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Abstract

Some imprinted genes exhibit parental origin specific expression bias rather than being tran-
scribed exclusively from one copy. The physiological relevance of this remains poorly under-
stood. In an analysis of brain-specific allele-biased expression, we identified that Trappc9, a
cellular trafficking factor, was expressed predominantly (~70%) from the maternally inher-
ited allele. Loss-of-function mutations in human TRAPPC9 cause a rare neurodevelopmen-
tal syndrome characterized by microcephaly and obesity. By studying Trappc9 null mice we
discovered that homozygous mutant mice showed a reduction in brain size, exploratory
activity and social memory, as well as a marked increase in body weight. A role for Trappc9
in energy balance was further supported by increased ad libitum food intake in a child with
TRAPPCO9 deficiency. Strikingly, heterozygous mice lacking the maternal allele (70%
reduced expression) had pathology similar to homozygous mutants, whereas mice lacking
the paternal allele (30% reduction) were phenotypically normal. Taken together, we con-
clude that Trappc9 deficient mice recapitulate key pathological features of TRAPPC9 muta-
tions in humans and identify a role for Trappc9 and its imprinting in controlling brain
development and metabolism.

Author summary

Every person has inherited two copies of each gene, one from each parent. In most cases
two copies contribute equally. Other genes may express only from one parental copy, or
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express both copies but prefer one over another, a phenomenon called genomic imprint-
ing. Here we first investigated the expression bias between two parental copies in the
brain, then focused on one gene with maternal biased expression called Trappc9. Muta-
tions in human TRAPPC9 cause a neurodevelopmental disorder marked by smaller brain
size and increased body weight. Indeed, we found mice lacking of Trappc9 showed a
reduction in brain size, behavioral changes and a marked increase in body weight. A func-
tional role for Trappc9 in metabolism was further supported by increased food intake in a
child lacking this gene. Interestingly, we also found mice lacking the preferred copy (from
mother) of the gene showed similar disorders, whereas mice lacking the other copy (from
father) appeared normal. We provide an animal model of a rare genetic disease and iden-
tify a role for Trappc9 and its imprinting in controlling brain development and
metabolism.

Introduction

Allelic imbalance, the unequal level of expression between the two alleles of a gene, has been
extensively reported in the mammalian genome [1-3]. Imprinted genes exhibiting clear par-
ent-of-origin effects have been well-characterized [4]. These canonical imprinted genes are
predominantly expressed from one of the two parental alleles and tightly regulated to control
gene dosage [3]. They exhibit diverse functions in pre- and post- natal growth, often with roles
in energy homeostasis and behavior [5, 6].

Imprinted genes can exhibit a complex pattern of tissue-specific parental-specific expres-
sion, leading to unique physiological consequences. For instance, the paternally inherited copy
of the imprinted growth factor receptor bound protein 10 (Grb10) is exclusively expressed in the
murine brain and spinal cord, whereas the maternally inherited copy is expressed in the rest of
the body [7]. As a result, paternal heterozygous mutant mice have abnormal social hierarchies
[8], whereas mice deficient in the maternally inherited copy exhibit increased body weight [7].
In human, GRBI0 is also paternally expressed in the brain, but biallelically expressed in most
non-neuronal tissues except placental villous trophoblasts and skeletal muscle (maternally
expressed) [9, 10]. Disruption of GRB10 imprinting is suggested to cause Russell-Silver syn-
drome (RSS), characterized by pre- and post- natal growth retardation and dysmorphology
[11].

Imprinted genes are abundant in the brain [5, 12, 13] and abnormal imprinting can cause
cognitive developmental disorders [5]. In humans, the loss of maternally expressed Ubiquitin
protein ligase E3A (UBE3A) is a cause of Angelman Syndrome (AS), a neurodevelopmental
disorder [14]. In mice, depletion of maternally expressed Ube3a results in many deficits
including disruption of circadian rhythm [15], impaired synaptic plasticity and learning per-
formance [16, 17]. Ube3a and UBE3A are predominantly expressed from the maternally inher-
ited copy in the brain and equally expressed from both copies outside the nervous system [12,
18].

High-throughput sequencing studies have recently identified various forms of “non-canon-
ical” allelic imbalance, one of which encompasses parent-of-origin specific expression bias
rather than being transcribed exclusively from one parental copy [19]. Such effects have been
described in particular regions of the brain [12, 13, 20, 21]. However, the functional signifi-
cance and phenotypic consequences of this new type of imprinting remain largely
uncharacterized.

Trappc9 gene (human synonym: NIBP) encodes a protein that forms a component of mam-
malian TRAPP (TRAnsport Protein Particle) complex involved in vesicular protein trafficking
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between the endoplasmic reticulum (ER) and Golgi apparatus, and has also been implicated in
NF-«B signaling [22, 23]. Trappc9 is reported to be highly expressed within the murine brain,
with transcripts abundant in the hippocampus and hypothalamus as well as the glomeruli and
mitral layers of the olfactory bulb [24] —regions with a role in the control of metabolism, mem-
ory and behavior. In humans, both homozygous and compound heterozygous mutations in
TRAPPC9 (NIBP) associate with developmental delay, microcephaly (95% reported cases), and
obesity (52% reported cases) [25-31]. Reports to date have provided only limited insights into
the impact of TRAPPC9 deficiency on energy balance and body composition, although obesity
is frequently noted. Interestingly, human TRAPPC9 and murine Trappc9 both reside within a
cluster of imprinted genes, known as the PEG13-KNCKOY cluster [32], suggesting its expression
might be biased towards one of the parental alleles.

In this study, we quantified the allele-specific transcriptome exclusive to murine brain and
non-brain structures of the olfactory system. We identified Trappc9 as a gene exhibiting repro-
ducible brain-specific, parental-biased expression, with 30% of the transcripts derived from
the paternal allele and 70% from the maternally inherited chromosome. To examine the role of
Trappc9 allelic biased expression we analyzed Trappc9 deficient mice. These mice phenocopy
the major features of human TRAPPC9 deficiency syndrome with a reduction in brain size,
altered behavior and memory defect, as well as a marked increase in body weight and fat mass.
Strikingly and consistent with its imprinting, heterozygous mice lacking the maternal allele
(Trappc9 ™™ D'P* 709 reduced expression) have a phenotype similar to homozygous mutant
mice, whereas mice lacking the paternal allele are phenotypically normal. Our findings indi-
cate that the brain-specific, parental-biased allelic expression of Trappc9 regulates brain size,
behavior and body weight.

Results
Allelic imbalance is robust in the olfactory system

To reliably determine allele-biased gene expression in neuronal versus non-neuronal struc-
tures, we analyzed genome-wide allelic expression in the olfactory bulb (OB) and main olfac-
tory epithelium (MOE). The OB and MOE are important sequential relays in the sensory
circuitry that promote learned and innate olfactory-mediated behavior in mice, specifically
social behavior [33]. Whereas the OB is of neuronal origin and part of the brain, the MOE
resides in the nasal cavity and is placodal in origin [34]. Comparing allele-specific expression
in the OB and MOE, we aimed to understand the tissue-specific role of allelic imbalance in
developmentally distinct but functionally related anatomical regions.

To measure allele-specific gene expression we used strain-specific single-nucleotide poly-
morphisms (SNPs) and indels present in the genome of distantly related inbred mouse strains
C57BL/6] (B6) and CAST EiJ (CAST). B6 and CAST hybrid transcriptomes were generated
using transcripts containing strain-specific genetic variations (S1 Fig) [20, 35, 36]. We aligned
reads to the diploid transcriptome with Bowtie and used EMASE [37] to quantify allele-level
expression. Parent-of-origin specific gene expression was only considered for transcripts with
>5 unique reads (SNP-containing and resolved) in both reciprocal crosses. Our analysis (S2,
S3 and S4 Figs) resulted in reliable quantification of allele-specific expression of 12,101 genes
in OB and 11,418 genes in MOE, representing approximately 50% of the total expressed genes
(24,152 in OB and 22,952 in MOE) in the respective tissues.

As expected [2, 38], we found large strain effects on allelic expression (Fig 1A and 1B, S1
Data). Strain-specific differences in gene expression were present in 15% of expressed genes in
the OB, and 18% in the MOE (defined by a 0.6:0.4 ratio or larger between B6 and CAST,
observed in both reciprocal crosses). Similar numbers of genes were biased to the B6 strain
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Fig 1. Analysis of allelic imbalance in the mouse olfactory system. (A-B) Scatter plots of the average allelic bias ratios in olfactory bulb (OB)
and main olfactory epithelium (MOE) in F1 individuals (females, aged 14 weeks) from reciprocal crosses between C57BL/6] (B6) and CAST/
EiJ (CAST) strains. Pink: maternal biased expression; blue: paternal biased expression. Black: B6 strain biased expression; brown: CAST strain
biased expression. The cut off ratio applied for biased expression is 0.6:0.4. (C-D) Heatmaps of parental allelic ratios for individual genes in
each sample. The allelic ratios are quantified as the ratio of B6 allelic expression: %B6 = B6/(B6+CAST) and are clustered by samples (each
column) and by allelic ratio of the genes expressed in OB and MOE (each row). Genes with average %B6 ratios >0.6 in B6 x CAST d'F1 mice
and ratios <0.4 in CAST?x B6 'F1 mice, are maternally-biased; whereas genes with average %B6 ratios <0.4 in B69x CASTJF1 mice and %
B6 ratios >0.6 for CAST?xB65F1 mice are paternally-biased.

https://doi.org/10.1371/journal.pgen.1008916.9001

versus biased to the CAST strain. Most notably, strain-biased expression of olfactory receptors
was enriched in the main olfactory epithelium (3 test, p<<0.0001), with 184 olfactory receptor
genes, or 41% of the total detectable olfactory receptors, expressed at unequal levels depending
on the strain-of-origin (S1 Table).

We quantified 54 genes with robust parent-of-origin biased expression (defined by a 0.6:0.4
ratio or larger between maternal and paternal allelic expression [39], observed in both recipro-
cal crosses) - 32 genes in OB and 35 genes in MOE with 13 genes showing parent-of-origin
allelic biased expression in both tissues (Fig 1C and 1D, S2 Data). This accounted for ~0.3% of
total genes with allele-specific quantified expression in each tissue. Of the genes identified,
~75% in OB and ~40% in MOE were previously defined to be imprinted (S5 Fig) [39, 40]. To
validate our dataset, we used allelic discriminative quantitative-PCR to determine allelic
expression of twelve genes (Fig 2), including four positive controls (Meg3, Pegl3, Grb10,
Ube3a), one negative control (Th) and seven candidate genes identified in this study. Of the
seven candidates, three have not been reported previously (Cyplal, Fosb, Phf7), whereas four
show conflicting data in previous studies (Trappc9, Eif2c2 (Ago2), Cdh15, Gabar5) [12, 21, 40,
41].

Consistent with previous studies, Meg3 showed mono-allelic expression of the maternally-
inherited allele in the OB and did not express in the MOE, whereas Pegl3 showed mono-allelic
expression of the parental allele in both the OB and MOE. Grb10 showed reciprocal allelic
expression in OB (parental) and MOE (maternal) and Ube3a showed brain-specific imprinting
in the OB but not MOE; whereas Th showed equal expression from both parental alleles in
both the OB and MOE as expected (Fig 2). Of our candidate genes, Cdh15 and Cyplal showed
~80% and ~65% paternal-biased expression in the OB, respectively, whereas Trappc9 and
Eif2c2 (Ago2) showed ~70% and ~65% maternal biased expression in the OB, with expression
of all four genes being bi-allelic (~50:50 paternal: maternal) in the MOE. We were unable to
validate parental-biased expression of Garab5 or Fosb in the MOE and Phf7 expression in
either tissue (Fig 2, S3 Data).

