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The Immune Signaling Adaptor LAT Contributes
to the Neuroanatomical Phenotype
of 16p11.2 BP2-BP3 CNVs

Maria Nicla Loviglio,1,6,10 Thomas Arbogast,2,10 Aia Elise Jønch,3,7 Stephan C. Collins,4

Konstantin Popadin,1,5 Camille S. Bonnet,2,6 Giuliana Giannuzzi,1 Anne M. Maillard,3,8

Sébastien Jacquemont,3,9 16p11.2 Consortium, Binnaz Yalcin,1,4 Nicholas Katsanis,2,11

Christelle Golzio,2,6,11,* and Alexandre Reymond1,11,*

Copy-number changes in 16p11.2 contribute significantly to neuropsychiatric traits. Besides the 600 kb BP4-BP5 CNV found in 0.5%–

1% of individuals with autism spectrumdisorders and schizophrenia andwhose rearrangement causes reciprocal defects in head size and

body weight, a second distal 220 kb BP2-BP3 CNV is likewise a potent driver of neuropsychiatric, anatomical, andmetabolic pathologies.

These two CNVs are engaged in complex reciprocal chromatin looping, intimating a functional relationship between genes in these re-

gions thatmight be relevant to pathomechanism.We assessed the drivers of the distal 16p11.2 duplication by overexpressing each of the

nine encompassed genes in zebrafish. Only overexpression of LAT induced a reduction of brain proliferating cells and concomitant

microcephaly. Consistently, suppression of the zebrafish ortholog induced an increase of proliferation and macrocephaly. These pheno-

types were not unique to zebrafish; Lat knockout mice show brain volumetric changes. Consistent with the hypothesis that LAT dosage

is relevant to the CNV pathology, we observed similar effects upon overexpression of CD247 and ZAP70, encoding members of the LAT

signalosome. We also evaluated whether LAT was interacting with KCTD13, MVP, and MAPK3, major driver and modifiers of the prox-

imal 16p11.2 600 kb BP4-BP5 syndromes, respectively. Co-injected embryos exhibited an increased microcephaly, suggesting the pres-

ence of genetic interaction. Correspondingly, carriers of 1.7 Mb BP1-BP5 rearrangements that encompass both the BP2-BP3 and BP4-BP5

loci showed more severe phenotypes. Taken together, our results suggest that LAT, besides its well-recognized function in T cell devel-

opment, is a major contributor of the 16p11.2 220 kb BP2-BP3 CNV-associated neurodevelopmental phenotypes.
Introduction

The 16p11.2 chromosomal band experienced a rapid

expansion of segmental duplications in hominoids and

doubled independently in length in chimpanzees and hu-

mans.1 This pattern likely arose through selection and

placed the whole region at risk for recurrent rearrange-

ments through non-allelic homologous recombination.2

Deletions (MIM: 611913) and duplications (MIM:

614671) of the 16p11.2 600 kb BP4-BP5 region are among

the most frequent causes of neurodevelopmental and

neuropsychiatric disorders.2–7 They are associated with

Rolandic epilepsy8 and mirror phenotypes on body mass

index (BMI), head circumference (HC), and brain vol-

ume.9–12 The deletion of the distal 16p11.2 220 kb BP2-

BP3 locus (MIM: 613444) is likewise enriched in individ-

uals with early-onset obesity and is also associated with
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developmental delay, intellectual disability, autism spec-

trum disorders (ASD), and schizophrenia.3,13–16 Moreover,

the BP2-BP3 deletion and reciprocal duplication have

mirror effects on BMI and HC, whereas the duplication

of this interval, like the deletion, is associated with

ASD.17 Thus, genomic rearrangements at both the

16p11.2 600 kb BP4-BP5 and the 220 kb BP2-BP3, two

loci 650 kb apart, present similar clinical patterns: large ef-

fect sizes on BMI and HC, as well as association with ASD

and other neuropsychiatric traits.

A major challenge in the interpretation of CNVs encom-

passing several genes is the identification of the locus

(loci) whose dosage sensitivity drives (drive) the pheno-

type.18 The zebrafish embryo has emerged as a powerful

in vivo model to test dosage sensitivity in neurodevelop-

mental traits, likely due to the high evolutionary conserva-

tion of key genes and pathways between humans and this
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organism.19 Macrocephaly during infancy is a recurrent

observation in ASD, while HC defects in general are com-

mon features of neurodevelopmental disorders.20,21 For

these phenotypes, the measurement of the head size of ze-

brafish embryos has served as a relevant and useful proxy

to identify genes whose dosage imbalance contributes to

the neuropathology. We used this approach to demon-

strate that the major driver of the 16p11.2 600 kb BP4-

BP5 CNV head phenotype was KCTD13 (MIM: 608947),

in epistasis with MVP (MIM: 605088) and MAPK3 (MIM:

601795),18,22 while similar studies helped understand the

genetic architecture of other CNVs.23,24

Here, we have applied in vivo modeling tools to dissect

genes that drive neuroanatomical defects associated with

the 16p11.2 220 kb BP2-BP3 CNV. This interval contains

nine single-copy genes: ATXN2L (MIM: 607931), TUFM

(MIM: 602389), SH2B1 (MIM: 608937), ATP2A1 (MIM:

108730), RABEP2 (MIM: 611869), CD19 (MIM: 107265),

NFATC2IP (MIM: 614525), SPNS1 (MIM: 612583), and

LAT (MIM: 602354). Among those, SH2B1 encodes a Src

homology adaptor protein involved in leptin and insulin

signaling.25,26 Common variants near this locus are associ-

ated with BMI, serum leptin, and body fat in genome-wide

association studies (GWASs),27–30 while rare dominant mu-

tations have been reported to cause obesity, social isola-

tion, aggressive behavior, and speech and language

delay.31 None of the CNV-contained genes have been asso-

ciated with ASD or HC defects. As such, we considered an

agnostic approach wherein we tested whether dosage

perturbation in each locus, followed by genetic inter-

action and pathway analyses, could contribute to these

phenotypes.
Material and Methods

Recruitment and Phenotyping of Individuals with

16p11.2 BP1-BP5 Rearrangements
The institutional review board of the University of Lausanne,

Switzerland, approved this study. Participants were enrolled after

informed consent and clinical assessment. For the data collected

through questionnaires, the physicians who had ordered clinical

chromosomal microarray analyses gathered information retro-

spectively and anonymously. Consequently, research-based

informed consent was not required by the institutional review

board of the University of Lausanne, which granted an exemption

for this part of the data collection.

