
ARTICLE

Missense Variants in RHOBTB2 Cause a Developmental
and Epileptic Encephalopathy in Humans, and Altered
Levels Cause Neurological Defects in Drosophila

Jonas Straub,1,20 Enrico D.H. Konrad,1,20 Johanna Grüner,1 Annick Toutain,2 Levinus A. Bok,3

Megan T. Cho,4 Heather P. Crawford,5 Holly Dubbs,6 Ganka Douglas,4 Rebekah Jobling,7

Diana Johnson,8 Bryan Krock,9,10 Mohamad A. Mikati,11 Addie Nesbitt,9 Joost Nicolai,12

Meredith Phillips,5 Annapurna Poduri,13,14 Xilma R. Ortiz-Gonzalez,6,15 Zöe Powis,16 Avni Santani,9,10

Lacey Smith,13 Alexander P.A. Stegmann,17 Constance Stumpel,17 Maaike Vreeburg,17 Deciphering
Developmental Disorders Study,18 Anna Fliedner,1 Anne Gregor,1 Heinrich Sticht,19

and Christiane Zweier1,*

Although the role of typical Rho GTPases and other Rho-linked proteins in synaptic plasticity and cognitive function and dysfunction is

widely acknowledged, the role of atypical RhoGTPases (such as RHOBTB2) in neurodevelopment has barely been characterized.We have

now identified de novo missense variants clustering in the BTB-domain-encoding region of RHOBTB2 in ten individuals with a similar

phenotype, including early-onset epilepsy, severe intellectual disability, postnatal microcephaly, and movement disorders. Three of

the variants were recurrent. Upon transfection of HEK293 cells, we found that mutant RHOBTB2 was more abundant than the wild-

type, most likely because of impaired degradation in the proteasome. Similarly, elevated amounts of the Drosophila ortholog RhoBTB

in vivo were associated with seizure susceptibility and severe locomotor defects. Knockdown of RhoBTB in the Drosophila dendritic

arborization neurons resulted in a decreased number of dendrites, thus suggesting a role of RhoBTB in dendritic development.

We have established missense variants in the BTB-domain-encoding region of RHOBTB2 as causative for a developmental and epileptic

encephalopathy and have elucidated the role of atypical Rho GTPase RhoBTB in Drosophila neurological function and possibly dendrite

development.
Introduction

Neurodevelopmental disorders (NDDs), comprising

intellectual disability (ID), autism spectrum disorders

(ASDs), and epileptic encephalopathies, are genetically

extremely heterogeneous—more than 1,000 genes have

been implicated to date (SysID database).1 Next-generation

sequencing technologies have greatly facilitated the identi-

fication and confirmation of disease-related genes. Using

trio exome sequencing, several landmark studies have

confirmed de novo variants as a major cause of NDDs

in non-consanguineous populations.2–5 Most NDD-associ-

ated genes, whose haploinsufficiency or loss of function

(LoF) causes developmental disorders, have been identified

by now.6 By contrast, many disease-associated genes in

which variants alter protein function still remain to be

discovered, given that interpretation of missense variants
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is often challenging. Other than methods with limited

power, such as segregation analysis or computational

prediction, the currently most valuable criteria are func-

tional studies and the identification of the same variant

or a sufficient number of similar variants in individuals

with overlapping phenotypes.

After the initial finding of a de novo missense variant in

RHOBTB2 (MIM: 607352) in an individual with early-onset

epilepsy, severe ID, movement disorder, and postnatal

microcephaly, we used matchmaking platforms and

collaborative efforts to assemble a total of ten individuals

with a similar phenotype and de novo missense variants

in the same gene. All identified variants cluster in the

BTB-domain-encoding region of RHOBTB2, and three of

them are recurrent. We provide further evidence for their

pathogenicity by showing that degradation of mutant

RHOBTB2 by the proteasome is impaired in vitro and that
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altered amounts of RhoBTB in the nervous system of

Drosophila melanogaster result in seizure susceptibility,

neurological defects, and disturbed dendrite development.
Material and Methods

Affected Individuals
Trio exome sequencing on an Illumina HiSeq 2500 platform in

individual 1 was performed to reveal genetic causes of phenotypes

similar to Pitt-Hopkins syndrome. After identification of a de novo

variant in RHOBTB2, we contacted colleagues and searched

DECIPHER7 and GeneMatcher8 for further individuals with

variants in this gene. The resulting variants had been revealed

in diagnostic or research settings by trio exome sequencing in

various centers worldwide. De novo occurrence was confirmed in

all individuals. Informed consent was obtained from parents or

guardians of all affected individuals. If done in a research setting,

the studies were approved by the ethic committees of the respec-

tive universities or centers. In silico prediction was performed

with online programs SIFT,9 PolyPhen-2,10 MutationTaster,11

and M-CAP.12 Mutational screening of all coding exons of

RHOBTB2 (conditions and primer sequences are available on

request) was performed in approximately 275 individuals with

Pitt-Hopkins-like ID but without a pathogenic variant in TCF4

(MIM: 602272) and in 96 further individuals with severe ID.
Structural Modeling
Modeling of the BTB domains was performed with the LOMETS

server.13 For the first and second BTB domain, the template

structures 1R2814 and 1I3N,15 respectively, were used. Variants

were modeled with Swiss-PdbViewer,16 and RasMol17 was used

for structure analysis and visualization.
Protein Analysis
Human CUL3 (MIM: 603136) and RHOBTB2 were amplified from

cDNA derived from RNA from whole blood and adult lung,

respectively (Human Multiple Tissue cDNA Panel I, Clonetech)

(primer sequences were 50-CCCGCCTTAAATGTGACACC-30

[forward] and 50-TGATGTTGGAAACTCTCAAAGGG-30 [reverse] for
CUL3 and 50-CAGTAAACAAGAATATGCACGCG-30 [forward] and

50-CTGTAAGGTGGATGGGGTGATG-30 [reverse] for RHOBTB2),

and cloned into a pCR 2.1-TOPO vector (Thermo Fisher Scientific).

Sanger sequencing of clones confirmed integrity, apart from a silent

single-base-pair exchange (c.930T>C) in the RHOBTB2 construct.

After site-directed mutagenesis using a modified version of the

QuikChange Site-Directed Mutagenesis protocol (StrataGene),

wild-type and mutant RHOBTB2 cDNAs were transferred into a

pcDNA3.1 expression vector (Thermo Fisher Scientific) and a

His-cMyc-tagged version of the pcDNA3.1 vector, respectively, and

CUL3 was cloned into a HA-tagged CMVexpression vector.

