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Summary

Adaptor protein (AP) complexes mediate selective intracellular vesicular trafficking and polarized localization of somatodendritic pro-
teins in neurons. Disease-causing alleles of various subunits of AP complexes have been implicated in several heritable human disorders,
including intellectual disabilities (IDs). Here, we report two bi-allelic (c.737C>A [p.Pro246His] and c.1105A>G [p.Met369Val]) and eight
de novo heterozygous variants (c.44G>A [p.Arg15Gln], c.103C>T [p.Arg35Trp], c.104G>A [p.Arg35GIn], ¢.229delC [p.GIn77Lys*11],
¢.399_400del [p.Glu133Aspfs*37], c.747G>T [p.GIn249His], c.928—2A>C [p.?], and ¢.2459C>G [p.Pro820Arg]) in AP1G1, encoding
gamma-1 subunit of adaptor-related protein complex 1 (AP1y1), associated with a neurodevelopmental disorder (NDD) characterized
by mild to severe ID, epilepsy, and developmental delay in eleven families from different ethnicities. The AP1y1-mediated adaptor com-
plex is essential for the formation of clathrin-coated intracellular vesicles. In silico analysis and 3D protein modeling simulation predicted
alteration of AP1y1 protein folding for missense variants, which was consistent with the observed altered AP1y1 levels in heterologous
cells. Functional studies of the recessively inherited missense variants revealed no apparent impact on the interaction of AP1y1 with
other subunits of the AP-1 complex but rather showed to affect the endosome recycling pathway. Knocking out apIg1 in zebrafish leads
to severe morphological defect and lethality, which was significantly rescued by injection of wild-type AP1GI mRNA and not by tran-
scripts encoding the missense variants. Furthermore, microinjection of mRNAs with de novo missense variants in wild-type zebrafish
resulted in severe developmental abnormalities and increased lethality. We conclude that de novo and bi-allelic variants in AP1G1 are
associated with neurodevelopmental disorder in diverse populations.

Clathrin-coated vesicles mediate intra-organelle protein transport among various organelles, including endosomes,
trafficking in living cells." Adaptor proteins (APs) are lysosomes, trans-Golgi networks (TGNs), and the plasma
required for the assembly, cargo sorting, and vesicular membrane.'™* Ubiquitously expressed AP complexes,
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composed of four interacting AP subunits, are classified
into five cytosolic sub-families (AP-1-AP-5). Each of these
cytosolic heterotetramers is unique in its sub-cellular tar-
geting and cargo selection.” In humans, the AP-1 complex
is composed of two large beta-adaptin (B) and gamma-
adaptin (y) subunits, one mu-1 (u) subunit, and one small
chain sigma (o) subunit.>® AP-1 complexes are involved in
cargo sorting among endosomes, lysosomes, and TGNs in
eukaryotic cells”* and mediate basolateral sorting in polar-
ized epithelial cells”'* and transport of transmembrane
proteins to somatodendritic domains in neurons.'*'®
Loss of AP-1 complex subunits (y1, B1, u1, or ¢1) in murine
models results in either prenatal lethality or cause severe
growth deficits,”'*'°"'® highlighting their crucial role in
organ development and associated functions. In humans,
impaired functions of various subunits of AP complexes
have been associated with severe inherited disorders. For
instance, recessive loss-of-function variants in AP1B1 cause
a multi-organ disorder (MIM: 242150) with clinical mani-
festations including enteropathy, hearing impairment,
peripheral neuropathy, ichthyosis, keratodermia, photo-
phobia, epileptic encephalopathy, and intellectual
disability (ID).***°

ID affects around 3% of world population.”’ Recognized
genetic factors contribute to the etiology of 25%-50% of
ID cases, but the identification of disease-causing variants
and genes has been long impeded by the extreme genetic
heterogeneity.”>** Here, through combined clinical, ge-
netics, biochemical, and imaging efforts, we have identi-
fied and functionally characterized two homozygous
missense variants in two families of Pakistani and Italian
origin and eight different de novo heterozygous variants
in AP-1 subunit, AP1G1 (MIM: 603533), associated with
moderate to severe ID in nine families (Figure 1).

After the approval of study protocols, developed accord-
ing to the World Health Organization’s Declaration of Hel-
sinki (2013), from the institutional review boards of all the
participating institutions, written informed consents were
obtained from all the participating adults and guardians of
affected individuals and minors, while minors (ages 12 to
17 years) also signed the assent forms. Genomic DNA
was isolated from venous blood of participating individ-
uals and was analyzed by whole-exome sequencing at their
ascertaining institutes. After the identification of the
potentially pathogenic variants, the participating investi-
gators were connected through the GeneMatcher web-
site.”*