Individuals carrying 16p11.2 1.7 Mb BP1-BP5 rearrangements2

were identified through routine etiological work-ups of individ-

uals ascertained for neurodevelopmental disorders in cytogenetic

centers. The coordinates of the rearrangements’ breakpoints

were identified by different chromosomal microarray platforms

and analyses were carried out as described9 (Table S1). We

compared BMI and HC to gender-, age-, and geographical loca-

tion-matched reference population as described.9 The mean age

of measurement of the 16p11.2 1.7 Mb BP1-BP5 individuals was

12.7 years (range 2.7–27 years, with four case subjects older than

18 years). Anthropometric measures were compared to those pub-

lished for the BP2-BP317 (n ¼ 88 and 49 unrelated deletion and
The America
duplication carriers, respectively; n ¼ 57 females in total; age

range: 0.4–78 years) and BP4-BP56 CNVs (n ¼ 317 and 180 unre-

lated deletion and duplication carriers, respectively; n ¼ 206 fe-

males in total; age range: 0.2–90 years).

In Vivo Analysis of Gene Expression and Zebrafish

Embryo Manipulations
For overexpression experiments, the human wild-type mRNAs

(CD19 [GenBank: NM_001178098], NFATC2IP [GenBank: NM_

032815], ATXN2L [GenBank: NM_007245], TUFM [GenBank:

NM_003321], ATP2A1 [GenBank: NM_004320], RABEP2

[GenBank: NM_024816], SPNS1 [GenBank: NM_032038], LAT

[GenBank: NM_001014987], SH2B1 [GenBank: NM_001145795],

CD247 [MIM: 186780] isoform1 [GenBank: NM_198053] and

isoform2 [GenBank: NM_000734], and ZAP70 [MIM: 176947]

isoform1 [GenBank: NM_001079] and isoform2 [GenBank:

NM_207519]) were cloned into the pCS2 vector and transcribed

using the SP6 Message Machine kit (Ambion). We injected 1 nL

of diluted RNA (50, 100, or 150 ng) or diluted guide RNA

(150 pg, with or without Cas9 protein, see Zebrafish Model Engi-

neering) into wild-type zebrafish embryos at the 1- to 2-cell stage

for RNAs and 1-cell stage for the CRISPR, respectively. Injected em-

bryos were fixed at 2 to 3 dpf to perform immunostaining (see

Zebrafish Whole-Mount Immunostaining) or scored at 4.5 dpf

for the head size. The proxies that were used are the measurement

of the distance between the eyes and the head size (distance from

the anterior-most part of the forebrain until the hindbrain) on a

dorsal view and brain area (from the fish mouth to the anterior

part of the trunk at the first somite) on a lateral view. All the exper-

iments were repeated three times and a t test was performed to

determine the significance of the morphant phenotype.

Zebrafish Model Engineering
CRISPR (clustered regularly interspaced short palindromic repeats)

RNA guide (gRNA) was designed with ChopChop online tool. The

guide RNA targets exon 2 of Danio rerio lat: 50-GTCCCCAGCAA

TATGTACAA-30. The oligo was cloned into the pT7 vector and

guide RNAs was synthesized using the Mega transcript kit (Ther-

mofisher) and purified as described.33 To assess CRISPR efficiency,

the targeted region was amplified by specific primers from total

DNA as described33 from 2 dpf F0 injected zebrafish embryos

(F: 50-TGCGAAATTATCCAATGCAG-30; R: 50-CATTTTAAATTGA

GCTCACACTCTTT-30). PCR products were denaturated and re-

annealed as follows: 95�C for 2 min, cooling progressively to

85�C (�2�C per second) and then 25�C (�0.1�C per second to

25�C) and finally 16�C. The PCR products were run on Criterion

precast PAGE gels (Bio-Rad) to visualize homo- and heterodu-

plexes, indicative of small indels. To estimate the fraction of

CRISPR mosaicism, one control and six injected embryos were

picked to be Sanger sequenced. From the PCR step above, DNA

was purified by gel extraction (QIAquick gel extraction kit) and

the fragments were cloned into TOPO4 vector (Invitrogen).

Plasmid DNA was extracted from ten bacterial clones per embryo

and the inserts were Sanger sequenced with M13 primers. Mosai-

cism percentage was determined as the number of sequences car-

rying an indel at the targeted guide locus sequence over the total

number of sequences read.

Zebrafish Whole-Mount Immunostaining
Animal maintenance and experiments were approved by the Ani-

mal Experimentation Committee of the Institutional Review
n Journal of Human Genetics 101, 564–577, October 5, 2017 565



Board of both the IGBMC and Duke University. Zebrafish embryos

(AB strain) were raised at 28�C and were fixed in 4% PFA overnight

and stored in 100% methanol at �20�C. For acetylated tubulin

staining, embryos were fixed in Dent’s fixative (80% methanol,

20% dimethylsulphoxide [DMSO]) overnight at 4�C. The embryos

were permeabilized with proteinase K, then postfixed with 4% PFA

and washed in PBSTX (PBSþ0.5%, Triton X-100). After rehydra-

tion in PBS, PFA-fixed embryos were washed in IF buffer (0.1%

Tween-20, 1% BSA in PBS 13) for 10 min at room temperature.

