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A Truncating Mutation of TRAPPC9 Is Associated
with Autosomal-Recessive Intellectual Disability
and Postnatal Microcephaly

Ganeshwaran H. Mochida,1,2,3,4 Muhammad Mahajnah,5,6 Anthony D. Hill,1,2

Lina Basel-Vanagaite,7,9,10 Danielle Gleason,3 R. Sean Hill,1,2 Adria Bodell,1,2

Moira Crosier,11 Rachel Straussberg,8,10 and Christopher A. Walsh1,2,3,*

Although autosomal genes are increasingly recognized as important causes of intellectual disability, very few of them are known. We

identified a genetic locus for autosomal-recessive nonsyndromic intellectual disability associated with variable postnatal microcephaly

through homozygosity mapping of a consanguineous Israeli Arab family. Sequence analysis of genes in the candidate interval identified

a nonsense nucleotide change in the gene that encodes TRAPPC9 (trafficking protein particle complex 9, also known as NIBP), which has

been implicated in NF-kB activation and possibly in intracellular protein trafficking. TRAPPC9 is highly expressed in the postmitotic

neurons of the cerebral cortex, and MRI analysis of affected patients shows defects in axonal connectivity. This suggests essential roles

of TRAPPC9 in human brain development, possibly through its effect on NF-kB activation and protein trafficking in the postmitotic

neurons of the cerebral cortex.
Intellectual disability (ID), also referred to as mental retar-

dation, is a major public health issue, affecting more than

1% of children worldwide,1 yet the specific causes of ID are

often not identified. ID can be observed as part of broader

syndromes affecting other organs (e.g., Down syndrome)

or in isolation without other organ involvement. When

the brain is the only affected organ, it could be structurally

abnormal, such as with lissencephaly, or grossly normal

(nonsyndromic ID or nonsyndromic MR). So far, the

studies of nonsyndromic ID have mostly focused on its

X-linked recessive forms. Over 80 genes associated with

ID on the X chromosome have been identified, and among

them, about 30 cause nonsyndromic ID.2 Many of these

causative genes have been found to function in synapses.3

However, the X chromosome represents only about 5% of

our genome,4 and there is increasing evidence to suggest

that there are many autosomal-recessive loci for nonsyn-

dromic ID. There has been a report suggesting at least eight

autosomal-recessive loci for nonsyndromic ID.5 Moreover,

only 25% of families with ID and pedigree structures sug-

gesting X-linked inheritance were found to have patho-

genic mutations in a recent large-scale screen of the coding

exons of the X chromosome.6 This suggests that auto-

somal-recessive ID might be relatively common in familial

ID even when the pedigree structure is compatible with X-

linked inheritance. Despite this, so far only five autosomal-

recessive genes have been identified: PRSS12 (MIM

606709),7 CRBN (MIM 609262),8 CC2D1A (MIM
The American
610055),9 GRIK2 (MIM 138244),10 and TUSC3 (MIM

601385).11,12 This is probably due to the fact that the

‘‘nonsyndromic’’ nature of the condition makes it difficult

to pool multiple pedigrees with the same underlying

genetic defects to achieve statistical significance.

Causative genes for nonsyndromic ID are involved in

many biological processes and offer critical insights into

the genetic basis of human cognitive function. Many

X-linked nonsyndromic ID genes are implicated in synap-

togenesis and synaptic transmission.3 In addition,

SYNGAP1, which is associated with autosomal dominant

nonsyndromic ID, encodes a ras GTPase-activating

protein, a component of the NMDA-receptor complex.13

The functions of the autosomal-recessive nonsyndromic

ID genes are less well understood, but they appear to be

quite diverse. It has been shown that PRSS12 localizes to

presynaptic nerve endings of cortical synapses,7 CRBN

might regulate mitochondrial energy metabolism,8

CC2D1A has been implicated in NF-kB signaling,9,14

GRIK2 is a neurotransmitter receptor,10 and TUSC3 might

be a subunit of an oligosaccharyltransferase.11,12 Thus, no

consistent picture has yet emerged of a major biochemical

pathway, though further gene identification might provide

that.

We identified an Israeli Arab pedigree in which three

girls are affected with moderate to severe ID and variable

postnatal microcephaly. The parents were second cousins

once removed, and there were no unaffected siblings. All
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three patients had unremarkable prenatal and perinatal

histories and were delivered at term. Patient 1 (MC-6101)

was 7 years and 10 months old at the time of examination.

