Brains at various developmental stages were homogenized with 10

volumes of RIPA buffer (FUJIFILM, Wako Pure Chemical Corp)

supplemented with protease inhibitor (Sigma-Aldrich) and incu-

bated on ice. After incubation, the homogenate was sonicated

with an ultrasonic homogenizer (Microtec Co., LTD.) and centri-

fuged at 15,000 rpm for 20 min. The supernatant was collected

for further applications. Before analyses, protein concentrations

were measured with a micro bicinchoninic acid protein assay kit

(Pierce, Thermo Fisher Scientific) with bovine serum albumin as

a standard.
Western blotting
Indicated amounts of tissue or cell extracts were separated by SDS-

PAGE (5%–20% gradient gel, PAGEL, ATTO) and transferred to pol-

yvinylidene difluoridemembranes (Millipore). After blockingwith

5% skim milk powder in PBS-T, membranes were incubated with

primary antibodies, followed by incubation with horseradish

peroxidase-conjugated secondary antibody. Antibodies are listed

in Table S1. Densitometric semi-quantification was performed us-

ing ImageJ software.
RNA extraction and RT-qPCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen) and

cDNA synthesized using the SuperScript IV First-Strand Synthesis

System (Thermo Fisher Science) according to the manufacturers’

guidelines. Quantitative real-time PCR was carried out using the

FastStart Essential DNA Green Master (Roche) and LightCycler

96 (Roche). All primer sequences are as followed;GAPDH (forward:

50-CTGACTTCAACAGCGACACC-30; reverse: 50-TAGCCAAATTC

GTTGTCATACC-30), CCND1 (forward: 50-GCTGTGCATCTACA

CCGACA-30; reverse: 50-TTGAGCTTGTTCACCAGGAG-30) and

CCND2 (forward: 50-GGACATCCAACCCTACATGC-30; reverse:

50-CGCACTTCTGTTCCTCACAG-30). The 2�DDCt method was

used to determine relative gene expression.
5-Ethynil-20-deoxyuridine administration
5-Ethynil-20-deoxyuridine (EdU) labeling was performed by intra-

peritoneally injecting EdU (Abcam) into pregnant ICR mice at

E13.5, as previously described.24 Embryos were harvested 24 h

post injection and processed for sectioning and staining for EdU

and other primary antibodies of interest. For EdU staining,

sections were incubated at room temperature with a solution

containing 150 mM NaCl, 50 mM Tris buffer (pH 7.5), 2 mM

CuSO4 (II), 2 mM Alexa Fluor azide (Life Technologies), and

10 mM sodium ascorbate in distilled water for 2 h and then

washed with PBS.
Human
Tissue harvest and sectioning
For the harvest of embryos, pregnant mice were deeply anesthe-

tized with isoflurane and the embryos were removed, decapitated,

and the heads were immersed in 4% paraformaldehyde overnight

at 4�C and then in 10%, 20%, and 30% sucrose solutions. Post-

natal mice were deeply anesthetized with isoflurane and the heart

was subsequently perfused with fresh 2 mL/g PBS followed by 4%

paraformaldehyde (Fujifilm, Wako Pure Chemical Crop). The or-

gans of interest were harvested, followed by immersion in the

same fixative overnight at 4�C, and then in 10%, 20%, and 30%

sucrose solutions (Fujifilm, Wako Pure Chemical Crop). After

replacement with sucrose solutions, organs were embedded and

frozen in SCEM (Super Cryoembedding Medium, SECTION-LAB

Co., Ltd.). Brain, kidneys, and female reproductive systems were

sectioned at 20-mm thickness for immunohistochemistry. For Nissl

and hematoxylin and eosin staining, the dissected and post-fixed

organs were dehydrated in ethanol and embedded in paraffin, fol-

lowed by sectioning at 4 mm thickness.
Immunohistochemistry
For immunohistochemistry, cryo-sectioned tissues were incubated

in a blocking solution of 0.5% Triton X-100 in Blocking One (Na-

calai Tesque, Inc.) at room temperature for 60 min and then re-

acted with primary antibodies of interest at 4�C for 16–24 h. Sam-

ples were then washed with PBS-T and stained with secondary

antibody and DAPI at 4�C for 2 h. After final washing with PBS,

the stained samples were sealed with mounting medium and visu-

alized by either confocal microscopy (Zeiss Axio Observer) or fluo-

rescence microscopy (Nikon A1RSþ). The antibodies used are

listed in Table S1.
Statistical analysis
Results are presented as the mean 5 SEM. A two-sided Student

t test with Welch’s correction was performed to compare the

means between two groups. When the means of three groups

were compared, a one-way ANOVA with a Geisser-Greenhouse

correction followed by post hoc Dunnett’s multiple comparison

test was used. Statistics were calculated using EZR (Saitama Medi-

cal Center, Jichi Medical University).25 A p value of <0.05 was

considered to indicate a significant difference.
Study approval
Written informed consents for publication of patient clinical fea-

tures and analyses of DNA samples were obtained from the pa-

tients’ parents. The use of the photograph of patients 1 and 2

was also permitted with written informed consent from the par-

ents. All study protocols were approved by Nagoya City University

Institutional Review Board and all experiments conform to the

relevant regulatory standards.
Results

Exome sequencing identified two additional candidates

with MYCN gain-of-function variants

UsingGeneMatcher and international collaborations,26 we

identified two unrelated candidates with MYCN variants

with possible gain-of-function properties who shared clin-

ical features with a previously reported patient (summa-

rized in Table 1).
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Table 1. Comparison of clinical features in patients withMYCN gain-of-function-inducedmegalencephaly syndrome,MMPH, and Feingold
syndrome

