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REPORT

Recessive Mutations in AP1B1 Cause
Ichthyosis, Deafness, and Photophobia

Lynn M. Boyden,! Lihi Atzmony,?? Claire Hamilton,? Jing Zhou,? Young H. Lim,! Ronghua Hu,?
John Pappas,* Rachel Rabin,* Joseph Ekstien,> Yoel Hirsch,> Julie Prendiville,® Richard P. Lifton,!
Shawn Ferguson,” and Keith A. Choate!.2.8*

We describe unrelated individuals with ichthyosis, failure to thrive, thrombocytopenia, photophobia, and progressive hearing loss. Each
have bi-allelic mutations in API1BI, the gene encoding the B subunit of heterotetrameric adaptor protein 1 (AP-1) complexes, which
mediate endomembrane polarization, sorting, and transport. In affected keratinocytes the AP-1 B subunit is lost, and the y subunit is
greatly reduced, demonstrating destabilization of the AP-1 complex. Affected cells and tissue contain an abundance of abnormal vesicles
and show hyperproliferation, abnormal epidermal differentiation, and derangement of intercellular junction proteins. Transduction of
affected cells with wild-type AP1BI rescues the vesicular phenotype, conclusively establishing that loss of AP1B1 function causes this

disorder.

Within eukaryotic cells, vesicular transport is the main
mechanism for moving proteins between organelles. As
components of the vesicle protein coats, adaptor protein
(AP) complexes coordinate vesicle formation and cargo se-
lection at multiple sites within the endomembrane system,
which includes the trans-Golgi network (TGN), endo-
somes, lysosomes, and the plasma membrane.”* There
are at least seven AP complexes in mammals (AP-1A, -1B,
2, -3A, -3B, -4, and -5), two of which are tissue-specific
(AP-1B and -3B).> Each of these are heterotetramers
composed of two large subunits, a medium subunit, and
a small subunit. The large subunits (B along with «, v, 9,
or ¢) mediate target membrane binding and coat recruit-
ment. A medium subunit (n) contributes to cargo sorting,
and together with a small subunit (o) stabilizes the com-
plex.*

Most epithelial cells contain two types of AP-1 complex,
the ubiquitously expressed AP-1A and the epithelium-
specific AP-1B.° These complexes function in clathrin-
coated vesicle budding within the TGN and endosomes,
as well as in polarized transport of proteins to the basolat-
eral membrane.® Both AP-1 complexes are composed of P,
v, 1, and o subunits and are distinguished from one
another by the p subunit (u1A in AP-1A and plB in
AP-1B). Both share a B subunit encoded by AP1BI® (MIM:
600157, GenBank: NM_001127.3).

The entire AP1B1 protein sequence is highly conserved;
residue identity between the human sequence and that for
dogs is >98%, for chickens >95%, and for cavefish >88%,
and there is near-total orthologous conservation in the
N-terminal two-thirds of the protein. There is >84% resi-
due identity with the paralogous AP2B1, the B subunit in
AP-2 complexes. The AP1B1 probability of loss intolerance,

a constraint metric based on the difference between
observed and expected numbers of loss-of-function muta-
tions in the human gene, is 0.99 (extremely intolerant of
loss-of-function mutations).” Immunostaining reveals
that AP1B1 is expressed throughout the epidermis
(Figure S1).

The Yale Human Investigation Committee approved
the study protocol, and participants provided verbal
and written informed consent. Within a large cohort
of individuals with Kkeratinization disorders with
and without associated syndromic features, exome
sequencing revealed two individuals with recessive
loss-of-function mutations in APIBI. The mutations
were confirmed by Sanger sequencing. Individual 424
is compound heterozygous for APIB1 mutations
€.430T>C; c.2335delC (p.Cys144Arg; p.Leu779Serfs*26),
inherited from the affected individual’s mother and fa-
ther, respectively (Figure 1A). Cysteine at position 144 is
completely conserved in orthologs. Modeling of
p-Cys144Arg within the AP-1 crystal structure demon-
strates that, although the wild-type cysteine does not
form any disulfide bonds, the substitution replaces a
buried uncharged and hydrophobic residue with a
charged and hydrophilic residue and breaks buried
hydrogen bonds.”’ Individual 1325 is homozygous for
APIB1 mutation ¢.2374G>T (p.Glu792*) with identity
by descent; her parents are second cousins once removed
(Figure 1B). The family is Ashkenazi Jewish. None of these
mutations are found in databases of human genetic varia-
tion or in in-house unaffected controls. To establish the
effect of AP1B1 mutations on the AP-1 complex, we exam-
ined the amounts of both AP1B1 and the y AP-1 subunit
AP1G1 by immunoblotting of lysates from keratinocytes
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Figure 1. AP1B1 Mutations Observed in
Affected Individuals