Her head circumference at birth was 32 cm (�1.3 SD) and

most recently was 46.2 cm (�4.1 SD). She had severe cogni-

tive delay, and her language was limited to only a few

single words. She was totally dependent on others for the

tasks of daily living and showed bruxism and hand-flap-

ping movements. However, she had normal motor devel-

opment and did not have any difficulty in ambulation.

She had no spasticity, and except for equivocal plantar

responses, her neurological examination was normal. Her

karyotype was normal. At ages 2 and 4 years, she under-

went brain MRI examinations, which were remarkable

for a thin corpus callosum and reduced volume of the cere-

bral white matter. There was no evidence of cortical

dysplasia. Patient 2 (MC-6102) was examined at age 4 years

and 8 months. Her head circumference at birth was 33.5

cm (�0.3 SD) and most recently was 46.2 cm (�3.3 SD).

Her cognition was moderately delayed. She was able to

say a few words and recognized body parts. Her motor

development was normal, and her neurological examina-

tion was normal. Her brain MRI also showed a thin but

fully formed corpus callosum and moderately to severely

reduced volume of the cerebral white mater, but no abnor-

malities involving the cerebral cortical gray matter were

seen (Figure 1). There was hypoplasia of the inferior cere-

bellar vermis. There were no signal abnormalities in the

cerebral gray and white matter. Patient 3 (MC-6103) was

2 years and 10 months of age at the time of examination.

Figure 1. Brain MRI of a Patient with a TRAPPC9
Mutation
(A) T1-weighted axial image of Patient 2 (MC-
6102) reveals microcephaly but a normal gyral
pattern of the cerebral cortex. The cerebral white
matter is reduced. Scale bar is 2 cm for all images.
(B) T1-weighted sagittal image of the same
patient is remarkable for a thin but fully formed
corpus callosum and mild hypoplasia of the
inferior cerebellar vermis.
(C) T1-weighted axial image of an age-matched
control individual.
(D) T1-weighted sagittal image of an age-matched
control individual.

Her head circumference at birth was 31 cm

(�2.0 SD) and most recently was 42.2 cm

(�5.8 SD). Her cognitive function was in

the range of moderate ID. None of the

patients had facial or somatic dysmorphic

features or clinical involvement of organs

other than the CNS. Also, none of the

patients had autistic features or epilepsy.

There was no evidence of developmental

regression in any of the patients.

We collected peripheral blood samples

from the affected children and parents after

informed consent was obtained according

to the protocols approved by the participating institutions.

All the research procedures followed were in accordance

with the ethical standards of the responsible national

and institutional committees on human subject research.

Genome-wide microsatellite screening using extracted

DNA was performed at the Center for Inherited Disease

Research (Baltimore, MD). A total of 405 markers with an

average spacing of 9 cM were used. There was no gap

greater than 20 cM. LOD score was calculated using

Allegro15 from the genome-wide microsatellite screening

data, assuming an autosomal-recessive mode of inheri-

tance with 100% penetrance and a disease allele preva-

lence of 0.001. This identified three regions (22q, 8q, and

2p) with a LOD score between 2.5 and 3.0 (see Table S1

available online). Additional microsatellite marker analysis

of these three regions, however, determined that only one,

the chromosome 8q locus, was likely to represent a true

region of identity by descent. The candidate interval was

defined by the recombinant markers D8S272 and

D8S1744 and was 12.02 cM in size (Figure 2A).

A maximum multipoint LOD score of 3.26 was obtained

within this region, using the same parameters as above

(Figure 2B). A total of 13 RefSeq (NCBI reference sequences

collection) genes within this interval were identified from

UCSC Genome Browser, and we initially selected 6 genes

for sequencing, based mainly on the evidence of expres-

sion in the fetal or infantile brain according to UniGene

(Table S2). Coding exons of these genes were sequenced

in one of the affected individuals, and a homozygous

nucleotide change (from C to T) in the exon 7 of the
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Figure 2. Mapping and Cloning of the Causative Gene
(A) Pedigree and haplotype of the distal chromosome 8 of the family studied. There is an area of shared homozygosity in all three affected
children (box). This identified the candidate region as defined by markers D8S272 and D8S1744.
(B) A graph showing multipoint LOD scores of the same region of chromosome 8. LOD scores above 3.0 were achieved between D8S272
and D8S1744.
(C) Sequencing of candidate genes within the interval revealed a nonsense nucleotide change in the exon 7 of the TRAPPC9 gene. The C
to T change (arrow) in patients creates a stop codon (red shaded box) and is expected to result in R to X change on the amino acid level.
(D) Western blot analysis of the lymphoblasts from the patients and control individuals. A single band was detected by Trappc9 antibody
(green) in protein extracts from three different control lymphoblasts (C1, C2, and C3). This band was not detected in lymphoblast
extracts from Patient 1 or Patient 2 (P1 and P2, respectively), despite the fact that a higher amount of protein was loaded compared
to the control samples. Red represents a loading control (b-actin).
TRAPPC9 gene (MIM 611966) was identified (Figure 2C).