MYCN gain-of-function-induced megalencephaly syndrome

MPPH3 Feingold syndromePrevious patient Patient 1 Patient 2

Variant (NM_005378.6) c.173C>T; p.Thr58Met c.179C>T; p.Pro60Leu c.173C>T;
p.Thr58Met

CCND2 gain-
of-function

MYCN loss-of-function

Intellectual disability severe NA þ mild to severe mild learning deficiency

Motor delay þ NA þ þ þ

Postnatal growth retardation þ NA � � þ

Brain size megalencephaly megalencephaly megalencephaly megalencephaly microcephaly

Brain magnetic
resonance imaging
findings

Ventriculomegaly þ þ þ þ �

Hydrocephalus � � � þ �

Bilateral perisylvian
polymicrogyria

� � � þ �

Corpus callosum
dysplasia

hypoplastic � hypoplastic thick or mega �

Congenital heart disease VSD ND � 5 5

Digital anomalies

Postaxial polydactyly þ þ þ þ �

Toe syndactyly � � � � þ

Brachymesophalangy � � � � þ

Tracheal dysplasia tracheomalacia � � � tracheoesophageal
fistula

Gastrointestinal atresia � � � � 5

Others Neuroblastoma
diagnosed
at 7 mo. Remission
as of 19 y

Clinical information
limited
because of artificial
abortion

Neuroblastoma
diagnosed at 3 mo.
Remission as of
1 year 7 mo

NA NA

MPPH, megalencephaly-polymicrogyria-hydrocephalus syndrome; NA, not applicable; ND, not documented; VSD, ventricular septal defect.
Patient 1 was a male fetus of unrelated and healthy

French parents (Figure 1A). Trio-based exome sequencing

identified a de novo heterozygous missense variant

[NM_005378.6:c.179C>T; p.Pro60Leu (P60L)] in the

MYCN gene as the top candidate without any other candi-

dates, and the variant was subsequently confirmed by

Sanger sequencing (Figure 1B). P60L substitution was not

found in any public databases of the general population

(e.g., gnomAD),27 although it was present in the Catalog

Of Somatic Mutations In Cancer as a somatic amino acid

substitution in basal cell carcinoma of the skin.28 Further-

more, the Pro60 residue is evolutionary conserved across

species. Indeed, the variant was predicted to be pathogenic

and damaging by in silico analyses (Polyphen-2 score ¼
0.985, SIFT score ¼ 0, and CADD phred-score ¼ 28.6).29

Clinically, fetal ultrasound examination in the second

trimester indicated ventriculomegaly and postaxial poly-

dactyly. Subsequent fetal brain magnetic resonance imag-

ing (MRI) at 30 weeks of gestation confirmed the enlarged

ventricle and macrocephaly, with both biparietal and fron-
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tal-occipital diameters greater than the 95th percentile for

his gestational age (Figures 1C and 1D). He was subjected

to termination of pregnancy for his multiple congenital

anomalies at 31 weeks of gestation, with a body weight

at the 88th percentile and a length at the 49th percentile.

He showed post-axial polydactyly of both hands

(Figures 1E and 1F), facial dysmorphism with hypertelor-

ism, a short nose with anteverted nares, low-set ears, and

retrognathia (Figures 1G and 1H). The autopsy showed a

Meckel’s diverticulum and left pyeloureteral dilatation.

Pathological analysis of the fetal brain identified a brain

weight >95th percentile (megalencephaly) and a right

enlarged ventricle, but no clear polymicrogyria.

Patient 2 was an 8-month-old Japanese boy born to non-

consanguineous healthy parents (Figure 1I). We identified

the same variant as in our previously reported patient, a

de novo missense variant [NM_005378.6:c.173C>T;

