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Gain-of-Function MNT Truncation Variants Cause a
Recognizable Syndrome with Craniofacial
and Brain Abnormalities
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MNT1 was originally identified as a tumor-suppressor gene. Knockout mouse studies have suggested that Mn1 is associated with cranio-
facial development. However, no MN1-related phenotypes have been established in humans. Here, we report on three individuals who
have de novo MN1 variants that lead to a protein lacking the carboxyl (C) terminus and who presented with severe developmental delay,
craniofacial abnormalities with specific facial features, and structural abnormalities in the brain. An in vitro study revealed that the dele-
tion of the C-terminal region led to increased protein stability, an inhibitory effect on cell proliferation, and enhanced MN1 aggregation
in nuclei compared to what occurred in the wild type, suggesting that a gain-of-function mechanism is involved in this disease. Consid-
ering that C-terminal deletion increases the fraction of intrinsically disordered regions of MN1, it is possible that altered phase separation
could be involved in the mechanism underlying the disease. Our data indicate that MN1 participates in transcriptional regulation of
target genes through interaction with the transcription factors PBX1, PKNOX1, and ZBTB24 and that mutant MN1 impairs the binding
with ZBTB24 and RING1, which is an E3 ubiquitin ligase. On the basis of our findings, we propose the model that C-terminal deletion
interferes with MN1’s interaction molecules related to the ubiquitin-mediated proteasome pathway, including RING1, and increases the
amount of the mutant protein; this increase leads to the dysregulation of MN1 target genes by inhibiting rapid MN1 protein turnover.

Introduction

MNI1 (MN1 proto-oncogene, transcriptional regulator,
MIM: 156100, GenBank: NM_002430.3) at 22q12.1 con-
sists of two exons encoding 1,320 amino acid residues in
humans. It was first reported as a disrupted gene of
t(4;22) in meningioma or t(12;22) in myeloproliferative
disorder."” Thus, MN1 was thought to be a tumor-suppres-
sor gene associated with the inhibition of cell proliferation.
Conversely, MN1 has also been described as an oncogene
because high MN1 expression is associated with the poor
prognosis of acute myeloid leukemia.’

As a transcription cofactor, MN1 increases its transacti-
vation capacity in synergy with all-frans retinoic
acid (ATRA) and coactivators EP300 (formerly P300)
and RAC3 in a dose-dependent manner.* MN1 recognizes
a “CACCC” sequence, as well as the DR1 (AGGT
CAAAGGTCA) and DRS (AGTTCAGATCAAGGTCA) se-
quences,”* which are classical consensus sequences for reti-
noic acid receptors.” However, MN1 cannot bind directly
to these sequences, and other proteins are needed to allow
MNT1 to bind DR1 and DR5.* Molecules directly binding
MN1, and the mechanisms of MN1-induced inhibition
in cell proliferation, have not yet been elucidated.

MN1 has been implicated in brain and craniofacial devel-
opment in mice and humans.”~® In mice, Mn1 is strongly
expressed in the midbrain, hindbrain, and craniofacial
mesenchyme at embryonic day 9.5 (E9.5) and in all the
prominences of the developing face by E10.5.” Mn1 ex-
hibits notable differential expression along the anteropos-
terior axis of the developing second plate during palatal
outgrowth.” Homozygous MnlI-knockout mice die at or
soon after birth because of a cleft palate, and preterm
(E15.5 to E17.5) null mice undergo abnormal skull bone
development.'® Heterozygous knockout mice display a
less severe phenotype, involving hypoplastic membranous
bone and incomplete penetrance of the cleft palate.'® In
humans, at least nine individuals with a heterozygous
deletion involving MN1 have been reported, and all have
orofacial features, including a cleft palate.””'""'* However,
because other genes were also deleted in these individuals,
it remains unknown whether MN1 deletion alone affects
human development.

Here, we report on three individuals with a recognizable
syndrome involving characteristic craniofacial and brain
abnormalities caused by gain-of-function MNI variants
that produce C-terminally truncated proteins. In addition,
we shed light on a characteristic property of MN1: it
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contains an intrinsically disordered region (IDR), possibly
related to phase separation in cells. The identified mutants
all increase the proportion of MN1 that is intrinsically
disordered.

Methods

DNA Preparation and Genetic Analysis

We collected samples after obtaining written informed consent
from study participants. DNA was extracted from human pe-
ripheral leukocytes. Whole-exome sequencing (WES) was per-
formed as previously reported.'® The candidate variants were
validated by Sanger sequencing. This study was approved by
the institutional review board of the Yamagata University Fac-
ulty of Medicine and the Yokohama City University School of
Medicine.

Cell Culture

HEK293T, HeLa, MG63, Plat-E, and HeLa S3 cells stably express-
ing mCAT (mCAT-HaLa) cells were grown in DMEM-GlutaMAX
(Thermo Fisher) with 10% heat-inactivated fetal bovine serum
(FBS, Sigma-Aldrich,) and penicillin-streptomycin (Thermo
Fisher) at 37°C with 5% CO, concentration. A human lympho-
blastoid cell line was established from peripheral blood by SRL
and maintained with RPMI 1641 media (Thermo Fisher) with
10% heat-inactivated FBS and antibiotic antimycotic solution
(Sigma-Aldrich) at 37°C with 5% CO, concentration.