This nucleotide change is predicted to convert an arginine

to a premature stop codon. According to RefSeq, there are

two transcript variants (1 and 2) of TRAPPC9 in human.

Variant 1 is the longer form and encodes 1246 amino acids.

Variant 2, on the other hand, uses an alternate 50 exon and

initiates translation at a downstream start codon, thereby

encoding 1148 amino acids. The nucleotide change identi-

fied in this family is expected to affect both variants

(c.1423C / T [p.R475X] in variant 1 and c.1129C / T

[p.R377X] in variant 2). The same nucleotide change was

identified in both other affected children, and both

parents were heterozygous carriers. We sequenced this

exon in a total of 153 normal control individuals (306
The American
chromosomes), including 100 controls of European

descent and 10 controls of Middle Eastern descent (Coriell

Institute for Medical Research; Camden, NJ), as well as 43

additional unrelated Middle Eastern Arab normal controls

we have collected, and none of these individuals had the

same nucleotide change. Next, we developed an antibody

against the peptide corresponding to a segment of the

mouse Trappc9 protein (amino acids 483–497 of

NP_850993; LDFLSDQEKKDVTQS). This peptide sequence

is highly homologous to the corresponding region of the

human TRAPPC9 protein, and the only difference is that

the threonine (T) at position 13 of the peptide is occupied

by an alanine (A) residue in human. Therefore, we felt it

was likely that this antibody would recognize the human
Journal of Human Genetics 85, 897–902, December 11, 2009 899



Figure 3. In Situ Hybridization and
Immunofluorescence Studies of TRAPPC9
in the Developing Mouse and Human
Brain
(A) In E14 mouse brain, a low level of
Trappc9 RNA expression was seen
throughout the cerebral mantle (scale bar
in [A]–[H] ¼ 100 mm).
(B) In P0 mouse brain, there was a slightly
higher level of RNA expression in the cere-
bral mantle, with the exception of the
developing white matter, which is devoid
of staining.
(C) In adult mouse cerebral cortex, there is
a moderate to high level of RNA expression
in cortical neurons of all layers.
(D) In human brain at 11.5 weeks, a
moderate level of TRAPPC9 RNA expres-
sion is seen in the cortical plate.
(E) In E15 mouse brain, Trappc9 protein
could be detected throughout the cerebral
cortex, with increased accumulation in the
cortical plate.
(F) In P3 mouse brain, Trappc9 protein was
detected in the cell bodies of cortical plate
neurons and in cells within the subven-
tricular zone.
(G) Neuronal accumulation of Trappc9
continued in the P8 cerebral cortex, with
higher levels of signal in the large pyra-
midal neurons of layer V.
(H) Trappc9 immunofluorescence per-
sisted in adult mouse cortical neurons.
(I) Confocal microscopy of mouse cortical
plate revealed distinct subcellular loca-
tions for Trappc9 (red) and the Golgi appa-
ratus marker GM130 (green) (scale bar in
[I]–[K] ¼ 10 mm).
(J) Trappc9 (red) did not colocalize with
Rab7 (green), a marker of late endosomes
and lysosomes.
(K) Trappc9 (red) did not colocalize with
transferrin receptor (green), a marker for
early endosomes.
TRAPPC9 protein, as well. We then established lympho-

blast cell lines from two of the patients and performed

western blot analysis of the TRAPPC9 protein using this

antibody. The patient cell lines and control cell lines

were established and processed using the same standard

protocol under identical conditions. A single band was de-

tected in control lysates. Interestingly, this band ran at

a significantly higher apparent molecular mass (~250

kDa) than would be predicted by the TRAPPC9 sequence

(~140 kDa), suggesting the possibility that TRAPPC9

undergoes extensive posttranslational modification. In

lysates from the patients, this band was completely absent,

confirming the absence of the wild-type TRAPPC9 protein

in the patients’ tissue (Figure 2D).

