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MNI C-terminal truncation syndrome is a novel
neurodevelopmental and craniofacial disorder
with partial rhombencephalosynapsis

Christopher C.Y. Mak,'”* Dan Doherty,>** Angela E. Lin,* Nancy Vegas,>® Megan T. Cho,’
Géraldine Viot,® Clémantine Dimartino,”® James D. Weisfeld-Adams,”" ®Davor Lessel,'®
Shelagh joss,II Chumei Li,I2 Claudia Gonzaga-jauregui,I3 Yuri A. Zarate,"I Nadja Ehmke,'®
Denise Horn,'® Caitlin Troyer,I6 Sarina G. Kant,'’ Youngha Lee,I8 Gisele E. Ishak,3’I9
Gordon Leung,I Amanda Barone Pritchard,?® Sandra Yang,7 Eric G. Bend,?''?2

Francesca FiIippini,s’6 Chelsea Roadhouse,'? Nicolas Lebrun,?® Michele G. Mehaffey,2
Pierre-Marie Martin,24% Benjamin Apple,9 Francisca Millan,’” Oliver Puk,?® Mariette
J.V. Hoffer,I7 Lindsay B. Henderson,7 Ruth McGowan,II Ingrid M. Wentzensen,7 Steven Pei,I
Farah R. Zahir,2” Mullin Yu,' William T. Gibson,?” Ann Seman,?® Marcie Steeves,* Jill
R. Murrell,?® Sabine Luettgen,Io Elizabeth Francisco,*® Tim M. Strom,*'*? Louise Amlie-
Wolf,*?* Angela M. Kaindl,>**** William G. Wilson,'® Sara Halbach,*® Lina Basel-
Salmon,37’38’39’40 Noa Lev-EI,37 Jonas Denecke,4I Lisenka E.L.M. Vissers,42 Kelly Radtke,43
Jamel Chelly,44’45’46 Elaine Zackai,2°’47 Jan M. Friedman,27 Michael ). Bamshad,z"m’49
Deborah A. Nickerson,*®*? University of Washington Center for Mendelian Genomics,
Russell R. Reid,*® Koenraad Devriendt,”' Jong-Hee Chae,>? Elliot Stolerman,?!
Carey McDougall,?® Z6e Powis,** Thierry Bienvenu,?*>* ®Tiong Y. Tan,**
Naama Orenstein,m’39 William B. Dobyns,2’3’55 Joseph T. Shieh,24’25 Murim Choi,m’52
Darrel Waggoner,*® Karen W. Gripp,** Michael J. Parker,*® Joan Stoler,?®
Stanislas Lyonnet,s’é’57 Valérie Cor’mier—D::tire,é’”’58 David Viskochil,*® Trevor L. Hoffman,60
Jeanne Amiel,>**” Brian H.Y. Chung"* and ®Christopher T. Gordon®>**

49

“These authors contributed equally to this work.

TDeceased.

MNT1 encodes a transcriptional co-regulator without homology to other proteins, previously implicated in acute myeloid leukaemia
and development of the palate. Large deletions encompassing MN1 have been reported in individuals with variable neurodevelop-
mental anomalies and non-specific facial features. We identified a cluster of de novo truncating mutations in MN1 in a cohort of 23
individuals with strikingly similar dysmorphic facial features, especially midface hypoplasia, and intellectual disability with severe
expressive language delay. Imaging revealed an atypical form of rhombencephalosynapsis, a distinctive brain malformation char-
acterized by partial or complete loss of the cerebellar vermis with fusion of the cerebellar hemispheres, in 8/10 individuals.
Rhombencephalosynapsis has no previously known definitive genetic or environmental causes. Other frequent features included
perisylvian polymicrogyria, abnormal posterior clinoid processes and persistent trigeminal artery. MN1 is encoded by only two
exons. All mutations, including the recurrent variant p.Arg1295* observed in 8/21 probands, fall in the terminal exon or the
extreme 3’ region of exon 1, and are therefore predicted to result in escape from nonsense-mediated mRNA decay. This was
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confirmed in fibroblasts from three individuals. We propose that the condition described here, MN1 C-terminal truncation

(MCTT) syndrome, is not due to MN1 haploinsufficiency but rather is the result of dominantly acting C-terminally truncated

MNT1 protein. Our data show that MN1 plays a critical role in human craniofacial and brain development, and opens the door to
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derstanding the biological mechanisms underlying rhombencephalosynapsis.
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Introduction