MNT1 Subcellular Localization in HelLa Cells

An N-terminal GFP-fused human MNI expression vector was
created by incorporating the MNI1 (GenBank: NM_002430.3)
open-reading frame (ORF) into DESTS3 via the Gateway cloning
system (Thermo Fisher). The human MNI ORF was amplified
with a human cDNA library purchased from Clontech. The
mutant was created by a KOD-plus-Mutagenesis Kit (TOYOBO).
We transfected 500 ng of each construct into HeLa cells by using
ViaFect Transfection Reagent (Promega). After 48 h of transfection,
the cells were fixed with 2% paraformaldehyde, washed with 1x
PBS, and mounted onto slides with a mounting medium and
DAPI (Vector Laboratories).

Quantification of MN1 Aggregation

Wild-type or mutant GFP-tagged MN1 was transiently overex-
pressed in HeLa cells. The cells were washed with 1x PBS 48 h after
transfection and fixed with 2% paraformaldehyde in 1x PBS for
15 min at room temperature. After being washed three times
with 1x PBS, the coverslips were mounted with antifade solution
containing DAPI (Vector Laboratories). Confocal microscopy im-
ages of the HeLa cells were captured with ApoTome and ZEN black
(Zeiss). Ten images of each construct were captured (63 X objective
lens, 0.5x zoom with oil-immersion lens) and analyzed with Im-
ageJ and a custom R program. The MN1 aggregates within the cells
were selected, and the area and mean intensity of each aggregate
were measured.

Protein Stability Assay

We created N-terminal V5-tagged human MN1 expression vectors
by using the Gateway cloning system (Thermo Fisher) to incorpo-
rate the MN1 ORF into pcDNA3.1/nV5-DEST (Thermo Fisher). The
mutant was created with the KOD-plus-Mutagenesis Kit

(TOYOBO). N-terminal V5-tagged wild-type and mutant MN1
constructs were transiently transfected into HEK293T cells via X-
tremeGENE 9 DNA transfection reagent (Roche). 48 h after trans-
fection, cells were treated with cycloheximide (CHX) at 80 ng/mL
both with and without MG132 (25 uM) for 6 h (cells not treated
with CHX and MG132 were assigned a treatment value of O h).
Cells were collected with trypsin, lysed with lysis buffer (25 mM
Tris-HCI [pH 7.5], 100 mM NacCl, 2 mM EDTA, and 0.5% Triton
X-100) with AEBSF protease inhibitor (Thermo Fisher) and Benzo-
nase Nuclease (Sigma-Aldrich). The same amounts of whole frac-
tion for each sample were loaded on 4%-12% Bis-Tris gels for
immunoblotting. Anti-V5 mouse monoclonal antibodies (Cata-
logue #R960-25, 1:5000, Thermo Fisher) and anti-p-actin mouse
monoclonal antibodies (Catalogue #ab6276, 1:5000, Abcam)
were incubated in 5% non-fat milk in PBST (1x phosphate-buff-
ered saline and 0.1% Tween), and horseradish peroxidate (HRP)
anti-mouse IgG antibodies (catalogue #115-035-003, 1:10,000,
Jackson ImmunoResearch) were used as the secondary antibodies.
Protein signals were detected with SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher) by the ChemiDoc
Touch Imaging System (Bio-Rad). The signal intensity was
measured with Image Lab software (Bio-Rad). The V5-tagged
MN1 levels were normalized with B-actin. The MN1 protein of
cells with no treatment was set to be 100% for each construct’s
transfection. Statistical analysis was performed with R 3.6.1 by
Welch'’s test between no treatment and CHX and by t test between
CHX and CHX with MG132.

Luciferase Reporter Assay

The wild-type and three mutant versions of the MNI1 ORF were
incorporated into the pBIND vector via the In-Fusion HD Cloning
kit (Takara Bio). pBIND-VP16 was used for positive control of tran-
scriptional activity. In addition to each pBIND-MN1 construct,
pGL4.31 and PRL-tk were co-transfected into HEK293T cells with
X-tremeGENE 9 (Roche). Triplicate samples for each construct
were measured in three independent experiments. 48 h after trans-
fection, cells were collected and analyzed with the Dual-Luciferase
Reporter Assay system (Promega) according to the manufacturer’s
instructions. The signal was detected by Centro LB960 (Berthold
Technologies). The relative light units were calculated by division
of the firefly luciferase signal by the renilla luciferase signal. The
statistical analysis between the wild type and each mutant was
performed by t test.

MG-63 Stable Pool Growth Assay

MG-63 cells were plated the day before transfection at a density of
2 x 10° cells on a 10 cm plate. Cells were transfected with N-termi-
nal GFP-fused wild-type or mutant MN1 vectors via polyethyleni-
mine “Max” (Polysciences). After 48 h, the cells were trypsinised
and collected, and the live cells were re-plated at 1 x 10° cells in
each well of a six-well plate in duplicate or triplicate with G418 se-
lection (400 pg/mL in reaction) for 5 days. After cells were washed
twice with 1x PBS, they were counted by an automatic cell
counter with trypan-blue staining (Bio-Rad). Three independent
experiments were performed. Statistical t tests between the wild
type and each mutant were performed with R 3.6.1.