For co-immunoprecipitation, HEK293 cells were grown in 6-well

plates and co-transfected with 1 mg of His-cMyc-tagged wild-type

or mutant RHOBTB2 and with 1 mg of HA-tagged CUL3 with

Lipofectamine 2000 and PLUS reagent (Thermo Fisher Scientific).

The empty pcDNA3.1-His-cMyc plasmid was transfected as a

negative control. 24 hr after transfection, newmedium containing

25 mM of MG-132 proteasome inhibitor (Sigma-Aldrich) was

added. After 4 hr, cells were trypsinized, washed three times

with 13 PBS, and lysed (buffer: 100 mM TRIS-HCl [pH 8],

150 mM NaCl, 1 mM EDTA, and 1% Triton X-100). Protein
The Am
concentrations were measured with a Qubit 1.0 fluorometer

(Thermo Fisher Scientific), and 1.5 mg of protein per sample was

adjusted to 300 mL with 13 TBS. Immunoprecipitation was per-

formed with 20 mL Protein A Mag Sepharose bead suspension

(GE Healthcare), which was incubated with the sample and

1.6 mg anti-cMyc antibody (Sigma-Aldrich) at 4�C overnight. As

controls, lysates from cells transfected with wild-type RHOBTB2

were incubated either with beads only or with beads and mouse

IgG. Subsequently, the supernatant was removed, and beads

were washed once with lysis buffer and four times with 13 TBS.

Samples were eluted with 23 NuPAGE sample buffer and 10%

DTT and stored at �80�C.
For overexpression analysis, HEK293 cells were transfected with

1 mg of wild-type or mutant RHOBTB2 with or without 1 mg of the

CUL3 construct as described above. 24 hr after transfection, cells

were trypsinized, washed three times with cold 13 PBS, and lysed

(buffer: 100 mM TRIS, 150 mM NaCl, and 1% Triton X-100

[pH 7.5]). Lysates were frozen at �80�C. MG-132 was added to a

final concentration of 5 mM for 16 hr. To excludemajor differences

in transfection efficiency and to exclude higher protein amounts

based on mRNA overexpression, we performed quantitative PCR

on RNA from cells taken from the same wells as the protein lysate

(Figure S1).

For western blotting, the NuPAGE 4%–12% Bis-Tris Gel System

(Thermo Fisher Scientific) was used. After blocking, incubation

with primary antibodies was performed overnight at 4�C. Anti-
bodies against RHOBTB2 (SAB1407189) and CUL3 (C0871) were

obtained from Sigma-Aldrich and used in 1:400 and 1:2,000 dilu-

tion, respectively. Tagged proteins were detected with antibodies

against cMyc (M4439) and HA (H6908) (Sigma-Aldrich). Alpha-

tubulin or beta-actin (Abcam) was used as a loading control. To

reduce background, we cut and incubated blot membranes sepa-

rately with either an antibody against RHOBTB2 or the loading

control. Secondary, horseradish-peroxidase-conjugated antibodies

(anti-mouse [Abnova] and anti-rabbit [Bio-Rad]) were applied for

2 hr at room temperature. Blots were scanned on a C-DiGit blot

scanner (LI-COR), and images were exported as TIFFs for analysis

in ImageJ.18 For quantification, rectangles were drawn around

eachwestern blot lane, and density wasmeasured. The areas under

the peak corresponding to RHOBTB2 were measured and normal-

ized to those of the corresponding loading control.
Fly Lines and Conditions
Flies were raised on standard food containing cornmeal, sugar,

and yeast. Knockdown or overexpression was achieved with the

UAS/GAL4 system.19 Given that high breeding temperatures

result in stronger knockdown effects,20 crosses were carried out

at 28�C to induce knockdown and at 25�C to induce overexpres-

sion. Driver lines were obtained from the Bloomington Stock

Center or assembled in house and by colleagues (Act5C-GAL4/

CyO [ubiquitous expression]; D42-GAL4 [expressed in motoneu-

rons], BL#8816; OK6-GAL4 [expressed in motoneurons, type I

terminals], BL#64199; DJ757-GAL4 [expressed in muscle],

BL#8184; repo-GAL4 [expressed in glia], BL#7415; UAS-Dcr-

2;477-GAL4,UAS-mCD8::GFP;ppk-GAL4/Tm3sb [expressed in

class IV dendritic arborization (da) neurons];21 elav-GAL4;UAS-

Dcr-2 [pan-neuronal expression]; elav-GAL4/Cyo [pan-neuronal

expression]; elav-GAL4;elav-GAL4 [pan-neuronal expression];

UAS-Dcr-2; elav-GAL4 [pan-neuronal expression]; and UAS-Dcr-

2;247-GAL4 [expressed in mushroom body]). RNAi lines were

obtained from the Transgenic RNAi Project22 (TRiP) (BL#32416
erican Journal of Human Genetics 102, 44–57, January 4, 2018 45



and BL#36303 [control]) and from the Vienna Drosophila

Research Center (VDRC) (100815/KK and 60100 [control];

330130 and 60200 [control]).23 We confirmed reduced RhoBTB

expression to ca. 40% for ubiquitous knockdown by using the

BL#32416 TRiP line and to 50% by using the 100815 VDRC

line (referred to as RNAi_RhoBTB_1 and RNAi_RhoBTB_2, respec-

tively; Figures S2B and S2C). Because VDRC line 100815 was

revealed to carry an additional insertion that can cause dominant

phenotypic effects such as wing anomalies and lethality,24 we

used it only to confirm phenotypes observed with the TRiP

line. VDRC line 330130 (referred to as RNAi_RhoBTB_3;

Figure S2D) was shown to not induce knockdown and was

therefore excluded from experiments. An available mutant

(RhoBTBMB07044, BL#26065) was shown to be hypomorphic

with a knockdown to only 50% (Figure S3A). Because it was

additionally white eyed and lacked an isogenic control, we used

it only to test bang sensitivity.