Our analyses, therefore, identified allelic biased expression within the OB and MOE of the
mouse olfactory system, and validated parent-of-origin dependent allelic-biased expression of
four candidate genes: Trappc9, Cyplal, Eif2c2 (Ago2) and Cdhl15 within the OB. We next
focused on understanding the biological relevance of this brain-specific imprinting, using one
of these candidate genes, the Trafficking protein particle complex 9 (Trappc9).

Characterization of allelic imbalance in Trappc9 mutant mice

Consistent with a role in brain function, mouse Trappc9 was highly expressed in the postnatal
brain (56 Fig). Our imprinting study suggested mouse Trappc9 was expressed 70% from the
maternal allele with 30% from paternal allele, specifically in the brain (OB) with equal allelic
expression in other tissues (MOE). This observation has been confirmed in previous studies of
allelic biased expression [12, 35]. Although it is currently unclear whether human TRAPPC9 is
imprinted, both human and mouse TRAPPCY/Trappc9 reside in the characterised

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 5/26


https://doi.org/10.1371/journal.pgen.1008916.g001
https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

A B

O B u Patemal Expression 100% M O E = Paternal Expression
100% °r
° " Maternal Expression = Maternal Expression
60% 60%
0 (2]
3 8
0 el
S 20% 5§ 20%
2 2
g o
Q
3 S
v -20% 2 -20%
2 o
X X
-60% -60%
-100% + - candidate genes -100% + _ _- __candidate genes
O W N O & \ N ,{b ,9 > ¥ L o Q
& PP RS 3 S s AW
~ QQ'Q & & QQ s ~'<>W < R e @QQ oso <'>q' < <

Fig 2. Validation of parental allelic biased gene expression. Allele-specific gene expression was determined for selected genes using Allelic Discriminant qRT-PCR on
F1 reciprocal hybrid samples (females, aged 14 weeks) of the (A) olfactory bulb and (B) main olfactory epithelium. The percentage of parental and maternal expression
is shown as an average of the results from two reciprocal crosses with n = 5 for each cross. Four genes with previous identified parent-of-origin expression (Meg3, Pegl3,
Ube3a and Grb10) were as positive controls and Th was a negative control. As expected, Meg3 showed monoallelic maternal expression and Pegl3 showed monoallelic
paternal expression; Meg3 did not express in non-brain tissue while Pegl3 did. Ube3a showed brain-specific imprinting with maternal allelic-biased expression. Grb10
shows opposite imprinting in the brain (maternal allelic-biased) versus in a non-brain tissue (paternal allelic-biased). Th expression was bi-allelic in both tissues as
expected. For candidate genes, we confirmed that Trappc9 and Eif2c2(Ago2) showed maternal allelic-biased and Cdh15 showed paternal allelic-biased expression, both
were in OB but not in MOE, suggesting brain specific imprinting. The expression of Garba5 and Fosb in MOE and Phf7 in both tissues was bi-allelic; but Cyplal
showed a paternal biased expression in the OB, as a previously unknown gene with brain-specific imprinting.

https://doi.org/10.1371/journal.pgen.1008916.9002

Pegl3-Kcnk9 imprinting cluster [32]. Allelic biased expression of this cluster, including the
maternally-expressed brain-specific potassium channel KCNK/Kcnk9, is thought to be regu-
lated by the non-coding RNA PEG13/Pegl3 expressed from an intron within the TRAPPC9/
Trappc9 gene (Fig 3A) [12, 32, 42].

To study the role of Trappc9 in brain function and disease and to understand the biological
importance of its imprinting, we generated Trappc9 knock-out mice (Trappc9 "™ !/EVCOMM)
Wit of four genotypes: 1) homozygous Trappc9 knockouts (Trappc9 ); 2) heterozygous
Trappc9 knockout mice lacking expression from the paternal allele (Trappc9 ™*/7"); 3) the
maternal allele (Trappc9 ™'P*) and 4) wild type mice (Trappc9 *'*)(Fig 3B) [43]. Consistent
with our imprinting study, heterozygous paternal (Trappc9 ™*#"), maternal (Trappc9 ™'P*)
and homozygous (Trappc9 ") knock-outs showed respectively 25%, 60% and 80% reduction
in Trappc9 transcript abundance in the OB (Fig 3C, p<0.0001, one-way ANOVA with Dun-
nett’s post hoc test, S4 Data). A similar reduction was confirmed in other brain regions by
RNA sequencing. Thus, in the hippocampus, the Trappc9 transcript levels in paternal hetero-
zygous, maternal heterozygous and homozygous mutant mice decreased by respectively 18%,
53% and 74%, of the levels seen in wild-type mice (S7A and S7C Fig). Similarly, in the hypo-
thalamus, transcript levels in the same three mutant genotypes showed 23%, 63% and 79%
reduction compared to the wild-type levels (S7B and S7D Fig). Heterozygous loss of Trappc9
thus results in a parent-of-origin dependent decrease in Trappc9 transcript abundance in the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 6/26


https://doi.org/10.1371/journal.pgen.1008916.g002
https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

A Maternal Allele:
~70% ~70%
~100% ~0%
Peg13 ~70%
Paternal Allele:
~30% ~30%
~0% ~100% ; )
Peg13 ~30%

Trappc9 tm1a(EUCOMM)Wisi

FRT LoxP FRT LoxP  LoxP

_ lacz hbactP neo & —’—D—»—U—

exon 5 exon 6

C D

Trappc9 : OB :
0.015- pp — Trappc9 : MOE
I RS 0.0087 I
n.s.
0.010+ ! ! —
0.006-
o e}
(1’4 (1'4
0.004-
0.005+4
0.002-
0.000-
\X ’ X \, \X ’ X \,
x \Q '\Q A x \Q '\Q A
X & &x &

Fig 3. Generation of Trappc9 deficient mice. (A) Schematic depiction of the Trappc9 locus and Pegl3 imprinted cluster on mouse
chromosome 15 with allelic biased expression indicated. (B) Schematic view of the tm1a(EUCOMM)™" conditional gene-trap cassette
in intron 4 of Trappc9. (C-D) Confirmation of maternal-biased Trappc9 expression in heterozygous Trappc9 knock-out mice
(*p<0.05, ****p<0.0001, one-way ANOVA with Dunnet’s post hoc test). Trappc9 mRNA abundance was determined relative to p-
actin in OB (C) and MOE (D) of wild-type (+/+), maternal (m-/p+) / paternal (m+/p-) heterozygous and homozygous (-/-) Trappc9
deficient mice using quantitate RT-PCR (males, n = 5 per genotype).

https://doi.org/10.1371/journal.pgen.1008916.9003

brain. In contrast, in the MOE Trappc9 expression levels decreased by respectively 39%, 43%
and 83% of wild-type levels, in the paternal, maternal and homozygous knock-outs respec-

tively (Fig 3D, p>0.05, S4 Data), reflecting a lack of Trappc9 imprinting in non-neuronal tis-
sue. Trappc9 transcripts remaining in the homozygous Trappc9 knock-out (21~25%, Fig 3C)
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likely reflected alternative splicing and do not result in protein expression, since Trappc9 pro-
tein expression was fully lost in the homozygous knock-out (S8 Fig).

A parent-of-origin dependent decrease in Trappc9 was also evident at the protein level,
whereby loss of the maternal allele (Trappc9 ™”P*) resulted in a greater loss of Trappc9 protein
expression compared to loss of the paternal allele (Trappc9 ™*/?") in the OB, but not MOE (S8
Fig). Importantly, the Trappc9 gene-trap did not affect expression of neighboring imprinted
genes, including Kcnk9 and the non-coding RNA Pegl3 (S9A and S9B Fig). Of the upstream
genes Chracl was modestly increased in expression only in the OB of Trappc9 P+ mice but
unchanged in Trappc9 "*'?" and Trappc9 ”~ mice, while Eif2c2(Ago2) RNA abundance showed
an increase in Trappc9 ” mice but remained unchanged in Trappc9 heterozygous knockouts
(S9C and S9D Fig). Indeed, loss of Trappc9 had limited impact on the transcriptome of the
hippocampus and hypothalamus (S7C and S7D Fig).

Trappc9 deficient mice develop microcephaly in a parent-of-origin
dependent manner

One of the most striking features of the patients with TRAPPC9 loss-of-function mutations is
microcephaly [25-31]. Consistent with this disease phenotype, homozygous Trappc9 deficient
mice displayed an 11% reduction in adult brain weight (0.42+0.02g, mean + SD, n = 6) com-
pared to the wild-type littermates (0.47+0.01g, n = 7). This reduction in brain size exceeds the
3-fold standard deviation threshold [44] of mean brain size commonly used as a benchmark of
microcephaly (Fig 4A, p<0.0005, Fisher’s LSD test, S5 Data).

To further characterize the brain defect in Trappc9 deficient mice, we analyzed brain mor-
phology in 16-week old homozygous Trappc9 knock-out mice and wild-type littermates,
assessing 40 brain parameters across 22 distinct brain regions (S2 Table, also see Material and
Methods). Compared to wild-type littermates, the total brain area in Trappc9 " mice was
decreased by 12.7% (p = 0.011), with a 4.1% decrease in width (p = 0.036) and 9.8% decrease of
height (-9.8%, p = 0.014) of the whole brain (n = 4 per genotype, Fig 4B). Significant changes
were evident for a further eleven parameters (Fig 4B, S2 Table), showing that both grey and
white matter were affected, including a reduction in total area of the cortex (-10.0%,

p = 0.030), thickness of the primary motor cortex (-11.7%, p = 0.020), area and height of the
cingulate cortex (-25.7%, p = 0.018; -12.1%, p = 0.050), area of the thalamus (-15.9%,

p =0.017), areas of the corpus callosum (-12.7%, p = 0.037) and area of the fimbria of the hip-
pocampus (-17.7%, p = 0.048) (Fig 4B). Intriguingly the brain region of greatest reduction was
the substantia nigra, showing a 49.1% overall decrease in area in Trappc9-/- mice (p = 0.017,
Fig 4B).

To assess the importance of imprinting on Trappc9 function, we next measured brain
weight in heterozygous maternal (Trappc9 ™P*) and paternal (Trappc9 ™*/?") knock-out mice.
Consistent with its imprinting, mice lacking the Trappc9 maternal allele (Trappc9 ™/?*)
showed a reduction in brain weight (0.45+0.01g, < -2xSD, p<0.05, two-tailed t-test, n = 6),
whereas mice lacking the paternal allele (Trappc9 ™*#") showed no significant difference in
brain weight (0.46+0.03g, p>0.05, two-tailed t-test, n = 7, Fig 4A). Trappc9 deficient mice
therefore exhibit microcephaly with parent-of-origin effects.

Trappc9 deficient mice show reduced exploratory activity and impaired
social memory
To assess the functional impact of neuroanatomical defects, we next determined the effect of

Trappc9 deficiency on behavior in the form of exploratory activity and social memory. In a
20-minute Open Field (OF) Test, in which mice were allowed to freely explore an open arena,

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 8/26


https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS

Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

A

P-value

Brain Weight (g)

0.010

0.020

0.040

0.080

0.160

0.320

0.640

B

Parameter

Adult Brain Weight
* k%%
L} * 1
" n.s. '
0.50 - —
| | | |
0.48 - EEm
-:I:-
0.46 4 [ | % l!'!l ™
Al
0.44 4 ] [ n
||
0.42 4 o
[ |
0.40 4 EE
0.38 T Y T T
\x 4 \V
x Q R %
3 &
10 5
3 5 4 (@)
o 20 o7
08 9
10
n ©
(@) 012
°
13 14 .‘ -
16
17@
180
e ©19
2105,
240 220 023
025 o 26
28 29
27® “8ég 30
-50 -40 -30 -20 -10 0

% change in brain size

N =

~No g b~ w

© o

1

12
13
14

15

16

17
18
19

20
21

22
23

24
25

26
27
28

29
30

Total brain area (cm?)

