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The multiple PDZ domain crumbs cell polarity complex
component gene (MPDZ; MIM: 603785), is highly expressed
in the brain across the whole lifespan. It encodes the
multiple PDZ domain protein, which is a member of the
NMDAR signaling complex that may play a role in the control
of AMPAR potentiation and synaptic plasticity in excitatory
synapses.' Previously, MPDZ variants have been demon-
strated to be associated with autosomal recessive congen-
ital hydrocephalus-2 (HYC2; MIM: 615219) which is
commonly complicated by brain abnormalities and devel-
opmental delay. Seizures were reported in only one case.
The association between MPDZ and epilepsy requires
clarification.

In the present study, we performed trio-based whole-
exome sequencing in a cohort of 168 epilepsy cases without
acquired causes (supplementary materials and methods).
MPDZ variants were identified in six unrelated families with
epilepsy (Fig. 1A—C and Table S1). None of the affected
individuals with MPDZ variants had pathogenic or likely
pathogenic variants in the genes known to be associated
with epileptic phenotypes.” All variants present no or
extremely low allele frequencies in the gnomAD database
and statistically higher frequency in this cohort than in
populations of gnomAD (Table S2). The recessive variants
burden analysis also showed a statistically significant dif-
ference of MPDZ variants in this cohort compared with the
expected number by chance in the controls of all pop-
ulations in the Exome Aggregation Consortium
(P = 9.198 x 1078).

The detailed clinical manifestations were summarized
in Table S1. The median seizure-onset age of the probands
was two years old. Five cases were diagnosed as partial
(focal) epilepsy, among which four probands and a parent
had febrile seizures. The electroencephalogram (EEG)
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recordings of two cases with partial epilepsy showed focal
abnormalities with features of idiopathic partial epi-
lepsies, including shifting, bilateral, or multiple focal
discharges with normal backgrounds; while the other
three cases with partial epilepsy showed normal EEG re-
cordings. One case was diagnosed with Doose syndrome, in
whom ictal myoclonic-atonic and myoclonic seizures and
interictal generalized epileptic discharges in EEGs were
recorded (Fig. 1D). Congenital hydrocephalus has been
observed in case 4 at the age of seven months. Brain
magnetic resonance imaging was normal in the other five
cases. All patients had normal intelligence and develop-
ment. Two cases were seizure-free without anti-epileptic
therapy; the other four cases became seizure-free for at
least one year on monotherapy or in combination treat-
ment (Table S1).

The missense variants were predicted to be damaging
and conserved by in silico tools (Table S3). The molecular
effect of the missense variants was further analyzed by
using AlphaFold (https://alphafold.ebi.ac.uk/) and PyMOL
2.7. Two pairs of compound heterozygous variants had
hydrogen bond changes in both bi-allele variants. One pair
of compound heterozygous variants had hydrogen bond
changes in one of the paired variants. The remaining six
variants did not show a significant effect on hydrogen
bonding, but four of which were predicted to largely
decrease the protein stability (Fig. 1E).

The MPDZ missense variants identified in this study are
scattered over the whole MPDZ protein and mostly assem-
blies located at or near the PDZ domains (Fig. 1C). It was
noticed that two cases (case 1 and case 3) with compound
heterozygous variants with two variants located far apart
from each other (a distance away of 1001 and 1300 amino
acids, respectively), are associated with milder epileptic
phenotypes and became seizure-free without anti-epileptic
therapy. They presented normal EEG recordings (Fig. 1D).
Case 4 carried two variants that were located close to each

2352-3042/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://alphafold.ebi.ac.uk/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2023.06.006&domain=pdf
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2023.06.006
https://doi.org/10.1016/j.gendis.2023.06.006
http://creativecommons.org/licenses/by/4.0/

Rapid Communication

A

Case 1
p.Ala10Thr p.lle1011Thr

Fl PE  mi~+
[ Fs

Doose

m1/m2

B GGGCC TATAG

A\ A\
Proband MAM /W

GGACC TATAG

camer M AN

GGGCC TATAG

wotmer oA\ (VAN

Case 2
p.Thr199Ala p.lle429

Case 3
Val p.GIn227Leu p.lle1940Thr

AG;’%CA TTA
4 |

AGGCA TTA
\J

AGACA TTG

nallan oA

TA TCAGC CATTG

L ¢ ) 4

TA TCTGC CATTG

TA TCAGC CATTG

p.Asp1396His p.lle1011Thr

Case 4 Case 5

mi/m7 +/+ ++ m8/m9

CAGAT TAGAS ACGGA CCCAC
' ' '

