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three genes within the HBD regions that were not fully 
captured during the WES were Sanger sequenced and we 
identified a five base pair deletion (actually six base pairs 
deleted plus one base pair inserted) in exon 7 of the gene 
FBXO31. The variant segregated completely in the family, 
in recessive fashion giving a LOD score of 3.95. This vari-
ant leads to a frameshift and a premature stop codon and 
truncation of the FBXO31 protein, p.(Cys283Asnfs*81). 
Quantification of mRNA and protein expression sug-
gests that nonsense-mediated mRNA decay also con-
tributes to the loss of FBXO31 protein in affected indi-
viduals. FBXO31 functions as a centrosomal E3 ubiquitin 

Abstract  In this study, we have performed autozygosity 
mapping on a large consanguineous Pakistani family seg-
regating with intellectual disability. We identified two large 
regions of homozygosity-by-descent (HBD) on 16q12.2–
q21 and 16q24.1–q24.3. Whole exome sequencing (WES) 
was performed on an affected individual from the family, 
but initially, no obvious mutation was detected. However, 
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ligase, in association with SKP1 and Cullin-1, involved 
in ubiquitination of proteins targeted for degradation. The 
FBXO31/SKP1/Cullin1 complex is important for neuronal 
morphogenesis and axonal identity. FBXO31 also plays a 
role in dendrite growth and neuronal migration in develop-
ing cerebellar cortex. Our finding adds further evidence of 
the involvement of disruption of the protein ubiquitination 
pathway in intellectual disability.

Introduction

Intellectual disability (ID) is a neurodevelopmental disorder 
that affects ~1 % of children worldwide (Maulik et al. 2011). 
The symptoms associated with ID are impaired capacity of 
learning and processing new or complex information, cul-
minating in decreased adaptive behavior and cognitive 
functioning (Ellison et  al. 2013; Leonard and Wen 2002). 
Causes of ID may include environmental factors, such as 
teratogens, infection, and neurological trauma; however, ID 
also has a strong genetic etiology, with a diverse range of 
genetic defects known, including chromosomal aberrations, 
sub-microscopic copy number variations (CNVs), and DNA 
sequence mutations within genes, including genes located 
on the autosomes, X chromosome and the mitochondrial 
genome. While research into chromosomal aberrations, 
CNVs, autosomal dominant and X-linked forms of ID have 
continued apace for some years, research into autosomal 
recessive forms of ID (ARID) has been largely overlooked, 
and only in recent years concerted efforts have been made 
to identify ARID genes (reviewed in Musante and Ropers 
2014). Recent estimates suggest that 13–24 % of ID cases 
in Europe are likely to be due to AR causes, and may be 
the most common cause of ID in populations where consan-
guinity is prevalent (Musante and Ropers 2014). ID can be 
divided into two groups: non-syndromic ID is characterized 
as the only clinical feature in patients, while syndromic ID 
occurs in combination with one or more additional clinical 
features (reviewed in Kaufman et al. 2010). Forty genes for 
non-syndromic ARID have been reported to date (reviewed 
in Musante and Ropers 2014).

In this study, we report the investigation of a consan-
guineous family (ASMR72) from Bahawalpur District, 
Punjab Province, Pakistan, segregating with non-syndromic 
ID in a pattern consistent with autosomal recessive inherit-
ance (Fig. 1). The family has six affected individuals (five 
living) in the youngest generation, across two branches, 
and presents an excellent opportunity for disease gene iden-
tification. There are two affected sisters from one branch 
and three brothers (one of whom presents with some dys-
morphic facial features) from another branch, in whom two 
homozygosity-by-descent (HBD) regions on chromosome 
16q12.2–q21 and 16q24.1–q24.3 are shared, as determined 

by homozygosity mapping (Fig.  1). These regions were 
identified by genome-wide homozygosity mapping of DNA 
samples from five of those patients using 250  K single 
nucleotide polymorphism (SNP) array and next generation 
sequencing (NGS). SNP arrays and NGS, together, are a 
powerful tool for discovering genes associated with Men-
delian disorders.