Height of the total brain at coronal critical
section 2 (cm)

Substantia nigra area (cm?)

Total thalamic area (cm?)

Lateral ventricle area (cmz)

Cingulate cortex area (cm?)

Thickness of the primary motor cortex
(cm)

Total cortical area (cm?)

Width of the total brain (cm)

Corpus callosum area (cmz)

Area of the fimbria of the hippocampus
area (cm?)

Height of the cingulate cortex (cm)
Dorsal subiculum area (cm?)

Length of the radiatum layer of the
hippocampus (cm)

Height of the total brain at coronal critical
section 1 (cm)

Length of the oriens layer of the
hippocampus (cm)

Total cerebellar area (cm?)

Hippocampus area (sz)

Total outer length of the corpus callosum
(cm)

Dentate gyrus area (cm?)

Length of the molecular layer of the
hippocampus (cm)

Anterior commissure area (cm?)
Thickness of the secondary motor cortex
(cm)

Stria medullaris area (cm?)

Total internal length of pyramidal cell layer of
the hippocampus (cm)

Dentate gyrus length (cm)

Corpus callosum thickness (cm)

Area of pyramidal cells of the hippocampus
(cm?)

Optic chiasm area (cm?)

Inferior colliculus area (sz)

Fig 4. Trappc9 deficient mice show a decrease in brain weight and size. (A) Trappc9 deficient mice show a decrease in brain weight in a parent-
of-origin manner. Trappc9 m-/p- mice (n = 7) have a significant reduction of brain weight (Fisher’s LSD test, ****p<0.0001) compared to that of
the wild-types littermates (n = 7), whereas Trappc9 m-/p+ mice show a milder but significant reduction (n = 6, Fisher’s LSD test, *p<0.05), and
Trappc9 m+/p- mice have a normal brain weight (n = 7, n.s.). Female brains were used in this analysis. (B) Trappc9 is associated with smaller brain
size in adult homozygous knockout mice. X-Y plot shows the percentage of changes relative to the controls (100%) against the p-values (in log2
scale) testing the difference in 16-week aged Trappc9-/- mice comparing to their wild-type littermates at Lateral 0.72mm section (n = 4 brains in
each group, 3 females and 1 male). Yellow dots with numbers represent a total of 12 regions (parameters in bold) that were significantly affected
(p<0.05, 2-tail Student ¢-test; black dots: n.s.).

https://doi.org/10.1371/journal.pgen.1008916.9004

Trappc9 7~ mice (n = 13) moved 22% less than their wild-type littermates (n = 22) (p<0.01,
one-way ANOVA with Tukey’s post hoc test, Fig 5A, S10A Fig, S6 Data). Similarly, in a
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Fig 5. Trappc9 deficient mice show a parent-of-origin dependent reduction in exploratory activity, and impaired social
memory. In (A) Open Field Test and (B) Elevated Plus Maze Test, mice lacking the maternal (m-/p+, n = 12) or both Trappc9
alleles (-/-, n = 13) show a significant reduction in exploratory activity compared to mice lacking the paternal allele (m+/p-,

n = 12) or their wild-type littermates (+/+, n = 22). One-way ANOVA with Tukey’s post hoc test, *p<0.05, **p<0.01. In (C)
Two-step social recognition test in which mice were assessed for their social learning and memory, (D) Trappc9 homozygous
knock-outs (-/-, n = 11) and their wild-type littermates (+/+, n = 10) both showed normal social learning, but (E) 24 hours later
in the discriminative test, homozygous Trappc9 P~ mice show a significant defect in social recognition as they did not
distinguish a familiar mouse from a novel one (one-sample #-test, +/+ (n = 9): p<0.005, -/- (n = 8): n.s.). Preference Index (1> PI
>- 1) = (sniffing time to the novel stimulus—sniffing time to the familiar stimulus) / (sniffing time to the novel stimulus

+ sniffing time to the familiar stimulus). (F) Maternal (m-/p+, n = 11) and paternal (m+/p+, n = 8) Trappc9 heterozygous knock-
out mice show normal learning abilities compared to wild-types (+/+, n = 15), but (G) heterozygous knock-outs show similar
but more variable social memory defects (one-sample ¢-test: +/+ (n = 14), p<0.01, m+/p- (n = 8), m-/p+ (n = 10): n.s.) Two-way
ANOVA with repeat measurement for 1-4 trials: p<0.0001 for trial, n.s. for genotype; two-tail t-test for 4 and 5 trials, * p<0.05,
** p<0.01, ***p<0.001. Mice tested in (A) and (B) were males and from (C) to (E) were females.

https://doi.org/10.1371/journal.pgen.1008916.9005

10-minute Elevated Plus Maze (EPM) Test, where mice freely explored a four-arm elevated
platform with open and closed arms, Trappc9 " mice moved 21% less compared to their wild-
type littermates (p<0.01, one-way ANOVA with Tukey’s post hoc test, Fig 5B, S10B Fig, S6
Data). The reduction in explorative activity was unlikely due to anxiety, as we observed no sig-
nificant difference in time spent in the periphery and center in OF, or in the closed versus
open arms in EPM tests (S11 Fig).

We tested social learning ability using a habituation-dishabituation test [45]. Mice were
repeatedly exposed to an anesthetized unfamiliar mouse (trial 1-4), followed by exposure to an
unfamiliar mouse (trial 5, Fig 5C, S6 Data). Trappc9 ” females habituated in a similar manner
to wild-type littermates and showed reduced sniffing time towards the familiar versus the
unfamiliar mouse, suggesting normal olfactory detection and short-term social memory (Fig
5D, S6 Data). However, upon re-exposure after 24h, wild-type mice still spent longer sniffing
the unfamiliar versus the familiar mouse-suggesting social recognition, whereas Trappc9 -
females failed to display a significant preference (p>0.05, Fig 5E, S6 Data), indicating impaired
social memory. This effect was unlikely to be caused by a defect in recognition or motivation,
as Trappc9 "~ mice showed normal social preference towards conspecifics in a three-chamber
sociability test (p>>0.05, one-way ANOVA with Tukey’s post hoc test, 12 Fig). Male Trappc9 -
mice showed persistent sniffing towards any anesthetized mouse and could not be assessed
using this assay (S13 Fig).

Consistent with a defect in brain development, homozygous Trappc9 deficient mice showed
impaired explorative behavior and social recognition. Intriguingly, in OF and EPM tests, mice
lacking the maternal Trappc9 allele (Trappc9 ™'P*, n = 12) showed reduced exploratory activ-
ity similar to homozygous knock-outs (p<0.05, one-way ANOVA with Tukey’s post hoc test,
Fig 5A and 5B), whereas mice lacking the paternal Trappc9 allele (Trappc9 ™', n = 12)
retained normal levels of exploratory activity. The situation was slightly more complex in the
social memory test. With normal olfactory detection and short-term memory (Fig 5F), six out
of ten maternal knock-outs (Trappc9 ™'P*, n = 10) either erroneously preferred the familiar
stimulus or showed no difference in long-term social memory test (Fig 5G, orange dots), and
paternal knock-outs (Trappc9 ™*'P", n = 8) showed a similar but milder defect (Fig 5G, blue
dots). Thus, Trappc9 deficient mice showed a parent-of-origin dependent decrease in explor-
ative activity, and an impaired long-term social memory.

Trappc9 deficient mice develop obesity in a parent-of-origin dependent
manner

Besides microcephaly and intellectual disability, obesity is a phenotype commonly observed in
TRAPPC9 loss-of-function patients. Indeed, our pipeline screening of homozygous Trappc9
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deficient mice found a significant and steady increase in body weight of both sexes compared
to wild-types (~1.5-fold at week 16, n = 7), with a larger effect in female mice (Fig 6A, S14A
Fig, S7 Data). In females, this weight gain derives from a marked increase in fat mass and
more moderate increase in lean tissue mass (Fig 6B). Furthermore, female mice displayed ele-
vated plasma glucose levels during a glucose tolerance test (Fig 6C), and elevated serum insulin
levels (Fig 6D), elevated steady-state plasma levels of triglycerides (TAG), cholesterol (Chol),
lipoprotein (HDL/LDL) and glycerol at necropsy (Fig 6E). Male mice also had elevated serum
insulin but showed no difference from wild-type in other biochemical markers analyzed
(S14B-S14E Fig).

The combination of increased body weight and fat mass in female Trappc9-/- mice indicate
an obesity phenotype similar to that observed in over half of TRAPPC9 deficient patients [31].
To further assess the effect of Trappc9 deficiency and its imprinting on body weight, we
tracked weight gains of a second, independent, larger cohort of mice containing all four paren-
tal genotypes and both sexes. Consistent with our initial finding seen in the pipeline study,
homozygous Trappc9 deficient females (Trappc9”") showed a significant increase in weight
starting from week 5 after birth (Fig 6F, S8 Data) and cumulatively gained 16% more weight
by week 16 (29.49+3.22g) compared to wild-type littermates (25.29+2.16g). Similar weight
gains were observed in homozygous Trappc9 deficient males (Trappc9 7, Fig 6G, 11% at week
16, 34.91+3.60g vs. 31.59+3.63g, S8 Data).

Similar to homozygous knock-out mice, we observed a significant increase in the body
weight of both male and female heterozygous knock-out mice lacking the maternal Trappc9
allele (Trappc9 ™"#*) (Fig 6F and 6G). Weight increases in these mice started from week 6 after
birth in males and week 8 in females and resulted in a weight gain of respectively 21%

(38.3 £2.7g) and 13% (28.7 + 2.5g) at week 16 compared to wild-type littermates (Fig 6F and
6G). In contrast to the maternal Trappc9 knock-outs, a weight increase was not observed in
heterozygous knock-out mice lacking the paternal Trappc9 allele (Trappc9 ™*'¥"), whose body
weight remained indistinguishable from that of wild-type littermates (male: 31.8 + 2.8g,

n = 13; female: 26.0 + 3.3g, n = 15). As maternal Trappc9 knock-out mice (Trappc9 ™P*) retain
30% brain Trappc9 expression versus 70% in paternal Trappc9 knock-out mice (Trappc9 ™/?*)
mice (Fig 3C), the obesity phenotype positively correlates with the degree of Trappc9 depletion
and therefore with Trappc9 allelic-biased expression in the brain.

We attempted to determine if loss of Trappc9 impacts upon food intake, energy expenditure
or both by studying mice in an indirect calorimetry system. However, the Trappc9 homozy-
gous knockout mice lost weight during the acclimatisation periods when singly housed, mak-
ing it difficult to draw conclusion about the drivers of the obesity phenotype.