p.Thr58Met (T58M)] (Figure 1J). The boy exhibited mega-

lencephaly, postaxial polydactyly, and dysmorphic facial

gestalt, which were the same phenotypes as those found
023



Figure 1. Genetic analysis and clinical features of the patients
(A) Pedigree analysis of patient 1. The genotype of the variant, p.Pro60Leu (P60L), or WT in the MYCN gene is given.
(B) Sanger sequence for patient 1. The asterisk indicates the base substitutions in a heterozygous state.
(C and D) Axial and coronal slices of T2-weighted MR images acquired at 30 weeks of gestation showing megalencephaly and
ventriculomegaly.
(E) The representative pictures of postaxial polydactyly in patient 1.
(F) X-ray image showing postaxial polydactyly.
(G andH) Representative pictures of patient 1, whowas subjected to termination of pregnancy at 31 weeks of gestation. Distinctive facial
features of a posteriorly rotated ear, hypertelorism, and a wide and depressed nasal bridge were observed.
(I) Pedigree analysis of patient 2. The genotype of the variant, p.Thr58Met (T58M) or WT in the MYCN gene is given.
(J) Sanger sequence of patient 2. The asterisk indicates the base substitutions in a heterozygous state.
(K) Representative pictures of postaxial polydactyly in patient 2.
(L and M) Axial and sagittal slices of T2-weighted MR images showing megalencephaly, ventriculomegaly and hypoplastic corpus
callosum.
(N andO) Contrast-enhanced computed tomography images showing tumors in the bilateral adrenal glands, liver and in front of a verte-
brae (arrow head).
(P) Hematoxylin and eosin (H&E) staining of the tumor showing the appearance of a neuroblastoma.
in patient 1 and the previously reported patient (Figure 1K).

Brain MRI showed an enlarged ventricle and hypoplastic

corpus callosum (Figures 1L and 1M). Furthermore, as

with the previous patient diagnosed with neuroblastoma

at the age of 7 months, a tumor was detected at birth and

subsequently classified as an intermediate-risk neuroblas-

toma, according to the Children’s Oncology Group’s risk

assessment, when he was 3 months old (Figures 1N–1P).

His neuroblastoma responded well to chemotherapy and

surgical intervention, and was maintained under remission.

Collectively, these two patients and our previous patient

share common major phenotypes.

Functional analysis revealed the gain-of-function nature

of the MYCN variants

We hypothesized that the P60L substitution was a gain-of-

function variant as it is located close to T58 and may
Human
adversely affect phosphorylation at T58, as observed with

the T58M substitution, leading to reduced MYCN degrada-

tion and subsequent protein accumulation. To test this hy-

pothesis, we transfected plasmids expressing MYCN-WT,

MYCN-T58M, and MYCN-P60L in HEK293T cells and

semi-quantified the level of phosphorylation at T58 and

the stability of the MYCN protein. First, the level of T58-

phosphorylation was significantly lower in both MYCN-

P60L and MYCN-T58M transfected cells compared with

MYCN-WT transfected cells (Figures 2A and 2B). Next, to

test whether decreased phosphorylation at T58 stabilized

the mutant protein, we co-transfected plasmids in

HEK293T expressing either MYCN-WT, MYCN-T58M, or

MYCN-P60L together with those expressing F box and WD

repeat domain-containing 7 (Fbw7; Myc-tag), the ubiquitin

ligase targeting MYCN.30 Both MYCN-P60L and MYCN-

T58M were shown to be more stable than MYCN-WT
Genetics and Genomics Advances 4, 100238, October 12, 2023 5



Figure 2. Effect of the p.P60L variant on MYCN stability and its downstream targets
(A and B) Expression of MYCN-WT, MYCN-T58M, and MYCN-P60L cells in HEK293T cells. Lysates of cells transfected with MYCN-WT,
MYCN-T58M, or MYCN-P60L plasmids were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by west-
ern blotting with anti-N-Myc, phospho-c-Myc (pThr58) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies. The inten-
sity of p-MYCN (Thr58) was significantly lower for both T58M and P60L. Relative intensity of p-MYCN expressionwith respect toMYCN
expression was normalized to MYCN-WT from three independent experiments.
(C and D) Expression of MYCN in HEK293T transfected with the same plasmids above with or without F box and WD repeat domain-
containing 7 (Fbw7), showing that MYCN-P60L acquired stability to an equivalent extent, even in the presence of Fbw7. Fold change of
MYCN (Fbw7þ) relative to MYCN (Fbw7–) was significantly increased for MYCN-T58M and MYCN-P60L compared to MYCN-WT from
three independent experiments.
(E) Transcriptional levels of Cyclin D1 (CCND1) and CCND2 with qRT-PCR for RNA extracted from HEK293T cells transfected with the
same plasmids above. For MYCN-WT, MYCN-T58M or MYCN-P60L, the transcriptional levels of CCND1 and 2, that are MYCN down-
stream targets, were equivalent to those of MYCN-WT. Transcriptional levels of CCND1 and CCND2 relative to those of GAPDH were
normalized to empty vector from three independent experiments. For bar graphs and scatterplots, means and SEM are shown;
*p < 0.05, **p < 0.01. Dotted lines indicate a ratio of 1.0.
(F) Schemic diagram ofMYCNprotein structure and the variants’ loci based onNM_005378.6 reference sequence. The functional domains,
MYCboxes (yellow boxes) 1–4 and the basic helix-loop-helix-leucine-zipper (bHLH-LZ, blue box), are shown. The variants are colored as red
(present patients, p.Thr58Met [T58M] and p.Pro60Leu [P60L]), black (previous patient) and purple (patients with Feingold syndrome 1 re-
ported in ClinVar) and represented as triangle (missense substitutions), ‘‘x’’ (nonsense variants), and square (small indels leading to FS).
Gain of function (GoF) variants and loss of function (LoF) variants are indicated above and below the protein structure, respectively.
(Figures 2C and 2D). Last, we evaluated the transcriptional

activities of the mutant MYCN proteins to test whether the

mutant MYCN proteins had diminished canonical activity

as a transcription factor. Both MYCN-P60L and MYCN-

T58M maintained their abilities to activate transcription

of the downstream genes, CCND1 (MIM: 168461) and

CCND2, in a similar manner to MYCN-WT (Figure 2E).