Materials and methods

Family recruitment

In the present study, a family from Bahawalpur Dis-
trict, Punjab Province, Pakistan, was recruited through 
COMSATS Institute of Information Technology, Islama-
bad, after informed written consent was given (for affected 
individuals and children 16 or under parental consent was 
given). Institutional research ethics board consent was 
given for the study through COMSATS. The family has 
five living affected individuals in the same generation, all 
of them from consanguineous relationships. There are two 
affected sisters (a further affected sister was deceased) from 
one loop and three brothers from another (Fig.  1). Blood 
was drawn for genetic studies, and genomic DNA was 
extracted by standard methods. Neurological and medical 
assessment in the Pakistani family was performed on all 
affected members by a team of experienced clinicians who 
come from the same culture and speak the local language 
of the family. In addition, a psychiatrist trained and expe-
rienced in psychiatry of intellectual disability (M.A.), also 
familiar with the local culture, assessed the family using 
Vineland Adaptive Behavior Scales, Second Edition (Spar-
row et  al. 2005) as framework to gather information. The 
information was used to estimate the level of intellectual 
disability for all the affected members of the family. Photo-
graphs of family members were assessed by an experienced 
clinical geneticist (J.S.) for dysmorphic features.

Microarray and whole exome sequencing

DNA from all five affected and one unaffected (IV:1) indi-
viduals was genotyped using Affymetrix Genome-Wide 
Human 250  K SNP Array (Affymetrix; Santa Clara, CA, 
USA). Microarrays were run as a service by the Lon-
don Regional Genomics Centre (http://www.lrgc.ca). The 
microarray data analysis was performed using dCHIP soft-
ware (http://biosun1.harvard.edu/complab/dchip; Lin et al. 
2004) and HomozygosityMapper (http://www.homozygosi
tymapper.org; Seelow et al. 2009).

We performed whole exome sequencing (WES) on 
DNA from individual IV-8 using the SOLiD 4 (Life Tech-
nologies) platform, with coding exons and flanking introns 

http://www.lrgc.ca
http://biosun1.harvard.edu/complab/dchip
http://www.homozygositymapper.org
http://www.homozygositymapper.org
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captured using the SureSelect Human All Exon 50 Mb kit 
(Agilent Technologies, Santa Clara, CA, USA), according 
to the manufacturers’ recommended protocols. The raw 
reads were aligned using SHRiMP2 (David et  al. 2011). 
Next, duplicated reads were removed with the MarkDu-
plicate subroutine of PICARD (http://picard.sourceforge.
net). To improve the base resolution consensus, a micro 
re-alignment was performed on each read with the SRMA 
program (Homer and Nelson 2010). Genome Analysis 
Tool Kit Package (McKenna et  al. 2010) was used for Q 
score recalibration. The tools in this package recalibrated 
base quality scores of sequencing-by-synthesis reads in 

an aligned BAM file. The BAM files thus produced were 
used as input for the DNASTAR software. Seqman NGen 
ver 3.0.4 was used to assemble BAM-based reads against 
the human reference genome, build hg19. The detailed 
reports were exported for further analyses and filtering for 
homozygous coding or splice variants that are not known 
SNPs (dbSNP131), and for non-synonymous changes pre-
dicted to be damaging. BAM files were imported into the 
Integrated Genomics Viewer (http://www.broadinstitute. 
org/igv/), and the HBD regions checked for adequate cov-
erage of exons. Sanger sequencing was used for valida-
tion of variants and segregation analysis within the family. 

