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Aortic carboxypeptidase-like protein (ACLP) is a collagen-
binding extracellular matrix protein that has important roles in
wound healing and fibrosis. ACLP contains thrombospondin
repeats, a collagen-binding discoidin domain, and a catalytically
inactive metallocarboxypeptidase domain. Recently, mutations
in the ACLP-encoding gene, AE-binding protein 1 (AEBPI),
have been discovered, leading to the identification of a new vari-
ant of Ehlers—Danlos syndrome causing connective tissue disrup-
tions in multiple organs. Currently, little is known about the
mechanisms of ACLP secretion or the role of post-translational
modifications in these processes. We show here that the secreted
form of ACLP contains N-linked glycosylation and that inhibition
of glycosylation results in its intracellular retention. Using site-
directed mutagenesis, we determined that glycosylation of Asn-
471 and Asn-1030 is necessary for ACLP secretion and identified
a specific N-terminal proteolytic ACLP fragment. To determine
the contribution of secreted ACLP to extracellular matrix me-
chanical properties, we generated and mechanically tested wet-
spun collagen ACLP composite fibers, finding that ACLP enhan-
ces the modulus (or stiffness), toughness, and tensile strength of
the fibers. Some AEBP1 mutations were null alleles, whereas
others resulted in expressed proteins. We tested the hypothesis
that a recently discovered 40-amino acid mutation and insertion
in the ACLP discoidin domain regulates collagen binding and
assembly. Interestingly, we found that this protein variant is
retained intracellularly and induces endoplasmic reticulum stress
identified with an XBP1-based endoplasmic reticulum stress re-
porter. Our findings highlight the importance of N-linked glyco-
sylation of ACLP for its secretion and contribute to our
understanding of ACLP-dependent disease pathologies.

The structural integrity and mechanical properties of tissues
are regulated by the extracellular matrix (ECM). Perturbations
in the ECM contribute to fibrosis, cancer, and cardiovascular
disease progression (1-4). The reduction in ECM synthesis and
dysfunctional assembly is also the underlying cause of the mor-
bidity observed in individuals with impaired wound healing
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and in those with genetic connective tissue disorders, including
the Ehlers—Danlos syndromes (EDS) (5, 6). Individuals with
EDS-causing mutations in collagen or collagen regulatory pro-
teins display a disease spectrum that includes aberrant wound
healing, joint hypermobility, and vascular disruption, all related
to a mechanically weak or fragile ECM (5). Mutations in genes
encoding collagens I, III, and V lead to irregularities in collagen
primary structure, processing, folding, and cross-linking (5, 6).

Recently, several groups have identified EDS-causative muta-
tions in the AEBPI gene, which encodes the ECM protein aor-
tic carboxypeptidase-like protein (ACLP) (7-11). These com-
pound heterozygous or homozygous AEBP1/ACLP mutations
cause a distinct EDS subtype, designated EDS classic-like 2
(EDSCLL2). Individuals with AEBP1/ACLP mutations suffer
from severe connective tissue pathologies including common
and variable features. ACLP mutations in humans result in
delayed wound healing, abnormal scarring, joint hypermobility,
hip dislocations, osteopenia, mitral valve prolapse, dilatation of
the aortic root, and aortic dissection (7-11). These symptoms
are also observed in classical, hypermobile, cardiac-valvular,
vascular, musculocontractural, and kyphoscoliotic EDS (11).

The gene name AEBPI (adipocyte enhancer—binding protein
1) is derived from a mouse cDNA that was proposed to be
a transcriptional repressor (12). Compared with ACLP, the
mouse Aebpl cDNA is missing ~1.5 kb of sequence (encoding
more than 400 amino acids), and it does not likely encode for
an authentic protein (13-17). Consistent with a role in the
extracellular environment, ACLP contains a signal peptide, an
N-terminal domain predicted to fold into thrombospondin
type I repeats, a central collagen-binding discoidin domain, and
a C-terminal catalytically inactive metallocarboxypeptidase do-
main (8, 13—15). Supporting the concept that ACLP functions
in collagen assembly and regulatory pathways, ACLP is ex-
pressed in collagen-rich connective tissues, including the vas-
culature, skin, tendons, and ligaments (18, 19). Our previous
studies determined that loss of ACLP function in mice resulted
in delayed dermal wound healing and provided protection in
the lung against a profibrotic injury (18, 20). We showed that
the central discoidin domain of ACLP bound to fibrillar colla-
gens in vitro (8).

In addition to its roles in the ECM, ACLP modulates signal
transduction pathways and enhances the transforming growth
factor B (TGFB) receptor-signaling pathway, leading to
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activation of lung myofibroblast differentiation (21). The
ACLP-dependent pathway is also important in the regulation
of adipose progenitor differentiation (22). Furthermore, a
recent study determined that in response to high-fat diet, he-
patic stellate cell-derived ACLP stimulated the Wnt-f3-catenin
pathway through the binding and activation of the Frz8/Lrp6
complex, which exacerbates nonalcoholic steatohepatitis (17).

Despite these functions for ACLP in multiple diseases, in-
cluding fibrosis and EDS, currently very little is known about
the mechanisms of ACLP processing and post-translational
modifications that result in secretion of ACLP into the extracel-
lular environment. The goal of the present study was to charac-
terize the post-translational processing and secretion of ACLP.
Based on accumulating evidence that biallelic mutations in
AEBPI cause a distinct EDS subtype (EDSCLL2), we examined
the contribution of ACLP to collagen fiber mechanical proper-
ties and discovered that at least one EDS-causing mutation in
ACLP generates an expressed protein that is retained within
the secretory pathway.