The embryos were incubated in the blocking buffer (10% FBS,

1% BSA in PBS 13) for 1 hr at room temperature. After two washes

in IF Buffer for 10 min each, embryos were incubated in the first

antibody solution, 1:750 anti-histone H3 (ser10)-R, (sc-8656-R,

Santa Cruz), 1:1,000 anti-HuC/D (A21271, Invitrogen), 1:1,000

anti-acetylated tubulin (T7451, Sigma-Aldrich), in blocking solu-

tion, overnight at 4�C. After two washes in IF Buffer for 10 min

each, embryos were incubated in the secondary antibody solution,

1:1,000 Alexa Fluor donkey anti-rabbit IgG and Alexa Fluor goat

anti-mouse IgG (A21207, A11001, Invitrogen), in blocking solu-

tion, for 1 hr at room temperature. For the anti-H3 protocol, stain-

ing levels were analyzed by counting positive cells in defined

regions of the head using the ImageJ software.
Mouse Studies
Neuroanatomical studies were performed on three 15-week-old

control male mice in C57BL/6J background and three 17-week-

old homozygous knock-out of Lat.34 Mouse brain samples were

perfused and post fixed in 4% PFA for 48 hr. Sixty-three brain pa-

rameters (area and length measurements) were measured blind to

the genotype across two coronal sections (Bregma 0.98 mm and

�1.34 mm) as described35 and data were analyzed using a Student

two-tailed equal variance test. Using in-house ImageJ plugins, we

quantified a series of cellular parameters including cell count,

cell density, total and average cell area, and ratio of the parameter

area over the cell area, in 15 regions combining white and gray

matter structures (cingulate cortex, genu and soma of the corpus

callosum, caudate putamen, anterior commissure, primary motor

cortex, secondary somatosensory cortex, retrosplenial granular

cortex, dorsal hippocampal commissure, amygdaloid nucleus,

mammillothalamic tract, piriform cortex, internal capsule, fimbria

of the hippocampus, habenula, and hypothalamus). This resulted

in an additional set of 75 cellular parameters.
Results

16p11.2 220 kb BP2-BP3 Orthologous Genes

We first assessed whether the nine genes encompassed

within the 16p11.2 220 kb BP2-BP3 region, i.e., CD19,

NFATC2IP, ATXN2L, TUFM, ATP2A1, RABEP2, SPNS1,

LAT, and SH2B1, had orthologous genes in the zebrafish

genome by performing reciprocal BLAST (basic local align-

ment search tool). Seven genes (NFATC2IP, ATXN2L,

TUFM, SH2B1, ATP2A1, RABEP2, and SPNS1) have En-

sembl-annotated orthologs in zebrafish, all mapping in a

syntenic locus on Danio rerio chromosome 3 (DRE3) in sin-

gle copy (tufm, sh2b1, axn2l, spns1, rabep2), with the excep-

tion of atp2a1, which has a paralog, atp2a1l (89% identity)

on DRE12. No ortholog could be identified for CD19,

whereas a sequence similar to LAT (27% identical and
566 The American Journal of Human Genetics 101, 564–577, Octobe
35% similar at the amino acid level) was found on DRE3

between the genes atxn2l and spns1 by low-stringency

BLAST search. LAT orthologs could be identified in mam-

mals, amphibians, reptiles, and fish but not in birds

(Figure S1B), with strong conservation of the key residues,

i.e., Cys26 and 29 that are critical for its localization in

lipid rafts36 and the phosphorylated residues Tyr161,

200, and 220 (numbering according to the human protein;

Figure S1A).

In Vivo Testing of 16p11.2 220 kb BP2-BP3 Genes

Similar to our previous studies,24,37 we generated capped

messenger RNA for the nine human genes encompassed

within the 16p11.2 220 kb BP2-BP3 interval and we

modeled the duplication by expressing each individual hu-

man transcript in zebrafish embryos. To achieve expression

above the baseline of any single transcript, we typically

used an injection amount, corresponding to 0.25%–0.5%

of the total poly(A) mRNA found in a zebrafish em-

bryo.38 Previous studies confirmed the persistence of the

injected human mRNAs in zebrafish up to 4.5 dpf.37 To

test the effect of the expression of each transcript, we in-

jected separately 50 or 100 pg of RNA encoding each of

the nine candidate genes into the zebrafish yolk at the

single- or two-cell stage. We did not observe toxicity,

lethality, or gross morphological defects upon injection,

except for CD19 and TUFM, for which the maximum

dosage that could be tested was 50 pg. Next, we determined

the level of cell proliferation in the zebrafish head at 2 dpf

by immunostaining with an anti-phospho-histone H3

antibody, a M-phase marker (Figure 1A). Injection of LAT

mRNA resulted in a significant decrease in the number of

proliferating head cells at 2 dpf (average reduction across

three replicates: �12.9%; two-tailed t test p ¼ 2.6 3

10�17); in contrast, the proliferating cells count of the em-

bryos injected with the eight other transcripts was not

significantly different from that of control embryos

(Figure 1A). Furthermore, the observed effect was dosage

dependent; increasing amounts of LAT mRNA (50 to

100 pg) resulted in a stronger reduction of cell proliferation

(Figure 1A). This decrease was specific to the brain (two-

tailed t test p ¼ 5.03 3 10�16) as no changes in cell counts

were detected in the eye (p ¼ 0.12) (Figures 1B and 1C).

This phenotype is often associated with microcephaly in

both zebrafish and humans.37,39,40 To assess this possibility

directly, we measured the head size at 4.5 dpf in control

and LAT mRNA-injected embryos. Increasing amounts of

LAT mRNA injected into zebrafish embryos (100 and

150 pg) yielded a significant reduction of the head size,

measured both as distance between the eyes and the ante-

rior-most part of the forebrain until the hindbrain of the

fish (two-tailed t test p ¼ 2.96 3 10�8, and p ¼ 3.14 3

10�5, respectively; LAT-150 pg RNA-injected embryos

compared to controls) (Figures 1D and 1E).