Obesity associated with TRAPPC9 deficiency may be caused by
hyperphagia

Through recruitment to the Deciphering Developmental Disorder (DDD) consortium we had
the rare opportunity to examine a 12-year-old child with bi-allelic splice-site mutations in
TRAPPC9 (c.2851-1G>C; ¢.2148+1G>A), regarding her eating behavior and energy intake.
This participant had severe global developmental delay with minimal speech, a disordered
sleep-wake cycle (sleeping ~3-5 hours a night), stereotyped behaviors and obesity

(weight = 57.6kg; height = 146.9 cm; BMI = 27 kg/m? BMI sds = 1.8). Body composition was
measured by dual energy x-ray absorptiometry (DEXA); percentage body fat was increased at
45 percent (normal range, 15 to 25 percent). Intriguingly, the child also had a history of severe
hyperphagia, showing strong food seeking behavior since infancy (locks required on cupboard
doors) and impaired satiety. Her energy intake at an 18M] ad libitum test (meal given after an
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Fig 6. Trappc9 deficient mice show a parent-of-origin-dependent obesity phenotype. (A-E) Female Trappc9 "~ mice (-/-, n = 8, age = 16 weeks) showed
increased body weight (A), increased lean mass and fat mass (B), glucose intolerance (C), increase blood insulin levels (D) and levels of triacylglycerol (TAG),
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cholesterol (Chol), lipoproteins (HDL & LDL), non-essential fatty acids (Nefac), and glycerol (E), contrasting to wild-type controls (+/+, n = 25-28, 16-week old).
Statistical methods for A, B and E: two-tailed unpaired t-test; for C: two-way ANOVA with Sidak’s test; for D: two-tailed Mann-Whitney test. (F-G) Homozygous
(-/-) and heterozygous Trappc9 knockout mice lacking the maternal-allele (m-/p+) show an increase in body weight in both sexes, whereas heterozygous knockout
mice lacking the paternal-allele (m+/p-) have a body weight similar to that of wild-type mice (+/+).Females (F, +/+, n = 26-30; m+/p-, n = 9-15; m-/p+, n = 9-13;
-/-,n =9-13), males (G, +/+, n = 23-28; m+/p-, n = 10-13; m-/p+, n = 8-9; -/-, n = 11-14). One-way ANOVA with Dunnet’s post hoc test was used to test the body
weight difference between genotypes at each age, and two-way ANOVA with repeat measurement was used to test the difference between growth curves. *p<0.05,

#*p<0.01, ***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.pgen.1008916.9006

overnight fast) was significantly greater than that of 10 normal weight and age-matched con-
trols (98 vs 55 +/- 12 KJ/kg lean mass). The basal metabolic rate (BMR) measured by indirect
calorimetry was comparable to that predicted based on the basis of age, gender and body com-
position (4.3 MJ/day). Based on a single case, this suggests an essential role for TRAPPC9 in
normal functioning of the brain feeding circuitry, with deficiency leading to hyperphagia and
obesity in human.

Discussion

In this study, we explored allelic biased gene expression in the mouse olfactory system and
identified brain-specific allelic biased expression of the cellular trafficking factor gene Trappc9,
with 70% of Trappc9 transcripts in the brain derived from the maternal allele and 30% from
the paternal allele. Loss of function mutations in human TRAPPCY is a rare hereditary condi-
tion that causes a form of intellectual disability, many features of which are recapitulated in the
Trappc9 deficient mouse model described here, including a reduction in brain size (micro-
cephaly), behavioral abnormalities and an increase in fat mass and body weight. We demon-
strated the physiological relevance of allelic imbalance in Trappc9 expression and its brain-
specific function, with clear differences observed in adiposity, brain size and behavior depen-
dent on whether deficiency is inherited from the mother or the father. Hence, our study sug-
gests a role for Trappc9 imprinting in brain development and brain control of energy balance,
and provides a new mouse model for TRAPPC9-associated intellectual disability.

Genomic imprinting, broadly described as parent-of-origin dependent allelic biased expres-
sion, is suggested to be widespread in the human and mouse genome [12]. We here explored
brain-specific allelic biased expression by comparing genome-wide, allele-specific expression
in the neuronal olfactory bulb (OB) versus the non-neuronal derived main olfactory epithe-
lium (MOE) in mice. The OB shows a robust and reproducible parent-of-origin effect in
expression of a number of genes, whereas this bias was observed less frequently in the MOE,
consistent with previous studies suggesting enrichment of imprinted gene expression in the
brain [13, 19-21].

Besides canonical imprinting with monoallelic expression, we confirmed a new type of
imprinted genes with consistent maternal or paternal allelic bias (e.g. Trappc9, H13), and iden-
tified genes of parental allelic bias with high variability across individuals (e.g. Cyplal,
Gm14097). Some of these genes are novel (e.g. Cyplal) whereas others have been character-
ized with variable results in previous imprinting studies, e.g. Cdh15, Eif2c2 (Ago2) and Trappc9
[4, 5, 35]. P450-type monooxygenase gene Cyplal (Fig 2A and 2B), does not reside near a
known imprinted region and is possibly regulated by a different, stochastic process for its alle-
lic biased expression [46], whereas Trappc9 shows consistent, maternally-biased, brain-specific
allelic biased expression [12, 13] and resides in the characterized Pegl3-Kcnk9 imprinting clus-
ter regulated by the intronic long non-coding RNA Pegl3. Without single-cell level single-mol-
ecule imaging data or single-cell allele-specific RNA-sequencing data, we cannot know
whether all cells in the relevant regions are allelically biased for Trappc9 or whether some cells
are fully imprinted and others fully biallelic.
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Microcephaly and intellectual disability are amongst the most common features of patients
with TRAPPCY mutations and similar decreases in brain size and behavioral changes are
observed in homozygous Trappc9 deficient mice. Size reductions are observed in multiple
regions including the cortex (10-25% reduction), thalamus (-16%), hippocampus (-18%) and
most noticeably the substantia nigra (-49%). It is currently difficult to ascribe specific
Trappc9-deficiency phenotypes to anomalies in discrete brain regions. Besides a function in
cellular membrane trafficking which might be important for neurosecretory cells, particularly
those in the hypothalamus, TRAPPC9 is suggested to play a role in NF-xB signaling [23], a
pathway critical to neuronal cell differentiation and myelin formation [47]. An impairment in
NF-kB-dependent neurite outgrowth might thus underlie defects in brain development and
reductions in brain size in general and volume of the cerebral regions and corpus callosum in
Trappc9/TRAPPC9-deficient mice and human.

One of our most striking observations is that reductions in brain size and exploratory activ-
ity in Trappc9 heterozygous knock-out mice correlate with its allelic biased expression in the
brain. Trappc9-deficiency phenotypes are thus inherited in the mice lacking the maternal-
(Trappc9 ™"P*, 30% remaining Trappc9 expression), but not the paternal Trappc9 allele
(Trappc9 ™7, 70% remaining expression). It is currently unclear whether Trappc9 is
imprinted throughout the entire brain or only in specific regions and/or cell types. Future
studies will aim to understand the importance of Trappc9 function and imprinting within indi-
vidual brain regions and cell types.

Besides microcephaly, obesity is a common feature in TRAPPC9 deficient patients (12/23
patients) [31] and this phenotype is recapitulated in the Trappc9 deficient mouse model. Like
the microcephaly phenotype, the obesity phenotype manifests in a parent-of-origin dependent
manner. Heterozygous knock-out mice lacking the maternal allele (Trappc9 ™/?*
notype similar to the homozygous null mice, whereas those lacking the paternal allele (Trappc9
™*+/P°) are phenotypically normal. A dysfunctional imprinted gene network has been associated
with an epigenetically regulated bi-model distribution of obesity, triggered by Trim28 haploin-
sufficiency, in both mice and human [48]. Trappc9 was among a group of down-regulated
genes that specified the obese state, suggesting a link between Trappc9 expression and Trim28-
related epigenetic regulatory mechanisms. As Trappc9 imprinting occurs specifically in the
brain and not in other tissues [12, 13], we reason that this parent-of-origin dependent obesity
phenotype is most likely to be driven by disruption of the regulatory pathways in the brain. A
potential dysregulation in the neuronal feeding circuitry is reinforced by the clear hyperphagia
seen in the TRAPPC9 deficient child with cognitive defects and severe obesity, as it is well rec-
ognized that the major regulatory centers for appetitive behavior reside in central nervous sys-
tem such as the hypothalamus. Future studies including loss of Trappc9 within selected
neuronal circuits and cell types are required to examine the role of Trappc9 and its imprinting
upon the feeding circuits in the brain. With a putative cellular role of Trappc9 in anterograde
vesicular protein trafficking [22], pathways involving the processing and secretion of anorexi-
genic neuropeptides are likely to be of particular interest.

Sex- specific differences in body weight are common in phenotypic metabolic studies and
have been reported in many other model organisms with disruption of the central nervous sys-
tem based signaling systems; for example, studies based around TrkB [49], GABA [50] and
Tmem18 [51]. The mechanisms behind the sex-specific differences in body weight in our
study remain to be fully determined, although gonadal derived hormones are likely to be an
important factor [52].

Although the Pegl3-Kcnk9 imprinting cluster is conserved in humans, imprinting of
human TRAPPC9 remains controversial [32]. All TRAPPC9-deficiency patients reported to
date carry composite homozygous TRAPPC9 mutations [27] or compound heterozygous

) show a phe-
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mutations [31]. Even so, if conclusions from our mouse model can be extended, heterozygous
carriers of the maternal mutant allele may show subclinical TRAPPC9 related phenotypes,
including reduction in brain size, cognitive behavior and obesity, whereas carriers inheriting
the paternal mutant allele may not. These effects are easily diluted out in standard genetic anal-
yses in which carrier mutations of paternal/maternal origin are commonly pooled. Separated
phenotypic analysis of maternal and parental heterozygotes is recommended in future studies.

In summary, in this study we identified Trappc9 as a brain-specific imprinted gene, prefer-
entially expressed from the maternally-inherited chromosome. Similar to patients with
TRAPPC9-deficiency associated intellectual disability, homozygous Trappc9 deficient mice
show a reduction in brain size (microcephaly), increase in body weight and fat mass (obesity)
and behavioral abnormalities. Remarkably, these features are inherited in heterozygous knock-
out mice in a parent-of-origin dependent manner that correlates with Trappc9 allelic biased
expression in the brain. Our study yields valuable insight into the molecular pathology under-
lying human disease and suggests a physiological role for Trappc9 and its imprinting in brain
development, behavior and control of energy homeostasis.

Material and methods
Ethics statement

All animal research procedures were approved by the Wellcome Sanger Institute Animal Wel-
fare and Ethics Review Board, by the University of Cambridge Animal Welfare and Ethical
Review Body (AWERB), in accordance with UK Home Office regulations, the UK Animals
(Scientific Procedures) Act of 1986.

Clinical research studies were conducted as part of a research study protocol that was
approved by the Cambridge South Local Research Ethics Committee (reference number 03/
103). Clinical investigations were conducted in accordance with the principles expressed in the
Declaration of Helsinki. The parents of the child provided written informed consent to her
participation, in view of her learning difficulties.

Mice
Reciprocal crosses of CAST/Ei] and C57BL/6] mice were generated by Duncan Odom Group
at the Cancer Research UK Cambridge Institute and studied in the Research Support Facility
at Wellcome Sanger Institute. Trappc9<tm1a(EUCOMM)Wtsi> mutant mice were generated
by the European Conditional Mouse Mutagenesis Program (EUCOMM) and carried the
‘knockout-first’ allele (tm1a), a lacZ reporter-tagged insertion with conditional potential in
C57BL6/NTac embryonic stem cells, as described in White et al 2013 [53]. In these knockout
mice, lacZ expression was below the level of detection in the brain by beta-galactosidase stain-
ing and immunohistochemistry. Possible cause of this non-functional reporter may be exon
skipping or aberrant splicing over the lacZ cassette thus preventing its expression. Parental
allelic study cohort of Trappc9 knock-out mice were generated by heterozygous x heterozygous
mating of the Trappc9 knock-outs in order to track the parent-of-origin of the targeted allele
in the offspring. A second cohort of Trappc9 knock-out mice was used for primary phenotyp-
ing pipeline study and consisted of male and female Trappc9 null mice generated by crossing
homozygous with heterozygous knock-outs; they were compared to wild-type control groups
of the same sex.

Mice were typically group-housed with 3-5 mice per cage and were given water and diet ad
libitum, unless otherwise stated. Mice were maintained in a specific pathogen free unit on a
12hr light: 12hr dark cycle (7:30-19:30) and no twilight period, and provided with standard
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environmental enrichment of a nestlet and a cardboard tunnel. Extended information about
the study cohorts and sex of the mice used in experiments can be found in the S1 Text.

