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Abstract

FRMPD4 (FERM and PDZ Domain Containing 4) is a neural scaffolding protein that interacts with PSD-95 to positively regulate
dendritic spine morphogenesis, and with mGluR1/5 and Homer to regulate mGluR1/5 signaling. We report the genetic and
functional characterization of 4 FRMPD4 deleterious mutations that cause a new X-linked intellectual disability (ID) syn-
drome. These mutations were found to be associated with ID in ten affected male patients from four unrelated families, fol-
lowing an apparent X-linked mode of inheritance. Mutations include deletion of an entire coding exon, a nonsense mutation,
a frame-shift mutation resulting in premature termination of translation, and a missense mutation involving a highly con-
served amino acid residue neighboring FRMPD4-FERM domain. Clinical features of these patients consisted of moderate to
severe ID, language delay and seizures alongside with behavioral and/or psychiatric disturbances. In-depth functional studies
showed that a frame-shift mutation, FRMPD4P-Ys618ValfsX8 ragylts in a disruption of FRMPD4 binding with PSD-95 and
HOMER], and a failure to increase spine density in transfected hippocampal neurons. Behavioral studies of frmpd4-KO mice

'The authors wish it to be known that, in their opinion, the first three authors should be regarded as joint First Authors.
'The authors wish it to be known that, in their opinion, the last three authors should be regarded as joint Last Authors.
Received: July 1, 2017. Revised: December 8, 2017. Accepted: December 12, 2017

© The Author(s) 2017. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

589

Downl oaded from https://acadeni c. oup. com hng/ articl e-abstract/ 27/ 4/ 589/ 4756468
by Max- Pl anck-Institut fir nol ekul are Genetik user

on 12 March 2018


https://academic.oup.com/

590 | Human Molecular Genetics, 2018, Vol. 27, No. 4

identified hippocampus-dependent spatial learning and memory deficits in Morris Water Maze test. These findings point to
an important role of FRMPD4 in normal cognitive development and function in humans and mice, and support the hypothe-
sis that FRMPD4 mutations cause ID by disrupting dendritic spine morphogenesis in glutamatergic neurons.

Introduction

Intellectual disability (ID) affects 1-3% of the general population
and is genetically heterogeneous (1,2) X-linked ID (XLID) condi-
tions, resulting from mutations in genes on the X-chromosome,
affect approximately 1.7 per 1, 000 males (3-5). More than 120
such conditions have been described thus far, although only a
part of these has been confirmed by appropriate replication and
functional studies (6). Understanding genetic causes and mech-
anisms of ID is likely to provide valuable insights into cognitive
development and function in humans and suggest drug targets
for a rational development of effective therapies (7,8).
Identification of novel ID genes is complicated by extreme clini-
cal and genetic heterogeneity (7). With the characterization of
those relatively common disease-causing genes to ID, it is antici-
pated that the majority of the remaining ID genes are rare and/or
even private in a single family. The pace of new discoveries in
the field has been accelerated through whole exome sequencing
(WES) and whole genome sequencing (WGS) (8,9).

FRMPD4 is a neural scaffolding protein with abundant expres-
sion in the brain cortex and hippocampus (10,11). FRMPD4 con-
sists of the N-terminal WW, PDZ, and FERM domains and the
C-terminal PDZ-binding domains that interact with actin fila-
ments, B-PIX, and PSD-95 (10,11). Studies have shown that the
interaction of the C-terminal PDZ domain with PSD-95 is crucial
for the formation of the excitatory synapses and dendritic spines
(10). Over-expression of FRMPD4 in hippocampal neurons was
shown to increase dendritic spine density while decreased
expression using gene knockdown methods was shown to reduce
spine density of excitatory neurons (10). Additional studies found
that FRMPD4 creates a micro-domain that assembles mGluR1/5,
Homer1, and proline-directed kinases (PDK) at the postsynaptic
density of the excitatory synapses (11). Direct FRMPD4 binding to
Homer is necessary for the formation of a FRMPD4-Homerl-
PDKs-mGluR1/5 complex (11). PDK-mediated site-specific phos-
phorylation of mGluR1/5 enhances Homerl interaction with
mGluR1/5 and down-regulates mGIuRS5 signaling. Consistent with
this hypothesis, frmpd4-KO mice exhibit enhanced mGIuR5 sig-
naling in the hippocampus (11).

In this study, we describe systematic genetic and functional
characterization of deleterious FRMPD4 mutations in 4 unrelated
XLID families, and behavioral analysis of a line of frmpd4-KO mice
on learning and memory function. Our studies indicate that these
disease-causing FRMPD4 mutations result in a severe defect in
dendritic spinogenesis in excitatory neurons and frmpd4-KO mice
show deficits in hippocampus-dependent spatial learning and
memory. Our results implicate a mechanism in which deleterious
FRMPD4 mutations cause ID through a defect of dendritic spino-
genesis in glutamatergic neurons resulting in a disruption of the
excitatory synaptic transmission in the brain.

