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Bi-allelic Alterations in AEBP1 Lead to Defective
Collagen Assembly and Connective Tissue Structure
Resulting in a Variant of Ehlers-Danlos Syndrome

Patrick R. Blackburn,1,2,3,17 Zhi Xu,4,17 Kathleen E. Tumelty,5 Rose W. Zhao,5 William J. Monis,5

Kimberly G. Harris,6 Jennifer M. Gass,7 Margot A. Cousin,2,3 Nicole J. Boczek,1,2,3 Mario V. Mitkov,8

Mark A. Cappel,8 Clair A. Francomano,4,9 Joseph E. Parisi,1,10 Eric W. Klee,1,2,3,11 Eissa Faqeih,12

Fowzan S. Alkuraya,13,14,15 Matthew D. Layne,5 Nazli B. McDonnell,4,16,* and Paldeep S. Atwal6,7,*

AEBP1 encodes the aortic carboxypeptidase-like protein (ACLP) that associates with collagens in the extracellular matrix (ECM) and has

several roles in development, tissue repair, and fibrosis. ACLP is expressed in bone, the vasculature, and dermal tissues and is involved in

fibroblast proliferation andmesenchymal stem cell differentiation into collagen-producing cells. Aebp1�/� mice have abnormal, delayed

wound repair correlating with defects in fibroblast proliferation. In this study, we describe four individuals from three unrelated families

that presented with a unique constellation of clinical findings including joint laxity, redundant and hyperextensible skin, poor wound

healing with abnormal scarring, osteoporosis, and other features reminiscent of Ehlers-Danlos syndrome (EDS). Analysis of skin biopsies

revealed decreased dermal collagen with abnormal collagen fibrils that were ragged in appearance. Exome sequencing revealed com-

pound heterozygous variants in AEBP1 (c.1470delC [p.Asn490_Met495delins(40)] and c.1743C>A [p.Cys581*]) in the first individual,

a homozygous variant (c.1320_1326del [p.Arg440Serfs*3]) in the second individual, and a homozygous splice site variant

(c.1630þ1G>A) in two siblings from the third family. We show that ACLP enhances collagen polymerization and binds to several

fibrillar collagens via its discoidin domain. These studies support the conclusion that bi-allelic pathogenic variants in AEBP1 are the

cause of this autosomal-recessive EDS subtype.
Ehlers-Danlos syndrome (EDS) and EDS variants comprise a

growingnumber of clinically heterogeneous connective tis-

sue disorders with diverse molecular etiologies.1–3 EDS is

estimated to affect approximately 1 in every 5,000 individ-

uals and is often caused by pathogenic variation in fibrillar

collagen genes (COL1A1 [MIM: 120150], COL1A2 [MIM:

120160], COL3A1 [MIM: 120180], COL5A1 [MIM:

120215], COL5A2 [MIM: 120190]), collagen-modifying

proteins (PLOD1 [MIM: 153454], P4HA1 [MIM: 176710]4),

or processing enzymes (ADAMTS2 [MIM:604539]).2 Several

genes involved in the biosynthesis of proteoglycans

(CHST14 [MIM: 608429], B4GALT7 [MIM: 604327],

B3GALT6 [MIM: 615291]), when mutated, result in EDS

subtypes.2 Pathogenic variants in other noncollagenous

protein-coding genes, such as TNXB (MIM: 600985),

SLC39A13 (MIM: 608735), and FKBP14 (MIM: 614505),

also cause rare EDS subtypes suggesting that additional

genes with diverse biological functions related to collagen

biosynthesis and assembly may be contributory to disease

in the EDS spectrum.2 Together these known genes and

their encoded proteins regulate the expression, assembly,
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homeostasis, and remodeling processes that are essential

for the development and maintenance of the extracellular

matrix (ECM).2,5,6 Differences in ECM structure and

composition in a variety of tissues throughout the body

result in a broad spectrumof disease phenotypes in affected

individuals.1 Clinically, affected individuals present with

connective tissue defects that may manifest as joint hyper-

mobility, skin hyperextensibility and/or fragility, deficient

wound healing, an increased risk of vascular rupture, and

many other associated clinical features, and there may be

considerable phenotypic overlap between individuals that

carry distinct molecular diagnoses.2 Recently, the Interna-

tional EDS Consortium proposed the 2017 International

Classification for the Ehlers-Danlos Syndromes7 with a

new classification schema that recognizes 13 distinct sub-

types and provides significant updates to the Villefranche

nosology.8 This new classification system outlines the

major and minor criteria that may be associated with each

subtype and emphasizes the importance of molecular

confirmation for the diagnosis of individuals and incorpo-

ration of next-generation sequencing approaches for the
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identification of novel EDS-associated genes. Importantly,