Allelic-specific transcriptomic analysis

To improve power to detect reads that are unique to each strain, Seqnature software [36] was
used to construct individualized transcriptomes for the F1 hybrids from the two reciprocal
crosses, which increased transcript abundance and read mapping accuracy. CAST SNPs and
insertions and deletions (indels) of less than 100 bp were obtained from the Sanger Mouse
Genomes Project SNP and indel Release Version 4 and mm10 genome (ftp://ftp-mouse.
sanger.ac.uk/REL-1410-SNPs_Indels/). Seqnature was used to construct the CAST-specific
genome and gene annotations using Ensembl release 75 (ftp://ftp.ensembl.org/pub/release-75/
gtf/mus_musculus) Mus.musculus. GRCm38.75.gtf [54] and to construct CAST transcriptome
including all annotated isoforms. B6 and CAST transcriptomes were merged into a single
FASTA file and appended labels to track the strain-specific origin of each isoform. A bowtie
index was built using bowtie index with B6xCAST diploid transcriptome. RNA-Seq reads were
aligned to this diploid transcriptome using bowtie version 1.1.2 with parameters ‘-best’, ‘-
strata’, “-a’, “-m 100’ and ‘-v 3’. These parameters allow us to keep all read alignments with the
best alignment score with up to 3 mismatches.

To acquire accurate allelic biased expression, the gene expression was scrutinized through
analytic steps summarized in a flowchart (S2 Fig). First, stringent criteria was applied to
exclude transcripts with very low expression based on a bimodal distribution of the read fre-
quencies (S3 Fig, at least 25% probability in high expression cohort, based on the methods in
[55]). Second, transcripts with low unique reads per gene and those with inconsistent allelic
biases across biological replicates were excluded, only transcripts with >5 unique reads per
gene in both crosses were included. Finally, all unique read counts were adjusted using Expec-
tation-Maximization algorithm for Allele Specific Expression (EMASE, https://github.com/
churchill-lab/emase, [37]) to estimate allele-level effective read counts (S4 Fig). To call a gene
allelic biased/imprinted, a stringent 0.6 to 0.4 ratio was adopted as a cut-off, which was based
on the recommended method in Wang X et.al [39]. In addition, STAR version 2.4 was used to
re-align the sequenced reads to mouse reference genome GRCm38 (Ensembl annotation
release 78, December 2014), and the parent-of-origin biased expression at single-nucleic poly-
morphism (SNP) sites were visualized for all the candidate genes using the Integrative Genome
Viewer (Broad-MIT, MA, USA).

Allelic discrimination assay based on RT-qPCR

Custom designed, multiplexed TagMan MGB probes (Life Technologies, CA) were used to
validate the allelic expression bias. They selectively amplified DNA sequences with a single-
nucleic polymorphism (SNP) site difference, enabling the detection and quantification of the
abundance of cDNAs expressed from two strains within the targeted genes. Targeted SNPs
were selected based on the released sequences of CAST/Ei] genome compared to the C57BL/6]
genome in the GRCm38 version. Each candidate SNP/Indel location was checked using an in-
house MOE RNA-sequencing data and the SNPs were examined in the IGV software (Broad-
MIT) using mouse mm10 version of reference genome. Neighboring exons or UTRs were also
checked for similar expression level, because primer design may cross exon junctions.

A total of 1 ug purified RNA was reverse transcribed to cDNA using the High Capacity
RNA-to-cDNA Kit (Life Technologies, CA). Real-time qPCR reactions (1 uL cDNA in 12 uL
total volume) were performed using ABI PRISM 7900HT Fast Real-Time PCR System (Life
Technologies, CA) with optimal conditions for thermo-cycling as follows: Step 1, 95C for 10
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min; Step 2, 92C for 15 s, 60C for 60 s with Optics; repeated for 40 cycles. Real-time PCR data
were analyzed by ABI SDS 2.4.1 software. A standard curve method [56] was used to establish
linear relation between log2 ratio of expression level and ACt. cDNAs prepared from OB and
MOE of inbred CAST/Ei] (n = 4) and inbred C57BL/6] (n = 4), were mixed as the following
ratios: 8:1, 4:1, 2:1, 1:1, 1:2, 1:4 and 1:8 (C57 cDNA: CAST cDNA). Standard curves were quan-
tified together with the unknown samples in the same reaction on a 384-well PCR plate and
served as internal controls.

Brain weight assessment and neuroanatomical study

Brain weight of wild-type (+/+), paternal (m+/p-) and maternal (m-/p+) heterozygous and
homozygous (-/-) Trappc9 deficient mice were measured in adult females aged between 11 to
26 weeks. Neuroanatomical study and brain volume analysis were carried out using 4 homozy-
gous (-/-) Trappc9 deficient mice and 4 matched wild-type littermates (3 females and 1 male
per group) at 16-week of age. Mouse brain samples were fixed in 4% buffered formalin for 48
hours. Forty brain parameters in 22 distinct brain regions, made of area and length measure-
ments at Lateral 0.72mm, were taken blind to the genotype across one specific sagittal section.
Data were analyzed using two-tailed Student #-test to determine whether a brain region was
associated with neuroanatomical defect or not.

Primary phenotyping pipeline

The following tests have homozygous mutant mice and wildtype controls, as part of the Sanger
MGP phenotyping pipeline. We used the established phenotyping test methods described in
the White et al 2013 [53], with the exception that the diet used was Mouse Breeder Diet 5021
and that the pipeline presented here has 4 fewer screens (hair phenotyping, open field, hot

plate and stress induced hypothermia tests). Detailed phenotyping procedure can be found in
S1 Text.

Behavioral testing

Individual animals between 8 and 20 weeks of age were tested and monitored by EthoVision
XT 8.5 system (Noldus, Netherlands). Mice for behavioral tests had been habituated to the
handling of the experimenters for at least two sequential days. All the behavioral experiments
were carried out during the light half of the cycle.

Open field test: mice were released at the central point of an open field arena (72 cm x 72
cm X 33 cm) under bright light and were allowed to move freely for 20 minutes. A 36 cm by 36
cm square area in the center of the arena was assigned as “center” area and the rest of the arena
was assigned as “border” area. Total distance moved, time spent moving and mean velocity in
both center and border areas during the trials were recorded.

Elevated plus maze test: mice were released at the central point of a plus maze (arm size: 30

cm X 5cm x 20cm, height: 50cm above ground) under low light and allowed to freely explore
two open arms, two closed arms and the center for 10 minutes. Total distance moved, time
spent moving, latency to enter and time spent in three different areas were recorded.
Three-chamber sociability test: A L-shape three-chamber arena (36 cm x 36 cm x 33 ¢cm for
each chamber, identical in size) was used in which a “central” chamber connects to “left” and

“right” chambers by two small openings at the 12 o’clock and 3 o’clock direction, respectively.
The tests were conducted under red light. In the habituation phase, a test mouse was habitu-
ated to the central chamber for 5 min and then allowed to freely explore all three empty cham-
bers for 5 min. In the test phase, a metal cylindrical cage (with holes equally distributed on the
surface) containing a novel mouse of the same sex and genetic background (C57BL6/NTac)
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was placed in one of the chambers, whereas an identical but empty cylindrical cage was placed
in the other chamber. The test mouse was then released to the central chamber with access to
the left and right chambers at will. The duration of stay in each chamber was used to infer the
investigating time of each test mouse toward a novel conspecific (mouse in a cage) versus a
novel object (empty cage). The chance of a left or a right chamber to contain a mouse was bal-
anced. A preference index (PI) was calculated to score any preference between the two cham-
bers: PI = (duration of stay in mouse chamber- duration of stay in non-mouse chamber)/
(duration of stay in mouse chamber + duration of stay in non-mouse chamber). PI ranges
from -1 to 1.

Social recognition test: this paradigm consists of two tests and was carried out in two conse-
cutive days under red light. On day-1, a “habituation-dishabituation” test was used to assess
the olfaction detection and memory of a conspecific [45]. After exploring an empty test arena

(same size of the home cage) for 10 minutes, the test mouse was presented with an anesthetized
mouse on an odorless dish for 1 minute. This stimulus mouse was novel, of a similar weight
and age and of same sex and genetic background (C57BL6/NTac from a distant colony). By a
10-mintue interval, the same stimulus mouse was repeatedly presented to the test mouse for
four times (trial 1 to 4). In the 5 trial, a different mouse of the same sex but different strain
(1298 strain) was presented as stimulus. The investigation time, counted as total sniffing time
to any part of the body of the stimulus animal was manually scored using a built-in stopwatch
in the EthoVision XT. If the test mice showed a habituation to the familiar social stimulus and
a dishabituation to the novel social stimulus, then the day-2 test was carried out. On day-2, a
discrimination test was carried out to assess the long-term (24-hour) social memory. The test
mouse was presented with one familiar mouse (the same mice used on day-1) and one novel
mouse (from a third strain, CBA or BALB/c). The sniffing time to each stimulus mouse was
recorded as on day-1. A preference index (PI) was used to calculate any preference between
novel and familiar stimulus mice, where PI = (sniffing time to the novel stimulus—sniffing
time to the familiar stimulus) / (sniffing time to the novel stimulus + sniffing time to the famil-
iar stimulus). PI ranges from -1 to 1.

Clinical measurements

Weight and height were measured barefoot in light clothing. Whole body dual X-ray absorpti-
ometry (DEXA) (DPX software; Lunar Corp) was used to determine body composition. Ad
libitum energy intake was assessed using a 18 M] breakfast meal of known macronutrient con-
tent (50% carbohydrate, 30% fat, 20% protein) after an overnight fast; intake was expressed per
kilogram of lean body mass measured by DEXA. Basal metabolic rate was determined by indi-
rect calorimetry after a 10 hour overnight fast using an open circuit, ventilated, canopy mea-
surement system (Europa Gas Exchange Monitor; NutrEn Technology Ltd.). After adjustment
for body composition, basal metabolic rate was compared to predicted metabolic rate based on
age and sex specific equations.

Supporting information

S1 Text. Supplementary methods.
(DOCX)

S1 Fig. Reciprocal crosses for quantifying the allelic imbalance. Crosses between two distant
strains of inbred mice—CAST/EiJ and C57BL/6] - were used to generate F1 generation hybrids
with sufficient SNPs to enable accurate quantification of allelic-specific gene expression.
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CAST: CAST/Ei] (brown mice), B6: C57BL/6] (black mice).
(TIF)

S2 Fig. Flowchart view of the allelic-specific expression analysis procedure. MOE RNA
sequencing data were shown as an example.
(TIF)

S3 Fig. Bimodal distribution of high (green line) and low (red line) mean read counts in
each cross and each tissue type. Only transcripts having at least 25% probability to fall into
the high read count distribution were used to quantify the allelic-specific expression of each F1
reciprocal across in the olfactory bulb and main olfactory epithelium.

(TTF)

S4 Fig. Comparison of allelic expression ratios before (x-axis) and after (y-axis) using
EMASE adjustment for multiple mapping. Among a total 11418 genes that was quantified
with unique reads, 1369 genes (12%) would have been falsely quantified as allelic imbalance
and 212 genes (1.9%) would have been falsely omitted from further analysis without using
EMASE (shown only the olfactory bulb data in B6xCAST F1 hybrid).

(TIF)

S5 Fig. A breakdown of previous reported imprinting genes in our allelic-specific RNA
sequencing analysis. (A) Percentages of expressed, unexpressed and unannotated imprinting
genes (a total 151 genes based on ref. 41) in the olfactory bulb (OB) and main olfactory epithe-
lium (MOE). Only the high expressed genes with sufficient SNPs were quantifiable allelic-spe-
cific expression. Among the quantified allelic-specific expression, 53 genes in OB and 45 genes
in MOE were previous reported to be imprinted or as candidates for imprinting genes (light
blue). Known imprinted genes or candidate are based on ref. 41. (B) Further breakdown of
known and novel imprinted/ parental biased genes in the quantified allelic-specific expression
in two tissues. Brain-derived OB had more known imprinted genes; allelic expression in OB
were also paternally dominant.