Thus, we demonstrated that MYCN-P60L exerted gain-of-

function abilities caused by increased stability and avoiding

degradation mediated by Fbw7-mediated ubiquitination, as

was observed in the MYCN-T58M mutant. Analysis of the

clinical and functional data confirms MYCN gain-of-func-

tion variants as the cause of this megalencephaly-polydac-

tyly syndrome, with symptoms that are mirror phenotypes

of those caused by MYCN loss-of-function variants in Fein-

gold syndrome (Figure 2F).

Generation of Mycn gain-of-function and loss-of-

function mice and characterization

To further elucidate the function of Mycn during develop-

ment, we generatedMycn gain-of-function and loss-of-func-

tion mouse models. For the gain-of-function mouse model,

we produced mice heterozygous for T58M analogous to the
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patients with the megalencephaly-polydactyly syndrome.

For the loss-of-function mice, we introduced two base dele-

tions at highly conserved sequences of exon 1 to induce a

frameshift (FS). We confirmed the intended genomic alter-

ations by Sanger sequencing (Figure S1A). For analyses, we

focused on heterozygous gain-of-function mice (T58M/

WT) and haploinsufficientmice (FS/WT) because of the het-

erozygous genotypes of the patients. Furthermore, we

mainly analyzed female mice, which never experienced

pregnancy, because male mice were mostly euthanized for

their sperm for use in in vitro fertilization.

Heterozygous T58M/WT and FS/WT mice were born at a

Mendelian ratio. We validated the decreased phosphoryla-

tion at T58 and subsequent accumulation of Mycn protein

in T58M/WT mice (Figures 3A and 3B), and the lower

expression of Mycn in FS/WT mice (Figures 3C and 3D).

Although there was no significant difference in bodyweight

between female T58M and WT/WT mice, the body weight

of female FS/WT mice was significantly lower than with

littermate WT/WT controls at postnatal day 56 (P56;

Figures 3E–3G). Male mice showed no difference in body

weight at P28 and P56, except for a slightly lower body

weight in male T58M mice at P28 (Figures S1B–S1D).
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Figure 3. Generation of Mycn gain-of-function (T58M/WT) and haploinsufficient mice (FS/WT)
(A and B) Expression of Mycn in the cortex at E14.5. The intensity of p-Mycn (Thr58) was significantly decreased in the cortex of T58M/
WTmice, resulting in a significantly increased expression of Mycn. Relative intensities of Mycn to Gapdh and p-Mycn (Thr58) to Mycn
expression were normalized to Mycn-WT among three biological replicates.
(C and D) Expression of Mycn in the cortex at E14.5. The intensity of Mycn was significantly lower in the cortex of FS/WTmice. Relative
intensities of Mycn to Gapdh were normalized to Mycn-WT among three biological replicates.
(E) Representative images of the whole body at P56.
(F and G) Body weight at P56. The body weight of female FS/WT mice was significantly decreased compared with littermate WT/WT
controls, while that of female T58M/WT and WT/WT mice were not different to each other (WT/WT, n ¼ 5; FS/WT, n ¼ 6; and WT/
WT, n ¼ 9; T58M/WT, n ¼ 9).
(H) Representative images of the forelimb of WT/WT and T58M/WT mice at E14.5. T58M/WT mice exhibited postaxial polydactyly.
(I and J) Representative images of the brain and its weight at P56. The brain weight of T58M/WTmice was significantly larger, and that of
FS/WTmice significantly lower, compared withWT/WTmice (female data shown;WT/WT, n ¼ 14; FS/WT, n¼ 7; T58M/WT, n¼ 9). For
bar graphs and scatterplots, means and SEM are shown; *p < 0.05, **p < 0.01. NS, not significant. Dotted lines indicate a ratio of 1.0.
Although FS/WT mice did not show overt abnormalities of

the digits, more than 90% of T58M/WT mice exhibited

postaxial polydactyly at embryonic day 14.5 (E14.5;

Figures 3H and S1E). Both T58M/WT and FS/WT mice

showed no morphological brain abnormalities (Figure 3I),

but brain weights were significantly lower in FS/WT, and

higher in T58M/WT mice, compared with WT/WT mice at

P56 (Figure 3J). In addition, both male and female mice car-

rying the T58M/WT genotype were incapable of achieving

natural breeding, although FS/WT mice were fertile and

bred normally. There were no overt abnormalities regarding

viability or apparent behavioral development.