Results
Characterization of secreted ACLP isoforms

ACLP contains a signal peptide, thrombospondin repeats, a
collagen-binding discoidin domain, and a catalytically inactive
carboxypeptidase domain (Fig. 1A4). Prior work determined
that ACLP is retained in the ECM and co-localizes with colla-
gen in multiple connective tissues (18, 19); however, the mech-
anisms controlling ACLP secretion are unknown. Because
ACLP expression is activated by vascular injury (13) and
humans with AEBP1/ACLP mutations exhibit vascular compli-
cations (9, 11), we used cultured mouse aortic smooth muscle
cells (SMC) as a model system to investigate the regulation of
ACLP processing and secretion. SMC were initially plated at
low density (1.5 X 10° cells/cm®) and cultured over 7 days in
proliferative conditions. Total cell lysates were extracted at 0-,
2-, 5-, and 7-day time points, and samples were analyzed for
ACLP expression by Western blotting using an antibody gener-
ated against mouse ACLP (amino acids 615-1128) (13). ACLP
expression increased with time in culture, and a “thickened”
upper band with slower mobility became apparent at later time
points (Fig. 1B, top arrow).

To examine the nature of the upper ACLP band (Fig. 1B), we
cultured cells for 2 days with or without ascorbic acid, which is
required for collagen synthesis and secretion (23, 24). Total cell
lysates and media samples were collected and analyzed for
ACLP expression by Western blotting. To increase the resolu-
tion of the gels and to define the nature of these ACLP bands,
we decreased the percentage of acrylamide. Total cell lysates
from the control and ascorbic acid—treated cells contained two
distinct bands (Fig. 1C, arrows). Only the larger band was
detected in the media samples, suggesting that this is the
secreted form of ACLP. This band was evident both with and
without ascorbic acid treatment (Fig. 1C).

Inhibition of ACLP glycosylation prevents secretion

To examine whether the larger, secreted form of ACLP is the
result of post-translational modification (glycosylation), we

9726 J. Biol. Chem. (2020) 295(28) 9725-9735

A ACLP domain structure
© . inactive )
S, Tsp repeats discoidin carboxypeptidase

collagen-
binding

B Time@d) 0 2 5 7

- .. —160

ACLP

SM-actin|s—— - > e —40

C cells media
ascorbate __ — 4+ — 4
—260
- - “
ACLP
— - - 160

Figure 1. Characterization of ACLP production and secretion. A, ACLP do-
main structure: N-terminal signal peptide, thrombospondin (Tsp) repeats, col-
lagen-binding discoidin domain, catalytically inactive carbox;/peptidase
domain. B, mouse aortic SMC were plated at a density of 1.5 X 10 cells/cm?,
and total protein lysates were collected after 0, 2, 5, and 7 days from initial
seeding. Protein extracts (20 jig) were analyzed by Western blotting (4-20%
SDS-PAGE) for ACLP (arrows) and smooth muscle actin (SM-actin). C, SMC
were plated at a density of 5 X 10° cells/cm? and incubated overnight,
treated with or without 50 pg/ml 2-phospho-t-ascorbic acid for 24 h. The cells
were then washed twice with serum-free medium and then incubated in the
same 2-phospho-L-ascorbic acid treatments for an additional 24 h in serum-
free conditions. Total cell lysates and media samples were run on a 6% SDS-
polyacrylamide gel and blotted for ACLP.
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Figure 2. ACLP undergoes N-linked post-translational modifications.
SMC were cultured to confluence and then treated with tunicamycin (2 pug/
ml) or vehicle control (DMSO) for 24 h. The cells were then washed twice with
serum-free medium and then incubated with or without tunicamycin for an
additional 24 h in serum-free conditions. A, samples were run on 6% SDS-
polyacrylamide gels, and Western blots were probed with ACLP antibodies.
B, total cell lysate and medium collected from SMC were digested with or
without PNGase F or neuraminidase (Neur.) and analyzed by Western blotting
for ACLP.

treated SMC with 2 pg/ml tunicamycin or DMSO vehicle
control for 24 h and isolated total cell lysates and media
samples. Tunicamycin inhibits UDP-GlcNAc:dolichol phos-
phate GIcNAc-1-P transferase, which catalyzes the first step in
protein glycosylation (25) and prevents proteins from under-
going N-linked glycosylation. Treatment with tunicamycin
increased the mobility of ACLP in total cell lysates and resulted
in a single band (Fig. 24, left arrow), demonstrating that ACLP
contains N-linked glycosylation. ACLP was not detected in the
media samples from the tunicamycin-treated cultures, indicat-
ing that N-linked glycosylation was required for ACLP secretion
(Fig. 24, right arrow).

Post-translational modification of ACLP

To characterize the post-translational modifications of
secreted ACLP, we treated SMC media samples with peptide:N-
glycosidase F (PNGase F) and/or neuraminidase. PNGase F
cleaves between the innermost GlcNAc and asparagine residues
of high-mannose, hybrid, and complex oligosaccharides from
N-linked glycoproteins; neuraminidase cleaves sialic acid resi-
dues. Increases in ACLP mobility were observed in PNGase
F- and neuraminidase—treated samples (Fig. 2B), with a greater
increase in mobility with the simultaneous treatment with
PNGase F and neuraminidase. These findings are consistent
with the presence of N-linked glycosylation on ACLP.