Results

Clinical and genetic characterization of a FRMPD4
mutation in a large XLID family

A recent exome-sequencing study of 405 XLID families identi-
fied a single base deletion of a cytosine at ChrX: 12734425 [hg19]
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in FRMPD4 in five male individuals of a large Caucasian family
(Fig. 1) and a FRMPD4P-<Y$5>3A18 migsense mutation in a single-
ton (12). Resulting FRMPD4P-CYs618ValisX8 mytation is predicted to
cause a frame-shift and premature termination of translation 8
amino acids downstream (Fig. 2A; 3A). In this family,
FRMPDA4P-CYs618ValfsX8 a5 found to segregate with mild to severe
ID in four affected male siblings and one affected maternal
uncle while their mother is unaffected (Fig. 1A). These five
patients (P1, P2, P3, P4 and P5) presented with developmental
delay, mainly affecting their speech and language skills
(Table 1). All patients were slow learners and required special
education. Four of them were oriented towards supervised
employment. They remain dependent on their family members
for daily living. Two siblings had tremor (P1, P2). Psychiatric dis-
turbances consisting of aggressiveness were noted in P3 and P5.
Generalized epilepsy of adult-onset was noted in one patient
(P5). General growth parameters including occipitofrontal cir-
cumference (OFC) were normal. No distinct dysmorphic cranio-
facial profile was consistently appreciated in all five patients
(Fig. 1B, C, and D). Brain MRI studies were completed in two
patients indicating nonspecific anomalies: a white matter
hypersignal in the left occipital horn in P2 and a left temporal
arachnoid cyst (axial T1) in P5 (Fig. 1C and D; Supplementary
Material, Table S1).

FRMPD4 mutations were found in five affected males
from three additional XLID families

To further establish genetic evidence that deleterious FRMPD4
mutations cause ID in humans, we identified 3 additional muta-
tions in five affected males belonging to three unrelated fami-
lies through an international collaboration (Fig. 2).

Family 2

Two affected boys (P6 and P7) with severe ID were found to have
a ~66 Kb microdeletion (chrX: 12515801-12581900 [hgl9]) that
removes the entire exon 2 of FRMPD4. Their unaffected mother is
a heterozygote deletion carrier. This mutation is predicted to
cause a FRMPD4 in-frame 40 amino acids deletion [14-54] that
includes the entire WW domain at the N-terminus (Fig. 2B and C).

Family 3

X-chromosome exome sequencing was performed on probands
from a cohort of XLID families (n=50). In one family, two mater-
nal male half-brothers with severe ID were found to harbor a
nonsense mutation, FRMPD48°¢>T regulting in FRMPD4P-A18286%,
This mutation is predicted to disrupt FRMPD4 FERM domain
with subsequent truncation of the protein or reduced transcript
levels caused by nonsense-mediated RNA decay (Fig. 2A and C).
The unaffected mother carries the mutation as well as the
mildly disabled sister of the probands (Fig. 2C).

Family 4

X-chromosome exome sequencing identified a de novo missense
mutation, ¢.1657T > C, p.Cys553Arg in a single male (P10) with
severe ID (12) (Fig. 2A and C). This single base substitution
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Figure 1. Pedigree, photographs, and brain MRIs of Affected Males with ID and FRMPDAP-Cys618ValfsX8 i an X1ID Family. (A) Pedigree shows 5 affected males from a mul-
tigenerational family. Filled square: affected males; circle with a center dot, carrier females; unfilled square: unaffected males; unfilled circle: unaffected females.
Symbols with a line crossed: deceased. (B) Note absence of distinct dysmorphic features except for bifid tip of the nose in P1 (II: 1). (C) Note absence of distinct dysmor-
phic features and a white matter hyper-signal in the left occipital horn on brain MRI (axial T2) in P2 (III: 1). (D) Note absence of distinct dysmorphic features and a left

temporal arachnoid cyst (axial T1) in P5 (III: 8).

involves a highly conserved amino acid residue at 3’ of the
FRMPD4-FERM domain and is predicted to be deleterious to the
protein function (12).

Thus, our studies identified three additional ID-associated
FRMPD4 mutations which are also located in the N-terminal half
of the protein like in the princeps family. All inherited mutations
segregate with ID phenotype and are predicted deleterious.

Clinical phenotype of the patients

All affected males carrying hemizygous FRMPD4 mutations pre-
sented ID ranging from mild to severe (Table 1) and normal growth
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parameters including height (5/5) and OFC (6/6). Language disor-
ders were consistent findings in our patients: all of them had
delayed or absent speech. The mean age at independent walking
was slightly delayed (18.5 months; min: 12 months; max: 30
months). Behavioral or psychiatric disturbances were described in
seven patients, consisting of hyperactivity and/or aggressive
behavior (4/9) or an autism spectrum disorder (4/9). Epilepsy of the
grand-mal type or early-onset focal seizures were observed in 3 of
10 patients, while neurological examination was altered in some:
tremor (2/6), spasticity with increased deep tendon reflexes (3/6)
and ataxia (2/6). Strabismus was also reported (3/7). Nonspecific
brain anomalies were observed by imaging studies in 4 of 5
patients (Supplementary Material, Table S1). Mild and variable
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D