To understand the potential function of TRAPPC9

during development of the cerebral cortex, we analyzed

the expression of the mRNA and protein. Nonradioactive

in situ hybridization was performed as described,16 using

a digoxigenin (DIG)-labeled cRNA probe that contained
900 The American Journal of Human Genetics 85, 897–902, Decemb
895 bases of mouse Trappc9 sequence (nucleotides 2341–

3235 of NM_029640). In E14 mouse brain, low levels of

expression were seen (Figure 3A). In P0, expression in the

cerebral cortex (Figure 3B) as well as hippocampus (data

not shown) was slightly higher than at E14, whereas in

the adult brain, there is strong expression in neurons of

the cerebral cortex (Figure 3C) as well as hippocampus

and deep gray matter (data not shown). We also performed

in situ hybridization using human embryonic brain

(11.5 weeks) and cRNA probe that contained 898 bases

of human TRAPPC9 sequence (nucleotides 3118–4015 of

NM_031466). This revealed a slightly higher level of

expression in the developing cortical plate compared to

the ventricular zone (Figure 3D), confirming the higher

expression in postmitotic neurons than in progenitor cells.

Immunofluorescent analysis of the developing mouse

brain (using the same antibody used for the western blot

analysis) revealed a pattern of Trappc9 protein accumula-

tion that is consistent with the in situ hybridization data.
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Trappc9 protein was detected throughout the cerebral

cortex at E15, P3, and P8 and in adult (Figures 3E–3H),

with particularly high levels of signal in postmitotic

neurons. High magnification and confocal imaging sug-

gested that Trappc9 immunoreactivity is widespread in

the cytoplasm, without specific localization to any partic-

ular organelle. Specifically, no clear colocalization was

observed between Trappc9 and protein markers for Golgi

apparatus, late endosomes, or early endosomes (Figures

3I–3K). No evidence of nuclear localization was seen. The

data suggest that Trappc9 has important roles in the cyto-

plasm of postmitotic neurons.

TRAPPC9 was originally identified in a yeast two-hybrid

analysis as a binding partner of NF-kB-inducing kinase

(NIK),17 and it is also known as NIBP (NIK- and IKK-b-

binding protein). TRAPPC9 has been shown to enhance

TNFa-induced NF-kB activation; also, siRNA-mediated

knockdown showed impairment of nerve growth factor-

induced neuronal differentiation of PC12 cells as measured

by neurite extension.17 Thus, it appears that TRAPPC9 is a

positive regulator of NF-kB, at least in vitro. NF-kB sig-

naling is involved in a wide range of biological processes,

including inflammation, immunity, and synaptic plas-

ticity, and it has also been suggested to regulate adult

neurogenesis.18–20 However, the role of NF-kB signaling

in the human brain is not well understood. Interestingly,

another gene product associated with autosomal-recessive

nonsyndromic ID, CC2D1A, was also originally identified

as a positive regulator of the NF-kB signaling pathway.14

This further suggests a potential role of NF-kB signaling

in neuronal function and suggests potential relationships

between CC2D1A and TRAPPC9 function.

Another potential clue as to the functions of TRAPPC9

comes from its conserved domain structure. The amino

acids 704–986 of the TRAPPC9 protein isoform ‘‘a’’ (which

is encoded by the transcript variant 1) represent a Trs120

domain (InterPro accession number IPR013935; Pfam ID

PF08626), whose prototype is the yeast protein Trs120.

Trs120 is a subunit of the multiprotein complex TRAPP

(transport protein particle), and mutants in Trs120 have

been shown to disrupt traffic from the early endosome to

the late Golgi.21 To our knowledge, TRAPPC9 is the only

known human protein with the Trs120 domain and there-

fore might represent the human ortholog of the yeast

Trs120 protein.

The expression pattern of TRAPPC9, the abnormal MRI

pattern, and the normal head circumference at birth all

suggest that TRAPPC9 has its essential function in postmi-

totic neurons as opposed to neural progenitors. In contrast

to patients with the TRAPPC9 mutation, patients with

primary autosomal-recessive microcephaly, whose causa-

tive genes seem to regulate cell division of neural progeni-

tors, show significantly small head circumference already

at the time of birth.22 The brain MRI findings of the

patients are rather nonspecific, but the most striking

feature is reduced volume of the cerebral white matter

and corpus callosum, which usually reflects abnormal
The American
axon and/or dendrite outgrowth rather than a reduced

number of neurons. This hypothesis is consistent with

our expression data showing highest level of expression

in postmitotic neurons and with data that showed

TRAPPC9 regulates nerve growth factor-induced neurite

extension.17 Abnormal axon and/or dendrite outgrowth

also likely explains the variable degree of postnatal micro-

cephaly observed in this family. Further elucidation of the

functions of TRAPPC9 in the neurons of the cerebral cortex

and its potential relationships to CC2D1A and NF-kB func-

tion could lead to a better understanding of molecular

mechanisms of human cognitive function.

Supplemental Data

Supplemental Data include two tables and can be found with this

article online at http://www.cell.com/AJHG.
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