in a significant proportion of suspected EDS-affected case

subjects, no pathogenic variants in the known EDS genes

are found. While our understanding of the molecular basis

for the heritable connective tissue disorders has improved

over the last few decades, the full extent and molecular

underpinnings for several ‘‘unspecified’’ EDS-like condi-

tions is the subject of intense ongoing study.1,9

The adipocyte enhancer binding protein 1 (AEBP1

[MIM: 602981]) encodes a 1,158-amino acid secreted aortic

carboxypeptidase-like protein (ACLP) that is associated

with the extracellular matrix (ECM). ACLP consists of an

N-terminal signal peptide, a lysine/proline/glutamic acid-

rich motif, a discoidin domain, and a catalytically inactive

metallocarboxypeptidase domain that shares �40% simi-

larity with carboxypeptidase E (CPE [MIM: 114855]).10–13

ACLP is secreted by a number of different cell types

including fibroblasts, myofibroblasts, and smooth muscle

cells and is involved in vascular smooth muscle cell

(VSMC) proliferation and tissue repair processes.14–17 Im-

munostaining of whole mouse embryos at E15.5 revealed

high levels of ACLP expression in collagen-rich tissues

including the dermal layer of the skin, the medial layer

of blood vessels, the basement membrane of the lung,

and the periosteum.16 We previously generated Aebp1�/�

mice that develop spontaneous skin ulcerations and

show delayed wound healing that corresponds with a

reduction in dermal fibroblast proliferation.16 In an exper-

imental fibrosis model, Aebp1�/� mice also exhibit a

decreased fibroproliferative response in the lung with

reduced collagen deposition and myofibroblast accumula-

tion.15,18 Given the emerging role of AEBP1 in ECM integ-

rity, wound healing, and fibroproliferative pathways, it

represents a highly plausible gene candidate for a human

connective tissue disorder.

We performed molecular analyses on individuals who

were referred to one of the collaborating academic centers

for diagnostic workup of a suspected connective tissue dis-

order, but for whom previous genetic testing had been un-

revealing. Each research subject provided written informed

consent for sample collection and subsequent analysis

under a protocol approved by one of the local institutional

review boards. Blood samples were collected from the

affected subjects as well as their unaffected parents. Skin

biopsies were obtained from both affected subjects and un-

affected family members when possible for fibroblast gen-

eration and subsequent analysis. To determine the molec-

ular diagnosis in each subject, whole-exome sequencing

(WES) was performed on genomic DNA extracted from

blood leukocytes derived from the proband and parents

in each family and run on different platforms. Details on

the WES methodologies are available in the Supplemental

Note. Sanger sequencing was used to confirm variants

of interest in each subject and their relatives as well as

the expected mode of inheritance.

Subject A-II:1 is a 35-year-old white male of German and

Panamanian ancestry who was initially seen at the Mayo
The Ame
Clinic (Figures 1A–1E). Subject B-II:1 is a 36-year-old white

male of Italian ancestry who was seen at the NIH (Figures

1F–1K and S2). Subjects C-IV:4 and C-IV:6 were seen at

King Fahad Medical City in Saudi Arabia and have been

reported previously.9 The clinical phenotype in affected in-

dividuals exhibits significant clinical overlap with several

EDS subtypes (classical [MIM: 130000], vascular [MIM:

130050], and arthrochalasia type [MIM: 130060]) and in-

cludes the presence of both major and minor supporting

criteria including severe joint and skin laxity, osteoporosis

affecting the hips and spine, osteoarthritis, soft redundant

skin that can be acrogeria-like, delayed wound healing

with abnormal atrophic scarring, and shoulder, hip,

knee, and ankle dislocations (Figure 1 and Table 1). While

the subjects described to date share many similarities,

there are also variable features including gastrointestinal

and genitourinary manifestations (bowel rupture, gut dys-

motility, cryptorchidism, and hernias), vascular complica-

tions (mitral valve prolapse and aortic root dilation), and

skeletal anomalies (Table 1). Significant clinical heteroge-

neity with a complex, multisystemic presentation is

characteristic of other EDS subtypes, suggesting that the

observed phenotypes are consistent with an EDS-spectrum

disorder. Detailed clinical descriptions can be found within

the Supplemental Note.