Collectively, we investigated eleven families with vari-
ants in AP1G1 (GenBank: NM_001030007.2; Figure 1).
Two bi-allelic homozygous missense variants (c.737C>A
[p.Pro246His] and c.1105A>G [p.Met369Val]) were found
in available affected individuals from two distinct families
with Italian®® (CPBO) and Pakistani (PKMR328) origins,
respectively. Moreover, eight de novo heterozygous variants
were identified in nine isolated affected individuals
from nine families (Figure 1C, Table 1), including five
missense (c.44G>A [p.Argl5GlIn], c.103C>T [p.Arg35Trp],

c.104G>A [p.Arg35Gln], ¢.747G>T [p.GIn249His|, and
€.2459C>G [p.Pro820Arg]), two frameshift (c.229delC
[p-GIn77Lys*11] and ¢.399_400del [p.Glul33Aspfs*37]),
and an intronic variant (c.928—2A>C [p.?]) that disrupts
the canonical splice acceptor site (Figure 1D). In our
cohort, two unrelated families from Poland and the United
States (families 4 and 5) had the same p.Arg35Trp variant,
while family 6 from the Netherlands had a different amino
acid substitution at the same position (p.Arg35GIn), sug-
gesting a possible mutation hot-spot. All the identified
missense variants were predicted to substitute evolu-
tionary conserved residues (Figure 1E).

These AP1G1 variants were not found in control samples
nor in publicly available various population databases,
except for the homozygous ¢.1105A>G variant that has
seven carriers listed in the gnomAD and an overall allele
frequency of 1.668 x 10~° (Table S1). According to the
gnomAD constraint parameters, AP1G1 is highly intol-
erant to variations and has a probability of intolerance to
loss of function (pLI) score of 1 (LOEUF score: 0.2) and a
missense Z score of 2.98, while the RVIS EXAC score is
—0.76 with 5™ percentile of intolerance.”®

Table 1 summarizes the core clinical features of affected
individuals with AP1G1 variants, while Table S2 specifies
developmental milestones. All individuals had neurodeve-
lopmental disorder (NDD) including global developmental
delay and ID, which varied in severity from mild to severe,
except the affected individual of family 8, who died at the
age of 22 days (Table 1). Family CPBO, enrolled from Italy,
had one living affected individual (IV:2) with severe ID
(HP: 0001249) and agenesis of corpus callosum (HP:
0001274). She requires significant supervision for activities
of daily living. Her sister (IV:1; Figure 1A) had agenesis of
corpus callosum and ornithine transcarbamylase defi-
ciency and died at the age of 2 years. The other three sib-
lings have IQ levels within normal age range. The parents
of these individuals are first cousins (Figure 1A). Another
consanguineous family, PKMR328, was enrolled from Cen-
tral Punjab, Pakistan. At the time of ascertainment, three of
the five affected individuals were alive, including two
affected brothers (IV:1 and IV:2) and their uncle (III:11;
Figure 1B). The two siblings showed moderate to severe
ID (HP: 0002342) with early onset, aggressive behavior
(HP: 0000718), speech delay (HP: 0000750), epilepsy (HP:
0001250), delayed childhood milestones (HP: 0001263),
spasticity (HP: 0001257), and decreased body weight (HP:
0004325) and had joint laxity (HP: 0002761; Table 1).
Affected individual IV:1 was unable to stand (HP:
0003698) or chew (HP: 0005216) his food at the age of
19 years. By parents’ report, he died at age 21 years as a
result of sudden cardiac arrest (HP: 0001695); however,
clinical notes were not available to further assess the cause
of his death. Three of the father’s siblings, two of whom
died at a young age, also have/had ID (Figure 1B). Similarly,
all the probands with de mnovo variants in APIGI1
(Figure 1C), except the index affected individual of family
8, who died at the age of 22 days, presented with
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Figure 1. Homozygous as well as de novo
variants in AP1G1 cause neurodevelop-
ment disorder (NDD) with intellectual
disability and dysmorphic features

(A) Pedigree of Italian CPBO family segre-
gating intellectual disability associated
with a ¢.737C>A (p.Pro246His) variant in
AP1G1. The filled symbols represent
affected individuals, and a double horizon-
tal line connecting parents represents a
consanguineous marriage.

(B) Pedigree of Pakistani family PKMR328
segregating intellectual disabilities with
dysmorphic features associated with a ho-
mozygous c.1105A>G (p.Met369Val) allele
AP1G1 variant.

(C) Pedigrees of nine outboard families
segregating with de novo missense, frame-
shift, as well as splice variants.

(D) Schematic representation of human
API1G1 gene and protein structures along
with bi-allelic (above) and de novo (below)
variants identified in families with NDD.
Yellow hexagon represents Alpha adaptin
C2 domain, while blue rectangles marked
the exons encoding transmembrane do-
mains.

(E) Clustal W alignment revealed high
evolutionary conservation of residues
mutated in families with NDD.

acid substitutions (Figure S1). Further-
more, the variant ¢.747G>T, found in
family 9, besides substituting an
invariant glutamine residue at posi-
tion 249 with histidine (Figure 1E), is
also predicted to affect exon splicing
because of proximity to the exon-

p.(Arg15Gin)

developmental delay, mild to moderate ID, speech delay,
and behavioral problems (Tables 1 and S2). Some of these
affected individuals also had hypotonia, epilepsy, and
limb deformities (Table 1).