Establishment of mCAT-HelLa Cell Lines Stably
Expressing FLAG-tagged MN1

The full-length wild type and mutant MN1 ORF were incorpo-
rated into the pQCXIP vector (gift from Dr Takahashi) via the
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In-Fusion HD Cloning kit (Takara Bio). Each construct was trans-
fected into Plat-E cells through use of the X-tremeGENE 9 trans-
fection reagent (Roche). After 48 h, the supernatant was
collected and added into HeLa S3 cells stably expressing
mCAT (mCAT-HeLa cells). After the mCAT-HeLa cells reached
confluency, puromycin selection (2 pg/mL in reaction) was
started. By limiting dilution methods, we were able to pick up
and subculture single colonies. We checked the FLAG-tagged
MNI1 expression level by immunoblotting with an HRP-fused
anti-FLAG antibody (catalog #A8592, M2; Sigma, 1:800).

Immunoprecipitation of the Nuclear Extract and
Immunoblotting

mCAT-HelLa, three clones of the MN1-wild type, and three clones
of the MN1 mutant stable cell lines (two clones for p.GIn1279*
and one clone for p.Arg1295*) were separately cultured up to
either 3 or 6 L in Minimum Essential Medium Eagle (Sigma-Al-
drich) with 5% calf serum, 2 g/L NaHCOs3, and penicillin-strepto-
mycin (Thermo Fisher) at 37°C with 5% CO; concentration. The
nuclear fraction was extracted by Dignam methods'* with slight
modification. Benzonase nuclease (Sigma-Aldrich) was also used
in samples for immunoblotting. The nuclear extract was incubated
with anti-FLAG M2 affinity gel (Sigma) for 30 min at 4°C and was
then washed three times with wash buffer A (150 mM NacCl,
40 mM HEPES, 0.1% Triton X-100) and twice with wash buffer B
(150 mM NaCl, 40 mM HEPES). The 1x FLAG-peptide was added
into the slurry so that the FLAG-MN1 complex would be eluted.
The eluted samples were run on 4%-20% polyacrylamide gels
(Bio-Rad) and stained with the Silver Stain II Kit (WAKO) accord-
ing to the manufacturer’s instructions. We evaluated PBX1,
PKNOX1, RING1, and ZBTB24 by immunoblotting with the
following antibodies: rabbit polyclonal anti-PBX1 (catalog
#4342, Cell Signaling Technology), rabbit polyclonal anti-
PKNOX1 (catalog #10614-1-AP, Proteintech), mouse monoclonal
anti-RING1 (clone #8C12F4, Santa Cruz Biotechnology), and rab-
bit polyclonal anti-ZBTB24 (catalog #27975-1-AP, Proteintech).
Protein signals were detected with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher) by the ChemiDoc
Touch Imaging System (Bio-Rad).

Protein Identification

The FLAG-tag pulled-down samples were denatured with 2 M
urea and 50 mM NH4HCO; and subsequently digested with
trypsin for 16 h at 37°C after reduction and alkylation. The re-
sulting peptides were desalted with C18 Stage Tips'® and were
subjected to liquid chromatography tandem-mass spectrometry
(LC-MS/MS) analysis. LC-MS/MS analysis was performed on a Tri-
ple TOF 5600 (AB SCIEX) coupled with an UltiMate 3000 LC sys-
tem (Thermo Fisher Scientific). To identify peptides, we created
peak lists by using Protein Pilot software v. 5.0.1 (AB SCIEX)
and searched against the human protein sequences in the
Swiss-Prot database (July 2014) by using the Mascot search engine
(v. 2.5.1, Matrix Science) with the following parameters. Enzyme:
trypsin. Maximum missed cleavage sites: 2. Variable modifica-
tions: N-terminal carbamylation, protein-N-terminal acetylation,
carbamidomethylation of cysteine, and oxidation of methionine.
Peptide mass tolerance: = 0.05 Da. Fragment mass tolerance: =+
0.1 Da. We used a 1% overall false-discovery rate as a cutoff to
export results from the analysis by MASCOT. In addition, pep-
tides that yielded a peptide ion score >30 were considered posi-
tive identifications.

Results

Clinical Features

All three affected individuals were born to healthy non-
consanguineous parents. The common clinical features of
these affected individuals include severe developmental
delay, speech impairment, characteristic facial features (doli-
chocephaly, a flat face, thick eyebrows, widely spaced eyes,
low-set ears, a short nose, and anteverted nares), and hyper-
phagia (Figure 1 and Table 1). Serial pictures of individual 3
at different ages suggest that the facial characteristics became
more prominent and her face became longer as she grew
older (Figures 1C-1H). Although we were unable to show
the face of individual 1, his face is similar to those of individ-
uals 2 and 3. His thickand arched eyebrows, anteverted nares,
large ear lobes, and rotated ears, in particular, are strikingly
similar to those of individual 3. Two of the three affected in-
dividuals showed perisylvian polymicrogyria (Figures 11 and
1]). In addition, a high-intensity circular lesion was observed
at the left cerebellar white matter on a T2-weighted MRl in in-
dividual 3 at the age of 10 years (Figure 1K). However, this
finding was not observed in individual 1 at the age of 6 years
or individual 2 at the age of 20 months. Therefore, further
data collection from affected individuals and longitudinal
follow-up would be needed if we are to determine whether
this finding is a fundamental feature. See the Supplemental
Note for detailed clinical information.