Identification of ACLP N-linked glycosylation sites

To identify the sites on ACLP that undergo N-linked glycosyla-
tion events, we analyzed the ACLP sequence using the NetNGlyc
1.0 server, which examines the sequence context of NX(S/T))
amino acid residues. Four asparagine residues were predicted to
undergo N-linked glycosylation (mouse ACLP Asn-471, Asn-519,
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Figure 3. Identification of ACLP N-linked glycosylation residues that are
required for secretion. A, localization of predicted ACLP N-linked glycosyla-
tion sites. Shown are N-terminal signal sequence, thrombospondin repeats,
discoidin-like domain (DS), and carboxypeptidase-like domain (CLD) contain-
ing four asparagine to glutamine point mutations. B, AD-293 cells were
plated at a density of 2 X 10° cells/cm® and incubated overnight. Cells were
then transfected with either ACLP or ACLP N/Q mutants (N471Q, N519Q,
N913Q, or N1030Q) for 24 h. Cells washed three times with serum-free me-
dium and incubated in serum-free conditions for an additional 24 h. Total cell
lysates were normalized to 10 pg, and medium was normalized to 5 ul of
input volume. Samples were run on a 4-20% SDS-polyacrylamide gel and
blotted for ACLP. C, media from AD-293 cells transfected with either WT
ACLP or ACLP N/Q mutants N519Q and N913Q were digested with or without
PNGase F for 1 h at 37 °C. Samples were run on a 6% SDS-polyacrylamide gel
and blotted for ACLP.

Asn-913, and Asn-1030) (Fig. 3A). These sites are conserved resi-
dues in human ACLP (Asn-480, Asn-528, Asn-922, and Asn-
1039). Two predicted glycosylation sites reside in the discoidin
domain (Asn-471/480, Asn-519/528); one is in the carboxypepti-
dase domain (Asn-913/922), and one is at the C terminus (Asn-
1030/1039) (Fig. 34). To examine the importance of these aspara-
gine residues, we generated mouse ACLP expression vectors
and mutated each of these residues to glutamine (26). Mutations
are designated N471Q, N519Q, N913Q, and N1030Q (Fig. 3A).
The WT and mutated ACLP constructs were transfected into
AD-293 cells, and total cell lysates and media samples were exam-
ined for ACLP expression by Western blot analysis. Interestingly,
ACLP mutants N471Q and N1030Q were not found in the media
samples (Fig. 3B), although all ACLP N/Q mutants were
expressed at approximately equal levels in the total cell lysates
(Fig. 3B). These results indicate that glycosylation of Asn-471 and
Asn-1030 residues is essential for ACLP secretion. To assess the
glycosylation state of the ACLP mutants N519Q and N913Q,
media samples that contained secreted ACLP were digested with
or without PNGase F. Both the N519Q and N913Q secreted
ACLP mutants decreased in size when digested with PNGase F
compared with controls (Fig. 3C). These results support the con-
clusion that glycosylation of ACLP amino acid residues Asn-519
and Asn-913 was not required for ACLP secretion, but N-linked
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glycosylation of other residues (potentially Asn-471 and Asn-
1030) appears to be necessary for secretion. A smaller secreted
glycosylated form of ACLP was detected in the transfected AD-
293 cells (Fig. 3C, bottom arrow), potentially indicative of proteo-
lytic processing of ACLP.

Proteolytic processing of ACLP

In some studies, particularly those with very high ACLP lev-
els, we observed smaller ACLP bands in the media samples of
both SMC and transfected cells (Fig. 3C). This phenomenon
was also observed recently by others (17). To examine the na-
ture of ACLP processing, we isolated cells and media from
SMC (treated with tunicamycin). In addition to the major
ACLP band detected in the media, we observed an ~150 kDa
band when probed with ACLP antibodies against amino acids
615-1128 (Fig. 4A). This result could indicate that ACLP is pro-
teolytically cleaved prior to amino acid 615. Because sensitive
and specific antibodies against the N terminus of ACLP are not
available, we generated an expression vector and inserted a
FLAG epitope tag directly after the predicted signal peptide
cleavage site and added a Myc epitope tag at the C terminus of
the protein (Fig. 4B). This construct was transfected into AD-
293 cells, and protein lysates were analyzed by Western blot-
ting. Analysis of the media with the FLAG antibody showed
that the N-terminal portion on ACLP is detectable at a molecu-
lar mass of ~40-50 kDa (arrow) (Fig. 4C). In addition, an
unknown protein was observed by FLAG antibody detection in
the cell lysate (Fig. 4C, asterisk). As mentioned above, poten-
tially due to the differing antibody sensitivities, we did not
observe the smaller band with the c-Myc blots. These results
indicate that a portion of the ACLP secreted pool is processed
into separate N-terminal and C-terminal proteins.

Role of ACLP in collagen fiber mechanics

We recently determined that the discoidin domain of ACLP
binds to multiple collagens (8). Several mutations in the AEBP1
gene have been identified, including some in the discoidin do-
main (7-9, 11, 17). Whereas mutations in ACLP cause altera-
tions in connective tissue structure and collagen fibrils, it is
currently unknown whether ACLP contributes to the me-
chanical properties of the collagen fiber. Using a novel colla-
gen fiber wet spinning approach (27, 28), we generated colla-
gen I (Col I) and Col I + ACLP composite fibers. We
subjected the fibers to tensile testing (Fig. 5A4) to evaluate the
contribution of ACLP to collagen fiber mechanical proper-
ties, which was extracted from stress—strain curves (Fig. 5B).
Fiber diameters were measured before tensile testing, and a
small but significant decrease in diameter was found with the
addition of ACLP to Col I fibers (Fig. 5C). The modulus was
calculated as the slope of the linear region of the stress—strain
curve and was found to increase with the addition of ACLP
(Fig. 5D). Toughness, a measure of the amount of energy the
fibers can absorb before breakage, was calculated from the
area under the curve, and tensile strength, the maximum
stress the fiber can withstand, increased with ACLP addition
(Fig. 5, Eand F).
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Figure 4. ACLP undergoes proteolytic processing. A, total cell lysate and
medium from SMC treated with or without 2 pg/ml tunicamycin for 24 h
were digested with or without PNGase F for 1 h at 37 °C. Samples were run on
a 6% SDS-polyacrylamide gel and subjected to Western blotting analysis
using an antibody directed against ACLP. The bottom arrow indicates the
lower-molecular weight form of secreted ACLP in nondigested media from
untreated SMC. B, schematic representation of signal-FLAG-ACLP-Myc/His
from N to C termini containing a BM40 signal sequence, DYKDDDDK (FLAG)
epitope, thrombospondin (Tsp) repeats, discoidin-like domain (DS), carboxy-
peptidase-like domain (CLD), c-Myc epitope, and His tag. C, AD-293 cells were
plated at a density of 2 X 10° cells/cm? and incubated overnight. The cells
were then transfected with BM40OFLAGACLPMyc/His for 24 h and incubated
in serum-free conditions for an additional 24 h. Total cell lysates were normal-
ized to 12 ng, and medium was normalized to 20 pl of input volume. Samples
were run on a 4-20% SDS-polyacrylamide gel and blotted for c-Myc and
FLAG. Arrow, N-terminal cleavage; *, unidentified band.