For the generation of UAS-driven overexpression lines, RhoBTB

was PCR amplified from whole fly cDNA (primer sequences 50-GC

TGGTTCTGCTATTTGTGC-30 [forward] and 50- TATCTCCCCGA

CCACTCTAAATC-30 [reverse]) and cloned into a pUAST fly expres-

sion vector.19 After sequence verification of the clone, BestGene

used the construct to create transgenic flies. On the basis of

quantitative real-time PCR after ubiquitous overexpression, we

selected two lines with 60- or 30-fold overexpression (referred to

as UAS-RhoBTB_1: UAS-RhoBTB_1; þ/þ or UAS-RhoBTB_2: þ/þ;

UAS-RhoBTB_2, respectively; Figure S2A).
Bang Sensitivity
Bang sensitivity is characterized by paralysis and hyperactivity after

a mechanical shock and can be induced by vortexing at maximal

strength for 10 s.25 RhoBTB lines and the corresponding genetic

background control lines were crossed to the elav-GAL4;UAS-Dcr-

2 (RNAi-induced knockdown) or elav-GAL4/Cyo (overexpression)

(both pan-neuronal) driver lines. A minimum of 50 flies per

genotype and matching controls were collected 0–48 hr after

eclosion under CO2 anesthesia in groups of ten (with a balanced

male/female ratio) and kept in normal food vials for 24 hr. After

transferal to testing vials and an adjustment time of 1 min, flies

were vortexed for 10 s. The number of flies displaying paralysis or

spasms 5 s after vortexing was assessed.
Negative Geotaxis
Negative geotaxis experiments were carried out as described by

Palladino et al.26 with somemodifications. RhoBTB overexpression

and RNAi lines and the corresponding genetic background control

lines were crossed to elav-GAL4/Cyo (pan-neuronal), OK6-GAL4

and D42-GAL4 (motoneuron), DJ757-GAL4 (muscle), and repo-

GAL4 (glia) driver lines. A minimum of 300 flies per genotype

and matching controls were collected and prepared for trial as

described for the bang-sensitivity assay. After transferal to testing

vials and an adjustment time of 1 min, flies were tapped to the

bottom of the vial and videotaped for 30 s. From the tapes, time

was measured until 70% of flies had climbed 8.8 cm.
Neuromuscular Junctions
Analysis of type 1b neuromuscular junctions (NMJs) of muscle 4

was performed as described previously.27 RhoBTB overexpression

and RNAi lines and corresponding genetic background control lines

were crossed to elav-GAL4;elav-GAL4 or UAS-Dcr-2;elav-GAL4 (pan-

neuronal) and OK6-GAL4 and D42-GAL4 (motoneuron) driver
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lines. In brief, male L3 larvae were dissected, fixated in 4% parafor-

maldehyde, and stained with nc82 and anti-dlg antibodies (Devel-

opmental Studies Hybridoma Bank). Secondary antibodies used

were Alexa-488-labeled anti-mouse antibody and the Zenon Alexa

Fluor 546 Mouse IgG1 Labeling Kit (Life Technologies). Images

were taken with a Zeiss Axio Imager Z2 microscope with 103 and

633 objectives, and NMJ pictures were subsequently stacked and

analyzed in ImageJ. Synaptic area and length and numbers of

synaptic branches, boutons, and active zones were determined

under genotype-blind conditions. For each genotype, at least 11

synapses from four to nine different animals were analyzed.
Dendritic Arborization Neurons
RhoBTB overexpression and RNAi lines and the corresponding

genetic background control lines were crossed to the UAS-Dcr-

2;477-GAL4,UAS-mCD8::GFP;ppk-GAL4/Tm3sb (active in class

IV da neurons) driver line. Male L3 larvae were dissected from

the ventral side and fixated in 4% paraformaldehyde. Staining of

solitary type IV multidendritic sensory neurons in the larval

body wall was performed with rat antibody against mouse

CD8A28 (Thermo Fisher Scientific) and Alexa-488-labeled anti-rat

secondary antibodies. The number and length of dendritic

branches were determined in ten neurons from three to five

different animals per genotype with NeuronJ29 using 2D image

projections of Z stacks acquired on a Zeiss (LSM 800) confocal

microscope using a 203 objective.
Statistical Analysis
Data from neuron experiments on bang sensitivity, negative

geotaxis, NMJs, and da were averaged, and testing for statistical sig-

nificance was performed with a two-tailedWilcoxon rank-sum test.
Results

Clinical Phenotype

Epilepsy manifested in all of the individuals reported here

within the first 3 years of life (between the first week and

ninth month in nine of ten individuals). Seizure types

were variable and included focal dyscognitive and general-

ized tonic-clonic seizures, as well as febrile seizures in the

mildest affected individual; five individuals experienced

status epilepticus. Apart from individuals 3 and 4, response

to antiepileptic treatment was reported to be good, and

febrile seizures in individual 10 ceased spontaneously.

Neurodevelopment was severely impaired in all individ-

uals through a lack of or delayed mobility and speech

abilities. Developmental stagnation was reported in one

individual and regression was reported in five, correlating

with the onset or worsening of epilepsy. Cognitive impair-

ment was mildest in individuals 8 and 10, who showed a

relatively late onset of epilepsy and had only febrile

seizures, respectively. Hemiparesis was observed in four

individuals (after seizures in three of them). In this

context, brain imaging in individual 5 revealed acute diffu-

sion anomalies and subsequent atrophy and infarction

anomalies. MRI in individual 4 also revealed progressive

atrophy, and MRI in individual 8 showed hemispheric

swelling (diffusion negative) within a week of onset of
018



Figure 1. Mutations in RHOBTB2
(A) Clinical pictures of individuals with pathogenic variants in RHOBTB2 show minor and unspecific dysmorphic aspects, and an
MRI axial T2 image corresponding to individual 8 demonstrates right hemispheric edema in the setting of acute left hemiparesis.
(B) Schematic drawing of RHOBTB2 (longest isoform: GenBank: NM_001160036.1) includes non-coding (gray) and coding (black) exons
and encoded domains (colored) according to SMART.30 The variants identified here and one published variant31 cluster within the
BTB-domain-encoding region.
(C) Conservation of the affected amino acids according to the UCSC Browser is depicted with Clustal Omega.
(D) Model of the first BTB domain (blue ribbon presentation). Residues Ala474 and Arg483 are highlighted in red and yellow,
respectively.
(E) Model of the second BTB domain in the homodimeric state. The subunits are shown as blue ribbon and cyan spaced-filled
presentations. Residues Arg511 and Asn510 are highlighted in orange and magenta, respectively.
left hemiparesis (Figure 1A). Earlier MRI and MRI in most

of the other individuals showed normal results or no

specific findings, such as delayed myelination or enlarged

ventricles and a thin corpus callosum. Truncal hypotonia

was noted in nine individuals, and five showed additional

limb hypertonia, even requiring Botox injections in

individual 9. Dystonic, paroxysmal, or chorea-like move-

ments were also observed in all but individuals 4 and 10.

Although birth measurements appeared to be normal,

postnatal, progressive microcephaly was common, and

postnatal growth retardation occurred in five individuals.