(TIF)

S6 Fig. Gene expression levels of Trappc9 and Pegl3 in four embryonic stages and eleven
adult tissues (wild-type). (A) Trappc9 and (B) Pegl3, measured by quantitative RT-PCR
using a mouse C57 (B6) embryo and tissue cDNA panels (AMSBIO). Expression levels were
normalized to B-actin expression.

(TIF)

S7 Fig. RNA sequencing of key brain regions in Trappc9 deficient mice. (A) Trappc9 tran-
scripts abundance showed 18%, 53% and 74% reduction compared to the wild-type expression
level in hippocampus, (B) and decreased by 23%, 63% and 79% of the wild-type expression
level in hypothalamus (average expression across 5 females per genotype). (C) Volcano plot
shows the 13 differentially expressed genes (highlighted in red, FDR<0.05) in the hippocam-
pus between Trappc9 -/- and wild-types (+/+). (D) Volcano plot shows the 20 differentially
expressed genes (highlighted in red, FDR<0.05) in the hypothalamus between Trappc9 -/- and
wild-types (+/+).

(TIF)

S8 Fig. Western blots of Trappc9 protein expression. Trappc9 protein expression was
accessed in the wildtype (Wt), paternal knockout (Hetp), maternal knockout (Hetm) and
homozygous knockout (Ho). Male brains were used, n = 3 per genotype (A) hypothalamus,
(B) olfactory bulb, (C) main olfactory epithelium of Trappc9 mutant mice and wild-type
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controls. a-tubulin (A) or GAPDH (B-C) were used as loading controls.
(TIF)

S9 Fig. Gene expression levels of the nearby imprinted genes remained stable in the olfac-
tory bulb of Trappc9 deficient mice. (A) Knck9 and (B) Pegl3 expression was unchanged by
the presence of the tmla alleles (males, n = 5, p>0.05, one-way ANOVA with Dunnet’s post
hoc test against the wild- type group). (C) An upstream gene Chracl showed a ~20% upregula-
tion in the OB of maternal heterozygous knockouts but not in the OB of Trappc9 null mice.
(D) Another upstream gene Ago2 (Eif2c2) showed a ~30% upregulation in the OB of Trappc9
null mice but remained unchanged in the maternal or paternal heterozygous knockouts (*
p<0.05, ** p<0.01).

(TIF)

$10 Fig. Both male and female Trappc9 -/- mice showed a reduction of exploration in
Open Field Test (OF) and Elevated Plus Maze (EPM) Test. (A) Total distance moved (cm)
and time spent moving (s) in the open field. (B) Total distance moved (cm) and time spent
moving (s) in the elevated plus maze. Data were analysis by two-way ANOVA (genotype by
sex), followed by Sidek’s multiple comparison test between genotypes (+/+ vs. -/-). Male +/+:
n=22,-/-:n=13; Female +/+:n =9, -/-: n = 11. “Genotype” factor is highlighted in blue.
(TIF)

S11 Fig. Behavioral analysis of Trappc9 deficient mice showed no sign of anxiety in either
Open Field Test or Elevated Plus Maze Test. (A) Ratio of time spent in the center zone (total
time = 1200s). (B) Ratio of distance moved in the center zone (compared to the total distance
moved). (C) Ratio of time spent in the open arms (total time = 600s). (D) Ratio of time spent
in the closed arms (total time = 600s). One-way ANOVA with Tukey’s post hoc test. Male
mice, n = 22,12,12,13 (+/+, m+/p-, m-/p+ and -/-).

(TIF)

S12 Fig. Trappc9 deficient mice showed normal sociability. (A) In a “L-shape” three-cham-
ber apparatus, mice were allowed to choose between two chambers: one with a caged live
mouse versus another with an empty cage. (B) Time spent in the chamber containing another
mouse (“mouse chamber”), chamber with an empty cage (“non-mouse chamber”) and the
empty chamber that the test mouse was original released into (“central chamber”) were
recorded. Trappc9 homozygous knockout mice (-/-), maternal (m-/p+)/ paternal (m+/p-) het-
erozygous knockouts and wild-type littermates were compared (males, n = 15,12,11,25 respec-
tively). A preference index (PI) was calculated to score any preference between the two
chambers: PI = (duration of stay in the mouse chamber—duration of stay in the non-mouse
chamber)/(duration of stay in the mouse chamber + duration of stay in the non-mouse cham-
ber). PI ranges from -1 to 1. One-way ANOVA test with Tukey’s post hoc test: n.s. p>0.05.
(TIF)

$13 Fig. Social learning in male wild-type and Trappc9 -/- mice. Wild-type male mice
showed a significant social learning (grey line, **p<0.01, n (+/4) = 10) at Day 1 of the social
recognition test, whereas Trappc9 -/- males (purple line) failed to show such social learning
(p>0.05 between Trial 4 and Trial 5, two-tail t-test for 4 and 5 trials, n(-/-) = 9). Trappc9 -/-
males also spent significantly longer time to investigate the stimulus mice compared to the
wild-types (two-way ANOVA with repeat measurement: p<0.001 for trial and p<0.05 for
genotype), may be caused by minimal change of bedding in their home cage, which was
applied to reduce male-male aggression. Trappc9 -/- males could not be used for Day 2 test
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due to lack of social learning at Day 1.
(TIF)

S14 Fig. Physiological pipeline analysis on Trappc9 -/- male mice. Trappc9 null male mice
(Trappc9 -/-, n = 7) showed (A) an increased body weight (p<0.05, two-tailed unpaired ¢-test)
and (B) an elevated blood insulin level (p<0.05, two-tailed Mann-Whitney test) in the pheno-
typing pipeline analysis, compared to the wild-type controls. This cohort of seven male
Trappc9 - mice showed normal (C) lean and fat mass, (D) glucose tolerance and (E) levels of
triacylglycerol (TAG), cholesterol (Chol), lipoproteins (HDL and LDL), non-essential fatty
acid (Nefac) and glycerol in the blood (p>0.05, two-tailed ¢-test), except for a mild decrease in
the blood glucose level (p<0.05). Male wild-type controls: n (+/+) = 32-34, Trappc9 null mice:
n(-/-) =7. n.s. not significant.

(TIF)

S1 Table. Strain bias-olfactory receptor genes. A total of 184 olfactory receptor genes
(ORGs) in MOE that showed differential expression by strain in the analysis of allelic-specific
expression using B6 and CAST reciprocal hybrids.

(XLSX)

$2 Table. Neuroanatomical analysis. A list of the 22 distinct brain regions (40 parameters)
measured in the study. Yellow highlights the parameters significantly changed in null mice
comparing to wild-types.

(XLSX)

S1 Data. Allelic bias ratios in the olfactory bulb (OB) and major olfactory epithelium
(MOE) of F1 individuals.
(XLSX)

$2 Data. Parental allelic bias ratios of the candidate genes.
(XLSX)

$3 Data. Allelic Discriminant Assay validates parental allelic biased gene expression.
(XLSX)

$4 Data. Trappc9 mRNA abundance in the mutant mice.
(XLSX)

S5 Data. Brain weight data.
(XLSX)

S$6 Data. Behavioral experiments data.
(XLSX)

S7 Data. Phenotyping pipeline metabolism data.
(XLSX)

S8 Data. Parent-of-origin effect on body weight data.
(XLSX)

Acknowledgments

We thank Odom Group (Cancer Research UK Cambridge) for providing CAST/EiJ and
C57BL/6] F1 hybrid mice, members of the Sanger Institute Mouse Pipelines teams and the
Research Support Facility for the provision, management and primary pipeline data of the
mice, and members of Logan Group for experimental support and discussion. We are grateful

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 22/26


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s017
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s018
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s019
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s020
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s021
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s022
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s023
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s024
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008916.s025
https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS

Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

to Dr. D.J.H. van den Boomen (Cambridge Institute for Medical Research) for critical revi-
sions of the manuscript and Profs. E. B. Keverne and A. Surani (University of Cambridge) for
fruitful discussion.

Author Contributions
Conceptualization: Zhengzheng S. Liang, Darren W. Logan.

Data curation: Zhengzheng S. Liang, Irene Cimino, Binnaz Yalcin, Narayanan Raghupathy,
Valerie E. Vancollie, Ximena Ibarra-Soria, Helen V. Firth, I. Sadaf Faroogqi, Steven C. Mun-
ger, Anthony P. Coll, Darren W. Logan.

Formal analysis: Zhengzheng S. Liang, Irene Cimino, Binnaz Yalcin, Narayanan Raghupathy,
Valerie E. Vancollie, Ximena Ibarra-Soria, Helen V. Firth, 1. Sadaf Farooqi, Christopher J.
Lelliott, Steven C. Munger, Anthony P. Coll, Darren W. Logan.

Funding acquisition: Zhengzheng S. Liang, Helen V. Firth, I. Sadaf Farooqi, Christopher J.
Lelliott, Stephen O’Rahilly, Anthony P. Coll, Darren W. Logan.

Investigation: Zhengzheng S. Liang, Irene Cimino, Binnaz Yalcin, Helen V. Firth, I. Sadaf Far-
o0oqi, Christopher J. Lelliott, Steven C. Munger, Anthony P. Coll, Darren W. Logan.

Methodology: Zhengzheng S. Liang, Binnaz Yalcin, Narayanan Raghupathy, Valerie E. Van-
collie, Ximena Ibarra-Soria, Helen V. Firth, Debra Rimmington, I. Sadaf Farooqi, Christo-
pher J. Lelliott, Steven C. Munger, Anne C. Ferguson-Smith, Darren W. Logan.

Resources: Valerie E. Vancollie.
Software: Narayanan Raghupathy, Steven C. Munger.
Supervision: Zhengzheng S. Liang, Christopher J. Lelliott, Anthony P. Coll, Darren W. Logan.

Validation: Zhengzheng S. Liang, Irene Cimino, Narayanan Raghupathy, Valerie E. Vancollie,
Anthony P. Coll.

Visualization: Zhengzheng S. Liang.
Writing - original draft: Zhengzheng S. Liang.

Writing - review & editing: Zhengzheng S. Liang, Binnaz Yalcin, Narayanan Raghupathy,
Valerie E. Vancollie, Ximena Ibarra-Soria, Helen V. Firth, I. Sadaf Farooqi, Christopher J.
Lelliott, Steven C. Munger, Anne C. Ferguson-Smith, Anthony P. Coll, Darren W. Logan.