Higher LAT expression leads to smaller head size,

mimicking the HC phenotype found in carriers of the

16p11.2 220 kb BP2-BP3 duplication. However, as shown
r 5, 2017
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Figure 1. LAT Overexpression Is Associ-
ated with a Decrease of Cell Proliferation
in the Brain
(A) Boxplots of the number of proliferating
phospho-histone H3-stained brain cells
upon injection of human mRNA of CD19,
NFATC2IP, ATXN2L, TUFM, ATP2A1,
RABEP2, SPNS1, LAT, and SH2B1, the nine
genes mapping within the 16p11.2 220 kb
BP2-BP3 interval, in 2 dpf zebrafish em-
bryos. Each gene was assessed in different
experiments (exp) and whenever possible
using both 50 and 100 pg of mRNA (Mate-
rial and Methods). All quantifications are
performed with ImageJ software. Average
n ¼ 20 for each subgroup.
(B) Representative examples of uninjected
andLAT-injected zebrafishembryos stained
with anti-phospho-histone H3 for assess-
ment of proliferation.
(C) Boxplots of the number of phospho-
histone H3-stained cells in the whole brain
(left), the eye (center), and the brain
excluding the eye (right) upon injection
of 100 pg of human LAT in 2 dpf zebrafish
embryos. Average n ¼ 80 for each sub-
group.
(D and E) Boxplots (E) of the distance be-
tween the eye (left) and head size (i.e.,
anterior-most part of the forebrain until
the hindbrain of the fish, right) upon in-
jection of 150 pg of human LAT in
4.5 dpf zebrafish embryos. Representative
examples of uninjected and LAT-injected
animals are presented in (D). Average
n ¼ 60 per injection.
Significance was calculated by two-tailed
t test comparisons between control and
mRNA-injected embryos (*p % 0.05,
**p % 0.01, ***p % 0.001).
for other CNVs, it is unlikely that a single transcript is suf-

ficient to drive the CNV-driven pathology.18,24,37 There-

fore, we asked whether other genes within the CNV might

contribute through additive or multiplicative interactions

with LAT. We thus re-injected LAT with each of the other

eight transcripts and we determined the number of prolif-

erating cells in the brain at 2 dpf. We did not observe any

significant change in the expressivity (percentile changes

in mean count of stained cells) of the phenotype driven
The American Journal of Human Gen
by LAT injection alone (Figure 2A),

suggesting that LAT is the sole driver

of the HC phenotype in the 16p11.2

220 kb BP2-BP3 CNV and that none

of the other genes from this interval

act as modifier for the head size

phenotype, at least as determined by

this assay.

LAT Perturbation and

Neuroanatomy

We further characterized the neuro-

anatomical phenotypes induced by
the overexpression of LAT by looking at possible defects

in neuron morphology and/or neurogenesis. Acetylated

tubulin staining on 3 dpf embryos injected with 150 pg

of LAT mRNA revealed a significant reduction in the num-

ber of axon tracts projecting from the optic tecta compared

to controls (two-tailed t test p ¼ 4.4 3 10�14) (Figures 3A

and 3B). We hypothesized that the observed phenotypes

could be driven also by changes in the number of neuronal

progenitor cells in the developing brain. To test this
etics 101, 564–577, October 5, 2017 567



A

B C

Figure 2. LAT Genetically Interacts with
KCTD13, MVP, and MAPK3
(A) Boxplots of the number of proliferating
phospho-histone H3-stained brain cells
upon pairwise injections of 100 pg LAT
mRNA and 100 pg of the eight other
mRNAs encoded by the 16p11.2 BP2-BP3
genes. Co-injections of CD19, NFATC2IP,
ATXN2L, TUFM, ATP2A1, RABEP2, SPNS1,
and SH2B1 have no effect on LAT overex-
pression’s induced phenotype.
(B and C) Boxplots of the number of prolif-
erating phospho-histone H3-stained cells
in the brain upon pairwise injections of
100 pg LAT mRNA and 100 pg of
KCTD13, MVP, and MAPK3, the major
driver and modifiers of the 16p11.2
600 kb BP4-BP5 syndromes, respectively.
Additive and epistatic effects are observed
in the LAT/KCTD13 (B), LAT/MAPK3, and
LAT/MVP cocktails (C), respectively.
Average n ¼ 40 for each subgroup. Signifi-
cance was calculated by two-tailed t test
comparisons between control and mRNA-
injected embryos (*p % 0.05, **p % 0.01,
***p % 0.001).
possibility, we examined the spatial localization of HuC/D

proteins (amarker for post-mitotic neurons) in the injected

embryos and controls. As shown in Figure 3D, significant

differences were observed in the forebrain, showing an

over-representation of unilateral, reduced, and absent

HuC/D protein levels in the embryos injected with

150 pg LAT compared to control ones (Fisher’s exact test

p ¼ 1.3 3 10�14). These results suggest that LAT likely

causes the onset of microcephaly by affecting early neuro-

genesis and cell projection’s organization in the zebrafish

brain.

As LAT encodes a protein belonging to the T cell recep-

tor’s signaling module, it suggests a critical role of immune

molecules in the developing brain. In line with this, a pre-

viously uncharacterized role in regulating early neuronal

morphogenesis was assigned to CD247 (a.k.a. CD3z) and

ZAP70.41–44 Both genes encode proteins belonging to the

T cells receptor’s signaling module similar to LAT. We

observed that the overexpression of the CD247 and

ZAP70 in zebrafish embryos recapitulates the phenotype

observed upon LAT overexpression, i.e., the decreased

cell proliferation in the brain compared to control embryos

(Figure 3C). Of note, the neuronal defect is driven by

ZAP70 isoform 1 but not isoform 2, that differs from the

canonical one, at the protein level, for missing amino

acids 1–307, whereas both CD247 isoforms produce a sig-

nificant decrease in phospho-H3-stained cells (Material

andMethods and Figure S2). According to the GTEx portal,

both pairs of isoforms display similar expression profiles.

HuC/D level assessment in the forebrain of embryos in-

jected with CD247 isoform 1 and ZAP70 isoform 1 repro-

duced the same reduction observed upon injection of
568 The American Journal of Human Genetics 101, 564–577, Octobe
LAT. We found an increased severity of the phenotype

induced by CD247 overexpression compared to the other

two transcripts, both in the HuC/D and phospho-H3-stain-

ing experiments (Figures 3C and 3D). Taken together, these

data on LAT functional partners confirmed that perturba-

tion of the signaling pathwaymediated by LAT is necessary

for the proliferation and differentiation of neurons in the

developing brain. The manipulation of the expression of

the genes encoding the three complex partners LAT,

ZAP70, and CD247 in zebrafish confirms the function of

this immune T cell complex in neurogenesis, a function

that was hitherto unknown.