(A) Exome sequencing and confirma-
tory Sanger sequencing reveals that
individual 424 (II-I) is compound hetero-
zygous for AP1B1 mutations c.430T>C
(p.Cys144Arg), inherited from his unaf-
fected mother (I-1), and c¢.2335delC
(p-Leu779Serfs*26), inherited from his un-
affected father (I-2). Cysteine at position
144 is completely conserved in ortholo-
gous proteins.

(B) Exome sequencing and confirmatory
Sanger sequencing reveals that individual
1325 (VI-1), born to unaffected parents
who are second cousins once removed
(IV-1 and V-1), is homozygous for AP1B1
mutation ¢.2374G>T (p.Glu792*) with
identity by descent.

(C) Keratinocytes from an unaffected con-
trol and affected individual 1325 were
cultured either in basal medium (basal) or
in differentiation medium (diff.) supple-
mented with 1 mM calcium for 5 days.
Immunoblotting of cell lysates with
anti-AP1B1 (1:500, ProteinTech 16932-1-
AP) and anti-AP1G1 (1:5000, BD Biosci-
ences 610385) shows loss of AP1B1 and
markedly reduced AP1G1 protein expres-
sion in affected cells. Immunoblotting
with anti-B-actin (1:2000, Sigma-Aldrich
A5316) confirms equal protein loading
across samples.

of an affected individual, with no AP1B1 and very little
AP1G1 protein detected (Figure 1C). The loss of AP1G1 ac-
cords with a known requirement of AP-1 complex assem-
bly for stability of individual subunits,'” and provides
additional evidence of AP-1 disruption in affected kerati-
nocytes. Both individuals’ presentations are consistent
with a novel phenotype characterized by ichthyosis, fail-
ure to thrive, thrombocytopenia, photophobia, and pro-
gressive hearing loss without intellectual impairment.
Individual 424 (Figures 2A-2C) is an adult male who was
born at 37 weeks gestation with normal skin. At 2 months
of age he developed exfoliative erythroderma with ectro-
pion and was diagnosed with ichthyosis. He had growth
and developmental delay as an infant; his weight was
within the 1°* percentile, and he had delayed sitting,
walking, and speech. Growth delay was partially attributed
to deficient pancreatic enzyme production, which sponta-
neously recovered in childhood. He was noted to have par-
tial hearing loss as an infant and experienced a complete
loss after an episode of meningitis at age 3. By late child-
hood his growth and development returned to normal,
and he competed as a distance runner despite anhidrosis.
His clinical course has been complicated by gingival
destruction and tooth loss, profound photophobia, and
corneal scarring leading to near complete vision loss. He
was noted to have a persistent moderate thrombocyto-

penia; when this was investigated with a bone marrow
biopsy, dysmegakaryopoeisis was found. He first presented
to our group at age 33 and was noted to have pink erythro-
derma with diffuse thin white scale, thin palmoplantar
keratoderma, and a fissured tongue. His hair and finger-
nails were normal, but he had dystrophic toenails, second-
ary to onychomycosis. He has noted thickening of his
palms and soles since childhood.

Individual 1325 (Figures 2D and 2E) is a female child,
born at 34 weeks gestation with mild cutaneous findings
of thin white scale across her forehead and scalp and
nystagmus. At 2 weeks of age she developed exfoliative er-
ythroderma that slowly progressed over the next few
months and was accompanied by severe itch, failure to
thrive, and physical developmental delay. She was diag-
nosed at 3 months of age with profound hearing loss
necessitating cochlear implants and has persistent photo-
phobia with sensitivity to sunlight. She has experienced
episodic mild thrombocytopenia throughout her life. Her
physical developmental delay has responded to physical
therapy, and she has begun to meet physical milestones.
On examination at 11 months she was small for her age,
was red over her entire body, and had mild thickening of
the palms and soles, patchy alopecia, and thick, yellow,
plate-like scale across the scalp. She has had mild improve-
ment in cutaneous symptoms after initiation of an
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aggressive emollient and descaling regimen, including
long tub soaks and topical cholesterol. Examination
of clinical features over time will reveal whether the
additional findings of tooth loss, corneal scarring, and
vision loss seen in individual 424 are characteristic of the
disease state.