Fig. 1   a Pedigree of family 
ASMR72. Affected individuals 
are indicated by dark-shaded 
symbols. b Left Homozygosity-
Mapper output, showing com-
plete HBD only on chromosome 
16 (indicated by red arrow); 
right dCHIP output showing 
chromosome 16 homozygous 
regions (blue; heterozygous 
stretches in yellow), with shared 
HBD regions indicated by 
red parenthesis for 16q12.2–
q21 (rs11076059–rs818406; 
chr16:54,850,716-65,477,189; 
hg19), red arrow for 16q24.1–
q24.3 (rs1562110–rs4785775; 
chr16:86,759,160-90,163,275). 
c Ideogram of chromo-
some 16 indicating region of 
HBD, and the FBXO31 gene, 
indicating the location of 
c.847_852delinsA in exon 7. 
d Electropherograms showing 
the forward strand homozygous 
wild type sequence and the 
homozygous c.847_852delinsA 
sequence

http://picard.sourceforge.net
http://picard.sourceforge.net
http://www.broadinstitute.org/igv/
http://www.broadinstitute.org/igv/
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Also, exons within the two 16q HBD regions that were 
not successfully captured and covered by the WES (with 
≥reads) were Sanger sequenced. Primers were designed 
using Primer3 (http://www.broadinstitute.org/genome_soft-
ware/other/primer3.html; see Supplementary Materials 
for list of primers), and Sanger sequencing was run under 
service by The Centre for Applied Genomics (TCAG; 
http://www.tcag.ca).

Microsatellite genotyping and linkage analysis

Microsatellite markers flanking and spanning the HBD 
region on 16q23–q24 (D16S3091, D16S402, D16S520, 
D16S2621 and D16S305) were genotyped for DNAs from 
all available family members. Genotyping was performed 
at TCAG. Linkage analysis was performed using Sim-
Walk2 (version 2.91) (Sobel and Lange 1996; Sobel et al. 
2001, 2002) under a recessive model of inheritance, ini-
tially for these microsatellite markers, and after the identi-
fication of the FBXO31 c.847_852delinsA variant we also 
included that in the linkage analysis.

EBV transformation and culture of lymphoblasts

Patient and controls blood samples collected in acid-cit-
rate-dextrose BD Vacutainer® blood tubes (Becton, Dick-
inson and Company) were diluted (1:1) with Roswell Park 
Memorial Institute medium, and white blood cells sepa-
rated using ACCUSPIN tubes (Sigma), and transformed 
with Epstein–Barr virus.

RNA extraction, cDNA synthesis and sequencing

RNA was extracted from lymphoblast cells using the Tri-
zol method. cDNA was synthesized through reverse tran-
scription of 1 μg of RNA using Superscript III™ Reverse 
Transcriptase (Invitrogen, Carlsbad, CA, USA) and ran-
dom hexamers according to the manufacturer’s guide-
lines. Correct splicing for FBXO31 from lymphoblast 
mRNA from affected family members was confirmed by 
RT-PCR followed by Sanger sequencing using the prim-
ers 5′-GAGATCACAGGCGTGTCTTG and 5′-GCTGAGC 
ATCACAATCTCCA (from exons 2 and 7 respectively).

Quantitative RT‑PCR

Primers were designed to amplify the coding DNA 
sequence (CDS) of the FBXO31 gene (Fig. 2a), using the 
primer express software (Applied Biosystems Inc., Foster 
city, CA, USA) and their details are given in Supplemen-
tary Table  1. CDS primers for β-Actin and HPRT were 
used as an internal reference for all the runs. PCR was per-
formed in quadruplicates, and on a 384-well single plate to 

avoid inter-plate variability. Universal SYBR Green® PCR 
conditions were used for real-time PCR with the ViiA7 
system (Life Technologies). Each plate included distilled 
water, RT-minus and RNA-minus negative controls. The 
Ct for all reactions was calculated automatically by the 
Applied Biosystems ViiA7 TM software. Gene expression 
analysis was calculated using the comparative Ct method 
(Livak and Schmittgen 2001).