Characterization of the human ACLP-Ins40 mutation

We recently determined that one mutated AEBPI allele in an
EDS patient resulted in a larger form of ACLP due to a 40-
amino acid mutation and insertion in the discoidin domain (p.
Asn490_Met495delins(40)) (8). This mutation is designated
ACLP-Ins40 and is illustrated in Fig. 6 (A and B). Our initial
goal was to test whether this mutation resulted in altered colla-
gen binding and was responsible for changes in collagen me-
chanical properties. We first generated a refined homology
model of the human ACLP discoidin domain mapped onto the
collagen-binding domain of the discoidin domain receptor
(Protein Data Bank entry 2WUH) using PyMOL (Fig. 6C). This
mutation and insertion of 40 amino acids is not in the collagen-
binding loops of the domain. To examine the function of this
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Figure 5. ACLP improves mechanical properties of collagen fibers. A, col-
lagen and collagen + ACLP fibers were spun and mechanically tested with a
1% strain rate until breakage as described under “Experimental procedures”
to obtain stress—strain curves (B, representative curves). C, fiber diameter was
measured by imaging the fibers prior to testing. D, modulus was calculated
from the slope of the linear region of the stress-strain curve. E, toughness
was calculated from the area under the curve. F, tensile strength is the maxi-
mum stress attained. For C-F, boxes display the interquartile range, and cen-
tral lines show the median. Red plus signs, data points located beyond the
maximum whisker length of 1.5 times the interquartile range. Kolmogorov-
Smirnov tests were performed to determine whether data fit a normal distri-
bution. Fiber diameter, modulus, and toughness were found to fit a normal
distribution, and two-sample t tests were performed to determine signifi-
cance. Tensile strength data were not found to fit a normal distribution, so a
Wilcoxon rank sum test was performed (*, p < 0.05).

ACLP mutation, we generated an expression vector harboring
this mutation by PCR. Human ACLP-WT and Ins40 C-termi-
nal FLAG epitope—tagged expression vectors were transiently
transfected into AD-293 cells, and total cell lysates and media
samples were collected. As anticipated, and consistent with
lysates from human fibroblasts (8), the ACLP-Ins40 protein is
larger due to the additional amino acids (Fig. 7A). Interestingly,
we did not detect ACLP-Ins40 in the media samples (Fig. 7A),
indicating that it was not secreted. We next examined whether
the ACLP-Ins40 protein was retained intracellularly. Fibro-
blasts were chosen for these studies due to their role in collagen
synthesis in connective tissue and their importance in EDS pa-
thology. To examine whether the ACLP-Ins40 protein was
retained, 3T3 fibroblasts were transiently transfected with
ACLP-WT and ACLP-Ins40 expression plasmids containing a
FLAG epitope tag. After 24 h, cells were fixed, permeabilized,
and stained with a monoclonal Cy3-conjugated anti-FLAG
antibody. Immunofluorescence microscopy revealed that both
ACLP-WT and ACLP-Ins40 showed a similar perinuclear
expression pattern (Fig. 7B) that is consistent with transloca-
tion into the ER and secretory pathway. Higher-magnification
images of the ACLP-Ins40 protein revealed a pattern consistent
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Figure 6. Structural prediction of the ACLP-Ins40 discoidin domain
mutation. A, localization of the human AEBPT gene mutation (c.1470AC) that
results in a 40-amino acid mutation and retention of an intron. B, predicted
amino acid changes in ACLP-Ins40. Proline residues are underlined, and cyste-
ine residues are in boldface type. C, structural prediction of the ACLP-Ins40
protein generated by a refined homology model to the discoidin domain re-
ceptor (DDR) discoidin domain using PyMOL. The location of the insertion is
noted with arrows, and the margin of insertion is indicated in green.

with localization to the ER and with apparent absence in the
Golgi apparatus (Fig. 7C).