Examination of affected skin histopathology is remark-
able in that there are abnormally high numbers of baso-
philic vesicles within the proliferative layers of the
epidermis; these vesicles are also observed via transmission
electron microscopy (Figures 2F-2H). To further investigate
the pathogenicity of AP1BI mutations, we stained the
skin of an affected individual for markers of epidermal dif-
ferentiation and proliferation. Keratin 14, a marker of basal
keratinocytes, is absent from the basal layer of affected
skin, with strong, patchy suprabasal expression not seen
in unaffected skin (Figure 3A). Keratin 10, a marker of
suprabasal keratinocyte differentiation, is expressed in
suprabasal layers of affected skin but demonstrates areas
of focal strong staining not present in unaffected skin
(Figure 3B). Transglutaminase 1 and loricrin, markers of
terminal differentiation, remain suprabasal in affected
skin but are expanded in distribution (Figure S2). The num-
ber of basal nuclei staining for antigen Ki67, a proliferation

Figure 2. Clinical and Histologic Features
of Individuals with AP1B1 Mutations

(A) Individual 424 has pink-red thickened
skin with fine scale most prominent
around the mouth.

(B and C) Increased skin markings and
scale are evident over individual 424’s dor-
sal hand (B), and his palmar surface is
thickened with a slight yellow hue (C).
(D) Individual 1325 at 6 months of age has
generalized redness, no eyebrows, and
thick yellow scale on the scalp. Hearing
aids are present.

(E) The soles of individual 1325 are thick-
ened and have peeling scale.

(F) Histopathologic examination of
affected skin from individual 1325 shows
focal separation of keratinocytes above
the basal layer (*), and basal and spinous
cells show increased hematoxylin staining,
indicative of an acidic component within
cells. There is compact hyperkeratosis.
The scale bar represents 50 pm.

(G) A higher-power magnification shows
that these cells are filled with vacuoles
(white arrows). The scale bar represents
25 pm.

(H) Transmission electron microscopy of
affected skin from individual 424 reveals
large intracytoplasmic vesicles. The scale
bar represents 5 um.

marker, is increased in affected skin.
In two independent counts of Ki67-
positive cells per microscopic field
there was more than a 9-fold increase
in affected skin compared to skin
from an unaffected donor, consistent with the hyperproli-
ferative skin phenotype (Figure 3C).

AP-1 complexes are vital to the maintenance of cellular
polarity. To examine the effect of AP1B1 mutations on
intercellular junctions, we stained keratinocytes for E-cad-
herin, a critical component of the adherens junctions. In
contrast to the strong staining specific to cellular junctions
of unaffected cells, in keratinocytes of affected individuals
E-cadherin is diffuse and vesicular (Figure 4A), suggesting
that loss of cellular polarity contributes to the cutaneous
phenotype in affected individuals. We also stained affected
skin for B-catenin, which complexes with E-cadherin. In
unaffected skin B-catenin staining is tightly focused at
the membrane, whereas in affected skin there is reduced
membrane staining, with cytoplasmic accumulation and
rare intra-nuclear staining not observed in unaffected
skin (Figure 4B). Given the finding of suprabasal acanthol-
ysis, we also examined desmoplakin, a component of des-
mosomes. We observed reduced membrane staining in
affected tissue and cells (Figures 4C and 4D), which might
in part account for the suprabasal keratinocyte separation
observed in tissue histology (Figure 2F).

The observation of two individuals who have the same
unique phenotype and are either compound heterozygous
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Unaffected

Affected

Figure 3. Skin with APTB7 Mutations Shows Abnormal Differen-
tiation and Hyperproliferation

Skin biopsies were obtained from an unaffected donor and from
affected individual 1325. Tissue sections were stained with anti-
keratin 14 (1:200, Santa Cruz Biotechnology LL0O01), anti-keratin
10 (1:300, Origene AP09544SU-N), or anti-Ki67 antigen (1:200,
Abcam ab15580). DAPI was employed as a nuclear counterstain.
Scale bars represent 50 pm.

(A) In unaffected skin, keratin 14 marks the basal layer, whereas in
affected skin there is no basal layer staining, and there are supra-
basal focal aggregates of stained cells (arrow).

(B) Keratin 10, a marker of suprabasal differentiation, is suprabasal
in unaffected and affected skin, and there is abnormal focal strong
staining in affected skin (arrow).