To assess further a possible role of LAT in neurogenesis

and in the phenotypes exhibited by carriers of 16p11.2

220 kb BP2-BP3 rearrangements, we determined the

expression pattern of lat, the zebrafish ortholog of LAT,

and we engineered a CRISPR lat mutant in zebrafish.

In situ hybridization with an antisense probe showed

that lat is expressed strongly in the developing brain

(Figure S3), in particular in mid- and hindbrain of 4 and

5 dpf embryos (Figure S3). We engineered microdeletions

in lat exon 2 using CRISPR/Cas9 and validated the pres-

ence of genetic editing in 44% of injected embryos (foun-

ders, F0) by PAGE and Sanger sequencing (Figure S4). Injec-

tions of in vitro-transcribed guide RNA and purified Cas9

protein into 1-cell stage embryos, performed in duplicate

by two investigators, followed by phenotyping at 2 dpf af-

ter phospho-H3 immunostaining, showed an increase in

the total proliferation in the brain of the F0 zebrafish larvae

injected with a cocktail of 150 pg LAT guide RNA and

150 pg Cas9 protein (average increase of þ8.6% compared

to uninjected embryos [two-sided t test, whole brain,
r 5, 2017
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Figure 3. The Overexpression of LAT and Its Signalosome Partners CD247 and ZAP70 Affects Neuron Morphology and Maturation
whereas Its Suppression Is Associated with Increase in Brain Cell Numbers and Size
(A) Dorsal views of control and LAT mRNA-injected embryos at 3 dpf stained with anti-acetylated tubulin (AcTub).
(B) Boxplots of inter-tecta axonal tracts’ count after acetylated Tubulin staining of 3 dpf control embryos and embryos injected with
150 pg of LAT. Average n ¼ 80 for each subgroup.
(C) Boxplots of phospho-histone H3 staining quantification of proliferating cells in the zebrafish brain of 2 dpf control embryos, and
embryos injected with CD247 isoform1 and ZAP70 isoform1. Average n ¼ 60 for each group.
(D) Percentage of 2 dpf embryos with normal bilateral HuC/D protein levels (white) or unilateral HuC/D (gray), ectopic (black), and ab-
sent (dark gray)/reduced protein levels (light gray) in the anterior forebrain in embryo batches injected with LAT 150 pg, CD247 100 pg,
and ZAP70 100 pg mRNAs. HuC/D levels in the anterior forebrain of the embryo injected with all three mRNAs are considerably
decreased compared to those of the control embryo.
Significance was estimated by two-tailed t test comparisons between control and mRNA-injected embryos (B and C); enrichment
of ‘‘abnormal’’ pattern of HuC/D staining in the injected embryos versus controls was calculated by Fisher’s exact test (D) (*p % 0.05,
**p % 0.01, ***p % 0.001).

(legend continued on next page)
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p ¼ 0.005, eye, p ¼ 0.3; brain without the eye, p ¼ 0.003]

and compared to gRNA alone [whole brain, p ¼ 0.007, eye,

p ¼ 0.4; brain without the eye, p ¼ 0.004]) (Figures 3E and

3F). In addition, we saw increased total brain volume in the

F0 larvae through an increase of the objective measure-

ment of interorbital distance (two-sided t test, p ¼ 1.5 3

10�15) and total brain area (two-sided t test, p ¼ 0.0003),

but not of the brain length from forebrain to hindbrain

in CRISPR/Cas9-injected larvae compared to controls (Fig-

ures 3G and 3H).

As a further test of the specificity of the phenotypes

induced by the LAT candidate and the neuroanatomical

changes observed in teleosts, we studied the neuro-

anatomy of the established Lat knockout mouse,34 amodel

generated originally to study the well-known role of Lat in

immunity34 but for which, to our knowledge, its role dur-

ing the brain development was never assessed.

Given the volumetric changes in the zebrafish transient

and stable models, we compared 63 brain histological pa-

rameters that define 16 unique brain regions between

Lat�/� and control mice (Figures 4A and 4B). Consistent

with our teleost findings, Lat deficiency is associated

with enlargement of total brain area (þ9%; p ¼ 0.039),

corpus callosum (þ33%; p ¼ 0.024), and cortex (þ13%;

p ¼ 0.012) (Figures 4C–4F). In further agreement with

our zebrafish results, the cell count in the cortex was

increased in both sections (Bregma 0.98 mm: þ11%,

p ¼ 0.04; �1.34 mm: þ13%, p ¼ 0.045) (Figures 4E and

4F). By contrast, cell size, content, and density of the

habenula were decreased (�26, �23% [p < 0.01] and 9%

[p ¼ 0.006], respectively) (Figures 4G and 4H). Strikingly,

both dorsal hippocampal commissure and fimbria of

the hippocampus, two white-matter rich structures, were

linked to major reduction of cell count (44% reduction;

p ¼ 0.008 and 15%; p ¼ 0.03, respectively), accounting

in full for reduced cell density (40.8%; p ¼ 0.04 and 23%;

p ¼ 0.006, respectively) (Figure 4H).

Genetic Interaction of the 16p11.2 220 kb BP2-BP3 and

600 kb BP4-BP5 Genes

Less than 1 Mb apart and proximal to the 220 kb locus,

the 16p11.2 600 kb BP4-BP5 CNVs exhibit phenotypes

similar to those found in the distal 220 kb BP2-BP3 CNV

carriers, i.e., mirror effect on BMI and head size, and asso-

ciation with ASD and schizophrenia.2–5,9,10 The two CNVs

have also been shown to interact at the chromatin level, by

4C, FISH, Hi-C, and concomitant expression changes.17,45
(E and F) Boxplots (E) of the number of phospho-histone H3-stain
excluding the eye upon injection of 150 pg of lat guide RNA and Cas9
fish embryos (assessed in different experiments with respective uni
guide RNA and Cas9-injected animals phospho-histone H3-stained
subgroup.
(G and H) Boxplots (G) of the distance between the eyes (left), head
the fish, middle part), and head area (measured on lateral view from
injection of 150 pg of lat guide RNA and Cas9 in 4.5 dpf zebrafish
of uninjected CRISPR animals in dorsal and lateral views are present
Significance was calculated by two-tailed t test comparisons between c
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To investigate whether the two regions are also conducive

to genetic interactions, we co-injected LAT, the driver of

the HC phenotype of the BP2-BP3 CNVs, with mRNAs en-

coding KCTD13, the driver of the HC phenotype of the

BP4-BP5 CNVs, and MAPK3 or MVP, modifiers of the

same BP4-BP5 HC phenotype, and we evaluated the num-

ber of proliferating cells. Single injections of LAT and

KCTD13 led to a decreased number of proliferating cells

in the brain ranging from 10% to 18%, respectively.