Exome sequencing of subject A-II:1 revealed compound

heterozygous frameshift and nonsense variants in AEBP1

comprising c.1470delC (chr7(GRCh37): g.44150393del;

GenBank: NM_001129.4 for c.1470delC; GenBank:

NP_001120.3 for p.Asn490Lysfs*6) in exon 12 and

c.1743C>A (chr7(GRCh37): g.44151132C>A; GenBank:

NM_001129.4 for c.1743C>A; GenBank: NP_001120.3 for

p.Cys581*) in exon 15 (Figure 2). Testing of the subject’s

parents revealed that the c.1470delC variant was mater-

nally inheritedwhile the c.1743C>Avariantwas paternally

inherited (Figure 1L). The c.1470delC variant was predicted

to cause a frameshift mutation, denoted p.Asn490Lysfs*6.

The c.1470delC variant was not observed in more

than 123,136 exomes and 15,496 genomes in the Genome

Aggregation Database (gnomAD).19 The c.1743C>A

(p.Cys581*) variant was seen in only one individual in

gnomAD (1/264,694 alleles, MAF: 3.778 3 10�6) (Table

S1) and is predicted to cause loss of normal protein function

either through protein truncation or nonsense-mediated

decay. Exome sequencing of subject B-II:1 revealed a

homozygous frameshift deletion variant in AEBP1 in

exon 11 (chr7(GRCh37): g.44149865_44149871del;

GenBank: NM_001129.4 for c.1320_1326del; GenBank:

NP_001120.3 for p.Arg440Serfs*3) (Figure 2). Sanger

sequencing confirmed that both parents were carriers for

the c.1320_1326del variant as well as an unaffected male

sibling (Figure 1M). The variant was not observed in

gnomAD (Table S1). Subjects C-IV:4 and C-IV:6 were

previously found to have a homozygous splice site

variant (chr7(GRCh37): g.44150657G>A; GenBank:

NM_001129.4 for c.1630þ1G>A) in intron 13 of AEBP1

(Figure 2).9 This variant has been observed in 9 individuals
rican Journal of Human Genetics 102, 696–705, April 5, 2018 697
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Figure 1. Clinical Features of Individuals with AEBP1 Mutations
(A–E) Subject A-II:1 at the age of 31 exhibited (A, D) increased wrinkles on his hands and feet with finger contractures, (B) joint hyper-
mobility with shoulder and hip subluxations, (C, E) excess stretchy skin, and (D) bilateral lesser hammertoe and hallux valgus defor-
mities, pes planus, poor wound healing, and abnormal scarring.
(F–K) Subject B-II:1 was noted to have dislocated hip that required surgery, easy bruising, and dislocations of his shoulders. He has (F–H)
severe abnormal scars that are widened, spread, hyperpigmented, and hypertrophic. At age 27 he presented with a ruptured bowel that
was thought to be due to diverticulosis, and underwent repeated attempts to re-anastomose the bowel after which a colostomy bag was
required (G). The subject has (I) severe pes planus with hammertoes and hallux valgus deformities as well as (J, K) hyperextensible soft
skin.
(L) Family pedigree for subject A-II:1 shows that both parents are carriers for nonsense or truncating variants in AEBP1.
(M) Family pedigree for subject B-II:1 shows that both parents carry the same small deletion that results in premature truncation in
AEBP1. The parents were not consanguineous, but did share some distant ancestry. Half-shaded symbols indicate carrier status and
full shading indicates affected individuals in each family. Probands are indicated with arrows.
in gnomAD (9/271,654 individuals, nohomozygotes,MAF:

3.3133 10�5). Sanger sequencing confirmed that one allele

was inherited from their mother and the other from their

father who are double first cousins.9 No other clinically

reportable variants were noted in any of the affected indi-

viduals, including in known connective tissue disorder

genes.