Genetic Analysis

Because all three affected individuals were simplex cases
with no family history of consanguinity, we first hypothe-
sized that their condition might be caused by a de novo
mutation. By trio-based WES, we identified three de novo
truncating MN1 variants: ¢.3883C>T (p.Arg1295*) in indi-
vidual 1, ¢.3835C>T (p.GInl1279*) in individual 2,
and c.3846_3849del (p.Val1283Thrfs*36) in individual 3
(Figure 2A, Table 1, Table S1). These variants were not regis-
tered in any publicly available variant database (gnomAD,
ExAC, or EVS) or in our in-house exome control database
(n = 575). Interestingly, all three variants were specifically
located in exon 2 (Figure 2B). According to the rule of
nonsense-mediated mRNA decay (NMD), a premature
termination codon at the last coding exon or ~50-55 nu-
cleotides upstream of the last exon-exon junction would
escape NMD.'® Because MN1 consists of two coding exons,
all three variants are thought to escape NMD and produce
truncated proteins. Using a lymphoblastoid cell line estab-
lished from individual 1, we confirmed that the variants
did escape NMD (Figure S1). Thus, a truncated MN1 lack-
ing the C-terminal part was thought to stably exist in
the cells of individual 1. In addition, a de novo missense
variant of ACSL4 (GenBank NM_004458.3, c.1186C>T
[p.Arg396Cys]) was detected in individual 3; this variant
is classified as “likely pathogenic” according to the
ACMG guidelines'” (PS2, de novo; PM2, absent from con-
trols). Loss-of-function variants of ACSL4 are known
to cause X-linked dominant intellectual disability
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(MIM: 300387),'® but her phenotype, especially the char-
acteristic facial features, cranial anomalies, polymicrogy-
ria, and hyperphagia, cannot be solely explained by the
ACSL4 variant. Therefore, the MNI1 variant is likely to
make a significant contribution to the phenotype of indi-
vidual 3.

MN1 expression has been reported in skeletal muscle in
adult humans.'’ In our analysis, MN1 demonstrated high
expression in fetal and adult skeletal muscle and even
higher expression in fetal brain (Figure S2).

Intrinsically Disordered Regions in MN1

It has been reported that MN1 contains an N-terminal nu-
clear localization signal, proline-rich sequences, and two
polyglutamine stretches.'? In addition, one coiled-coil re-
gion (518-561 aa) was predicted by the SMART program
(Figure S3). PONDR, a web-based prediction software for
natural disordered regions, predicted a majority of MN1
to be IDR (Figure 2C), suggesting that the majority of
MNT1 does not form a fixed tertiary structure. However,
all three truncation variants were located within the C-ter-
minal ordered region (from Serl276 to Thr1320)
(Figure 2B, Figure S4). Because all three mutations result
in the lack of the C-terminal ordered region (Figure 2D),
the three variants raise the IDR fraction of MN1.

Next, we considered the protein sequences of the IDRs of
MNT1 to speculate about the effect of the IDR on MN1 func-
tion. Two types of IDR have been reported: one type is a
prion-like IDR composed of mostly polar amino acids,

Features of Two
with Pathogenic

Figure 1. Clinical
Affected Individuals
MNT1 Variants

(A-H) Facial photographs of affected indi-
viduals harboring de novo MN1 variants. In-
dividual 2 at the age of 2 years old (A and B)
and individual 3 at the ages of 1 month old
(C), 1 year (D), 6 years (E), 7 years (F), and
18 years old (G and H).

(I) A T1-weighted axial image of brain MRI
of individual 2 at the age of 20 months
shows polymicrogyria.

(J and K) T2-weighted axial images of indi-
vidual 3 at 10 years of age. Irregular small
gyri that were compatible with polymicro-
gyria were seen at the bilateral insular
cortex (J). The lateral ventricles were mildly
dilated, and cavum vergae was observed.
A demarcated high-intensity lesion on
T2-weighted (K, white arrow) and FLAIR
images (data not shown) was observed at
the left cerebellar white matter.

such as serine, tyrosine, glutamine,
asparagine, and glycine, which can
form aggregates because of their insol-
ubility in water and increased multi-
valent interactions, whereas the other
type is composed of positively- or
negatively-charged amino acids un-
dergoing electrostatic interactions.”’ The protein sequence
of the low-complexity region or IDR of MN1 is likely to be a
prion-like IDR (Figure S5).