The use of trio whole exome sequencing (WES) has dramatic-
ally increased our ability to provide a molecular diagnosis for
individuals with sporadic developmental disorders (Deciphering
Developmental Disorders Study, 2015). Recently, global data
exchange platforms such as GeneMatcher have been created to
facilitate the validation of suspected disease-causing variants,
identified predominantly by WES, in rare disorders (Sobreira
et al., 2015). Despite the success of these approaches, the gen-
etic causes of many presumed Mendelian conditions remain
elusive. Rhombencephalosynapsis (RES), a brain malformation
characterized by total or partial absence of the cerebellar
vermis with apparent fusion of the cerebellar hemispheres is
one of these conditions (Ishak et al., 2012). Individuals with
RES have prominent neurodevelopmental features including
motor delays, abnormal eye movements, stereotypies, hyper-
activity, executive dysfunction, and a broad range of cognitive
ability that correlates somewhat with the degree of RES on
imaging (Ishak et al., 2012; Tully et al., 2013). Syndromic
associations with RES have been reported (Tully et al,
2012), including Gomez-Lopez-Hernandez syndrome (MIM
601853) and VACTERL association (MIM 192350); however,
no definitive genetic causes of RES have been identified
(Aldinger et al., 2018).

Here, we report the use of ‘genotype-first’ approaches for
the identification of clustered C-terminal truncating muta-
tions in MN1 proto-oncogene, transcriptional regulator
(MN1; MIM 156100) as the cause of a highly recognizable
neurodevelopmental disorder with distinctive craniofacial
features. Although large chromosomal deletions of a
region including this gene has been reported in patients
with variable developmental delay, a distinct phenotype is
evident in patients with C-terminal truncating mutations.
Furthermore, systematic review of the brain imaging for
individuals with MN1 C-terminal truncating mutations re-
vealed a highly characteristic pattern of brain malforma-
tion, including a focal variant of RES, thus shedding light
on a poorly understood brain malformation.

Materials and methods

Comparative genomic hybridization,
and whole exome and genome
sequencing

WES or whole genome sequencing (WGS) was performed
for 25 individuals with undiagnosed, syndromic intellectual
disability or developmental delay and dysmorphic facial
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features in 15 independent research or diagnostic laboratories.
WES was performed using methods described previously as
follows: Strauss et al. (2018) for Individual 1; Poirier et al.
(2017) for Individual 3; Choi et al. (2009) for Individual 9;
Lelieveld et al. (2016) for Individual 10; Farwell et al. (2015)
for Individual 13; Deciphering Developmental Disorders Study,
(2017) for Individuals 16 and 19; Hempel et al. (2015) for
Individual 20; Van De Weghe et al. (2017) for Individual 21
and Louie et al. (2017) for Individual 24. For Individual 15,
Medical EmExome sequencing was performed by EGL
Genetics. Clinical WGS was performed for Individual 18
using 2 x 150 bp reads on an Illumina sequencer, with a
mean coverage of 30 x in the target region. For Individuals
4-7, 11, 12, 14, 17, 23 and 25, WES was performed by
GeneDx, as follows. Using genomic DNA from the proband
and parents, exonic regions and flanking splice junctions were
captured using the Clinical Research Exome kit (Agilent
Technologies), the SureSelect Human All Exon V4 (50 Mb)
kit or the IDT xGen Exome Research Panel v1.0 and
sequenced on an Illumina system with >100 bp paired-end
reads. Reads were aligned to human genome build GRCh37/
UCSC hgl9, and analysed for sequence variants using a
custom-developed analysis tool. Additional sequencing tech-
nology and variant interpretation protocols used by GeneDx
have been previously described (Tanaka ez al., 2015). The gen-
eral assertion criteria for variant classification by GeneDx are
publicly available on the GeneDx ClinVar submission page.
WES for Individuals 8 and 22 was performed using Illumina
sequencing followed by standard protocols for read mapping
and variant calling. WES for Individual 26 was performed
using the Agilent SureSelectXT Human all Exon v5 capture
kit followed by sequencing on a NextSeq 500 (Illumina) and
analysed using an in-house sequence analysis pipeline
(Modular GATK-Based Variant Calling Pipeline, MAGPIE),
with LOVDplus (Leiden Genome Technology Center, LUMC,
Leiden) used for interpretation of variants. The deletion in
Individual 27 was identified by array comparative genomic
hybridization (CGH) using peripheral blood DNA on the
Cytochip Oligo 4x180K v1.0 (Fa. Illumina/Bluegnome) and
confirmed by qPCR with primers covering the deleted 22q
region. The deletion in Individual 28 (Patient 7807 in
Friedman et al., 2006, 2009) was identified using an
Affymetrix 100K CGH platform (Friedman et al., 2006) and
the breakpoints refined on an Affymetrix 500K platform
(Friedman et al., 2009). Genetic research was performed ac-
cording to approved institutional ethical guidelines and con-
sent was obtained from all families.