Protein extraction

Protein was also extracted from lymphoblasts cells for 
comparative quantitation. After centrifugation and pelleting 
in a 50-ml falcon tube (500 g, 5 min), the cell pellet was 
resuspended in ice-cold phosphate buffered saline (PBS) 
followed by additional centrifugation and lysed using 
lysis buffer (250 mM NaCl, 50 mM Tris–Cl pH 8.0, 5 mM 
EDTA, 0.5 % Nonidet P-40) containing protease inhibitors 
(Roche mini, EDTA-free) 1 mM PMSF. After transferring 
cells to 1.5 ml tubes, incubating on ice (30 min) and vor-
texing, the lysates were centrifuged (10,000g, 10 min), and 
the supernatant collected. The protein concentrations for 
patient and control lymphoblasts were measured using the 
bicinchoninic acid method (Smith et al. 1985).

Fig. 2   a Relative quantification of RT-PCR results show decreased 
expression of FBXO31 in patients (IV:8 and IV:10) compared to 
unaffected individual (IV:6). Comparison by pairwise student t test 
showed significant difference in expression: **p < 10−5 for all three 
amplicons used. Location of amplicons on FBXO31 is also shown. b 
Ideogrammatic representation of the FBXO31 protein, indicating the 
location of known domains, including the FBox domain, DUF3506 
(a domain of unknown function), a serine phosphorylation site at 
residue 278 (predicted by SMART: http://smart.embl.de/). Putative 
cyclin interacting domains are indicated by pink bars (predicted by 
Mini Motif Miner 3.0: http://mnm.engr.uconn.edu/MNM/SMSSearc
hServlet). The location of the frameshifting mutation at residue 283 
is indicated as well as the position of the resulting premature termi-
nation codon (PTC), with red arrows. The positions of the epitopes 
for the N-terminal and C-terminal antibodies are indicated by blue 
horizontal bars. c Western blots using affected and unaffected family 
member and control lymphoblast cells for FBXO31. The Bethyl Labs 
FBXO31 antibody binds to an epitope in the C-terminal region (resi-
dues 489–539), which lies within the truncated region of FBXO31. 
The 63 kDa band is likely cross reacting with another protein. Little 
or no expression of upper (66 kDa) band can be seen in the affected 
individuals (IV:4, IV:3, IV:10 and IV:8). The upper band is present in 
the unaffected individual (IV:6) and controls (C1, C2, C3 and C4). 
The housekeeping protein β-actin is indicated as a loading control. 
Western blot for an N-terminal antibody (Abcam) is also shown for 
the same individuals. The epitope for this antibody lies upstream of 
the truncated region. A 40 and a 66 kDa band were seen, which most 
likely correspond to alternative isoforms of FBXO31. Reduced inten-
sity of the 66 kDa bands is noted for the affected individuals. d After 
normalizing against β-actin, quantification of the mean intensity of 
the FBXO31 40  kDa bands using the N-terminal antibody shows a 
significant (~1.4-fold) decrease in FBXO31 protein expression in the 
affected individuals compared to the unaffected family members and 
control individuals (unpaired student t test: *p < 0.05)

▸

http://www.broadinstitute.org/genome_software/other/primer3.html
http://www.broadinstitute.org/genome_software/other/primer3.html
http://www.tcag.ca
http://smart.embl.de/
http://mnm.engr.uconn.edu/MNM/SMSSearchServlet
http://mnm.engr.uconn.edu/MNM/SMSSearchServlet
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Western blot

Protein samples were separated by SDS page (4–20  % 
Mini-PROTEAN TGX polyacrylamide gel, Bio-Rad Labo-
ratories, Hercules, CA, USA) and electrically transferred 
to a nitrocellulose membrane (BioTrace NT nitrocellulose 
membrane, PALL Life Sciences, Ann Arbor, MI, USA). 
The membrane was blocked for 1  h using 5  % skimmed 
milk in TBS-Tween, incubated overnight with the primary 
antibody, and then incubated with secondary antibody 
horseradish peroxidase-conjugated donkey anti-rabbit IgG 