Investigating ACLP-Ins40 mutation as an inducer of ER stress

Mutations in other ECM proteins that cause connective tis-
sue disease, including collagen VI and collagen III, induce ER
stress when retained intracellularly (29). Therefore, experi-
ments were performed to test the hypothesis that ACLP-Ins40
expression and subsequent intracellular retention trigger the
unfolded protein response and activate the ER stress pathway.
In cells undergoing ER stress, the XBP1 mRNA is spliced in the
cytoplasm by IRE1 (30). We generated a sensor of ER stress by
fusing the region of XBP1 that is spliced by IRE1 to EGFP with
a nuclear localization signal. In the presence of ER stress, the
activation of IRE1 is expected to splice this mRNA, leading to
expression of a nucleus-localized EGFP. To validate this con-
struct, 3T3 fibroblasts were transiently transfected with the
unspliced XBP1u-EGFP plasmid for 12 h and were subse-
quently treated with the ER stress—inducing compound tunica-
mycin or thapsigargin for 15 h. Cells treated with tunicamycin
or thapsigargin resulted in nuclear EGFP expression (data not
shown). To test whether the ACLP-Ins40 mutant induced ER
stress, 3T3 fibroblasts were co-transfected with ACLP-WT +
XBP1u-EGFP

J. Biol. Chem. (2020) 295(28) 9725-9735 9729
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Figure 7. ACLP-Ins40 is not secreted from cells and induces ER stress. A,
293 cells were transiently transfected with pCMV6-ACLP or pCMV6-ACLP-
Ins40 plasmids, and total protein and conditioned media was collected after
24 h. Western blotting was performed on 25 pg of total protein and equal
volumes of 50-fold concentrated conditioned media with antibodies against
ACLP. Both ACLP-WT and ACLP-Ins40 proteins were detected in cell lysates,
and ACLP but not the ACLP-Ins40 was detected in the conditioned media. B,
ACLP and ACLP-Ins40 C-terminal FLAG-tagged vectors were transfected into
3T3 fibroblasts, and ACLP was detected with a Cy3-conjugated anti-FLAG
antibody. Cells were counterstained with DAPI (blue). Arrows, perinuclear
ACLP expression. C, higher-magnification images of the ACLP-Ins40 protein
revealed a pattern consistent with localization to the ER but with apparent
absence in the Golgi apparatus indicated by a distinct “patch” adjacent to
the nucleus (arrow). D, 3T3 mouse fibroblasts were transiently co-transfected
with pCMV6-ACLP-WT-FLAG + XBP1u-EGFP or pCMV6-ACLP-Ins40-FLAG +
XBP1u-EGFP plasmids and fixed with 2% paraformaldehyde after 24 h. Cells
were stained with a Cy3-conjugated anti-FLAG antibody prior to counter-
staining the nuclei with DAPI, mounting, and imaging. Perinuclear expression
pattern of ACLP-WT and ACLP-Ins40 proteins in transfected cells is indicated
by arrows. E, EGFP expression, indicative of ER stress was quantified from n =
3 independent transfection experiments (p < 0.05). Approximately 10 fields
were imaged/condition in each experiment, and a total of 253 ACLP-WT and
320 ACLP-Ins40 cells were scored.

or ACLP-Ins40 + XBP1u-EGFP. After 24 h, cells were fixed,
permeabilized, and stained with Cy3-conjugated anti-FLAG to
detect transfected ACLP. Both ACLP and ACLP-Ins40 local-
ized to the ER (Fig. 7D), and a significant increase in the ER
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stress reporter was detected in the ACLP Ins40-expressing cells
(Fig. 7, Dand E).

Discussion

Here we show that ACLP secretion was tightly regulated by
N-linked glycosylation and that the inhibition of glycosylation
resulted in intracellular retention. We identified that modifica-
tion of specific Asn residues (Asn-471 and Asn-1030) was nec-
essary for secretion and also identified a previously unrecog-
nized N-terminal proteolytic ACLP fragment. We studied a
human EDS-causing ACLP mutation and determined that this
protein was retained in the ER and induced ER stress measured
with an XBP1-based ER stress reporter. To assess the contribu-
tion of ACLP to ECM mechanical properties, we generated
wet-spun collagen ACLP composite fibers and by mechanical
testing determined that the presence of ACLP enhanced the
modulus, toughness, and tensile strength of the fibers. Thus, N-
linked glycosylation of ACLP was necessary for secretion, and
these findings contribute to the understanding of ACLP func-
tion in the ECM and the role of ACLP in EDS.

Accumulating evidence supports important functions for
ACLP in multiple disease conditions, including lung, adipose
tissue, and liver fibrosis (17, 20, 21, 31), wound healing (18),
cancers (32-35), and neurodegeneration (36, 37). Significantly,
multiple different mutations in the AEBP1 gene, which encodes
ACLP, cause a new variant of the connective tissue disorder
EDS (7-11). Individuals with AEBPI mutations display clinical
characteristics similar to symptoms of classical-like EDS and
hypermobile EDS (8), and this new EDS subtype is designated
EDS classic-like 2 (EDSCLL2). Although there are many simi-
larities with the classical-like subtype, EDS symptoms caused
by ACLP mutations can also fall under other subtypes. Addi-
tional work is needed to fully define the nature of the mutations
in AEBP1/ACLP that result in null alleles or ablation of protein
expression. Beyond the ACLP-Ins40 mutation described in this
study, there is limited information characterizing the alleles
that are null for protein expression or alleles that result in trun-
cated or mutated proteins. For example, ACLP was not de
tected in fibroblasts isolated from an individual with the homo-
zygous ACLP p.Arg440Serfs*3 mutation (8). This individual
suffered from mitral valve prolapse and aortic root dilation,
symptoms typically associated with vascular EDS (8). An addi-
tional patient presented with pectus excavatum and displayed
spontaneous pneumothorax in adulthood, which is only seen in
vascular EDS (11). Other individuals are predicted to be null for
ACLP protein expression and suffer from severe osteopenia,
severe joint and skin laxity, and disruptions in their facial fea-
tures (7). In this case, it appears that the complete absence of
ACLP caused many common clinical features of EDS to be
experienced, whereas other truncating mutations result in
kyphoscoliotic phenotypes (9). An additional mutation in
ACLP encodes for a proline substitution in the carboxypepti-
dase-like domain that may disrupt both proper folding of
ACLP and its secretion. The function of the catalytically inac-
tive carboxypeptidase domain of ACLP is currently unknown.
Reznik and Fricker (15) postulated that this domain could func-
tion as a binding domain rather than an active enzyme.
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Additional studies are needed to determine whether the ACLP
L642P point mutation in the carboxypeptidase domain discov-
ered by Ritelli and colleagues (10) results in intracellular reten-
tion and ER stress similar to the ACLP-Ins40 mutation. We
predict that mutations in ACLP will result in improper secre-
tion and also hinder ACLP’s ability to contribute to collagen as-
sembly and mechanical properties, which are the underlying
cause of EDS symptoms. It is also unclear whether ACLP has
intracellular roles in collagen biosynthesis or chaperone-like
function within the secretory pathway. Interestingly, the colla-
gen chaperone, heat shock protein 47 (Hsp47), relieves ER
stress in cancer cells (38). It is possible that ACLP has multiple
functions in collagen biosynthesis and extracellular assembly.