In most of the individuals, minor but unspecific dysmor-

phic aspects were noted (Figure 1A). Additional clinical

details are presented in Table 1.

Mutational Spectrum

In ten individuals, we identified five different de novo

missense variants in RHOBTB2. The c.1448G>A

(p.Arg483His) variant was found in four individuals.

Arginine at position 511 was recurrently affected by

two different missense variants in four individuals.
The Am
c.1421C>G (p.Ala474Gly) was identified in a single

individual (Table 1). Also, c.1528A>G (p.Asn510Asp) was

identified in one individual but was reported in another

individual with a Rett-syndrome-like phenotype.31 Vari-

ants were identified in several centers worldwide and

assembled through contact with colleagues and searches

in DECIPHER7 and GeneMatcher.8 In-house screening of

RHOBTB2 in approximately 370 individuals with severe

ID did not reveal further pathogenic variants.

According to exome sequencing data from the

Exome Aggregation Consortium (ExAC) Browser,32

RHOBTB2 is tolerant of LoF (probability of LoF intolerance

[pLI] ¼ 0.51) and carries more copy-number variants

(CNVs) (Z score ¼ 0.49) but fewer missense variants than

expected (Z score ¼ 3.29). DECIPHER contains no small

CNVs affecting only RHOBTB2, thus not allowing gene-

specific interpretation.

None of the identified variants in our study is present in

the ExAC Browser or GnoMAD, and all are predicted to

(probably) be pathogenic by several prediction programs

(Table S1). All variants cluster in the region of the two
erican Journal of Human Genetics 102, 44–57, January 4, 2018 47



Table 1. Clinical Details of Individuals with De Novo Missense Variants in RHOBTB2

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 8 Individual 9 Individual 10

Gender female male female female female female male male male female

Age 8 years, 4 months 3.5 years 8 years 11 years 14 years 17 years 7 years 3 years 23 months 11.5 years

De novo variant
(GenBank:
NM_001160036.1)

c.1448G>A
(p.Arg483His)

c.1448G>A
(p.Arg483His)

c.1448G>A
(p.Arg483His)

c.1448G>A
(p.Arg483His)

c.1532G>A
(p.Arg511Gln)

c.1532G>A
(p.Arg511Gln)

c.1531C>T
(p.Arg511Trp)

c.1531C>T
(p.Arg511Trp)

c.1528A>G
(p.Asn510Asp)

c.1421C>G
(p.Ala474Gly)

Birth weight (SD) 2,945 g (�1.37) 3,570 g (0.45) NA 3,487 g (0.03) 3,780 g (0.35) 3,459 g (0.09) 2,410 g (�0.73) 3,200 g (�0.96) 2,720 g (�0.32) 3,770 g (�0.03)

Birth length (SD) 49 cm (�1.04) 54.8 cm at
1 month (�0.46)

NA NA 51 cm (�0.13) 53 cm (1.13) NA 51 cm (�0.65) 49.5 cm (�0.81) 55.5 cm (1.57)

Birth OFC (SD) 33.5 cm (�1.25) 37.6 cm at
1 month (�0.59)

NA NA 37 cm at
6 weeks (�0.3)

NA 36.3 cm at
3 weeks (0)

NA 34 cm (0.13) 38 cm (1.76)

Height (SD) 107 cm at 6 years
(�1.59)

90 cm at
2.5 years (�2.29)

NA (�2.2) 116.6 cm at
8 years (�2.30)

138 cm (�3.42) 157 cm (�0.93) 117 cm (�0.23) 88 cm (�2.65) 81.8 cm (�1,73) 122 cm at
6.25 years
(0.89)

Weight (SD) 17 kg at 6 years
(�1.34)

11.9 kg at
2.5 years (�0.91)

NA (�0.45) 19.7 kg at
8 years (�2.16)

25 kg (�5.4) 54.4 kg (�0.13) 23.2 kg (0.45) 15.3 kg (�0.2) 7.92 kg (�3.63) 20.7 kg at
6 years
(�0.13)

OFC (SD) 47 cm (�3.08) 43.8 cm at
8 months (�0.49)

46.9 cm at 7 years,
7 months (�3.9)

48 cm (8 years)
(�2.83)

49 cm (�3.8) 52 cm (�1.98) 49.5 cm (�1.88) 47 cm (�3.7) 43.5 cm (�4.49) 49.7 cm at
6.25 years
(�1.19)

Walking (age) no no (2.5 years) no no with support short distances a few steps
(5 years)

yes (3 years) no yes
(1.5 years)

Speech abilities few short words non-verbal non-verbal non-verbal non-verbal non-verbal non-verbal few short words non-verbal rare two-
word
combination

Comprehension severely limited limited turns to voice only limited none severely limited severely limited good very limited good

Regression (age) no no yes (6 months) yes, after
seizures

yes possibly
(4 months)

no yes (3 years) stagnation
(4 months)

no

DD or ID severe severe profound severe severe (IQ < 30) severe severe moderate severe severe

Seizure onset
(type)

2 months 4 days
(generalized)

6 months (SE) 10 weeks (focal,
sec. general.;
later SE)

4 weeks (23 SE) 4 months 4 months
(complex
partial, GTC)

3 years (focal
status)

9 months (SE) 5.5 months
(febrile)

Antiepileptic
treatment

carbamazepine
from 3.5 years

neonatally
phenobarbital,
then
carbamazepine

divalproex sodium,
topiramate,
zonisamide
ketogenic diet,
lacosamide,
clobazam,
phenobarbital,
levetiracetam

phenobarbital,
levetiracetam,
clonazepam,
memantine

valproic acid,
pyridoxine

carbamazepine
(previously
lamotrigine,
topiramate,
phenobarbital)

levetiracetam levetiracetam levetiracetam none

(Continued on next page)

4
8

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
2
,
4
4
–
5
7
,
Ja
n
u
a
ry

4
,
2
0
1
8



Table 1. Continued

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 8 Individual 9 Individual 10