Pathogenic MN1 Variants Enhance Aggregation in HelLa
Cells and Increase Protein Stability

To address the functional consequences of the truncated
MN1 proteins, we examined the subcellular localization
of both the wild-type and truncated proteins by transient
expression in HeLa cells. As previously reported, GFP-fused
wild-type MN1 was localized to the nucleus (Figure S6).
Some portion of the cells showed an aggregated pattern
evenin the wild type, implying that MN1 tends to aggregate
with increased insolubility and multivalent interactions.
Importantly, enhanced aggregation within nuclei was
recognized in mutant constructs (Figure 3A). Then, we
quantified the number and size of the MN1 aggregates in
the nuclei and observed that MN1 mutant proteins tended
to form larger aggregates with higher intensity than wild-
type MN1 (Figure 3B, Figure S7). Proteins containing a large
IDR portion tend to form phase-separated regions in the nu-
cleus,”' and our results might thus indicate that all three
variants increased the fraction of MN1 IDRs associated
with phase separation in cells. To address whether the
MN1 variant is involved in phase separation, we used 1,6-
Hexanediol to disrupt weak hydrophobic interactions in
cells in order to detect any alteration of phase separa-
tion.?” After 1,6-hexanediol treatment, the MN1 aggregates
diffused over the nucleoplasm and into the cytoplasm
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Table 1.

Clinical Features of Affected Individuals with MNT Mutations

ID Individual 1 Individual 2 Individual 3
Ethnicity Japanese French Japanese

Gender male female female

MN1 mutation c.3883C > T c.3835C > T €.3846_3849del
Protein alteration p-Arg1295* p-GIn1279* p-Val1283Thrfs*36

Age at last examination 6 years, 3 months

Height (SD) 102.5 cm (-2 SD)
Weight (SD) 15.1 kg (—1.8 SD)
Head circumference (SD) 50.7 cm (—0.2 SD)
Developmental delay severe
Speech impairment +
Epilepsy -2
Cranial anomaly dolichocephaly
Characteristic face
Prominent forehead
Flat face

Thick eyebrow

High, arched eyebrow
Widely spaced eyes
Posteriorly rotated ears
Low-set ears

Depressed nasal bridge

I T e e N

Depressed nasal ridge

Short nose

+

Anteverted nares +
Cleft palate — (narrow palate)
Hypotonia -
Feeding difficulty +
Hyperphagia +

Brain images normal at 6 years, 4 months

4 years, 8 months 18 years, 10 months

100 cm (~1 SD) 151.2 cm (~1.3 SD)

15.7 kg (mean) 50.4 kg (—0.3 SD)

54 cm (+3 SD) 56.0 cm

severe severe

+ +
dolichocephaly platystencephaly
+ +

+ _

+ +

+ +

- +

+ +

- +

+ +

- +

* +

+ +

+ +

- — (high arched palate)
+ +

+ _

+ +

polymicrogyria, vermis dysplasia polymicrogyria

?Febrile convulsion three times.

(Figure 3C, Figure S8). Removal of 1,6-hexanediol recovered
MNT1 aggregate formation not only in the nucleus but also
in the cytoplasm, and MN1 aggregates were re-enriched in
nuclei within 30 min. These results suggest that accumu-
lated MN1 forms liquid droplet-like protein condensates.

MNT1 Protein Stability and Ubiquitin-Proteasome-
Pathway-Dependent Degradation

To test the protein levels of wild-type and mutant MN1 in
cells, we performed immunoblotting of MN1 transiently
overexpressed in cells. We found that mutant MN1 protein
accumulated more than wild-type MN1, although the same
amount of plasmid encoding wild-type or mutant MN1 was
transfected into cells (Figures 4A and 4B). Next, we

confirmed similar levels of wild-type and mutant MN1 tran-
scripts in HEK293T cells transiently expressing MNI
(Figure S9 and Table S2). These results suggested the possi-
bility that the MN1 pathogenic variants found in this study
might affect the protein stability in cells. To address this
question, we examined MN1 stability after CHX treatment
by using HEK 293T cells overexpressing wild-type or mutant
MN1. We found that the wild-type MN1 was rapidly
reduced after CHX treatment, and the reduction of its pro-
tein level was abolished by MG132, a proteasome inhibi-
tor,”® suggesting that MN1 protein is degraded through
the ubiquitin-proteasome pathway (Figures 4C and 4D).
We also found that MN1 mutants showed more protein sta-
bility than the wild type. These results suggest that the
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A

Individual1 Individual 2
MN1 mutation ¢.3883C>T ¢.3835C>T
Protein change p.Arg1295* p.GIn1279*

Individual 3
¢.3846_3849del
p.Val1283Thrfs*36

Ml e

Figure 2. MNT1 Variants and Predicted Or-
dered and Disordered Regions of MN1

(A) Electropherograms of the three affected
individuals with de novo MN1 truncation
variants. The altered nucleotides and amino
acid residues are shown in red, and the four
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deleted base pairs in individual 3 are shown
in light blue.
(B) Protein structures of wild-type MN1
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and the MNI1 loss-of-function variants.
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C-terminal region of MN1 is required for degradation
through the ubiquitin-proteasome pathway, and its vari-
ants interfere with degradation of mutant MNT1; this inter-
ference leads to increased aggregation of mutant MNT1.

Intrinsic Transactivation Activity of MN1

We measured the transactivation activity in wild-type MN1
and the three mutants with a luciferase assay. The wild-type
MN1 showed substantial transactivation, as previously re-
ported," and all three mutants showed transactivation activity
(Figure 4E). This result is supported by the fact that the mu-
tants maintain the region critical for transactivation activity.