The symptoms of EDS vary in severity based on subtype and
extent of disease progression (39). A defining clinical feature is
soft tissue fragility that affects almost every major organ system
(40). EDS patients often display skin hyperextensibility and are
prone to lacerations and bleeding even following minor abra-
sions. Vascular symptoms are the most concerning, as arterial
or other spontaneous organ ruptures can result in sudden death
(41). Loss of ACLP results in vascular defects in some individu-
als, and our prior work identified roles for ACLP in vascular
remodeling (42). The mechanical testing studies of ACLP-col-
lagen composite fibers (Fig. 5) support the concept that ACLP
plays a structural role in collagen fiber stability. Additional
research is needed to define the function of ACLP in collagen
fibers; however, the significant decrease in diameter could indi-
cate a change in structural arrangement that allows the fibers
to condense more. ACLP’s collagen-binding discoidin domain
could contribute to collagen mechanical properties by acting
like a protein bridge or cross-linker, as is observed for collagen
V (43, 44).

The ACLP-Ins40 protein that was discovered in an EDS
patient was retained intracellularly and not secreted. Due to the
location of this mutation in the collagen-binding discoidin do-
main, we predicted that this protein would be secreted but not
properly bind to collagen. However, when this protein was
expressed in fibroblasts, it accumulated intracellularly and
induced ER stress (Fig. 7). Therefore, it is likely that this muta-
tion is a loss of function with respect to ECM assembly. The
conserved glycosylation sites in the discoidin domain (mouse
Asn-471 and Asn-519; Fig. 34) and equivalent human sites
(Asn-480 and Asn-528) are intact in the ACLP-Ins40 protein.
Although it is possible that the ACLP-Ins40 protein glycosyla-
tion state is somehow altered by this mutation, the amino acid
insertion in the discoidin domain is predicted to disrupt the
highly conserved structure, which may be responsible for reten-
tion within the secretory pathway (Fig. 7). The amino acid
insertion in the discoidin domain is predicted to disrupt the
highly conserved structure, which may also be responsible for
retention within the secretory pathway. The retention of ECM
proteins and induction of ER stress have been observed with
mutations in collagen III and VI, which like ACLP mutations
cause connective tissue disease (29). In addition to ACLP dis-
coidin mutations in EDS, there are a number of other diseases
that result from mutations in discoidin domain—containing
proteins, including retinoschisis (45), and in coagulation factors
V and VIII (46). Similar to the pathogenic mutations in the reti-
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noschisin 1 gene that result in the separation of the retinal
layers or restinoschisis, the mutation in the ACLP-Ins40 pro-
tein includes the addition of 3 cysteine residues (8). It is possi-
ble that these cysteine residues result in aberrant folding, disul-
fide bond formation, protein aggregation, or intracellular
retention. Additional research will need to test these hypothe-
ses. Future studies will examine whether other branches of the
unfolded protein response pathway, including activating tran-
scription factor 6 (ATF6) and protein kinase R-like endoplas-
mic reticulum kinase (PERK) (47), are activated by mutations
in the AEBPI gene that result in expressed proteins.

In addition to a role in ECM assembly, our previous work
determined that ACLP signals via the TGFf receptor complex
(21), and Teratani et al. (17) determined that ACLP bound to
and activated the LRP6/Frz8 signaling pathway, leading to
B-catenin activation. Understanding the nature of the secreted
ACLP protein is important to elucidate the details of these sig-
naling pathways, and similar to our observations that secreted
ACLP is glycosylated, Teratani et al. (17) also identified modifi-
cations in ACLP. Whether glycosylation is required for ACLP
signaling activity, processing, and/or secretion remains to be
determined. Furthermore, the nature of the proteolytic proc-
essing of ACLP in signaling is currently unknown, and the pro-
tease responsible for ACLP cleavage still remains to be identi-
fied. Interestingly, multiple bands of ACLP were observed in
Western blotting analysis from human aortic aneurysms, which
were proposed to be due to MMP9 or MMP12 activity (48). An
additional predicted candidate is bone morphogenetic protein
1 (Bmpl), a secreted metalloproteinase, which provides the
procollagen C-proteinase activity responsible for cleaving the
C-propeptides from procollagens I-III (49, 50). Bmpl null
mouse embryos display herniation of the gut with a failure to
close the ventral body wall, resulting in the embryos not being
able to survive beyond birth (51). This phenotypic characteris-
tic of the Bmp1 null mouse model has striking similarities to
the ACLP-null mouse (18).