(1:1,000, GE Healthcare, Little Chalfont, Buckingham-
shire, UK). We used two primary antibodies: the first anti-
body [rabbit anti-FBXO31 (1:1,000), Bethyl Laboratories, 
Montgomery, TX, USA] binds to an epitope between the 
residues 489 and 539 of human FBOX31, C-terminal to the 
mutation in the affected individuals, and the second anti-
body (rabbit anti-FBXO31 (1:1,000), Abcam, Cambridge, 
UK) binds to the N-terminal region; epitope residues are 
1–367 (Supplemental Material-protein sequence). The CT 
antibody data sheet indicates an ~66 kDa band is expected, 
which corresponds roughly to the full length 539-amino 



980	 Hum Genet (2014) 133:975–984

1 3

acid protein encoded by mRNA accession #NM_024735.4. 
The data sheet for the AbCam NT antibody indicates 
an expected 40  kDa band. This would correspond to a 
369-amino acid alternate isoform of FBXO31 encoded 
by mRNA NM_001282683.1. However, we also see the 
66  kDa band, as expected. In our hands, both antibodies 
appear to cross react with an ~63  kDa band of unknown 
origin. Both isoforms would be affected similarly by the 
frameshifting mutation. The immunoblot was developed by 
enhanced chemiluminescence western blot detection sys-
tem (GE Healthcare). To verify if the amount of proteins 
for all samples were equal, the anti-FBXO31 was stripped 
from the membrane. The blot was incubated in stripping 
solution [100  mM β-mercaptoethanol, 2  % (w/v) SDS, 
62.5  mM Tris–HCl, pH 6.7] with agitation for 30  min at 
50  °C, washed five times in 1× TBS-T, followed by the 
regular immunoblotting protocol for loading control β-actin 
(1:10,000; Abcam, Cambridge, UK) followed by secondary 
antibody horseradish peroxidase-conjugated donkey anti-
rabbit IgG (1:1,000, GE Healthcare, Little Chalfont, Buck-
inghamshire, UK). Quantification of the mean intensity of 
the FBXO31 40 kDa bands using the N-terminal antibody, 
using Image J software (http://rsb.info.nih.gov/ij/) and 
normalized with β-actin, processed using Student t test by 
Graphpad Prism (http://www.graphpad.com).

Immunocytochemistry

Primary hippocampal neuronal cells were obtained from E15 
DBA mouse embryos using standard procedures (Seiben-
hener and Wooten 2012). For immunofluorescent staining 
of neurons, the cells were washed twice in PBS, and fixed in 
4 % paraformaldehyde (Electron Microscopy Sciences), then 
washed twice with PBS. Primary antibodies were diluted in 
PBS with 1 % BSA and incubated for 1 h, followed by three 
washes with PBS. Anti-secondary antibodies were diluted 
in PBS with 1  % BSA and incubated for 1  h followed by 
three washes with PBS. Finally, coverslips were mounted 
with DAKO Fluorescent Mounting Medium, sealed and then 
stored at 4 °C until imaging. We used two different antibodies 
targeting FBXO31: a C-terminal antibody from Bethyl Labo-
ratories (Montgomery, TX, USA), and a C-terminal antibody 
from Novus Biologicals (Oakville, Canada). The secondary 
antibody used was goat polyclonal antibody to rabbit (TR; 
Abcam). All antibodies were used at 1:200 dilution.

Microscopy

The immunostained hippocampal neurons were imaged 
using Olympus IX83 confocal microscope. Images were 
documented using Fluoview software version 4.0 (Olym-
pus). Fluorescent images and the DIC images were 
acquired sequentially with their specific settings.