AP1G1 (MIM: 603533) encodes the 822 amino acid
gamma-adaptin (y) subunit of the AP-1 complex (AP1vy1).
AP1v1 is predicted to have four transmembrane domains
followed by an alpha adaptin C2 domain at the carboxy
terminus (Figure 1D), which is known to bind clathrin
and other receptors in coated vesicles. The variants of
AP1vy1 we report are predicted to have a deleterious impact
on the encoded protein function by different in silico
tools?’*! (Table S1). Similarly, our 3D protein model using
Phyre2 and PyMOL software (see web resources) and the
protein structure available on the Protein Database
(4HMY), as well as HOPE web server,*” indicate a signifi-
cant impact on the protein secondary structure, folding,
and interactions due to size and/or charge differences be-
tween the wild-type (WT) and NDD-associated amino

(Arg35Trp) p.(Pro246His (Met369Val
P-{Arg35TrP) po{ S n2aoHis) ¢ )

P(ProB20A19)  intron junction (Figure S2). We evalu-

ated the effect of this variant in vitro

by transfecting COS7 cells with con-

structs expressing WT or the
€.747G>T variant harboring AP1G1 exon 7 and examining
the corresponding RNA splicing pattern. Indeed, the
€.747G>T variant induced the skipping of exon 7
(Figure S2), most likely causing frameshift and premature
truncation of the encoded protein.

To experimentally evaluate the effect of identified
variants on the AP1y1 protein level, we transiently trans-
fected hemagglutinin (HA)-tagged clones with cDNAs of
the WT and mutant (p.Arg15GlIn, p.Arg35Trp, p.Arg35Gln,
p-GIn77Lysfs*11, p.Glul33Aspfs*37, p.Pro246His, p.Met
369Val, and p.Pro820Arg) human AP1G1 in HEK293T cells.
48 h after transfections, cells were harvested and analyzed
for protein levels. Immunoblot with anti-HA antibodies re-
vealed statistically significant differences in protein steady
state levels in HEK293T cells. AP1y1 harboring missense
variants p.ArglSGlu, p.Arg35Trp, p.Pro246His, and
p-Pro820Arg had significantly lower levels (*p < 0.04,
****p < 0.0001, **p < 0.007), while higher protein levels
were observed for p.Arg35GIn and p.Met369Val
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Table 1. Clinical features of affected individuals harboring AP1G1 variants

Family CPBO PKMR328 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9 Family 10  Family 11
Origin Italy Pakistan Germany Poland USA Dutch Dutch USA USA Dutch USA
Variant c.737C>A c.1105A>G c.44G>A c.103C>T c.103C>T c.104G>A c.299delC c.399_400del  ¢.747G>T c.928-2A>C c.2459C>G
(p.Pro246His) (p.Met369Val) (p.Arg15GIn) (p.Arg35Trp) (p.Arg35Trp) (p.Arg35GIn) (p.GIn77Lys* (p.Glul33Aspfs* (p.GIn249His) (P.? (p.Pro820Arg)
11) 37)
Variant type homozygous homozygous de novo de novo de novo de novo de novo de novo de novo de novo de novo
heterozygous heterozygous heterozygous heterozygous heterozygous heterozygous heterozygous heterozygous heterozygous
ACMG likely likely pathogenic likely pathogenic likely likely pathogenic likely pathogenic likely likely likely pathogenic likely likely
classification  pathogenic pathogenic pathogenic  pathogenic pathogenic  pathogenic
ACMG criteria PS3, PM2 PS3, PM2 PS2, PM2, PP3  PS2, PM2, PS2, PM2, PP3  PS2, PM2, PP3  PS2,PM2,PP3 PS2, PM2, PP3  PS2, PM2, PP3  PS2, PM2, PS2, PM2,
PP3 PP3 PP3

Individual® II:5, 13 years 1V:2, 19 Vi1 II:1, 7 years 1I:1 (died), 4 1II:1, 7 years II:1, 18 years 1I:1, 4 years  II:1 (died), 1I:1, 6 years 1I:1, 40 years 1II:1, 14 years

years (died), 21 years 22 days

years
Gender female male male female female male female male female male male male
Congenital yes (agenesis no no no no no hearing loss no NA pectus NA NA
anomalies of corpus excavatum
callosum)

Intellectual severe moderate moderate mild to moderate moderate moderate mild moderate NA mild moderate, yes
disability decreasing
Speech delay yes yes yes yes yes yes yes yes NA yes yes yes
Developmental yes yes yes yes yes yes yes yes NA yes yes yes
delay
Facial feature high palate prominent - normal normal eyelid hooding, no obvious frontal NA normal turricephaly NA

supraorbital long philtrum dysmorphic bossing,

ridges features prominent

forehead

Hypotonia severe yes severe moderate truncal yes yes yes; from few severe NA yes no NA

months of age

Epilepsy no yes yes yes yes single febrile no no NA yes no NA
seizure
Spasticity yes yes yes no yes no no no NA no no NA
Behavioral aggressive - aggressive aggressive, aggressive,  autism spectrum depression, aggressive/ NA autism, aggressive yes
problem hyperactivity hyperactivity disorder, self- anxiety, autism hyperactivity,
stimulatory and disinhibition, impulsivity, non-
self-injurious and compulsive compliant
behavior behavior
Eyes anomalies hypertelorism hyperemic no no strabismus  esotropia, no no NA no NA NA
epicanthus conjunctivae anisometropia,
amblyopia