Mycn-T58M/WT mice exhibited thickened cerebral

cortex with an increased number of neurons

To elucidate the histological changes in the central ner-

vous systems, we evaluated Nissl staining of the cerebrum

and cerebellum at P56. Although there were no overt

morphological changes, the thickness of the cerebral cor-

tex in the primary motor cortex, especially cortex layers

II–III, was significantly affected, being thinner in FS/WT

mice and thicker in T58M/WT mice (Figures 4A–4D).
Human
Moreover, the cerebellum was also enlarged, with the

area of cerebellar vermis significantly larger in T58M/WT

and smaller in FS/WT, compared with WT/WT mice

(Figures 4E and 4F). To clarify the cause of megalencephaly,

we evaluated the number of neuronal cells, revealing that

the number of Neunþ cells was significantly higher in

T58M/WT mice and lower in FS/WT mice, suggesting

over- and under-proliferation of neuronal progenitors,

respectively, during neurogenesis at an early develop-

mental stage (Figures 4G–4I).

We then evaluated the T58M/WT mice at P0 and P7 to

determine whether the phenotype in the central nervous

system had already been determined toward megalence-

phaly around birth. Although T58M/WT mice exhibited

no significant differences in body weight at P0 and P7

(Figure 5A), the brain weight was significantly heavier in

T58M/WT mice at P0 and P7, compared with WT/WT

mice (Figure 5B). Moreover, we evaluated the thickness of

each cortex layer, showing that the thickness of the total

cortex layer and layers VI were significantly thicker in

T58M/WTmice (Figures 5C–5E). Furthermore, the number

of neurons in cortex layers II–IV, labeled with Satb2, and
Genetics and Genomics Advances 4, 100238, October 12, 2023 7



Figure 4. Effect of Mycn gain of function and haplo-insufficiency on postnatal neurological phenotypes
(A and B) Representative images of Nissl staining of the cortex of mice harvested at P56. The primary motor cortex, indicated by a white
dotted square, is magnified and each of the cortex layers is indicated with black lines. The photographs were taken at low, 2.53 (A), and
high, 103 (B), magnification under bright-field illumination with a ZEISS Axio Observer Z.1 inverted microscope (Carl Zeiss). Scale bars,
500 mm (A) and 100 mm (B). CC, corpus callosum.
(C and D) Quantification of the cortex thickness showing a significantly thicker cerebral cortex and cortex layers II–III in T58M/WT
mice, and significantly thinner cerebral cortex and cortex layers II–III in FS/WTmice, compared withWT/WTmice (female data shown;
WT/WT, n ¼ 6; FS/WT, n ¼ 4; T58M/WT, n ¼ 5).
(E) Representative pictures of Nissl staining of the cerebellar vermis ofmice harvested at P56. The photographswere taken at 2.53magni-
fication under bright-field illumination. Scale bar, 500 mm.
(F) Quantification of the area of cerebellar vermis. The area of the vermis was significantly larger for T58M/WT mice, and significantly
smaller for FS/WT, compared with WT/WT mice (female data shown; WT/WT, n ¼ 6; FS/WT, n ¼ 4; T58M/WT, n ¼ 4).
(G) Representative cerebral cortex images of mice harvested at P56, immunostained for Neun (red) and DAPI (blue). The photographs
were taken at 103 magnification with a Nikon A1RS þ confocal microscope. Scale bar, 100 mm.
(H and I) Quantification of the ratio of Neunþ cells in the cerebral cortex compared with littermateWT/WTmice, showing that the ratio
of Neunþ cells was significantly lower in FS/WT mice and higher in T58M/WTmice (WT/WT, n ¼ 7; FS/WT, n ¼ 5; and WT/WT, n ¼ 5;
T58M/WT, n ¼ 5). For bar graphs and scatterplots, means and SEM are shown; *p < 0.05, **p < 0.01.
the number at layer VI, labeled with Tbr1, were signifi-

cantly larger in T58M/WT mice (Figures 5F and 5G), indi-

cating that the fate had been determined toward megalen-

cephaly before birth.
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Neurogenesis in Mycn-T58M/WT mice is increased