When combined, the severity of the phenotype increased

to 25% when LAT was co-injected with KCTD13, 20%

with MAPK3, and 22% with MVP (Figures 2B and 2C). Of

note, the two modifiers of the BP4-BP5 CNV, MAPK3 and

MVP, do not drive any significant reduction in cell prolifer-

ation when overexpressed alone, as shown previously37

and reassessed in this study (Figure 2C).

16p11.2 1.7 Mb BP1-BP5 Phenotype

The genetic interactions between LAT, KCTD13, MAPK3,

and MVP suggest that rearrangements that encompass

both the BP2-BP3 and BP4-BP5 CNVs, i.e., from BP2 to

BP5, would produce a more detrimental effect on growth.

We are not aware of any individuals with rearrangements

spanning the 1.6 Mb BP2-BP5 interval, possibly because

of limited directly oriented repeat sequences that could

promote non-allelic homologous recombination between

these low-copy repeat regions (Figure 5A). As such, to test

the severity hypothesis, we assessed the phenotypic fea-

tures associated with the slightly larger 16p11.2 1.7 Mb

BP1-BP5 CNVs that encompass both the 16p11.2 220 kb

BP2-BP3 and the 600 kb BP4-BP5 intervals (Figure 5A).

We recruited and phenotyped 17 carriers of the BP1-BP5

deletion (14 probands) and five (four) of the reciprocal

duplication (Table S1), as well as four familial control sub-

jects, and we compared their BMI and HC Z-score to those

published previously for the BP2-BP317 and BP4-BP56

CNVs (Figures 5B and 5C). The BMI and HC mean Z-score

of the large 16p11.2 BP1-BP5 deletion and duplication

carriers deviated from that of the general population

(one-sided Wilcoxon test with mean equals zero, BMI

p ¼ 0.001 and p ¼ 0.25; HC p ¼ 0.039 and p ¼ 0.062 for

deletion and duplication, respectively; all p values are

nominal; Figure S5). Observing this trend, we performed

permutation analyses that confirmed significant effects:

p < 0.0001, p < 0.005, p < 0.05, p < 0.003 for BMI and

HC in deletion and duplications carriers, respectively; all

p values are adjusted for multiple testing). The reported
ed cells in the whole brain (left), the eye (center), and the brain
protein, lat guide RNA only and uninjected controls in 2 dpf zebra-
njected controls). Representative examples of uninjected and lat
for proliferation are presented in (F). Average n ¼ 60 for each

size (i.e., anterior-most part of the forebrain until the hindbrain of
the fish’s mouth until the anterior part of the trunk, right) upon

embryos compared to uninjected controls. Representative images
ed in (H), respectively. Average n ¼ 80 per subgroup.
ontrol and CRISPR embryos (*p% 0.05, **p% 0.01, ***p% 0.001).
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Figure 4. Lat Knockout Mice Present Morphological and Cellular Neuroanatomical Defects
(A and B) Schematic representation of brain regions modified in Lat�/� animal models plotted in coronal planes according to p values at
Bregma 0.98 mm (A) and �1.34 mm (B).
(C and D) Catalog of the 63 assessed brain measured in Bregma 0.98 mm (C) and �1.34 mm (D): 1, total brain area; 2, lateral ventricles;
3, cingulate cortex (Bregma 0.98 mm) and retrosplenial cortex (�1.34 mm); 4, corpus callosum; 5, caudate putamen (0.98 mm) and hip-
pocampus (�1.34 mm); 6 ¼ anterior commissure (0.98 mm) and amygdala (�1.34 mm); 7, piriform cortex; 8, motor cortex; 9, somato-
sensory cortex; 10, mammilothalamic tract; 11, internal capsule; 12, optic tract; 13, fimbria of the hippocampus; 14, habenula;
15, ventromedial hypothalamus; and 16, third ventricle. Green refers to length and black to area measurements.
(E and F) Histograms showing the percentage increase or decrease of measured brain regions in Lat�/� mice as compared to the controls
(100%) at Bregma 0.98mm (E) and�1.34mm (F).White coloring indicates a p value higher than 0.05 and gray to case subjects where the
p value could not be computed due to missing data.

(legend continued on next page)
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correlation between BMI and HC appears to have a greater

slope for the 1.7 Mb rearrangements compared to each

of the shorter CNVs (Figure 5D). Our results indicate

that the 16p11.2 1.7 Mb deletion and reciprocal duplica-

tion oppositely affect growth parameters (t test, BMI

p ¼ 0.0005; HC p ¼ 0.003). Although we were able to

collect only a few familial control subjects, the normal

range of these individuals’ anthropometric data suggest

that the effects are not familial in origin (Figure S5).