(Continued on next page)



substitutions (*p < 0.01 and **p < 0.007, respectively)
when compared to HA-AP1y1W?' (Figure 2A). No protein
was observed for frameshift variants p.GIn77Lysfs*11 and
p-Glul33Aspfs*37 (Figure 2A), which could represent
either nonsense-mediated decay (NMD) of the mRNA or
protein degradation. To verify the latter mechanism, we
treated HEK293T with either protease inhibitor MG132
(20 mM) or vehicle (0.5% DMSO). After 12 h of MG132
treatment, immunoblot revealed the production of trun-
cated APlyl proteins (Figure 2B), suggesting that
p-GIn77Lysfs*11 and p.Glul33Aspfs*37 variants affect
the stability of the encoded protein at least in ex vivo con-
ditions and, thus, are loss-of-function alleles of AP1GI.

Next, we analyzed the effect of variants on the subcellular
localization of AP1y1. We first examined the protein level
and targeting of endogenous AP1y1l in rat hippocampal
neuron and oligodendrocytes as well as in COS7 cells. In
all these cell types, AP1y1 is localized primarily in the peri-
nuclear region (Figure S3). Next, HA- or GFP-tagged con-
structs were transiently transfected in COS7 cells
(Figure 2C). 48 h after transfections, cells were fixed and
immunostained with markers for clathrin heavy chain
(CLTC), early endosomes (EEA1), late endosomes (RAB11),
lysosomes (LAMP1), and TGN (mannosidase II). HA-
AP1y1"T colocalized with clathrin-coated pits marked by
CLTC (Figure 2C), recycling endosomes, lysosomes, and
TGN (data not shown) predominantly at perinuclear area,
which is consistent with the endogenous AP1y1 protein
level (Figure S3). No apparent difference in the perinuclear
distribution of HA-AP1v1P-Pr0246His op A AP1y1P-Met369Val
was observed in transiently transfected COS7 cells
compared with HA-AP1y1%WT (Figure 2C), indicating that
these variants apparently do not alter the incorporation of
AP1v1 in the AP-1 complex and the cellular distribution.
Conversely, de novo missense variants HA-AP1y1P-Ar81561
HA-AP1y1P-A835TP  and HA-AP1y1P-A8356I" formed pro-
tein aggregates, while HA-AP1y1P""°82948 had diffuse local-
ization throughout the cytoplasm (Figure 2C). Finally, con-
structs with frameshift variants generated very low
fluorescent signals (Figure 2C), confirming immunoblot
results.

Because affected individual-derived cell lines for all the
families were not available, except for family 7, we evalu-
ated possible deleterious interactions between WT AP1y1
and proteins carrying de novo variants through ex vivo over-
expression analysis. The GFP-tagged AP1G1 WT (GFP-
AP1y1"") construct was co-transfected with HA-tagged
AP1G1 constructs harboring either WT, p.Argl5Gln,
p-Arg35Trp, p.Arg35GIn, p.Pro246His, p.Met369Val, or
p-Pro820Arg variants in HEK293T cells, followed by immu-
noblot analyses 48 h after transfection. Comparison of
relative steady state levels of GFP-AP1y1"™" protein co-
transfected with HA-AP1y1W' or missense variants
harboring AP1y1, after normalization against house-keep-
ing GAPDH protein levels, did not reveal any statistically
significant differences (Figure 2D). Interestingly, immuno-
fluorescence analysis of co-transfected cells showed that

Family 11
NA

NA
NA
NA

Family 10
NA

pectus
carinatum
thoracal
kyphosis
extremities

Family 9
long fingers and long

no
no
no
toes

Family 8
NA

NA

NA

N

ear tag right
ear
hands and

Family 7
feet

no
no
no, small

Family 6
not known
widely spaced

Family 5
no
no
mild 5th finger
clinodactyly, flat toes
feet

no
no
no

Family 4

no
no
no

Family 3

no

no

lumbar
hyperlordosis

short fingers, feet no
syndactyly II-II1
bilaterally

no
not
evaluated
joint
laxity

PKMR328
no

pectus
excavatum
no

joint laxity

CPBO
low-set,
posteriorly
rotated ears
no

lumbar
scoliosis

no

Continued

NA, not available; ACMG, American College of Medical Genetics and Genomics.

?Ages at the time of last clinical examination are given.