We previously reported that Mycn over-expression re-

sults in delayed cell-cycle exit and neuronal migration

delay.16 To determine whether those pathological events
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Figure 5. Perinatal neurological phenotypes of Mycn gain-of-function
(A) Body weights at P0 (WT/WT, n¼ 10; T58M/WT, n¼ 15) and P7 (WT/WT, n¼ 12; T58M/WT, n¼ 17) were not different betweenWT/
WT and T58M/WT mice.
(B) At both P0 and P7, the brain weights of T58M/WT (P0, n ¼ 13; P7, n ¼ 12) were significantly heavier than those of WT/WT (P0, n ¼
17; P7, n ¼ 17).
(C) Representative cerebral cortex images of mice harvested at P7, immunostained for Tbr2 (green), Satb2 (red) and DAPI (blue). The
photographs were taken at 103 magnification with a Nikon A1RS þ confocal microscope. Scale bar, 100 mm.
(D and E) Quantification of the thickness of the cerebral cortex and cortex layers II–IV and VI. The total thickness of the cerebral cortex
and the thickness of layer VI were significantly thicker in T58M/WT mice (WT/WT, n ¼ 6; T58M/WT, n ¼ 5).
(F and G) Quantification of the relative number of Satb2þ and Tbr1þ neurons in T58M/WT to that in WT/WT. The ratios were signif-
icantly higher in T58/WT mice (WT/WT, n ¼ 6; T58M/WT, n ¼ 6).
(H) Representative coronal sections of developing cortex harvested at E14.5, immunostained for EdU (green) and Tbr2 (red). EdU was
intraperitoneally injected in mothers bearing E13.5 embryos. The photographs were taken at 403 magnification with a Nikon
A1RS þ confocal microscope. Scale bar, 50 mm.
(I) Quantification of the number of EdUþ cells in the intermediate zone (IVZ) relative to total EdUþ cells showing a significantly reduced
proportion of EdUþ cells in the IVZ, indicating delayed migration of IPCs (WT/WT, n ¼ 4; T58M/WT, n ¼ 6).
(J) Representative coronal sections of the developing cortex harvested at E14.5, immunostained for Pax6 (green) and Tbr2 (red). The pho-
tographs were taken at 403 magnification with a Nikon A1RS þ confocal microscope. Scale bar, 50 mm.
(K) Quantification of the number of Pax6þ and Tbr2þ cells in the ventricular zone and subventricular zone (SVZ). Although the number
of Pax6þ cells was unchanged, the number of Tbr2þ cells in T58M/WTwas significantly larger compared with WT/WT (WT/WT, n ¼ 6;
T58M/WT, n ¼ 7). For bar graphs and scatterplots, means and SEM are shown; *p < 0.05, **p < 0.01. NS, not significant. Dotted lines
indicate a ratio of 1.0.
occurred in vivo and to assess the underlining mecha-

nism of megalencephaly observed as early as P0 and P7

in T58M/WT mice, we analyzed neuronal migration

and the number of intermediate neural precursors

(IPCs) at E13.5 and E14.5. First, we analyzed neuronal

migration by labeling the mitotic IPCs at E13.5 and

detecting those cells at E14.5. As a result, the number

of EdU-labeled cells migrating to the intermediate zone

was significantly lower in T58M/WT mice (Figures 5H

and 5I), consistent with the delayed exit of the cell-cycle
Human
and migration delay seen in vitro. Next, we harvested

embryos at E14.5, and in agreement with the cell-cycle

assessment during neurogenesis, the number of IPCs

increased significantly, while the number of Pax6þ radial

glia did not change (Figures 5J and 5K). Overall, a gain

of Mycn function and subsequent protein accumulation

may cause excessive proliferation of IPCs and an

ensuing delayed neuronal migration, leading to post-

natal megalencephaly with an increased number of

neurons.
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Figure 6. Mycn gain-of-function mutation adversely affects the development of organs other than the brain
(A and B) (A) Macroscopic images of intraabdominal organs at P56, with kidneys indicated by white dotted lines, and (B) dissected kid-
neys of WT/WT and T58M/WT. The kidneys were enlarged and macroscopically cystic in the right panel.
(C) Kidney weight relative to body weight was higher in T58/WT (n ¼ 4) compared with WT/WT (n ¼ 6).
(D) Representative images of hematoxylin and eosin (H&E) staining ofWT/WTand T58M/WT kidneys. Even those kidneys that were not
macroscopically cystic displayedmicroscopically cystic renal tubules. Scale bar represents 500 mm (left), 100 mm (center panel) and 25 mm
(right).
(E) Macroscopic images of the vagina and dissected uterine tract. Upon visual inspection, the vagina seemed to be closed, and, after
dissection, the presence of hydrometra in both the vagina and uterus of T58M/WT mice was observed. Scale bar, 1 cm.
(F) H&E staining of the uterovaginal canal, showing a blind uterus (arrow head) and vaginal atresia with hyperkeratotic epithelium form-
ing a block at the distal end (arrow) in T58M/WT mice. C, cervix; U, uterus; V, vagina.
(G) The proportion of mice with a vaginal opening (WT/WT, n ¼ 8; T58M/WT, n ¼ 9).
(H) Schematic image of the uterovaginal phenotype, showing that T58M/WT mice have an imperforate vagina with or without a blind
uterus.
(I) H&E staining of the ovary shows no morphological changes.
(J and K) Mouse Vasa homologue staining (red) ofWT/WT (n¼ 5) and T58M/WTovaries (n¼ 5) indicates no difference in oocyte counts
between the genotypes. For bar graphs and scatterplots, means and SEM are shown; *p < 0.05, **p < 0.01. NS, not significant.
Mycn gain-of-function mutation perturbs the

development of organs other than brain

We next focused on the development of organs other than

the brain. Macroscopically, there were no detectable

morphological abnormalities in the heart, lung, liver, in-
10 Human Genetics and Genomics Advances 4, 100238, October 12,
testine and colon. In addition, there was no difference in

the weight of the median lobe of the liver between

T58M/WT and WT/WT mice (Figure S1F). In contrast, the

kidney and uterus showed overt morphological changes.