cDNA sequencing and real-time PCR

For Individual 2, RNA was extracted from cultured fibroblasts
using an RNeasy® Mini Kit (Qiagen) and cDNA was gener-
ated with a Verso™ ¢DNA Synthesis Kit (Thermo Scientific).
For Individual 10, cDNA was generated from TRIzol®-ex-
tracted fibroblast RNA using the SuperScript'™ III First-
Strand Synthesis System (Invitrogen). MN1 cDNA was ampli-
fied by PCR using a sense primer in exon 1 and an antisense
primer in exon 2 followed by Sanger sequencing. Real-time
PCR for Individual 10 was performed in a 7900HT Fast
Real-Time PCR System with Fast 96-Well Block Module,
using PrimeTime qPCR primer and probe-based assays
(Integrated DNA Technologies), with wild-type and mutant
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¢.3870_3879dup MNI1 probes specific to each sequence. See
Supplementary Table 2 for primer and probe sequences.

RNA sequencing

For RNA-Seq of skin fibroblasts from Individual 10, libraries
were constructed using Illumina TruSeq RNA sample Prep Kit
v2, and sequenced on an Illumina Hiseq 2500. Trimmed
FASTQ files were aligned to the NCBI RefSeq human reference
genome (GRCh37/hg19) and human transcriptome by Strand
NGS software (Strand Life Sciences Private Limited) based on
the COBWERB aligner with a gap percentage of 15 bp. Variants
with a minimum base quality and mapping quality of 20 were
then called by Strand NGS software to obtain all variants in
the MN1 gene. For RNA-Seq of fibroblasts from Individual
21, total RNA was extracted using TRIzol® and purified
with an RNA Clean & Concentrator-5 kit (Zymo Research).
Libraries were prepared using a TruSeq Stranded mRNA kit
and sequenced on an Illumina NovaSeq instrument, yielding
100 bp paired-end reads. Trimmed fastq files were processed
according to GATK’s RNA-Seq best practices and aligned to
the human reference genome (GRCh37/hg19) using the two-
pass method of STAR (v2.5).

Data availability

Raw data are available upon reasonable request.

Results

Identification of C-terminal
truncating variants in MN|

Twenty-two probands sequenced by WES or WGS
(Individuals 1, 3, 4, and 8-26) harboured de novo pre-
dicted protein-truncating (stop or frameshift) variants in
MN1 (Fig. 1, Supplementary Fig. 1 and Supplementary
Table 1). Because of strong clinical similarities noted be-
tween Individual 2 and other probands in the cohort, we
performed Sanger sequencing of MN1 in Individual 2, and
identified the variant p.(Glu1249%), which was absent in the
father (the mother was unavailable for testing). Individual 7
is the mildly affected father of affected siblings (Individuals
5 and 6). The mutation p.(GIn1273%) was present in all
three by WES, but with wild-type:mutant read imbalance
in the father (137:87), and Sanger sequencing of blood
DNA further supported somatic mosaicism of the variant
in the father (Supplementary Fig. 2). The MN1 gene com-
prises two exons and encodes a protein of 1320 amino
acids. The large first exon codes for amino acids 1-1260
and the second encodes the remaining 60 C-terminal amino
acids. All truncating variants in Individuals 1-23 are
located within the second exon or at the extreme 3’ end
of exon 1 (Fig. 1). Individuals 24-26 harboured de novo
truncating mutations in a much more N-terminal region of
MNT1 (Fig. 1), and did not display dysmorphic facial fea-
tures typical of those patients with C-terminal truncations
(see below). None of the above MNI1 variants have been
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Figure | MNI mutations and sequence conservation. (A) Distribution of C-terminal truncating mutations identified in MN/ in 21
probands (red arrows). Beneath the schema of the gene, black arrows indicate the positions of loss-of-function variants in the gnomAD database
and p.(Ser179), p.(Pro365Thrfs*120) and p.(Ser472") identified in Individuals 24, 25 and 26, respectively. (B) MN| C-terminal sequence con-
servation. Multi-species sequence alignment of the entire exon 2 coding region of MN /. Sequences were obtained from the following RefSeq or
Ensembl transcripts: human, NM_002430.2; mouse, NM_001081235.1; Xenopus, NM_001100202.1; zebrafish, ENSDART00000129197. Red

arrows indicate the positions of the mutations identified in exon 2.