CACAT TATAG

ACAGA CCCAC

CAGAT TATAG

Aaalln 4wt

ACGGA CCCAC

Inalt) A

Case 6

p.Gly2029Arg p.Pro1299Leu ¢.5830-4G>A p.Pro1123Thr

m8/+ m9/+ m10/+ m11/+
/l 1£

m10/m11

GCGCATTCCA

GCGCATTCCA

GCGCATTACA

anall ol

p-Prol123Thr €.5830-4G>A
c ple1011Thr p-Pro1299Leu p.Asp1396His P.GIy2029Arg
Pp.Gly132Ser
p-Lys1085* P-GIn1490Argfs*19 P-Ala1760Thr
P-Glu1095Gfs*40
Comp y Homozy Comp i :
Heterozygous splicing Homozygous splicing — Epilepsy — Congenital hydrocephalus-2 (HYC2)
D Case2 Case3 Case5 Case5
y - . . AAAR y A A
R R IV ARANVAM AR
R o BAY AN A ~ A
AVRAY AN A |
35l
‘ NN
IS Al
Y
EA XON
A
EMG R et
E Ala10Thr  lle1011Thr  Thr199Ala  lle429Val GIn227Leu  11e1940Thr  Asp1396His  Ile1011Thr  Gly2029Arg Pro1299Leu  Pro1123Thr
Lys1013p. ./ Thr458 Met1865 Sin1393| Lys1013_ /
g Aspb \}, r A PP '1 V\ \ Alazoz?‘ Pro1299 Pro1123
; H \ e13’ -
gl Do Mg | - q
E S Aa10 e 31‘
¥ lletogal[ ~ Thr199 GIn227 1 Jie1940 Asp1396 letoad| G202
~ Leud36
la14
Lys1013 =’ «_ Met1865 GIn1393[ Lys1013 ./’ )/_
Aspﬁ» (f\ ,(JASPW? Thrd58 §— \?"'} - H“\ Ala2025
" N rtotf | : : : ) : Thr101; 3
s Thr1g<‘ )H 'F— Vangr( )’ + J./ -F- | J\Q R
3 ¢
S| 7 Lys7 3 A% = 5
F A lle1084 Alalg /\\g Leuzz7 | Thr1940 [[Fist13g8 Sl etoss || argeoze | 12 Thr1123
eull 1le1377]
DDG=-0.75 DDG=-249 DDG=-0.64 DDG=-0.71 DDG=-0.26 DDG=-223 DDG=-0.30 DDG=-219 DDG=-0.85 DDG=-041 DDG=-1.16

Mild

Case 6, PE, 2 SZs in
1 year, normal EEG

¢.5830-4G>A&
Pro1123Thr.
¢.5830-4G>A beside
canonical splice-site;
Pro1123Thr without
hydrogen bond change

Figure 1

Case 1, PE&6 SZsin
1 year, normal EEG,
SZ-free without AED

Ala10Thr& lle1011Thr.
Two variants far apart

by 1001 AA, Ala10Thr

outside PDZ

Case 3, PE&FS, monthly Case 2, PE&FS, monthly
SZs, EEG discharges,
SZ-free with 1 AED

SZs, normal EEG,
SZ-free without AED

GIn227Leu& lle1940Thr.
Two variants far apart
by 1300 AA, without
hydrogen bond change

Thr199Ala& lle429Val.
Two variant apart by
230 AA, hydrogen bond
change in one

Case 4, PE&FS, 10 SZs in
5 years, EEG discharges,
SZ-free with 2 AEDs.
Congenital hydrocephalus

le1011Thr& Asp1396His.
Two variants apart by
385AA, hydrogen bond
changes in both

Severe

Case 5, Doose syndrome,
frequent SZs, SZ-free
with 4 AEDs

Pro1299Leu& Gly2029Arg.
Gly2029Arg in PDZ13 that
interact with SynGAP
(associated with Doose,

AD inheritance)

Clinal
features

Genetic
features

Genetic and clinical data of cases with MPDZ variants, and genotype-phenotype correlation in each case. (A) Pedigrees

of the cases with MPDZ mutations and their corresponding phenotypes. Individuals with heterozygous mutation are indicated by

m/*, those with compound heterozygous mutation are indicated by m/m, and those negative for mutation are indicated by

+/+

The probands are indicated by black arrows. The phenotype of each case is indicated by different symbols in the figure. (B) DNA



Rapid Communication

3

other and in PDZ domains, and had hydrogen bond changes
in both bi-allele variants, in whom congenital hydroceph-
alus was observed.