Table 1.
Family

Ear shape
anomalies
Bony
abnormalities
Vertebral
anomalies
Limb defects
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Figure 2. Impact of NDD-associated variants on AP1y1 steady state level and targeting in heterologous cells

(A) Immunoblot revealed statistically significant differences in AP1y1 steady state levels when overexpressed levels in HEK293T cells.
AP1y1 harboring missense variants p.Arg15Glu, p.Arg35Trp, p.Pro246His, and p.Pro820Arg had significantly decreased levels (*p <
0.04, **p < 0.007, ****p < 0.0001), while slightly increased protein levels were observed for AP1y1 with p.Arg35GIn and p.Met369Val
variants (*p < 0.01 and **p < 0.007, respectively) when compared with HA-AP1y1"™. In contrast, no detectable protein was observed
for AP1v1 harboring p.GIn77Lysfs*11 and p.Glu133Aspfs*37 frameshift variants.

(B) Protease inhibitor (MG132) assay. Levels of AP1yl-truncated proteins due to p.GIn77Lysfs*11 and p.Glu133Aspfs*37 were signifi-
cantly increased in HEK293T cells treated with MG132 (20 mM) for 12 h as compared to vehicle (0.5% DMSO)-treated cells.

(C) Confocal images of COS7 cells transfected with HA-AP1v1 constructs and immunolabeled with CLTC (clathrin heavy chain marker)
and phalloidin (actin marker). HA-tagged WT AP1y1 (HA-AP1y1W") colocalizes with clathrin-coated pits predominantly at perinuclear
area. Similarly, no apparent differences in the distribution of HA-AP1y1P-Pr0246His o HA_AP1y1P-Met369Val proteins were noted. However,
AP1v1 proteins harboring de novo missense variants (HA-AP1y1P-A815G1u HA_AP1y1PAS3STP and HA-AP1y1P-A™835CI") form aggregates
in the transfected cells, and HA-AP1y1P-P7°820418 had diffuse cytoplasmic localization. Finally, as anticipated from immunoblot analysis,
no to very little protein was observed for AP1y1 with frameshift variants (p.GIn77Lysfs*11 and p.Glu133Aspfs*37). The regions magni-
fied with split channels next to each image are boxed. Scale bars: 10 pm and 2 pm (inset).

(D) Immunoblot revealed no statistically significant differences in steady state levels of GFP-AP1y when co-transfected with HA-
AP1y1l harboring either p.Argl5Glu, p.Arg35Trp, p.Arg35GlIn, p.Pro246His, p.Met369Val, or p.Pro820Arg missense variants in
HEK293T cells.

1WT

(legend continued on next page)
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only the AP1y1 proteins with the de novo missense variants
(p-Argl5GIn, p.Arg35Trp, and p.Arg35GIn) formed aber-
rant aggregates with AP1y1"V" proteins (Figure 2E). These
results suggest that heterozygous de novo missense variants
could have a toxic dominant-negative effect.

Affected individual-derived primary fibroblast cell
line was available for the proband harboring the
p-Glul33Aspfs*37 de novo variant. As observed in trans-
fected cells, immunoblot analysis revealed significant
reduction in the AP1y1 protein level in the affected indi-
vidual fibroblast cells as compared to WT controls
(Figure 2F). Unchanged levels of mutant AP1G1 mRNA
(Figure S4) confirmed that this variant affects protein sta-
bility and does not promote NMD. Besides AP1yl, we
also observed significant reduction (**p < 0.005) in the
protein levels of AP1B1 and API1pl in these cell lines
(Figure 2F). Conversely, previous studies have shown that
affected individual cell lines with loss-of-function alleles
of AP1B1 also had reduced levels of AP1y1.?° Taken
together, these results suggest that AP1yl and AP1B1
might stabilize each other in the AP-1 complex.

Next, through co-immunoprecipitation studies, we inves-
tigated the impact of AP1y1P-Pro246HiS op APy 1P-Met369Val
variants, which have no apparent impact on the localization
of encoded proteins (Figures 2C and 2E), on the AP1y1
homodimerization as well as interaction with other AP-1
complex subunits (Figure S5). HA-tagged AP1y1™7,
AP1y1P-Proz46His and AP1+y1P-Met369Val were transiently co-
transfected in HEK293T cells in various combinations along
with GFP-tagged AP1B1, AP1c1, or AP1ul. After 48 h, cells
were harvested and co-immunoprecipitation was per-
formed*® with either anti-GFP affinity or HA agarose beads.
WT as well as mutant AP1y1 proteins were able to homodi-
merize (Figure S5). Similarly, no apparent difference in the
interaction of p.Pro246His or p.Met369Val mutants with
other AP-1 complex subunits was observed as compared to
AP1y1WT (Figure S5). Although an in vivo scenario might
be different, the results of these ex vivo studies suggest that
the homozygous p.Pro246His or p.Met369Val alleles do
not prevent the formation of the AP-1 complex.