Results

Photographs of all living affected family members were 
assessed for dysmorphic features by an experienced clini-
cal geneticist. They showed common recognizable coarse 
facial features including broad nasal bridge, fleshy nares, 
and thick prominent lips. Other clinical features include: 
patient IV:3 has a round face shape with prominent 
supraorbital ridge and deep-set eyes, a bulbous nasal tip 
and fleshy nares. Patient IV:4 has coarse facial features, 
with a low anterior hairline, short forehead, prominent 
eyebrows with medial flaring and synophrys, a broad nasal 
bridge, bulbous nasal tip and fleshy nares. Patient IV:8—
a lateral image reveals long, well formed, normally set 
ears, flat facial profile and a short, upturned nose. Later, 
he developed coarser facial features, including a square-
shaped face with a tall, dimpled forehead, prominent, 
arched eyebrows with synophrys, upslanting palpebral fis-
sures with apparent hypertelorism and retrognathia. The 
ears continue to be large, well formed and normally set. 
This individual’s facial features appear more prominent 
and dysmorphic relative to his affected siblings and cous-
ins. Patient IV:9 has somewhat coarse facial features, with 
a short forehead with prominent supraorbital ridge, promi-
nent eyebrows with synophrys, long, slightly downslant-
ing palpebral fissures. As he grew older, many of these 
features including large, well formed and set ears can be 
observed. Patient IV:10 shows a short forehead, prominent 
supraorbital ridge, arched thick eyebrows, deep-set eyes, 
and small chin with mild retrognathia. Ears are large, well 
formed and normally set. Patient IV:10 can be seen to have 
a widow’s peak, short forehead, thick, prominent eyebrows 
with synophrys and deep-set eyes with apparent hyper-
telorism. Ears are somewhat large, but normally formed 
and set.

All the patients had mild to moderate degree of ID. 
There was no history of seizures and neurological examina-
tion did not reveal any abnormality. Two patients had mag-
netic resonance imaging scans of brains and no abnormal 
findings were reported.

Following genotype analysis, two regions of autozygo-
sity were found to be shared by all affected members, but 
not unaffected individual IV:1: a 10.6 Mb region, 16q12.2–
q21 (rs11076059–rs818406; chr16:54,850,716-65,477,189; 
hg19), and 3.4  Mb on 16q24.1–q24.3 (rs1562110–
rs4785775; chr16:86,759,160-90,163,275). The first region 
contains the Bardet–Biedl syndrome 2 gene, BBS2 (MIM 
209900), as well as GPR56 (polymicrogyria; MIM 606854), 
and CDH8, in which deletions have previously been reported 
in individuals with ID and/or autism (Pagnamenta et  al. 
2011). The second region includes the gene ANKRD11, 
which has been linked to the dominant ID syndrome, KBG 
syndrome (MIM 148050). These four genes were excluded 

http://rsb.info.nih.gov/ij/
http://www.graphpad.com
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by Sanger sequencing prior to WES. After WES analysis, 
no likely mutations were identified within these regions, 
so all missing exons within the two HBD regions on 16q 
were Sanger sequenced. This included exons of the genes 
FBXO31, MAP1LC3B, and ZCCHC14. We identified a 
homozygous frameshifting variant within exon 7 of the 
gene encoding F-box protein 31, FBXO31, NM_024735.3 
(FBXO31_v001): c.847_852delinsA; p.(Cys283Asnfs*81), 
on 16q24.2. This variant is effectively a 5  bp deletion, 
although it involves a 6 bp deletion (delCAGGCA) and 1 bp 
insertion (insA), which causes a frameshift mutation starting 
at p.Cys283Asn and a premature stop codon at position 362 
resulting in a 177-amino acid truncation of FBXO31 protein. 
Sanger sequence analysis showed complete segregation with 
ARID within the Pakistani family, and the variant allele was 
not present in 300 Pakistani control individuals. This variant 
was not in any SNP databases, or present in 1,000 genomes 
(http://browser.1000genomes.org/index.html; accessed Jan 
2014) or NHLBI EVS (http://evs.gs.washington.edu/EVS/; 
accessed Jan 2014) datasets. This variant occurs at the 5th 
nucleotide after the acceptor splice site. In silico analysis 
of splice sites (using the Berkeley Drosophila Genome Pro-
ject software: http://www.fruitfly.org/index.html) suggests 
a decreased probability of splice acceptor usage from 0.76 
(wild type) to 0.46 (mutant). This could suggest alternative 
splice site usage as another possible mechanism for disrup-
tion of FBXO31. However, sequence analysis of lympho-
blast mRNA shows no effect on splicing.