Response to
treatment

yes; no seizures
from the age of
>4 years

good for seizures,
partial for
dystonic attacks

drug resistance no seizures from
the age of 4 years,
then refractory
including SE

yes; response to
pyridoxine (two
seizures per year)

yes yes yes yes; no seizures
from the age
of >9 months

NA; no febrile
seizures from
the age of
>6 years

MRI anomalies no delayed
myelination

enlarged
ventricles,
prominent
cortical sulci,
thin CC

thin CC,
cerebellar
hypoplasia,
prominent
opercula,
later cortical
atrophy

secondarily
acute diffusion
and white-
matter
abnormalities,
atrophy

no no right
hemispheric
swelling
after left
hemiplegia
and focal
seizures

no no

Hypotonia truncal yes yes truncal yes yes truncal axial truncal no

Hypertonia lower limbs NA NA limbs NA no limbs mild left
spastic
hemiparesis

lower limbs no

Movement
disorders

paroxysmal choreatic,
dystonic,
paroxysmal
dyskinetic
attacks

dystonic no yes dystonic paroxysmal,
dystonic-
athetoid
attacks

paroxysmal
dystonic
attacks

chorea-like,
limbs

no

Stereotypies no no no hand
movements

no repetitive
behaviors

no no hands in
mouth

no

Behavioral
anomalies

limited
interaction,
easy smiling
and laughing

no no no pleasant
behavior

noise
sensitivity,
self-harm
(exacerbated
by anxiety)

yes no intense stare,
uncontrollable
laughter,
bruxism,
pleasant
behavior

autistic, biting,
head banging

Facial
dysmorphism

Pitt-Hopkins-like low nasal
bridge,
epicanthal
folds

hirsute long
eyelashes,
micrognathia,
large pinnae

sparse
eyebrows,
deep-set
eyes, depressed
nasal root,
slightly low
insertion of
columella

full lower lip,
flat maxillae

deep-set eyes,
epicanthal folds,
low anterior
hairline, thick
arched eyebrows,
broad nasal tip

dolichocephaly,
wide-spaced
teeth

slightly
smooth
philtrum

large ears,
thin upper
lip, slightly
upturned
nose

long philtrum

Other
anomalies

6–7 months:
transient
strabismus, mild
constipation

no 3 years: left
hemiplegia
after SE

hemiparesis
after SE

14 years: acute
onset of
hemiparesis
during febrile
short-lasting
seizure

no hyperreflexia,
mild
oculomotor
apraxia,
insomnia,
constipation

left
hemiplegia,
bilateral
fifth-finger
clinodactyly

no no

(Continued on next page)
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BTB domains (Figure 1B) and affect highly conserved

amino acids (Figure 1C). Molecular modeling of the first

BTB domain revealed that Ala474 and Arg483 are located

in immediate spatial vicinity, and both form stabilizing

interactions within the domain (Figure 1D). Asn510 and

Arg511 are located on a surface patch of the second BTB

domain, which is involved in BTB dimer formation

(Figure 1E). Molecular modeling suggests that the

p.Ala474Gly and p.Arg483His variants cause a destabiliza-

tion of the first BTB domain, whereas variants at positions

510 and 511 hamper dimer formation of the second BTB

domain (Figures S4 and S5).

RHOBTB2 Variants Result in Increased Protein

Abundance

On the basis of reports of interaction between RHOBTB2

and CUL3,33,34 we performed co-immunoprecipitation

to investigate whether the identified variants in

RHOBTB2 would impair binding to CUL3. We did not

observe differential binding between mutant and wild-

type RHOBTB2 (Figure 2A). However, when overexpress-

ing RHOBTB2 in HEK293 cells, we observed that mutant

protein was more abundant than wild-type RHOBTB2

after 24 hr (Figure 2B). We observed no difference

when we co-transfected CUL3 (Figure 2B) to increase

its already high endogenous amounts (Figure S6), and

results were confirmed and quantified in a total of four

independent experiments (Figure 2C). The same result

of altered protein amounts was observed with indepen-

dent, His-Myc-tagged RHOBTB2 constructs (Figure S7).

Upon the addition of proteasome inhibitor, mutant

and wild-type RHOBTB2 were equally abundant

(Figure 2D), indicating that degradation of mutant

RHOBTB2 via the proteasome is impaired. Material

from affected individuals for testing for increased

protein amounts was not available.

To see whether increased amounts of RHOBTB2 would

result in mislocalization or abnormal protein aggregation,

we performed immunofluorescence on HEK293 cells

transfected with wild-type or mutant RHOBTB2

constructs. We did not observe obvious differences in

localization or distribution between mutant and wild-

type RHOBTB2 (Figure S8), although mild differences

cannot be excluded.

Altered Dosage of RhoBTB Leads to Neurological

Phenotypes in Drosophila

To better characterize the role of RHOBTB2 in the

nervous system and to confirm its implication in

developmental and epileptic encephalopathy, we chose

Drosophila melanogaster as a model. The Drosophila

genome contains a single ortholog (RhoBTB) of the three

vertebrate paralogs. Given its organization on the

phylogenetic tree (HomoloGene and TreeFam), it seems

to be closest to RHOBTB2.35 To manipulate RhoBTB

amounts in vivo, we generated inducible UAS-RhoBTB

transgenic lines (UAS_RhoBTB_1 and UAS_RhoBTB_2)
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Figure 2. Co-immunoprecipitation and Analysis of Overexpressed RHOBTB2
(A) Co-immunoprecipitation of His-cMyc-tagged RHOBTB2 andHA-tagged CUL3. Precipitation was performedwith an antibody against
cMyc. HA-CUL3 equally co-precipitates with both mutant and wild-type RHOBTB2. Because RHOBTB2 and CUL3 are the same size, two
gels for the same experiment were used and stained separately.
(B) Representative western blot after transfection of wild-type and mutant RHOBTB2with and without co-transfection of CUL3. In each
condition, mutant RHOBTB2 was more abundant than the wild-type.
(C) Quantification fromwestern blot from four independent experiments, includingmean values; error bars represent the standard error
of the mean (SEM).
(D) Adding proteasome inhibitor to cells transfected with wild-type ormutant RHOBTB2 and co-transfected with CUL3 resulted in equal
amounts of wild-type and mutant RHOBTB2.
and obtained RhoBTB UAS-RNAi lines (RNAi_RhoBTB_1

and RNAi_RhoBTB_2) from the TRiP and VDRC (Material

and Methods). Given the observation of increased

amounts (Figure 2B) of mutant RHOBTB2, overexpres-

sion of RhoBTB in Drosophila appeared to be a good

model.

Given the severe epilepsy phenotype in humans

with clustering missense variants in RHOBTB2, we asked

whether there would be similar phenotypes in flies.