RT-PCR analyses performed previously in individuals

C-IV:4 and C-IV:6 showed that the c.1630þ1G>A splice

site variant results in the loss of the last 22 bp of exon 13

in AEBP1, resulting in a frameshift and truncation of

the transcript.9 To determine the functional consequence

of the variants found in subjects A-II:1 and B-II:1, we

compared AEBP1 expression in dermal fibroblasts from

the affected probands using RT-PCR and examined ACLP

expression by western blotting as previously described.16

In subject A-II:1, the c.1470delC variant was expected to
698 The American Journal of Human Genetics 102, 696–705, April 5,
induce a frameshift in the mRNA leading to an amino

acid substitution at position 490 of the encoded

protein followed by a stop codon after 6 amino acids

(p.Asn490Lysfs*6). The c.1743C>A nonsense variant also

generates a premature stop codon (p.Cys581*). Cell lysates

from this individual, along with human U2OS and mouse

10T1/2 control cell lines, were examined by western blot

analysis using an antibody against ACLP.16 Unexpectedly,

a band >170 kDa was detected in subject A-II:1, which

was slightly larger than the band observed in either the

U2OS and 10T1/2 controls (Figure 3A). To determine the

nature of this protein, we isolated mRNA from these cells

along with wild-type human dermal fibroblasts and

generated cDNAwhich was amplified by PCR using primer

sets that spanned both the c.1470delC and c.1743C>A

variants. Interestingly, the PCR product spanning the

c.1470delC variant was approximately 100 bp larger than
2018



Table 1. Summary of Clinical Characteristics of Individuals with Autosomal-Recessive Mutations in AEBP1

A-II:1 B-II:1 C-IV:6 C-IV:4

Citation this report this report Alazami et al.9 Alazami et al.9

Sex male male female male

Ethnicity white white Middle Eastern Middle Eastern

Age at last evaluation 35 y 33 y 12 y 24 y

AEBP1 variant(s) (NM_001129.4) c.1470delC; c.1743C>A;
compound het

c.1320_1326del; homozygous c.1630þ1G>A; homozygous c.1630þ1G>A; homozygous

Protein change (NP_001120.3) p.Asn490_Met495delins(40);
p.Cys581*

p.Arg440Serfs*3 p.? p.?

Beighton score 8 out of 9 8 out of 9 8 out of 9 unknown

Generalized joint hypermobility þ þ þ þ

Hip dislocation hip subluxations reported congenital hip dislocation, surgically
corrected at 18 mo

dislocations reported unknown

Shoulder dislocation not reported þ þ unknown

Foot deformities pes planus, hallux valgus,
hammer toes

pes planus, hallux valgus, hammer toes pes planus, hallux valgus, hammer toes pes planus, hallux valgus,
toe deformities

Skin hyperextensibility þ þ þ þ

Excess skin/skin folding increased wrinkles on hands
and feet (acrogeria-like)

þ þ þ

Delayed wound healing þ þ þ þ

Abnormal scarring atrophic, widened scars atrophic, widened scars with hyperpigmentation hyperpigmented atrophic scars,
multiple keloids

unknown

Easy bruising þ þ þ unknown

Hernia not reported large ventral hernia developed at surgical
sites secondary to ruptured bowel

umbilical, ventral, and inguinal unknown

Genitourinary abnormalities cryptorchidism, surgically
corrected at 15 years of age

not reported not reported not reported

Gastrointestinal abnormalities motility issues bowel rupture not reported not reported

Vascular abnormalities mitral valve prolapse mitral valve prolapse, mildly dilated aortic root,
bilateral stenosis of the carotids, aortic dilation
requiring surgery

normal echo normal echo

Dentition retains a single baby tooth not reported abnormal dental alignment unknown

Facial dysmorphisms none micrognathia low posterior hairline, webbed neck,
bilateral ptosis, excess redundant skin
on face, large ears, narrow palate

unknown

(Continued on next page)
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the wild-type sample (Figure 3B, indicated by an asterisk).

This band was isolated and subjected to DNA sequencing.

The expected single-nucleotide deletion was observed, but

the cDNA fragment retained all 103 bp of intron 12 with

in-frame continuation of exon 13 (Figure 3C). The pre-

dicted amino acid sequence derived from the mRNA

sequence of the c.1470delC variant allele has loss of the

last six amino acids encoded by exon 12 due to the shift

in reading frame and inclusion of 40 aberrant amino acids

before returning to the in-frame translation of exon 13,

which we designated p.Asn490_Met495delins(40)

(Figure 3D). Notably, this alteration occurs in the critical

collagen-binding discoidin-like domain of ACLP, which

we predict disrupts ACLP function. Similar studies were

performed on fibroblasts derived from subject B-II:1.