Given these observations and theMycn expression pattern,
2023



we focused on the phenotypes in the kidney and female

reproductive tract. First, we analyzed the kidney because

of the MYCN expression pattern in human kidneys. The

kidneys were enlarged in T58M/WT mice and the relative

kidney weight to body weight was significantly larger

than in WT/WT mice (Figures 6A–6C). Interestingly, one

out of six mice analyzed showed an apparent unilateral

cystic kidney (Figure 6A), and twomice had a single unilat-

eral kidney. Histological analysis revealed dilatation of the

renal convoluted tubules, indicating an over-proliferation

of renal tubule cells (Figure 6D). Next, we focused on the

female reproductive tract, because all female T58M/WT

mice were infertile. Macroscopically, hydrometra was

observed in T58M/WT mice and 30% of T58M/WT mice

had an open vagina (Figures 6E–6G), indicating an imper-

forate vagina. Histologically, the uterovaginal canal

showed a blind uterus and vaginal atresia with hyperkera-

totic epithelium forming a blockage at the distal end

inT58M/WT mice (Figures 6F and 6H). No obvious

morphological differences in ovarian size or structure

were observed in T58M/WT mice, and mouse Vasa homo-

logue staining revealed no difference in oocyte counts be-

tween the genotypes (Figures 6I–6K). In summary, MYCN

plays an essential role in organogenesis, not only of the

central nervous system, but also of the kidney and female

reproductive system, and the diverse non-brain pheno-

types are suggested to be attributed to the over-prolifera-

tion of tissues forming these organs.
Discussion

In the present study, through the identification of two

additional patients and cellular and pathophysiological

analyses using mouse models, we have detailed a

MYCN gain-of-function-induced megalencephaly-poly-

dactyly syndrome, which shows mirror phenotypes to

Feingold syndrome caused by loss-of-function MYCN vari-

ants. With the analysis of Mycn gain- and loss-of-function

mouse models, we revealed the maldevelopment of multi-

ple organs, including the central nervous system, kidney

and female reproductive system. This was caused by over-

proliferation of the tissues comprising those organs and

underscores the importance of MYCN during organogen-

esis. In addition, although no tumor was detected in the

mouse models, the over-proliferation observed in multiple

tissues could predispose to tumorigenesis and tumor pro-

gression, with or without the additional burden of other

mutations. Collectively, our findings clearly show that

over-active MYCN exerts detrimental effects, both on the

development of multiple organs and on possible tumori-

genesis and its progression.

The phenotypic characterization of our two patients,

along with our previous patient with an MYCN gain-of-

function variant, showed specific clinical features

shared by the patients and thus this megalencephaly-poly-

dactyly syndrome could be a recognizable syndrome. All
Human G
patients showed megalencephaly and ventriculomegaly,

but without the polymicrogyria seen in patients with

MPPH3, along with postaxial polydactyly and dysmorphic

facial features, such as hypertelorism, a wide and depressed

nasal bridge, a wide nasal base, and an upturned nasal tip.

Interestingly, all three cases with MYCN gain-of-function

variants showed a hypoplastic corpus callosum despite a

megalencephalic cerebrum, which is considered one of

the characteristic radiological features distinguishing it

from other megalencephalic syndromes. Moreover, it is

noteworthy that two of the patients developed neuroblas-

toma during their infancy, and this syndrome should not

be considered just as a genetic syndrome with multiple

congenital anomalies without any definitive treatment,

but as one of the hereditary neoplastic syndromes that

should be recognized as early as possible for early detection

and intervention for any tumors. For early recognition of

the syndrome, the comprehensive phenotypic character-

izations reported here are of great value; however, further

characterization with emerging patients is still warranted.

Gain-of-function Mycn mice have not been generated

and pathophysiologically analyzed before. However, anal-

ysis of a sonic hedgehog (Shh) over-expression model,

whose pathway includes Mycn,31 was performed where

over-expression of Shh induced prolonged proliferation

of granule cell precursors (GCPs) in the cerebellum, leading

to enlargement of the overall size of the cerebellum.32 The

mechanism for eliciting an over-proliferation of GCPs is

likely to include Shh induction of its direct target, Mycn,

resulting in cell-autonomous G1 cyclin up-regulation and

subsequent GCP proliferation.32 Because the targets of

Shh that participate in the proliferation of cerebellar

GCPs are not limited to Mycn, this more specific analysis

using the Mycn gain-of-function model is of great impor-

tance for a better understanding of the molecular patho-

mechanisms of cerebellar development.