Next, we studied whether the AP-1 complex formed by
the p.Pro246His or p.Met369Val variants harboring AP1y1
is fully functional. Previous studies have shown the involve-
ment of APlyl in transferrin recycling through endo-
somes.***> Therefore, we investigated transferrin endoso-
mal recycling pathway by pulse-chase analysis®*® in COS7
cells to evaluate the impact of p.Pro246His and
p-Met369Val variants of APlyl on the overall AP-1
complex function (Figure 3). Transferrin receptors use either
fast (early endosomes) or slow routes (recycling endosomes)
to recycle between intracellular compartments and the

plasma membrane.?” Both fast and slow processes were eval-
uated with fluorescently labeled transferrin (Alexa Fluor
568 Conjugate, Thermo Fisher Scientific) and COS7 cells
transiently overexpressing GFP-tagged AP1y1W', AP1
y1P-Pro246His o Ap]y1P-Met369Val (pioyre 3 In cells overex-
pressing AP1y1"", maximum colocalization of transferrin
with EEA1 was observed right at 15 min pulse, while only
a fraction of transferrin was localized with RAB11 at this
time (Figures 3A and S6). Over time, transferrin localization
in recycling endosomes increases with a decrease in early
endosomes (Figure S7). After 1 h, very low transferrin levels
were found in both early and recycling endosomes, indi-
cating near complete removal/recycling of transferrin
from the cells (Figures 3A and S7). Importantly, we did not
observe any significant difference in the recycling of trans-
ferrin through early or recycling endosomes in cells overex-
pressing AP1y1"" as compared to non-transfected cells
(Figure S8), suggesting that overexpression did not nega-
tively impact the endosomes recycling process. When
compared with cells expressing GFP-AP1y1"", we did not
observe any statistically significant difference in recycling
of transferrin through early endosomes (marked by EEA1)
in AP1y1PPro246His o Ap1y1PMet369Val expressing cells
(Figure S6). However, when we analyzed the localization
in recycling endosomes (marked by RAB11), we found
significantly (***p < 0.00001, at 30 min) reduced transferrin
in cells overexpressing AP1vy 1P T 24His compared to neigh-
boring non-transfected cells or cells overexpressing
AP1y1WT (Figures 3A, 3B, and S7). These results suggest def-
icits in transferrin recruitment to recycling endosomes. In
contrast, in cells overexpressing AP1y1PMet369Val trang.
ferrin recruitment to recycling endosomes was similar to
AP1y1™T (Figure 3B). However, recycling out from the cells
was delayed. At45 and 60 min after pulse, significant (***p <
0.00001) transferrin positive recycling endosomes were
observed when compared to AP1y1"" cells (Figure 3B). In
short, ex vivo transferrin recycling assay indicates that the
AP1v1PFro246His yariant affects the recruitment of vesicles
from early endosomes to late endosomes, while the
p-Met369Val allele interferes with the trafficking between
recycling endosomes and plasma membrane, and thus
both variants, homozygous in NDD-affected individuals,
impair the function of the AP-1 complex.

To further gain insights about the pathogenetic mecha-
nism of bi-allelic as well as de novo missense variants
(p.Argl5GIn, p.Arg35Trp, p.Arg35GIn, p.Pro246His,
p-Met369Val, and p.Pro820Arg) of AP1v1 in vivo, we used
a zebrafish model. Zebrafish has only one ortholog, which
has 91% identity and 95% amino acid similarity with hu-
man AP1vy1. First, we obtained commercially (Wellcome
Trust Sanger Institute, Stock#sal2746) available zebrafish

(E) Confocal images of COS7 cells co-transfected with GFP-AP1y1*YTand HA- AP1y1 constructs harboring NDD-associated missense var-
iants. Only the HA- AP1y1 with de novo missense variants, HA-AP1y1P-A815G1 HAAP1y1P-A®835TP and HA-AP1y1P-A™8356I" impaired the
distribution of GFP-AP1y1"T proteins and formed large protein aggregates in the cytoplasm.

(F) Immunoblot revealed statistically significant reduced AP1y1, AP1p1, and AP1pl steady state levels in the AP1y]1P-Clu133Aspiss37
variant-harboring affected individual-derived primary fibroblast cells as compared WT control cells (**p < 0.007).
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Figure 3. AP1y1 NDD-associated variants impact the endosomal recycling pathway, evaluated via transferrin recycling

(A) COS7 cells transiently transfected with GFP-AP1y1"T, GFP-AP1y1P-Pro246His  or GFP-AP1y1P-Me36°Val and immunostained with
RAB11 to mark the recycling endosomes. Cells were pulsed with transferrin and chased for time points shown in (B). Single channels
are shown as inverted grayscale images with their respective channel color boxes. Colocalization is indicated with arrow heads and as-
terisks are indicating the absence of the respective marker. Representative images at time point O min (initiation of transferrin chase),
45 min, and 60 min are shown. Images for other studies’ time points are given in Figure S4. White rectangles marked the area enlarged
from transfected (T) or neighboring untransfected (U) cells.