Figure 2. Additional FRMPD4 Mutations in Affected Individuals with XLID. (A) Established domain structure of FRMPD4 and nature and locations of FRMPD4 mutations found
in patients with ID. WW (domain with two conserved Trp residues): PDZ (PSD-95/Dlg/Z0O-1): RA; FERM (four-point-one, ezrin, radixin, and moesin). (B) Genomic structure of
FRMPD4 and genomic location of family 3 microdeletion. (C) Pedigrees and segregation analysis of FRMPD4 mutations identified in families 2, 3 and 4. Filled square, affected
males; open square, unaffected males; circle with a center dot, unaffected carrier female; filled circle with a center dot, mildly disabled carrier female. (D) Brain MRI scans of
P6 (at 12 years) and P7 (at 17 years) from Family 2. Note diffuse atrophy of white matter principally in the periventricular region, delayed myelination with periventricular
white matter atrophy of P6 (top panel, axial T1), and compare to cortical atrophy and enlarged ventricles of P7 (bottom panel, axial T2). (E) Photographs of family 3 probands
and their mildly disabled sister. (F) Proband of family 4 at different ages. Note frontal upsweep, trigonocephaly and broad nasal bridge.

dysmorphic features were noted (6/8). However, no distinct cranio-
facial gestalt was consistently observed in all patients (Figs 1B, C,
and D, 2E and F, Supplementary Material, Table S1).

FRMPD4P-Cys618ValfsX8 o}y a5 reduced interaction with
PSD-95 and Homer1

The FRMPD4P-CYs618ValisX8 mytation is caused by a single base
deletion of a cytosine at position 12734425 of X-Chromosome.
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This deletion is predicted to cause a frame-shift resulting in a
truncated protein of 624 amino acids instead of 1322 (Fig. 3A),
which retains the N-terminal domains including WW, PDZ, and
FERM but lacks the C-terminal Homer binding site and the PDZ
ligand. Previous studies have shown that FRMPD4 binding to
Homer via the Homer-binding motif (PPXXF) and PSD-95 via the
C-terminal PDZ ligand are crucial to its regulatory function on
mGluR1/5 signaling (11), and production and maintenance of
spine density of excitatory neurons (10). To assess potential
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Figure 3. Binding of FRMPD4P-Ys618ValfsX8 with known interacting proteins. (A) Domain structure of human FRMPD4 and its mutant protein. (B) Various FRMPD4 and
Homerlc constructs were transfected into HEK293T cells. Anti-myc antibody immunoprecipitated FRMPD4-WT and FRMPD4P-Cys618ValfsX8 Homer1C was co-immuno-
precipitated by FRMPD4-WT, but not FRMPD4P-C¥s618ValfsX8 () various FRMPD4 and PSD-95 constructs were transfected into HEK293T cells. Anti-myc antibody immu-
noprecipitated FRMPD4-WT and FRMPD4P-Cys618ValfsX8 pgpy g5 was co-immunoprecipitated by FRMPD4-WT while this binding was significantly reduced between

FRMPD4P-Cys618ValfsX8 411§ pSp-95,

deleterious effects of this mutation, we investigated
FRMPDA4P-CYs618ValfsX8 interactions with Homerl and PSD-95 by
co-immunoprecipitation.

To assess functional effects of Cys618ValfsX8 on FRMPD4 inter-
action with Homer 1, we co-transfected the expression
vectors of HA-Homerlc with either myc-FRMPD4 or myc-
FRMPD4PCyso18ValfsXs ipy  HEK293T cells and performed co-
immunoprecipitation studies using a a-myc antibody. As shown in
Figure 3B, HomerlC can be efficiently co-immunoprecipitated by
FRMPD4-WT, but not by FRMPD4P-<Ys618ValfsX8 Thjs is consistent
with a lack of Homer binding site in this mutant. To assess func-
tional effects of FRMPD4P-<ys618ValfsX8 o FRMPDA4 interaction with
PSD-95, we co-transfected expression constructs of GFP-PSD-95
with myc-FRMPD4 or myc-FRMPD4P-CYse18ValfsX8 i HER293T cells
and performed co-immunoprecipitation using a a-myc antibody.
As shown in Figure 3C, PSD-95 can be co-immunoprecipitated effi-
ciently by FRMPD4-WT, but with a significantly reduced efficiency
by FRMPD4P-Cys618ValfsX8 Thig ig consistent with lack of the C-termi-
nal PDZ ligand in the FRMPD4 mutant. Furthermore, co-expression
of FRMPD4PCYse18ValfsX8 apynears to reduce binding of FRMPD4 with
Homerl (Supplementary Material, Fig. S1A) and with PSD95
(Supplementary Material, Fig. S1B) in transfected HEK293T cells.