Despite power limitations due to cohort size, the

observed BMI of carriers of 1.7 Mb rearrangements is

nonetheless more severely altered than that of corre-

sponding carriers of deletion and duplication of the

16p11.2 220 kb BP2-BP3 and 600 kb BP4-BP5 regions,

respectively (Wilcoxon test, BMI of the 1.7 Mb deletion

carriers compared to the 220 kb BP2-BP3, p ¼ 0.14;

compared to the 16p11.2 600 kb BP4-BP5, p ¼ 0.05,

and BP2-3 and BP4-5 effects together, p ¼ 0.062;

similarly for their duplications, p ¼ 0.203, p ¼ 0.089,

p ¼ 0.104, respectively). A possibly additive effect could

also be identified for the 1.7 Mb duplications on HC,

particularly compared to the 600 kb CNV carriers

(p ¼ 0.375, p ¼ 0.076, p ¼ 0.099), in agreement with

the hypothesis that aneuploidy of the genes of the entire

region could be more detrimental (Figure 5).
Discussion

Several groups have reported associations between the

16p11.2 600 kb BP4-BP5 and 220 kb BP2-BP3 rearrange-

ments and loss of IQ points, ASD, schizophrenia,

and dosage-dependent mirror phenotypes of HC and

BMI.2,4,6,7,9,15,17 As shown by 4C-seq, FISH, and Hi-C, the

two 16p11.2 CNV-prone regions are reciprocally engaged

in evolutionary-conserved complex chromatin looping,

as well as coordinated expression of encompassed

genes.17,45 Here we assessed whether these findings were

paralleled by genetic interactions between the 28 and 9

single-copy genes within the 16p11.2 600 kb BP4-BP5

and 220 kb BP2-BP3 intervals, respectively. Our zebrafish

and mouse data indicate that LAT (linker for activation of

T cells) is a major driver of the 16p11.2 220 kb BP2-BP3

CNV head size phenotype, a pathology seen consistently

in CNV carriers, where the duplication is associated with

microcephaly and the deletion is associated with macroce-

phaly. Further, we found that LAT interacts genetically

with three genes of the 16p11.2 600 kb BP4-BP5 interval.

The effects on head size appear additive with KCTD13

and epistatic with MVP and MAPK3. Of note, chromatin

conformation capture showed that the promoter of

LAT 4C-seq viewpoint contacts genes in the 600 kb
(G) Representative coronal brain images of wild-type (left) and Lat�/�

smaller area of habenula in knockouts when compared to matched w
(H) Areas in which cell counts were significantly affected. Bar graph s
bars). *p < 0.05, **p < 0.005.
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interval, in particular MAPK3, TAOK2 (MIM: 613199),

ALDOA (MIM: 103850), INO80E (GenBank: NM_173618),

KCTD13, and MVP.17 Notably, LAT was, after MVP, the

viewpoint whose contacted genes had the highest enrich-

ment in ASD-associated genes.17

Growing evidence points to intimate connections be-

tween the immune and nervous systems. Disrupting the

fine regulation between circulating immune cells, macro-

phages, microglia, and neurons or the imbalance in im-

mune molecules can cause a pro-inflammatory skew and

produce changes in neuronal function.46,47 Several im-

mune-related molecules have been shown to have pleio-

tropic functions in the brain that can directly influence

synaptic function.48,49 LAT encodes a transmembrane

adaptor protein with a role in the development, activation,

and maintenance of T cells.34 It is modulated by CD247

and ZAP70 tyrosine phosphorylation upon TCR activa-

tion and controls signal diversification and amplifica-

tion.50 Consistent with this observation, overexpression

of these two genes phenocopies the overexpression of

LAT, i.e., decreases cell proliferation in the zebrafish devel-

oping brain. These phenotypes are not restricted to zebra-

fish: Lat�/� mice also show alterations in several brain

regions including cortex and habenula, a structure that

plays a central role in the positive and negative reinforce-

ments of the reward process.51–53 Cd247�/� mice show

brain morphological defects, in particular reduced gluta-

matergic synaptic activity in the retina54 and synaptic plas-

ticity in the hippocampus,41 as well as impaired learning

and memory, a T cell-independent mechanism.44 In zebra-

fish, ZAP70 is expressed ubiquitously in early develop-

ment, and highly and specifically in the head from the

16-somite stage, with low expression level throughout

the rest of the embryo.55

Three related individuals with homozygote loss of func-

tion of LAT presented with combined immunodeficiency

and autoimmune diseases.56 Consistent with our findings

of a genetic interaction effect of co-overexpression of

LAT and MAPK3, residual T cells of these individuals

lacked MAPK/ERK (extracellular signal-regulated kinase)

signaling.56 The product ofMVP that also genetically inter-

acts with LAT has been postulated to act as a scaffold that

modulates MAPK/ERK signaling.57,58 Evidence is accumu-

lating that it might be involved in the regulation of

important cell signaling pathways, including PI3K/AKT,

based on the finding that MVP binds several phosphatases

and kinases such as PTEN,59 PTPN11 (tyrosine phospha-

tase SHP-2),58 as well as MAPK358 itself. The activity of

the PI3K was shown to be essential to the signaling capac-

ity of LAT-mediated complexes.60 In support of the

possible interplay between LAT and the BP4-BP5 mapping

loci, copy number variants of the BP4-BP5 interval was
mice (right), stained with Luxol and Nissl, showing a significantly
ild-type.

hows total cell counts for WT (dark bars) and Lat�/� animals (open
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D

Figure 5. Carriers of 16p11.2 1.7Mb BP1-BP5 Rearrangements Exhibit More Severe Phenotypes than Carriers of 16p11.2 220 kb BP2-
BP3 and 16p11.2 600 kb BP4-BP5 CNVs
(A) From top to bottom: UCSC Genome browser view of human chromosome 16 coordinates and cytobands; schematic representation
of coding genes (GENCODE v.24)72 mapping within the distal part of 16p11.2; extent of the three recurrent and clinically relevant

(legend continued on next page)
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associated with LAT differential expression in human lym-

phoblastoid cell lines.45

Our findings suggest that LAT, like CD247 and

ZAP70,41–44 plays a role in neurogenesis and that perturba-

tion of this pathwaymay lead to neurodevelopmental phe-

notypes. They also provide an interesting example of the

non-random organization of the genome61 as gene dosage

modification of (at least) one and five of the 9 and 28 genes

mapping within the 220 kb BP2-BP3 and 600 kb BP4-BP5

intervals can influence the PTEN-antagonized (phospha-

tase and tensin homolog) PI3K/AKT and Ras/MAPK path-

ways: LAT, TAOK2, that encodes a PTEN-binding MAP

kinase kinase kinase essential for dendrite morphogen-

esis,62,63 MVP, the product of which interacts with PTEN

and regulates its intracellular localization,59,64,65 MAPK3,

KCTD13,37 and CDIPT (MIM: 605893) encoding an

enzyme of the phosphatidylinositol synthesis pathway.