Linkage analysis was performed using microsatellite 
genotyping from across the 16q24 HBD region. Using Sim-
walk2, a maximum location score (directly comparable to 
multipoint LOD score) of 2.008 was calculated for marker 
D16S2621, which is just ~500 Kb distal to FBXO31. After 
we incorporated the FBXO31 variant in the analysis, the 
maximum location score which increased to 3.948 was cal-
culated (Fig. 3).

Quantification of lymphoblast mRNA from the affected 
individuals shows a ~threefold decrease in expres-
sion levels compared to the unaffected individual (stu-
dent’s t test: Amplicon 1, IV:8: p  =  1.48  ×  10−7, IV:10: 
p = 1.40 × 10−7; Amplicon 2, IV:8: p = 2.18 × 10−8, IV:10: 
p  =  8.73  ×  10−8; Amplicon 3, IV:8: p  =  3.49  ×  10−7, 
IV:10: p  =  2.73  ×  10−6; Fig.  2a). These results suggest 
that nonsense-mediated decay may cause degradation of 
the FBXO31 mRNA carrying the 5  bp deletion/premature 
termination codon. Western blot analysis appeared to con-
firm this, showing reduced levels of FBXO31 protein in the 
affected individuals (student’s t test: p =  0. 034; Fig. 2b). 
Additionally, subcellular localization of FBXO31 was per-
formed by immunocytochemistry and showed the protein 
located in the cell body and axons in primary hippocampal 
neurons from wild-type E15 mouse embryos (Fig. 4).

The truncating mutation identified in FBXO31 may per-
turb protein function by disrupting the FBXO31/Par6c or 
FBXO31/SCF complexes which for the first time shows an 
important link between ID and the gene FBXO31.

Fig. 3   Linkage analysis using 
SIMWALK2. Position in Hal-
dane cM is plotted on the x-axis, 
and Location Score (assuming 
no heterogeneity; α = 1.0) on 
the y-axis. The significance 
threshold for linkage of 3.0 is 
indicated by the red dashed 
line. Maximum Location Score 
of 3.948 was achieved for the 
FBXO31 variant and microsatel-
lite marker D16S2621

http://browser.1000genomes.org/index.html
http://evs.gs.washington.edu/EVS/
http://www.fruitfly.org/index.html
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Discussion

In this study, we have shown a frameshifting, truncating 
mutation in the gene FBXO31 associated with a form of 
autosomal recessive ID in family ASMR72. The affected 
individuals appear to have a spectrum of mild to moder-
ate dysmorphic features, but since photographic images 
of unaffected relatives were not available, the milder traits 
cannot be viewed in a familial context, and these individu-
als may be considered non-syndromic. On the other hand, 
some facial features seen in several affected family mem-
bers suggest that there may be common dysmorphisms 
associated with mutation of FBXO31. The 5  bp deletion 
and premature stop codon in the mutant FBXO31 appear to 
correspond to diminished mRNA and protein levels. More-
over, the depletion of FBXO31 protein would likely affect 
the formation of axons and dendrites during neurogenesis.

The FBXO31 gene comprises 9 exons, and encodes a 
539-amino acid protein containing a 47-amino acid F-box 
binding domain which binds proteins S phase kinase-
associated protein 1 (Skp1), Ring-box 1 (Rbx1) and Cul-
lin-1 to form a Skp/Cullin/F-box (SCF) ubiquitin E3 ligase 
complex (Kumar et al. 2005). A shorter, 8-exon transcript 

encodes a 431-amino acid protein which does not include 
the F-box motif. The E3 ligase complex is an important 
regulator of the ubiquitin proteasome system (UPS) and 
performs the last stage of the ubiquitination reaction along 
with E1 and E2 ligases (reviewed in Deshaies and Joazeiro 
2009). The variable F-box component determines the sub-
strate specificity of this complex. Protein ubiquitination can 
lead to different outcomes, depending on which lysine resi-
due of the interacting substrate protein ubiquitin binds, can 
result in complete proteasomal degradation or can modify 
protein function (reviewed in Deshaies and Joazeiro 2009). 
It has been noted that the UPS system is a vital component 
for neuronal development and morphogenesis (reviewed in 
Yi and Ehlers, 2007).