FRMPD4P-Cys618ValfsX8 fai]s 10 increase dendritic spine
density in neurons

FRMPD4 overexpression in transfected neurons was shown to
increase the density of dendritic spines (10). This action of
FRMPD4 requires its WW, PDZ and FERM domains, and the C-ter-
minal PDZ ligand (10). Correspondingly, decreased FRMPD4
expression in neurons by either knockdown or dominant-negative
mutations have been shown to reduce dendritic spine density and
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excitatory synaptic transmission (10). To determine the effect of
FRMPD4P-Cys618ValfsX8 ony gpine morphology and density, we trans-
fected rat hippocampal neurons at DIV14 with myc-FRMPD4-WT
or myc-FRMPD4P-Cyse18VallsX8 g EGFP or EGFP alone and visual-
ized dendritic spines by immunofluorescence staining of EGFP
(Fig. 4A). We first compared spine density between the FRMPD4-
WT and FRMPD4®Ys618ValfsX8 transfected neurons. As shown in
Figure 4B, we found that overexpression of FRMPD4-WT construct
increased spine density while FRMPD4P-CYs618ValfsX8 fajlad to do so
(Mean * SEM, n= 19 neurons for EGFP only, 18 for WT, and 20 for
Cys618ValfsX8, P < 0.05, t-test). We next investigated changes in
spine morphology between FRMPD4 WT and FRMPD4P-Cys618Valfsxs
transfected neurons. We classified dendritic spines into four cate-
gories based on their morphology and maturity: mushroom
spines, thin spines, stubby spines, and filopodia. Spine shape is an
indicator of the strength of synaptic input (13) with mushroom
spines thought to represent long-lasting synaptic inputs associ-
ated with learning and memory. As shown in Figure 4C-F, we
found that overexpression of FRMPD4-WT resulted in an increase
in mushroom spines but not in thin spines, stubby spines, or filo-
podia. FRMPD4P-<ys618ValfsX8 §id not increase mushroom or other
spine categories. These results support the idea that
FRMPD4P-Cys618ValfsX8 disrnts FRMPD4 function of regulating both
spine density and morphology through a loss of function
mechanism.

Frmpd4-KO mice show deficits in hippocampus-
dependent spatial learning and memory

To implicate a role of FRMPD4 in normal cognitive function, we
conducted a panel of rodent behavioral tests on a cohort of
adult male frmpd4-KO mice and their WT male littermates with
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Figure 4. FRMPD4PCYSO18ValsX8 o505 the ability to increase spine density. (A) Cultured hippocampal neurons were transfected with myc-FRMPD4 (WT or
FRMPD4P-Cys618ValisX8) plyyg EGFP or EGFP alone (control) (DIV 14) and visualized by immunofluorescence staining for EGFP. Images were analyzed by Neurolucida 360 to
show different spine shapes. Scale bar, 10 ym. (B) FRMPD4-WT overexpression increased spine density but FRMPD4P-CYs618ValfsX diq not. Mean + 95% confidence inter-
val (n=19 neurons for EGFP, 18 for WT, and 20 for mutant, *P < 0.05, t-test). (C-F) Spines were classified into four categories. FRMPD4-WT overexpression increased
mushroom spines but not thin spines, stubby spines and filopodia spines. FRMPD4P-ys618ValfsX8 §iq not increase mushroom or other spine categories. Mean + 95% con-
fidence interval (n = 19 neurons for EGFP, 18 for WT, and 20 for mutant, *P < 0.05, t-test).

an emphasis on their learning and memory functions.
Compared with WT, frmpd4-KO mice showed a moderate
increase in the total ambulatory activities (total beam breaks in
30 min: Mean = SEM: WT, 2, 254 + 235; KO, 3, 025 = 167; n=12 for
WT; n=12 for KO; t-test, P < 0.05), normal total fine movements
(total beam breaks in 30 min: Mean + SEM: WT, 339 +47; KO,
352 +62; n=12 for WT; n= 12 for KO; t-test, P> 0.05) and normal
peripheral activities (total beam breaks in 30 min: Mean + SEM:
WT, 387 +14; KO, 387 +18; n=12 for WT; n=12 for KO; t-test,
P >0.05), in Open Field test. No significant difference was identi-
fied between WT and KO mice in Elevated Plus Maze (time in
open arm in seconds: Mean = SEM: WT, 62.5 = 2.8; KO, 78.6 + 3.7,
n=11 for WT; n=12 for KO; t-test, P>0.05) suggesting that
FRMPD4-KOmice have normal anxiety levels. FRMPD4-KOmice
showed no significant deficit in spatial working memory func-
tion in the Y-maze tests including spontaneous alternation (%
of correct alternations, time in novel arm in seconds:
Mean = SEM: WT, 67.3 +2.8; KO, 70.8 +2.6; n=15 for WT; n=15
for KO; t-test, P >0.05) (Fig. 5A) and blocked arm tests (time in
novel arm in seconds: Mean + SEM: WT, 95.2+8.5; KO,
96.2 +10.9; n=15 for WT; n=15 for KO; t-test, P>0.05) (Fig. 5B).
Frmpd4-KO mice were found to have significant deficits in the
Morris Water Maze indicating a hippocampus-dependent spa-
tial reference memory deficit (Fig. 5C and D). As shown in
Figure 5C, during the 5 days of training trials, the average time
for mice to reach the platform decreased for both WT and KO
groups. However, the time for the KO mice plateaus after day 2
whereas the time for the WT mice continues to decrease until
day 4, when it also plateaus. The average time to reach the plat-
form begins to diverge on day 3 (t-test, P=0.066) and is signifi-
cantly different on days 4 and 5 (P=0.018 and P=0.0028,
respectively), with the KO mice taking significantly longer time
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to find the platform. For the final probe day, the number of
times the mice crossed over the previous location of the plat-
form was significantly lower in the KO mice (number of plat-
form crosses: Mean + SEM: WT, 7.2 +0.75; KO, 4.5+0.82; n=15
for WT; n=15 for KO; t-test, P =0.02) (Fig. 5D).