Seizure susceptibility in Drosophila can be induced by

mechanical shock and is indicated by a subsequent

phenotype called bang sensitivity, which is characterized

by hyperactivity and paralysis.36 We found that flies over-

expressing RhoBTB in all neurons were bang sensitive and

remained paralyzed or with spasms on the bottom of the

vial after vortexing, whereas control flies recovered imme-

diately or within a few seconds (Figures 3A and 3B and

Movie S1). Compared with overexpression, pan-neuronal

knockdown of RhoBTB resulted in no or milder bang

sensitivity (Figure 3B). Similarly, we did not observe a

phenotype when testing the hypomorphic mutant line
The Am
(Figure S3B). These observations indicate that overexpres-

sion of RhoBTB particularly induces seizure susceptibility

in flies.

We next investigated whether fly behavior would be

compromised in other aspects of neurological func-

tioning. We tested complex learning behavior with the

courtship conditioning paradigm, but neither flies with

knockdown nor flies with overexpression of RhoBTB in

all neurons or specifically in the mushroom body, a part

of the insect brain involved in learning and memory,37

showed significantly impaired learning or short- or long-

term memory (Figure S9).

In contrast, testing gross neurological and locomotor

function with the negative geotaxis assay resulted

in a severe locomotor phenotype. Overexpression of

RhoBTB in several tissues (pan-neuronal, motoneurons,

muscle, and glia) resulted in marked locomotor impair-

ment, whereas RNAi-mediated knockdown caused no

significant differences from the respective controls,

except for pan-neuronal knockdown (Figures 3C–3E and

Figure S10).
erican Journal of Human Genetics 102, 44–57, January 4, 2018 51



Figure 3. The Impact of Altered Amounts of RhoBTB on Fruit Fly Behavior
(A) Flies overexpressing RhoBTB pan-neuronally (UAS_RhoBTB_2) showed bang-sensitivity phenotypes after vortexing. All ten flies,
paralyzed and with spasms, were at the bottom of the vial, whereas flies from the corresponding genetic background line already started
to walk up the sides (see also Movie S1).
(B) Quantification of the number of flies (either overexpressing RhoBTB or upon knockdown) shaking on the bottom of the vial 5 s after
vortexing. The diagram shows the mean value from a minimum number of 100 flies tested per genotype 5 SEM.
(C–E) Flies overexpressing RhoBTB inmotoneurons (C), in all neurons (D), or in glia (E) (black bars) showed significant locomotor impair-
ment in the negative geotaxis assay, as measured by the amount of time that 70% of flies in a vial needed to crawl up 8.8 cm after being
tapped down. Only knockdown in all neurons (D), but not in motoneurons or glia (C and E; gray bars), resulted in significant locomotor
impairment. Data represent the mean from a minimum of 300 flies tested per genotype5 SEM. Asterisks indicate statistical significance
(**p < 0.01, ***p < 0.001).
Altered Dosage of RhoBTB in Drosophila Has No Impact

on SynapseMorphology but Leads to Impaired Dendrite

Development

On the basis of the severe locomotor phenotype, we inves-

tigated whether there was a correlate in terms of altered

development andmorphology of NMJs (Figure 4A). Overex-

pression of RhoBTB in motoneurons with the OK6-GAL4

promoter did not result in any significant alterations of

NMJ morphology (Figure 4B), and neither did overexpres-

sion using the D42-GAL4 or a pan-neuronal driver
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(Figure S11A and S11B). Also, knockdown of RhoBTB in

motoneurons or pan-neuronally did not reveal consistent

differences from the respective controls (Figures S11C–

S11G).

Drosophila class IV da neurons are a good model for

studying dendritic morphology.38 Knockdown of RhoBTB

in these neurons with a combination of the 477-GAL4

and pkk-GAL4 drivers21 resulted in a significantly reduced

number of dendritic branches in the medially located da

neurons for both tested RNAi lines, as well as a markedly
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Figure 4. The Impact of Altered Amounts of RhoBTB on Fly Synaptic and Dendritic Morphology
(A) Representative pictures of a NMJ from a control larva. The white-framed box indicates the cutout on the right side. NMJ area and
length and the number of synaptic boutons were determined from staining with anti-dlg (post-synaptic protein discs large), and the
number of active zones was determined from staining with anti-nc82 (pre-synaptic protein bruchpilot). Scale bars represent 10 mm.
(B) Quantification did not reveal significant alterations in NMJ morphology upon RhoBTB overexpression using the OK6-GAL4
motoneuron driver.
(C) Representative class IV da neurons showing smaller size and abnormal dendritic morphology upon knockdown of RhoBTB in com-
parison with control larvae. In the lower panel, tracing of dendritic branches with NeuronJ is displayed. Scale bars represent 50 mm.
(D and E) Quantification of ten da neurons from three to five different animals per genotype. They showed no alteration upon overex-
pression but did show a significantly reduced number (D) and/or mean length (E) of dendritic branches upon knockdown. Error bars
represent the SEM. Asterisks indicate statistical significance (**p < 0.01, ***p < 0.001). AZ stands for active zone.
reduced total size and length of dendritic branches for one

of the lines (RNAi_RhoBTB_1). Differences in severity of

the phenotype between the two lines might be due to a

slightly stronger knockdown effect for RNAi_RhoBTB_1

(Figure S2). Overexpression did not result in significant

changes in the evaluated parameters (Figures 4C–4E).
Discussion

De Novo Missense Variants in RHOBTB2 Cause a

Developmental and Epileptic Encephalopathy

We identified de novo missense variants in RHOBTB2 in

ten individuals with a developmental and epileptic

encephalopathy. Their highly similar phenotype includes

early-onset seizures, severe to profound ID, postnatal

microcephaly, and movement disorders. It considerably

overlaps other early-onset epileptic disorders with acquired

microcephaly and movement anomalies, such as CDKL5-,

FOXG1-, or SLC2A1- related encephalopathies (early
The Am
infantile epileptic encephalopathy 2 [MIM: 300672], Rett

syndrome [MIM: 613454], and GLUT1 deficiency syn-

drome 1 [MIM: 606777]), many of which were previously

excluded in the individuals in our study. Therefore, diag-

nosis of RHOBTB2-related developmental and epileptic

encephalopathy might rely on panel or exome sequencing

rather than on a specific clinical suspicion. Aspects

that might be more specifically related to RHOBTB2 are

(post-ictal) hemiparesis (observed in four individuals) and

secondary MRI anomalies (described in three of the four).

This needs follow-up in further studies because it might

be relevant to prognosis. The reported regression in several

individuals and the correlation between relatively mild or

late-onset epilepsy in individuals 8 and 10 and a milder

psychomotor and neurological impairment might indicate

that RHOBTB2 aberrations result in severe cognitive impair-

ment secondary to or contributed to by seizures.