Inhibitory Effect of MN1 on Cell Growth

Because MN1 induction leads to cell-growth inhibition in
MG63 cells,”* we examined whether cell proliferation
would be more strongly suppressed in mutants than it

KATS, have been suggested to be func-
tionally related to MN1. In mice, upre-
gulated Mn1 expression was reported
to increase Thx22 expression.” KATS is
recruited to the MN1 promoter, and its knockdown increases
MNT1 levels.”> MEIS1, a transcriptional regulator, shares
similar promoter binding sites with MN1.?° In addition,
the N-terminal region of MN1 is important for proliferation
and leukemogenesis via upregulation of HoxA9, HoxA10,
and Meis2.?” However, no direct interactions of these six
molecules with MN1 have been proven experimentally. To
our knowledge, only EP300 and RAC3 have been reported
to bind to MN1 in Hep3B cells.* Despite this, we saw no ev-
idence of binding between MN1 and RAC3 after immuno-
precipitation with the soluble fraction when we transiently
co-expressed both proteins in HEK293T cells (data not
shown). Because MN1 does not contain a DNA-binding
domain, and MN1 itself has transactivation activity, MN1
possibly activates transcription by binding to other
DNA-binding transcription factors that can bind enhancer
and/or promoter regions.” To determine the MNI1

p.Arg1295*
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transcriptional regulatory machinery, we looked for tran-
scription factors that bind MN1. We prepared nuclear
extracts from mCAT-HeLa cells stably expressing FLAG-
tagged MN1 wild-type and mutant proteins (c.3883C>T
[p-Arg1295*]) and performed immunoprecipitation and
subsequent mass spectrometry analysis (Tables S3-S5).
Seven proteins were commonly found in wild-type and
mutant cells (Table 2, Figures S10 and S11). Among them,
PBX1, PKNOX1 (formerly PREP1), and ZBTB24 are transcrip-
tion factors. Notably, PBX1 and PKNOX1 function as a het-
erodimer and play a critical role in development.”® Through
gel-based mass-spectrometric analysis, we confirmed that

Figure 3. MN1 Subcellular Localization
and Protein Aggregation

(A) Immunofluorescence of GFP-fused
MN1 proteins. Scale bars represent 20 pm.
(B) Quantification of MN1 aggregates in
HeLa cells. The horizontal and vertical axes
indicate the aggregation area and mean in-
tensity of each aggregates, respectively.

(C) The effect of 5% 1,6-hexanediol (Hex)
treatment of the cells on MN1 aggregation.
Scale bars represent 10 pm.

GFP-p.Arg1295*

both MN1 wild-type and mutant pro-
teins copurified with PBX1
(Figure 5A). Furthermore, we also
confirmed, through immunoprecipita-
tion, that MN1 binds PBX1 and
PKNOX1 (Figure 5B). These results
suggest that MN1 plays a role in
transcriptional regulation through
interaction with the DNA-binding
transcription  factors PBX1 and
PKNOX1. Additionally, our mass spec-
trometry and/or band-specific prote-
ome analyses revealed that wild-type

® 100 MN1 copurified with KIF11, RING1,
o : zgg E2F7, and ZBTB24, and mutant MN1

copurified with MEIS1 and PBX2
(Table 2, Figure SA), suggesting that
multiple proteins, including PBX1
and PKNOX1, are also involved in tran-
scriptional regulation with MNI1. In
addition, we confirmed via immuno-
blotting that MN1 binds transcription
factor ZBTB24 and E3 ubiquitin ligase
RING1 (Figure 5B). Mutant MN1 dis-
played impaired interaction with
ZBTB24 and no binding to RING1.

Hex 1min + 30 min rec.

Transcriptome Analysis in
Lymphoblastoid Cells from an
Affected Individual

To assess the effects of the mutant
MNT1 protein on transcriptional regu-
lation, we performed RNA-Seq anal-
ysis by using lymphoblastoid cells established from indi-
vidual 1. When we compared this with RNA-Seq data
from two unrelated normal controls and one individual
affected with leukoencephalopathy with brain-stem and
spinal-cord involvement and lactate elevation (MIM:
611105) (as a disease control), we found many upregulated
and downregulated genes (Tables S6 and S7). RAMPI,
ANKRD18A, and VAMP7 were highly ranked in the up-
regulated genes, and RRSS21, PITX1, and ITGBS were mark-
edly downregulated.We also found some upregulated
genes that are associated with neuronal development:
LSAMP (formerly LAMP), which plays an important role
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in post-mitotic neuron development, **° and ITGA,
which encodes integrin alpha-1, which forms a hetero-
dimer with integrin beta-1 and functions in neurite
outgrowth.’'*? In addition, some upregulated genes,
such as SSH3, are linked to the regulation of the actin cyto-
skeleton. SSH3, one member of the SSH protein family
(SSH1, SSH2, and SSH3), plays a role in actin dynamics
by reactivating ADF/cofilin®® (Table S6 and Figure S12).
Next, we performed gene-ontology analysis. When we
set the threshold p value at <0.01 and false-discovery
rate (FDR) at <1 (Tables S8 and S9), we found gene enrich-
ment in “cell surface” (p value = 0.0005, FDR = 0.644) for
upregulated genes and in “positive regulation of ERK1 and
ERK2 cascade” (p value = 0.00033, FDR = 0.497), “cell
junction” (p value = 0.00061, FDR = 0.749), and “signal
peptide” (p value = 0.00042, FDR = 0.605) for the downre-
gulated genes; this enrichment was possibly linked to the

phenotype.