Discussion

We report on the human phenotype associated with 4 FRMPD4
mutations identified in ten affected males belonging to four
unrelated families, describe functional consequences of
FRMPD4P-CYs618ValfsX8 mytation and provide evidence for altera-
tion of hippocampus-dependent behavior in a KO mouse model.
All pedigrees are consistent with X-linked transmission.
FRMPD4 deficiency-related phenotype includes variable degree
of ID and language disorders in patients presenting with normal
growth and OFC parameters, nonspecific brain anomalies and
mild dysmorphic features. Psychiatric disturbances, strabismus
and seizures are present in some patients. All four mutations
are rare and absent from public variant databases including
dbSNP, the male-restricted portion of the 1000 Genomes, and
the Exome Variant Server datasets (see web resources). Three
FRMPD4 mutations including an exon deletion, a nonsense
mutation, and a frame-shift mutation caused by a single base
deletion, are predicted to result in FRMPD4 deleterious tran-
scripts and/or protein products. By contrast, FRMPD4P-CYs>53Arg
involves a highly conserved amino acid residue near the FERM
domain predicted to be deleterious by protein function altera-
tion. Furthermore, behavioral analyses of FRMPD4-KOmice iden-
tified significant defects in the hippocampus-dependent spatial
learning and memory in Morris Water maze test. Together,
these results provide strong evidence that deleterious
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Figure 5. Frmpd4-KO mice show normal spatial working memory but a defective spatial reference memory. The Y-maze tests for spatial working memory include
Spontaneous Alternation and Blocked Arm tests. (A) Spontaneous Alternation: the test mouse was placed at the end of one arm and remained in the maze for 5 min.
The total number of correct alternations divided by the number of total possible alternations was recorded and analyzed. (B) Blocked Arm test: one of the three arms
was blocked, the test mouse was allowed to explore the 2 unblocked arms for 5 min followed by rest for 10 min. The test mouse was returned to the maze with all 3
arms open and allowed to explore for another 5 min. Data was analyzed for time spent in the arm blocked during the second trial (novel arm) and presented as
mean + SEM. t-test was used to compare data between frmpd4-KO mice (n=15) and WT littermates (n=15). *P < 0.05 was considered statistically significant. Note that
no significant difference was identified between WT and frmpd4-KO in these tests suggesting a normal working memory function. Morris water maze is used to test
hippocampus dependent spatial reference memory. (C) Training trials: mice were subjected to four, 1-min swim trials each day in the water maze to locate a hidden
platform using multiple spatial signs. The time to reach the platform is an average of 4 trials for each mouse, n= 15 mice per group. Note that frmpd4-KO mice showed
slow progression in reducing time needed to locate the platform compared with WT. (D) Probe trial: after the training trial, mice were subjected to one 3-min trial of
free swimming in maze without the platform. Time spent probing the quadrant where the platform was located during training trial and total number of crosses to the
platform region were automatically tracked and compared between frmpd4-KO and WT control mice. Note the reduced number of crosses to the platform site in the
frmpd4-KO. MEAN =+ SEM was presented. t-test was used to compare data at each test point between WT and frmpd4-KO mice. *p< 0.05 was considered statistically sig-
nificant. Note frmpd4-KO mice (n=15) showed significantly reduced number of crosses to the platform site compared with WT littermates (n=15) suggesting a deficit
in the spatial reference memory function.

FRMPD4 mutations are causal for the phenotype observed in our FRMPDAP-CYs618ValfsX8  shoyuld help to test these hypotheses

families. directly.