reported in the Genome Aggregation Database (gnomAD;
data accessed May 2019). Given that all the variants in
Individuals 1-23 create premature stop codons in the
final exon or the final 37 nucleotides of exon 1, all are
predicted to result in MNI transcripts that escape non-
sense-mediated mRNA decay, given the rule that premature
stop codons more than 50-55 nucleotides upstream of the
final exon-exon junction trigger nonsense-mediated mRNA
decay (Nagy and Maquat, 1998). cDNA sequencing, real-
time PCR and/or RNA-Seq demonstrated expression of the
mutant transcript at levels similar to that of wild-type in
cultured fibroblasts from Individual 2 (harbouring a prema-
ture stop codon within the 3’ terminus of exon 1) and
Individuals 10 and 21 (harbouring premature stops in
exon 2) (Supplementary Figs 3 and 4). These results suggest
that the MN1 variants identified in Individuals 1-23 may
lead to the expression of C-terminally truncated protein
with pathogenic effect. Unique phenotypes associated with
C-terminal truncating mutations that escape nonsense-
mediated mRNA decay have similarly been reported for
several genes (White et al., 2016; Jansen et al., 2017).
Strikingly, 8 of 21 probands with C-terminal truncations
harboured an identical MN1 variant, p.(Arg1295),

suggesting a mutational hotspot (Fig. 1). This bias may at
least in part be due to underlying nucleotide composition;
p-(Arg1295™) is generated from a C to T transition at a
CpG dinucleotide. This mutational signature is overrepre-
sented among human germline mutations (Acuna-Hidalgo
et al., 2016), and there are no other CpGs with potential to
generate a stop codon by C to T transition in exon 2 or in
the final 55 nucleotides of exon 1 of MNI.

Clinical features in individuals with
MNI C-terminal truncating variants

The major clinical features and their frequencies for indi-
viduals with C-terminal truncations in MN1 (Individuals
1-6 and 8-23; Individual 7 was not included in the pheno-
type frequency analysis because of mosaicism of the muta-
tion) are summarized in Table 1 and all available clinical
details are provided in Supplementary Table 1. While com-
plete clinical data were not available for all individuals,
neurodevelopmental deficits were frequent, with intellectual
disability present in 16/17 patients and delayed or absent
expressive speech in 18/20. Gross motor development was
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delayed in 19/20 cases. Hypotonia was frequent (n = 17/
18) and feeding difficulties occurred in 12/18. Non-standar-
dized photographs were reviewed for all except Individuals
1, 8, 9 and 15, revealing a distinctive facial gestalt, char-
acterized by midface hypoplasia (n = 21/22), hypertelorism
(n = 19/21), downslanting palpebral fissures (n = 15/21)
and a short, upturned nose especially in infancy (n = 21/
22) (Fig. 2). Skull shape anomalies were frequent (n = 16/
21), and consisted of brachycephaly, plagiocephaly, turri-
cephaly, dolicocephaly and/or bi-temporal narrowing, with
craniosynostosis documented in three individuals (Fig. 3).
Mild exorbitism, suggesting shallow orbits, was apparent in
the majority of patients, and there was a trend for frontal
bossing in infancy and a tall forehead at later ages. A high-
arched palate occurred in 15/21 patients (Fig. 2). Only one
patient had a cleft palate (submucous), which was asso-
ciated with a bifid uvula. Ear anomalies were present in
22/22 patients and included low-set, posteriorly-rotated
and/or small ears, with the upper portion of the pinna fre-
quently dysplastic (Supplementary Fig. 5). Hearing loss,
conductive or sensorineural, occurred in 16/20 individuals.
Anomalies occurring in a minority of the 22 patients
included: oculomotor defects in nine (including Duane
anomaly, nystagmus and strabismus); spinal anomalies,
either clinical (lordosis, scoliosis, kyphosis) or radiographic,
in eight; atrial or ventricular septal defects in six; seizures in
six; and congenital diaphragmatic hernia in two. Growth
parameters tended to remain within the normal range.
Individual 7 carrying a mosaic MN1 mutation did not
have major neurodevelopmental or craniofacial anomalies
other than mildly dysplastic ears and a high palate. The
identification of a truncating variant in MNI in
Individual 2, who was tested because of clinical similarities
with other individuals in the series, demonstrates the

Table | Frequency of major clinical findings associated
with C-terminal truncations of MN|

Phenotype Affected individuals,
n (%)
Hypertelorism 19/21 (90)
Downslanting palpebral fissures 15721 (71)
Midface hypoplasia 21/22 (95)
Cranial shape defects (plagiocephaly, 16/21 (76)
brachycephaly, turricephaly, dolicocephaly,
bitemporal narrowing)
Short, upturned nose 21/22 (95)
High-arched palate 15721 (71)
Dysplastic ears 22/22 (100)
Hearing loss (conductive or sensorineural) 16/20 (80)
Speech delay 18/20 (90)
Intellectual disability 16/17 (94)
Motor delay 19/20 (95)
Feeding difficulties 12/18 (67)
Hypotonia 17/18 (94)

Note that only Individuals |-6 and 8-23 were considered for the frequencies listed
(Individual 7 was excluded because mosaicism of the MN| mutation).
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recognizability of this disorder. A computational composite
created through the Face2Gene application (Gurovich
et al., 2019) using multiple patient photos highlights the
facial gestalt (Supplementary Fig. 6). We name this condi-
tion MN1 C-terminal truncation (MCTT) syndrome.