(C) Staining for Ki67 antigen reveals that there are many more pos-
itive nuclei in affected tissue than in unaffected tissue, suggesting
hyper-proliferation. The white dashed line indicates the dermal-
epidermal junction. Two independent counts of Ki67-positive
cells per 20x field yielded the following results: unaffected
skin—10 cells, 20 cells; and affected skin—113 cells, 173 cells.

or homozygous for AP1B1 loss-of-function mutations con-
stitutes compelling evidence that loss of AP1B1 is patho-
genic. To further demonstrate that loss of AP1B1 function
causes the phenotypes observed in our subjects, we per-
formed a rescue experiment by isolating primary keratino-
cytes from individual 1325 and transducing these cells
with a wild-type AP1B1 lentiviral construct. Whereas un-
transduced Kkeratinocytes from individual 1325 show
abnormal accumulation of electron-dense vesicles of var-

ied size and density, these vesicles were absent when
keratinocytes from individual 1325 were transduced with
wild-type AP1BI; such cells appear indistinguishable
from wild-type keratinocytes from an unaffected donor
(Figure 5 and Figure S3).

A number of other disorders due to mutations in adaptor
protein and other genes central to vesicular function have
been described. Previously reported syndromes caused by
mutations in AP-1 subunit genes include X-linked syn-
dromic mental retardation type 5, caused by hemizygous
mutations in the ¢ subunit gene AP1S2 (MIM:300629),""
and MEDNIK (mental retardation, enteropathy, deafness,
neuropathy, ichthyosis, and keratoderma) syndrome,
caused by recessive mutations in the o subunit gene
AP1S1 (MIM: 603531).'” The skin phenotype in MEDNIK
syndrome is an erythrokeratoderma variabilis, with fixed
and migratory plaques of affected skin upon a normal
background. This phenotype stands in contrast to that of
our AP1BI1-mutation-affected individuals, who have more
generalized skin disease. A related disorder, CEDNIK (cere-
bral dysgenesis, neuropathy, ichthyosis, and keratoderma)
syndrome, is caused by mutations in SNAP29 (MIM:
604202), which encodes a t-SNARE target membrane
protein that in partnership with vesicular membrane
v-SNAREs assembles into four-helix bundles that mediate
target-vesicle fusion. The ichthyosis of CEDNIK-affected
individuals is generalized, and cells within affected skin
show an increased number of vesicles.'> Another similar
disorder, ARKID syndrome (autosomal-recessive kerato-
derma-ichthyosis-deafness), is caused by mutations in
VPS33B (MIM: 608552), which encodes a late-endosome-
and lysosome-associated vesicular trafficking protein.'*
Pathogenic mutations in subunits of other AP complexes
include recessive mutations in the genes encoding large
subunits of AP-3 (AP3B1 and AP3DI1; MIM: 603401,
607246) and in the genes encoding subunits of AP-4
(AP4M1, AP4B1, AP4S1, and AP4E1; MIM: 602296,
607245, 607243, 607244). The mutations in AP-3 genes
cause Hermansky-Pudlak syndrome types 2 and 10, a disor-
der featuring oculocutaneous albinism, recurrent infec-
tions, granulocytopenia, intermittent thrombocytopenia,
dysmorphic facies, and mild mental retardation,"*'® and
the mutations in AP-4 genes cause spastic paraplegia and
profound neurocognitive deficits.'”~'? Notably, all of these
disorders include intellectual impairment. In contrast,
intellect is normal in individuals with API1B1 mutations;
individual 424 is a college graduate.

Murine knockout of Aplgl and Aplml, the genes
encoding the AP-1 y and plA subunits, and disruption of
both AP-1 p subunits in C. elegans, causes early embryonic
lethality.'”?%?! In contrast, mice with knockout of Ap1m2,
encoding n1B, the subunit that distinguishes the epithelia-
specific AP-1B complex, develop normally until 2 weeks of
age and then show growth retardation; lethality is 50%
within 8 weeks. Examination of intestinal epithelial cells
revealed polarity defects, and several basolateral proteins,
including E-cadherin, were mislocalized. Consequent
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Unaffected

Affected

Figure 4. E-cadherin and B-catenin are mislocalized in keratino-
cytes with AP1B1 mutations

(A) Primary keratinocytes were isolated from skin biopsies of an
unaffected donor and from affected individual 1325 and stained
with anti-E-cadherin (1:100, Abcam ab15148). Scale bars represent
50 pm. Whereas E-cadherin localizes tightly to intercellular junc-
tions in unaffected cells, affected subject keratinocytes show a
more diffuse and granular cytoplasmic localization with weak
accumulation at intercellular junctions.