FRMPD4P-CYs618ValfsX8 jg nredicted to result in a truncated pro- FRMPD4 C-terminal PDZ ligand was shown to bind the PDZ
tein that potentially reduces FRMPD4 function due to a lack of domain of PSD-95 (10). This interaction is needed in the forma-
HOMER-binding site and C-terminal PDZ domain or through a tion of excitatory synapses and regulation of dendritic spine
dominant negative mechanism. Our data suggest that presence density (10). Our studies confirmed that lack of the C-terminal

of this truncated protein likely interferes with binding of PDZ ligand causes reduced mutant FRMPD4 binding to PSD-95.
FRMPD4 with Homerl and PSD95, respectively, in transfected Consistent with this finding, we show that FRMPD4P-Cysé18ValfsXs

HEK?293T cells. Alternatively, this mutation may result in a sig- lacks the ability to increase spine density in transfected neu-
nificant reduction of total FRMPD4 transcript and/or protein lev- rons as compared with FRMPD4-WT. FRMPD4P-Cys¢18Valisxs
els due to a nonsense mediated RNA decay mechanism. Since appears to negatively regulate FRMPD4 function on generation
FRMPD4 does not express in lymphoblasts or fibroblast cell lines, and/or maintenance of dendritic spine density at neuron levels.
testing neurons differentiated from iPSC cells from patients Dynamic regulation of number and morphology of dendritic
and/or studying brain tissues from mutant mice carrying spines is essential for maintenance of short- and long-term
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plasticity at the excitatory synapses on pyramidal neurons in
cerebral cortex, and deficits have important implications for
normal cognition and memory function (14-16). Abnormalities
of dendritic spine density and/or morphology are associated
with several intellectual disability syndromes including Fragile-
X syndrome (17,18), Down syndrome (19), Rett syndrome (20),
CDKL5-, PAK3- and KIAA2022-related encephalopathies (21, 22)
and several neuropsychiatric disorders such as autism spec-
trum disorders, schizophrenia, and Alzheimer’s disease (23) (for
review, see Martinez-Cerdeno, 2017) (24). We speculate that
FRMPD4P-Cys618ValfsX8 and other FRMPD4 loss-of-function muta-
tions involving WW, FERM, and PDZ domains contribute to
cognitive impairment in our patients through a similar
mechanism.

FRMPD4 binding to Homer1 is required for the formation of a
FRMPD4-Homer1-PDKs-mGluR1/5 complex, which is regulated
by ERK phosphorylation at the Homer binding site (11). This
site-specific phosphorylation enhances Homer and mGIuR5
interaction, which down-regulates mGIuR5 signaling.
Consistent with this model, frmpd4-KO mice exhibit an exacer-
bated mGIuR5 signaling in hippocampus (11) and deficits in
hippocampus-dependent spatial learning in Morris Water Maze.
Abnormally enhanced mGluR1/5 signaling has been implicated
in the pathogenesis of human ID syndromes including Fragile-X
syndrome (25,26) and SYNGAP1 haploinsufficiency (27). In our
study, FRMPD4P-CYs618ValfsX8 i nredicted to result in a truncated
protein of 624 amino acids lacking the Homerl binding site.
Consistently, our studies confirm a lack of FRMPD4P-Cys618Valfsxs
binding with Homerlc in Co-IP assays. We speculate that defect
in the proper assembly of the FRMPD4-Homer1-PDKs-mGluR1/5
complex, which leads to an enhanced mGluR1/5 signaling con-
tributes to the cognitive impairment caused by FRMPD4 muta-
tions in our patients.

In conclusion, our studies identified several FRMPD4 deleteri-
ous mutations in males with ID in the context of X-linked inher-
itance. Our data support the hypothesis that alteration of
FRMPD4 function caused by these mutations contributes to cog-
nitive impairment. Further supporting this hypothesis, frmpd4-
KO mice exhibit a deficit in the hippocampus-dependent spatial
learning and memory. Based on current understanding of
FRMPD4 functions and data from functional studies hereby pre-
sented, we speculate that defects in dendritic spinogenesis
and/or abnormally enhanced mGluR5 signaling are major deter-
minants of ID in FRMPD4 deficiency-related XLID. Although two
FRMPD4-related genes with similar domain structures, FRMPD3
(PRESO2; KIAA1817; Xq22.3) and FRMPD1 (PRESO3; 9p13.2) (28),
are known to express abundantly in brain and spinal cord (11),
our results suggest that they are not functionally redundant
since FRMPD4 deficiency alone is sufficient to cause the pheno-
type in our patients.

Materials and Methods
Study patients

Patients with XLID and normal control males were recruited by
investigators at the respective institutions in Belgium, Canada,
France, Poland, and the United States. The human subject
research protocols for these studies have been approved by the
Institutional Review Boards (IRBs) at the respective institutions.
An informed consent was obtained from each study patient
and/or their parents or legal guardians. Patients enrolled in this
study were evaluated by clinical geneticists and other special-
ists and underwent comprehensive laboratory studies for ID. All
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patients were found to have a normal karyotype, negative
molecular testing for Fragile X syndrome, and a negative screen
for common inborn errors of metabolism. A blood sample was
collected from affected individuals and family members to
establish EB-transformed lymphoblast cell lines and prepare
genomic DNA for sequencing and mutation screening.