Brain imaging features in individuals
with MNI C-terminal truncating
variants

Initial clinical interpretation of brain MRIs from MCTT
syndrome patients identified varied anomalies in several in-
dividuals, including polymicrogyria, dysmorphic corpus cal-
losum and anomalies of the cerebellum. Prior to detection
of the de novo variant in MN1, Individual 21 had a long-
standing diagnosis of RES. This prompted detailed review
of the brain imaging for 11 individuals in the cohort by
D.D., G.I. and W.B.D., revealing a highly characteristic
pattern of brain malformation (Table 2). Eight of ten pa-
tients had focal crossing of the cerebellar folia with loss of
vermis morphology consistent with a partial form of RES
(Fig. 4). The most extensive involvement resembles more
classic partial RES but without fusion of the central white
matter or complete loss of vermis landmarks on sagittal
view. In addition, 9/10 individuals had polymicrogyria of
the insula, which sometimes extended more broadly in the
perisylvian region. Similar to other individuals with RES,
3/11 had ventriculomegaly (one shunted), and 4/8 had
hypoplastic olfactory bulbs. In contrast to other individuals
with RES, 6/11 MCTT patients had above average thick-
ness of the rostral corpus callosum and none had absent
septum, although one had a cavum velum interpositum
(Fig. 4C, Individual 14). We also noted a persistent
medial primitive trigeminal artery in 7/10 (six unilateral,
one bilateral), often associated with prominent posterior
clinoid processes that sometimes were fused across the mid-
line (Figs 4 and 35). Persistent trigeminal artery is an em-
bryonic connection between the anterior and posterior
cerebral circulation that has been detected in 0.1-0.6% of
individuals undergoing vascular imaging (O’uchi and
Q’uchi, 2010), so the 70% prevalence in association
with MN1 variants is far greater than expected by
chance. The pituitary did not appear abnormal in any
of the patients.

Impact of MN | N-terminal truncating
variants and whole gene deletions

The clustering of de novo truncating mutations at the C-
terminus of MNI1, associated with a specific phenotype, is
suggestive of a pathogenic effect of the mutations that is
not equivalent to haploinsufficiency. We investigated indi-
viduals with other types of lesions at the MNI locus in
order to provide support for this argument, and thereby
to establish specific genotype-phenotype relationships. In
gnomAD, which is composed of variants identified in
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Figure 2 Facial features of individuals with C-terminal truncating mutations in MNI. Oral view for Individuals 18 and 22 indicates
high and narrow palate. Individual identification numbers are indicated at the top left of each panel.
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Individual 5 (11 mos)

Individual 12 (2 yrs 10 mos

Figure 3 3D CT scans indicating craniosynostosis in indi-
viduals with C-terminal truncating mutations in MNI. For
Individual 5, images show bilateral partial craniosynostosis of
squamosal, frontosphenoid and coronal sutures. For Individuals 12
and 18, images show closure of the metopic, coronal and sagittal
sutures and partial closure of lambdoid sutures. The images of
Individual 18 are subsequent to fronto-orbital advancement surgery
and placement of a ventriculoperitoneal shunt.

individuals unlikely to have severe paediatric disease, five
loss-of-function MN1 variants have been reported (each
with an allele count of one; data accessed May 2019), all
of which are positioned >355 bp upstream of the 3’ end of
exon 1 (Fig. 1), suggesting all would provoke nonsense-
mediated mRNA decay, in contrast to the more C-terminal
variants. In addition to the C-terminal truncating variants
in MCTT patients, we also identified, through trio WES,
three de novo truncating variants in the N-terminal third of
MN1, in patients with a phenotype partly overlapping, but
distinct from that of MCTT syndrome: p.(Ser179%) in
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Individual 24 (with dyspraxia, mild conductive hearing
loss, facial asymmetry and submucous cleft palate);
p-(Pro365Thrfs*120) in Individual 25 (with social inter-
action issues, speech delay, mild conductive hearing loss
and a prominent nose); and p.(Ser472*) in Individual 26
(with speech delay, mild conductive hearing loss and non-
specific facial features) (Figs 1 and 6 and Supplementary
Table 1). These three variants are also predicted to
induce nonsense-mediated mRNA decay. Although all
three patients had conductive hearing loss and a range of
speech defects, none had significant intellectual disability or
a facial gestalt reminiscent of MCTT syndrome.