No ACLP protein was detected by western blot, suggesting

that the homozygous c.1320_1326delGACCCAG variant

identified in this individual leads to nonsense-mediated

decay of the mRNA product and is a null variant

(Figure 3E).

We next aimed to determine the functional consequence

of ACLP loss in affected tissues derived from the research

subjects.Ultrastructural examinationof the skin, performed

by transmission electron microscopy (TEM), revealed the

presence of irregular disrupted collagen fibrils or ‘‘collagen

flowers,’’ withmoderate variation in collagen size in subject

A-II:1 (Figures 4A and 4B). Longitudinal sections revealed

that these fibrils had a ragged or frayed appearance. Disrup-

ted collagen fibrils can be found in several EDS variants and

their presence can support a diagnosis of EDS but cannot

differentiate between related subtypes. Trichome staining

of skin derived from subject B-II:1 and examination under

a light microscope revealed decreased dermal collagen

when compared to heterozygous carriers and unaffected

control subjects from the same family (Figures 4C–4E).

ACLP has several distinct domains that are thought to

mediate different protein-protein interactions within the

ECM. The central discoidin domain of ACLP shares signif-

icant homology and structural similarity with the discoi-

din domain-containing receptors (DDR1 [MIM: 600408]

and DDR2 [MIM: 191311]). Within DDRs, the discoidin

domain contains a collagen-binding region and helps

mediate binding and specificity for fibrillar collagens,

and pathogenic variants inDDR2 are known to cause auto-

somal-recessive spondylometaepiphyseal dysplasia, short

limb-hand type (SMED-SL [MIM: 271665]).20–25 Knowing

this, we expressed and purified a tagged ACLP discoidin

domain and performed solid phase binding assays to

determine the binding specificity across different fibrillar

collagen types (Figure 5A). The purified recombinant dis-

coidin domain was incubated with plastic coated with

10 mg/mL of either collagen I, II, III, IV, and V and fibro-

nectin for 2 hr at room temperature. Binding was detected

with primary anti-Xpress and secondary anti-mouse-HRP

conjugated antibodies using a TMB substrate and absor-

bance measured at 450 nm. These studies revealed that

the discoidin domain of ACLP binds to most collagens
2018
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Figure 2. Schematic Representation of
AEBP1, ACLP Protein Structure, and Sum-
mary of Known Mutations
(A) Exome sequencing revealed compound
heterozygous (A-II:1) and homozygous
(B-II:1) nonsense and small deletion frame-
shift variants in AEBP1. The homozygous
splice site variant described in two siblings
(C-IV:4 andC-IV:6)with similar clinical fea-
tures byAlazami et al.9 is also shown.AEBP1
encodes the collagen binding protein.
(B) Aortic carboxypeptidase-like protein
(ACLP) has several distinct domains that
are thought to mediate different protein-
protein interactions including a central
discoidin domain that helps mediate bind-
ing and specificity for fibrillar collagens.
ACLP also contains a catalytically inactive
metallocarboxypeptidase-like domain. Mu-
tations identified fell within the discoidin
domain or immediately downstream and
included nonsense, frameshift, and canoni-
cal splice site variants thatwere predicted to
result in loss of function.
but has a preference for collagens I, III, and V which are

mutated in other EDS subtypes (Figure 5A). Binding to

collagen I was also shown to be dependent on glycosyla-

tion, with a reduction of binding to deglycosylated forms

of collagen I (data not shown).

We then examined whether ACLP could promote

collagen polymerization in vitro. Cell-free collagen poly-

merization assays using denatured collagen I generated

an initial lag in absorbance at 410 nm followed by a

sigmoidal rise in optical density and a slow linear rise or

plateau (Figure 5B).26 The sigmoidal part of the curve

corresponds to the individual collagen molecules forming

fibrils and the linear part of the curve corresponds to

the total bundling of those fibrils.When full-length recom-

binant ACLP was added to the denatured collagen I, it

significantly enhanced the collagen polymerization under

physiological conditions (Figure 5B). These data suggest

that ACLP is involved in organization and remodeling of

the ECM through direct binding of collagens and modula-

tion of collagen fibrillogenesis. Abnormal collagen fibril

assembly in ACLP-deficient individuals could result in

the observed EDS phenotypes and is supported by ultra-

structural findings in the skin of affected individuals.