Exome-based sequencing and molecular cytogenetics
screening

Whole exome sequencing and X-chromosome exome sequenc-
ing for mutation identification in the probands of XLID families
were conducted as described (12,29). Sanger-based sequencing
was used to confirm individual mutations and to perform segre-
gation analysis in the respective probands’ families (12,29).
Array Comparative Genomic Comparation (aCGH) was per-
formed using Agilent’s CGX™ HD microarray (PerkinElmer) for
identifying the microdeletion of FRMPD4-exon2 in Family 2,
according to the manufacturer’s instructions.

Antibodies

The following antibodies were previously described or obtained
commercially: mGluRS from Upstate; pS-mGluR5 was described
previously (30); myc (mouse monoclonal 9E10) from Millipore;
FRMPD4 were generated and described before (11).

Cell culture and transfection

HEK293T cells were cultured in DMEM medium with 10% FBS.
Transfections were performed with X-tremeGENE HP to manu-
facture’s specifications (SigmaAldrich). Cells were harvested 2 d
after transfection.

Coimmunoprecipitation assay and immunobloting

HEK?293T cells were used for the coimmunoprecipitation assay
as previously reported. Briefly, 500 microliters of immunopreci-
pitation buffer (PBS, pH 7.4, with 5 mM EDTA, 5 mM EGTA, 1 mM
Na3VO,4, 10 mM sodium pyrophosphate, 50 mM NaF, and 1%
Triton X-100) containing Complete EDTA-Free protease inhibi-
tors (Roche) was added and samples were sonicated. After cen-
trifugation, the supernatant (300 ul) was then mixed with 2 pg of
myc antibody for 3 h at 4°C. Then 50 ul of 1: 1 protein G-
Sepharose slurry was added for an additional 1 h. The protein
beads were washed three times with immunoprecipitation buf-
fer containing 1% Triton X-100. The protein samples were eluted
with SDS loading buffer and separated electrophoretically using
NuPAGE 4-12% Bis-Tris gels (Invitrogen) and transferred to an
Immobilon-P PVDF membrane (Millipore). The membrane was
blocked with blocking buffer for 1 h at room temperature, fol-
lowed by incubation with primary antibody in PBS buffer over-
night at 4°C. After three washes with PBS buffer, membranes
were incubated with 680-conjugated anti-rabbit, or anti-mouse
antibody in PBS for another hour. After three washes with PBS
buffer, the membrane was scanned with Licor imaging system
according to the manufacturer’s protocol (LI-COR Biosciences).

Neuronal culture and transfection

Neuronal hippocampal cultures from embryonic day 18 pups
were prepared as reported previously (31). 1 x 10° neurons were
added to each 60mm plate (Corning) with 5 coverslips coated
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with poly-L-lysine. Growth medium consisted of MEM
(Invitrogen) supplemented with 1% FBS (Hyclone), 2% B27, 1%
glutamine (Invitrogen), 100 U/ml penicillin, and 100 U/ml strep-
tomycin (Invitrogen). Neurons were fed twice per week with
glia-conditioned growth medium. Neuronal transfections were
performed with lipofectamine-2000 (Invitrogen) and analyzed
24 h later.

Immunocytochemistry, confocal imaging, and analysis

Neurons were washed in 4% sucrose in PBS twice and then fixed
with 4% Paraformaldehyde (PFA) and 4% sucrose in PBS for
10 min. After washing with PBS twice, fixed neurons were per-
meabilized in 0.2% Triton X-100 for 10 min. They were subse-
quently blocked for 1 h at room temperature in 10% goat serum
before incubating with anti-GFP-488 antibody for 1 h at RT. After
washing, neurons were mounted on slides in Prolong gold
(Invitrogen). Immunofluorescence was viewed with an LSM 710
confocal microscope using a 63x oil-immersion objective, 1024 x
1024 resolutions and scan speed of 7, 12-bit pixel depth and
scan average of 8. The optimal pinhole diameter, gain and offset
were determined for each fluorophore using the Palette func-
tion. Once the optimal pinhole, gain and offset were deter-
mined, these were kept constant throughout. Images were
analyzed by Neurolucida 360 using the default settings with
minor modifications.

Rodent behavioral testing

Animals

Frmpd4-KO mice were generated by the traditional gene-
targeting method and bred onto C57BL6/J congenic strain back-
ground as described (11). A complete lack of FRMPD4 expression
was verified by immunoblots of brain lysates of frmpd4-KO mice
(11). Frmpd4-KO mice were viable and fertile, and show similar
physical growth, and breeding behaviors compared with WT
mice. Mice were genotyped using PCR of tail DNA following a
published protocol (11). Adult male frmpd4-KO (n=12-15) and
male WT littermate controls (n=12-15) between 2-4 months of
age were studied using standard behavioral tests for the rodent.
Mice were housed in temperature-controlled rooms with 12 h
light/dark cycle (9: 00 and 21: 00) and had free access to water
and standard mouse chow. Animal breeding and procedures
were conducted in strict accordance with NIH Guide for Care
and Use of Laboratory Animals. An animal research protocol for
this project was approved by the Johns Hopkins University
Animal Care and Use Committee.