We also report here the first known microdeletion har-
bouring MN1 but no other genes (130 kb at
chr22:2871057465-287 2357 360), which occurred de
novo in Individual 27 (with microcephaly, intellectual dis-
ability, speech and motor delays and mildly dysmorphic
facial features) (Fig. 6 and Supplementary Table 1). In
the DECIPHER (Firth et al., 2009) database and the litera-
ture, large deletions containing MN1 and other genes have
been described in individuals with variable neurodevelop-
mental and facial anomalies. The most frequent findings
reported in these individuals are cleft or high-arched
palate, micro- and/or retrognathia, hypertelorism, either de-
pressed or prominent nasal bridge, low set and/or dysplas-
tic ears, hypoplastic corpus callosum, mild to moderate
developmental delay and intellectual disability including
delayed speech (we include here the cases described in:
Bruder et al., 2001; Barbi et al., 2002; Said et al., 2011;
Davidson et al., 2012; Beck et al., 2015; Breckpot et al.,
2016) and DECIPHER Individuals 999, 4110, 290785,
294749 and 331398, for a total of 19 individuals).
Although some of these features are observed in MCTT
syndrome, the majority (16/19) of these individuals have
deletions >2 Mb and that contain at least 10 MIM
genes, making it difficult to judge the contribution of
MN1 haploinsufficiency to the phenotype. For one of the
smallest previously reported deletions harbouring MNI1,
DECIPHER 999 (Individual 28 here; see Supplementary
Table 1 for clinical details), facial features are shown in
Fig. 6 (photographs have not been previously published).
Based on photographs of Individuals 27 and 28 and those
available in the literature, individuals with deletions of
MN1 do not exhibit a consistent facial gestalt, and they
do not resemble individuals with MCTT syndrome.
Furthermore, review of brain imaging for Individuals 24,
27 and 28 did not reveal RES or the other findings fre-
quently observed in patients with C-terminal truncating
variants (Figs 4 and 5). Collectively, the above data suggest
that haploinsufficiency for MN1 may lead to neurodevelop-
mental anomalies, palatal defects and facial dysmorphisms
with variable expressivity and penetrance but without sig-
nificant similarity to the craniofacial gestalt or brain mal-
formations of MCTT syndrome. We speculate that these
differences are due to the stable expression of C-terminally
truncated MNT1 protein in the latter, which may act in a
dominant negative or gain-of-function manner.
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Table 2 Brain imaging features in individuals with
C-terminal truncating MN|/ variants

Feature Prevalence
RES 8/10
Cerebellar dysplasia (other than RES) 4/10
Perisylvian polymicrogyria 9/10
Subcortical heterotopia 2/11
Ventriculomegaly 3/11
Thick rostral corpus callosum 6/11
Hypoplastic olfactory bulbs 4/8
Persistent trigeminal artery 7/10
Prominent posterior clinoid process 7/10
Hypertelorism 10/11

The frequencies are based uniquely on MRIs that were reviewed as a series at one
centre.

C-terminal truncations
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Discussion

MNI : a poorly characterized gene
implicated in craniofacial skeletal
development

MN1 was initially named because of its disruption by a
balanced translocation in a meningioma (Lekanne Deprez
et al., 1995), and at the same time was identified in trans-
locations in myeloproliferative disorders (Buijs et al., 1995),
resulting in fusions with TEL, encoding an ETS family
transcription factor (now known as ETV6; MIM
600618). While the relevance of the initial association
with meningioma has remained unclear, MN1 has been
strongly associated with leukaemia. Overexpression of

N-terminal

truncation Deletion

Figure 4 Brain findings in patients with C-terminal truncating MN | variants. (A) Inferior cerebellum (axial view): foliar dysplasia with
indistinct vermis and abnormal folia crossing the midline (Individuals 2, 14, 17, 20, 21); normal inferior cerebellar anatomy (Individuals 24 and 28).
(B) Superior cerebellum (axial view): small (Individuals 17, 20 and 21) or almost absent (Individuals 2 and 14) vermis with abnormal folia crossing
the midline especially ventrally; normal superior cerebellar anatomy with intact vermis (Individuals 24 and 28). Arrow in Individual 17 indicates
persistent trigeminal artery. (C) Insula (axial view): polymicrogyria interior to yellow bars (Individuals 14, 17, 20 and 21), normal appearance
(Individuals 2, 24 and 28). Note that Individual 14 has a cavum velum interpositum (asterisk) and all individuals with C-terminal truncating variants
have unusual head shape with bitemporal narrowing. (D) Midline (sagittal view): Tall, flat forehead and thickened rostral corpus callosum
(Individuals 2, 14, 17, 20 and 21), abnormal vermis lobulation with indistinct primary and horizontal fissures (Individuals 2, 14, 17, 20 and 21),
persistent trigeminal artery (arrow in Individual 14) and prominent posterior clinoid process (arrowheads in Individuals 17 and 20).