References

1. Crowley JJ, Zhabotynsky V, Sun W, Huang S, Pakatci IK, Kim Y, et al. Analyses of allele-specific gene
expression in highly divergent mouse crosses identifies pervasive allelicimbalance. Nat Genet. 2015
Apr; 47(4):353-60. https://doi.org/10.1038/ng.3222 PMID: 25730764

2. Pinter SF, Colognori D, Beliveau BJ, Sadreyev R, Payer B, Yildirim E, et al. Allelic Imbalance Is a Prev-
alent and Tissue-Specific Feature of the Mouse Transcriptome. Genetics. 2015 Jun; 200(2):537—49.
https://doi.org/10.1534/genetics.115.176263 PMID: 25858912

3. SavovaV, Vigneau S, Gimelbrant AA. Autosomal monoallelic expression: genetics of epigenetic diver-
sity? Curr Opin Genet Dev. 2013 Dec; 23(6):642—8. https://doi.org/10.1016/j.gde.2013.09.001 PMID:
24075575

4. Bartolomei MS, Ferguson-Smith AC. Mammalian genomic imprinting. Cold Spring Harb Perspect Biol.
2011 Jul 1; 3(7).

5. Cleaton MA, Edwards CA, Ferguson-Smith AC. Phenotypic outcomes of imprinted gene models in
mice: elucidation of pre- and postnatal functions of imprinted genes. Annu Rev Genomics Hum Genet.
2014; 15:93-126. https://doi.org/10.1146/annurev-genom-091212-153441 PMID: 24898037

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 23/26


https://doi.org/10.1038/ng.3222
http://www.ncbi.nlm.nih.gov/pubmed/25730764
https://doi.org/10.1534/genetics.115.176263
http://www.ncbi.nlm.nih.gov/pubmed/25858912
https://doi.org/10.1016/j.gde.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24075575
https://doi.org/10.1146/annurev-genom-091212-153441
http://www.ncbi.nlm.nih.gov/pubmed/24898037
https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS

Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Perez JD, Rubinstein ND, Dulac C. New Perspectives on Genomic Imprinting, an Essential and Multi-
faceted Mode of Epigenetic Control in the Developing and Adult Brain. Annu Rev Neurosci. 2016 Jul 8;
39:347-84. https://doi.org/10.1146/annurev-neuro-061010-113708 PMID: 27145912

Garfield AS, Cowley M, Smith FM, Moorwood K, Stewart-Cox JE, Gilroy K, et al. Distinct physiological
and behavioural functions for parental alleles of imprinted Grb10. Nature. 2011 Jan 27; 469(7331):534—
8. https://doi.org/10.1038/nature09651 PMID: 21270893

Rienecker KDA, Chavasse AT, Moorwood K, Ward A, Isles AR. Detailed analysis of paternal knockout
Grb10 mice suggests effects on stability of social behavior, rather than social dominance. Genes Brain
Behav. 2020 Jan; 19(1):e12571. https://doi.org/10.1111/gbb.12571 PMID: 30932322

Blagitko N, Mergenthaler S, Schulz U, Wollmann HA, Craigen W, Eggermann T, et al. Human GRB10 is
imprinted and expressed from the paternal and maternal allele in a highly tissue- and isoform-specific
fashion. Hum Mol Genet. 2000 Jul 1; 9(11):1587-95. https://doi.org/10.1093/hmg/9.11.1587 PMID:
10861285

Monk D, Arnaud P, Frost J, Hills FA, Stanier P, Feil R, et al. Reciprocal imprinting of human GRB10 in
placental trophoblast and brain: evolutionary conservation of reversed allelic expression. Hum Mol
Genet. 2009 Aug 15; 18(16):3066—74. https://doi.org/10.1093/hmg/ddp248 PMID: 19487367

Yoshihashi H, Maeyama K, Kosaki R, Ogata T, Tsukahara M, Goto Y, et al. Imprinting of human
GRB10 and its mutations in two patients with Russell-Silver syndrome. Am J Hum Genet. 2000 Aug; 67
(2):476-82. https://doi.org/10.1086/302997 PMID: 10856193

Babak T, DeVeale B, Tsang EK, Zhou Y, Li X, Smith KS, et al. Genetic conflict reflected in tissue-spe-
cific maps of genomic imprinting in human and mouse. Nat Genet. 2015 May; 47(5):544-9. https://doi.
org/10.1038/ng.3274 PMID: 25848752

Perez JD, Rubinstein ND, Fernandez DE, Santoro SW, Needleman LA, Ho-Shing O, et al. Quantitative
and functional interrogation of parent-of-origin allelic expression biases in the brain. Elife. 2015 Jul 3; 4:
e07860. https://doi.org/10.7554/eLife.07860 PMID: 26140685

Kishino T, Lalande M, Wagstaff J. UBE3A/E6-AP mutations cause Angelman syndrome. Nat Genet.
1997 Jan; 15(1):70-3. https://doi.org/10.1038/ng0197-70 PMID: 8988171

Shi SQ, Bichell TJ, Ihrie RA, Johnson CH. Ube3a imprinting impairs circadian robustness in Angelman
syndrome models. Curr Biol. 2015 Mar 2; 25(5):537—45. https://doi.org/10.1016/j.cub.2014.12.047
PMID: 25660546

SunJ, Zhu G, Liu Y, Standley S, Ji A, Tunuguntla R, et al. UBE3A Regulates Synaptic Plasticity and
Learning and Memory by Controlling SK2 Channel Endocytosis. Cell Rep. 2015 Jul 21; 12(3):449-61.
https://doi.org/10.1016/j.celrep.2015.06.023 PMID: 26166566

Mardirossian S, Rampon C, Salvert D, Fort P, Sarda N. Impaired hippocampal plasticity and altered
neurogenesis in adult Ube3a maternal deficient mouse model for Angelman syndrome. Exp Neurol.
2009 Dec; 220(2):341-8. https://doi.org/10.1016/j.expneurol.2009.08.035 PMID: 19782683

Vu TH, Hoffman AR. Imprinting of the Angelman syndrome gene, UBE3A, is restricted to brain. Nat
Genet. 1997 Sep; 17(1):12-3. https://doi.org/10.1038/ng0997-12 PMID: 9288087

Bonthuis PJ, Huang WC, Stacher Horndli CN, Ferris E, Cheng T, Gregg C. Noncanonical Genomic
Imprinting Effects in Offspring. Cell Rep. 2015 Aug 11; 12(6):979-91. https://doi.org/10.1016/j.celrep.
2015.07.017 PMID: 26235621

Wang X, Sun Q, McGrath SD, Mardis ER, Soloway PD, Clark AG. Transcriptome-wide identification of
novel imprinted genes in neonatal mouse brain. PLoS One. 2008; 3(12):e3839. https://doi.org/10.1371/
journal.pone.0003839 PMID: 19052635

DeVeale B, van der Kooy D, Babak T. Critical evaluation of imprinted gene expression by RNA-Seq: a
new perspective. PLoS Genet. 2012; 8(3):1002600. https://doi.org/10.1371/journal.pgen.1002600
PMID: 22479196

Barrowman J, Bhandari D, Reinisch K, Ferro-Novick S. TRAPP complexes in membrane traffic: conver-
gence through a common Rab. Nat Rev Mol Cell Biol. 2010 Nov; 11(11):759-63. https://doi.org/10.
1038/nrm2999 PMID: 20966969

Hu WH, Pendergast JS, Mo XM, Brambilla R, Bracchi-Ricard V, Li F, et al. NIBP, a novel NIK and IKK
(beta)-binding protein that enhances NF-(kappa)B activation. J Biol Chem. 2005 Aug 12; 280
(32):29233-41. https://doi.org/10.1074/jbc.M501670200 PMID: 15951441

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, et al. Genome-wide atlas of gene
expression in the adult mouse brain. Nature. 2007 Jan 11; 445(7124):168-76. https://doi.org/10.1038/
nature05453 PMID: 17151600

Mochida GH, Mahajnah M, Hill AD, Basel-Vanagaite L, Gleason D, Hill RS, et al. A truncating mutation
of TRAPPC? is associated with autosomal-recessive intellectual disability and postnatal microcephaly.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 24/26


https://doi.org/10.1146/annurev-neuro-061010-113708
http://www.ncbi.nlm.nih.gov/pubmed/27145912
https://doi.org/10.1038/nature09651
http://www.ncbi.nlm.nih.gov/pubmed/21270893
https://doi.org/10.1111/gbb.12571
http://www.ncbi.nlm.nih.gov/pubmed/30932322
https://doi.org/10.1093/hmg/9.11.1587
http://www.ncbi.nlm.nih.gov/pubmed/10861285
https://doi.org/10.1093/hmg/ddp248
http://www.ncbi.nlm.nih.gov/pubmed/19487367
https://doi.org/10.1086/302997
http://www.ncbi.nlm.nih.gov/pubmed/10856193
https://doi.org/10.1038/ng.3274
https://doi.org/10.1038/ng.3274
http://www.ncbi.nlm.nih.gov/pubmed/25848752
https://doi.org/10.7554/eLife.07860
http://www.ncbi.nlm.nih.gov/pubmed/26140685
https://doi.org/10.1038/ng0197-70
http://www.ncbi.nlm.nih.gov/pubmed/8988171
https://doi.org/10.1016/j.cub.2014.12.047
http://www.ncbi.nlm.nih.gov/pubmed/25660546
https://doi.org/10.1016/j.celrep.2015.06.023
http://www.ncbi.nlm.nih.gov/pubmed/26166566
https://doi.org/10.1016/j.expneurol.2009.08.035
http://www.ncbi.nlm.nih.gov/pubmed/19782683
https://doi.org/10.1038/ng0997-12
http://www.ncbi.nlm.nih.gov/pubmed/9288087
https://doi.org/10.1016/j.celrep.2015.07.017
https://doi.org/10.1016/j.celrep.2015.07.017
http://www.ncbi.nlm.nih.gov/pubmed/26235621
https://doi.org/10.1371/journal.pone.0003839
https://doi.org/10.1371/journal.pone.0003839
http://www.ncbi.nlm.nih.gov/pubmed/19052635
https://doi.org/10.1371/journal.pgen.1002600
http://www.ncbi.nlm.nih.gov/pubmed/22479196
https://doi.org/10.1038/nrm2999
https://doi.org/10.1038/nrm2999
http://www.ncbi.nlm.nih.gov/pubmed/20966969
https://doi.org/10.1074/jbc.M501670200
http://www.ncbi.nlm.nih.gov/pubmed/15951441
https://doi.org/10.1038/nature05453
https://doi.org/10.1038/nature05453
http://www.ncbi.nlm.nih.gov/pubmed/17151600
https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS

Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Am J Hum Genet. 2009 Dec; 85(6):897—-902. https://doi.org/10.1016/j.ajhg.2009.10.027 PMID:
20004763

Mir A, Kaufman L, Noor A, Motazacker MM, Jamil T, Azam M, et al. Identification of mutations in
TRAPPC9, which encodes the NIK- and IKK-beta-binding protein, in nonsyndromic autosomal-reces-
sive mental retardation. Am J Hum Genet. 2009 Dec; 85(6):909—15. https://doi.org/10.1016/j.ajhg.
2009.11.009 PMID: 20004765

Marangi G, Leuzzi V, Manti F, Lattante S, Orteschi D, Pecile V, et al. TRAPPC9-related autosomal
recessive intellectual disability: report of a new mutation and clinical phenotype. Eur J Hum Genet. 2013
Feb; 21(2):229-32. https://doi.org/10.1038/ejhg.2012.79 PMID: 22549410

Philippe O, Rio M, Carioux A, Plaza JM, Guigue P, Molinari F, et al. Combination of linkage mapping
and microarray-expression analysis identifies NF-kappaB signaling defect as a cause of autosomal-
recessive mental retardation. Am J Hum Genet. 2009 Dec; 85(6):903-8. https://doi.org/10.1016/j.ajhg.
2009.11.007 PMID: 20004764

Abou Jamra R, Wohlfart S, Zweier M, Uebe S, Priebe L, Ekici A, et al. Homozygosity mapping in 64 Syr-
ian consanguineous families with non-specific intellectual disability reveals 11 novel loci and high het-
erogeneity. Eur J Hum Genet. 2011 Nov; 19(11):1161-6. https://doi.org/10.1038/ejhg.2011.98 PMID:
21629298

Kakar N, Goebel |, Daud S, Nurnberg G, Agha N, Ahmad A, et al. A homozygous splice site mutation in
TRAPPC9 causes intellectual disability and microcephaly. Eur J Med Genet. 2012 Dec; 55(12):727-31.
https://doi.org/10.1016/j.ejmg.2012.08.010 PMID: 22989526

Hnoonual A, Graidist P, Kritsaneepaiboon S, Limprasert P. Novel Compound Heterozygous Mutations
in the TRAPPC9 Gene in Two Siblings With Autism and Intellectual Disability. Front Genet. 2019;
10:61. https://doi.org/10.3389/fgene.2019.00061 PMID: 30853973

Court F, Camprubi C, Garcia CV, Guillaumet-Adkins A, Sparago A, Seruggia D, et al. The PEG13-DMR
and brain-specific enhancers dictate imprinted expression within the 8924 intellectual disability risk
locus. Epigenetics Chromatin. 2014 Mar 25; 7(1):5. https://doi.org/10.1186/1756-8935-7-5 PMID:
24667089

Tirindelli R, Dibattista M, Pifferi S, Menini A. From pheromones to behavior. Physiol Rev. 2009 Jul; 89
(3):921-56. https://doi.org/10.1152/physrev.00037.2008 PMID: 19584317

Whitlock KE. Developing a sense of scents: plasticity in olfactory placode formation. Brain Res Bull.
2008 Mar 18; 75(2—4):340-7. https://doi.org/10.1016/j.brainresbull.2007.10.054 PMID: 18331896

Gregg C, Zhang J, Weissbourd B, Luo S, Schroth GP, Haig D, et al. High-resolution analysis of parent-
of-origin allelic expression in the mouse brain. Science. 2010 Aug 6; 329(5992):643-8. https://doi.org/
10.1126/science.1190830 PMID: 20616232

Munger SC, Raghupathy N, Choi K, Simons AK, Gatti DM, Hinerfeld DA, et al. RNA-Seq alignment to
individualized genomes improves transcript abundance estimates in multiparent populations. Genetics.
2014 Sep; 198(1):59-73. hitps://doi.org/10.1534/genetics.114.165886 PMID: 25236449

Raghupathy N, Choi K, Vincent MJ, Beane GL, Sheppard KS, Munger SC, et al. Hierarchical analysis of
RNA-seq reads improves the accuracy of allele-specific expression. Bioinformatics. 2018 Jul 1; 34
(13):2177-84. https://doi.org/10.1093/bicinformatics/bty078 PMID: 29444201

Ibarra-Soria X, Nakahara TS, Lilue J, Jiang Y, Trimmer C, Souza MA, et al. Variation in olfactory neuron
repertoires is genetically controlled and environmentally modulated. Elife. 2017 Apr 25;6.