Consistent with this view, the genes differentially ex-

pressed in cell lines of 16p11.2 600 kb BP4-BP5 carriers

were enriched not only in pathways relevant to neurodeve-

lopmental defects and ciliopathy but also in genes

involved in phosphoinositide signaling.22 Of note, germ-

line variants in PTEN present the ASD, obesity, and macro-

cephaly triad of phenotypes,66–70 whereas those in the

Ras/MAPK signaling pathway are associated with social

impairment.71

The interactions observed at this cluster of genes, both at

the chromatin and genetic level, suggest that the CNV-

prone non-overlapping loci at 16p11.2 should be ap-

proached and studied as ‘‘connected regions’’ rather than

completely independent entities.
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and duplication (dup; right boxplots) of the 16p11.2 1.7 Mb BP1-BP5
BP5 intervals (magenta), taking into account the normal effect of ag
Jacquemont et al.9 The general population has a mean of zero.
(D) BMI plotted against head circumference (HC) of carriers of any 1
16p11.2 600 kb BP4-BP5 (bottom left, magenta), and 16p11.2 1.7 Mb
cation carriers are depicted with triangles pointing up and down, res
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Ronen, G.M., et al.; 16p11.2 European Consortium; EPICURE

Consortium; and EuroEPINOMICS Consortium (2014).

16p11.2 600 kb duplications confer risk for typical and atyp-

ical Rolandic epilepsy. Hum. Mol. Genet. 23, 6069–6080.

9. Jacquemont, S., Reymond, A., Zufferey, F., Harewood, L., Wal-

ters, R.G., Kutalik, Z., Martinet, D., Shen, Y., Valsesia, A., Beck-

mann, N.D., et al. (2011). Mirror extreme BMI phenotypes

associated with gene dosage at the chromosome 16p11.2 lo-

cus. Nature 478, 97–102.

10. Maillard, A.M., Ruef, A., Pizzagalli, F., Migliavacca, E., Hippo-

lyte, L., Adaszewski, S., Dukart, J., Ferrari, C., Conus, P., Män-

nik, K., et al.; 16p11.2 European Consortium (2015). The

16p11.2 locus modulates brain structures common to autism,

schizophrenia and obesity. Mol. Psychiatry 20, 140–147.

11. Qureshi, A.Y., Mueller, S., Snyder, A.Z., Mukherjee, P., Berman,

J.I., Roberts, T.P., Nagarajan, S.S., Spiro, J.E., Chung, W.K.,

Sherr, E.H., Buckner, R.L.; and Simons VIP Consortium

(2014). Opposing brain differences in 16p11.2 deletion and

duplication carriers. J. Neurosci. 34, 11199–11211.

12. Walters, R.G., Jacquemont, S., Valsesia, A., de Smith, A.J.,

Martinet, D., Andersson, J., Falchi, M., Chen, F., Andrieux,
The America
J., Lobbens, S., et al. (2010). A new highly penetrant form of

obesity due to deletions on chromosome 16p11.2. Nature

463, 671–675.

13. Barge-Schaapveld, D.Q., Maas, S.M., Polstra, A., Knegt, L.C.,

and Hennekam, R.C. (2011). The atypical 16p11.2 deletion:

a not so atypical microdeletion syndrome? Am. J. Med. Genet.

A. 155A, 1066–1072.

14. Guha, S., Rees, E., Darvasi, A., Ivanov, D., Ikeda, M., Bergen,

S.E., Magnusson, P.K., Cormican, P., Morris, D., Gill, M.,

et al.; Molecular Genetics of Schizophrenia Consortium; and

Wellcome Trust Case Control Consortium 2 (2013). Implica-

tion of a rare deletion at distal 16p11.2 in schizophrenia.

JAMA Psychiatry 70, 253–260.

15. Bochukova, E.G., Huang, N., Keogh, J., Henning, E., Purmann,

C., Blaszczyk, K., Saeed, S., Hamilton-Shield, J., Clayton-

Smith, J., O’Rahilly, S., et al. (2010). Large, rare chromosomal

deletions associated with severe early-onset obesity. Nature

463, 666–670.

16. Bachmann-Gagescu, R., Mefford, H.C., Cowan, C., Glew,

G.M., Hing, A.V., Wallace, S., Bader, P.I., Hamati, A., Reitnauer,

P.J., Smith, R., et al. (2010). Recurrent 200-kb deletions of

16p11.2 that include the SH2B1 gene are associated with

developmental delay and obesity. Genet. Med. 12, 641–647.

17. Loviglio, M.N., Leleu, M., Mannik, K., Passeggeri, M., Gian-

nuzzi, G., van der Werf, I., Waszak, S.M., Zazhytska, M., Rob-

erts-Caldeira, I., Gheldof, N., et al. (2016). Chromosomal

contacts connect loci associated with autism, BMI and head

circumference phenotypes. Mol. Psychiatry.

18. Golzio, C., and Katsanis, N. (2013). Genetic architecture of

reciprocal CNVs. Curr. Opin. Genet. Dev. 23, 240–248.

19. Stewart, A.M., Braubach, O., Spitsbergen, J., Gerlai, R., and

Kalueff, A.V. (2014). Zebrafish models for translational neuro-

science research: from tank to bedside. Trends Neurosci. 37,

264–278.

20. Courchesne, E., Mouton, P.R., Calhoun,M.E., Semendeferi, K.,

Ahrens-Barbeau, C., Hallet, M.J., Barnes, C.C., and Pierce, K.

(2011). Neuron number and size in prefrontal cortex of chil-

dren with autism. JAMA 306, 2001–2010.

21. Ceol, C.J., Houvras, Y., Jane-Valbuena, J., Bilodeau, S., Or-

lando, D.A., Battisti, V., Fritsch, L., Lin, W.M., Hollmann,
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