(B) Quantification of colocalization pattern with Image] software at different time points revealed significant difference for both variants
compared to WT protein. In cells transfected with AP1y1"7, most of the transferrin enters in recycling endosomes, as early as 15 min,
and is recycled out after 30 min, while AP1y1P-Me369Val transfected cells were unable to recycle transferrin through recycling endosomes,
as colocalization of AP1y1 with transferrin and RAB11 was observed even at 45 min (****p < 0.00001, Student’s t test) and 60 min post
chase. In contrast, transferrin was recycled out before 30 min (****p < 0.00001) through fast recycling route from cells transfected with
AP1y1P-Pro246His and very few transferrin-positive recycling endosomes were observed at later time points. Scale bars, 10 ym and 2 pm

(inset).

mutant strain of aplgl (apl1gl ") that harbors a nonsense
codon (p.GIn77*) within exon 2 (Figure S9A) and thus rep-
resents a functional null allele. We intercrossed heterozy-
gous fish (apl1gl1*/~) to generate homozygous mutants.
However, no homozygous api1gl ~/~ mutants were recov-
ered within the progeny of 1-2 months of age, most likely
indicating the essential role of AP1v1 in zebrafish survival.
To test this hypothesis, we performed double-blind anal-
ysis of the zebrafish larvae, generated through aplgl*/~
X aplgl +/~ crosses. Investigators genotyping were not
aware of the phenotype, and those harvesting larvae did
not know the genotypes. All the larvae of these heterozy-
gous crosses were imaged on sequential days (from
2 days post fertilization [dpf] until 7 dpf) followed by gen-
otyping through Sanger sequencing (Figures 4A and S9).
We processed all the images to measure the size of the brain
sub-structures (forebrain, hindbrain, and midbrain) as well
as total body length. When compared, larvae of all three
genotypes, aplgl™™*, aplgl™~, and aplgl~~, were indis-
tinguishable from each other and no statistically signifi-
cant difference was observed in gross brain structures or
total body length until 3 dpf (data not shown). By 4 dpf,
we observed fluid accumulation (edema) in aplgl ™/~
larvae, which became worse with age (Figures 4A and

S6C), leading to eventual disintegration of the larvae. To
further assess the survival of larvae, we performed Ka-
plan-Meier analysis. No significant survival deficits were
observed in either ap1gl** or aplgl™/~ larvae, but after
4 dpf, ap1g1~/ larvae started dying and only 16% survived
until 10 dpf (****p < 0.0003, Kaplan-Meier estimator, Stu-
dent’s t test), indicating the critical requirement of AP1y1
for zebrafish survival (Figure 4B). Similar to zebrafish, a
complete knockout of AP1y1 function in mice is also em-
bryonic lethal and ApIgl ™/~ embryos only survive until
early blastocyst stage.'®

Importantly, we were able to significantly rescue the sur-
vival of ap1g1~/~ larvae with human AP1G1"" mRNA (250
pg) injected at the 1-2 cell stage (Figure 4C). The initial
depletion stage is delayed to 7 dpf, and a significantly
larger number of aplgl™~ larvae survived (****p <
0.0001) through 10 dpf (Figures 4C and S7). Rescue of
the survival phenotypes by injection of the human
AP1G1 mRNA with either ¢.737C>A (AP1y1P-Pro246tiisy oy
c.1105A>G (AP1y1P-Met369Val) yariants was not statistically
significant when compared with the uninjected aplgl /"~
larvae, further confirming the pathogenic nature of both
variants (Figures 4C and S7). Nevertheless, as compared
to uninjected aplgl~~ larvae, we did observe delay in
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Small size & 'm‘@ 5 ES ] [ nificant poor survival of the de novo variants
morphological defects 5 EN = injected larvae at 4 dpf when compared with
= 50l = i uninjected aplg1~/~. Please see Figure S7 for
I Moderate: K [~ additional experimental data graphs,
Curl body & ) = 1] includi th . iniecti f h
morphological defects ) o BS — including the microinjection of human
9 — APIG1 mRNA in all three genotypes
IV ESeieles = % 3 1| /5 (aplg1™™*, aplgl™~, and aplgl™"). Scale
Abnormal morphqlogy& Q4 ‘ . Y S el bod S bar, 400 um.
trunk deformity 0 . . s : . = : . ’ | . L .
@b & ggf éé& é?(f W@”’ “gsa@ @Qv@ 2/]32[ Invivo imctroufl{];iaqn c/)\fl?;%rélanﬁPtly Gl
&N S E & E S or mutant m sin wild-type
¥ . § ?{2\‘\ BN g A zebrafish. Representative images of result-
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on the basis of their developmental
morphology, edema, and survival.

(E) Only AP1y1-harboring de novo missense variants, p.Arg15Glu, p.Arg35Trp, and Arg35GIn, showed dominant-negative impact and
impaired the zebrafish development (***p < 0.001 and ****p < 0.0001, Student's t test) when compared with AP1y1""-injected fish.

the initial depletion stage to day 5 in aplgl /" larvae in-
jected with AP1y1P-Pro246His. op AP1y1PMeB369Val encoding
mRNAs (Figure 4C), suggesting that these variants do not
cause complete loss of AP1y1 function and might be hypo-
morphic alleles. In contrast, larvae injected with human
AP1G1 mRNA with either AP1y1P-A815GIn  Ap1,1P-A835Trp
, or AP1y1P-A18356I0 go 1noyg variants had statistically signif-
icant poor survival even when compared to uninjected
aplgl™" larvae, indicating their deleterious effect on pro-
tein function (Figures 4C and S7). Moreover, increased
lethality of ap1g1™” and aplgl™/~ larvae injected with
either APlYlpArngGln’ APl_Ylp.Arg3S’l‘rp, or APlYlp.Arg3SGln
de novo variants was observed (Figure S10), supporting
the dominant-negative nature of these variants.