In this study, we have identified new mechanisms that regu-
late ACLP secretion and characterized an EDS-causing muta-
tion. These data also have practical implications for studies
generating recombinant forms of ACLP for in vitro testing in
that alteration of glycosylation can cause intracellular reten-
tion. It remains to be determined whether other EDS-causing
mutations in protein-coding domains of ACLP show similar in-
tracellular retention, potentially resulting in loss of tissue integ-
rity and collagen mechanics.

Experimental procedures

Chemicals and reagents were obtained from Fisher unless
otherwise indicated.

Cell culture and treatments

Mouse aortic SMC were isolated from the aortas of adult
mice as described previously (13). SMC were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
4.5 g/liter glucose, 1 mMm sodium pyruvate, 1X nonessential
amino acids, 100 units/ml penicillin, 100 pig/ml streptomycin, 2
mM L-glutamine (Corning Cellgro), and 20% fetal bovine serum
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or bovine growth serum (Hyclone). SMC were routinely studied
between passages 3 and 7. The Boston University School of Medi-
cine institutional animal care and use committee approved all
animal experiments. Human embryonic kidney 293 cells (AD-
293, Stratagene 240085) and 3T3 fibroblasts (ATCC CRL-1658)
were cultured in DMEM supplemented with 10% fetal bovine
serum (Hyclone), 100 units/ml penicillin, 100 pg/ml streptomy-
cin, and 2 mm L-glutamine. All cells were incubated at 37°C in a
humidified atmosphere containing 5% CO,. In some studies, cells
were treated with 2 pg/ml tunicamycin (Sigma, T7765) or 1 pum
thapsigargin (Sigma, T9033) or with 50 pg/ml 2-phospho-L-
ascorbic acid trisodium salt (Sigma, 49752).

DNA constructs and site-directed mutagenesis

Mouse ACLP mammalian expression vectors with epitope tags
are as described previously (13, 21). Restriction enzymes were
purchased from New England Biolabs, and DNA fragments were
purified using the QIAquick Gel Extraction Kit (Qiagen, 28706).
Ligations were performed using the Quick Ligation Kit (New
England Biolabs M2200S). To insert a FLAG epitope tag after the
signal peptide cleavage site, two oligonucleotides that encode the
FLAG epitope and Nhel overhangs 5'-CTAGGAGATTACAAG-
GACGACGATGACAAGGCG-3" and 5'-CTAGCGCCTTGT-
CATCGTCGTCCTTGTAATCTC-3" were annealed and then
ligated into Nhel-digested pCEP-Pu/AC7, creating a vector with
a single Nhel site downstream of the signal sequence and FLAG
epitope. Human ACLP expression plasmids pCMV6-hACLP-
WT and epitope-tagged pCMV6-hACLP-WT-Myc-DDYK were
obtained from Origene (RC207782 and SC309967). To generate
ACLP expression plasmids harboring the EDS-causing human
¢.1470delC (p.Asn490_Met495delins(40)) mutation (designated
ACLP-Ins40), RNA from patient fibroblasts (8) was converted
into cDNA using the Maxima First Strand cDNA Synthesis Kit
for RT-qPCR (Thermo Scientific, K164). The mutated region was
then amplified using a forward primer harboring an EcoRI site
and a reverse primer along with Q5 high-fidelity polymerase
(New England Biolabs, E0555S): hACLPFwd (5'-GCGAATTCG-
CATGGCGGCCGTGCG-3") and hACLPRev (5'-GCTGCGCA-
CACACGTGGGTTCC-3'). This fragment was exchanged with
the WT hACLP sequence using restriction enzyme digests
and ligations in the pCMV6-hACLP and pCMV6-hACLP-
Myc-DDYK plasmids to generate pCMVC6-hACLPIns40
and pCMV6-hACLPIns40-Myc-DDYK. To generate a sensor
of XBP1-mediated ER stress, a fragment of unspliced XBP1
was generated by PCR using the forward primer that encodes
a nuclear localization sequence NLS-XBP (5'-GCGAATT-
CGCCATGACCGCCCCCAAGAAGAAGCGGAAGGTGAC-
GCTGGATCCTGACGAG-3') and a reverse primer XBP1Rev
(5'-CCGTCGACAAAAGGATATCAGACTC-3’). The PCR
product was ligated into the EcoRI and Sall sites of pEGFP-N1
(Clontech). Subsequently, the EGFP-initiating methionine was
mutated to leucine by PCR. In the absence of ER stress, EGFP
will not be translated. With IRE1-mediated splicing (52) of the
plasmid-derived mRNA, the methionine and nuclear localiza-
tion sequence will be translated in frame with EGFP, enabling
the monitoring of ER stress.
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The ACLP sequence was analyzed using NetNGlyc soft-
ware (53) for predicted sites of N-linked glycosylation. Four
potential Asn amino acid residues (conserved in mouse and
human) were predicted to undergo post-translational modifi-
cation (Asn-471, Asn-519, Asn-913, and Asn-1030). Primers
were designed (QuikChange Primer Design program (Strata-
gene/Agilent)) to individually mutate Asn residues to Gln
(26). PCR site-directed mutagenesis was performed on pcDNA3.1
mACLP Myc/His plasmid using the Stratagene QuikChange
method and Pfu Turbo DNA polymerase. All DNA constructs
were verified by DNA sequencing.

Transient transfection experiments

AD-293 cells and 3T3 fibroblasts were plated at ~150,000
cells/12-well plate or 200,000 cells/6-well plate and allowed to
adhere overnight. Cells were transfected with 1-2 pg of plasmid
DNA using TransIT-2020 or TransIT-293 reagent (Mirus Bio,
MIR 5404 and MIR 2704) according to the instructions of the
manufacturer in Opti-MEM reduced serum medium (Thermo
Fisher, 31985088) supplemented with Gluta-MAX (Invitro-
gen). Transfection efficiency was monitored by transfection of
pMax-GFP (Lonza) in separate wells and was routinely between
30 and 50%.