Through the generation of Mycn gain-of-function mice,

we have demonstrated increased IPCs with a neuronal

migration delay in T58M/WT mice that is consistent

with previous results, showing an over-expression of

Mycn results in a delayed cell-cycle exit accompanied by

delayed neuronal migration.16 In addition to the indirect

evidence that Shh over-expression induces over-prolifera-

tion of neuronal cells, MYCN itself has been reported to

control and regulate the balance between symmetrical

and asymmetrical cell division (SCD and ACD) in neuro-

blastoma cells,33 and over-expression of MYCN induces

SCD despite decreased expression causing ACD, which

seems to be associated with neuroblastoma tumorigen-

esis.33 The balance between SCD and ACD is not only

important for tumorigenesis and progression, but is also

fundamental for tissue homeostasis and the proper devel-

opment of various organs.34 For example, in neurogenesis,

the balance is important for maintaining the proper num-

ber of generated neurons.35 The more cell cycles in which

the neural progenitors divide symmetrically, the later they

exit the cell cycle, and the greater the increase in the total
enetics and Genomics Advances 4, 100238, October 12, 2023 11



number of neurons, resulting in clinical brain megalence-

phaly.36,37 This suggests that over-active Mycn induces

the neural progenitors in our megalencephalic mouse

model to undergo an excessive number of cell cycles

with SCD, subsequently producing the increased number

of mature neurons in the megalencephalic brain.

In addition to the central nervous system manifesta-

tions, we have shown morphological manifestations in

multiple organs of the Mycn gain-of-function mice, such

as the digits, female reproductive system, and kidney.

Considering that the expression pattern of MYCN covers

a wide range of organs other than the brain, including

limbs, heart, kidney, and lung tissues,7,8 it is not unex-

pected for these organs to be affected in our mouse model.

In the digits, more than 90% of mice exhibited postaxial

polydactyly. A previous report revealed that Shh signaling

contributes to limb development by two distinct mecha-

nisms: formation of the anterior-posterior axis for speci-

fying each digit and proliferation of limb mesenchymal

cells,38-40 and its inactivation results in oligodactyly.41

Accordingly, as one of the downstream targets of Shh,

the digit phenotype of T58M/WT mice is possibly caused

by a disturbance of the Shh signaling pathway; this

concept is supported by the digit phenotypes of mouse

models for Feingold syndrome, such as skeletal mesen-

chymal stem cell-specific Mycn conditional knock-out

mice.15 In the female reproductive system, we observed

imperforate vagina and hydrometra caused by the closure

of the vagina with over-proliferative epithelium. Shh

signaling plays an important role in activating Müllerian

epithelial cell proliferation in the uterus and vagina,42

likely producing the histological changes in the female

reproductive tract seen in our mouse model. The Shh

signal also contributes to the disease progression of polycy-

stic kidney disease,43 and its inhibition prevents the exces-

sive proliferation andmicrocyst formation in the disease.44

Our present mouse model recapitulates previously re-

ported Shh over-expression phenotypes of the vaginal

epithelium and renal tubules, so that, among the targets

of Shh signaling, Mycn is likely to play a predominant

role in these over-proliferative phenotypes. From a clinical

point of view, these findings, seen in organs other than the

brain, have not been detected in our patients so far; there-

fore, it is recommended that these patients should be care-

fully monitored for involvement of these additional

organs.

This present study has some limitations. First, although

we detected developmental abnormalities in the central

nervous system, kidney, and female reproductive system,

the Mycn expression pattern might suggest the involve-

ment of other organs.7,8 Second, although expression is

considered more abundant in the fetal stage than in the

adult stage, it is also expressed in the subventricular

zone, subgranular zone, olfactory bulb, subcallosal zone,

and corpus callosum of young adult mice.45 So, it is

possible that the central nervous system phenotypes are

caused not only by fetal neurogenesis, but also by adult
12 Human Genetics and Genomics Advances 4, 100238, October 12,
neurogenesis; this could be clarified with inducible exper-

imental models. Last, while we have considered cyclin D as

one of the MYCN’s downstream targets, contributing to

the morphological manifestations in multiple organs,

there could be other potential targets, up-regulated or

down-regulated by MYCN, which could contribute to the

pathomechanisms. For instance, NLRR1, a potentially

up-regulated target, contributes to growth promotion of

neuroblastoma, whereas DKK1, a potentially down-regu-

lated target, could inhibit the Wnt/b-catenin pathway,

thus regulating neuronal differentiation.46,47 Moreover, it

is worth noting that the expression level of MYC might

be influenced by that of MYCN.48 While we emphasize

that changes in the expression of MYCN’s direct targets

constitute a major contribution to the pathogenesis, it is

possible that transcriptional alterations in MYC’s target

genes might also play a partial role in the pathomechan-

isms. A comprehensive understanding of both up-regu-

lated and down-regulated molecules through transcrip-

tome analysis, originating from more specific cell types at

various embryonic stages, remains an issue to be addressed

in the future.

In conclusion, our data have established that MYCN

gain-of-function variants induce a megalencephaly-

polydactyly syndrome. We demonstrated that MYCN, an

established proto-oncogene, plays a fundamental role

in the organogenesis of multiple organs. Furthermore,

our finding of excess proliferation in multiple tissues could

share molecular pathways in common with tumorigenesis

and progression in various tumors, so our mouse model

may accelerate the understanding of MYCN’s functions,

not only in terms of development, but also of tumorigen-

esis and tumor progression.
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