Case 2 harbored variant Ile429Val that originated from
his mother with febrile seizures and located in PDZ3 of
MPDZ, which interacts with DAPLE (encoded by CCDC88C )
that is potentially associated with neurodegenerative dis-
eases, congenital, hydrocephalus, and epilepsy in an
autosomal dominant/recessive inheritance.® The patient
diagnosed with Doose syndrome (case 5) had the variant
located in PDZ13 of MPDZ (Gly2029Arg), which interacts
with SynGAP (encoded by SYNGAP1) that is associated with
epileptic encephalopathy.’~

The genotype-phenotype characteristics of each case
were summarized in Figure 1F. The molecular sub-regional
effect, including the distance between the two variants of
the paired compound heterozygous variants, hydrogen
bond changes, mutation types, and downstream interacting
proteins of MPDZ, explained the phenotypic heterogeneity
in each case.

Previously, MPDZ variants have been reported in 12
cases with HCY2 (Fig. 1C and Table S4). The HCY2-asso-
ciated MPDZ variants were homozygous truncating vari-
ants mostly, whereas the variants related to epilepsy
(from this study) were mostly compound heterozygous
missense variants with statistically significant differences
(Fig. S1).

HCY2-associated MPDZ variants were mostly truncating
variants, suggesting that the loss of function of MPDZ may
be a potentially pathogenic mechanism. Previously, the bi-
allele truncating variants were associated with a more
severe phenotype of HCY2; while the few cases with bi-
allele missense variants were associated with a milder
phenotype. The MPDZ variants identified in the present
study were missense variants mostly, and variant c.5830-
4G > A (beside the canonical splice site) was potentially
associated with mild damage. All the patients presented
normal development, good responses to anti-epileptic
drugs, and eventually became seizure-free. These findings
suggest that the severe functional impairment of MPDZ
variants was associated with severe phenotypes of HCY2,
whereas milder functional alterations were potentially
associated with relatively mild phenotypes of epilepsy
with a favorable outcome.

Previously, the two bi-missense mutations associated
with HYC2 are homozygous missense or compound het-
erozygous missense mutations with each variant located
close (450 amino acids away). In the present study, case 4
with variants located close to each other (Ile1011Thr/
Asp1396His, 385 amino acids away) and altered hydrogen

bonding in both also had hydrocephalus. In contrast, cases
1 and 3 with compound heterozygous missense mutations
that were located relatively far away (a distance of 1001
and 1300 amino acids, respectively) are associated with a
milder epileptic phenotype with normal EEG findings and
favorable outcome without anti-epileptic therapy. These
findings suggested that the distance between the two
variants of the paired compound heterozygous variants
was potentially associated with the degree of damage and
subsequently the severity of phenotype.

The MPDZ variants identified in this study are mostly
assemblies located at or near the PDZ domains. Previous
studies have shown that several PDZ domains and their
downstream interacting proteins were associated with ep-
ilepsy. PDZ10 of MPDZ interacts with the 5-hydroxytrypta-
mine type 2C receptors (HTR2C), which presented epilepsy
phenotypes in knockout mice model.® PDZ3 of MPDZ in-
teracts with DAPLE (encoded by CCDC88C ) that is associ-
ated with neurodegenerative diseases, congenital
hydrocephalus, and epilepsy in an autosomal dominant/
recessive inheritance,’ potentially explaining the hetero-
zygous variants associated with febrile seizures. PDZ13 of
MPDZ combines with SynGAP encoded by SYNGAP1, playing
a critical role in synaptic NMDAR-dependent AMPA receptor
trafficking.” SYNGAP1 variants have been frequently re-
ported to be associated with epileptic encephalopathy,
including Doose syndrome in an autosomal dominant in-
heritance. In the present study, case 5 harboring variant
Gly2029Arg that is located in the PDZ13 domain, was also
diagnosed with Doose syndrome with frequent myoclonic-
atonic and myoclonic seizures with general polyspike-slow
waves in EEG. These findings provided further evidence in
supporting the association between MPDZ and epilepsy and
emphasized the effect of molecular sub-regional of MPDZ
variants.

In conclusion, this study suggests MPDZ variants are
potentially associated with epilepsy and/or febrile sei-
zures. The genotype and molecular sub-regional effect of
MPDZ help explain the phenotypic heterogeneity and pro-
vide critical information for individualized precise
medicine.
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sequencing chromatograms of the cases with MPDZ mutations. The positions of the mutations are indicated by red arrows. (C)
Schematic illustration of the MPDZ protein and the location of the MPDZ mutations identified in this study and congenital hy-
drocephalus-2 (HYC2). Variants at the same level indicate the pair of compound heterozygous. (D) Electroencephalography data of
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ictal EEG in case 5 showed myoclonic-atonic seizures. (E) Hydrogen bond changes and DDG value of MPDZ missense mutations
identified in this study. (F) Epileptic spectrum of MPDZ variants and genotype-phenotype characteristics in each case. AA, amino
acid; AD, autosomal dominant; AED, anti-epileptic medication; Doose, Doose syndrome (epilepsy with myoclonic-atonic seizures);
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