Behavioral tests

Mouse behavioral tests were conducted at Animal Behavioral
Core of the Johns Hopkins University School of Medicine follow-
ing standard testing protocols (http://www.brainscienceinstitute.
org/index.php/cores) as described (32-34). The test order and age
of mice for the individual test (in parenthesis) are provided as
follows: Open Field (2 months), elevated plus maze (2 months),
Y-maze (2-3 months), Morris water maze (3—4 months). For indi-
vidual test, WT and KO mice were always tested together to
minimize potential variations. At least one week of rest was
arranged between any two behavioral tests.

Open-field test
Each individual test mouse was placed in a photo-beam (n=16
at an equal spacing of 2.5 cm) equipped clear plastic chamber

Downl oaded from https://acadeni c. oup. com hng/ articl e-abstract/ 27/ 4/ 589/ 4756468
by Max- Pl anck-Institut fir nol ekul are Genetik user

on 12 March 2018

[45 x 45 cm and was allowed to explore free from interference
for 30 min. The peripheral area (425 sq cm)] was defined by the
two side-photo beams, #1-2 and #15-16 while the central area
(1600 sq cm) was defined by photo beams #3-14 at each direc-
tion. Their movements were tracked using an SDI Photobeam
Activity System (San Diego Instruments). Their patterns of
ambulatory movement, fine movement, and rearing behavior at
central and peripheral areas were recorded and analyzed.

Elevated-plus maze

Elevated plus maze tests anxiety-related behavior in rodents.
The maze, made of stainless steel, consists of two closed arms
measuring 48 cm (L) x 10 cm (W) x 38 cm (H) and two open
arms measuring 48 cm (L) x 10 cm (W) (San Diego Instruments).
The four arms were connected by a middle 10 cm x 10 cm plat-
form. The test mouse was placed on the middle platform and
remained in the maze during the 5 min session. The total time
spent and the number of entries into the closed and open arms
were recorded and analyzed.

Y-maze

The Y-maze for spatial working memory in rodents consists of
three identical arms [46 cm (L) x 6.25 cm (W) x 2.5 cm (H)] radi-
ating at 120-degree angles from a central platform. The test was
done in three trials. During the first trial, the test mouse was
placed at the end of one arm, chosen at random prior to the
test, and remained in the maze free from interference for 5 min.
The total number of spontaneous alternations divided by the
number of total possible alternations was recorded and ana-
lyzed. The second and third trials were run seven days after the
first trial. During the second trial, one of the arms, chosen ran-
domly for each mouse prior to the test, was blocked. The test
mouse was allowed to explore the two unblocked arms for
5 min followed by a resting period of 10 min. During the third
trial, the test mouse was returned to the maze with all three
arms open and allowed to explore for another 5 min. The third
trial was analyzed for time spent in the arm blocked during the
second trial. The data were analyzed for the first 2 min and full
5 min of trial 3 and compared between the WT and KO cohorts.

Morris water maze

Morris water maze for spatial reference memory was tested in
male Frmpd4-KO and male WT littermate control mice. A stand-
ard water maze (120 cm in diameter) containing deep, opaque
water (25°C) was set up with a rescuing platform (10 cm x 10
cm) 12 inch below the water surface and Four large Patterned
signs as spatial cues were placed on the inner walls of the tub to
distinguish each quadrant. An automatic tracking system was
used to document latent and swimming time, swimming paths,
time spent in each quadrant, and the number of crosses over
hidden platform regions. On day 1, mice were subjected to four,
1-min swimming trials in the maze to locate the platform
marked with a cue (flag). In each of the four trials, the platform
was placed in a different quadrant of the maze. On each of the 5
consecutive training days, the platform cue was removed. Each
of the 30 mice went through four trials starting in each of the
four quadrants and was allowed to swim until it found the hid-
den platform placed at a fixed quadrant of the maze, or for 60 s.
After finding the platform the mouse was left on the platform
for 10 s or, if the mouse did not find the platform in 60 s, was
placed on the platform for 10 s. After each trial, the mouse was
dried and placed under a heat lamp for approximately 30 min
until its next trial. The order of the mice was randomized each
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day but kept consistent within the four trials in one day, and
the order of starting quadrants was different each day but con-
sistent within one day. On the final probe day, the platform was
removed and each mouse went through one trial starting in one
of the two quadrants farthest from the platform, randomized so
that 8 KO and 8 WT started in one quadrant and 7 KO and 7 WT
started in the other. Each mouse was allowed to swim for 90 s
and both the time spent in the platform quadrant and the num-
ber of times the mouse crossed over where the platform was
previously situated were automatically recorded and compared
between the cohorts of WT and KO mice.

Statistical analysis

Statistical analyses of behavioral testing data were performed
using a two-tailed t-test for comparison of the means of two
independent samples and two-way ANOVA followed by t-test
post hoc for multiple comparisons. Behavioral data were pre-
sented as mean = SEM; P<0.05 was considered statistically
significant.

Supplementary Material

Supplementary Material is available at HMG online.
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