Through our studies we identified two individuals with

bi-allelic pathogenic variants in AEBP1 that encodes the

collagen binding protein, ACLP, who are affected by a con-

nective tissue disorder. The three variants in two unrelated

families identified in this study, along with our previous

report,9 strongly support the notion that pathogenic vari-

ants in AEBP1 result in a loss-of-function phenotype lead-

ing to connective tissue disease. We could not detect any

ACLP protein in subject B-II:1 with the deletion variant

predicted to cause a frameshift mutation (Figure 3E).

Whether this results in the loss of mRNA by nonsense-

mediated decay will require additional investigation.

Unexpectedly, we did observe a protein product in subject
The Ame
A-II:1 (Figure 3A). Analysis of the mRNA indicated that

this protein product is the result of the inclusion and trans-

lation of the intron between exons 12 and 13 (Figures

3B–3D). We could only very weakly detect mRNA product

from the other allele by PCR (Figure 3B). We predict that

the variants in family A result in loss of function via

nonsense-mediated decay in one allele and a mutated

and non-functional protein in the other allele. The central

discoidin or factor V/VIII domain of ACLP is structurally

similar to a number of proteins including those known

to bind to collagens including the discoidin domain recep-

tors.12 Several diseases are caused by pathogenic variants

in this highly conserved structural motif. For example,

missense mutations in the discoidin domains of coagula-

tion factor V and VIII cause factor V deficiency (MIM:

227400) and hemophilia A (MIM: 306700), respec-

tively.11 Mutations in the discoidin domain of retinoschi-

sin cause X-linked juvenile retinoschisis (MIM: 312700)

and several pathogenic variants result in changes in the

number of cysteine residues reminiscent of the aberrantly

expressed protein in subject A-II:1 (Figure 3B).28

ACLP is an ECM-associated protein that is highly

expressed in collagen-rich tissues such as skin, the vascula-

ture, and connective tissues,14,16,17,29 and has roles in

both embryonic development and adult tissue repair.15–17

Fibroblasts lacking ACLP exhibit decreased contraction

of collagen gels and this can be rescued through treat-

ment with the exogenous ACLP discoidin domain or the

full-length protein.15 Mechanistically, ACLP modulates

TGFb1 receptor pathways to promote fibroblast to myofi-

broblast differentiation, which are processes necessary

for wound repair.18 Aebp1�/� mice develop spontaneous

skin ulcerations and have significantly delayed healing of

dermal punch wounds, which correlates with reduced

dermal fibroblast proliferation in vitro.16 This phenotype

is reminiscent of the wound-healing defects and abnormal
rican Journal of Human Genetics 102, 696–705, April 5, 2018 701
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Figure 3. Analysis of AEBP1 Mutant
Fibroblast mRNA and Protein
Fibroblasts were isolated from dermal skin
biopsies. Cells were routinely cultured
in Dulbecco’s Modified Eagle’s Medium
(Corning) with 3.7 g/L glucose, 10% fetal
bovine serum (Hyclone), and 1% peni-
cillin/streptomycin at 37�C in an 5% CO2

incubator. Cells were passaged before
they reached confluence using 0.25%
trypsin/EDTA. All cells were genotyped
by PCR of genomic DNA and sequencing
prior to further analysis.
(A) Western blot analysis of protein ly-
sates derived from fibroblasts from subject
A-II:1. Anti-ACLP antibodies detected a
band >170 kDa. Protein extracts were
prepared as previously described14,18 by
washing the cells in cold PBS followed by
extraction in 25 mM Tris (pH 7.4),
50 mM sodium chloride, 0.5% sodium de-
oxycholate, 2% NP-40, and 0.2% sodium
dodecyl sulfate (SDS) with 13 Complete
protease inhibitors cocktail (Roche) and
13 PhosStop phosphatase inhibitors cock-
tail (Roche). Lysates were incubated on ice
for 15 min and cleared by centrifugation
at 12,0003 g for 10 min at 4�C. The super-
natant was collected and protein concen-
tration was measured using the BCA kit
(Thermo Scientific). Protein aliquots were
run on 4%–20% Novex SDS-polyacryl-
amide gels and transferred to nitrocellu-
lose. Blots were probed with antibodies
against ACLP14 and normalized to GAPDH
(Sigma G9545, 1:10,000) and pan-actin
(Thermo MS-1295B, 1:1,500).
(B) Fibroblasts were cultured in 12-well
plates and total RNA was isolated and
purified using GeneJET RNA Purification
Kit (Thermo Scientific). cDNA was ob-
tained using Maxima Reverse Transcrip-
tase (Thermo Scientific). Regions of inter-
est were amplified by PCR using OneTaq
DNA polymerase (New England Biolabs)
and the following primers: c.1470delC
50-CCCATTGGGATGGAGTCACA-30 (for-
ward) 50-CAGGTGAGTGGGTAGATGCG-30