Discussion

Here, we reported on three individuals harboring MN1
truncation variants clustered in exon 2. The three trunca-
tion variants identified in our individuals were located
within exon 2, whereas other truncation variants that

(O]
=
+
x
I
(6]
5

p.Val1283fs p.Arg129

set as 100% for each construct’s transfec-
tion. Statistical analysis was performed by
Welch’s test between no treatment and
CHX and by t test between CHX and
CHX with MG132.

(E) Dual luciferase assay for transiently over-
expressed MN1 in HEK 293T cells. The statis-
tical analysis was performed by t test.

(F) Relative cell counts of MG63 transiently
transfected with empty vector (GFP) as a
vehicle, GFP-MN1-wild-type, and GFP-
MN1 mutant constructs at day 5 after
G418 selection. Cell counts of the empty-
vector transfection are set as 100%. This
experiment was statistically examined by t
test. n.s.: not statistically significant. The
bars indicate the mean.

p=0.045

were identified in normal controls and registered in
gnomAD are located in exon 1, which might be
subject to NMD (Figure 2B). The most common loss-of-
function MN1 variant (chr22, g.28194932_2819493insC
[c.1599_1600insG] [p.GIn534Alafs*26]) (Figure 2B) regis-
tered in gnomAD was observed in 32 alleles of 9,254 con-
trol African individuals (18,508 alleles). Because there are
no homozygous individuals, the estimated rate of hetero-
zygous carriers of this loss-of-function variant would be
3.4 out of 1,000 healthy control individuals. Because
this frequency might be too high for heterozygosity to
be pathogenic, it was thought that heterozygous loss of
MN1 might lead to nophenotype or to only a very mild
phenotype. In addition, the haploinsufficiency score of
MN1 is 39.08% (where 0%-10% indicates haploinsuffi-
ciency)** according to the Decipher database. These re-
ports suggest that the MNI1 variants identified in our
affected individuals would be gain-of-function or domi-
nant-negative mutations rather than loss-of-function mu-
tations. In addition, the stronger inhibition of cell growth
in mutants than in the wild type indicates a gain of func-
tion. An MN1 missense variant was reported in an individ-
ual with nonsyndromic cleft palate only (nsCPO).'° How-
ever, the three individuals with MNI truncation
mutations reported herein did not show any evidence of
a cleft palate, which indicates that the pathomechanism
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Table 2. List of Candidate Binding Partners of MN1

Category Gene Symbol Uniprot ID Protein Description
Commonly detected in DDX39A 000148 ATP-dependent RNA helicase DDX39A
wild type and mutant
TPM3 P06753 tropomyosin alpha-3 chain
PBX1 P40424 pre-B cell leukemia transcription factor 1
PKNOX1 P55347 homeobox protein PKNOX1
PRKDC P78527 DNA-dependent protein kinase catalytic subunit
EEF1AIPS QSVTEO putative elongation factor 1-alpha-like 3
TNPO1 Q92973 transportin-1
Detected only in wild type ZBTB24 043167 zinc-finger- and BTB-domain-containing protein 24
PRC1 043663 protein regulator of cytokinesis 1
TOP2A P11388 DNA topoisomerase 2-alpha
KRT10 P13645 keratin. type I cytoskeletal 10
KIF11 P52732 kinesin-like protein KIF11
RING1 Q06587 E3 ubiquitin-protein ligase RING1
EIF4A2 Q14240 eukaryotic initiation factor 4A-I1
SMU1 Q2TAY7 WD40 repeat-containing protein SMU1
MOB2 Q701A6 MOB kinase activator 2
E2F7 Q96AVS8 transcription factor E2F7
SPIN2B Q9BPZ2 spindlin-2B
PNN Q9H307 pinin
KCTDS QINXV2 BTB/POZ-domain-containing protein KCTDS
ANAPC7 QIUJX3 anaphase-promoting complex subunit 7
Detected only in mutant MEIS1 000470 homeobox protein Meis1
RSLID1 076021 ribosomal L1-domain-containing protein 1
BAG2 095816 BAG family molecular chaperone regulator 2
ACTN1 P12814 a-actinin-1
ATF1 P18846 cyclic AMP-dependent transcription factor ATF-1
PCMT1 P22061 protein-L-isoaspartate (D-aspartate) O-methyltransferase
PAICS P22234 multifunctional protein ADE2
PBX2 P40425 pre-B cell leukemia transcription factor 2
MSH?2 P43246 DNA mismatch repair protein Msh2
FMR1 Q06787 fragile X mental retardation protein 1
HDAC1 Q13547 histone deacetylase 1
CCAR2 Q8N163 cell cycle and apoptosis regulator protein 2
TXNDCS5 Q8NBS9 thioredoxin domain-containing protein 5
DPY30 Q9C005 protein dpy-30 homolog

of the MN1 variants we found might differ from that of
nsCPO. Of the three variants in this study, one nonsense
variant (c.3883C>T [p.Arg1295*]) was reported in two in-
dividuals registered in denovo-db. One individual showed
developmental delay (DDD4K.03983), and the other
showed unclassified generalized epilepsy (Helbig120).**
Therefore, ¢.3883C>T is a recurrent de novo variant (muta-
tion hotspot).