(B) Skin from an unaffected donor and from affected individual
1325 was stained with anti-B-catenin (1:100, BD Biosciences
610154). Scale bars reperesent 20 pum. Staining shows tightly
focused membrane staining in unaffected tissue, whereas tissue
from the affected subject shows reduced membrane-associated
staining, most evident in suprabasal levels, along with cyto-
plasmic accumulation and rare intra-nuclear staining, the latter
noted with an arrow.

(C and D) Primary keratinocytes (C; scale bars represent 50 pum)
and skin (D; scale bars represent 20 pm) from an unaffected donor
and from affected individual 1325 were stained with anti-desmo-

instability of the E-cadherin/B-catenin complex at adhe-
rens junctions was associated with translocation of free
B-catenin to nuclei and transcriptional activation of cell-
proliferation genes. The authors propose that this intesti-
nal hyperplasia causes malnutrition, growth retardation,
and mortality.”* Given the changes that we observe in
E-cadherin and B-catenin localization in keratinocytes
and skin from affected individuals with AP1B1 mutations,
it is likely that similar mechanisms partially account for
their keratinocyte hyperproliferation.

Surprisingly, despite the role of the B subunit encoded
by APIBI in both the ubiquitous AP-1A and the
epithelia-specific AP-1B complexes, its loss is not lethal
in either our human subjects or in zebrafish. In two
zebrafish ENU mutagenesis screens, animals with recessive
loss of AP1B1 were found to have vestibular deficits that
manifest as circular swimming and failure to maintain up-
right resting positions and to have auditory defects de-
tected via failure to respond to acoustic taps. Although
the inner ears of mutant fish appeared to develop nor-
mally, there was progressive degeneration of ear epithelia.
Abnormally high numbers of vesicles were observed, me-
chanotransduction was compromised, and the normally
basolateral Na™/K" ATPase pump was mislocalized to the
apical inner ear bundles; intracellular Na* concentrations
were accordingly increased.”® These auditory defects par-
allel the hearing loss in our human subjects with AP1B1
mutations, and probably stem from similar underlying
pathophysiology.

The viability of both zebrafish AP1B1 mutants and our
human subjects with loss of AP1B1 provide evidence that
partial compensation for the AP-1 B subunit is possible.
Although we observe greatly reduced amounts of the AP-1
v subunit AP1G1 in keratinocytes from affected individuals,
low amounts that remain might maintain partial function
in hemicomplexes with p and/or ¢ subunits. A precedent
for the functionality of such partial AP complexes has
been reported in C. elegans with AP-2 o or p subunit muta-
tions.”* Because intellectual disability is a feature of all other
known disorders caused by AP subunit mutations, the lack
of intellectual impairment in individuals with recessive mu-
tations in AP1B1 further suggests that the variability in re-
sidual function and/or other compensatory mechanisms
is probably both subunit- and tissue-specific.

In conclusion, we have described a neurocutaneous dis-
order resulting from recessive loss-of-function mutations
in AP1B1. Although model systems have supplied func-
tional insights, the viability and restricted phenotype of
human APIB1 knockouts provides critical information
about adaptor protein function and cryptic redundancy.

plakin (1:50, Progen Biotechnik DP-1). Unaffected cells show
strong intercellular staining for desmoplakin, whereas staining
of affected cells shows weaker and more diffuse intercellular stain-
ing with cytoplasmic accumulation. Similarly, unaffected tissue
shows suprabasal, strong intercellular staining, whereas affected
tissue shows weaker, suprabasal intercellular staining. DAPI was
employed as a nuclear counterstain in all panels.
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Figure 5. Expression of Wild-Type AP1B1
Rescues Vesicular Defects in Keratinocytes
from an Affected Individual

Primary keratinocytes from individual
1325 were cultured and either transduced
with a wild-type AP1B1 lentiviral construct
or left untransduced. Primary keratino-
cytes from an unaffected donor were also
examined. We fixed and stained cells with
osmium tetroxide to highlight subcellular
organelles. Scale bars represent 5 pm. Un-
transduced keratinocytes from individual

1325 showed an accumulation of electron-dense vesicles of varied size and density (middle panel). These vesicles were not seen
when keratinocytes from individual 1325 were transduced with wild-type APIB1 (right panel) or in keratinocytes from an unaffected

donor (left panel).

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.09.021.
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