(reverse) producing a 422 bp product, and
c.1743C>A 50-GGCTCGTTTCATCCGCAT
CTA-30 (forward) 50-GCACCTCGTTGCCA

TGGAT-30 (reverse) producing a 341 bp product. PCR products and controls were run on 2% agarose gels and bands of interest were
purified using the QiaQuick Gel Extraction Kit (QIAGEN) followed by sequencing (Eton Bioscience). RNA was extracted from human
ACLP-wild-type fibroblasts and from subject A-II:1, and following reverse transcription was amplified with PCR using primers spanning
both genomic mutations. A band of approximately 520 bases was amplified (indicated by an asterisk).
(C) TheDNA fragment (asterisk in B) was purified and subjected toDNA sequencing, which revealed that after the deletion in exon 12, the
next intron was retained in the cDNA.
(D) The predicted amino acid sequence generated from the results of DNA sequencing and alignment with the wild-type sequence. The
boxed region highlights different and additional amino acids, including the addition of three cysteines (indicated by an asterisk).
(E) Western blot analysis of protein lysates derived from fibroblasts from subject B-II:1 and his carrier mother with a murine fibroblast
control.
scar formation observed in individuals with AEBP1 defi-

ciency and suggests that ACLP has a conserved role in dam-

age sensing and ECM remodeling following injury.

Interestingly, the discoidin domain of ACLP preferen-

tially binds collagens I, III, and V (Figure 5A). Of note,

the clinical phenotypes observed in individuals with

AEBP1 mutations overlap with EDS subtypes caused by de-
702 The American Journal of Human Genetics 102, 696–705, April 5,
fects in these three collagen species (Table S2). ACLP also

appears to play a role in collagen fibrillogenesis as sug-

gested by the ultrastructural studies, which showed irreg-

ular disrupted collagen fibrils in dermal skin derived from

one of the subjects described in this study. Consistent

with this finding, we were able to show that ACLP pro-

motes polymerization of collagen I in vitro (Figure 5B).
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Figure 4. Ultrastructural and Histological Analysis of Skin
Biopsies
For electron microscopy, skin biopsy specimens were fixed in
glutaraldehyde, postfixed in osmium tetroxide, stained with ura-
nyl acetate, and embedded in Spurr resin. Thin sections stained
with lead citrate were examined on JEOL 1400 transmission elec-
tron microscope (JEOL USA).
(A and B) Collagen flowers identified by transmission election mi-
croscopy (TEM) in the proband in family A. Ultrathin sections of
dermal collagen fibrils demonstrates moderate variation in fibril
size and scattered composite collagen fibrils (‘‘collagen flowers’’);
in longitudinal sections, these have a frayed/ragged moth-eaten
appearance, and on cross sections, a flower-like appearance. Black
arrows point to disordered collagen fibrils.
(C–E) Masson’s trichrome staining of skin biopsies from family B
show decreased dermal collagen in the proband. (C) B-II:1, the
affected proband; (D) carrier brother; (E) carrier mother. Blue,
dermis containing collagen bundles; red, epidermis. Original
magnification, 1003.
Vascular smooth muscle cells in blood vessels have been

shown to synthesize and secrete ACLP.16 Aortic aneurysms

(AAs) and aortic dissections are characterized by patholog-

ical remodeling of the aortic ECM.30,31 In a recent study,

ECM proteins and their degradation products were ex-

tracted from aneurysmal and control aortas which revealed

increased expression as well as degradation of ACLP in the

ECM of AAs.30 Potentially related to these findings, echo-

cardiography and MR angiography were performed in

both individuals described in this study, which revealed

mitral valve prolapse and evidence of aortic root aneurysm

in one individual that required surgical intervention (see

Supplemental Note). This individual also had a ruptured

bowel at age 27 and developed large ventral hernias and

severe scarring at the surgical site that was suggestive of

vEDS (Figure 1, Supplemental Note). The major vascular
The Ame
complications in vEDS are aneurysms and dissection of

the medium-sized arteries (renal, splenic, hepatic, etc.),

but the aorta can be involved.7 vEDS does not typically

present with aneurysmal dilation of the ascending aorta

at the sinuses of Valsalva, which is more commonly seen

in Marfan (MIM: 154700) and Loeys-Dietz (LDS1 [MIM:

609192] and LDS2 [MIM: 610168]) syndromes (Table S2).