Immunofluorescence

Transfected 3T3 fibroblasts were grown on 4-well chamber
slides with removable chambers (Thermo Fisher, 154453). Cells
were washed twice with PBS and fixed with 4% paraformalde-
hyde in PBS for 15 min. Cells were permeabilized in PBS +
0.1% Triton X-100 (PBST) for 5 min, washed twice more in
PBS, and blocked in 3% BSA PBST for 1 h. Cells were then
stained with mouse anti-FLAG M2-Cy3 Ab (Sigma, A9594) at a
1:100 dilution and kept in the dark for 1 h. Slides were then
washed twice in PBST and twice in PBS. Slides were spun down
to dry in 50-ml tubes (75 X g for 3 min) and mounted with Pro-
Long Diamond Antifade Mountant with DAPI (Thermo Fisher,
P36962). Slides were imaged using a Zeiss fluorescent micro-
scope and ZEN software. Microscope settings and exposure
times were kept constant for each sample within a single
experiment. For each independent experiment, ~10 fields were
captured per condition, and images were analyzed with Fiji
software. ACLP and XBP reporter (GFP)-positive cells were
counted manually to generate a single value from each condi-
tion. Statistical significance was determined using an unpaired
Student’s ¢ test.

Protein extraction and Western blot analysis

Total cell lysates were prepared from cell layers as de-
scribed previously (13) using (25 mm Tris, pH 7.4, 50 mm
NaCl, 0.5% sodium deoxycholate, 2% Nonidet P-40, 0.2%
SDS) with 1X Complete protease inhibitors (Roche Applied
Science, 04693124001). Protein concentrations were meas-
ured using the BCA Protein Assay Kit (Pierce—Thermo Scien-
tific, 23227) according to the manufacturer’s instructions.
Secreted protein/conditioned medium was collected from
cells incubated in serum-free DMEM supplemented with 100
units/ml penicillin, 100 pg/ml streptomycin, and 2 mMm L-
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glutamine. Conditioned media samples were cleared of cellu-
lar debris by centrifugation at 1,000 X g for 10 min at 4°C
and then concentrated ~40-80-fold using 10,000 molecular
weight cut-off Amicon Ultra Centrifugal Filters (Millipore
Sigma). Protein samples were fractionated by either 6% or 4—
20% gradient SDS-polyacrylamide gels (Novex, Invitrogen)
and transferred to nitrocellulose membranes (Whatman Pro-
tran, BA85). Primary antibodies used were the fully charac-
terized rabbit anti-ACLP (1:4,000) (13), mouse anti-pan-actin
(1:4,000) (Millipore, MS1295P0), rabbit anti-FLAG (1:1,000)
(Cell Signaling, 2638), mouse anti-c-Myc 9E10 (1:1,000)
(Santa Cruz Biotechnology, Inc., SC-40), followed by detec-
tion with horseradish peroxidase—conjugated secondary anti-
bodies: donkey anti-rabbit and sheep anti-mouse (1:4,000)
(GE Healthcare). Signal was detected by enhanced chemilu-
minescence (Pierce) and exposure to film or imaged with a
Bio-Rad ChemiDoc imaging system with Quantity One 1-D
analysis software. All blots are representative of at least three
independent experiments.

Glycosidase treatment

Total cell lysates and concentrated media samples were
treated with specific proteoglycan-cleaving enzymes and buf-
fers acquired from New England Biolabs. A standard reaction
consisted of a 20-pl volume. Briefly, 1 pl of 10X glycoprotein-
denaturing buffer was added to 9 pl of total cell lysate or cell
media samples. For some experiments, media samples were
diluted 1:5 in 1 X PBS. The samples were denatured at 99 °C for
10 min Next, the buffering reagents 10X G7 buffer, 10X G1
buffer, 10% Nonidet P-40, and/or 1X PBS were added accord-
ing to the instructions of the manufacturer. Samples were then
either individually digested or double-digested with the follow-
ing enzymes: 500 units/pl PNGase F (P0704S) and 50 units/pl
«2-3,6,8 neuraminidase (P0720S) (New England Biolabs).
All final assembled enzymatic reactions were incubated
at 37°C for 1-2 h prior to analysis by Western blotting as
described above. All blots are representative of at least three in-
dependent experiments.

Wet-spun ECM fibers and mechanical measurements

CollagenI and collagen I + ACLP composite fibers were gen-
erated using methods described previously (27, 28, 54). A pro-
tein solution was mixed consisting of 7 mg/ml rat tail collagen I
(Corning, 354249), 233 pg/ml (3% by weight) recombinant
ACLP (prepared as described (21)) or PBS, 10% by volume, 1 M
NaOH, and 7.5% by volume PBS with Ca** and Mg*". Solu-
tions were loaded into a Hamilton 250-pl gas-tight syringe and
extruded at 2.5 pl/min through the syringe’s 23-gauge needle
into a coagulation bath containing 100% isopropyl alcohol,
where the fibers formed. Fibers were attached to a sacrificial
frame with double-sided tape and secured with epoxy. Fibers
were imaged with an Olympus IX81 microscope, and the diam-
eter was determined by measuring the diameter at nine points
along the fiber, and these values were averaged to give a value
for each fiber. The fibers on the frames were loaded into an Ins-
tron microtester with a 5-newton load cell, the sides of the
frames were melted away with a soldering iron, and a tensile
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test was performed at a strain rate of 0.01 s '. Data were ana-

lyzed in MATLAB.

Data availability

All data are contained within this article. Requests for
reagents and additional information on experimental proce-
dures will be provided by Matthew D. Layne (mlayne@bu.edu).
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