The role of FBXO31 has been well characterized as a 
cell-cycle regulator and as a tumor suppressor gene in 
cancer research (Kumar et  al. 2005; Huang et  al. 2010; 
Kanie et al. 2012); however, reports have shown a variety 
of roles in brain development, especially in axonal and 
dendritic growth. Recently, functional studies of neuronal 
FBXO31-SCF have been implicated in controlling the ini-
tiation of axonal growth by an interaction with the polar-
ity protein Par6c through a PDZ binding domain (Vadhvani 

Fig. 4   Cultured hippocampal 
neurons were fixed using PFA, 
followed by immunostaining 
with FBX031 antibodies. Rep-
resentative images are shown 
for a FBXO31 antibody (Bethyl 
Laboratories) and b differential 
image contrast (DIC) image; c 
FBXO31 antibody (Novus Bio-
logicals) and d corresponding 
DIC image. Scale bar 50 μm
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et  al. 2013). The functional mechanism which initiates 
axonal growth is regulated by FBXO31-SCF ligase, which 
ubiquinates Par6c resulting in complete proteosomal deg-
radation. However, FBXO31-SCF has also been impli-
cated in dendritic growth independently of Parc6, sug-
gesting that FBXO31-SCF controls dendrite growth via 
a substrate other than Parc6 (Vadhvani et  al. 2013). Our 
immunocytochemistry (ICC) analysis in mouse hippocam-
pal neurons shows FBXO31 located in axons and in soma, 
but not at the centrosomes as reported by Vadhvani et  al. 
(2013). Although our study used the same anti-FBXO31 
antibodies, however, it is not clear at what stage of devel-
opment and how old the primary culture was in the Vadh-
vani et al. study, and thus these differences are not directly 
comparable.

The importance of FBXO31 as a centrosomal protein 
and a regulator in neuronal morphogenesis, where it con-
trols the positioning and migration of axons as well as den-
dritic growth, gives an insight into the function of this gene 
in the neuronal development. Additionally, the interaction 
between FBXO31-SCF/Par6c which regulates axon ini-
tiation, and FBXO31-SCF which controls dendritic growth 
establishes a controlled signaling network. Hence, informa-
tion gathered by the mutation to the FBXO31 gene could 
shed light as to how the signaling complex is disrupted and 
how this affects brain development, leading to ID.

Other genes involved in the protein ubiquitination path-
way have previously been implicated in intellectual disabil-
ity, including the ubiquitin ligase genes: HUWE1 (Froyen 
et  al. 2008), MID1 (encoding a member of the tripartite 
motif family of E3 ubiquitin ligases; Quaderi et al. 1997), 
MID2 (Geetha et al. 2014), Cereblon (CRBN; Higgins et al. 
2008), which encodes a substrate receptor for the Cullin/
RING E3 ligase complex (Xu et al. 2013), UBE3A (Angel-
man syndrome; Kishino et al. 1997; Matsuura et al. 1997), 
UBE2A (Nascimento et al. 2006), UBE3B (blepharophimo-
sis-ptosis-intellectual disability syndrome; Basel-Vanagaite 
et al. 2012), UBR1 (Johanson–Blizzard syndrome; Zenker 
et al. 2005), and CUL4B (Tarpey et al. 2007). TRIM50 in 
the Williams–Beuren syndrome region encodes a member 
of the tripartite motif family of E3 ubiquitin ligases (Micale 
et al. 2008). Thus, the identification of FBXO31 as a gene 
for ID adds to the growing importance of this pathway in 
normal neurodevelopment and cognition. Genes encoding 
Parc6 and other substrates of the FBXO31-SCF complex 
would also be potential candidate genes for ID.
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