Follow-up vascular surveillance was recommended in

both individuals.

During embryonic development, ACLP is also highly ex-

pressed in bone, particularly in the periosteum,29 and it is

noteworthy that individuals with AEBP1 mutations had

osteoporosis affecting the hips and spine (Supplemental

Note). The two individuals described in the study showed

evidence of degenerative disc disease, facet arthrosis of

spine, and osteoarthritis. A skeletal survey performed on

the 12-year-old proband described previously revealed se-

vere osteopenia, ‘‘copper beaten’’ skull, narrowing of the

interpedicular distance of the lumbar spine distally, short-

ened and squared iliac bones, and remodeling of the long

bones of the lower extremities (Figure S3). All the subjects

had severe foot deformities including bilateral pes planus,

hammertoes, and hallux valgus, which have been observed

in other EDS subtypes.While themechanisms for the bone

changes in the ACLP-deficient individuals are unknown, a

previous report detected AEBP1 mRNA expression in an

osteoblast cell line and its expression decreased with late

calcification.32 Further study will be required to examine

the role of ACLP in bone development and homeostasis

and its potential involvement in disorders of bone

metabolism.

In summary, we have identified compound heterozy-

gous and homozygous pathogenic variants in AEBP1 in

four affected individuals from three unrelated families to

date. Affected individuals presented with a recognizable

connective tissue disorder that falls in the EDS spectrum

with joint hypermobility, skin laxity, delayed wound heal-

ing, abnormal scarring, aortic dilation, and osteoporosis.

In addition, we show that the encoded protein, ACLP, is ex-

pressed within the skin, vasculature, and other connective

tissues where it plays a critical role in ECM maintenance

and tissue repair processes.
Supplemental Data

Supplemental Data include Supplemental Note (clinical reports),

three figures, and two tables and can be found with this article on-

line at https://doi.org/10.1016/j.ajhg.2018.02.018.
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Figure 5. The Discoidin Domain of ACLP Binds to Fibrillar Colla-
gens and Enhances Polymerization of Collagen I In Vitro
(A) Binding assays were performed as previously described.21

Different extracellular matrix proteins were diluted to 10 mg/mL in
PBS and each sample was coated to individual wells of a 96-well
Corning cell culture plate overnight at room temperature. Proteins
used were bovine gelatin (Sigma), rat collagen type I, bovine
collagen type II,mouse type III collagen (Fibrogen),mouse collagen
type IV, human collagen type V, and human fibronectin (BD Biosci-
ences).Wells werewashedwith TBST (50mMTris [pH 7.4], 150mM
NaCl, 1% Tween-20) and blocked with 1 mg/mL casein (Sigma) in
TBST for 1 hr followed by additional washes in TBST. Recombinant
anti-Xpress tagged Discoidin-Like-Domain (DLD) protein was puri-
fied from BL21 bacteria as previously described.15 Recombinant
DLD binding assays were performed as above with coating of
10 mg/mL of extracellular matrix proteins to a 96-well Corning cell
culture plate as described above. Wells were washed in TBST and
blocked in 1 mg/mL casein in TBST for 1 hr followed by additional
washes in TBST. DLD protein was diluted in TBST to 500 nM and
was incubated with each extracellular matrix proteins for 2 hr at
room temperature. Wells were washed 33 with TBST and anti-
Xpress (Invitrogen) was diluted 1:1,000 in TBST then incubated
with each sample for 1 hr. Additional TBSTwashes were performed
and anti-mouse HRP was diluted 1:1,000 in TBST and incubated
with each sample for 1 hr followed bywashing. Signal was detected
using the HRP substrate 3,30,5,50-tetramethylbenzidine (TMB)
(eBiosciences) and reactions were stopped by the addition of 2 M
H2SO4. Plates were read at OD 450 nm and results are presented as
either fold control (plastic-only wells).
(B) Recombinant ACLP was generated as previously described.18

In order to explore the role of ACLP in collagen fibril forma-
tion, a collagen polymerization assay was used.26,27 Collagen I
(0.6 mg/mL) was diluted in PBS containing 20 mg/mL rACLP and
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