Rho-related BTB-domain-containing proteins constitute

a subfamily of atypical Rho GTPases, represented in mam-

mals by RHOBTB1, RHOBTB2, and RHOBTB3. Of the three
erican Journal of Human Genetics 102, 44–57, January 4, 2018 53



encoding genes, RHOBTB2 seems to be most abundantly

expressed in the nervous system.35 Very distinct among

all small GTPases is their domain architecture, which

consists of the Rho GTPase region immediately followed

by a short proline-rich region, a tandem of two BTB

domains, and a C-terminal region.39 In contrast to typical

Rho GTPases, no specific guanine nucleotide exchange

factors or GTPase-activating proteins are known to activate

atypical Rho GTPases. Instead, an activating mechanism

that relieves its auto-inhibited conformation through

interaction with other proteins and an inactivating

mechanism that acts through auto-ubiquitination and

degradation in the proteasome have been discussed.40

The BTB domains allow formation of homodimers and

heterodimers with other proteins of the RhoBTB sub-

family. They also bind to their own GTPase domain and

to the ubiquitin ligase scaffold CUL3.33 The latter interac-

tion mediates auto-ubiquitination and thus inactivation

of RHOBTB2 by the cullin-3-dependent ubiquitin ligase

complex, followed by proteasomal degradation.33,34,41

After the initial observation that RHOBTB2 (also called

DBC2) was homozygously deleted in breast cancer,42

mainly a role in tumorigenesis and as a possible tumor

suppressor has been reported.40 The only indication that

RHOBTB2, in accordance with its high expression in

neuronal tissues,35,43 might be involved in neurodevelop-

mental disorders came from the report of a single

individual affected by a Rett-syndrome-like phenotype

including epilepsy and a lack of speech and carrying a de

novo missense variant (c.1528A>G [p.Asn510Asp]) in

RHOBTB2 in addition to a de novo missense variant

(c.602G>A [p.Arg201His]) in EIF4G1 (MIM: 600495).31

This published variant and all variants identified in our

cohort cluster within the first BTB domain (Ala474 and

Arg483) or at the dimer interface of the second BTB domain

(Asn510 and Arg511), and two arginines at positions 483

and 511 and an asparagine at position 510 are recurrently

affected. This is in accordance with a recent study demon-

strating that pathogenic missense variants often cluster in

hotspots and domains.44 Of note, individual 10, the only

one with an affected alanine at position 474, has a milder

phenotype including febrile seizures only, a walking age

of 18 months, speech limited to a few words and two-

word combinations, and a lack of abnormal movements.

This might point to a genotype-phenotype correlation

that has to be further delineated in future studies. The

apparent rarity of RHOBTB2-associated developmental

and epileptic encephalopathy prevented the identification

of a sufficient number of variants to reach significance in

large-scale studies, such as the Deciphering Developmental

Disorders Study, in which only one de novo variant in

RHOBTB2 was identified in 4,293 individuals with

severe developmental disorders.6 However, contacting

colleagues and searching databases such as DECIPHER7

and exchanging platforms such as GeneMatcher8 were

powerful tools for assembling a critical number of variants

and individuals. With ten individuals displaying a highly
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similar phenotype, the de novo occurrence and clustering

of variants, pathogenic prediction, and functional tests,

we provide all currently possible lines of evidence for the

pathogenicity of the identified variants in RHOBTB2.

Given the constraint scores from the ExAC Browser and

the fact that the de novo variants identified here cluster

within and between the BTB domains, altered protein

function by a specific domain-related effect is more likely

than haploinsufficiency or LoF. Previous, cancer-related

studies on RHOBTB2 have suggested impaired binding of

mutant RHOBTB2 to CUL3 and therefore to the cullin-

3-dependent ubiquitin ligase complex, which results in

reduced ubiquitination and degradation of both RHOBTB2

itself and possibly other substrates via the proteasome.33,41

Variants in a specific splice site of CUL3 (MIM: 603136) are

implicated in pseudohypoaldosteronism type II E (MIM:

614496), and interestingly, several de novo variants in

CUL3 have been reported in individuals with develop-

mental delay or ASD.6,45–47 By co-immunoprecipitation,

we could not observe impaired binding between CUL3

and RHOBTB2 carrying one of three different variants.

This finding is in line with the structural data from homol-

ogous CUL3-BTB complexes, indicating that the cullin-3

binding site is located in the second BTB domain15 but is

distant from the site of the p.Asn510Asp, p.Arg511Gln,

and p.Arg511Trp variants. Thus, neither these variants

nor p.Ala474Gly or p.Arg483His, located in the first BTB

domain, is expected to disrupt the CUL3 binding site of

RHOBTB2. However, findings of more mutant than wild-

type RHOBTB2 in transfected cells without proteasome

inhibitor and equal amounts in cells treated with protea-

some inhibitor indicate that the variants still might have

an effect on proper ubiquitination and degradation of

RHOBTB2 in the proteasome. This is probably not medi-

ated by a direct interaction with CUL3 but rather by

impaired BTB-domain stability or dimer formation.

Increased amounts of RHOBTB2 and other RHOBTB2-

dependent substrates might therefore be relevant to the

phenotype, although increased amounts could not be

tested in material from affected individuals, and

(additional) dominant-negative or neomorphic effects of

the variants cannot be excluded. Mutations in several

components of the ubiquitin-proteasome system have

been reported in ID disorders, e.g., defects in ubiquitin

ligase UBE3A (MIM: 601623) in Angelman syndrome

(MIM: 105830) or, more recently, mutations in the

proteasome regulatory subunit PSMD12 (MIM: 604450)

in Stankiewitz-Isidor syndrome (MIM: 617516).

Altered Dosage of RhoBTB in Drosophila Results in

Seizure Susceptibility and Other Neurological

Phenotypes

So far, mainly the role of somatic deletions or mutations of

RHOBTB2 in various cancers and tumorigenesis has been

investigated and discussed.42,48–50 RHOBTB2 now joins

the growing list of genes implicated in both cancer and

developmental disorders.51 To confirm and further
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characterize the role of RHOBTB2 for cognitive and neuro-

logical phenotypes, we chose Drosophila melanogaster as a

model organism because it has demonstrated its great

value for such objectives.27,52,53 Given that the identified

variants in RHOBTB2 seem to result in impaired degrada-

tion and thus increased amounts of protein, manipulating

the amount of RhoBTB in the fruit fly by tissue-specific

knockdown and particularly overexpression appeared to

be a very suitable approach. In accordance with the human

phenotype, we found seizure susceptibility that was more

severe upon pan-neuronal overexpression than upon

knockdown. However, it has to be considered that elevated

amounts of Drosophila RhoBTB due to very strong overex-

pression might have been considerably higher than those

in cell culture or possibly in tissues from affected individ-

uals. Severe, gross neurological and locomotor defects

were observed upon overexpression of RhoBTB in all neu-

rons and particularly in motoneurons, whereas complex

learning and memory processes were unaffected. This

might possibly support a contributory effect of epileptic

activity to the severity of ID in affected human individuals.