Wang X, Miller DC, Harman R, Antczak DF, Clark AG. Paternally expressed genes predominate in the
placenta. Proc Natl Acad Sci U S A. 2013 Jun 25; 110(26):10705-10. https://doi.org/10.1073/pnas.
1308998110 PMID: 23754418

Morison IM, Paton CJ, Cleverley SD. The imprinted gene and parent-of-origin effect database. Nucleic
Acids Res. 2001 Jan 1; 29(1):275-6. https://doi.org/10.1093/nar/29.1.275 PMID: 11125110

Blake A, Pickford K, Greenaway S, Thomas S, Pickard A, Williamson CM, et al. MouseBook: an inte-
grated portal of mouse resources. Nucleic Acids Res. 2010 Jan; 38(Database issue):D593-9. https://
doi.org/10.1093/nar/gkp867 PMID: 19854936

Smith RJ, Dean W, Konfortova G, Kelsey G. Identification of novel imprinted genes in a genome-wide
screen for maternal methylation. Genome Res. 2003 Apr; 13(4):558-69. https://doi.org/10.1101/gr.
781503 PMID: 12670997

Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell W, lyer V, et al. A conditional knockout
resource for the genome-wide study of mouse gene function. Nature. 2011 Jun 15; 474(7351):337—42.
https://doi.org/10.1038/nature10163 PMID: 21677750

Ashwal S, Michelson D, Plawner L, Dobyns WB, Quality Standards Subcommittee of the American
Academy of N, the Practice Committee of the Child Neurology S. Practice parameter: Evaluation of the
child with microcephaly (an evidence-based review): report of the Quality Standards Subcommittee of

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 25/26


https://doi.org/10.1016/j.ajhg.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/20004763
https://doi.org/10.1016/j.ajhg.2009.11.009
https://doi.org/10.1016/j.ajhg.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20004765
https://doi.org/10.1038/ejhg.2012.79
http://www.ncbi.nlm.nih.gov/pubmed/22549410
https://doi.org/10.1016/j.ajhg.2009.11.007
https://doi.org/10.1016/j.ajhg.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20004764
https://doi.org/10.1038/ejhg.2011.98
http://www.ncbi.nlm.nih.gov/pubmed/21629298
https://doi.org/10.1016/j.ejmg.2012.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22989526
https://doi.org/10.3389/fgene.2019.00061
http://www.ncbi.nlm.nih.gov/pubmed/30853973
https://doi.org/10.1186/1756-8935-7-5
http://www.ncbi.nlm.nih.gov/pubmed/24667089
https://doi.org/10.1152/physrev.00037.2008
http://www.ncbi.nlm.nih.gov/pubmed/19584317
https://doi.org/10.1016/j.brainresbull.2007.10.054
http://www.ncbi.nlm.nih.gov/pubmed/18331896
https://doi.org/10.1126/science.1190830
https://doi.org/10.1126/science.1190830
http://www.ncbi.nlm.nih.gov/pubmed/20616232
https://doi.org/10.1534/genetics.114.165886
http://www.ncbi.nlm.nih.gov/pubmed/25236449
https://doi.org/10.1093/bioinformatics/bty078
http://www.ncbi.nlm.nih.gov/pubmed/29444201
https://doi.org/10.1073/pnas.1308998110
https://doi.org/10.1073/pnas.1308998110
http://www.ncbi.nlm.nih.gov/pubmed/23754418
https://doi.org/10.1093/nar/29.1.275
http://www.ncbi.nlm.nih.gov/pubmed/11125110
https://doi.org/10.1093/nar/gkp867
https://doi.org/10.1093/nar/gkp867
http://www.ncbi.nlm.nih.gov/pubmed/19854936
https://doi.org/10.1101/gr.781503
https://doi.org/10.1101/gr.781503
http://www.ncbi.nlm.nih.gov/pubmed/12670997
https://doi.org/10.1038/nature10163
http://www.ncbi.nlm.nih.gov/pubmed/21677750
https://doi.org/10.1371/journal.pgen.1008916

PLOS GENETICS

Trappc9 deficiency causes parent-of-origin dependent microcephaly and obesity

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

the American Academy of Neurology and the Practice Committee of the Child Neurology Society. Neu-
rology. 2009 Sep 15; 73(11):887-97. https://doi.org/10.1212/WNL.0b013e3181b783f7 PMID:
19752457

Sanchez-Andrade G, Kendrick KM. Roles of alpha- and beta-estrogen receptors in mouse social recog-
nition memory: effects of gender and the estrous cycle. Horm Behav. 2011 Jan; 59(1):114-22. https:/
doi.org/10.1016/j.yhbeh.2010.10.016 PMID: 21056567

Arnaud P, Hata K, Kaneda M, Li E, Sasaki H, Feil R, et al. Stochastic imprinting in the progeny of
Dnmt3L-/- females. Hum Mol Genet. 2006 Feb 15; 15(4):589-98. https://doi.org/10.1093/hmg/ddi475
PMID: 16403808

Philippe O, Rio M, Malan V, Van Esch H, Baujat G, Bahi-Buisson N, et al. NF-kappaB signalling require-
ment for brain myelin formation is shown by genotype/MRI phenotype correlations in patients with Xq28
duplications. Eur J Hum Genet. 2013 Feb; 21(2):195-9. https://doi.org/10.1038/ejhg.2012.140 PMID:
22805531

Dalgaard K, Landgraf K, Heyne S, Lempradl A, Longinotto J, Gossens K, et al. Trim28 Haploinsuffi-
ciency Triggers Bi-stable Epigenetic Obesity. Cell. 2016 Jan 28; 164(3):353-64. https://doi.org/10.
1016/j.cell.2015.12.025 PMID: 26824653

Byerly MS, Swanson RD, Wong GW, Blackshaw S. Stage-specific inhibition of TrkB activity leads to
long-lasting and sexually dimorphic effects on body weight and hypothalamic gene expression. PLoS
One. 2013; 8(11):e80781. https://doi.org/10.1371/journal.pone.0080781 PMID: 24312242

Ito Y, Banno R, Shibata M, Adachi K, Hagimoto S, Hagiwara D, et al. GABA type B receptor signaling in
proopiomelanocortin neurons protects against obesity, insulin resistance, and hypothalamic inflamma-
tion in male mice on a high-fat diet. J Neurosci. 2013 Oct 23; 33(43):17166—73. https://doi.org/10.1523/
JNEUROSCI.0897-13.2013 PMID: 24155320

Larder R, Sim MFM, Gulati P, Antrobus R, Tung YCL, Rimmington D, et al. Obesity-associated gene
TMEM18 has a role in the central control of appetite and body weight regulation. Proc Natl Acad SciU S
A. 2017 Aug 29; 114(35):9421-6. https://doi.org/10.1073/pnas.1707310114 PMID: 28811369

Palmer BF, Clegg DJ. The sexual dimorphism of obesity. Mol Cell Endocrinol. 2015 Feb 15; 402:113-9.
https://doi.org/10.1016/j.mce.2014.11.029 PMID: 25578600

White JK, Gerdin AK, Karp NA, Ryder E, Buljan M, Bussell JN, et al. Genome-wide generation and sys-
tematic phenotyping of knockout mice reveals new roles for many genes. Cell. 2013 Jul 18; 154(2):452—
64. https://doi.org/10.1016/j.cell.2013.06.022 PMID: 23870131

Keane TM, Goodstadt L, Danecek P, White MA, Wong K, Yalcin B, et al. Mouse genomic variation and
its effect on phenotypes and gene regulation. Nature. 2011 Sep 14; 477(7364):289-94. https://doi.org/
10.1038/nature10413 PMID: 21921910

Hebenstreit D, Fang M, Gu M, Charoensawan V, van Oudenaarden A, Teichmann SA. RNA sequenc-
ing reveals two major classes of gene expression levels in metazoan cells. Mol Syst Biol. 2011 Jun 7;
7:497. https://doi.org/10.1038/msb.2011.28 PMID: 21654674

Chen X, Weaver J, Bove BA, Vanderveer LA, Weil SC, Miron A, et al. Allelic imbalance in BRCA1 and
BRCA2 gene expression is associated with an increased breast cancer risk. Hum Mol Genet. 2008 May
1; 17(9):1336—-48. https://doi.org/10.1093/hmg/ddn022 PMID: 18204050

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008916  September 2, 2020 26/26


https://doi.org/10.1212/WNL.0b013e3181b783f7
http://www.ncbi.nlm.nih.gov/pubmed/19752457
https://doi.org/10.1016/j.yhbeh.2010.10.016
https://doi.org/10.1016/j.yhbeh.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21056567
https://doi.org/10.1093/hmg/ddi475
http://www.ncbi.nlm.nih.gov/pubmed/16403808
https://doi.org/10.1038/ejhg.2012.140
http://www.ncbi.nlm.nih.gov/pubmed/22805531
https://doi.org/10.1016/j.cell.2015.12.025
https://doi.org/10.1016/j.cell.2015.12.025
http://www.ncbi.nlm.nih.gov/pubmed/26824653
https://doi.org/10.1371/journal.pone.0080781
http://www.ncbi.nlm.nih.gov/pubmed/24312242
https://doi.org/10.1523/JNEUROSCI.0897-13.2013
https://doi.org/10.1523/JNEUROSCI.0897-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24155320
https://doi.org/10.1073/pnas.1707310114
http://www.ncbi.nlm.nih.gov/pubmed/28811369
https://doi.org/10.1016/j.mce.2014.11.029
http://www.ncbi.nlm.nih.gov/pubmed/25578600
https://doi.org/10.1016/j.cell.2013.06.022
http://www.ncbi.nlm.nih.gov/pubmed/23870131
https://doi.org/10.1038/nature10413
https://doi.org/10.1038/nature10413
http://www.ncbi.nlm.nih.gov/pubmed/21921910
https://doi.org/10.1038/msb.2011.28
http://www.ncbi.nlm.nih.gov/pubmed/21654674
https://doi.org/10.1093/hmg/ddn022
http://www.ncbi.nlm.nih.gov/pubmed/18204050
https://doi.org/10.1371/journal.pgen.1008916