Finally, larvae from AB/Tubingen (AB/TU) WT zebrafish
at the 1-2 cells stage were injected with either human
APIGI™" or missense variants (p.Argl5GIn, p.Arg35Trp,
p-Arg35GIn, p.Pro246His, p.Met369Val, and p.Pro820Arg)
harboring mRNAs (1 ng; Figure 4D). At 2 dpf, the zebrafish
larvae were subdivided into five classes (Figure 4D) on the
basis of their phenotype: normal (class I), mildly altered
(class II), moderately altered (class III), severely altered (class
IV), and dead larvae (class V). Larvae with mild phenotype
(class II) only showed tail defect, while the other classes re-

vealed moderate to severe developmental deficits, edema,
and degeneration of larvae (Figure 4D). We did not observe
statistically significant difference in the total number of
larvae from AB/TU WT zebrafish in each of the five classes
at 2 dpf after injection of human mRNAs encoding AP1y1
with p.Pro246His or p.Met369Val NDD-associated variants
(only in bi-allelic fashion) when compared with the total
number of larvae in corresponding classes after injection
of APIGI™T mRNA (Figure 4E). In contrast, the number
of class I larvae was significantly decreased (t test, ***p <
0.001 and ****p < 0.0001) after injection of human mRNAs
encoding APlyl with p.Argl5GIln, p.Arg35Trp, or
p-Arg35GIn de novo variants when compared with the total
number of class I larvae found after injection of APIGI™"
mRNA, while the class IV phenotype (abnormal
morphology and trunk deformity) was significantly higher
in larvae injected with AP1y1 with the p.Pro820Arg variant
(Figure 4E), further supporting the dominant-negative na-
ture of these variants.

AP1vy1 is among the larger subunit of AP-1 complex with
three distinct functional domains: head and trunk N-ter-
minal domain, hinge domain, and the ear domain.
AP1y1 interacts with hundreds of accessory proteins
directly or via other AP-1 subunits.'”'>*%*? Among the
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seven distinct proteins of the AP-1 complex, pathogenic
variants in four of them have been associated with various
human disorders, including ID.'??%*%*>  Similarly,
removal of many AP-1 complex subunits in animal
models, including Aplgl, results in embryonic lethality.
For instance, Ap1o2~/~ mice have reduced motor coordina-
tion with impaired synaptic recycling and memory.** The
Ap1u2~/~ mice exhibit 50% lethality by 8 weeks of age, and
there is significant growth retardation in the remaining
survivors.” The Ap1ul~’~ mice only survive until embry-
onic day 13.5.'7 Recent studies have shown involvement
of AP1y1 in immunodeficiencies**** and carcinoma path-
ways.*>*® The AP-1 adaptor complex is proven to be
important for proper trafficking of vesicular proteins and
is essential for development and function of several vital
organs, including the brain. The AP-1 complex has been
also implicated in the polarized sorting of somatodendritic
proteins within the soma or retrograde retrieval from
axons,"* ™ and interference with AP-1 complex function
results in reduced number of synapses and morphological
defects in dendritic spines.'®

Our studies provide evidence for the essential role of
AP1v1 in the normal development and cognitive function
in humans and growth in the zebrafish model. We identi-
fied de novo heterozygous and recessively inherited variants
in AP1G1 in eleven families with neurodevelopmental dis-
order. All the disease-associated variants, including
missense alleles, are present within N-terminal half and
affect the evolutionary conserved residues. The clinical
phenotypes associated with homozygous and de novo
heterozygous variants share several common neurodeve-
lopmental abnormalities, including ID, epilepsy, develop-
mental delay, speech delay, hyperactivity, and aggressive
behavior. Our functional studies suggest that the disease
mechanism for de novo missense variants could be toxic
dominant negative and, for bi-allelic variants, partial loss
of function. In zebrafish, removal of aplgl significantly
affected the development of larvae and resulted in reduced
viability. Similar to humans and the zebrafish model, the
Aplgl mutant mice also displayed highly variable pheno-
type. Mice homozygous for a null mutation of Ap1g1 died
at embryonic day 3.5, and heterozygous mice displayed a
reduced growth rate and impaired T cell development.'®
However, behavioral phenotype, neuronal function, or
brain development was not evaluated in the heterozygous
mice.'® In contrast, mice homozygous for a hypomorphic
allele (in-frame deletion of 6 bp) of Aplgl are viable and
exhibit multi-organs dysfunctions, including inner ear,
retina, thyroid, and testes abnormalities, with reduced
penetrance.'® Around 70% of the Aplgl hypomorphic
mice had behavioral deficits, while hearing loss was noted
in ~30% mutants,'® potentially indicating the role of ge-
netic background or other AP-1 complex proteins in modu-
lating the phenotypes. Nevertheless, knockin mouse
models would help elucidate the precise role of AP1y1 in
brain development and the mechanism of ID associated
with identified variants.
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