Interestingly, we also observed a geotaxis phenotype upon

overexpression of RhoBTB in fly glial cells, indicating a

broader role of RhoBTB in the nervous system. The

observation of more severe neurological phenotypes

upon overexpression of RhoBTB than upon knockdown is

in line with the assumption that increased amounts of

RHOBTB2 rather than haploinsufficiency or LoF is the

disease-causing mechanism in humans.

On the basis of the observed severe locomotor defects

upon overexpression of RhoBTB, we wondered whether

this was accompanied by a morphological correlate in

neuromuscular synapses. Fly NMJs are giant synapses that

share a series of features with central excitatory synapses

in themammalianbrainandrepresentanestablishedmodel

for the study of synaptic development and plasticity.54

However, we found no consistent NMJ phenotype after

the amount of RhoBTB was altered. The severe locomotor

defectsweobserved are therefore probablynot solely related

to developmental or morphological NMJ alterations. There

could be an underlying functional defect, e.g., in neuro-

transmitter transport, that would not be detected by our

assay. A role of RHOBTB2 in vesicle trafficking, but not

within synapses, has previously been discussed.40 Alterna-

tively, tapping down flies in the negative geotaxis assay

might already provoke a mild manifestation of bang

sensitivity and thus impair locomotor behavior.

Typical Rho GTPases are known to be key regulators of

the actin and microtubule cytoskeleton by playing roles

in dendrite and dendritic spine development and

morphology.55 For several Rho-linked ID-associated pro-

teins, a role in spine morphogenesis has been demon-

strated.56,57 For atypical Rho GTPases, such functions are

not yet characterized, and specifically for RHOBTB2, only

a minor role in the organization of the actin cytoskeleton

has been discussed so far.58 Using Drosophila, we have

now demonstrated a possible contribution of RhoBTB to
The Am
proper dendrite organization given that knockdown of

RhoBTB in da neurons resulted in a significantly reduced

number of dendritic branches.

In summary, we have identified de novo missense vari-

ants in RHOBTB2 as a cause of developmental and epileptic

encephalopathy. We observed an increased amount of

mutant RHOBTB2 and could demonstrate a crucial role

of its Drosophila ortholog, RhoBTB, in seizure susceptibil-

ity, neurological function, and dendrite development.
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45. Codina-Solà, M., Rodrı́guez-Santiago, B., Homs, A., Santoyo,

J., Rigau, M., Aznar-Laı́n, G., Del Campo, M., Gener, B.,

Gabau, E., Botella, M.P., et al. (2015). Integrated analysis of

whole-exome sequencing and transcriptome profiling in

males with autism spectrum disorders. Mol. Autism 6, 21.

46. Stessman, H.A., Xiong, B., Coe, B.P., Wang, T., Hoekzema, K.,

Fenckova, M., Kvarnung, M., Gerdts, J., Trinh, S., Cosemans,

N., et al. (2017). Targeted sequencing identifies 91 neurodeve-

lopmental-disorder risk genes with autism and develop-

mental-disability biases. Nat. Genet. 49, 515–526.

47. Wang, T., Guo, H., Xiong, B., Stessman, H.A., Wu, H., Coe,

B.P., Turner, T.N., Liu, Y., Zhao, W., Hoekzema, K., et al.

(2016). De novo genic mutations among a Chinese autism

spectrum disorder cohort. Nat. Commun. 7, 13316.

48. Cho, Y.G., Choi, B.J., Kim, C.J., Song, J.H., Zhang, C., Nam,

S.W., Lee, J.Y., and Park, W.S. (2008). Genetic analysis of the

DBC2 gene in gastric cancer. Acta Oncol. 47, 366–371.

49. Knowles, M.A., Aveyard, J.S., Taylor, C.F., Harnden, P., and

Bass, S. (2005). Mutation analysis of the 8p candidate tumour

suppressor genes DBC2 (RHOBTB2) and LZTS1 in bladder

cancer. Cancer Lett. 225, 121–130.

50. Ohadi, M., Totonchi, M., Maguire, P., Lindblom, A., Habibi, R.,

Alavi, B.A., Keyhani, E., and Najmabadi, H. (2007). Mutation

analysis of the DBC2 gene in sporadic and familial breast

cancer. Acta Oncol. 46, 770–772.

51. Crawley, J.N., Heyer, W.D., and LaSalle, J.M. (2016). Autism

and Cancer Share Risk Genes, Pathways, and Drug Targets.

Trends Genet. 32, 139–146.

52. Kramer, J.M., Kochinke, K., Oortveld, M.A., Marks, H., Kramer,

D., de Jong, E.K., Asztalos, Z., Westwood, J.T., Stunnenberg,

H.G., Sokolowski, M.B., et al. (2011). Epigenetic regulation

of learning and memory by Drosophila EHMT/G9a. PLoS

Biol. 9, e1000569.

53. Zweier, C., de Jong, E.K., Zweier, M., Orrico, A., Ousager, L.B.,

Collins, A.L., Bijlsma, E.K., Oortveld, M.A., Ekici, A.B., Reis, A.,

et al. (2009). CNTNAP2 and NRXN1 are mutated in auto-

somal-recessive Pitt-Hopkins-like mental retardation and

determine the level of a common synaptic protein in

Drosophila. Am. J. Hum. Genet. 85, 655–666.

54. Koh, Y.H., Gramates, L.S., and Budnik, V. (2000). Drosophila

larval neuromuscular junction: molecular components and

mechanisms underlying synaptic plasticity. Microsc. Res.

Tech. 49, 14–25.

55. Ba, W., van der Raadt, J., and Nadif Kasri, N. (2013). Rho

GTPase signaling at the synapse: implications for intellectual

disability. Exp. Cell Res. 319, 2368–2374.

56. Govek, E.E., Newey, S.E., Akerman, C.J., Cross, J.R., Van der

Veken, L., and Van Aelst, L. (2004). The X-linked mental retar-

dation protein oligophrenin-1 is required for dendritic spine

morphogenesis. Nat. Neurosci. 7, 364–372.
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