020z AJenuer /z uo Jasn ¥ay)ol|qiqIesjusz - HqWo) JI8Ypunsas) pun Jjamuin Jany wniuazsbunyosiod-4S9 AqQ L¥SS/9G/SS/ L /S L AoBINSHR-0[91e/UIRIq/WOd dNO"dIWapeoe//:sdny WoJl) peapeojumoq



64 | BRAIN 2020: 143; 55-68

Figure 5 Persistent trigeminal artery and prominent pos-
terior clinoid process in patients with C-terminal truncat-
ing MN| variants. (A) Carotid and basilar arteries (axial view):
Persistent trigeminal artery flow-voids (dark signal) connecting the
carotid (C) and basilar (B) artery flow-voids (arrows). The persist-
ent trigeminal arteries are unilateral in Individuals || and 17, and
bilateral in Individual 13. Individual 24 with an early truncating
variant does not have persistent trigeminal arteries (shown for
comparison). (B) Prominent posterior clinoid process (sagittal
view): abnormal tissue just superior to the posterior pituitary bright
spot and continuous with the posterior clinoid process (arrow-
heads). Individual 24 without the abnormal tissue is shown for
comparison.

wild-type MN1 in mice results in acute myeloid leukaemia
(AML) or myeloproliferative disease (Carella et al., 2007;
Heuser et al., 2007) and elevated MN1 expression is a
marker of poor prognosis of AML in humans (Heuser
et al., 2006). Note that none of the patients reported here
have cancer. MN1 contains no recognized protein domains
or homology to other proteins, making predictions of its
molecular functions difficult. It localizes to the nucleus
(Buijs et al., 2000) and contains proline-rich regions and
poly-glutamine tracts. In vitro reporter assays have shown
that MNT1 can act as a transcriptional activator, synergizing
in some contexts with retinoic acid receptors, nuclear re-
ceptor coactivators or p300 (Buijs et al., 2000; van Wely
et al., 2003; Sutton et al., 2005; Liu et al., 2008; Zhang
et al., 2009), but MN1 is not thought to directly bind DNA
(van Wely et al., 2003; Meester-Smoor et al., 2007).
Further evidence for a role in transcriptional regulation
comes from ChIP-Seq (chromatin immunoprecipitation-
sequencing) studies that identified co-occupancy of MN1
and the HOX co-factor MEIS1 (MIM 601739) at chroma-
tin regions containing putative direct target genes of both
factors in leukaemic cells (Heuser et al., 2011).
Structure-function studies have highlighted several broad
regions of MN1, in either the N- or C-terminal halves of the
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protein, involved in its ability to regulate haematopoietic cell
fate and leukaemogenesis (Kandilci et al., 2013; Lai et al.,
2014); however, to the best of our knowledge, no specific
activity has been attributed to the 60 C-terminal amino acids
encoded by exon 2. Interestingly, within exon 2, the final 20
amino acids (which are fully or partially deleted in all indi-
viduals with MCTT syndrome) are particularly highly con-
served across vertebrate species (Fig. 1B). A key area for
future studies will involve investigation of the molecular
function of this highly conserved C-terminus of MNT1.