We showed that the variant ¢.3883C>T (p.Arg1295*)
escaped from NMD (Figure S1) and that proteins lack-
ing the C terminus are more stable than the wild
type (Figures 4A-4D). Thus, the C-terminal ordered re-
gion is critical for protein degradation. It is possible
that this ordered region could be recognized by pro-
teins related to protein degradation. Interestingly,
RING1 was only copurified with wild-type MNI1, not
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mutant MN1, in our mass-spectrometry (Table 2) and
immunoblotting experiments (Figure 5B). RING1 is an
E3 ubiquitin ligase, which directly binds and triggers
the degradation of p53 through ubiquitination.*®
Thus, MN1 degradation via ubiquitination by RING1
might be abrogated in the mutant MN1 lacking the
C-terminal ordered region, and this abrogation might
lead to mutant MN1 enrichment and dysregulation of
MN1-related transcription (Figure 5C). Proper degrada-
tion of MN1 might contribute to precise transcriptional
regulation via the appropriate turnover of MN1 protein.

By mass spectrometry and immunoblotting, we identi-
fied PBX1 and PKNOX1 as MN1-binding transcription fac-
tors in stable cell lines expressing wild-type and mutant
MN1, and we identified MEIS1 in a stable cell line express-
ing mutant MN1. PKNOX1 (tumor-suppressor gene) and
MEIS1 (oncogene) competitively bind to PBX1,?” and
they regulate PBX1 protein stability.”® Furthermore,
MEIS1-PBX1 and PKNOX1-PBX1 heterodimers form
ternary complexes with anterior Hox proteins and thus
modulate the specificity of Hox-dependent gene expres-
sion.>*~*! Hoxbl and Hoxb2, with Pknoxl and Pbxl,
also play an important role in hindbrain development.*"
42

The transcription factors ZBTB24 and E2F7 only
bound wild-type MN1 in our mass-spectrometric analysis
(Table 2). Notably, ZBTB24 (MIM: 614064, GenBank:
NM_014797.2) abnormalities cause the autosomal-reces-
sive immunodeficiency, centromeric instability, and facial
anomalies syndrome 2 (ICF; MIM: 614069).** Intellectual
disability, a depressed nasal bridge, widely spaced eyes,
and low-set ears are commonly seen in this MNI-related
syndrome. It has been shown that ZBTB24 plays a role in
the activation and repression of genes transcription.**
We also confirmed by immunoblot that ZBTB24 preferen-
tially binds wild-type MN1 (Figure 5B). Thus, our results

role as a cofactor of ZBTB24 and regu-
lates gene expression in addition to
the PBX1-PKNOX1 transcriptional
pathway.

A unique feature of MN1 is that the majority of the pro-
tein consists of IDRs (Figure 2C, Figures S3-S5). IDRs do
not have static structures but have high specificity and
low interaction with their functional partners. This is the
key property that enables transient interactions between
proteins and between proteins and nucleic acids during
signal transduction, recognition, and regulation.** Because
the IDRs of MN1 are prion-like IDRs, MN1 tends to form
aggregations via increased insolubility and multivalency
even in the normal state, and mutant MN1 showed
enhanced aggregation as a result of the lack of the C-termi-
nal ordered region, as shown in Figures 3A and 3B. The
other possibility is that the IDRs of MN1 might contribute
to phase separation; multivalent interacting proteins con-
sisting of IDRs have been implicated in liquid-liquid phase
separation in cells.***” Cellular bodies, membrane-less or-
ganelles composed of a high density of protein and nucleic
acids, play pivotal roles in eukaryotic cells in compartmen-
talizing essential biochemical reactions and are formed by
phase separation.*®*>" By a similar mechanism, super-en-
hancers, which are made up of several hundred clusters
of enhancers composed of transcription factors, cofactors,
chromatin regulators, RNA polymerase II, and noncoding
RNA,”! are thought to form by phase separation.”” This is
especially important for cell identity.”">* Condensation
in phase separation depends on the number and concen-
tration of the interacting molecules and the number of
binding sites.”> The mutant MN1, with increased protein
stability, might lead to a higher concentration of MN1
within a cell. In addition, coactivator condensation
regulates phase separation and gene expression in super-
enhancers.”! Thus, mutant MN1 might alter the phase sep-
aration and change gene expression in development.

Here we report on a recognizable syndrome character-
ized by unique craniofacial abnormalities and severe devel-
opmental delay. Our experiments strongly indicate that

Protein accumulation
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the truncated MN1 variants found in this study produce
gain-of-function proteins lacking the C terminus. In light
of the IDR-enriched structure of MN1, the enhanced aggre-
gation of mutant MN1 in nuclei suggests the involvement
of altered phase separation. We also present evidence that
MN1 binds to the PBX1-PKNOX1-MEIS1-PBX2 complex,
and we list dysregulated genes. Further research is abso-
lutely needed if we are to understand the pathomechanism
of the MN1-related disease and the role of MN1 in human
development.
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