During embryonic development of animal models, MN1
is expressed in restricted domains relevant to the tissues
affected in MCTT syndrome. The zebrafish orthologue
mnlb is expressed in the neural plate (presumptive central
nervous system) during gastrulation and subsequently is
strongly expressed in the midbrain and hindbrain during
segmentation stages followed by additional expression in
the telencephalon and pharyngeal arches (ZFIN database).
In mouse embryos between embryonic day (E)9.5 and 12.5,
the major sites of Mnl expression are the frontonasal
prominences, pharyngeal arches and brain, especially the
ventricular zone (Liu ef al., 2008). At E14.5, strongest ex-
pression occurs in the mantle zone of the forebrain, with
expression also observed in other regions of the brain (lat-
eral midbrain, cerebellum, pons), head mesenchyme, the
palatal shelf and the developing digits and axial skeleton
(Eurexpress  database) (Diez-Roux et al, 2011).
Homozygous Mn1-null mice die shortly after birth due to
clefting of the secondary palate (Meester-Smoor et al.,
2005; Liu et al., 2008). These mice also display agenesis
or hypoplasia of several bones of the ventral and lateral
walls of the skull and thinning of bones of the skull roof,
but no axial or appendicular skeletal defects nor anomalies
of internal organs (Meester-Smoor et al., 2005). In a
genome-wide study of single nucleotide polymorphisms
associated with variation in skull and mandible shape in
mice, Mn1 was contained in the locus with the largest effect
size (Pallares et al., 2015). Also, during evolution the MN1
gene is suspected to have arisen at the base of the bony
vertebrates (Pallares et al., 2015). Mn1 expression increases
during differentiation of primary osteoblasts, and M#n1 is
necessary for the proliferation, differentiation and several
functions of this cell type (Zhang et al., 2009). Collectively
these data suggest that MN1 plays an essential and con-
served role in development of the bones of the skull.
Although the molecular function of the MNT1 alleles identi-
fied in MCTT syndrome remains unclear (see below), the
above studies are consistent with the finding that alter-
ations in skull and facial shape are a constant feature of
MCTT syndrome.

Mutations in MN| cause partial
rhombencephalosynapsis

In addition to distinctive craniofacial features, several
MCTT syndrome patients have a focal variant of RES,
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Figure 6 Facial features of individuals with N-terminal truncating mutations in MNI| or whole deletions of MNI. Individual

identification numbers are indicated at the top left of each panel.

usually involving less than half of the vermis. Interestingly,
previously reported individuals with RES can also present
craniofacial features such as high forehead, flat midface
and low-set ears (Tully et al., 2012), which are frequent
features in patients with MCTT syndrome. No consistent
causes of RES have been reported and no animal models
exist. Possible RES has been reported in a single individual
with a de novo deleterious CHAMP1 variant (Hempel et al.,
2015), in one of two siblings with a frameshift mutation in
ZIC1 (Vandervore et al., 2018), in two siblings with a 7 bp
ZIC2 deletion (Ramocki et al., 2011), and in a foetus with a
de novo missense variant in ADGRL2 (Vezain et al., 2018);
however, the published imaging is inadequate to unambigu-
ously establish the RES diagnosis in the above cases. In add-
ition, we did not identify likely pathogenic variants in these
genes in exome data from 59 individuals with RES (Aldinger
et al., 2018) and no additional families have been published,
so CHAMP1, ZIC1, ZIC2 and ADGRL?2 are unlikely to be
strongly associated with RES. Therefore, identifying a role
for MNT1 in the pathogenesis of RES is a major advance in
our understanding of this malformation. Several theories for
the developmental basis of RES have been proposed, par-
ticularly perturbed dorsal midline patterning due to the as-
sociation of RES with holoprosencephaly and other midline
brain defects in some patients (Ishak et al, 2012).
Unfortunately, MN1 does not have a known role in these

processes, so further understanding of RES will require add-
itional functional work in human and animal model systems.

Clinical implications

The diagnosis of MCTT syndrome has important clinical im-
plications. It is caused by de novo variants, making the re-
currence risk low. Based on the 22 individuals with germline
C-terminal mutations in our cohort, the range of neurodeve-
lopmental outcome is broad, but all individuals require edu-
cational and therapy support, particularly for communication,
and are not expected to be fully independent in adulthood.
MCTT syndrome individuals are at risk for craniosynostosis,
which may result in increased intracranial pressure. In add-
ition, they have a high frequency of persistent trigeminal
artery, which can affect surgical approaches to the skull
base and pituitary. Finally, our comparison of the MCTT
syndrome phenotype with that of patients harbouring more
N-terminal truncating variants indicates that the latter group
are likely to have less severe neurodevelopmental outcomes.

Conclusion

In summary, we have identified de novo C-terminal trun-
cating mutations in MNI1 as the cause of a severe and
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recognizable syndrome involving neurodevelopmental def-
icits and dysmorphic craniofacial features that is distinct
from the variable and incompletely penetrant phenotypes
associated with haploinsufficiency of this gene. Our find-
ings will improve genetic counselling options for families of
patients with MNT1 variants and will motivate further basic
research into the molecular roles of MNI, in particular
regarding the function of its highly conserved C-terminus,
and into the poorly defined developmental roles of MNI1,
especially in the context of CNS and craniofacial skeletal
development. Importantly, our work opens the door to
understanding the mechanisms underlying RES, a poorly
understood cerebellar malformation.
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